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Thesis abstract

Metal-organic frameworks (MOFs) are a comparatively new, fascinating class of porous
materials. They are organic-inorganic hybrid compounds consisting of organic ligands acting
as linkers/spacers and metal ions or clusters as nodes/vertices. Combinations of these building
blocks allow formation of three-dimensional periodic lattices with different pore shapes and
sizes. In the development of MOF chemistry, different methodologies have emerged to imbue
MOFs with catalytically active metal centers. One of the most attractive approaches is
immobilizing well-defined homogeneous catalysts via postsynthetic modification (PSM). The
well-defined architecture of MOFs in combination with the isolation that the framework
provides to the guest metal complex allows the elucidation of the coordination environment
by X-ray crystallography. This excellent combination of properties provides the opportunity to
structurally characterize organometallic species isolated within MOF architectures and
explore the potential of these unique systems for application in commercially attractive

processes.

The Mn-based MOF ([MnsL:l')] where L = (bis(4-(4-carboxyphenyl)-1H-3,5-
dimethylpyrazolyl)methane) (MnMOF-1) has proven to be an exceptional platform for
showcasing these properties. This high crystalline MOF has demonstrated a degree of
flexibility and possesses free chelating sites capable of binding reactive metal complexes. In
Chapter 2, the underlying conformational flexibility of the framework was demonstrated to

be solvent dependent and to influence the outcome of postsynthetic metalation.

Most of the investigations in heterogenous catalysis using MOFs have focused on reactions
for the synthesis of fine chemicals. Generally, this chemistry is carried out in solution and
therefore does not take full advantage of the MOF’s intrinsic characteristics such as high
surface area, crystallinity, and permanent porosity. Thus, the judicious choice of chemistry
and reaction conditions can showcase the unique properties of MOFs. In Chapter 3 and 4, gas-
phase reactions with cationic rhodium(l) and iridium(l) bis-ethylene complexes immobilized
within MnMOF-1 are reported. The mononuclear Rh(l) species were demonstrated to be

highly active towards 1-butene isomerization, while both the Rh(l) and Ir(l) complexes

Vii



Thesis abstract

successfully catalyze gas-phase ethylene hydrogenation. The gas phase reactions carried out
in these Chapters are an important step towards fully exploiting the capacity of MOFs to act a
supports for highly reactive metal centers. Finally in Chapter 5, the concept of isolating
reactive metal complexes within MOFs was expanded to include the metalation of MNnMOF-1
with a Cu(l) chloride complex. A new methodology was developed to convert the Cu(l) chloride
moiety into a series of labile Cu(l) complexes which are otherwise difficult to characterize and
which are of interest in copper-centered catalysis. In accordance with the porous nature of
the host framework, the weakly bound ‘place-holder’ ligands readily undergo substitution
with a broad repertoire of small guest molecules and weakly coordinating anions. Due to the
highly crystalline and robust host framework, these sequential processes are mapped via X-
ray crystallography, providing exquisite insight into the exchange processes of site-isolated

Cu(l) moieties within MNMOF-1, pertinent to Cu-centered catalysis.
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Chapter 1

Chapter 1: Introduction

Chemical reactions with a half-life as long as centuries can be accomplished in minutes by the
use of a catalyst.! The general feature of a catalyst is that it provides a reaction pathway in
which the rate limiting transition state has a lower energy than that of the non-catalyzed
reaction, thus increasing the rate of a reaction.? A catalyst is defined as a substance that
increases the rate of a chemical reaction without being consumed in the process and were
first developed in the early 19th century due to the need to improve old inefficient processes.?
Catalysts systems can be grouped into two different categories, homogeneous or
heterogeneous, based on whether the reactants and the catalyst are in the same or a different
phase. Homogeneous catalysts are those which exist in a single phase (typically liquid), while
heterogeneous catalysts occur in two or more different phases.? The first large scale catalytic
process was the production of ammonia from nitrogen and hydrogen (Haber process) in

1913.°

Following this development, intense competition in chemical industry has encouraged
development of new catalysts and further investigation to improve the selectivity, activity and
stability of existing catalysts for novel and established reaction processes. These
enhancements rely on concurrent developments in organometallic chemistry, such as better
understanding of catalytically active species and reaction mechanisms.” For instance, many
reactive metal complexes are coordinatively unsaturated species which are considered key
intermediates for fundamental chemical transformations involved in catalytic cycles. Despite
their importance, characterizing these species is challenging due to their short solution
lifetimes and they are frequently limited to study by fast time-resolved infrared spectroscopy
methods®® or nuclear magnetic resonance (NMR),1® mostly at low temperatures. One
common strategy to stabilize reactive species, and to structurally characterize the complexes,
is via matrix isolation or by using bulky, protective ligands that limit dimerization and facilitate
isolation of the catalyst.’1? An increased understanding of the mechanism of a given catalytic

process is essential for developing catalysts with improved performance and stability.
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Chapter 1

Importance of bulky ligands in homogenous catalysis

Homogeneous catalysts, which are often organometallic complexes of transition metals, have
the advantage that they can easily be modified by changing the ligand, facilitating systematic
optimization of the catalyst.!3 Despite these advantages, preventing the degradation of the
metal catalyst is still challenging. Isolating metal complexes has proven to be an effective tool
to avoid decomposition, characterize transient intermediates and enhance the catalytic
activity.’*'® Bulky substituents are commonly introduced into these systems to suppress
bimolecular decomposition and dimerization of the metal centers via steric hindrance.’® A
common example in industry is the system based on zirconocene (homogeneous Ziegler-Natta
catalysts based on complexes of Zr), that is highly active towards the preparation of several
ethylene-a-olefin copolymers.?® Besides being good systems to isolate active catalyst,
sterically bulky ligands have also been employed to structurally characterize transient
intermediates. Recently, Betley and co-workers reported the characterization of a Cu(l)
nitrene complex, the key intermediates in organic reactions such as aziridination and C-H
functionalization.?! The reaction between the Cu(l) complex and organic azides lead to the
rapid formation of aziridination and amination products, forbidding the isolation of the
putative intermediate (Figure 1.1).2? In order to stop the catalytic cycle, a bulky, sterically
demanding ligand was introduced, facilitating the isolation of the reactive metal complex and
preventing the secondary reaction, thereby allowing the crystallization of the intermediate
complex. Single-crystal X-ray Diffraction (SCXRD) revealed a linear M—N-R structure and in
agreement with X-ray Absoption Spectroscopy (XAS) studies, this was formulated to be a Cu-
triplet nitrene intermediate. This remarkable work highlights the role bulky ligands in

providing the required encumbrance to isolate reactive intermediates.
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Chapter 1

Figure 1.1. Reaction scheme of the Cu(l) nitrogen complex forming copper nitrene with the corresponding
crystal structures. Color scheme: Cu (light blue), F (green), N (blue), and O (red). Figure adapted from reference

22.

Importance of heterogenous catalysts as useful materials

As outlined above, steric protection can be an effective way to stabilize and isolate reactive
species in homogenous systems; however, this can attenuate the catalytic activity of the metal
centre.'® Furthermore, the synthesis of such catalysts requires multiple-step elaboration,
reducing the practicality of employing these types of catalysts in industry. Finally, the often
exorbitant costs involved in product separation from the catalyst can make homogenous
catalysis processes unattractive.??> As a consequence, heterogeneous catalysis has been
dominant in the industrial sector, particularly in the synthesis of materials?* and manufacture

of chemicals.?® Traditionally, solid state materials have been employed as heterogeneous
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Chapter 1

catalysts for gas-solid (GS) reactions, due to the improved chemical stability, easy separation
of products from the catalysts and ability to avoid large volumes of organic solvent that
present health and environmental hazards. Typical heterogenous systems are composed of
metal particles supported on metal oxides (MMOs),2® but, single-crystals of transition metals
(solid-state catalyst)!> and porous material (i.e. zeolites and Metal-organic Frameworks

MOFs)?’ have shown potential for industrial applications.

MMOs became prominent during the mid-1950s after they were found to effectively catalyze
an extensive variety of reactions, in particular, acid-base and oxidation reactions. Nowadays,
the research and use of these materials has been expanded to applications in the
petrochemical and pharmaceutical industry.?® In addition, metal oxide surfaces have been
employed to support isolated catalytically active metals by decorating the surface with bulky
ligands on dehydroxylated surfaces.’®?° The main limitation of these systems is the
nonuniform distribution of catalytic sites, providing limited scope to structurally characterize
the host metals and explore the catalytic mechanism (i.e., the interaction between the catalyst
and the reactants, catalytic intermediates and deactivation process), inhibiting the
development of superior and more cost-effective materials. Furthermore, the nature and the
chemical surroundings of the catalytically active single sites are key properties which can be
modulated to obtain catalytic systems with enhanced chemo-, regio- and stereo-selectivity.
Therefore, reactive transition metals complexes have been supported/immobilized on solid
matrixes with defined binding sites (Figure 1.2),% thereby combining in this way the merits of
homogenous and heterogeneous catalysts.

Reactive
metal complex

a) b) - <) P A
’~/ oﬁ & o 4 3
o Y\ /‘\ 4
O \
N VA e
Homogenous Molecular crystals MOF

catalyst

Figure 1.2. Comparison of different environments for reactive metal complexes namely in a) solution; b)

molecular crystals in the solid-state; c) isolated in a MOF support.
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Heterogenization by crystallization

With respect to recovery and recycle strategies, some authors have immobilized catalysts on
soluble polymers, but as mentioned above the main limitation of these systems is the
nonuniform distribution of catalytic sites which makes it difficult to structurally characterize
the active metal sites and therefore undertake structure-function analysis.3° One approach to
solving this conundrum is to heterogenize well-defined homogeneous catalysts by
crystallization, which, under appropriate conditions, can form molecular crystals with a degree
of porosity towards small gaseous reagents.3! Such solid-state molecular catalysts have been
explored in recent years but remain a remarkably undeveloped field with tremendous
potential.’® Well-defined transition metal complexes immobilized in the solid-state can
partake in the same processes observed for homogenous catalysts, such as ligand substitution,
reductive elimination, oxidative addition, and insertion reactions, while providing insights into
these processes through techniques such as X-ray crystallography,*>3? which are not

accessible for their homogenous or ‘supported’ counterparts.

In the late 1960’s, one of the earliest examples of a well-defined organometallic solid-gas
phase reactions was reported by Vaska and co-workers. The reaction between [IrX(CO)(PPhs)2]
(X = ClI, Br etc) with gaseous alkyl halides lead to an oxidative addition to produce
[IrX(H)(Y)(CO)(PPhs)2] (Y = Cl, Br etc.).3® Analogous reactions were reported in the 1980s by
Siedle and Newmark.3* Similarly, at high temperatures and high CO pressures, nickel metal
converts to [Ni(CO)s]; and numerous other metal carbonyl complexes have been prepared via

solid-state reaction of metal with CO without a solvent.3®

The solid-gas reaction between [Rh(PPhs3)sCl] and CO results in the formation of
[Rh(PPh3)3(CO)CI]. The carbonylation reaction was confirmed by IR spectroscopy and,
subsequently, the powder was washed with diethyl ether to yield [Rh(PPh3)2(CO)Cl] and an
free PPhs. This led to the conclusion that formation of [Rh(PPhs)2(CO)CI] is via association of
CO into the primary coordination sphere of [Rh(PPhs)sCl] followed by dissociation of the PPhs
ligand. In solution, the reaction gave two isomers; one in which the PPhs ligands are trans to
each other but staggered and the other in which the PPhs ligand are trans but eclipsed. In the

solid-state the reaction gave only one product in which all three PPhs ligands are staggered
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since the dissociative process of the PPhs; was impossible without the presence of a solvent.3®
A similar carbonylation reaction, in the solid state, on [RuCly(PPhs3)s] gave
[RuCl2(CO)2(PPhs),].37 In this particular case, the solid-state reaction took place at relatively
low temperature and offered the advantage that the crystallinity was retained in the
transformation from reactant to product. These are good examples of how, in the solid-state,
new complexes including metastable species or selective isomers may be prepared and

studied, shedding light on key catalytic processes.383°

In 1991 Zanobini and co-workers explored the reactions of a cobalt complex with small
gaseous molecules. Purple-red crystals of a monomeric tripodal tetraphosphine Co(ll)
complex, [(P(CH2CH2PPh;)3)Co(N2)]1BPhs were reacted with different gases and vapors such as
carbon monoxide, ethylene, acetylene, and vapors of formaldehyde and acetaldehyde (Figure
1.3). The dinitrogen ligand was substituted by CO, C2Hs, and CoH to form the corresponding
carbonyl, n-ethylene and vinylidene complexes. Formaldehyde decomposes to H, and CO,
which is bound as a terminal ligand. In contrast, aldehyde vapor gave a paramagnetic Co(ll)-
acyl complex [(P(CH2CH2PPh;)3)Co(C{O}Me)]BPhs. When the BPhs™ anion is replaced by BF4~,
PFs~ or SO3CF3™ anions the solid-gas reaction does not proceed completely in MeCHO and C;H»
probably due to the comparatively small channels present in the solid-state structures formed
using the smaller anions.*® The importance of anion size on the cavities in the solid-state
system highlights the subtle effect of the structure elements on the mass transport properties.
This example shows that a labile ligand like N; can be displaced by small molecules in the solid-

state.
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Figure 1.3. Molecular structures of a monomeric Co(ll) complex and the substitution of nitrogen for different

small molecules. Figure adapted from reference 40.

Addition of alkynes and alkenes to a metal complex may result in olefin oligomerization
through C-H and C-C coupling processes, which are important transformations in solution-
phase organometallic chemistry.*'~44 Recently, Goldman et al. reported a well-defined phebox
iridium complex ([(Phebox)Ir(C2Ha).] [Phebox = 3,5-dimethylphenyl-2,6-bis(oxazolinyl)]) which
promotes the selective formation of butadiene from ethylene.*® The steric effect and
hemilabile nature of the phebox ligand provided stability and allowed the formation of a
vacant site, facilitating the selective reaction. Similarly, gas-phase alkene hydrogenation
reactions were observed using a solid-state  triphos iridium  complex
([Ir(triphos)(C2Ha)(H)2]1[BPh4] [triphos=(Ph2PCH2)3CCH3]).#%4” The material catalyzed the gas-
phase dehydrogenation of light alkanes (butane, pentane) and subsequently an isomerization
of the alkenes, when ethylene and propane were used as hydrogen acceptors at a relatively
high temperature. The results showed that the regioselectivity of the reaction under these
conditions was comparable to the homogenous catalyst; however, the dehydrogenation

activity was superior. This is a remarkable result considering the typically superior selectivity
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of homogeneous systems. The first comprehensive review of reactions in solid-gas phase on
well-defined organometallic species was reported in 1998,* while a more recent review on
this topic was conducted by Weller and co-workers was published in 2015.1°> These reviews
highlighted the limited research conducted on these systems and the enormous challenges

needing to be addressed for their industrial application.

Advantages of crystallinity in molecular crystal based catalysts

When single crystals undergo chemical transformation whilst retaining crystallinity, the
process is called a single crystal to single crystal (SCSC) transformation.*® Direct observation
of chemical processes in the lattice during SCSC processes allow mechanistic details of the
chemical process to be derived, potentially including direct characterization of transient
intermediates.”® These transformations can be triggered by external stimuli, such as a
chemical reaction with guest molecules (solid-gas phase), light, heat, uptake or exchange of

solvent.

In a classic example of using SCSC transformations to study organometallic transformations,
Brookhart et al. reported a square-planar pincer Ir(l) complex underwent multiple SCSC
transformations involving the exchange coordinated dinitrogen by the small gaseous ligands
CO, NHs, CoHs, H, and O; at an iridium(l) metal center (Figure 1.4).°! Furthermore, the
restricted environment within the crystal lattice can tune the catalytic activity of the iridium
pincer complex allowing it to act as an alkene hydrogenation catalyst. Selective hydrogenation
of ethylene over propylene (using a 1:25 mixture) was observed when the surface iridium sites
were occupied by CO. This selectivity occurred because the internal cavities of the crystals are
small enough to only permit ethylene into the lattice of the crystal; while coordinated CO
prevents the sites on the crystal surface from participating. This work demonstrates that
complexes bearing weak ligands, such as nitrogen, can be isolated in the solvent-free
environment and undergo controlled substitution within single crystals while maintaining

crystallinity.
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Figure 1.4. Molecular structures of a square-planar pincer Ir(l) complex and the substitution for different small

molecules. Figure adapted from reference 51.

In a remarkable culmination of these attributes, in 2012 Weller et al. reported a unique SCSC
transformation in which an extremely reactive Rh(l) o-alkane complex was generated in-situ
and characterized by SCXRD within the crystal lattice. The addition of H; to a single crystal of
a cationic, phosphine-chelated Rh(l) norbornadiene (NBD) complex, resulted in a solid-state
transformation of the norbornadiene ligand to norbornane, facilitating the isolation and
structural characterization of a durable Rh o-alkane complex via crystallography.3! The
presence of a bulky anion in the system creates octahedral cavities around the Rh center
allowing H; to interact with the metal complex in a solvent-free environment without
compromising crystallinity. Despite being posited as transient intermediates in catalytic
processes, very few examples of o-alkane complexes have been characterized by X-ray
crystallography due their instability. Outside the protective crystal lattice, the o-alkane
complex is rapidly displaced by the anion to yield the corresponding arene complex (Figure
1.5). Recently, this methodology has been expanded to a cationic Co(l) NBD complex in which

a transient of o-alkane complexes was characterized by X-ray crystallography.>?

'Bu, 'Buy b)
H
‘+-u|l|‘ H ‘+_ X P1' Rh1
PN —_— Pl 070*-%
H - =
H
] & I H P1

iBUz iBUz

Figure 1.5. a) Reaction scheme of the cationic Rh(l) complex which furnishes the long-lived stable o -complex

intermediate; b) Crystal structure of the Rh o-alkane complex. Figure adapted from reference 31.
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The Rh o-alkane complex formed in the hydrogenation process can be displaced by ethylene,
to yield a Rh bis(ethylene) complex. In the solid-state the complex proved to be more stable
given that in solution the complex underwent decomposition, even in the presence of
ethylene, highlighting the importance of heterogenizing the complex. Recrystallization of this
compound, from pentane at low temperature, generated a porous polymorph of the starting
material in which the arrangement of the Rh center and the anion changed, resulting in the
serendipitous formation of a porous material (Figure 1.6). Both the porous and non-porous
materials were utilized in the gas-phase isomerization of 1-butene at room temperature (RT),
the porous polymorph vastly outperformed the non-porous analogue with an outstanding
Turnover Frequency TOF (90%) = 1160 h! (TOF (95%) = 3100 h! using crushed samples). It is
worth mentioning that a second cycle revealed a loss in activity, suggesting the partial collapse
of the lattice and confirming the importance of maintaining the crystal lattice over multiple
cycles.>® More recently, these crystals were used in a flow-reactor to carry out the
isomerization of 1-butene; on-stream conversion is retained up to 90 hours at 298 K.>* These
conditions are industrially attractive, and the deactivation only occurs when the structure
partially collapses. It is worth noting, this is the first reported study employing flow-reactor
conditions for these unique systems, highlighting the potential for industrial applications.
However, the stability and innately non-porosity nature of these materials make their use

challenging in real-world application.
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Figure 1.6. a) Schematic structures of cationic Rh(l) complex possessing different polymorphs; b) View of the
extended structure of the porous and non-porous systems; c¢) Comparison for the isomerization of 1-butene to

2-butene. Figure adapted from reference 53.

In some instances, more than one SCSC transformation can be performed without
compromising crystallinity. Crudden and co-workers reported a double SCSC transformation
of a rhodium complex, in which sequential exchanges with oxygen and CO were carried out.
The [(SIPr)2RhCI(N2)] complex (SIPr = N,N-(2,6-iPr2C¢H3)2C3HaN2) underwent exchange of n-
coordinated N, for O, to give an dioxygen adduct. Afterwards, the O, was readily and
irreversibly substituted by CO (Figure 1.7). The transformations were accompanied with a
change of color, from yellow, to blue and finally to brown, without losing crystallinity. The
rhodium complex did not suffer an oxidation from Rh(l) to Rh(lll) in the presence of O,, which

is probably due to the considerable steric bulk in the coordination environment of the rhodium
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complex preventing formation of the higher coordinate species.>> This example highlights the
importance of characterization by SCXRD, which elucidate the transformations that take place
in the coordination environment and the geometry of the crystal, which is intimately related

with the oxidation state of the metal.

M\ /7 /7
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Figure 1.7. Sequence of SCSC substitution in a Rhodium (l) complex with different gases. Figure adapted from

reference 55.

Despite their potential as matrices for isolating transient organometallic species, the
application of crystallized organometallic complexes to industrial catalysis has thus far been
limited by their low mechanical stability due to the lack of covalent bonds between the
network components.>® This limits the long-term site-isolation of the metallic centers while
the innately non-porous nature of the molecular crystals makes it difficult for larger reagents
to access the active sites. Therefore, in real word applications, the intrinsic characteristics of
crystalline porous 3D materials such as Metal-organic-Framework (MOF)s makes them
especially interesting as platform to perform heterogenous catalysis (i.e., stability,

recyclability and easy removal from the reaction mixture).

Metal-organic Frameworks (MOFs)

Metal-organic frameworks (MOFs) are a comparatively new, fascinating class of porous
materials. They are organic-inorganic hybrid compounds consisting of organic ligands acting

as linkers/spacers and metal ions or clusters as nodes/vertices. Combinations of these building
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blocks allow formation of three-dimensional periodic lattices with different pore shapes and

sizes.

MOFs possess well-defined framework structures due the strong metal-ligand coordination
bonds. The possible combinations of organic and inorganic building blocks offer a nearly
infinite number of structural variants,”’™° resulting in unique nets, such as those shown in
Figure 1.8. This extraordinary diversity is an important feature that differentiates these
materials from conventional porous materials, for instance zeolites®® and activated carbon.!
Furthermore, subtle changes in the structure metrics of the building blocks allows the
optimization of the pore dimensions and surface chemistry within the porous material. These
fascinating characteristics endear MOFs towards a wide range of applications, for example gas
adsorption/separation,®?%* sensing,®>®® microelectronics,®”%® heterogeneous catalysis®’°

and biotechnology.”*"?

}

J o I —

Metal Organic
clusters linker

Figure 1.8. Schematic representation of a MOF consisting of organic linkers and metal clusters to form 3D

structures.

Heterogenous catalysis in MOFs

The application of MOFs as heterogeneous catalyst has expanded in the last two decades since
Fujita et al. confirmed the catalytic activity of a MOF, the 2D square network [Cd(4,4'-
bpy)2](NOs), which was used for aldehyde cyanosilylation.”® In the development of MOF
chemistry, three different methodologies have emerged to imbue MOFs with catalytically

active metal centres (Figure 1.9):
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1) The metal ions/node being the catalytically active site.”*”>
2) Loading the MOF with active constituents (i.e. metallic nanoparticles (MNPs)).”67”
3) Postsynthetic modification (PSM) of the MOF by incorporating active metal

catalysis.”8-80

Metal node == ‘ + } == Ligand

* Node
/

Active metal

Metal nanoparticles

PSM MNPs

Figure 1.9. Representation of the different approaches to incorporate reactive metals within MOFs, including
postsynthetic modification (PSM) and metal nanoparticles (MNPs), or utilising the metal ion/node of the

framework.

One of the most attractive approaches to preparing MOFs featuring catalytically active metal
sites is via PSM. Two common methods are employed to introduce catalytically active metal

sites in MOFs via PSM:

1) The metal cations that compose the MOF nodes can undergo direct exchange with
catalytically active metal cations, imparting activity to the MOF nodes (i.e. cation exchange).®!
2) If the organic linker contains Lewis basic sites (preferably chelating) that do not
coordinate with the structural metal ions and remain ‘free’ during MOF synthesis, they can

undergo subsequent reaction with the catalytic metal.”®

Installing active sites in MOFs by cation exchange of metal centers in MOFs is a strategy that
has been the subject of several reviews.®%83 PSM by cation exchange can give access to
coordination environments unfeasible in solution or during the synthesis of the material. In
2012, Dinca et al. reported a pioneering work in this field by trapping a an uncommon pseudo-

tetrahedral Ni(ll) oxygen complex via cation exchange with Zn(ll) in MOF 5 [(ZnsO(BDC)s] (BDC
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= benzenedicarboxylate).®* Characterization of the resultant material by X-ray crystallography
was not possible due to the high symmetry of the material and therefore it was characterized
by various spectroscopic techniques. Structural characterization of MOFs after cationic
exchange is challenging due to only partial exchange or the location of metal clusters on high
symmetry sites. Therefore, characterization is typically limited to spectroscopic techniques.
Nevertheless, this method is a unique way for accessing rare coordination environments

which can be used as catalytically active metal sites.

In an extension of this work, Dinca et al. employed a similar strategy to introduced Ni(ll) within
MFU- 4/ 8 (Metal-Organic Framework Ulm University-4/ = [ZnsCls(BTDD)3] (BTDD = bis(1 H-
1,2,3-triazolo[4,5-b],[4',5"- i])dibenzo[1,4]dioxin)). The Zn(ll) was partially exchange for Ni(ll)
(1-30%) in which the resultant materials were demonstrated to be highly active for ethylene
dimerization to 1-butene.® This result highlights the importance of this methodology for PSM
and how Dinca and co-workers took advantage to install reactive species. However, a better
understanding of the mechanism and scope of the technique is still required in order to fully

exploit the potential of cation exchange in developing future catalysts.

Heterogenization of well-defined homogeneous catalysts by post-synthetically immobilizing
them on suitably functionalized MOF linkers is a convenient way of isolating reactive species
due the controlled spacing of ligand-based binding sites. Compared to molecular crystals, the
mechanical stability of MOF crystals promotes the retention of crystallinity during PSM;
sometimes this allows the coordination sphere of the active metal center to be studied via X-
ray crystallography. Unlike the well-defined heterogenous systems described above, MOF
materials are generally robust towards chemical processing, including solvent removal, and
maintain structural integrity that is critical for transporting guest molecules. Thus far, one of
the most widely studied frameworks for PSM is the Zr-UiO-type (University of Oslo) MOFs
since they are robust and easily functionalized with different types of bidentate ligands, for
instance  N,N-chelating,®”° diol,®* salicylaldimine,®® 2,2'-bis(diphenylphosphino)-1,1'-
binaphthyl (BINAP)®® and NHC based binding sites (Figure 1.10).°* Following PSM, these
coordinating groups can stabilize the active metal and prevent them from leaching during

catalysis.®®

Despite the tunability of the UiO MOFs and their popularity as platforms for PSM, structural
characterization of the catalytically active metals located in this framework have proven
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challenging and few examples have been reported.®®®® This is mostly attributed to the
difficulty of growing larger crystals for SCXRD and the higher symmetry of UiO family of
materials that leads to crystallographic disorder of the active metals. Nonetheless, metalated
UiO materials have proven to be excellent matrices in which to isolate active metal catalysts

and their activity.

PSM:

) VaVaV, \ (cr(co);)
HO 80°C

ng“ )

UiO-bpy [Cr(CO),]

'Ph, FPh,

Figure 1.10. a) Different free-coordination sites for PSM in MOFs, including numerous derivatives of the UiO

structure; b) Non-metalated UiO framework; c) Metalated UiO framework. Figure adapted from reference 14.

A prominent example of the UiO series being employed as catalysts was reported by Manna

et al. Salicylaldimine (Sal) ligand derivatives of a UiO MOF underwent for PSM to incorporate
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nickel or zirconium complexes that can perform olefin polymerization reactions. Typical
molecular catalysts of this Sal ligands need the presence of bulky substituents to prevent
ligand migration and formation of inactive metal complexes M(Sal), or M(Sal)s,*® and loss of
catalytic activity. In 2014, Manna et al. synthesized Sal-UiO-type MOF which was metalated
with [FeCl;] or [CoCl;]. Subsequently, the Fe(ll) complex was reduced with NaBEtsH in THF to
afford an active Fe(0) catalyst for alkene hydrogenation that can be easily recycled and
reused.”> In the homogenous phase, the ligand migrated forming an inactive
[Fea(Sal)aCla(THF);] cluster, highlighting the importance of the isolated metal sites offered by
MOFs as a powerful tool to support highly active catalyst for important organometallic

reactions (Figure 1.11).

In homogenous phase without the
protection of the MOF

@ FeCl,
Nl OH —_—
K@ NaOH

Fe,(Sal),Cl,(THF),

O R + H
O NI'Fe‘o RN
e

Figure 1.11. a) PSM of a Sal-UiO-type MOF with FeCl2 and CoClz; b) In homogenous phase, Fe complex migrated
from the ligand to form the inactive Fea(Sal)4Cla(THF)2 clusters; c) Fe-Sal-UiO-type MOF is a powerful catalyst for

alkene hydrogenation. Figure adapted from reference 92.
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Transition metal complexes in low oxidation states are highly active catalytic complexes and
are especially vulnerable to decomposition that is induced by the loss of ligands.19%101
Recently, Lin et al. and co-workers introduced CoCl; into bipyridine-or phenanthroline-based
UiO-MOFs via PSM. Subsequently, NaB(Et)sH was used to reduce the metal center from Co(ll)
to Co(0), yielding site-isolated [(N,N)-[Co(THF)2] metal complexes which proved to be a
powerful catalyst for hydrogenation. In the homogenous phase, the reaction lead to ligand
dissociation of the Co(0) complex and ultimately to nanoparticle formation, highlighting the
role of site isolation in stabilizing the active catalyst.!%? It is worth mentioning, that structural
insight into the active Co(0) metal complex by SCXRD was not possible even though the

isolation of the metal complex was clearly demonstrated by spectroscopic methods.

MOFs have uniform pores that enable the formation of size-limiting internal environments
which can influence the selectivity of a chemical reaction.%310% |n 2019, Yuan and co-workers
reported a UiO-type platform which incorporated a Zn(ll) catalyst for intramolecular
hydroamination of alkynes. The [Zn(BFs)2] moiety tethered to the bipyridine N,N-chelation
sites of the host framework carried out a cycloisomerization of 2-(phenylethynyl)aniline. In
the homogenous counterpart, the reaction yields the hydration of the alkyne. This result was
attributed to the unique internal environment that the MOF pore provides which yields the
formation of different products.'% This is a remarkable example of how the microenvironment
of MOFs can influence the reaction mechanism of the allocated metal complex, yielding

products that are non-feasible in homogenous systems.

The modular building block approach to MOF synthesis allows the organic linker to be
precisely tuned in order to modulate the chemical, electronic properties of the supported
metal complex as well as the physical properties (pore size/shape) of the supporting
framework; thereby harnessing a key element of homogeneous catalysts in a heterogeneous
environment. In 2016, Huang et al. reported the impact of the organic linker on the catalytic
properties of an isolated metal complex.% A series of UiO-type MOFs have been reported
using mixed-linkers biphenyl- and bipyridine-dicarboxylic acid as organic linkers (m-bpy-MOF-
PdCl;, m-6,6'-Me;bpy-MOF-PdCl;, m-4,4'- Me;bpy-MOF-PdCl,) to load a Pd(ll) chloride
precatalyst, which is active for Suzuki-Miyaura cross-coupling reactions (Figure 1.12). The
mixed-ligand method is used to facilitate the separation between the active palladium centers

thereby preventing deactivation of the catalyst, while also ensuring the MOF pore does not
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become blocked with chelated Pd sites.’®” Under optimal metal loading conditions, the
reaction between iodo or bromobenzene and phenylboronic acid occurred in excellent yields,
with the m-6,6'-Me,bpy-MOF-PdCj, catalyst displaying the highest activity. This enhancement
was attributed to the stereoelectronic properties of the substituents on the organic linker,

highlighting the importance of linker design for immobilization of homogeneous catalysts in

O J J T
N
) “pa”! ) N‘Pd'CI 3 N\Pd'CI
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HO. .OH

MOFs.

X

Figure 1.12. a) Schematic structures of m-MOF-PdClz precatalysts. b) Ideal structure of m-6,6'-Me2bpy-MOF-

PdClz for the Suzuki-Miyaura cross-coupling reaction. Figure adapted from reference 106.
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Besides the UiO-topology Zr-based MOFs, porphyrinic MOFs are also capable of hosting
catalytically active metals.1%8199 |n 2018, Fang et al. reported the confinement of a Pt(0) atom
within the free chelating groups of a porphyrinic AI-MOF. This catalyst exhibited superb
photocatalytic efficiency in hydrogen production from water with an improved TOF of 35 h?,
an improvement of 30 times compared with platinum nanoparticles under the same
conditions. Spectroscopy and Density Functional Theory (DFT) analysis showed that the
introduction of Pt(0) moieties into the MOF opens an efficient electron transfer channel and
improves the hydrogen binding energy, leading to enhanced activity in the production of
hydrogen.'19 This study further demonstrates the advantages of introducing isolated metal

atoms in MOF systems.

Gas-phase reactions and catalysis with MOFs

Most of the investigations in heterogenous catalysis using MOFs have focused on reactions
for the synthesis of fine chemicals.}'1™113 Generally, this chemistry is carried out in solution
and therefore does not take full advantage of the MOF’s intrinsic characteristics such as high
surface area, crystallinity, and permanent porosity. Thus, the judicious choice of chemistry
and reaction conditions can showcase the unique properties of MOFs. Gas-phase reactions
are an excellent example of chemistry in which MOF characteristics can be exploited towards

fully realizing their potential in commercial applications.*1411>

Due to its relevance in industry, one of the gas phase reactions often investigated using MOF
catalysts is hydrogenation.!® Recently, Farha and co-workers reported the use of Zr- and Hf-
based-MOFs to support an active nickel catalyst for ethylene hydrogenation. The Hf-based-
MOF offered superior activity in comparison with the isostructural Zr analogue because the
incorporated Ni is anchored to an oxygen atom available on the MOF node. Spectroscopic
characterization and computational insights showed the nickel center was more active when
bound to the bridging oxygen site of the Hf-based-MOF due to a stronger interaction between
the Ni center and ethylene. It is also worth mentioning that when the nickel is coordinated by
a bidentate site on the node, the catalyst shows a higher activity than when nickel is bound to

the monodentate sites.'!” The Zr-based-MOF metalated with nickel has also been used for gas
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phase ethylene oligomerization, with a turnover frequency (TOF) of 0.3 s. Over the course of
10 hours on stream, catalyst deactivation occurred, due to the formation of polymeric
products that blocked the MOF pores.''® A similar approach has been employed to
incorporate Rh(1)!* and Ir(l) species?%'?! into MOFs for gas phase hydrogenation and
dimerization. Impressively, mononuclear Rh(l) and Ir(l) bis(ethylene) complexes have been
anchored to the nodes of Zr- and Mg-based MOFs, respectively, with both Ir and Rh sites
displaying catalytic activity under relevant C;Ha/H: flow conditions for ethylene hydrogenation

and dimerization.

Another approach to introducing active metal catalysts into MOFs for gas phase catalysis was
explored by Pardo et al. in which an iron(lll) complex was introduced by means of cation
exchange, and the hosted species was characterized by SCXRD. Interestingly, the resulting
metal complex was active for the gas-phase hydrogenation of acetylene.'?? A similar strategy
was applied by Weller et al. to incorporate Crabtree’s catalyst, [Ir(cod)(PCys)(py)]* into of MIL-
101(Cr) via ion-exchange. In solution, the Crabtree's Ir catalyst can be deactivated during the
hydrogenation of olefinic alcohols through the formation of catalytically inactive polymetallic
hydride clusters. The cationic Ir(l) complex supported within the MOF surpasses the
homogenous equivalent in activity and selectivity of hydrogenation over isomerization. This
enhancement is attributed to the well-defined hydrophilic architecture of the MOF pores and
electrostatic interactions between the catalyst and the MOF backbone that provides
enhanced stability to the catalyst.'?® The ion-exchange methodology proved to be an excellent
alternative of introducing well-defined catalytically active metals to perform gas-phase

reactions.

Olefin isomerization is a much less studied reaction but with appreciable industrial value in
the production and refining of hydrocarbon fuels. In industry these reactions are carried out
at high temperatures using heterogenous catalysts.?4#12> Homogenous catalyst are well-
known to perform isomerization with different transition metals at lower temperature.1?®
However, the exorbitant costs of the product separation make this process unviable for
industrial applications.’?” Recently, Noterstein and co-workers reported a Zr-based MOF (NU-
1000) with the ability to perform 1-butene isomerization employing the Zr-node as the

catalytic site.’® However, the system still requires high temperatures for the reaction

indicating lower activity of the zirconium node compared to conventional homogeneous
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catalysts. 1-Butene isomerization was examined for Fe- and Cr-based MOFs (MIL-100 and -
101) under optimal temperatures but at comparatively high-pressures. Furthermore, MIL-101
(Cr) can be recycled at least four times maintaining the conversion with a high-catalytic
activity.’?® In 2019, Somorjai et al. studied the oligomerization and isomerization of light
olefins (C3-C6) on a sulfated metal-organic framework-808 (S-MOF-808) which displays strong
Brgnsted-superacidic character. The strongest Brgnsted acid site is shown to contain a specific
arrangement of adsorbed water and sulfate moieties on the zirconium clusters.
Oligomerization and isomerization were explored at 80 to 110 °C and ambient pressure with
poor selectivity and activity. Interestingly, the material deactivates at temperatures over 100
°C due to the loss of adsorbed water molecules.'3® These are remarkable examples that show
the potential of MOFs in gas phase catalysis and how to exploit their fascinating and novel

properties to develop attractive reactions for industry.

Metal-Organic Frameworks: X-ray crystallographic insights into catalysis

Porous materials such as MOFs offer excellent opportunities as a platform to study the
coordination environment of host species by integrating structurally characterized transition
metal complexes into their framework architectures. A seminal example of heterogenizing
well-defined metal complexes within MOFs was reported by Humphrey and co-workers. Two
novel MOFs were synthesized, featuring unigue monodentate free phosphine and arsine
donor sites accessible via porous channels. The high crystallinity of these materials was
maintained after PSM allowing structural characterization of the moieties by X-ray
crystallography. In the arsine example, metalation of the material with AuCl(Me;S) revealed
the formation of As(AuCl).13! Surprisingly, the Au-Au distance (2.76 A) within the MOF is very
short compared with molecular complexes in which the Au-Au distance is typically between
2.84 and 3.43 A. This short distance is promoted by the rigidity of the MOF host with a distance
between adjacent donor sites of 4.8 A, forcing the metal complexes to form with an unusually
short contact distance. The MOF which features monodentate phosphine donors also possess
a very short distance between the donor sites (7.22 A), thereby effectively generating a P,P

chelation site. Metalation with [AuCI(Me;S)] or [CuBr(Me;S)] results in the corresponding
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[P(AuCl)] and [P,P(Cu2Br2)] chelated dimers.®> Finally, the catalytic activity of the allocated
species was investigated for the hydroaddition of 4-pentyn-1-ol revealing higher activity than
their molecular counterparts. The remarkable examples reported by Humphrey et al. expand
our understanding of post-synthetic metalation in MOFs and the role of crystallography in
revealing unusual complexes that result from the precise structural metrics of the host

framework.

As mentioned above, MOFs can incorporate well-defined transition metal complexes by PSM,
transforming the framework into a heterogeneous catalyst. Furthermore, the host metals in
MOFs have the same local environments and are isolated by a specific distance from each
other (i.e., long range order). The well-defined architecture of MOFs and the isolation that the
framework provides to the guest metal complex allows the elucidation of the coordination
environment by SCXRD. Despite their popularity as platforms for heterogenous catalyst, few
examples of metalated UiO-type MOFs have been published in which the included metal
center has been structurally characterized. This has been attributed to the challenge of
growing larger crystals for SCXRD and the higher symmetry of UiO family which leads to
crystallographic disorder of the active metals. Recently, a Mn(ll) based MOF, MnMOF-1, which
was synthesized at the University of Adelaide, has proven to be an exceptional platform for
showcasing these properties. MnMOF-1 is formed by the reaction between L (bis(4-(4-
carboxyphenyl)-1 H-3,5-dimethylpyrazolyl)methane) and MnCl; to form a unique 3D
structure, based on Mn(ll) trimer nodes. Notably, the MOF structure has vacant N,N’-chelation
sites accessible to guests through 13 A channels that penetrate the material. In a suitable
solvent, the chelation sites available within the material can be postsynthetically metalated
with transition metal complexes and studied by X-ray crystallography. One of the first
examples of postsynthetic metalation of this material was carried out with CoCl,-6H,0 in
methanol at 65 °C which resulted in a change in the color of the crystals from colorless to pink.
SCXRD revealed the formation of the octahedral complex MnMOF-1-[Co(H20)4Cl;].
Remarkably, under solvent exchange from methanol to acetonitrile, the crystals underwent a
SCSC transformation with a further color change from pink to blue, and this color change can
be rationalized by a transformation of the Co(ll) coordination environment from octahedral
to tetrahedral. This was subsequently confirmed via SCXRD which revealed formation of the

tetrahedral complex MnMOEF-1-[CoCl;].332 This unique characteristic, the ability to study the
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coordination environment of the host metal complex by SCXRD, differentiates MnMOF-1 from
other porous materials and indeed most MOFs. Furthermore, the permanent porosity,
stability, ability to host well-defined metal complexes and high crystallinity offers key

advantages over molecular crystals as hosts for reactive metal complexes.

The investigation of coordination and organometallic chemistry using MnMOF-1 has been
expanded to an important commercial reaction, the Monsanto process.!33 This reaction
utilizes a homogenous rhodium(l) carbonyl catalyst which undergoes several organometallic
reactions during the process including oxidative addition of methyl iodide, migratory insertion
to generate an acetyl functionality and finally reductive elimination to yield acetyl iodide. To
investigate this process within MnMOF-1, the material was post-synthetically metalated with
an organorhodium compound [Rh(CO):Cl]. resulting in MnMOF-1:[Rh(CO),][Rh(CO).Cl].
SCXRD revealed that the coordinated Rh(l) cation is charge balanced by a [Rh(CO).Cl:]~
counter-ion generated during the metalation. The reaction of MnMOF-
1:[Rh(CO);][Rh(CO),Cl;]with Mel in acetonitrile yields a SCSC transformation with a visible
color change from vyellow to red. SCXRD revealed the formation of MnMOF-
1:[Rh(CO)(CHsCN),)(COMe)I]-l. Fascinatingly, the equivalent reaction with MeBr produces a
double oxidative addition of the metal complex giving MnMOF-1-[Rh(CH3CO)Br(MeCN):]-Br,
representing the complete consumption of the carbonyl ligands. This remarkable discrepancy
in the course of the reaction, as revealed by the crystal structures; is attributed to the steric
demands of the halide ligands. The elucidation of the coordination environment allowed the
reactivity of the well-defined Rh complex allocated in the MOF to be understood. Under
catalytic conditions in the gas phase, MNMOF-1:[Rh(CH3CO)Br(MeCN).]-Br produced acetyl
bromide at a very low rate, likely because the oxidative addition of MeBr in the catalytic cycle
is the slower step. Even though the oxidative addition of Mel is faster than that of MeBr, the
bulkiness of the iodide ligand generated during oxidative addition stops the reaction from
proceeding through a full cycle and therefore, the catalytic activity is negligible using Mel.13*
This remarkable work is one of the first examples of a well-defined organometallic complex
supported in a MOF being used for gas-phase reactions. The platform allows the elucidation
of the steps in the catalytic cycle, and furthermore, to understand the observed and the

distinct reactivity in of the methyl halides in the gas-phase.
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Exploiting the potential of site isolation that MnMOF-1 offers, combined with the unique
ability to structurally characterize the coordination environment of supported metals, Huxley
et al. reported a work in which the material was postsynthetically modified with a Mn(l) azide
complex that is poised to carry out site-selective “click” reactions as shown in Figure 1.13.
Throughout this process SCSC transformations enabled elucidation of the structural changes
at the metal complex. Selectivity within the MnMOF-1 was shown through reactions with
terminal dialkynes with different length spacers, with a selective reaction occurring on one
end of the dialkyne when the distance between the azide moieties was larger than the length

of the dialkyne chain.!3®

N(2) and N(3) isomers

O
A~
V4

O

1,7-octadiyne-3,6-dione

Figure 1.13. “Click” chemistry cycle followed by X-ray crystallography using a Mn-based MOF. Figure adapted

from reference 135.

In related work, the allocated Mn(l) carbonyl bromide complex (which is a precursor to the

azide above) was converted from an ion pair to a charge-neutral complex via coordination of
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the charge-balancing halide ligand. This transformation occurred in a SCSC process by washing
the MOF crystals (originally in polar EtOH) with nonpolar solvents (toluene, THF). The facile
interconversion of MOF-tethered Mn(l) complexes, simply via solvent exchange, allows for the

potential control of ion exchange, which can provide access to new metal complexes.!3¢
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Contextual Statement

This thesis presents the synthesis and characterization of different transition metal complexes
allocated within a Mn-based MOF. As mentioned above, a salient feature of the MOF is high
crystallinity, which allows the coordination environment of the host metal to be studied via X-
ray crystallography. An enhanced understanding of these complexes provides essential
insights into how to develop catalysts with improved performance and stability, for a potential

industrial applications.

In accordance with these objectives, Chapter 2 investigates the flexibility of Mn-based MOF,
MnsL:L" (where L = bis-(4-carboxyphenyl-3,5-dimethylpyrazolyl)methane) (MnMOF-1) which
features a vacant N,N’-chelation site arising from a partially non-coordinated L moiety,
designated L’. These spatially isolated metal-binding sites undergo quantitative metalation
and subsequent modifications with retention of single crystallinity. Although metalation
chemistry within MnMOF-1 has been extensively studied, this Chapter provides insight into
the underlying flexibility of the framework, demonstrating how this can be controlled by
judicious choice of solvent and plays an important role in the ability of the framework to both

undergo metalation and retain chelated metal centres during subsequent chemistry.

In Chapter 3 and 4, the preparation and catalytic activity of reactive cationic rhodium(l) and
iridium(l) bis-ethylene complexes allocated in MnMOF-1 is reported. These species were
prepared via PSM under an ethylene atmosphere, a new strategy that allows MnMOF-1 to be
metalated with highly reactive complexes featuring labile (ethylene) ligands. Subsequently,
facile anion exchange under ethylene was employed to produce BFs and Cl- derivatives.
Exploiting the crystallinity of the host framework, the immobilised Rh(l) and Ir(l) centres were
structurally characterized using X-ray crystallography. To explore the reactivity of all the Rh
and Ir species, the hydrogenation of ethylene was investigated using gas phase NMR
spectroscopy. Intriguingly, the charge-balancing anions displayed markedly distinct activity,

indicating that the anions residing in the MOF pore perform a role in the catalytic cycle.

Furthermore, in Chapter 3 the activity of mononuclear Rh(l) complexes supported within the
MOF framework was investigated in gas phase 1-butene isomerisation. Under one

atmosphere of butene at 46°C, the Rh(l) derivative with a weakly-coordinating BF4 anion
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rapidly catalyses the conversion of 1-butene to 2-butene with a TOF of ca. 2000 hr. Notably,
the chloride derivative displays negligible activity in comparison, due the stronger interaction
between the coordinating anion and the Rh centre which impacts the catalytic activity, as
demonstrated by X-ray Photoelectron Spectroscopy (XPS) and DFT calculations. This work
demonstrates the capacity of MnMOF-1 to act as a platform for gas phase catalysis using well
defined, site-isolated transition metal complexes. The techniques, particularly metalation and
sample handling under specialised gases, provides a new avenue to accessing highly reactive

complexes in MNnMOF-1.

In Chapter 5, a new methodology was developed to access novel, labile Cu(l) complexes which
are otherwise difficult to characterize. Building on the strategy developed in Chapters 3 and
4, labile Cu(l) complexes were prepared by in situ anion metathesis of MNMOF-1:[CuCl] in the
presence of specialist gases which act as labile ligands. In accordance with the porous nature
of the host framework, the weakly bound ‘place-holder’ ligands readily undergo substitution
with a broad repertoire of small guest molecules and weakly coordinating anions. The highly
crystalline and robust host framework allows these transformations to be mapped via X-ray
crystallography, providing exquisite insight into the exchange processes of site-isolated Cu(l)

moieties within MNMOF-1, pertinent to Cu-centered catalysis.

Overall, this thesis illustrates the important role of MOFs as potential heterogenous catalysts
and platform materials for elucidating the fundamental coordination chemistry involved in
heterogeneous catalysis. The homogenous counterparts of such catalysts are well-defined
systems which are considerably easier to study using common spectroscopic techniques.
MOFs offer excellent opportunity to capitalize on this body of knowledge by integrating
structurally characterized organometallic species into their framework architectures and
exploring the potential of these unique systems for application to commercially attractive
processes. Hitherto, MOFs have been primarily employed as structural supports for
organometallic complexes catalysts during solution phase catalysis. The gas phase catalysis
carried out in this thesis using well defined catalysts immobilised in MnMOF-1, are an
important step towards isolating highly reactive metal centres and harnessing their potential
as heterogeneous catalysts for industrially relevant gas-phase reactions. This takes full

advantage of the novel properties of permanently porous, highly crystalline MOFs.
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2.1 Abstract

Obtaining structural information for highly reactive metal-based species can provide valuable
insight into important chemical transformations or catalytic processes. Trapping these metal-
based species within the cavities of porous crystalline hosts, such as metal-organic
frameworks (MOFs), can stabilize them, allowing detailed structural elucidation by single
crystal X-ray diffraction. Previously, we have used a bespoke flexible MOF, [MnsL,L'] (MnMOF-
1, where L = bis-(4-carboxyphenyl-3,5-dimethylpyrazolyl)methane and L = L’ , but L’ has a
vacant N,N’-chelation site), which has a chelating site capable of post-synthetically binding
metal ions, to study organometallic transformations and fundamental isomerization
processes. This manuscript will report the underlying conformational flexibility of the
framework, demonstrate the solvent dependency of post-synthetic metalation, and show that
the structural flexibility of the linker site and framework are critical to controlling and
achieving high levels of metal loading (and therefore site occupancy) during chemical
transformations. From these results, a set of design principles for linker-based “matrix

isolation” and structure determination in MOFs are derived.
2.2 Introduction

Extracting structural information about reactive metal-based species can provide
fundamental insight into small molecule activation processes relevant to homogeneous
catalysts® or gas separations.>3 However, the species responsible are often coordinatively
unsaturated and thereby present challenging characterization targets due to their reactivity
and transient lifetimes. Nevertheless, trapping reactive species within the cavities of host
supramolecules or frameworks can stabilize them, allowing “matrix isolation” and detailed
structural elucidation. Molecular capsules,* supramolecular assemblies>® and, more recently,
metal—-organic frameworks (MOFs)¥27~1% have been used to trap reactive species and facilitate
their structure determination. For MOFs, their building block synthetic approach using
chemically mutable links, coupled with a high degree of crystallinity, and excellent chemical
and thermal stability,'* allows them to trap and isolate metal-centered reactive species.

Examples of MOFs being used to isolate and structurally characterize reactive species include
elucidating the structure or dynamics of organic or organometallic species trapped within the

pore network of so-called crystalline sponge materials,'?%3 structurally characterizing
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coordinatively unsaturated metal nanoclusters within MOF pores,** trapping reactive entities
at metal nodes® and examining photochemical conversions of metal carbonyl
complexes.’®* We have similarly studied the organometallic transformations of a Rh(i)
dicarbonyl complex,'’'® demonstrated a structural basis for site selective “click” chemistry
reactions which take place within the pores of a MOF,® and examined fundamental
isomerization processes,?? all occurring at post-synthetically added metal sites in a bespoke,
flexible Mn-based MOF structure.

With the emergence of a handful of MOF materials that facilitate matrix isolation and single-
crystal X-ray diffraction (SCXRD) of reactive metal species at metal linkers,’~* we can start to
identify the structural features that facilitate this behavior. Some of the important aspects
appear to include: an overall flexibility of the MOF structure with a number of well-defined
structural conformations; chemically robust yet locally adaptable metal binding; relatively low
symmetry structures; near quantitative metalation; a high degree of initial crystallinity, and
retention of crystallinity throughout a range of post-synthetic chemical transformations to
generate the moiety of interest. Furnishing a greater understanding of these design principles
may guide the development of new MOFs which can expand this approach to additional
reactive species.

This contribution will examine the conformational mobility of the flexible MOF, [MnsL;L']
(MnMOF-1, where L = bis-(4-carboxyphenyl-3,5-dimethylpyrazolyl)methane and L = L', but L’
has a vacant N,N'-chelation site). This material has been used to isolate and study reactive
metal complexes via SCXRD,~2% a property we attribute to a large number of accessible
structural minima on its conformational energy landscape. MnMOF-1 has a relatively low
symmetry structure, containing spatially isolated metal-binding sites that undergo
quantitative post-synthetic metalation (PSMet)?®> and subsequent modifications (PSM)2® with
retention of single crystallinity. Herein, we report the underlying cooperative flexibility of the
framework that is important for PSMet, and suggest that the conformational mobility of the
linker site, and the overall framework, are critical to retaining high levels of metal loading and
structural order during chemical transformations. These features govern the ability to achieve
sequential “snapshots” of the structure via SCXRD. To provide some context, these
observations for MNMOF-1 will be contrasted with other materials, specifically the

comparatively rigid Zr-based MOF, UiO-67-bpy (where bpy = 2,2-bipyridine-5,5'-
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dicarboxylate),?=23 to further support the MOF design criteria needed for linker-based matrix

isolation and structure determination.

2.3 Results and discussion

2.3.1 MnMOF-1 structure type

Torsion angle a

iii)

oKL
g FOdrdol

Figure 2.1. (a) (i) The structure of MNMOF-1-DMF/as viewed along the a-axis, displaying the open pore structure

R=CH,, H

with pillaring ligands (blue) featuring free N,N-chelation sites. The Mns3 nodes and fully coordinated linkers (ii)
form 2D sheets which lie in the ac plane for MNMOF-1-DMF/as (iii). Panel (iv) shows the organic ligand from
which MnMOF-1 is synthesized. (b) (i) The structure of UiO-67-bpy features Zr¢Os nodes which are bridged by
2,2'-bipyridine-5,5'-dicarboxylate ligands (ii) to form interconnected octahedral cages (and tetrahedral cages —
not shown) in which the N,N-chelating site is accessible for PSMet. The annotations to the Figure show the

distances and angles used to compare the MnMOF-1 structures given in Table 2.

The structure of the as-synthesized form of MNMOF-1 has been previously described!’ but
salient features are recorded here to orient the reader (this structure is DMF solvated, Figure
2.1). MnMOF-1-DMF/as (as = as-synthesized) has the formula [MnsL,L'] and is composed of
linear Mns clusters, wherein the three Mn?* centers are bridged by a total of six carboxylate
groups from six different ligand molecules (Figure 2.1(a-ii)). The central octahedral Mn?* atom
has an octahedral ligand environment bound solely by the carboxylate groups, while the
terminal six-coordinate centers are bound by four carboxylate oxygen atoms and are

terminated by a chelating bispyrazole moiety. Considering the overall structure, two linkers
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bridge adjacent trinuclear Mn clusters in the crystallographic ac-plane (in all monoclinic forms
except the desolvated structure) to form a distorted square grid (Figure 2.1(a-iii)). The final
linker of MNMOF-1, bound through its carboxylate groups only, pillars these layers at each
Mns cluster to form a three-dimensional framework. The structure of the desolvated
material, MNnMOF-1-des, which is still porous to N2, contracts considerably through twisting
and bending about the methylene hinge of the pillaring ligand and distortion of the square

grid (Tables 2.1 and 2.2)."7

Table 2.1. Space group, unit cell parameters and orientation of the distorted square grid in the various solvates of MnMOF-1.

Solvate Space a(A) b (A) c(A) o) B(°) v () Volume Orientation  Reference
group (A3) of square
grid
DMF (as P2i/c 12.289(3) 32.302(7) 25.974(5) 90 93.57(3) 90 10291(4) ac 12
synthesized)
desolvated c2/c 16.9293(10)  18.4694(7)  28.346(2) 90 100.629(6) 90 8711.0(9) ab 12
CH;CN P-1 12.281(3) 12.919(3) 30.425(6)  94.65(3) 93.93(3) 92.40(3)  4794.5(19) ab 22
MeOH P2:/m 12.323(3) 32.145(6) 12.931(3) 90 93.58(3) 90 5112.3(18) ac This work
EtOH P2,/m 12.274(3) 32.826(7) 12.930(3) 90 95.51(3) 90 5185.5(18) ac This work
acetone P2;/m 12.307(3) 31.637(6) 13.006(3) 90 92.10(3) 90 5060.6(18) ac This work
DCM P2,/m 12.313(3 31.877(6) 12.954(3) 90 92.93(3) 90 5077.8(18) ac This work
THF P-1 12.457(3) 13.242(3) 33.037(7)  86.69(3) 86.08(3) 85.22(3) 5411(2) ab This work
DEE P-1 12.364(3) 12.947(3) 30.366(6)  99.40(3) 97.35(3) 91.57(3)  4750.4(17) ab This work
p-xylene P-1 12.276(3) 12.869(3) 31.586(6) 93.98(3) 97.43(3) 92.02(3) 4931.1(18) ab This work
Table 2.2. Structural parameters for the various solvates of MNMOF-1.
Solvate € d (pillar COO- o (pillar COO- Mn-Mn Mn-Mn Mn-Mn B (obtuse Pyrazole ring Volume
[ef0]e] CH,-COO angle, distance 1 distance 2 diagonal angle, °) torsion angle per repeat
distance, A) °) (A) (A) (A) (°) unit®
DMF (as 38.25 14.66 105.1 12.99 12.28 18.26 109.7 157.2 118%
synthesized)
desolvated 13.83 97.7 12.53 12.53 18.47 95.5 155.6
CH;CN 375 14.04 99.0 12.92 12.29 18.19 98.3 13.6 110%
MeOH 32.7 14.81 106.4 12.93 12.32 17.29 107.7 117%
EtOH 24.5 15.18 110.4 12.93 12.27 16.95 111.0 119%
acetone 21.01 14.51 103.4 13.01 12.31 18.23 105.5 116%
DCM 9.08 14.61 104.6 12.95 12.31 18.32 106.6 116%
THF 7.52 15.08 108.3 13.24 12.45 18.92 109.3 168.8 124%
DEE 4.27 14.07 100.5 12.94 12.36 17.65 100.0 171.5 109%
p-xylene 2.27 14.70 106.5 12.87 12.28 18.10 98.5 26.0 113%

2 These values are calculated as a percentage of the desolvated structure, which we believe to be fully contracted. For MnMOF-1-des the repeat unit
volume is 2177.8 A3 (which is calculated by dividing the volume by Z).

The salient feature of MNnMOF-1 that allows post-synthetic metalation (PSMet) is the free
bispyrazole moiety of the pillaring link. In the as-synthesized form of MNMOF-1-DMF/as, this
bispyrazole moiety adopts an anti conformation with the plane of the pyrazole groups twisted

by 157.2° (the torsion angle between the N-N bonds of the pyrazole rings, Table 2.2).
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Metalation of MNMOF-1-DMF/as does not favorably occur in DMF,?” which is presumably
partly attributable to the anti arrangement of the pyrazole donors.!” However, as we have
shown, PSMet of MnMOF-1 is facile for most transition metals when those reactions are

conducted in solvents such as acetonitrile (CH3CN), ethanol (EtOH) and methanol (MeOH).&

20,27-29

2.3.2 Solvatomorphs of MNMOF-1

The structure of MNMOF-1 solvated with CH3CN (MnMOF-1-CH3sCN) has been disclosed?’ but
not previously discussed, and clearly explains why PSMet is facile in this solvent. The two
pyrazole rings are in a syn conformation, with the torsion angle between the N-N bonds of
the pyrazole rings being 13.6°, placing them in an ideal arrangement to coordinate to an
incoming metal species. This change does not occur in isolation, with the pillaring link bending
to bring the layers closer together (Table 2.2). Additional changes occur to the square grid,
which becomes less laterally skewed. Coincidentally, some of these distortions are quite
similar to those observed for the desolvated structure, as is the overall contraction of the MOF

(Table 2.2).

Methanol and ethanol are also good solvents in which to effect PSMet.**?° Direct solvent
exchange of MNMOF-1-DMF/as with either methanol or ethanol provides a facile conversion
to new solvatomorphs, with both new conformations of MnMOF-1 crystallizing in the
monoclinic space group P21/n (Figure 2.2). Close inspection of the structures reveals that
subtle increases in the separation of the square grids have occurred (Table 2.2), denoted by
changes in the pillar link distance and angle. There are also further distortions of the square
grid itself but the structures are not vastly different to the as-synthesized form. These changes
result in the pillaring link being disordered in both structures and thus the conformation
(syn or anti) cannot be determined. However, given that facile metalation occurs in these
solvents we postulate that this might be the disordered syn conformation, although we
cannot rule out that the more open MOF structure (albeit similar to MNMOF-1-DMF/as)

allows interconversion of the anti and syn forms.
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a)

. w*o

As-synthesised (DMF) Acetone solvated THF solvated
anti, P2,/m disordered, P2,/m anti, P-1

)
MeCN lp-Xerne
3o e\ g % S ]

MeOH or EtOH MeCN or p-Xylene solvated Diethyl ether solvated
disordered, P2,/m syn, P-1 anti, P-1

Figure 2.2. (a) Representative examples of the effects of solvation on the conformation of the free pyrazole sites
in MnMOF-1, including ordered ‘anti’ (DMF, THF, diethyl ether), ordered ‘syn’ (MeCN, p-xylene) and disordered
structures (MeOH, EtOH, acetone). (b) Electron density maps support the structures presented in (a), and
representative electron density maps are displayed for acetone (i) and p-xylene (ii). Post-synthetic metalation of
the free pyrazole site with [Rh(CO)2Cl]2 is possible when the metalation reaction is performed in acetonitrile or p-
xylene, yielding the metalated MOF MnMOF-1:[Rh(CO)2][Rh(CO)2Cl2] as confirmed via SCXRD (c) (the product
formed in p-xylene is shown but it is simply a solvatomorph of MnMOF-1:[Rh(CO):][Rh(CO)2Cl.] formed in

acetonitrile).”

While the three solvents (CH3CN, MeOH and EtOH; dielectric constants, £37.5, 32.7 and 24.5,
respectively) allow post-synthetic metalation with a wide selection of metal complexes, we
wanted to be able to undertake chemistry in less polar solvents and in solvents that can be
rigorously dried. However, direct solvent exchange of MnMOF-1-DMF/as with
tetrahydrofuran (THF, ¢ = 7.52), diethyl ether (DEE, & = 4.27), dichloromethane (DCM, ¢ =
9.08), the individual xylene isomers (ortho, ¢ = 2.57; meta, £ =2.37; and para, € =2.27), and
toluene (Tol, £ =2.38) led to loss of single crystallinity. Given the noticeably different dielectric
constants for these solvents and DMF (& = 38.25), this prompted us to investigate other
solvents. Specifically, we sought a solvent with a dielectric constant midway between the two

extremes, which would perhaps provide access to an intermediate MnMOF-1 structure that
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could be then converted to the desired solvates without loss of crystallinity. This type of
approach has been used for activation of MOFs3® and porous organic cages.3! Acetone (& =
21.01) is miscible with all the solvents considered and thus seemed an ideal choice. Pleasingly,
exchanging MnMOF-1-DMF/as with acetone to form the intermediate MnMOF-1-ace (ace =
acetone), followed by exposure to THF, DEE, DCM, and p-xylene gave access to new
solvatomorphs via single crystal-to-single crystal (SC-SC) transformations. Complete
exchange of the solvates was confirmed by conducting *H NMR spectroscopy on digested
samples of the MOF. Curiously, this route was not effective for toluene and m-xylene (o-xylene
retained crystallinity but we could not collect satisfactory structural data).

To understand how the stepwise nature of these transformations might facilitate retention of
crystallinity, we collected SCXRD structures for MNMOF-1 solvated with acetone and THF,
DEE, DCM, and p-xylene. The structure of MnMOF-1-ace is not dissimilar to the as-synthesized
structure and the alcohol solvated forms (Tables 2.1 and 2.2). In particular the volume of the
repeat unit of the structure almost matches these other forms, and the relevant structural
parameters (unit cell axes and angles, layer structure and pillaring ligand geometry) are
similar. Again, the bispyrazole chelating unit is disordered but it is interesting to note that
PSMet is facile in this solvent (see below); this suggests that the syn conformation might be
present. Intriguingly, despite being unable to be prepared directly from MnMOF-1-
DMF/as, MnMOF-1-DCM is isomorphous with MnMOF-1-ace (Tables 2.1 and 2.2). Given the
lack of structural differences, this suggests that local solvate—framework interactions might
be responsible for the loss in crystallinity here, rather than changes in the overall structure.
Considering the other solvates, MNMOF-1-THF crystallizes in the triclinic space group P1 with
a notably expanded volume with respect to all other structures. This is driven by layer—layer
expansion as evidenced by the parameters for the pillaring ligand and the c-axis length
(compared directly with MNMOF-1-CH3CN or the b-axis for the DMF, MeOH, EtOH and
acetone solvates). Intriguingly, despite being observed in a solvent with a similar polarity to
THF, the structure of MnMOF-1-DEE is almost identical to the structure of MNnMOF-1-CHsCN,
albeit possessing an anti arrangement of the pyrazole donors. Finally, we determined the
structure of MnMOF-1-p-xylene. Notably, MnMOF-1-p-xylene has a syn arrangement of the
pyrazole donors, like MNnMOF-1-CH3CN, which bodes well for post-synthetic metalation. Given

this similarity, MnMOF-1-p-xylene and MnMOF-1-CHsCN possess quite similar structures,

Page | 49


https://pubs.rsc.org/en/content/articlelanding/2020/fd/d0fd00012d#tab1
https://pubs.rsc.org/en/content/articlelanding/2020/fd/d0fd00012d#tab2
https://pubs.rsc.org/en/content/articlelanding/2020/fd/d0fd00012d#tab1
https://pubs.rsc.org/en/content/articlelanding/2020/fd/d0fd00012d#tab2

Chapter 2

although the separations between the square grids are different; the layers in MNnMOF-1-

CH3CN are moderately closer together.

2.3.3 Post-synthetic metalation of MNnMOF-1 with [Rh(CO)Cl],

As noted, our exploration of the various solvatomorphs of MnMOF-1 was motivated by the
need to expand the solvents available for metalation. Prior to this work, all metalations
of MNnMOF-1 were conducted in relatively polar solvents, acetonitrile, methanol and ethanol.
With the new solvatomorphs of MNMOF-1 in hand, the acetone, THF, DCM, diethyl ether
and p-xylene solvates, we assessed their ability to undergo PSMet. We had previously shown
that treatment of MnMOF-1-CH3:CN with the Rh dimer [Rh(CO).Cl]; quantitatively
gives MNMOF-1:[Rh(CO),][RhCI2(CO).], which possesses a square planar Rh(1)(CO), moiety
complexed to the bispyrazole site in the MOF and a [RhCIz(CO);] anion in the MOF
pore.l” Given the well-ordered nature of the structure and the useful spectroscopic handle
provided by the CO ligands, we investigated the same post-synthetic metalation in other
solvents.

MnMOF-1-p-xylene, MnMOF-1-ace, MnMOF-1-DCM, MnMOF-1-THF and MnMOF-1-

DEE were subjected to metalation with [Rh(CO).Cl].. The first three solvents gave rise to pale
yellow MOF crystals, and furthermore IR spectroscopy revealed the distinctive CO
stretches’ that support the formation of MNMOF-1:[Rh(CO),][Rh(CO).Cl,] (see Figure 7.1.2).
However, when metalation was performed with MnMOF-1-THF and MnMOF-1-DEE solvates,
no CO stretches were observed in the IR spectra and the samples did not adopt the pale yellow
color of the Rh(I) species; this clearly indicated that metalation does not occur in THF or diethyl
ether, likely due to the anti conformation of the pyrazole sites. These results were
corroborated using energy dispersive X-ray (EDX) data which confirmed the presence of Rh in
a 2:3 Rh:Mn ratio for samples metalated in p-xylene, acetone and DCM, while no appreciable
Rh signal was observed for samples metalated in THF or diethyl ether (Table 7.1.6). We
hypothesize that the metalation was unsuccessful in THF and diethyl ether because of
the anti arrangement of the free pyrazole sites within the MOF.

SCXRD was undertaken to determine the structure of MnMOF-1:[Rh(CO);][RhCl(CO)]
formed in p-xylene. This showed the expected square planar arrangement of the

Rh(1)(CO). moiety coordinated to the pyrazole units (Rh—N bond lengths 2.060(7) and 2.094(7);
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Rh—C 1.860(13) and 1.906(12) A). One Cl atom of the [RhCI(CO),] anion (Rh—Cl bond lengths
2.358(3) and 2.321(3); Rh—C 1.753(16) and 1.827(16) A) is located 3.73 A from the vacant axial
site of the coordinated Rh center, and the anion also interacts with the MOF via weak C—H-:-Cl
hydrogen bonds. Despite the pre-metalation ordering of the p-xylene structure into
the syn conformer, it is worth noting that during metalation the pyrazole donors undergo a
further twisting motion relative to the MOF backbone, which is clearly visible when
the syn and metalated structures are compared (Fig. 2). Prior to metalation, in
the syn structure, the pyrazole sites are slightly splayed out with a separation (N-N) of 2.93 A.
In order to chelate the incoming metal center, the ligand pivots about the methylene hinge,
drawing the N-donor sites inwards (N-N separation of 2.80 A). This is also associated with an
inversion of the bispyrazole moiety, as observed when the relative arrangements of the
pyrazole sites in the ‘syn’ and metalated structures are compared (Figure 2.2). Like the non-
metallated MnMOF-1-p-xylene structure, well-ordered p-xylene solvate molecules are also
located in the pores. With the exception of the solvent ordering, these structural parameters

are very similar to MNMOF-1-[Rh(CO),][RhCl>(CO)2] formed in acetonitrile.!”

2.3.4 Structure analysis

Overall, MnMOF-1 appears to have a conformational landscape punctuated with a number of
distinct structural minima. Disregarding the conformation of the pyrazole donors (these are
definitely in the syn arrangement for the acetonitrile and p-xylene solvates), there are five
main  structure types: namely (1) the as-synthesized form  (P2i/c and
the P21/m solvatomorphs); (2) the syn conformers (P1, acetonitrile and p-xylene solvates);
(3) MNnMOF-1-THF (P1, expanded, anti); (4) MnMOF-1-DEE (P1, contracted, anti); and (5) the
desolvated form (C2/c, anti). This complex structural behavior has been observed for other
flexible MOFs, including recent reports on amino acid-derived MOFs,3%33 which convert
between a number of conformers in a facile manner. Within form (1) there seems to be little
preference for a syn/anti conformation of the pyrazole groups, but metalation experiments
do suggest thatsynis favored or accessible in methanol, ethanol, acetone and
dichloromethane. Similarly, for the P1 structures (types (2—4)) there is much greater variation

in the structure yet no particular pattern in terms of the conformation of the pyrazole groups;

Page | 51


https://pubs.rsc.org/en/content/articlelanding/2020/fd/d0fd00012d#fig2
https://pubs.rsc.org/en/content/articlelanding/2020/fd/d0fd00012d#fig2

Chapter 2

both syn and anti arrangements are observed. Again however, outcomes of the PSMet do
suggest that the syn or anti arrangements of the pyrazole rings are fixed.

Surveying the literature, two MOFs appear to be able to reliably undergo quantitative
metalation in a SC-SC manner and allow SCXRD to be used to characterize the ligand tethered
metal center: these are MNnMOF-1,17-2027-2% and Ui0-67-bpy,?* 23 although the former does
this in a wider number of instances. As far as we are aware, there is only one instance for UiO-
67-bpy where sequential SC-SC transformations of a metalated structure can allow
SCXRD.% Given the high degree of conformational freedom observed for the pyrazole linker
(Mesbcppm) in the MnMOF-1 solvatomorphs, we set out to probe this further by
computational studies. To provide a suitable comparison, we compared the flexibility of
the MNnMOF-1 link to a methyl substituted version of 2,2’-bipyridine, namely 6,6’-dimethyl-
2,2'-bipyridine-5,5'-dicarboxylic acid (Mezbpy).2* For simplicity, the ligands were considered
as their corresponding acids (and not part of the MOF structure), and their different
conformers were investigated using the semiempirical tight-binding based quantum chemistry
method GFN2-xTB.3*> The conformational space of these ligands was first explored by
employing the conformer—rotamer ensemble sampling tool (CREST).3¢ This methodology uses
extensive meta-dynamics sampling, genetic z-matrix crossing and geometry optimizations,
designed to efficiently identify low lying and unique conformers. The conformer analysis
identifies, as expected, that both ligands have two distinct conformations with respect to
the syn or anti configuration of the chelating nitrogen atoms (Figure 2.3a); the unsubstituted
2,2'-bipyridine-5,5'-dicarboxylate is known to favor the anti conformation due to the release
of steric clash between the H3 protons. Interestingly, the relative energies between these
conformers for the different ligands are about the same but there are more unique
conformations of the syn-like arrangement for Mesbcppm (in MnMOF-1). This might point
to MNnMOF-1 being able to bind a greater diversity of metal ions (atomic radii, bond lengths

and coordination numbers) than UiO-67-bpy materials.
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Figure 2.3. Relative energies of the conformers identified by CREST for Mesbcppm (from MnMOF-1) and Mezbpy
(the link in UiO-67-Mezbpy) displayed with respect to the N—N distance (a). The potential energy landscapes for
Mesbcppm and Mezbpy generated by scanning the N-N-N-N dihedral for Mesbcppm and the N—-C—C-N dihedral
for Mez2bpy (b).

To provide insight into the conversion between these conformers, we further investigated the
potential energy landscape by constrained structural optimizations, scanning the N-N-N—N
dihedral for Mesbcppm and the N-C—C—N dihedral for Me,bpy (Figure 2.3b). For MnMOF-
1 and UiO-67, the energy barrier for the ligand anti = syn conversion is approximately 25 kJ
mol™; however, because of the methylene hinge and the bent structure of Mesbcppm, this
only occurs for one direction of rotation. For Mesbcppm, rotation in the other direction has a
barrier greater than 34 kJ mol™. In the case of Mezbpy, the barrier and the higher energy of
the syn conformation represent the loss of conjugation between the orthogonal pyridine
groups and the steric hindrance that arises between H3 protons in the syn conformer,
respectively. For Mesbcppm, passage of the 3- or 5-methyl substituent past the pyrazole N
donor is presumably a barrier to conversion between the two conformers.

These calculations provide insight into PSMet and structure determination in both materials.
Thereis clearly a barrier to converting the conformers from anti to syn in both cases, which is
required for PSMet. For MnMOF-1, it has been shown that this conversion can be achieved by
manipulating the solvent such that metalation can occur without this barrier. However,
for UiO-67-bpy derivatives, the favorable C—H---N interactions in the anti conformation and
the stabilization achieved by conjugation likely limit access to the syn conformation until
metalation occurs (although there is only one non-metalated structure of UiO-67-
bpy reported).?! Additionally, the lack of flexibility afforded by the bpy ligands disfavors
changes to the overall structure of the framework, and there is likely a larger energy barrier

to long range structural change for UiO-67 than for MnMOF-1 (outside of simple ligand
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rotation). However, in the present work we have not considered constraints, or stabilizing
effects, imposed by the framework structures of UiO-67-bpy and MnMOF-1.

Another point of distinction between the two systems is the symmetry. UiO-67-
bpy crystallizes in the F-centered cubic space group Fm=m which lowers to a primitive setting
(Pa3) upon metalation.?! While the symmetry of the structure is lowered upon metalation,
these higher symmetry space groups provide more opportunity for disorder of the site (more
ligands per node at crystallographically related locations), even before the co-ligands are
placed about the metal center. In comparison, the lower symmetry of MnMOF-1 provides a
crystallographically distinct site in the framework for metalation, which does not suffer from
disorder to the extent observed for UiO-67-bpy.

Thus, as noted at the outset, some of the important structural features that provide for facile
matrix isolation and SC-SC transformations include: the overall flexibility of the MOF
structure, chemically robust yet locally adaptable metal binding and low symmetry structures.
Near quantitative metalation is obviously necessary, as noted by Fujita for guests in his
crystalline sponge materials.”® Indeed, some of these design principles were exemplified in
the MOF reported by Li and Zhou et al.,>* which is capable of matrix isolation and structure
determination of metal clusters. The authors showed that N,N-chelating sites could be
generated in a MOF by rotational flexibility of the monodentate triazole moieties of the linker,
thereby allowing PSMet and structural characterization of the Ni clusters via X-ray
crystallography. Thus, while the design of such MOF materials is non-trivial, consideration of
structures against these criteria might allow SCXRD to be applied more widely to the structure

characterization of reactive metal-based species matrix isolated in MOFs.
24 Conclusions

Herein we have clearly demonstrated that the high degree of conformational mobility —
structural flexibility — of MNnMOF-1 underpins its ability to undergo post-synthetic metalation
and subsequent chemical transformations with retention of crystallinity. This allows the
material to “matrix isolate” metal-based species and provide structural insights into
reactivity. MnMOF-1 has both a level of local flexibility around the metal coordinating site and
conformational flexibility in the framework itself, which allows it to adapt to and/or facilitate

structural changes. Notwithstanding the syn versus anti arrangement of the chelating site
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there are a number of contracted and open states of the MOF structure, giving a
conformational landscape characterized by multiple accessible minima.

Solvents can be used to control post-synthetic metalation of MnMOF-1 and access these
conformers. While there are forms of MNMOF-1 with pre-organized syn donors that can be
accessed directly from the as-synthesized (DMF solvated) form, we found that stepwise
solvent exchanges were necessary to access competent metal binding forms in low polarity
solvents. Direct exchange of MnMOF-1-DMF/as with low polarity solvents (DCM, diethyl
ether, THF and p-xylene) led to loss of single crystallinity, whereas acetone could act as an
intermediate solvate. Structure determination of the various solvatomorphs identified forms
pre-organized for post-synthetic metalation (with a syn arrangement), and treatment with
[Rh(CO).Cl]2 demonstrated that only these species underwent facile post-synthetic
metalation. Identification of the anti conformation in MnMOF-1-THF and MnMOF-1-
DEE suggests an opportunity to bind one or more metals that prefer a digonal geometry per
site. In summary, we hope these observations allow researchers to make more widespread
use of this “matrix isolation” strategy, in particular to identify other MOFs capable of this and

hence to expand this approach to other reactive metal-based species.

25 Experimental

2.5.1 General experimental

Unless otherwise stated, all chemicals were obtained from commercial sources and used as
received. Solvents were dried using literature procedures and degassed with Ar prior to use.
Specifically, CH3CN and DCM were distilled over CaH; under Ny; acetone was distilled over
CaS0O4 under Ny; THF, diethyl ether and p-xylene were distilled from Na/benzophenone. The
ligand bis-(4-carboxyphenyl-3,5-dimethylpyrazolyl) and MnMOF-1 were synthesized as
previously reported.!” [Rh(CO),Cl]> was obtained from commercial vendors and used without
purification.

Powder X-ray diffraction data were collected on a Bruker Advanced D8 diffractometer
(capillary stage) using Cu Ka radiation (A= 1.54056 A, 40 kW/40 mA, 29 = 2-52.94°, phi
rotation = 20 rotations per min at 1 s exposure per step, with 5001 steps using 0.5 mm glass
capillaries). NMR spectra were recorded on a Varian 500 MHz spectrometer at 23 °C using a 5

mm probe. MnMOF-1 samples (ca. 5 mg) were digested in DCl/ds-DMSO (2 drops of DCI/600
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uL de-DMSO) at room temperature prior to NMR analysis. Infrared (IR) spectra were collected
on a PerkinElmer Spectrum 100 using a UATR sampling accessory, or on a PerkinElmer
Spectrum Two, with the sample dispersed between two NaCl disks in Nujol. Energy-dispersive
X-ray spectroscopy (EDX) was performed on a Philips XL30 field emission scanning electron

microscope.

2.5.2 Solvent exchange of MNMOF-1

Single crystals of MNMOF-1 were washed in DMF (5 x 3 ml) and transferred to a 4 ml glass
vial. The DMF was replaced by acetone (5 x 3 ml), allowing the crystals to soak in the new
solvent for 10 minutes between each exchange. The same process was performed for
exchanges from DMF to MeCN, MeOH and EtOH. Solvent exchange from acetone to THF, DCM,
DEE and p-xylene was performed similarly. MnMOF-1 crystals in acetone were washed with 3
ml of fresh solvent (DCM, diethyl ether, THF or p-xylene) at intervals of 10 minutes a total of

5 times.

253 Post-synthetic metalation of MNnMOF-1 with [Rh(CO),Cl]2

2531 From MnMOF-1-THF

An excess of [Rh(CO).Cl]. was added to a 4 ml vial containing MnMOF-1 crystals (30 mg) in
THF (3 ml) under an Ar atmosphere. The vial was sealed under Ar and allowed to stand at
room temperature overnight. The resulting yellow solution was replaced with fresh THF (5 x
3 ml) under Ar. The isolated crystals were pale yellow/colorless, suggesting that only non-
metalated MOF was isolated. IR Vmax (cm™, Nujol): 1613 (m, CO), 1552 (m, C=C), 1509 (m, C=
C), 1409 (s), 1305 (s).

2532 From MnMOF-1-DEE

An excess of [Rh(CO),Cl]. was added to a 4 ml vial containing MnMOF-1 crystals (30 mg) in

diethyl ether (3 ml) under an Ar atmosphere. The vial was sealed under Ar and allowed to
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stand at room temperature overnight. The resulting yellow solution was replaced with fresh
diethyl ether (5 x 3 ml) under Ar. The crystals were pale yellow/colorless, suggesting that only
non-metalated MOF was isolated. IR vmax (cm™, Nujol): 1611 (m, CO), 1555 (m, C=C), 1512 (m,
C=C), 14009 (s), 1304 (s).

2533 From MnMOF-1-ace

An excess of [Rh(CO).Cl]. was added to a 4 ml vial containing MnMOF-1 crystals (30 mg) in
acetone (3 ml) under an Ar atmosphere. The vial was sealed under Ar and allowed to stand at
room temperature overnight. The resulting yellow solution was replaced with fresh acetone
(5 x 3 ml) under Ar, yielding MnMOF-1:[Rh(CO).][Rh(CO).Cl2] as pale yellow crystals.
IR Vmax (cm™2, Nujol): 2103 (m, CO), 2074 (m, CO), 2046 (m, CO), 2036 (m, CO), 1999 (m, CO),
1713 (s, CO), 1611 (m, CO), 1555 (m, C=C), 1512 (m, C=C), 14009 (s), 1304 (s).

2534 From MnMOF-1-DCM

An excess of [Rh(CO):Cl]. was added to a 4 ml vial containing MnMOF-1 crystals (30 mg) in
dichloromethane (3 ml) under an Ar atmosphere. The vial was sealed under Ar and allowed to
stand at room temperature overnight. The resulting yellow solution was replaced with fresh
dichloromethane (5 x 3 ml) under Ar, yielding MnMOF-1:[Rh(CO),][Rh(CO).Cl;] as pale yellow
crystals. IR Vmax (cm™2, Nujol): 2101 (m, CO), 2074 (m, CO), 2044 (m, CO), 2033 (m, CO), 1996
(m, CO), 1613 (m, CO), 1556 (m, C=C), 1512 (m, C=C), 1416 (s), 1304 (s).

2535 From MnMOF-1-p-xylene

An excess of [Rh(CO),Cl]; was added to a 4 ml vial containing MnMOF-1 crystals (30 mg) in p-
xylene (3 ml) under an Ar atmosphere. The vial was sealed under Ar and allowed to stand at
room temperature overnight. The resulting yellow solution was replaced with fresh p-xylene
(5 x 3 ml) under Ar, yielding MnMOF-1-[Rh(CO),;][Rh(CO),Cl;] as pale yellow crystals.
IR Vmax (cm™2, Nujol): 2105 (m, CO), 2076 (m, CO), 2045 (m, CO), 2033 (m, CO), 2000 (m, CO),
1610 (m, CO), 1556 (m, C=C), 1516 (m, C=C), 1407 (s), 1303 (s).
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254 Single crystal X-ray diffraction (SCXRD)

Single crystals were mounted in Paratone-N oil or in Fomblin oil on a MiTeGen MicroMount.
Single crystal data for the samples were collected at 100 K on the MX1 or MX2 beamline at
the Australian Synchrotron using the Blue-ice software interface.3”3® Absorption corrections
were applied using empirical methods, the structures were solved by direct methods using
SHELXS or SHELXT3*4? and refined by full-matrix least squares on F2 by SHELXL,*! interfaced
through the programs X-Seed*? or Olex.*® In general, all non-hydrogen atoms were refined
anisotropically and hydrogen atoms were included as invariants at geometrically estimated
positions, unless specified otherwise in the additional details in the Chapter 7.1. X-ray
experimental data is given in Table 7.1.4.Figures were produced using the program
CrystalMaker. CIF data have been deposited with the Cambridge Crystallographic Data Centre,
CCDC reference numbers CCDC 1977797-1977804 (MnMOF-1-MeOH, 1977797; MnMOF-1-
p-xylene, 1977798; MnMOF-1-DEE,_1977799; MnMOF-1-EtOH,_1977800; MnMOF-
1-[Rh(CO)2][RhCl2(CO)2](p-xylene),_1977801; MnMOF-1-DCM,_1977802; MnMOF-1-ace,
1977803; MnMOF-1-THF, 1977804).

2.5.5 Computational methods

The conformational landscapes of the ligands, as neutral acids, which comprise MnMOF-
1 (Mesbcppm) and UiO-67-bpy (Me2bpy) were investigated using the semiempirical tight-
binding based quantum chemistry method GFN2-xTB. The CREST methodology was initially
employed to explore the stable conformers. Constrained structural optimizations were
subsequently used to examine the potential energy surfaces of the specific dihedral angles
responsible for the anti and syn conformations. Representative data files for the simulations
described here are available online in the data repository

at https://github.com/jackevansadl/supp-data.
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2.6 Associate content

Supporting information: IR spectroscopic data, powder X-ray diffraction data and details of the
SCXRD and tables of crystallography data collection and refinement parameters,

crystallographic information files (cifs).
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Chapter 3

3.1 Abstract

Metal-organic Frameworks (MOFs) can act as a platform for the heterogenization of molecular
catalysts, providing improved stability, allowing easy catalyst recovery and a route towards
structural elucidation of the active catalyst. We have developed a MOF, 1, possessing vacant
N,N-chelating sites which are accessible via the porous channels that penetrate the structure.
In the present work, cationic rhodium(l) norbornadiene (NBD) and bis(ethylene) (ETH)
complexes paired with both non-coordinating and coordinating anions have been
incorporated into the N,N-chelation sites of 1 via post-synthetic metalation and facile anion
exchange. Exploiting the crystallinity of the host framework, the immobilized Rh(l) complexes
were structurally characterized using X-ray crystallography. The ethylene hydrogenation
catalysis by 1:-[Rh(NBD)]X and 1:[Rh(ETH)2]X (X = Cl and BF4) was studied in the gas phase (2
bar, 46°C) to reveal that 1-[Rh(ETH)2](BF4) was the most active catalyst (TOF = 64 hr't); the NBD
starting materials and the chloride salt were notably less active. Based on these observations,
the activity of the Rh(l) bis(ethylene) complexes, 1:[Rh(ETH)2]BF4 and 1:[Rh(ETH)2]Cl, in butene
isomerization was also studied using gas-phase NMR spectroscopy. Under one bar of butene
at 46°C, 1-[Rh(ETH),]BF4 rapidly catalyses the conversion of 1-butene to 2-butene with a TOF
averaging 2000 hr! over five cycles. Notably, the chloride derivative, 1 [Rh(ETH),]CI displays
negligible activity in comparison. XPS analysis of the post-catalysis sample, supported by DFT
calculations, suggest that the catalytic activity is inhibited by the strong interactions between

a Rh(lll) allyl hydride intermediate and the chloride anion.

3.2 Introduction

Metal-organic Frameworks (MOFs) are a class of network solids comprised of metal nodes
interconnected by chemically and structurally mutable organic links.!3 A salient feature of
MOF chemistry is that their robust porosity, stability and chemical functionality can be
controlled via the considered selection of the organic and inorganic building blocks.? These
design principles, termed ‘reticular chemistry’, have led to the synthesis of materials tailored

10-12 3nd catalysis.”

towards applications including gas separation,*” sensing,®® biotechnology
3, 1317 With respect to catalysis, MOF synthesis offers a straight-forward approach to

incorporating homogeneous systems within a heterogeneous environment.'? '8 This can be
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achieved via incorporating pre-synthesized homogeneous species into the MOF network or
post-synthesis metalation of suitably functionalized organic links. A recent, representative,
example of the former is the heterogenization of the molecular iridium complex,
[Ir(bipy)Cl3(THF)], for CO2 hydrogenation.'® The same research group have also shown that
post-synthesis metalation can be successfully applied to stabilize coordinatively unsaturated Ir
species for methane activation.?° In general, these strategies have been widely employed for
the synthesis of MOF catalysts or for exploring chemical reactions within their pore

networks.21-2

Incorporating molecular catalysts into a porous MOF architecture facilitates the exploration of
their gas phase reactivity. However, although MOF chemistry offers unprecedented
opportunities for transposing homogeneous organometallic catalysts to a porous
heterogeneous environment, examples of single-site, gas phase, organometallic chemistry in
MOFs are rare.?® This observation is intriguing as related work on solid-state organometallic
complexes has shown that a solvent free environment allows for highly reactive species to be
examined.?’-33 For example, Weller and co-workers have applied this strategy to elucidate the
structure of an elusive transition-metal o—alkane complex and develop solid-state catalysts
that operate in the gas phase.3® 34 Though experiments performed on well-defined, single
molecules in the solid-state have provided insight into bond activation and catalytic processes,
MOFs offer a clear advantage for exploring solid/gas chemistry. Namely, their ‘node’ and
‘linker” modular synthesis gives rise to, robust, porous networks of predetermined structure
metrics. Thus, a reactive metal complexes can be site-isolated within a porous network of
predetermined porosity. In contrast, the arrangement of molecules in a crystal are determined
by supramolecular crystal packing forces and are yet to be controlled or predicted with
precision. Moreover, the structures are typically sensitive to solvent removal under reduced

pressure or temperature, i.e. they lack permanent porosity.

We have recently shown that a manganese-based MOF, 1 ([Mn3(L);L’], where L = bis(4-
carboxyphenyl-3,5-dimethyl-pyrazol-1-yl)methane), is a promising system for examining
chemical reactions confined within pore networks.3>-3° A key feature of 1 is the modulated
flexibility of the organic linker®® which can accommodate structural perturbations associated
with post-synthesis metalation and subsequent chemical reactions at the metal site with

retention of crystallinity.3>3° As a result, single crystal X-ray diffraction (SCXRD) can be
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employed to precisely study chemistry within the MOF. Importantly, such atomic level insight
is crucial to develop our knowledge of how nanoporous environments can modify chemical
reactivity. To this end we sought to incorporate well-defined Rh(l) olefin species into 1 due to
their potential to carry out solid/gas reactions of commercial interest. Organometallic Rh(l)
complexes bearing olefin ligands have been previously isolated on solid supports including
alumina,*! zeolites**%® and MOFs.*” However, their precise structural characterization by
SCXRD was not possible because these species lacked long range order. Here we report the
synthesis, characterization and reactivity of a series of [Rh(olefin)]* species bound to the
pyrazole groups of 1. We show that 1 [Rh(ETH).](BF4) is a highly active (average TOF?% ca.
2000 h' over five cycles) and recyclable catalyst for the low temperature gas phase
isomerization of 1-butene to 2-butene, a reaction of interest in alkane upgrading processes;
notably however, the Cl salt is essentially inactive. This work exemplifies how a well-defined
organometallic complex can be incorporated and stabilized within a MOF and carry out
efficient, cycled catalysis in the gas phase. The exceptional catalytic performance of this
system highlights that MOFs are an excellent platform material for the design of bone fide

single atom catalysis in the solid-state.

3.3 Results and discussion

Post-synthetic metalation (PSM) is known to be an effective strategy for incorporating metal
complexes into the pore networks of MOFs.18 4842 We have previously reported that the N, N-
chelation site of as-synthesized 1 is metal free and thus poised for PSM via the open channels
of the structure.?> 374050 A remarkable feature of 1 is that PSM can be employed to bind
transition metal complexes in solution with retention of crystallinity. Indeed, 1 can retain
crystallinity after consecutive reactions at the tethered metal site, thus enabling structural

elucidation of metalation products via SCXRD.37 3°

MOFs are known to be thermally stable over 773 K;>'°® however, exposure to such conditions
often results in structure degradation and loss of porosity. Furthermore, a number of common
solvents are known to play a role framework decomposition,> and structural
transformations.”®>° Thus, we sought to design a MOF-based catalyst for application in

reactions that operate in the gas phase at temperatures mild enough to allow for the intrinsic
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properties of the network to be retained, i.e. porosity and crystallinity. Light hydrocarbon
processing is of significant commercial interest and there a number of organometallic moieties
that carry out alkene hydrogenation and isomerization under mild conditions.®®%? These
include a number of molecular Rh(l) species,3” %3 however crystallographically well-defined
solid-state systems are uncommon. We hypothesized that MOFs are excellent platform
materials for transposing such homogeneous organometallic chemistry into the solid-state. By
applying the well-established principles of reticular chemistry and PSM, single-site,
organometallic catalysts poised to carry-out industrially favored solid/gas hydrocarbon
processing could be realized. Accordingly, we synthesized several forms of MOF 1 furnished
with organometallic Rh(l) olefin complexes and examined their catalytic reactivity towards the

hydrogenation and isomerization of alkenes.

Reaction between 1 and [Rh(ETH).Cl]. or [Rh(NBD)CI]. yields the corresponding cationic
complexes 1:[Rh(NBD)][Rh(NBD)Cl;] (1-NBD, NBD = norbornadiene) and
1:[Rh(ETH)2][Rh(ETH)2Cl2] (1-ETH) quantitatively as pale yellow crystals. Due to the sensitivity
of [Rh(ETH),Cl,] towards ligand displacement and subsequent decomposition in solution, we
conducted the reaction between 1 and the Rh(l) precursor at 40°C in ethanol (EtOH) under an
atmosphere of ethylene in a sealed glass pressure tube (Figure 3.1). These conditions afforded
1:[Rh(ETH)2][Rh(ETH)2Cl;] as yellow crystals. It is worth noting that reaction in acetonitrile
(MeCN) resulted in loss of the ethylene ligands and formation of the corresponding bis-
acetonitrile complex, 1:[Rh(MeCN);]Cl (structurally characterized following anion exchange

with NaCl in MeCN) (Figure 7.2.5.3.7).

In each case, quantitative metalation was determined by Energy Dispersive X-ray (EDX)
analysis, which revealed the expected 3:2 Mn:Rh ratio (SI. 1.0). Subsequent to PSM the MOF
crystals retain their crystallinity, allowing the coordination sphere of the Rh(l) complexes to
be elucidated using SCXRD; additionally, bulk sample crystallinity was confirmed by powder X-
ray diffraction (PXRD) analysis, see Figure 7.2.4.1 and 7.2.4.4. The structure data of
1-[Rh(NBD)][Rh(NBD)CI;] revealed the expected square planar coordination geometry for a d®
Rh(l) moiety.
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Figure 3.1. a) The metalation of 1 with [Rh(ETH):Cl]2 proceeds to form the corresponding
1-[Rh(ETH)2][Rh(ETH)2Cl2] complex and anion exchange with NaBFs or NaCl yields the corresponding BF4 or Cl
complexes respectively. The charge balancing anions ([Rh(ETH)2Cl2], BF4, Cl) all occupy the same position in the
MOF pore adjacent the coordinated Rh centre stabilized by a series of weak C-H-anion hydrogen bonds with the
MOF. For clarity, the MOF is presented as a green van der Waals surface while the bridging ligand and chelated
metal complex are presented in a ball and stick format (C, black; N, pale blue; Cl, green; Rh, orange; B, blue; F,
green). b) Representations of the MOF ligand (L) and the chelated Rh sites described herein. c) PXRD plots of
1-ETH, 1-ETH-Cl and 1-ETH-BF4 indicating retention of crystallinity and d) N2 isotherms collected at 77 K for each

Rh(l) metalated sample.

Specifically, the NBD ligand chelates the Rh center, both of which lie on a mirror plane, with
Rh—C bond lengths of 2.167(13)/2.094(8) A that are comparable to those observed in
analogous molecular materials.?4%® The complexes are charge balanced by a [Rh(NBD)Cl,]
anion which occupies a pocket in the MOF pore adjacent to the N,N-chelated Rh(l) cation. In
the case of 1:[Rh(ETH)2][Rh(ETH):Cl;], refinement of the structural model confirmed the
presence of the N,N-chelated [Rh(ETH);]* cation and an accompanying [Rh(ETH),Cl>]-anion.
The Rh-C bond lengths are 2.13(2) and 2.05(3) A, which again is in agreement with equivalent

interactions in other Rh(l) ethylene complexes.®’-®® |t is worth mentioning that this is a rare
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example of a Rh(l) bis-ethylene complex supported by an N-donor ligand system,®’-68

highlighting that the MOF can act as a matrix for the isolation of kinetically unstable transition
metal complexes.3* ® We also note that the [Rh(ETH)2Cl2] anion is uncommon and has only

been reported recently (Rh-C bond lengths of 1.985(18) and 2.215(16) A).7°

Prior to examining the catalytic performance of metalated forms of 1 it is essential that the
[Rh(olefin)Cl;] anions are removed as they provide extraneous reactive sites. Facile and
quantitative anion exchange of [Rh(olefin)Cl;] with NaBFs or NaCl was achieved by soaking
single crystals of 1-[Rh(NBD)][Rh(NBD)CI;] or 1-[Rh(ETH)2][Rh(ETH),Cl:] in methanol solutions
of NaBF4 or NaCl (Figure 3.1a for the ethylene complexes). However, for the more sensitive
bis(ethylene) species, 1-[Rh(ETH)2][Rh(ETH)2Cl;], the anion exchange process was performed
under an ethylene atmosphere to prevent decomposition of the complex. Samples of the four
Rh(I) functionalized species, 1:[Rh(NBD)](BF4) (1-NBD-BFs), 1:[Rh(NBD)]CI (1-NBD-CI),
1:[Rh(ETH).](BF4) (1-ETH-BF4) and 1:[Rh(ETH)2]CI (1-ETH-CI), were examined via EDX analysis
(S1'7.2.1) to confirm quantitative exchange of the [Rh(olefin)Cl;] anion for Cl or BF4. Following
the two-step PSM and anion exchange process the MOF crystals retain their crystallinity, as
confirmed via PXRD analysis (Figure 3.1 and Chapter 7, Figures 7.2.4.1 and 7.2.4.4). We then
employed SCXRD to elucidate the coordination environment of the resulting Rh(l) species.
1-NBD-BF4 and 1:NBD-Cl were solved in the monoclinic space group P2i/c, with the diene
ligand retaining a canted binding motif with Rh-C bond lengths for the alkene groups of
2.111(4)/2.135(4) and 2.141(4)/2.124(5) A, and 2.159(12)/2.110(15) and 2.189(12)/2.100(10)
A for the BF4 and Cl salts respectively (Figure 3.2a, these structures lack the mirror symmetry
of the precursor which contains the [Rh(NBD)CI;] anion). The canting of the NBD ligands avoids
steric encumbrance from the methyl groups of the MOF linker. For both 1-NBD-BF4 and 1-NBD-
Cl, the BF4 and Cl anions, respectively, reside in a pocket within the MOF pore previously
occupied by the [Rh(L)Cl2]~. We note that this pocket is commonly occupied by anions3¢37 due
to the presence of multiple weak C-H-anion interactions. The anion exchanged samples 1-ETH-
BF4 and 1-ETH-CI crystallized in the monoclinic space group P21/m. Rh-ethylene bond lengths
refined to 2.26(3)/2.10(3) A and 2.18(2)/2.072(10) A, respectively for the Cl and BF4 salts, and
the Cl and BF4 anions are located within the same pocket as the NBD analogues. To the best of

our knowledge, the only other examples in which a M(ethylene), (M = Rh, Ir) moiety has been
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incorporated within a MOF feature dispersed complexes bound to the nodes of Zr(IV) based

frameworks and these sites were not able to be characterized by SCXRD.43 71-72

The bulk crystallinity and permanent porosity of the Rh(l) olefin species were assessed by
performing PXRD measurements and gas adsorption isotherms, respectively. Samples of
1-NBD-BF4 and 1-NBD-Cl were solvent exchanged with acetone and then heated at 80°C for 20
hr. PXRD analysis of samples following removal of pore solvent confirmed that crystallinity was
retained (Figure 7.2.4.5-7.2.4.6). 77K N2 gas adsorption isotherms were performed on 1-NBD-
BFs and 1-NBD-CI (Figure 3.1) and BET analysis was applied to the data. Surface areas of 808
and 539 m?/g were obtained for 1-NBD-BFs and 1-NBD-CI respectively, albeit lower than
expected for the Cl salt. These values are; however, in broad agreement with surface areas
observed for other metalated derivatives of 1.3> Crystalline samples of 1-ETH-BFs and 1-ETH-Cl
were washed with pentane and placed under vacuum for 2 hrs. 77K N isotherms were
collected and BET analysis of the data yielded surface areas of 732 and 562 m?/g for 1-ETH-BF,4
and 1-ETH-Cl respectively (Figure 3.1). The composition of the samples used for these
adsorption analyses was examined via gas phase NMR spectroscopy. For samples of 1-ETH-BF4
and 1-ETH-Cl exposure to CO/Me (1:1, 2 bar) displaced the coordinated ethylene, which was
measured by integration against the methane signal in the gas phase, and demonstrated
retention of approximately two ethylene ligands within the coordination sphere of the Rh for
both samples (Chapter 7.7.3). PXRD analysis also confirmed that both materials retain
crystallinity (Figure 7.2.4.2-7.2.4.3).

The similar differential between the surface areas of the BF4 and Cl samples for both sets of
Rh(l)-metalated MOFs prompted us to further consider the structures. Geometric surface
areas were calculated for all species (taking into account the various disorder models, (see
Table 7.9) and in both cases the Cl salt has a lower surface area than the BFs sample;
approximately 15% lower for the NBD and 7% lower for the bis(ethylene) forms. Calculated

pore volumes reflect these trends also (Table 7.9).

3.3.1 Gas phase alkene hydrogenation

We examined the reaction between activated samples of 1-ETH-BF4, 1-ETH-CI, 1-NBD-Cl and
1-NBD-BF4 and H; in the gas phase. The yellow crystals of 1-ETH-BF4 and 1-ETH-CI turn black
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instantaneously whilst 1-NBD-BFs and 1-NBD-C| become black after 1 and 6 hrs, respectively.
Despite this, the MOF crystals remained in excellent condition, allowing SCXRD data to
establish that Rh was no longer coordinated to the N, N-chelating site of the MOF. Transmission
Electron Microscopy (TEM) and Selected Angle Diffraction (SAD) analysis confirmed that in the
presence of H, the Rh cations had undergone reduction to Rh(0) nanoparticles with an average
diameter of 7 nm (1:NP) (See Chapter S7.2 and S7.3 for details). The 7 nm diameter of the Rh
nanoparticles appears to be dictated by the pore size of the MOF structure (ca. 1 nm pore
diameter), as observed for other systems where only a low density of the metal source is
provided.”> Despite varying the reaction temperature, H, pressure or performing the
hydrogenation reaction in solution, nanoparticle formation could not be averted. These data
suggest that the N,N-chelated Rh(l) center is unstable towards H, once the alkene is

hydrogenated.

We hypothesized that the presence of excess alkene would prevent nanoparticle formation by
stabilizing the Rh(l) sites to H; reduction, thereby facilitating gas-phase alkene hydrogenation.
Thus, we examined the catalytic hydrogenation of ethylene by 1-NBD-BF4, 1-NBD-Cl, 1-ETH-BF4
and 1-ETH-Cl under conditions of excess alkene (Figure 3.2). Reactions were conducted in gas-
tight NMR tubes and the headspace of the tube was monitored via *H NMR spectroscopy. Each
sample (~2-3 mg of known mass) was exposed to a mixture of ethylene (1.2 bar, 140 umol)
and H; (0.8 bar, 95 umol), giving a Rh loading of ~2 mol% based on H; content. 1-ETH-BF4
showed rapid ethylene hydrogenation at 46 °C, consuming the available hydrogen within 25
minutes (Figure 3.2, TOF?®* of 64 h'!). Under these conditions, the catalytic activity is limited
by the excess of ethylene, and improved activity can be achieved by using a greater portion of
H, in the reaction mixture; however, those conditions lead to nanoparticle formation (vide
supra). Catalyst cycling was investigated by placing the NMR tube under vacuum for 3 minutes
before dosing with fresh Ha/ethylene. 1-ETH-BF4 maintained activity over 5 cycles (TOF 44 h!
on the fifth cycle), the crystals remained yellow, and PXRD analysis confirmed that the MOF

had retained crystallinity and overall structure during the catalytic cycles.
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Figure 3.2. a) X-ray crystal structures of the Rh(l) site in 1-NBD-Cl, 1-NBD-BF4,-1-ETH-Cl and 1-ETH-BFs. b)
Hydrogenation of ethylene catalyzed by the family of 1:-[Rh(olefin)2] complexes. 1-ETH-BFs4 is the most active

catalyst (plot truncated), while the NBD compounds show much lower activity.

Intriguingly, the chloride derivative, 1-ETH-CI displayed markedly lower activity (Figure 3.2)
than its BFs-counterpart, suggesting that the stronger coordinating anion significantly impacts
the activity of the Rh center. Indeed, XPS analysis of 1-ETH-CI| post hydrogenation shows that
chlorine anions (Cl 2p peak maximum centered at 199 eV ) are likely bonded to the Rh site (See
Chapter 7.2.10, Figure 7.2.10.1). Furthermore, the IR spectrum of the catalyst post
hydrogenation possesses weak bands centered at 2026 and 1934 cm™ that may be attributed
to a Rh(lll)-hydride moiety (Figure 7.2.8.2).747> Collectively, these data support the presence
of a chloride in the coordination sphere of a Rh(lll) species that deactivates the catalyst,

whereas the weakly coordinating BF4 does not bind to the Rh and thus facilitates catalysis.

The diene samples, 1-NBD-BF4 and 1-NBD-Cl displayed significantly lower activity for ethylene
hydrogenation than 1-ETH-X, failing to reach complete conversion of H; after 9 hrs. This can be
attributed to the slow kinetics of NBD hydrogenation required to generate the active Rh(l)
catalyst.”®  Additionally, hydrogenation of the NBD samples follows the same anion

dependency as their ethylene counterparts: the chloride anion significantly reduces the
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catalytic activity of the Rh(l) complex. Similar behavior has been reported for homogeneous
olefin hydrogenation using Ir(l) catalysts, which display negligible activity in the presence of

halide anions.””

Finally, we investigated the activity of activated 1-NP towards ethylene hydrogenation. In line
with its retention of porosity (Figure 7.2.6.1), 1-NP displayed good ethylene hydrogenation
activity in the first cycle (TOF?%% = 32 h1), but this activity was considerably diminished in the
second cycle (TOF?®%*= 9 h'1) highlighting the importance of retaining the active single atom

Rh(l) center. (Figure 7.2.7.1.1)

3.3.2 Gas phase alkene isomerization

Rh(l) ethylene complexes are known to catalyze the isomerization of 1-butene to 2-butene,
which is a valuable precursor in the synthesis of 2,3-butanediol used as a cross-linking agent
in rubber manufacturing.”® Single crystals of organometallic Rh(l) species are known to
successfully isomerize 1-butene in the solid-state (room temperature, 1 bar). However, the
porosity of these structures is serendipitous and realized via weak, intrinsically fragile, crystal
packing forces. We postulated that the permanent porosity of 1-ETH would provide an ideal
platform for gas-phase butene isomerization (Chapter 7.11.1), owing to the accessibility of the
Rh centers and permanent porosity of 1. Moreover, we anticipated that 1-ETH-BF4 and 1-ETH-
Cl would display disparate activity based on the presence of non- or weakly coordinating BF4

and coordinating Cl" anions respectively, as observed under hydrogenation conditions.

Samples of 1-ETH-BF4 and 1-ETH-C| were activated in NMR tubes using the same protocol
described above. 1-Butene (1 bar, 86 umol) was subsequently added to the tube, which was
sealed, and the conversion of 1-butene to 2-butene was monitored via gas-phase NMR
spectroscopy (46 °C). 1-ETH-BF4 rapidly catalyzes the conversion, reaching the thermodynamic
limit (98%) within 9 minutes with a TOF*% of ca. 1845+275 h™* (Figure 3.3). Over the course of
five successive cycles, the activity is retained (average TOF®°* of ca. 2000 h''), demonstrating

that the host framework is capable of maintaining site-isolation and activity of the Rh centers.
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Figure 3.3. a) The proposed mechanism for 1-butene isomerization catalyzed by 1-ETH-BF4 with (inset) the
proposed inactive Rh(lll) intermediate formed upon reaction of 1-ETH-Cl with 1-butene. b) PXRD data for 1-ETH-
BFs initial (A), activated (B) and after butene isomerization catalysis (C). c) Butene isomerization catalyzed by
1-ETH-BF4 over five successive cycles (black curve), whereas the analogous chloride complex 1-ETH-CI displays
negligible activity in comparison (blue curve). The inset shows butene isomerization TOF®” for 1-ETH-BF4 over

five consecutive cycles.

As predicted, the chloride analogue 1-ETH-ClI displays negligible activity in butene
isomerization at 46 °C; reaching 5% conversion in the initial minutes of the reaction but
achieving only 19% conversion over the ensuing 9 hours (Figure 3.3). As the sample remains
porous (Figure 7.2.6.2), such rapid inactivation points to the involvement of the chloride anion
in the formation of a catalytically incompetent species during the initial stages of catalysis
(within the first ~2 cycles considering the initial 5% conversion). The mechanism of butene
isomerization is proposed to proceed via a C-H activation of the CH; functionality adjacent to
the alkene, forming an Rh(lll) allyl hydride which undergoes reductive elimination to yield 2-
butene (Figure 3.3).3° We hypothesized that the formation of a Rh(lll) allyl hydride
intermediate would provide an opportunity for the adjacent chloride anion to bind, generating

a stable Rh(lll) complex and thereby inhibiting catalytic activity.
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To examine anion interference, DFT calculations were employed to explore the energy
landscape of the proposed butene isomerization mechanism, using a representative molecular
analogue of the MOF bound Rh site (Chapter 7.11). Starting at the 1-butene bound cation |
(4.95 kJ mol), oxidative cleavage of the C—H bond proceeds with a barrier of 36.6 k) mol™ to
give allyl-cation Il (12.2 kJ mol). The subsequent C-H activation has a barrier of 14.7 k) mol*
to produce the 2-butene bound cation Ill (0.00 kJ mol?). This modest overall barrier of 36.6
k) mol? is consistent with analogous chemistry.3° The key steps (giving species Il and Ill) for
this reaction were further investigated in the presence of BF4 and Cl counter anions. These
simulations confirm that chloride (Figure 3.3, inset) significantly stabilizes the Rh(lll) allyl
complex by more than 80 kJ mol™? (relative to the butene bound complexes). In contrast the
BF4 anion only stabilizes the Rh site by approximately 30 kJ mol?, relative to the two butene
complexes. These data support the experimental results that show the chloride complex is
catalytically incompetent. Further, we performed XPS and IR analysis on 1-ETH-Cl| after
exposure to 1-butene to experimentally probe the putative chloride bound species. The XPS
data provides evidence of Cl anions bound to the Rh site in a 1:1 ratio (Figure 7.2.10.1) whilst
the IR shows the presence of two weak bands at 2000 and 2036 cm™ that can be attributed to
v(Rh-H stretch) of the 1-[Rh(C4H7))(H)(Cl)] species (Figure 7.2.8.1).747> In contrast, no such
stretch was observed in the case of the BFs analogue. In summary, DFT, XPS and IR
spectroscopy collectively support that chloride coordination to the Rh(lll) allyl hydride
intermediate occurs in 1-ETH-Cl and is responsible for the comparatively poor catalytic

performance.

We sought to determine whether the catalysis occurs within the pore network or primarily at
the surface of the MOF crystals. To this end we finely crushed single crystals of 1-ETH-BF4 were
prepared by placing a sample of 1-ETH-BF4 (pentane solvated) in a glass pressure tube under
an ethylene atmosphere and stirring rapidly with a magnetic stirrer to crush the crystals. If
catalysis is primarily surface-based one would expect that activity would increase due to
increased surface area;3° however, if catalysis occurred within the MOF pores (in addition to
the surface) and mechanical stress led to partial collapse of the framework structure we would
anticipate activity would diminish. Accordingly, we performed a butene isomerization
experiment on a sample of finely crushed crystals. Catalytic activity was notably reduced by

ca. one order of magnitude (TOF®°% 219 hr!). We then collected a 77K Nz isotherm to ascertain
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if the pore structure had been compromised by crushing. Close inspection of the data showed
a significantly reduced uptake of N,, with a BET surface area of 247 m?g™ (Figure 7.2.6.3,
compared with 732 m?/g prior to crushing) confirmed that the pore access was restricted in
this sample. These results suggest that the robust, open, porous structure of the MOF scaffold
is integral to the gas phase catalytic activity of the material as it allows access of the substrate
to all of the Rh active sites. To ascertain that all the 1-ETH-BF4 catalytic sites are accessible in a
pristine sample we examined the diffusion of 1-butene within the MOF pore network using
classical molecular dynamics simulations. Close inspection of the computational results
showed that diffusion of 1-butene is unrestricted in 1-ETH-BFs4, thus underscoring the
importance of the open network for reactive site accessibility. The diffusion of the 2-butene
product is somewhat restricted and would occur more slowly, possibly indicating that the
diffusion of the product out of the MOF structure is a limiting factor in the gas phase catalytic

activity.

3.4 Conclusion

Here we showed that the intrinsic properties of MOF materials, high crystallinity and robust
porosity, coupled with reticular synthesis principles facilitate the design of solid-state single-
site organometallic catalysts for commercially relevant gas phase reactions. Indeed, 1-ETH-BF4
is a highly efficient catalyst for the isomerization of 1-butene (average TOF*°* ca. 2000 hr1).
Additionally, due to the rigid MOF architecture, the catalyst can be cycled without a
measurable loss of activity. Although some homogeneous catalysts show higher TOFs,”?81 up
to (8600 hrt), they are prone to decomposition.” While known examples of nanoparticle-
based heterogeneous catalysts show comparable activity, these operate at higher
temperatures. Thus, due to the MOF scaffold, gas phase catalysis by reactive organometallic
entities can be conducted under mild conditions without decomposition. Furthermore, the
reticular design principles inherent to MOF chemistry can allow for outer-sphere interactions
to be tailored® which could have a marked influence on the chemo-, stereo-, and

regioselectivity of chemical transformations.
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3.5 Experimental

3.5.1 General Experimental Considerations

Single crystals of MOF 1 were prepared as previously reported.®> The chemicals ethylene, 1-
butene, [Rh(NBD)Cl]2, [Rh(ETH),Cl]; were purchased from commercial vendors and used as
received. Samples were handled under standard Schlenk techniques unless otherwise stated.
Solvents were dried using literature procedures and degassed with Ar prior to use. Specifically,
MeCN was dried from CaH, under nitrogen; EtOH and methanol (MeOH) were dried by
refluxing them over Mg under N; acetone was dried from CaSQO4 under nitrogen; and pentane
was dried over Na/benzophenone. NaBF4 and NaCl used for anion exchange were stored in a
120°C drying oven.

Powder X-ray diffraction (PXRD) data were collected on a Bruker Advanced D8 diffractometer
(capillary stage) using Cu Ko radiation (A = 1.5456 A , 40 kW/ 40mA, 20 = 2 — 52.94°, phi
rotation = 20 rotation/min, at 1 sec exposure per step with 5001 steps and using 0.5 mm glass
capillaries). Solution NMR spectra were recorded on Varian 500 or 600 MHz instruments at 23
°C using a 5 mm probe. Gas phase NMR spectra were collected on a Varian Gemini 600MHz
NMR spectrometer as described below. Infrared (IR) spectra were collected on a Perkin-Elmer
Spectrum Two, with the sample distributed between two NaCl disks in Nujol. High-resolution
transmission electron microscopy (HRTEM) images and diffraction pattern were acquired using
an uncorrected FEI Titan Themis 80-200. Energy dispersive X-ray spectroscopy (EDX) was
performed on a Philips XL30 field emission scanning electron microscope. Gas adsorption
isotherm measurements were performed on an ASAP 2020 Surface Area and Pore Size

Analyser. Activation of samples was carried out as described.

3.5.2 Preparation of 1:[Rh(NBD)][Rh(NBD)CI;] (1:NBD)

Single crystals of 1 (~24 mg) were placed in a 4 ml glass vial and washed with freshly distilled
acetonitrile under Ar flow a total of 5 times (the solution was degassed with Ar after each

exchange and the sample was allowed to soak for 1 hr between washings). Under Ar flow,
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[Rh(NBD)CI]2 (30 mg) was added and the vial was sealed under Ar and heated at 65 °C for 16
hrs. The resulting yellow crystals were washed with freshly distilled acetonitrile five times
under Ar flow to give 1-NBD as yellow crystals. IR vmax (nujol, cm™): 1612 (s, C=C), 1556 (m,
C=C), 1458 (m, C=C) 1408, 1376.

3.5.3 Anion Exchange Protocols for 1:NBD-BF4 and 1-NBD-ClI

Single crystals of 1:-NBD (~24 mg) were placed in a 4 ml glass vial and washed with freshly
distilled methanol under Ar flow a total of 5 times (the solution was degassed with Ar after
each exchange and the sample was allowed to soak for 1 hr between washings). Dry NaBF4 or
NaCl (~300 mg) was added to a small glass ampule which was subsequently submerged in the
4 ml vial containing the MOF sample. The solution was degassed with Ar, the vial was sealed
and allowed to stand at room temperature (RT) for 48 hrs (BF4) and 7 days (Cl). Under Ar flow,
the ampule containing undissolved salt was removed and the yellow MOF crystals were

washed with freshly distilled methanol five times under Ar flow.
1-NBD-BF4: IR vmax (nujol, cm™): 1614 (s, C=C), 1556 (m, C=C), 1452 (m, C=C) 1405, 1376.

1-NBD-Cl: IR Vmax (nujol, cm™): 1611 (s, C=C), 1556 (m, C=C), 1457 (m, C=C) 1409, 1377.

3.5.4 Preparation of 1:[Rh(CH2CH2)2][Rh(CH2CH>)2Cl2] (1-ETH)

Single crystals of 1 (~24 mg) were placed in a 20 ml glass pressure vessel fitted with a pressure
gauge and Swagelok tap assembly (See Chapter 7.9 for details). The crystals were washed with
freshly distilled ethanol (5 x 5 ml) under Ar flow a total of 5 times (the solution was degassed
with Ar after each exchange and the sample was allowed to soak for 1 hr between washings).
The solution was degassed with ethylene, excess [Rh(ETH)2Cl], (30 mg) was added and the
pressure tube was sealed under ethylene (~1.2 bar) and heated at 40 °C for 24 hr. The resulting
yellow crystals were washed with freshly distilled, ethylene degassed ethanol (5 x 5 ml) to
remove dissolved Rh precursor. Insoluble Rh by-products were removed by washing the MOF
crystals with dry, ethylene degassed acetone (5 x 5 ml) under ethylene flow to give 1-ETH as

yellow crystals. IR vmax (nujol, cm™): 1610 (s, C=C), 1555 (m, C=C), 1458 (m, C=C) 1376, 1306.
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3.5.5 Anion Exchange Protocols for 1-ETH-BF4 and 1-ETH-CI

Single crystals of 1-ETH (~24 mg) were placed in a 20 ml glass pressure vessel fitted with a
pressure gauge and tap assembly (see Chapter 7.9 for details) and washed with freshly
distilled, ethanol and methanol degassed (5 ml) under ethylene flow a total of 5 times (the
solution was degassed with ethylene after each exchange and the sample was allowed to soak
for 1hr between washings). Excess oven dried NaBFs or NaCl was added to a small glass
ampule which was subsequently submerged in the glass pressure tube containing the MOF
sample. The solution was degassed with ethylene, the pressure tube was sealed and allowed
to stand at RT for 24 hrs (BF4) or 6 days (Cl). Under ethylene flow, the ampule containing
undissolved salt was removed and the yellow MOF crystals were washed with freshly distilled,

ethylene degassed methanol (5 ml) five times under ethylene flow.
1-ETH-BFa: IR vmax (nujol, cm™): 1611 (s, C=C), 1553 (m, C=C), 1455 (m, C=C) 1374, 1305.

1-ETH-CI: IR vimax (nujol, em™): 1612 (s, C=C), 1554 (m, C=C), 1457 (m, C=C) 1377, 1307.

3.5.6 Preparation of 1:[Rh(MeCN);]Cl

Single crystals of 1 (~24mg) were placed in an 8 ml glass vial. The crystals were washed with
freshly distilled acetonitrile (5 x 5 ml) under Ar flow a total of 5 times (the solution was
degassed with Ar after each exchange and the sample was allowed to soak for 1 hr between
washings). Excess [Rh(ETH).Cl]> (30 mg) was added and the vial was sealed under an Ar
atmosphere and allowed to stand at RT for 72 hrs. The resulting yellow crystals were washed
with freshly distilled, argon degassed acetonitrile (5 x 5 ml) to remove dissolved Rh precursor.
The resulting crystals were washed again with freshly distilled acetonitrile (5 x 5 ml) under
argon. A small glass vessel containing dry NaCl was submerged in the acetonitrile such that
the NaCl could dissolve and access the MOF crystals. After 7 days, the undissolved NaCl was
removed and the MOF crystals were washed with freshly distilled acetonitrile under argon (5
x 5 ml) to give 1-[Rh(MeCN)2]Cl as yellow crystals. An X-ray crystal structure was collected on

a single crystal following solvent exchange with distilled THF. IR vmax (nujol, cm™): 2315 (w, Rh-
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N=CCHs), 2293 (w, free CH3C=N), 2251 (w, free CH3C=N), 1612 (s, C=0), 1555 (m, C=C), 1458
(m, C=C) 1407, 1376.

3.5.7 Gas Phase Hydrogenation

1-NBD-X or 1:NP crystals (~2 mg) were washed with freshly distilled acetone (5 x 5ml) under
argon degas, allowing the crystals to soak for 1 hr between exchanges. The sample was
pipetted under argon flow into a pre-weighed NORELL high-pressure NMR tube fitted with a
Young’s tap. The excess of acetone was removed and the NMR tube placed under vacuum and
heated in an oil bath at 85 °C for 20 hr. The NMR tube was cooled to room temperature under
vacuum and dosed with ethylene (1.2 bar, 140 pumol) followed by hydrogen (0.8 bar, 95 pumol).
The NMR tube was sealed and placed in a Varian Gemini 600MHz NMR spectrometer pre-
heated to 46 °C.

1-ETH-BFs and 1-ETH-Cl (~2 mg) were washed with recently distilled acetone (previously
degassed with ethylene) five times under ethylene, allowing the crystals to soak for 1 hr
between exchanges. Consequently, the crystals were washed with distilled pentane
(previously degassed with ethylene) five times under ethylene, soaked for 1 hr between each
exchange. The sample was pipetted into a pre-weighed NORELL high-pressure NMR tube fitted
with a Young’s tap under ethylene flow. The excess pentane was removed before the NMR
tube was placed under vacuum for 2 hrs. The NMR tube then was dosed with ethylene (1.2
bar, 140 umol) followed by hydrogen (0.8 bar, 95 umol). The NMR tube was sealed and placed

in a Varian Gemini 600MHz NMR spectrometer pre-heated to 46 °C.

3.5.7.1 Data Collection and Processing Details

Gas phase chemical shifts are referenced relative to reported data.3* Before the collection the
NMR was locked with a benzene (CsD¢) charged NMR tube at 46 °C, which was then replaced
with the pre-loaded high-pressure NMR tube. A T1 delay 25 s was used. The extent of

conversion was calculated by the comparison of the reduction/disappearance in the integral
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of the alkene CH; resonance of ethylene (5.31 ppm) and hydrogen (4.57 ppm), and the

appearance of the two CHjs alkyl resonance of ethane (0.88 ppm).

3.5.8 Gas Phase Alkene Isomerization

Samples of Rh(l) bis(ethylene) metalated 1 (~2mg) were washed as previously stated for the
gas phase hydrogenation experiments. The crystals were loaded into a high-pressure NMR
tube fitted with a Teflon stopcock and activated for 2hr under vacuum at RT. Following
activation, the NMR tube was dosed with ethylene (1 bar) for 5 minutes and subsequently
evacuated for 3 minutes. 1-Butene was added (1 bar, 86 umol) and placed in a Varian Gemini

600MHz NMR spectrometer pre-heated to 46 °C.

A crushed sample of 1-ETH-BF4 was prepared by transferring a sample of 1-ETH-BF4 (~30mg) in
pentane to a glass high pressure tube (See Chapter 7.2.9 for tube details) charged with
ethylene and a magnetic stir-bar. The vessel was placed above a magnetic stirrer for 30
minutes, thereby generating a crushed sample of 1-ETH-BF2 which was transferred to a high-

pressure NMR tube for catalytic activity analysis as described above.

3.5.8.1 Data Collection and Processing Details

Gas phase chemical shifts are referenced relative to reported data.3° Before the collection the
NMR was locked with a benzene (CsDs) charged NMR tube at 46 °C, which was then replaced
with the pre-loaded high-pressure NMR tube. A T1 delay of 0.01 s with 4 scans was used to
collect data for 1-ETH-BF4 and while a T1 delay of 25 s with 4 scans was used for 1-ETH-CI. The
extent of conversion was calculated by the comparison of the reduction in the integral of the
alkyl CH; resonance of 1-butene at 6.0 ppm and the appearance of the two alkene CH

resonances from 2-butene at 5.25 ppm.
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3.6 Molecular simulations

Surface area and probe-occupiable volume was simulated for a probe radius of 1.82 A
(equivalent to the size of N2) using the Zeo++ program.3-84 A cluster model was derived for a
representative Rh complex, where the framework was cleaved at the pyrazole C4 position and
capped with methyl functionality. Geometry optimizations of the butene and allyl containing
complexes used the BP86 density functional®®® and employed by the ORCA software
package.®’88 Coulomb with the chain of spheres exchange algorithms (RIJCOSX)® were
employed for the efficiency of calculations and the segmented all-electron def2-TZVP(-f) basis
set and def2-TZVP/J auxiliary basis set for all atoms were used.’>°! This also included the def2
effective core potentials for rhodium. Tight SCF convergence criteria and a fine DFT integration
grid (Grid6) were implemented to obtain reliable accuracy and dispersion corrections (D3-BJ)

was applied.®?

Frequency calculations were performed analytically, and each intermediate was identified as
a stationary point (minimum structure) as characterized by the absence of imaginary
frequencies. This analysis further provided the necessary correction to the Gibbs free energy
to give the free energy of each structure at 298 K. The energetic barriers between these
characterized intermediates (I, Il ,Ill), were approximated using climbing image nudged elastic

band (CI-NEB) approach with 6 images.*?

Molecular dynamics simulations were performed on a fixed structure of a 2x1X 2 supercell of
1-[Rh(ETH),](BF4) using the RASPA software package.’* Butene molecules were treated using
the TraPPE potential® and framework dispersion interactions were treated using universal
force field parameters.’® Dynamics were simulated with the NVT ensemble at 300 K for 20
molecules of butene employing 1 fs timestep and 1000 ps equilibration, the butene mean-

squared displacement was recorded for a subsequent 5000 ps.

Representative input files for molecular simulations are available online in the data repository

https://github.com/jackevansadl/supp-data.
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3.7 Associated content

Supporting information: characterization data for the MOF samples, IR spectroscopic data,
additional gas phase NMR spectroscopy, gas adsorption data, details of high-pressure reaction
vessels powder, powder X-ray diffraction data and details of the SCXRD and tables of
crystallography data collection and refinement parameters, computational results,

crystallographic information files (cifs).
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Chapter 4

4.1 Abstract

The mutable structures of Metal-organic Frameworks (MOFs) allow their use as novel supports
for transition metal catalysts. Herein we prepare an iridium bis(ethylene) catalyst bound to
the neutral N-donors of a MOF structure and show that the compound is a stable gas phase
ethylene hydrogenation catalyst. The data illustrate the need to carefully consider the inner

sphere (support) and outer sphere (anion) chemistry.

4.2 Introduction

Metal-organic Frameworks (MOFs) are a class of porous, crystalline materials, that are
comprised of metal nodes interconnected by organic linkers to produce open networked
structures.? Due to their modular synthesis, crystallinity and high porosity, MOFs are
attractive platform materials for exploring the gas phase activity of well-defined molecular
catalysts in a heterogeneous environment.> Two strategies that have been employed to
successfully incorporate discrete organometallic catalysts within MOF pores are: 1) anchoring
to the metal oxide nodes;*® and 2) binding to donor sites built into the organic linkers.3712
Examples of the former have been reported by the groups of Gates, Gagliardi and Farha who
showed that the nature of the support has a marked influence on the chemistry of Ir and Ni
ethylene hydrogenation catalysts bound to the metal nodes of Zr and Hf-based MOFs.*®
Recently, we showed that a Rh(l) organometallic catalyst, 1:-[Rh(C2H4)2]X (X=Cl, BF4), bound to
the organic backbone of a manganese-based MOF (1, [MnsLs] (L = bis-(4-carboxyphenyl-3,5-
dimethyl-pyrazol-1-yl)methane)) via bispyrazole moieties was also active for the gas phase
hydrogenation of ethylene.? In contrast to the aforementioned Ir and Ni systems, the Rh cation
is supported by neutral nitrogen donors rather than charged oxygen atoms and thus a counter
anion is required for charge balance. Interestingly, we found that the activity of the catalyst
was highly anion dependent; the [rhodium]BFs showed much greater activity than the
[rhodium]Cl complex. Additionally, we observed that the Rh centers were prone to
deactivation via the formation of nanoparticles under an excess of hydrogen. To further
explore gas phase hydrogenation chemistry in 1 and expand our fundamental knowledge of
MOFs as supports for site-isolated molecular catalysts we installed an Ir(l) bis-ethylene

organometallic catalyst into the pores of 1 and examined its reactivity towards ethylene
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hydrogenation in the gas phase. We found that the Ir catalyst is more stable towards hydrogen
gas than the corresponding Rh species. Furthermore, we again observed that the catalytic
activity is anion dependent, however, for the Ir catalyst the chloride complex shows greater

reactivity than the BF4 species.

4.3 Results and discussion

Using a post-synthetic metalation (PSMet) process developed to prepare 1:[Rh(CzHa)2]X (X =
[RhCl2(C2Ha)2]5, CI5, BF47),3 we reacted MOF 1 with [Ir(C2H4)2Cl]2 in ethanol at 65 °C under an
ethylene atmosphere for three days (Figure 4.1 and 7.3.5.3). This provided the iridium
metalated MOF, 1:IrCl (Figure 4.1). To determine the extent of metalation, the yellow crystals
of 1-IrCl were examined by Energy Dispersive X-ray (EDX) analysis. The data indicated ca. 85%
occupancy of the chelation sites in 1, and an Ir:Cl ratio of 1:1. Furthermore, the bulk
crystallinity of 1:IrCl, post metalation, was confirmed by Powder X-ray Diffraction (PXRD) data
(Figure 7.3.4.1).

The excellent condition of 1:IrCl single crystals prompted us to investigate the coordination
sphere of the iridium centers using single crystal X-ray diffraction (SCXRD). However,
refinement of the structure indicated considerable disorder of the metalation site (Figure
4.1b). With the MOF backbone in place, a structural model was developed of the disordered
metalation site by considering the electron density map and considering spectroscopic data
for the sample. This reveals the main species is a bis(ethylene) complex of iridium,
1-[Ir(C2H2)2Cl] (referred to from this point as 1:IrCI(ETH); the Ir3B atom is modelled with a site
occupancy factor of 0.25, 50% occupancy of the metalation site due to the mirror plane. An
ethylene ligand is bonded with Ir3B-C with bond lengths of 2. 256(19) and 2.25(2) A and slightly
canted, as observed for the Rh(l) complex.? A Cl atom was modelled with 0.25 occupancy
bound to an axial coordination site of the iridium center (Ir3B-Cl 2.646(13) A). Unusually for
this MOF, the linker where post-synthetic metalation occurs is identifiably disordered (B:A =
0.75:0.25) and the electron density map supports a second, low occupancy Ir position (Ir3A,
0.05, 10% occupancy) giving a total Ir occupancy of 0.6 that is slightly less than that
determined by EDX analysis. Another Cl site, also refined at 0.05 to match the Ir3A occupancy,
was located in the MOF pore in the pocket normally occupied by anions.>*2 The coordination
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environment of this second component could not be determined but partially occupied CO
and ethylene ligands were included in the formula based on the spectroscopic evidence (see
below). Together, these components suggest that the Ir center in 1-IrCl is a mixture of the
target bis-ethylene complex (1:IrCI(ETH)) and a potential carbonyl ethylene Ir(l) complex
(1:IrCI(ETH/CO) (Figure 4.1b).

) 1-IrCl
—‘_/—\‘\/\B/'—’

a

1-IrCl reacted with

1-IrCl reacted with

2 ‘u"'" ‘.l.' ‘ "_‘ 8 D5 ¥ 59 \:\ J 0 Y Y
v = acetaldehyde
—j‘ - ] /\UW
’1&." vy
AN N 'ﬁ\' — + v
//'1q Ik|‘\\ \ I\ \/Ir \/l'
v X W XS \\\O

[Ir(C;HA),Cll, N
—_—
EtOH, C,H,, 65°C

Transmittance (arb. units)
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2200 2150 2100 2050 2000 1950 1900 1850
1-IrCl (ETH) 1-IrCl (ETH/CO) Wavenumber (cm™)

Figure 4.1. (a) A perspective view of the X-ray crystal structure of MOF 1 and a representation of the ligand
moiety shown in the enlargement. (b) Post-synthetic metalation of 1 with [Ir(C2Ha)2Cl]2 yields 1:IrCl, while the
expanded panel shows that the chelated Ir center can be modelled as a of bis-ethylene Ir(l) chloride complex
(2-IrCI(ETH)) with an adjacent low occupancy Ir center with an un-resolved coordination sphere, likely
corresponding to the monocarbonyl ethylene Ir(l) (1-IrCI(ETH/CO)) complex observed via IR spectroscopy (Ir,
orange; Cl, green; C, black/grey; N, blue; O, red; Mn, beige; H omitted for clarity). (c) IR spectra of 1:IrCl as
synthesized, following exposure to CO/CHs and following reaction with acetaldehyde in ethanol, displaying the
changes in the CO stretching region. Bands attributed to Ir(l) monocarbonyl complexes are labelled a and  while

the gem dicarbonyl stretches of 1:[Ir(CO)2] are labelled y.

To probe the coordination sphere of the Ir sites, we activated samples of 1:IrCl and analyzed
the headspace above the sample with gas phase NMR following exposure to CO and H,
respectively. The enhanced binding strength of CO in comparison to ethylene will convert
putative 1:IrCI(ETH) to 1:[Ir(CO).] and allow direct measurement of bound ethylene in the
reaction headspace. Furthermore, bound ethylene can be measured by the introduction of H,
which will reduce the ethylene ligand to ethane. These experiments confirmed the presence

of slightly more than one molecule of ethylene per Ir site (see Chapter 7.3.7.2). Thus, these

Page | 103



Chapter 4

data are consistent with a significant proportion of the iridium in 1:IrCl being 1:IrCI(ETH) but

also support the formation of the additional 1:IrCI(ETH/CO) species observed by SCXRD.

To investigate this second Ir species, IR spectroscopy measurements were conducted on the
metalated MOF crystals. The presence of weak stretches between 1925-2080 cm™ that could
not be assigned to 1:IrCI(ETH) (Figure 4.2a, C=C stretches typically observed below 1600 cm"
1)14-16 3150 indicate an additional species is present. Although bis-ethylene Ir(l) complexes of
substituted tris-pyrazolylborates and tris-pyrazolylmethanes are known to form Ir(lll) alkyl
hydride complexes upon heating,'’1° the Ir-H stretches (or the crotyl hydrides that
subsequently form) appear at higher wavenumbers (2100 to 2200 cm™)!’ and are thus
inconsistent with the data for 1-IrCl. As eluded to in the structural discussion above, we
advance that the IR stretches observed in the spectrum of 1:-IrCl correspond to C=0 stretches
from an Ir-CO moiety formed via the decarbonylation of ethanol during the PSMet of 1.20-2215
We note that this chemistry has been observed for P,N,P-pincer complexes of Ir(1).2%%? Alcohol
decarbonylation by simple Ir(l) complexes is thought to proceed via dehydrogenation of the
alcohol to form the corresponding aldehyde which can subsequently undergo decarbonylation
to form an Ir(lll) monocarbonyl complex (Figure 4.2b).2%22 The three day reaction time and
relatively high temperature (65 °C) needed for metalation of 1 with [Ir(C;H4)2Cl]2 would
provide suitable conditions for this reaction. To confirm that the CO originates from
decarbonylation of ethanol, we performed two experiments: first, we metalated 1 with
[Ir(C2H4)2Cl]2 in the presence of the expected aldehyde intermediate, acetaldehyde. After
three days at 65 °C, the MOF crystals were analyzed by IR spectroscopy which revealed a more
pronounced monocarbonyl C=0 stretching band at 1980 cm™ (Figure 7.3.8.2) and additional
bands centered at 2088 and 2024 cm™ which correspond to an Ir(l) dicarbonyl species (See
Figure 4.2b for proposed reaction mechanism). Secondly, we reacted 1:IrCl crystals with
acetaldehyde at 65 °C in ethanol and observed a similar increase in the intensity of the CO
stretches and formation of the dicarbonyl complex (Figure 4.2a). The appearance of higher
intensity CO stretching bands in the presence of acetaldehyde supports the hypothesis that

ethanol decarbonylation is the origin of the unexpected carbonyl species present in 1-IrCl.

The relatively low intensity of the v(C=0) stretches indicates that carbonyl complexes are a
minor component of the Ir species in 1:IrCl. Thus, the combination of SCXRD, NMR and IR

evidence suggests that 1-IrCl is mainly the targeted 1-IrCI(ETH) species (ca. 66%), which is
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anticipated to be a promising catalyst for gas-phase hydrogenation, and a mixture of Ir
carbonyl complexes formed during synthesis, predominantly 1:IrCI(ETH/CO) (ca. 34%). Despite
extensive attempts to form pure 1:[Ir(C2Ha)2], metalation in solvents other than ethanol was
unsuccessful either due to decomposition of the Ir(l) precursor or the unfavorable

arrangement of the pyrazole sites of the MOF in these solvents.??
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Figure 4.2. The proposed mechanism via which mono- and dicarbonyl complexes are generated from
decarbonylation of acetaldehyde. The target bis(ethylene) complex 1-IrCI(ETH) and the 1-IrCI(ETH/CO) by product
that is also observed are shown in the blue and yellow boxes. Acetaldehyde can be formed by dehydrogenation

of ethanol.

Given our previous observation that the coordinating tendency of the anion can significantly
impact the catalytic activity of organometallic catalysts loaded into 1,3 we exchanged the
chloride anion in 1:IrCl for tetrafluoroborate using facile anion exchange with NaBF4 in
methanol under an ethylene atmosphere (Chapter 7.3.1.3). EDX analysis confirmed complete
removal of chloride from the sample (Table 7.3.1). IR spectroscopy revealed minor changes in
the position of the CO stretches (2020 cm™) (Figure 7.3.8.1). The sample was determined to
be ca. 58% 1:IrBF4(ETH) and 42% 1-1rBF4(ETH/CO) based on spectroscopic analysis, noting that

this might be a slight over estimation of the latter due to facile loss of ethylene in 1:IrBFa.
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With an enhanced understanding of the sample composition, we investigated the stability of
1:IrCl and 1-IrBF4 towards activation and hydrogen exposure. Activation from dry pentane at
room temperature for 2 hr yielded surface areas of 575 and 462 m?2g?, for 1-IrCl and 1:IrBF,4
respectively, which are consistent with that observed for other metalated samples of 1.%*
Activated samples of 1:IrCl and 1-IrBF4 were exposed to pure hydrogen (1 bar), and unlike the
analogous 1:[Rh(CzHa)2]X samples,® the crystals did not become black (due to formation of Rh
nanoparticles) but instead transformed from pale yellow to off-white. Furthermore,
Transition Electron Microscopy (TEM) analysis of the sample showed no evidence of Ir
nanoparticles (see Chapter 7.3.3). We then studied the gas-phase hydrogenation of ethylene
using 1-IrCl and 1:IrBF4 in a 1:1 mixture of ethylene and hydrogen (2 bar) at 46 °C. Using gas-
phase NMR to monitor the evolution of the reaction within a sealed high-pressure NMR tube,
we observed the conversion of ethylene to ethane and consumption of hydrogen (1:IrCl: initial
TOFY% 44 hrt, average TOF™* over four cycles: 49 hrt). Both catalysts are active with the
1-IrCl material retaining consistent activity over the course of four successive cycles (Figure
4.3b). The BF4 derivative is more active initially (TOF?°* of 95 hr!) but loses some activity on
cycling (average TOF'>* over cycles 2-4: 24 hr't). This suggests that the chloride anion plays a
role in stabilizing the active catalyst, as has been observed in alcohol decarbonylation catalysis

using molecular iridium catalysts.?!
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Figure 4.3. Catalysis data for the hydrogenation of ethylene at 46°C (2 bar) using (a) 1:IrBFs and (b) 1-IrCl
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The average TOF** over four cycles of 49 hr! demonstrated by 1:IrCl is comparable to the
activity reported for MOF-node supported [Ir(C2Ha)2] species,* although it most likely
underestimates the activity of 1-IrCI(ETH) due to the presence of less active carbonyl species.?®
Various studies have investigated the gas phase ethylene hydrogenation activity of [Ir(C2Ha)2]
complexes supported on the inorganic nodes of the MOFs UiO-66, UiO-67 and NU-1000, as
well as zeolite and MgO supports.#?>28 Under flow-reaction conditions operating at room
temperature, these systems typically display TOFs up to 62 hr! for the MOF supported
systems and up to 2160 hr! on HY Zeolite.?® Notably, these complexes are rendered charge
neutral via the support, negating the need for the charge balancing anions employed in 1:IrCl
and 1:IrBF4. Furthermore, the electron donating or withdrawing ability of the support plays a
significant role in the catalytic activity of the supported Ir complex.?>?® The highly acidic Al
sites in HY Zeolite generate electron deficient Ir centers which promote rapid hydrogenation
(TOF 2160 hr!) due to their tendency to interact with and activate several reagent molecules
simultaneously.>>?° Based on comparison of the v(C=0) stretching frequencies of zeolite-
supported gem-dicarbonyl complexes (2109, 2038 cm™)?°> and our system (2088, 2025 cm™?),
the Ir centerin 1:-IrCl is more electron rich and therefore less active in hydrogenation (although
it appears intermediate between Zeolite and MOF-node supported Ir centres,*?® for example

UiO-66 node-supported [Ir(CO)z]: v(C=0) 2074 cm™?, 1996 cm™).

4.4 Conclusions

In conclusion, metalation of a porous MOF with [Ir(C2H4),Cl]2 resulted in a solid-state catalyst
active towards ethylene hydrogenation. A combination of SCXRD, IR and NMR spectroscopy,
and EDX analysis elucidated that the MOF pores were decorated with non-homogeneous
single-atom active sites including 1:IrCI(ETH) and carbonyl ligated by-products e.g.
1-IrCI(ETH/CO). The Ir(l) ethylene complexes are stable catalysts (cycled 4 times with retention
of activity) that compare favorably with MOF node supported variants in terms of activity.
Furthermore, we found that the use of a neutral support allows for modulation of catalyst

activity and stability via the counter anion. This work expands our knowledge of MOFs as
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supports for single site catalysts and shows how the chemistry can be tuned by both inner and

outer-sphere effects.

4.5 Associated content

Supporting information: characterization data for the MOF samples, IR spectroscopic data, gas
adsorption data, additional gas phase NMR spectroscopy, powder X-ray diffraction data and
details of the SCXRD and tables of crystallography data collection and refinement parameters,

crystallographic information file (cif).
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5.1 Abstract

Transition metal complexes bearing labile ligands can be difficult to isolate and study in
solution due to unwanted dinucleation or ligand substitution reactions. Metal-organic
Frameworks (MOFs) provide a unique matrix that allows site isolation and stabilization of well-
defined transition metal complexes that may be of importance as moieties for gas adsorption
or catalysis. Herein we report the development of an in-situ anion metathesis strategy which
facilitates the post-synthetic modification of Cu(l) complexes appended to a porous, crystalline
MOF. By exchanging coordinated chloride for weakly coordinating anions in the presence of
carbon monoxide or ethylene, a series of labile MOF-appended Cu(l) complexes featuring
carbon monoxide or ethylene ligands are prepared and structurally characterized using X-ray
crystallography. These complexes have an uncommon trigonal planar geometry due to the
absence of coordinating solvents. The porous host framework allows small and moderately
sized molecules to access the isolated Cu(l) sites and displace the “place-holder” CO ligand,

mirroring the ligand exchange processes involved in Cu-centered catalysis.

5.2 Introduction

Metal-organic frameworks (MOFs) are a class of porous, crystalline materials that are
assembled via a building block approach from metal-based nodes and organic links.® This
synthetic strategy allows for metal-binding ligand moieties such as, 2,2’-bipyidine,*?

10-14 3nd phosphorous-based systems,>'7 to be readily

porphyrins,® bis and tris pyrazoles
incorporated into the MOF architecture as structural units.*® 1% As a result, the MOF pore
network can be furnished with transition metal complexes to enhance specific performance
characteristics, e.g., gas adsorption* and catalysis.” 1> % 17 20 The chemistry of metal
complexes anchored to a MOF lattice is distinct from the solution phase as it provides a
pathway to site-isolation that obviates, typically, undesired dinucleation reactions and can
facilitate site-selective chemistry.® 111> 18,19, 21,22 pyrthermore, in the crystalline solid-state

well-defined complexes replete with weakly coordinating ligands, that would be displaced by

solvent molecules in solution, can be accessed and precisely characterized via diffraction
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methods.?326 Thus, such metalated MOFs represent excellent structural models for studying

the fundamental inorganic reaction processes that underpin catalytic reactions.?’

Previous work has shown that the stabilization of labile ligands and their chemistry can be
structurally elucidated by examining single-crystal to single-crystal (SC-SC) reactions in solid-
state molecular systems.?8-30 For example, Brookhart and co-workers reported that the labile
dinitrogen ligand of an Ir (I) pincer complex, [Ir(L°*P)(N2)] (Figure 5.1a, where L°®" = CgHa-1,3-
[OP(CeH2-2,4,6-(CF3)3)2]2, underwent exchange via a dissociative mechanism.3! In addition,
Weller and co-workers showed that a Rhodium c—alkane complex could be synthesized by
carrying out a solid-gas reaction on crystals of [Rh(dcype)(norbornane)][BArf4] (Figure 5.1b,
where dcype = 1,2-bis(dicyclohexylphosphino)ethane).?> Both examples highlight that to
explore the reactivity of metal centers isolated within a crystalline matrix, pore networks that
allow for the diffusion of molecular substrates are required.?* 22 In molecular crystals, pore
structures are generated by crystal packing forces and thus cannot be tailored via a priori
design principles. Additionally, they are unstable towards a broad spectrum of reaction
conditions.?® In contrast to molecular crystals, MOFs offer robust architectures and the
potential to control pore dimensions and functionality through careful selection of the organic
building units. Indeed, we have demonstrated that a Mn(ll)-based MOF, MnMOF-1; ([MnsL,L]
(where L = L' = bis(4-carboxyphenyl-(3,5-dimethylpyrazol-1-yl))methane) is an excellent
platform material to study inorganic chemistry in the crystalline solid-state. Due to the
flexibility of the N,N’-chelating ligand, MnMOF-1 readily accommodates the subtle structural
transformations that accompany post-synthetic metalation and subsequent metal-centered

reactions'® 1214 32 without losing long-range order.

Copper(l) complexes are of great interest in homogeneous catalysis due to their versatility,
relative earth abundance, compared to precious metal systems, and low toxicity. In MOF
chemistry, copper(l) cations have been employed to enhance gas separation performance?
and as single atom catalytic sites,'> 3* in both cases free coordination sites are crucial to
functionality. Thus, developing synthetic methods that lead to the isolation of coordinatively
unsaturated copper(l) sites within MOFs is an important step towards expanding this

chemistry. Herein, we employ an in-situ anion metathesis strategy to realize a series of trigonal
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planar Cu(l) complexes (Figure 5.2) bearing weakly coordinated ligands. The crystallographic
characterization of such Cu(l) complexes is typically elusive; however, the MOF matrix offers a
unique environment for their isolation and stabilization. By dint of the highly crystalline and
robust host framework we were able to map the ligand exchange processes at the site-isolated
Cu(l) moieties within MnMOF-1 via single crystal X-ray crystallography (SCXRD) and thus
advance the fundamental chemistry required to explore novel Cu centered chemistry in MOFs.

Exchange of ligated N, in molecular crystal (ref. 31)
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Figure 5.1. Examples of previous SC-SC studies of ligand exchange at labile transition metal complexes in the solid
state; exchange of small gaseous molecules at an Ir(l) dinitrogen complex and a Rh(l) o-alkane complex reported
by Brookhart et al. and Weller et al. respectively. This work involves ligand exchange occurring at a labile Cu(l)

carbonyl complex housed within MnMOF-1.

5.3 Results and Discussion

5.3.1 Synthesis of labile Cu(l) complexes in MnMOF-1

A promising facet of MOF chemistry is their potential as platforms for studying the exchange
of small, labile molecules bound to well-defined, site isolated complexes; a role foreshadowed

by their intrinsically high crystallinity, tunable structure metrics and permanent porosity.3>3°
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Indeed, such insights can inform the development of MOFs for applications in selective gas
adsorption and heterogeneous catalysts. We envisaged that an ‘in situ anion metathesis’
strategy could generate open coordination sites within MnMOF-1 by directly exchanging
coordinated halide anions for weakly coordinating anions. By carrying out anion exchange in
the presence of small gas molecules a variety metal complexes with highly labile ligands can
be realized. This approach is effectively a MOF-centric adaptation of anion metathesis, a
pervasive process in organometallic chemistry.*® The preponderance of Cu(l) to adopt a wide
range of coordination geometries* 42 (tetrahedral,*3-%® trigonal planar,** 44 digonal®” %¢) and
the weak interaction between Cu(l) and classic, small gaseous ligands such as carbon monoxide
and ethylene; motivated us to explore our strategy using Cu(l) functionalized MnMOF-1. Many
Cu(l) catalysts, such as those studied for carbene and nitrene insertion, are based on
complexes featuring labile ligands which allow facile binding and activation of the reagent
molecules such as organic azides and diazoacetates.'’ 4°* As such, stabilizing weakly-ligated

complexes via site-isolation within a robust crystalline host is of significant interest.*!

Our entry point to Cu(l) chemistry in MnMOF-1 was via direct metalation with CuCl. Exposure
of MnMOF-1 to CuCl in acetonitrile at 4°C resulted in a color change in the crystals from
colorless to pale yellow. SCXRD revealed the formation of a tetrahedral N,N’-chelated Cu(l)
complex, which exists as a mixture of the charged bis-acetonitrile and neutral mono-
acetonitrile complexes MNMOF-1:[Cu(MeCN);]Cl and MnMOF-1:[CuCl(MeCN)], respectively.
The material, designated MnMOF-1:[CuCl(MeCN)] for simplicity, crystallizes in the space group
P21/m (Figure 5.2). The crystallographically distinct Cu(l) centers are highly disordered (See
Chapter 7.4.3.2 for refinement details), precluding analysis of the respective bond lengths;
however analogous structural motifs have been reported. 465> Energy Dispersive X-ray (EDX)

analysis confirmed quantitative metalation (Mn:Cu:Cl = 3:1:1, see Table 7.4.1).

To examine the potential of the in-situ anion metathesis methodology in MOFs,
tetrafluoroborate was introduced as the weakly-coordinating anion and ethylene as the labile
placeholder ligand. MnMOF-1-[CuCl(MeCN)] crystals were soaked in a saturated methanol
solution of NaBF4 under 4 bar of ethylene for 3 days. Following anion metathesis, the resulting

colorless MOF crystals were subjected to EDX analysis to ascertain the extent of Cl- substitution
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by tetrafluoroborate. The data showed a Mn:Cu:Cl ratio of 3:1:0, confirming quantitative anion
exchange and retention of the Cu center within the host framework (see Table 7.4.1). The bulk
crystallinity and phase purity of the material was confirmed by PXRD data (Figure 7.4.2.1). To
elucidate the Cu(l) coordination environment, SCXRD data was collected using Synchrotron
radiation.>® >’ Close inspection of the diffraction data revealed a trigonal planar Cu(l) complex
comprised of two N atoms from L and an ethylene ligand; MNMOF-1-[Cu(C;H4)]BF4. The Cu—C
bond lengths of 2.125(16) and 2.036(15) A are comparable with analogous molecular
complexes.>®®0 Analogous to our previous studies,'? 12 61 the charge balancing anion (BFs)
occupies a pocket within the MOF pore adjacent to the N,N’-chelated Cu(l) center. Numerous
three coordinate, N,N’-chelated Cu(l) ethylene complexes have been reported in literature and
structurally characterized,** 3% €0 62 highlighting the relative stability of the copper-ethylene

bond when suitably protected.

a) DIRECT ROUTE e b)
[CU(C,H,);]SbF/CH, Y
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P = - * ————— -
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=N N= MeOH
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CuCl/MeOH
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Figure 5.2. (a) Accessing MnMOF-1-[Cu(C2H4)]BF4 via the direct route leads to decomposition of [Cu(C2H4)3]SbFs.
Only via the metathesis route, which involves metalation of MnMOF-1 with CuCl and subsequent anion
metathesis with NaBFs in the presence of ethylene or CO, can the corresponding labile complexes be obtained.
MnMOF-1:[CuCO]BF4 loses CO under vacuum to yield the BFs complex MnMOF-1:[CuBF4], with the coordinated
BF, is disordered over four crystallographically distinct positions (two generated by a mirror plane that bisects
the Cu center). IR spectra collected under vacuum clearly indicates the quantitative loss of coordinated CO and
transient formation of free CO in the MOF pores (b). Hydrogen atoms have been omitted for clarity; the MOF
backbone is represented by a blue Van der Waals surface. (C, black; N, lavender; O, red; Cu, blue; B, pale blue; F,

green; S, yellow; Cl, lime-green; P, pink).
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Simultaneously, we explored the direct metalation of MnMOF-1 with the precursor
[Cu(CzHa4)3]SbFs to generate MNMOF-1-[Cu(C;H4)]SbFs. Despite this being a viable approach
for synthesis of molecular complexes,®® efforts to metalate MNMOF-1 with [Cu(C2H4)3]SbFs
proved unsuccessful due to decomposition of the tris-ethylene precursor in solution. Next, we
expanded our methodology to a more labile ligand, carbon monoxide (CO). 64-%® Cu(l) exhibits
a weak interaction with CO due to negligible backbonding, making it an ideal ‘placeholder’
ligand. This property is emphasized by the observation of v(C=0) stretches which are higher
than that of free CO (2143 cm™) in several reported Cu(l) carbonyl complexes.®> ¢7-68 MnMOF-
1-[CuCl] crystals were exposed to CO (4 bar) during ion-exchange with NaBF4, during which a
new stretch appeared at 2105 cm™ in the IR spectrum, indicating formation of a new Cu(l)
carbonyl species. As anticipated, the v(C=0) stretch is close to that of free CO due to minimal
backbonding from Cu(l) to the CO rt* orbital.?> % 70 To establish the extent of anion exchange,
EDX analysis was performed which revealed the absence of chloride within the sample (see
Table 7.4.1). Additionally, PXRD confirmed that bulk crystallinity is retained after the ligand
exchange process. (Figure 7.4.2.1). We note that exposure of MnMOF-1:[CuCl] to a CO
atmosphere only (i.e., no anion present) failed to elicit formation of a carbonyl complex; the
IR spectra showed an absence of v(C=0) stretches. This suggests that the replacement of Cl
by CO occurs via a dissociative pathway and provides confirmation of the weak Cu(l)-CO
interaction. Following anion exchange chemistry under CO, the crystals remained in
satisfactory condition for SCXRD studies. Careful analysis of the data revealed the formation
of a trigonal planar Cu(l) carbonyl complex, MnMOF-1:[CuCO]BF4 (Figure 5.1b). The Cu—C
bond length of 1.781(15) A, is comparable with other known molecular carbonyl complexes.*>
64,65 71 As per the analogous Cu(l)-ethylene complex, MNMOF-1:[Cu(C2H4)]BF4, the charge
balancing anion (BF4) occupies a pocket in the MOF pore adjacent to the N,N’-chelated Cu(l)

site.

The capacity of anion exchange to generate trigonal planar Cu(l) complexes within MnMOF-1
led us to explore the use of other anions that are known to be very weakly coordinating.”?
Both hexafluorophosphate (PFs) and triflate (OTf) analogues can be prepared via anion

exchange in the presence of CO gas, giving MnMOF-1-[CuCO]PFs¢ and MnMOF-1:[CuCO]OTHf,
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respectively. As anticipated MnMOF-1:[CuCO]PFs and MnMOF-1:[CuCO]OTf both show
v(C=0) stretches close to free CO (2108 cm™ for both complexes). SCXRD studies confirmed a
trigonal planar geometry for both complexes (Cu-C = 1.819(16) A for the OTf derivative; the
PFe derivative possesses two crystallographically distinct Cu(l) carbonyl sites with 1.782(15)
and 1.828(17) A Cu-C bonds). Again, the respective anions located in a pocket adjacent to the
Cu(l) center (Figure 5.3, note the triflate derivative is very hydroscopic and preventing
formation of an aquo complex is extremely challenging, see 7.4.6 for details). This family of
carbonyl complexes further supports the use of in-situ anion metathesis as a general method

for producing site-isolated, Cu(l) centers possessing highly labile ligands within MnMOF-1.

To the best of our knowledge, the only other structurally characterized examples of trigonal
planar N,N’-chelated Cu(l) carbonyl complexes have been reported in 2019 by Parasar et al.,®®
in 2004 by Dias et al.”* and in 2020 by Huse et al.%* These compounds are supported by
polyfluorinated co-ligands based on pyrazolyl, triazapentadienyl or B-diketiminate motifs,
producing charge neutral complexes with reduced n-backbonding contributions, as evidenced
by high v(C=0) stretches (above 2100 cm™). However, these complexes are unstable, losing
coordinated CO if not kept under a CO atmosphere. For comparison, analogous tetrahedral
complexes are significantly more stable towards CO loss than the three-coordinate
derivatives.”? Thus, we were interested to explore the stability of the MOF-supported three-
coordinate complexes. To this end, storage of MnMOF-1-[CuCO]BF4 in a non-coordinating
solvent for several days, under an inert atmosphere, does not result in loss of CO. This
difference emphasizes that site isolation in the MOF framework exerts a stabilizing effect on

the Cu(l) carbonyl moiety, reducing CO loss.

Motivated by these results, we turned our attention to carrying out simple ligand exchange
reactions on the CO and C;H4 ligated complexes. MnMOF-1-[CuCO]BF4 crystals were soaked
in a non-coordinating solvent under ethylene atmosphere (2 bar). After two days SCXRD was
performed and revealed the formation of MNMOF-1:[Cu(C2H4)]BF4 indicating that substitution
of the carbonyl ligand can be achieved via a SC-SC crystal process. Furthermore, dosing crystals
of MnMOF-1:[Cu(C;H4)]BF4 with CO (2 bar) lead to formation of MNnMOF-1:[CuCO]BF4 (v(C=0)
stretch at 2105 cm™) over 48 hours. We then examined the stability of MnMOF-
1-[Cu(C;H4)]1BF4 via gas phase NMR. Samples of MNMOF-1:[Cu(C;H4)]BF4 were loaded into an
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NMR fitted with a Young’s tap and were activated at temperatures between 30 °C and 100 °C.
After each activation, the tube was dosed with CO and the headspace analyzed via gas phase
NMR to determine if ethylene was still present in the complex. The results showed that the

ethylene required activation at 100°C to be removed.

To assess the stability of MNMOF-1-[CuCO]BF4 towards loss of CO, a sample was loaded into
an in situ FTIR cell (developed in-house, for details see 7.4.7) connected to a vacuum. During
the first 5 minutes, the sample underwent a color change from pale yellow to colorless, with
a concomitant diminishing of the CO stretch at 2105 cm™; after 2 hours evidence of CO bands
were absent in the IR (Figure 5.2). Loss of coordinated CO is accompanied by the temporary
appearance of free CO in the FTIR spectra, presumably due to gas being trapped in the MOF
pellet; however, the signal quickly dissipates upon gas escape (Figure 5.2). To determine
whether the process is reversible, CO (1 bar) was dosed back into the IR cell. Analysis of the
IR data showed that the CO stretch at 2105 cm™ was regenerated (Figure 7.4.5.1), suggesting
that the Cu(l) center is stabilized upon CO loss. The reversible loss of coordinated CO under
vacuum led us to postulate that the anion (BF. in this case) binds to, and thereby stabilizes the
resulting unsaturated Cu(l) center. We note that in a pertinent report, Fianchini et al.
characterized the SbFs bound complex [Cu(trans,trans,trans-1,5,9-cyclododecatriene)(SbFs)]
which features an SbFs anion bound by a single fluorine to the Cu(l) center; additionally the

anion is readily displaced by CO.%”

Next, we aimed to structurally characterize MNnMOF-1:[CuCO]BF, following removal of the CO
ligand. Crystals of MNMOF-1:[CuCO]BF4 were placed under vacuum for two hours to remove
CO, ‘backfilled” with dried cyclohexane to protect against moisture and subjected to SCXRD
analysis. The crystal structure revealed, as expected from FTIR spectroscopy, an absence of
coordinated CO. Furthermore, the charge balancing anion (BF4) could not be observed in the
MOF pore but was instead located in the coordination sphere of the Cu(l) center, albeit
disordered over two crystallographically distinct positions (a further two symmetry-generated
sites are generated by a mirror plane). This represents a rare example of a Cu(l) complex
bearing a coordinated BF4 anion, of which we are aware of only one other example.” Although

the formation of this moiety could be posited from the IR spectra, this is an excellent example
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of how MOFs can be employed as a matrix to facilitate the structural characterization of

reactive species via SCXRD.

To assess the porosity of MNnMOF-1:[Cu(CO)]X (X = BF4, OTf, PFs) and MnMOF-1-[Cu(C;H4)]BF4
we performed 77 K N gas adsorption isotherms. Activation of MnMOF-1:[Cu(CO)]X (X = BF4,
OTf, PFs) from pentane at room temperature and MnMOF-1:[Cu(C;H4)]BF4 from pentane at
100 °Cyielded permanently porous materials with BET surface areas of 788, 735, 916 and 754
m?g?, respectively. We note that these values agree with those observed for other metalated
derivatives of MNMOF-1. Given the activation conditions employed we anticipate that the CO
and ethylene were removed, and that the Cu species consist of anion-bound complexes. In
summary, these studies confirm that coordinated CO in MnMOF-1:[CuCO]BF4 is more labile

and thus the better ‘placeholder’ ligand for supported Cu(l) sites in MnMOF-1.

5.3.2 Ligand exchange chemistry using MnMOF-1:[CuCO]BF4

The lability of the CO ligand in MnMOF-1-[CuCO]BFs encouraged us to explore its ligand
exchange chemistry. As discussed earlier, Brookhart and coworkers elegantly employed SCXRD
to capture small molecule exchange at a cationic Ir(l) dinitrogen complex in the solid-state
(Figure 5.1).3! However, in contrast to solid-state molecular crystals; MnMOF-1 presents a
permanently porous matrix within which exchange processes involving larger molecules can
be conveniently studied via crystallography. As a proof of principle, MnMOF-1-[CuCO]BF4 was
soaked in toluene under an argon atmosphere for 2 days. IR spectroscopy performed on the
toluene-soaked samples revealed the disappearance of the CO stretch at 2105 cm™. SCXRD
experiments revealed that the CO had been replaced with a n?-toluene ligand bound by C2
and C3 of the toluene ring (Figure 5.3) with the Cu—C bond lengths (Cu-C = 2.146(4), 2.105(4)
R) commensurate with those reported in literature for other Cu n2-arene complexes.® 7579
Structurally characterized Cu(l) n>-arene complexes are rare and have been used as precursors

for nitrene transfer and Cu(l) borohydride chemistry.8% 8!
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Figure 5.3. Metalation of MnMOF-1 with CuCl yields MnMOF-1-[CuCl(MeCN)] (a) which undergoes quantitative

anion exchange (b) with NaX (X = BF4, PFs, OTf) under an atmosphere of CO to yield the corresponding carbonyl
complexes MnMOF-1:[CuCO]BFs4, MnMOF-1:[CuCO]PFs and MnMOF-1-[CuCO]OTf (c). MnMOF-1-[CuCO]BF4
undergoes ligand exchange with norbornadiene (NBD), ethylene (Cz2Ha), phenylacetylene and toluene to yield the
respective m-complexes (d). All carbonyl and m-complexes were structurally characterized after solvent exchange
with cyclohexane to ensure clean formation of the trigonal planar derivatives. Hydrogen atoms have been
omitted for clarity; the MOF backbone is represented by a blue Van der Waals surface. (C, black; N, lavender; O,

red; Cu, blue; B, pale blue; F, green; S, yellow; Cl, lime-green; P, pink).

We further explored the substitution chemistry of CO using other ligands. For example,
MnMOF-1-[CuCO]BF4 crystals were soaked in a cyclohexane solution of norbornadiene (NBD)
or phenylacetylene (HC=CPh). In both cases IR spectroscopy confirmed the absence of CO
stretches; concurrently SCXRD analysis verified the formation of trigonal planar complexes
MnMOF-1-[Cu(n>-NBD)]BFs and MnMOF-1-[Cu(n2-HC=CPh)]BFs. MnMOF-1-[Cu(n2-NBD)]BF4
features a BF4 counterion in the MOF pore adjacent to the N,N’-chelated Cu(l) site; however,
the anion in MNMOF-1:[Cu(n2-HC=CPh)]BF4 could not be adequately resolved in the structural
model. In the particular case of MnMOF-1-[Cu(n?-NBD)]BFs4, NBD coordinates through only
one alkene moiety (Figure 5.3) with Cu—C distances of 2.026(8) and 2.051(9) A.82 83 |n the
analogous system, MNnMOF-1-[Cu(n2-HC=CPh)]BF4, the alkyne coordinates to the Cu(l) center
in an n2-fashion with Cu—C bond lengths of 1.947(14) and 1.88(12) A.7% 8 These results

emphasize that CO is an excellent ‘placeholder’ ligand in site-isolated Cu (I) complexes.
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5.4 Conclusions

Here we showed that ion exchange in the presence of gas molecules facilitates the stabilization
of Cu(l) complexes with labile ligands (CO, ethylene) within the porous, crystalline, MOF matrix
of MNnMOF-1. Due to their instability in coordinating solvents and sensitivity to air/moisture,
molecular analogues of these complexes are challenging to characterize via SCXRD. We also
explored the ligand exchange chemistry of MnMOF-1-[CuCO]BF4sand showed that these SC-SC
process could be followed by SCXRD. The inherent characteristics of the MnMOF-1; high
crystallinity, permanent robust porosity, and large pore apertures, renders it an excellent
platform to access a broad range of complexes with labile ligands and further, to study ligand
substitution processes. We envisage that this chemistry is an important fundamental step
towards the synthesis of novel Cu-based species and the exploration of their reactivity within

the nanoporous environment of MOF pores.
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5.5 Experimental

5.5.1. General Considerations

Unless otherwise stated, all chemicals were obtained from commercial sources and used as
received. Solvents were dried using literature procedures and degassed with Ar prior to use.
Specifically, acetonitrile (MeCN) was dried from CaH; under nitrogen; methanol (MeOH) was
dried by refluxing them over Mg under N3; acetone was dried from CaSO4 under nitrogen; and
toluene and cyclohexane was dried over Na/benzophenone. NaBF4 used for anion exchange
were stored in a 120 °C drying oven. The ligand bis-(4-carboxyphenyl-3,5-dimethylpyrazolyl)
and MnMOF-1 were synthesized as previously reported. [Cu(C2Ha)3]SbFs complex was
synthesized as reported in the literature.®> The chemicals carbon monoxide, ethylene,
phenylacetylene, norbornadiene and CuCl was obtained from commercial vendors and used

without purification.

Powder X-ray diffraction (PXRD) data were collected on a Bruker Advanced D8 diffractometer
(capillary stage) using Cu Ko radiation (A = 1.5456 A , 40 kW/ 40mA, 20 = 2 — 52.94°, phi
rotation = 20 rotation/min, at 1 sec exposure per step with 5001 steps and using 0.5 mm glass
capillaries). Infrared (IR) spectra were collected on a Perkin-Elmer Spectrum Two, with the
sample distributed between two NaCl disks in Nujol. Energy dispersive X-ray spectroscopy
(EDX) was performed on a Philips XL30 field emission scanning electron microscope. Gas
adsorption isotherm measurements were performed on an ASAP 2020 Surface Area and Pore

Size Analyzer. Activation of samples was carried out as described.

5.5.2 Preparation of MnMOF-1-[CuCIMeCN]

Single crystals of MNMOF-1 (~24 mg) were placed in a 4 ml glass vial and washed with freshly
distilled acetonitrile under Ar flow a total of 5 times (the solution was degassed with Ar after
each exchange and the sample was allowed to soak for 1 hr between washings). Under Ar flow,
CuCl (30 mg) was added, the vial was sealed under Ar and heated at 4 °C for 3 days. The

resulting pale green crystals were washed with freshly distilled acetonitrile five times under Ar
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flow to give MnMOF-1:[Cu(CH3CN)(Cl). IR vmax (nujol, cm™): 2289 (w, Cu-N=CCHs), 2250 (free,
Cu-N=CCHs), 1607 (s, C=C), 1550 (m, C=C), 1510 (m, C=C) 1406.

5.5.3 In situ anion metathesis to form MnMOF-1-[CuCO]BF4

Single crystals of MnMOF-1-[Cu(CH3CN)(Cl)] (~24 mg) were placed in a 20 ml glass pressure
vessel fitted with a pressure gauge and Swagelok tap assembly.*? The crystals were washed
with freshly distilled methanol (5 x 5 ml) under Ar flow a total of 5 times (the solution was
degassed with Ar after each exchange and the sample was allowed to soak for 1 hr between
washings). Excess oven dried NaBFs was added to a small glass ampule which was
subsequently submerged in the glass pressure tube containing the MOF sample. The solution
was degassed with Ar and the pressure tube was sealed under carbon monoxide (Pt = 4 bar)
and allowed them to stand at RT for 3 days. Under argon flow the ampule containing
undissolved salt was removed. Finally, the MOF crystals were washed with freshly distilled
methanol (5 ml) five times under argon to form MnMOF-1-[CuCO]BF; as pale-yellow crystals.
The samples can be stored under CO atmosphere for 2 weeks. IR vmax (nujol, cm™): 2105 (m,

C0), 1613 (s, C=C), 1549 (m, C=C), 1511 (m, C=C) 1408.

5,54 In-situ anion metathesis to form MnMOF-1:[Cu(CO)]PFs and MnMOF-
1-[Cu(CO)]OTH.

Crystals of MNMOF-1:[CuCl(MeCN)] (~24 mg) were placed in a 20 ml glass pressure vessel
fitted with a pressure gauge and Swagelok tap assembly.’? The crystals were washed with
freshly distilled MeOH (5 x 5 ml) under Ar flow (the solution was degassed with Ar after each
exchange and the sample was allowed to soak for 1 h between washings). A stock solution of
dry NaPFs or NaOTf in distilled MeOH (35 mg, 5 ml) was added to the 20 ml glass tube
containing the MOF sample. The solution was degassed with Ar, the pressure tube was sealed
under CO atmosphere (PT = 4 bar), and allowed to stand at room temperature for 72 h. Under
Ar flow, the ampule containing undissolved salt was removed and the resulting colorless
crystals were washed with freshly distilled methanol (5 x 5 ml), acetone (5 x 5 ml) and n-
pentane (5 x5 ml). MnMOF-1:[Cu(CO)]PFs and MnMOF-1-[Cu(CO)]OTf can be stored under CO
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atmosphere up to two weeks. MNMOF-1-[CuCO]PFs: IR vmax (nujol, cm™): 2108 (m, CO), 1615
(s, C=C), 1550 (m, C=C), 1511 (m, C=C) 1408. MnMOF-1-[CuCO]OTf: IR Vmax (nujol, cm™): 2108
(m, CO), 1618 (s, C=C), 1552 (m, C=C), 1513 (m, C=C) 1408.

5.5.5 In-situ anion metathesis to form MnMOF-1-[Cu(C2H4)]BF4

Single crystals of MNMOF-1:[Cu(CH3CN)(Cl)] (~24 mg) were placed in a 20 ml glass pressure
vessel fitted with a pressure gauge and Swagelok tap assembly.'? The crystals were washed
with freshly distilled methanol (5 x 5 ml) under Ar flow a total of 5 times (the solution was
degassed with Ar after each exchange and the sample was allowed to soak for 1 hr between
washings). Excess oven dried NaBFs was added to a small glass ampule which was
subsequently submerged in the glass pressure tube containing the MOF sample. The solution
was degassed with C;Hs and the pressure tube was sealed under ethylene (Pt = 4 bar) and
allowed the sample to stand at RT for 3 days. Under ethylene flow MnMOF-1-[Cu(C2Ha4)]BF4
the ampule containing undissolved salt was removed. Finally, the MOF crystals were washed
with freshly distilled methanol (5 ml) five times under argon to form MnMOF-1-[Cu(C2H4)]BF4
as pale-yellow crystals. The samples can be stored under ethylene atmosphere for 2 weeks. IR

Vmax (nujol, cm™): 1615 (s, C=C), 1549 (m, C=C), 1512 (m, C=C) 1407.

5.5.6 Preparation of MNMOF-1-[Cu(n?-Toluene)]BF4

Single crystals of MNMOF-1-[CuCO]BF4 (~24 mg) were placed in a 4 ml glass vial and washed
with freshly distilled toluene under Ar flow a total of 5 times (the solution was degassed with
Ar after each exchange and the sample was allowed to soak for 1 hr between washings). Finally,
the vial was sealed under Ar for 2 days to give MNMOF-1-[Cu(n?-Toluene)]BFa. IR Vmax (nujol,
cml): 1938, 1805, 1797 (m, C=C, toluene), 1616 (s, C=C), 1551 (m, C=C), 1514 (m, C=C) 1413.
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5.5.6 Preparation of MNnMOF-1-[Cu(n?>-NBD)]BF4 and MnMOF-1-[Cu(HC=CPh)]BF4

Single crystals of MNMOF-1-[CuCO]BF4 (~24 mg) were placed in a 4 ml glass vial and washed
with freshly distilled acetone under Ar flow a total of 5 times. Consequently, the crystals were
washed with distilled cyclohexane (the solutions were degassed with Ar after each exchange
and the sample was allowed to soak for 1 hr between washings) five times under argon. Finally,
1 ml of norbonadiene or phenylacetylene were added and the vial was sealed under argon for
2 days to give MnMOF-1-[Cu(n2-NBD)]BFs and MnMOF-1-[Cu(HC=CPh)]BFs respectively.
MnMOF-1-[Cu(n?-NBD)]BFa: IR Vmax (nujol, cm™): 1619 (s, C=C), 1553 (m, C=C), 1515 (m, C=C)
1415. MnMOF-1:-[Cu(HC=CPh)]BFa: IR Vmax (nujol, cm™): 1936 (w, C=C), 1622 (s, C=C), 1555 (m,
C=C), 1516 (m, C=C) 1416.

5.6 Associated content

Supporting information: characterization data for the MOF samples, IR spectroscopic data, gas
adsorption data, powder X-ray diffraction data and details of the SCXRD and tables of
crystallography data collection and refinement parameters, crystallographic information file

(cif).
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Chapter 6: Conclusion and Future outlook

This thesis has demonstrated the enormous potential of MOFs as both catalytic platforms and
as crystalline matrices within which to study reactive transition metal complexes via X-ray
crystallography. Until now, most of the investigations using MOFs for catalysis have been
dedicated to the synthesis of fine chemicals in solution. However, the judicious choice of
chemistry and reaction conditions can showcase the unique properties of MOFs, such as high
surface area, crystallinity, and reticular design. Specifically, carrying out chemistry in solution
does not take full advantage of these intrinsic characteristics. Therefore, this thesis explored
novel systems where these MOF characteristics can be exploited to characterize site isolated

transition metal catalysts and study their activity in gas phase catalysis.

The key approach employed in this thesis was the heterogenization of well-defined
homogeneous catalysts within the bespoke MOF, MnMOF-1, via postsynthetic modification.
This required the fundamental properties of the MOF, namely its dynamic response of the
material to solvent exchange, to be elucidated; while new techniques were developed in order
to facilitate metalation (and subsequent chemistry) using highly reactive organometallic
complexes. The structural flexibility of the linker site and framework are critical to achieving
high levels of metal loading. Metalation in MnMOF-1 has proven to be facile for most
transition metals when those reactions are conducted in coordinating solvents such as
acetonitrile (CH3CN) or ethanol (EtOH). A major problem is that many organometallic
compounds could react with coordinating solvents and form undesirable moieties within the
MOF (e.g. when using precursor complexes with labile ligands such as ethylene). In Chapter 2
new methodologies were developed to allow postsynthetic metalation chemistry to occur in
non-coordinating solvents. However, direct solvent exchange of MnMOF-1 starting from
certain polar solvents led to loss of single crystallinity. Thus, an indirect solvent exchange
methodology via acetone was successfully implemented, expanding the range of solvents that
can be employed for decorating the pores of the MOF with reactive transition metal
complexes without losing single crystallinity or generating undesirable solvated complexes.

Remarkably, this methodology was shown to be a useful way to metalate MnMOF-1 with
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reactive metal complexes in non-coordinating solvents and elucidate the coordination

environment via X-ray crystallography.

MnMOF-1 has proved to be an excellent platform to characterize reactive metal complexes
ordered throughout the framework via SCXRD. In Chapter 3 and 4, a postsynthetic metalation
strategy was developed to facilitate metalation with highly reactive precursors. Direct
metalation of MNMOF-1 with reactive [Rh(ETH):Cl]. or [Ir(ETH).Cl]; under an inert atmosphere
resulted in the formation of nanoparticles. To prevent this decomposition, a new approach
was developed; specifically, the metalation was carried out in the presence of excess alkene,
preventing the decomposition of the metal moiety in solution and thereby allowing
metalation to take place. By keeping the samples under an ethylene atmosphere, the
coordination sphere of the MOF-bound complex could be manipulated by anion exchange to
generate the corresponding tetrafluoroborate (BFs) or chloride (Cl) complexes. Through
judicious choice of the conditions, the MOF retained single crystallinity during the metalation
and anion exchange steps, allowing the coordination sphere of the reactive metal complexes

to be elucidated via SCXRD.

It has been previously demonstrated that homogeneous catalytic moieties can be introduced
into MOF structures to realize the benefits of a heterogenization. However, examples where
well-defined MOF catalyst systems have been used for commercially desirable, gas phase
catalysis are exceedingly rare. In Chapter 3 and 4, industrially attractive gas phase reactions
were carried out with site-isolated, well-defined reactive metal complexes located in the MOF
architecture. Gas-phase NMR spectroscopy was utilized to monitor 1-butene isomerization
and ethylene hydrogenation catalyzed by the Rh(l) and Ir(l) ethylene complexes. MnMOF-
1-[Rh(C;H4)2BF4] was found to be a highly efficient catalyst for 1-butene isomerization
(average TOF°* ca. 2000 hrl) and ethylene hydrogenation, while the chloride derivative
displays negligible activity for isomerization. Moreover, the material can be cycled over 5
cycles without a measurable loss of activity. Overall, the work presented in those Chapters
demonstrated the powerful platform of MnMOF-1 is effectively able to transpose well-
defined organometallic systems to the solid-state and to facilitate commercially attractive

reactions within the MOF pore environment in the absence of solvent.

To expand our knowledge of MOFs as supports for single site catalysts, in Chapter 4,
metalation of MNnMOF-1 was conducted with [Ir(C2H4)2Cl]2 under ethylene. The reaction
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mainly results in formation of the neutral bis-ethylene complex of iridium, MnMOF-
1-[Ir(C2H2)2Cl]. Similar methodology to that developed in Chapter 3 was applied to exchange
the coordinating anion (Cl) for non-coordinating anion (BFs4). Again, the hydrogenation of
ethylene was observed to be anion dependent; however, for the Ir catalyst, the chloride
complex shows greater reactivity than the BFs species. These findings advance our
comprehension of using MOFs as platforms for gas-phase heterogeneous catalysis and
provides insight into how these materials can be best developed as materials for industrial

catalysis.

As described in Chapters 3 and 4, site isolation is a key factor in accessing and stabilizing labile
complexes, which are of interest in catalysis. In the homogenous phase, characterizing these
species is challenging due to their short solution lifetimes. Building on the knowledge attained
from the Rh(l) and Ir(l) focused projects, in Chapter 5, MnMOF-1 was used as support for labile
copper(l) complexes, particularly Cu(l) carbonyl complexes. The metalation of MNMOF-1 with
CuCl led to the formation of MnMOF-1-[Cu(CH3CN)(Cl)] with a tetrahedral coordination
geometry at the added Cu(l) moiety. In order to convert this species into a labile Cu(l) site, a
new methodology was introduced “in-situ anion metathesis”, in which anion exchange with
non-coordinating anions was performed in the presence of small gas molecules that could
bind to the newly formed coordination site. The formation of the MnMOF-1 [CuCO]X (X = BFa,
PFs, OTf) and MNMOF-1-[Cu(C;H4)]BF4 complexes using this strategy was confirmed by SCXRD
and IR spectroscopy. Remarkably this new methodology facilitated the incorporation of
weakly coordinating ligands into the Cu(l) coordination sphere, producing otherwise difficult

to access com plexes.

Well-defined, discrete transition metal complexes with labile ligands crystallized in the solid-
state can undergo the same reaction processes as as organometallic compounds in solution,
such as ligand substitution. By judicious choice of anions or fortuitous crystal packing these
materials can possess a degree of porosity towards small gaseous reagents; however, the
innately non-porous nature of the molecular crystals makes it difficult for larger reagents to
access the metal centers. Therefore, in catalysis applications involving larger substrates, the
intrinsic characteristics of crystalline porous 3D materials such as MOFs makes them superior
materials. MNnMOF-1-[CuCO]BFs; proved to be an excellent candidate for studying ligand

substitution. The carbonyl ligand was successfully substituted for ethylene to give MnMOF-
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1:[Cu(C2H4)]BF4. In order to prove the advantage of using an innately porous material,
MnMOF-1-[CuCO]BF4 was reacted with larger molecules such as toluene, norbornadiene
(NBD) and phenylacetylene (PhC=CH) to yield MnMOEF-1:[Cu(n?-toluene)]BFs, MnMOEF-
1:[Cu(n?-NBD)]BFs and MnMOF-1:[Cu(HC=CPh)]BF4 respectively. Intriguingly, under an inert
gas and non-coordinating solvent, the Cu(l) carbonyl complex did not lose coordinated CO,
demonstrating that the framework of the MOF provides extra stability to the Cu(l) carbonyl
moiety relative to molecular analogues. This material proved to be an excellent platform to

access a broad range of labile complexes and study their substitution chemistry.

Future work will aim to use the isolated copper(l) centers in MnMOF-1-[CuL]X (L= ethylene,
CO; X= BF4, PFs, OTf) for applications such as gas separation and catalysis. The Cu(l) carbonyl
complex was demonstrated to be a labile complex where the CO can be treated as a “place-
holder” ligand. A potential application of the isolated MOF-tethered Cu(l) that has received
considerable attention is gas separation. The separation of gas molecules with similar
physicochemical properties is of great industrial importance. Structural characterization of the
adsorption sites provides insights into how these materials interact with the gas molecules
and can be best developed as future platform materials for gas sorption. Separation of olefin
from paraffin mixtures (e.g. ethylene from ethane) is an important industrial process for which
the efficacy of Cu(l) functionalized MnMOF-1 will be studied. Besides gas separation, Cu(l)
moieties within MnMOF-1 can act as active sites for catalysis. Due to the intrinsic
characteristics of MNnMOF-1 and the isolated labile Cu(l) complex, the material can be used as
a platform to trap catalytic intermediates and characterize them via X-ray crystallography. In
particular, nitrene/carbene transfer are promoted by labile Cu(l) complexes and proceed
through highly reactive intermediates which could potentially be elucidated by

crystallography using MnMOF-1 as a host.

The work described in this thesis has established MnMOF-1 as an exceptional platform to
isolate well-defined organometallic species and employ them for commercially desirable gas
phase catalysis. MNnMOF-1 is a unique porous material that possess a flexible linker and
framework which are critical to achieving high levels of metalation while preserving single-
crystallinity. The salient features of MNMOF-1 such as high crystallinity and porosity, allow the
coordination environment of the host metal to be structurally characterized. This work has

contributed to our understanding of MnMOF-1 and MOF-based catalysis generally by
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developing new strategies for the incorporation and manipulation of site-isolated reactive
metal complexes and confirming the capacity of MOFs to act as platforms for gas-phase
catalysis. Future work will expand on these principles, particularly the use of MOF-bound labile

Cu(l) complexes as earth-abundant catalysts.
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Chapter 7: Appendices

7.1. Supplementary information for Chapter 2

7.1.1 Monitoring solvent exchange within MnMOF-1

Herein, X-ray crystallography was employed to study the effects of solvation in MNMOF-1, in
particular the effect of solvent on the conformation of the free pyrazole sites within the
material. Although it is clear that solvent exchange induces structural transformations (e.g.
‘syn” and ‘anti’ conformation) over the course of 24 hr (5 washes), it is not clear how long it
takes to fully exchange the solvent within the MOF pores and whether the solvent is fully
exchanged within the cavities of framework. To investigate these factors, key solvent
exchange processes from DMF to acetone, acetone to diethyl ether, acetone to DCM, acetone
to THF and acetone to p-xylene were monitored via NMR spectroscopy. For example, MnMOF-
1-as was exchanged with fresh acetone a number of times over the course of 90 minutes, and
after each exchange a portion of the MOF crystals was removed, dried briefly under a flow of
Ar and digested in ds-DMSO/DCI for analysis by NMR spectroscopy. This allowed the
proportion of DMF and acetone to be determined, revealing that solvent exchange takes place
rapidly and is complete within three solvent exchanges.

In the other solvent exchange processes the same method was applied. The trend was similar
to the first experiment described above; the solvent exchange occurs rapidly and is complete
within the first three exchanges. These experiments verify that the solvent exchange
procedure used to prepare samples for crystallographic studies successfully substitute the

solvent within the MOF pores.
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Figure 7.1.1.1. Sample MnMOF-1-DMF was washed recurrently 6 times with acetone during the course of 90
minutes, each time the sample was allowed to soak for the specified time before the next solvent exchange was
performed. After the solvent was changed, a portion of the MOF material was dried briefly under Ar flow and

analyzed by NMR (digested in ds-DMSQ/DCI) to quantify the proportions of DMF and acetone present within the

MOF pores.
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Figure 7.1.1.2. Sample MnMOF-1-ace was washed recurrently 6 times with diethyl ether during the course of 90
minutes, each time the sample was allowed to soak certain time before adding new solvent. After the solvent
was changed, a portion of the material was dried softly under Ar flow and analyzed by NMR (digested in ds-

DMSO/DCI) to quantify the amount of acetone remained in each washed.
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Figure 7.1.1.3. Sample MnMOF-1-ace was washed recurrently 6 times with DCM during the course of 90 minutes,
each time the sample was allowed to soak certain time before adding new solvent. After the solvent was
changed, a portion of the material was dried softly under Ar flow and analyzed by NMR (digested in ds-

DMSO/DCI) to quantify the amount of acetone remained in each washed.
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Figure 7.1.1.4. Sample MnMOF-1-ace was washed recurrently 6 times with THF during the course of 90 minutes,
each time the sample was allowed to soak certain time before adding new solvent. After the solvent was
changed, a portion of the material was dried softly under Ar flow and analyzed by NMR (digested in ds-

DMSO/DCI) to quantify the amount of acetone remained in each washed.
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Figure 7.1.1.5. Sample MnMOF-1-ace was washed recurrently 6 times with p-xylene during the course of 90
minutes, each time the sample was allowed to soak for the specified time before adding new solvent. After the
solvent was changed, a portion of the material was dried softly under Ar flow and analyzed by NMR (digested in

ds-DMSO/DCI) to quantify the amount of acetone remained in each washed.

7.1.2. IR spectroscopy following reaction between solvated MnMOF-1 and [Rh(CO)Cl].
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Figure 7.1.2. IR spectra of MnMOF-1 after reaction with [Rh(CO)2Cl]z in different solvents. The presence of strong
CO stretching bands near 2000 cm™ confirms the successful metalation of MNMOF-1 to form MnMOF-1-
[Rh(CO)2]1[Rh(CO)2Cl2] in p-Xylene, DCM and acetone. The same reaction performed in THF or diethylether does

not result in metalation, as evidenced by the absence of CO stretching bands in the IR spectrum.
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7.1.3. Powder X-ray diffractograms of each sample
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Figure 7.1.3.1. PXRD pattern obtained for MNMOF-1-MeOH (exp) and simulated PXRD pattern generated from

the single crystal X-ray structure (calc).
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Figure 7.1.3.2. PXRD pattern obtained for MnMOF-1-EtOH (exp) and simulated PXRD pattern generated from

the single crystal X-ray structure (calc).
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Figure 7.1.3.3. PXRD pattern obtained for MnMOF-1-ace (exp) and simulated PXRD pattern generated from the

single crystal X-ray structure (calc).
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Figure 7.1.3.4. PXRD pattern obtained for MnMOF-1-DCM (exp) and simulated PXRD pattern generated from the

single crystal X-ray structure (calc).
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Figure 7.1.3.5. PXRD pattern obtained for MnMOF-1-DEE (exp) and simulated PXRD pattern generated from the

single crystal X-ray structure (calc).
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Figure 7.1.3.6. PXRD pattern obtained for MnMOF-1-THF (exp) and simulated PXRD pattern generated from

the single crystal X-ray structure (calc).
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Figure 7.1.3.7. PXRD pattern obtained for MNMOF-1-p-xylene (exp) and simulated PXRD pattern generated from

the single crystal X-ray structure (calc).

Exp.

Intensity (arbitrary units)
1 1

] d Calc

I ! I ! 1

10 20 30
Diffraction Angle (26)

Figure 7.1.3.8. PXRD pattern obtained MnMOF-1:[Rh(CO).][RhCl2(CO):] formed in p-xylene (exp) and simulated

PXRD pattern generated from the single crystal X-ray structure (calc).
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Figure 7.1.3.9. PXRD pattern obtained MnMOF-1:[Rh(CO).][RhCI2(CO):] formed in DCM (exp) and PXRD pattern
obtained MnMOF-1:[Rh(CO)2][RhCI>(CO).] formed in (exp).

7.1.4. Structure refinement details and tables of crystallographic parameters for the structures

specific refinement details

MnMOF-1(MeOH). The structure possessed solvent accessible pores and in order to subtract
the contribution from the disordered solvent, the SQUEEZE routine available in Platon! was
applied to the data. Refinement against the new HKL file gave an improvement in R1, wR2 and
GooF. The disorder of the bispyrazole site was modelled through the use of DFIX, EADP, EXYZ,
FLAT and SIMU restraints.

MnMOF-1(p-xylene). The MOF structure and the solvate p-xylene were well ordered in this
structure. A FLAT restraint was used to help the refinement of a xylene molecule.
MnMOF-1(DEE). The structure possessed solvent accessible pores and in order to subtract the
contribution from the disordered solvent, the SQUEEZE routine available in Platon! was
applied to the data. Refinement against the new HKL file gave an improvement in R1, wR2 and

GooF.
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MnMOF-1(EtOH). Like the methanol solvate, the structure possessed solvent accessible pores
and in order to subtract the contribution from the disordered solvent, the SQUEEZE routine
available in Platon! was applied to the data. Refinement against the new HKL file gave an
improvement in R1, wR2 and GooF. The disorder of the bispyrazole site was modelled through
the use of DFIX, EADP, EXYZ, FLAT and SIMU restraints.

MnMOF-1(DCM). Like the methanol solvate, the structure possessed solvent accessible pores
and in order to subtract the contribution from the disordered solvent, the SQUEEZE routine
available in Platon! was applied to the data. Refinement against the new HKL file gave an
improvement in R1, wR2 and GooF. The disorder of the bispyrazole site was modelled through
the use of DFIX, EADP, EXYZ, FLAT and SIMU restraints.

MnMOF-1(acetone). Like the methanol solvate, the structure possessed solvent accessible
pores and in order to subtract the contribution from the disordered solvent, the SQUEEZE
routine available in Platon® was applied to the data. Refinement against the new HKL file gave
an improvement in R1, wR2 and GooF. The disorder of the bispyrazole site was modelled
through the use of DFIX, EADP, EXYZ, FLAT and SIMU restraints.

MnMOF-1(THF). The structure possessed solvent accessible pores and in order to subtract the
contribution from the disordered solvent, the SQUEEZE routine available in Platon! was
applied to the data. Refinement against the new HKL file gave an improvement in R1, wR2 and
GooF. DFIX restraints were used to aid the refinement of THF molecules located in the

structure.
1. Spek, A. L. PLATON SQUEEZE: a tool for the calculation of the disordered solvent

contribution to the calculated structure factors. Acta. Crystallogr. C Struct. Chem. 2015, 71, 9-
18.
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Table 7.1.4.1. X-ray experimental data for MnMOF-1(MeOH), and MnMOF-1(p-xylene)

Compound MnMOF-1(MeOH) MnMOF-1(p-xylene)
CCDC# 1977797 1977798
Empirical formula C16H21BO; C22H32B204
Formula weight 256.14 382.09
Crystal system monoclinic monoclinic
Space group P21/n P21/c

a/A 13.6508(5) 16.4821(11)
b/A 6.5437(2) 11.7361(7)
c/A 16.0430(5) 12.1569(7)
a/° 90 90

B/ 96.376(3) 110.168(7)
v/° 90 90
Volume/A3 1424.20(8) 2207.4(3)

z 4 4

Pealcg/cm? 1.195 1.150
w/mm? 0.075 0.075
F(000) 552.0 824.0

Crystal size/mm3

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=20 (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

0.49x0.3x0.27

6.73 to 58.652

10719

3452 [Rint = 0.0343, Rsigma = 0.0397]
3452/0/176

1.031

R1=0.0504, wR, =0.1082
R1=0.0681, wR, =0.1172
0.29/-0.24

0.45x0.35x0.25

6.944 to 58.648

7619

7619 [Rsigma = 0.0519]
7619/0/261

0.990

R1=0.0713, wR, =0.1815
R1=0.0936, wR, =0.1906
0.82/-0.29
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Table 7.1.4.1. (cont’d). X-ray experimental data for MnMOF-1(DEE) and MnMOF-1(EtOH).

Compound MnMOF-1(DEE) MnMOF-1(EtOH)
CCDC # 1977799 1977800
Empirical formula Ci7H13F3 Ci17H160
Formula weight 274.27 236.30
Crystal system monoclinic monoclinic
Space group P2./c P2,

a/A 12.6555(4) 6.1082(2)
b/A 11.1090(4) 7.4449(2)
c/A 9.1227(4) 13.4770(5)
a/° 90 90

B/° 98.759(4) 94.885(3)
v/° 90 90
Volume/A3 1267.60(8) 610.64(3)
z 4 2
Pealcg/cm? 1.437 1.285
pu/mm-t 0.113 0.078
F(000) 568.0 252.0

Crystal size/mm3

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [1>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

0.6x0.28 x0.21

6.998 to 58.596

14693

3100 [Rint = 0.0462, Rsigma = 0.0358]
3100/0/181

1.063

R1=0.0464, wR; = 0.0975
R1=0.0629, wR, =0.1063
0.27/-0.26

0.46 x 0.2 x 0.08

7.112 to 58.524

10936

2939 [Rint = 0.0439, Rsigma = 0.0450]
2939/1/164

1.026

R1=0.0425, wR; =0.0871
R1=0.0518, wR, =0.0907
0.19/-0.25
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Table 7.1.4.1. (cont’d). X-ray experimental data for MNnMOF-1[Rh(CO).][RhCl2(CO):](p-xylene), and MnMOF-

1(DCM).
Compound MnMOF-1[Rh(CO).][RhCI>(CO).](p-xylene)  MnMOF-1(DCM)
CCDC # 1977801 1977802
Empirical formula C14H12S CaaHa6Fs
Formula weight 212.30 418.37
Crystal system monoclinic orthorhombic
Space group 12 Pbca
alA 14.0151(5) 9.8589(7)
b/A 6.2442(2) 7.7089(5)
c/A 24.7473(8) 48.243(3)
a/° 90 90
B/° 101.462(4) 90
v/° 90 90
Volume/A3 2122.52(13) 3666.6(4)
z 8 8
Peaicg/cm? 1.329 1.516
wmmt 0.264 0.130
F(000) 896.0 1712.0
Crystal size/mm?3 0.53 x 0.1 x 0.06 0.5x0.1x0.08
20 range  for data o, 58774 6.756 to 58.656
collection/®
Reflections collected 12935 16973

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=20c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e
A3

4914 [Rint = 0.0350, Rsigma = 0.0461]
4914/9/285

1.028

R1=0.0397, wR> = 0.0832
R1=0.0478, wR> = 0.0870

0.26/-0.22

4462 [Rint = 0.0768, Rsigma = 0.1020]
4462/4/327

1.110

R1=0.0879, wR> = 0.1446
R1=0.1475, wR> = 0.1673

0.31/-0.29

Page | 155



Chapter 7

Table 7.1.4.1. (cont’d). Table S1 (cont’d). X-ray experimental data for MNMOF-1(acetone) and MnMOF-

1(THF).

Compound MnMOF-1(acetone) MnMOF-1(THF).
CCDCH 1977803 1977804
Empirical formula C22H16N204 CigH1aN4
Formula weight 372.37 286.33
Crystal system monoclinic triclinic
Space group P21/c P-1

a/A 10.5980(4) 5.9688(3)
b/A 11.5690(5) 9.4191(5)
c/A 14.0558(6) 12.8890(6)
a/° 90 109.120(5)
B/° 91.353(4) 92.769(4)
v/° 90 96.001(4)
Volume/A3 1722.88(12) 678.27(6)
z 4 2
Pealcg/cm3 1.436 1.402
u/mm? 0.100 0.087
F(000) 776.0 300.0

Crystal size/mm3

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

0.4 x0.36 x 0.08

6.786 t0 58.378

15710

4107 [Rint = 0.0651, Rsigma = 0.0889]
4107/0/253

1.007

R1=0.0557, wR, =0.0943
R:1=0.1072, wR, =0.1125
0.26/-0.23

0.5x0.18 x 0.07

6.718 to 58.82

15131

3346 [Rint = 0.0446, Rsigma = 0.0440]
3346/0/199

1.039

R1=0.0473, wR, =0.0912
R1=0.0741, wR, =0.1007
0.30/-0.21

Page | 156



Chapter 7

7.1.5. Thermal ellipsoid plots for all structures at the 50% probability level

Figure 7.1.5.1. The asymmetric unit of MNMOF-1-EtOH, with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level (C, black; H, white; N, aqua; O, red; Rh, orange; Mn, beige).

Figure 7.1.5.2. The asymmetric unit of MnMOF-1-MeOH, with all non-hydrogen atoms represented by ellipsoids

at the 50% probability level (C, black; H, white; N, aqua; O, red; Rh, orange; Mn, beige).
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Figure 7.1.5.3. The asymmetric unit of MnMOF-1-ace, with all non-hydrogen atoms represented by ellipsoids at

the 50% probability level (C, black; H, white; N, aqua; O, red; Rh, orange; Mn, beige).

Figure 7.1.5.4 The asymmetric unit of MnMOF-1-pXylene, with all non-hydrogen atoms represented by ellipsoids

at the 50% probability level (C, black; H, white; N, aqua; O, red; Rh, orange; Mn, beige).
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Figure 7.1.5.5. The asymmetric unit of MnMOF-1-DEE, with all non-hydrogen atoms represented by ellipsoids at
the 50% probability level (C, black; H, white; N, aqua; O, red; Rh, orange; Mn, beige).

Figure 7.1.5.6. The asymmetric unit of MnMOF-1-THF, with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level (C, black; H, white; N, aqua; O, red; Rh, orange; Mn, beige).
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Figure 7.1.5.7.The asymmetric unit of MNMOF-1-DCM, with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level (C, black; H, white; N, aqua; O, red; Rh, orange; Mn, beige).

Figure 7.1.5.8. (left) The asymmetric unit of MNMOF-1-[Rh(CO)2][Rh(CO).Cl>], with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level (C, black; H, pink; N, aqua; O, red; Rh, orange; Mn, beige;
Rh, white). (Right) A perspective view of the chelating site, displaying the coordinating sphere of the Rh(l) centre
and its associated [Rh(CO).Cl] anion.
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7.1.6. Energy Dispersive X-ray Analysis (EDX)

Table 7.1.6.1. Rh(l) occupancy determined via measurement of the Mn:Rh ratio using EDX analysis.

Rh, Chloride occupancy (%)% Std error (%)

MnMOF-1-ace 210 4.7
MnMOF-1-DCM 198 4.3
MnMOF-1-DEE 3 2.5
MnMOF-1THF 5 1.5

9 Average atomic% obtained from four crystals.
b Relative to full occupancy of the free chelation sites in 1.

(o] Rh
IMn| cl

N

[ Min |

|||r|||||||||||||_||||||||||||||
0 1 10

Figure 7.1.6.1. Representative raw EDX spectra for MnMOF-1:[Rh(CO).][RhCl>(CO):] in acetone

Figure 7.1.6.2.SEM images of MnMOF-1:[Rh(CO)2][RhCI2(CO).] in acetone showing (a) an example of a single

crystal (b) a group of crystals.
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7.2. Supplementary information for Chapter 3

7.2.1. Energy Dispersive X-ray (EDX) Analysis

Table 7.2.1.1. Rh(l) and associated anion occupancy determined via measurement of the Mn:Rh ratio and the

Rh:Cl ratio using EDX analysis.

Sample Rh, Chloride occupancy (%)*? Std error (%)
1-[Rh(C2H4)2][Rh(C2H4)2Cl2] 198.6 202.1 4.7
1.ETH-CI 104.2 106.6 54
1-ETH-BF, 101.3 0.8 1.2
1-[Rh(NBD)][Rh(NBD)Cl5] 203.6 206.3 4.1
1-NBD-BF,4 100.8 0.05 0.8
1-NBD-CI 103.2 101.4 3.6
1-MeCN-Cl 101.7 98.7 1.4

9 Average atomic% obtained from three areas.
b Relative to full occupancy of the bis(pyrazole)methane coordinating sites in 1.

a)

Mn

[ETT RS FRY S li.lil.l..l .

5 10 15 kel

Figure 7.2.1.1. Representative raw EDX spectra for 1-[Rh(C2Ha)2][Rh(C2Ha)2Cl2].

Page | 162



Chapter 7

HV | HFW |det [mag O] WD |

det |mag O T R —
10.00 kV_ 298 ym |ETD | 1000 x | 9.0 mm 10.00 KV 199 pm |ETD | 1 500 x |9.1 mm |

Figure 7.2.1.2. SEM images of metalated 1 showing (left) a single crystal and (right) an area of crushed crystals

used for EDX analysis.
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7.2.2. High Resolution Transmission Electron Microscopy (HR-TEM), Selected Area Electron

Diffraction (SAED) and EDX analysis for 1-NBD-Cl after the hydrogenation

Lo 1.

Figure 7.2.2.1. Characterization of 1-NBD-Cl after the hydrogenation. a) HR-TEM image with the corresponding

SAED as an inset. Nanoparticles show the diffraction from hkl planes which match with corresponding metallic

rhodium cubic structure. b) Sketch map of the area selected for EDX element mapping of c) Rhodium, d)

Manganese and e) the corresponding spectra.
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7.2.3. Transmission Electron Microscopy (TEM) data and particle size analysis for 1-NBD-Cl

after the hydrogenation

NUMBER OF PARTICLES
'- M
(=}

6 7 8 9 10

PARTICLE DIAMETER (nm)

Figure 7.2.3.1. HR-TEM image revealing the formation of nanoparticles after the hydrogenation of 1-NBD-CI

(bottom). The insert image (top) is the size distribution histogram of the 1-NP with an average of 7 nm.
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7.2.4. Powder X-ray Diffraction (PXRD) plots

I
. UU M [
1N LJ\W U W 1.ETH-CI

Intensity (arb. units)

_J 1.ETH-BF,
J 1.ETH

T T T v 1
10 20 30

Diffraction Angle (20)

Figure 7.2.4.1. Experimental PXRD plots for 1-ETH, 1-ETH-BF4 and 1-ETH-CI.
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P E— (A W tns b Wi

~—"  Post isomerisation

:«J”}}W Post hydrogenation
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E W 1.ETH-CI

10 20 30
Diffraction Angle (20)

Intensity (arb. units)

L

Figure 7.2.4.2. Experimental PXRD plots for 1-ETH-CI after activation, hydrogenation and butene isomerisation

catalysis.
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—— Post hydrogenation
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Figure 7.2.4.3. Experimental PXRD plots for 1-ETH-BF4 after activation, hydrogenation and butene isomerization

catalysis.

AJ 1.NBD-ClI

Intensity (arb. units)
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Figure 7.2.4.4. Experimental PXRD plots for 1:NBD, 1-NBD-BF4 and 1-NBD-Cl.

_/\_J 1.NBD-BF,
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Post Hydrogenation
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Figure 7.2.4.5. Experimental PXRD plots for 1-NBD-BF after activation and hydrogenation.
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Figure 7.2.4.6. Experimental PXRD plots for 1-NBD-Cl after activation and hydrogenation.
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Intensity (arb. units)

T T T T T T T T T
10 20 30 40 50

Diffraction Angle (20)

Figure 7.2.4.7. Experimental PXRD plot for 1:NP. The rhodium nanoparticles formed during hydrogenation are

too small to produce discernible peaks in the PXRD pattern.
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7.2.5. Single Crystal X-ray Crystallography
7.2.5.1. General Procedures

Single crystals were mounted in Paratone-N oil on a MiTeGen micromount. Single-crystal X-
ray data were collected at 100 K on the MX1 or MX2 beamlines of the Australian Synchrotron?
using the Blue-ice software interface,2 A = 0.71073 A. Absorptions corrections were applied
using empirical methods using SHELXS® or SHELXT# and refined by full-matrix least squares on
F2 by SHELXL,” interfaced through the program X-Seed® or OLEX.” In general, all atoms were
refined anisotropically and hydrogens atoms were included as invariants at geometrically
estimated positions, unless specified otherwise in additional details in supporting information.
Where noted, the data was treated with the SQUEEZE routine available in Platon.® Figures
were produced using the program CrystalMaker. X-ray experimental data is given in Tables
§7.2.5.5.1-57.2.5.5.4. CIF data have been deposited with the Cambridge Crystallographic Data
Centre, CCDC reference numbers CCDC 2003247-2003253.

7.2.5.2. Specific Refinement Details

1-[Rh(NBD)][Rh(NBD)CI;] (1-NBD). The crystals were mounted from acetonitrile (MeCN). A
series of DFIX, SIMU, RIGU and ISOR restraints were used to model the NBD ligands of the
main moiety and the anion. The [Rh(NBD)CIl;] anion is disordered over two sites but the NBD
ligand of the minor component could not be located in the difference map (one Cl ligand lies
in the anion pocket of the MOF and is not disordered). The SQUEEZE routine available in
Platon was applied to the data, which gave a new HKL file. The number of located electrons
was 72 and electron density equating to approximately 1.5 additional MeCN (22e) molecules
per formula unit were removed by the SQUEEZE routine. There are also 3 MeCN molecules

per formula unit that were located in the structure and refined.

1-[Rh(NBD)]CI (1-NBD-Cl). The crystals were mounted from methanol (MeOH). A series of
DFIX, SIMU, and ISOR restraints were used to model the NBD ligands of the main moiety. The
chloride anion is disordered over two sites. The SQUEEZE routine available in Platon was
applied to the data, which gave a new HKL file. The number of located electrons was 1188 and
electron density equating to approximately 16.5 additional MeOH (18e) molecules per

formula unit were removed by the SQUEEZE routine.
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1:-[Rh(NBD)]BF4 (1-NBD-BF4). The crystals were mounted from methanol (MeOH). The data
was of sufficient quality to allow the location and refinement of the methanol (and what
appears to be water molecules). A series of DFIX, EADP, and ISOR restraints were used to
model the solvate molecules. The hydrogen atoms associated with the water molecules were

added to the formula.

1-[Rh(CH2CH2).][Rh(CH2CH>)Cl;] (1-ETH). The crystals were mounted from ethanol (EtOH). A
series of DFIX and SIMU restraints were used to model the primary coordination sphere of
the Rh in the main moiety and the anion. FLAT and SIMU restraints were used to model an
aryl ring of the ligand. The SQUEEZE routine available in Platon was applied to the data, which
gave a new HKL file. The number of located electrons was 573 and electron density equating
to approximately 11 EtOH (26e) molecules per formula unit were removed by the SQUEEZE

routine.

1-[Rh(CH2CH2);]CI (1-ETH-CI). The crystals were mounted from pentane. A series of DFIX and
SIMU restraints were used to model the primary coordination sphere of the Rh in the main
moiety. SIMU restraints were used to model the chelating site of the MOF. The SQUEEZE
routine available in Platon was applied to the data, which gave a new HKL file. The number of
located electrons was 455 and electron density equating to approximately 5.5 pentane (42e)

molecules per formula unit were removed by the SQUEEZE routine.

1:[Rh(CH2CH2):]BF4 (1-ETH-BF4). The crystals were mounted from pentane. A series of DFIX
and EADP restraints were used to model the disordered tetrafluoroborate anion (across two
sites). The SQUEEZE routine available in Platon was applied to the data, which gave a new HKL
file. The number of located electrons was 468 and electron density equating to approximately

5.5 pentane (42e) molecules per formula unit were removed by the SQUEEZE routine.

1-[Rh(MeCN).]Cl. The crystals were mounted from tetrahydrofuran (THF). The Rh(MeCN),Cl
moiety was modelled at 70% occupancy (0.35 due to the mirror plane) despite EDX data
supporting quantitative metalation. The SQUEEZE routine available in Platon was applied to
the data, which gave a new HKL file. The number of located electrons was 443 and electron
density equating to approximately 5.5 THF (40e) molecules per formula unit were removed by

the SQUEEZE routine.
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7.2.5.3. Thermal ellipsoid plots for all structures at the 50% probability level

Figure 7.2.5.3.1. (left) The asymmetric unit of 1:[Rh(NBD)][Rh(NBD)Cl2], with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Rh, orange; Mn,
beige; Cl, green ). (right) A perspective view of the Rh(l) chelation site and associated [Rh(NBD)Cl:] anion (disorder
shown) in 1-[Rh(NBD)][Rh(NBD)CIz] with all non-hydrogen atoms represented by ellipsoids at the 50% probability

level.

Figure 7.2.5.3.2. (left) The asymmetric unit of 1-NBD-BFs, with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level (C, black; H, white; N, light blue; O, red; Rh, orange; Mn, beige; B, dark blue; F, green).
(right) A perspective view of the Rh(l) site in 1- NBD-BF4 with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level.
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Figure 7.2.5.3.3. (left) The asymmetric unit of 1-NBD-Cl, with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level (C, black; H, white; N, light blue; O, red; Rh, orange; Mn, beige; Cl, green). (right) A
perspective view of the Rh(l) site and associated chloride anion (disordered over two positions) in 1-NBD-Cl with

all non-hydrogen atoms represented by ellipsoids at the 50% probability level.

Figure 7.2.5.3.4. (left) The asymmetric unit of 1-[Rh(C2Ha)2][Rh(C2H4)2Cl2] (1-ETH), with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Rh, orange; Mn,
beige; Cl, green). (right) A perspective view of the Rh(l) chelation site and associated [Rh(C2H4)2Cl2] anion in

1:[Rh(C2H4)2][Rh(C2H4)2Cl2] with all non-hydrogen atoms represented by ellipsoids at the 50% probability level.
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Figure 7.2.5.3.5.: (left) The asymmetric unit of 1-ETH-CI, with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level (C, black; H, white; N, light blue; O, red; Rh, orange; Mn, beige; Cl, green). (right) A
perspective view of the Rh(l) site and associated chloride anion in 1-ETH-Cl with all non-hydrogen atoms

represented by ellipsoids at the 50% probability level.

Figure 7.2.5.3.6. (left) The asymmetric unit of 1-ETH-BF4, with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level (C, black; H, white; N, light blue; O, red; Rh, orange; Mn, beige; B, dark blue; F, green).
(right) A perspective view of the Rh(l) site in 1-ETH-BF4 with all non-hydrogen atoms represented by ellipsoids at

the 50% probability level (disorder of the tetrafluoroborate anion shown).
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Figure 7.2.5.3.7. The asymmetric unit of 1:[Rh(MeCN)2]Cl, with all non-hydrogen atoms represented by ellipsoids
at the 50% probability level (C, black; H, white; N, light blue; O, red; Rh, orange; Mn, beige; Cl, green).

7.2.5.4 Fops Electron Density Maps for all structures

Figure 7.2.5.4.1. (a) A perspective view of the chelated Rh(l) complexin 1-[Rh(NBD)][Rh(NBD)CIl.] and the overlaid

electron density map as viewed from the (b) front, (c) top and (d) side of the complex.
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Figure 7.2.5.4.2. (a) A perspective view of the chelated Rh(l) complex in 1-NBD-Cl and the overlaid electron

density map as viewed from the (b) front, (c) top and (d) side of the complex.

Figure 7.2.5.4.3. (a) A perspective view of the chelated Rh(lI) complex in 1-:NBD-BFs4 and the overlaid electron

density map as viewed from the (b) front, (c) top and (d) side of the complex.
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Figure 7.2.5.4.4. (a) A perspective view of the chelated Rh(I) complex in 1:[Rh(C2Ha4)2][Rh(C2Ha4)2Cl2] (1-ETH) and

the overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.

a) b)

Figure 7.2.5.4.5. (a) A perspective view of the chelated Rh(lI) complex in 1-ETH-CI and the overlaid electron

density map as viewed from the (b) front, (c) top and (d) side of the complex.

Page | 177



Chapter 7

Figure 7.2.5.4.6. (a) A perspective view of the chelated Rh(I) complex in 1-ETH-BF4 and the overlaid electron

density map as viewed from the (b) front, (c) top and (d) side of the complex.

Figure 7.2.5.4.7. (a) A perspective view of the chelated Rh(l) complex in 1:[Rh(MeCN):]Cl and the overlaid

electron density map as viewed from the (b) front, (c) top and (d) side of the complex.
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Table S7.2.5.5.1. Crystallographic data collection and refinement parameters for the metalated forms of 1.

Sample

1-[Rh(NBD)][Rh(NBD)CI,]

1-NBD-CI

Crystallographic Parameter
Formula

FW

T,K

Wavelength, A

Crystal system, space group

<®ROTYN
° o Iso T>o

v, A3

dcalc; g/cm3

Absorption coefficient, mm*
F(000)

Crystal size, mm3

20 range for data collection
Index range

Reflections collected
Independent reflections
Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, eA3
Ry, [1>20(1)]

wR,, all data

CCDC Number

C104H104.5C12Mn3N19.5012Rh;
2261

100(2)

Synchrotron (0.71073)
Monoclinic P21/m

2

12.336(3)

33.362(7)

13.082(3)

90

95.42(3)

90

5359.9(19)

1.401

0.762

2320.0

0.3x0.15x 0.06
2.442 to 64.242

-15<h<15, -44<k<44, -18<I<18

94565

14404 [Rint=o.0400, Rsigma=o.0229]

14404/84/658
1.025
3.96/-3.67
0.0948

0.2830
2003248

C93,5H140C|Mn3N12028.5Rh
2251.40

100(2)

Synchrotron (A = 0.71073)
Monoclinic P21/c

4

12.453(3)

33.266(7)

25.637(5)

90

96.44(3)

90

10553(4)

1.417

0.611

4720

0.2x0.11x0.04

2.014 t0 63.75

-18<h<18, -49<k<49, -35<I<35
194532

29921 [Rint=0.1146, Rsigma=0.0844]
29921/113/1022

1.150

2.22/-2.95

0.1240

0.3722

2003247
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Table S7.2.5.5.2. Crystallographic data collection and refinement parameters for the metalated forms of 1.

Sample

1-NBD-BF4

1-[Rh(CzH4)2][Rh(CH2CH2)Cl2]

Crystallographic Parameter
Formula

FW

T,K

Wavelength, A

Crystal system, space group
Z

~®Ro T
° ]>e>°]>o

v, A3

dealc, g/Cm3

Absorption coefficient, mm*
F(000)

Crystal size, mm3

20 range for data collection
Index range

Reflections collected
Independent reflections
Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, eA3
Ry, [1>20(1)]

wR;, all data

CCDC Number

Co1.75H126.25BF4Mn3N12027.25sRh
2187.83

100(2)

Synchrotron (A =0.71073)
Monoclinic P21/c

4

12.462(3)

34.572(7)

25.460(5)

90

98.63(3)

90

10845(4)

1.340

0.572

4559.0

0.25x0.13x0.04

2.002 to 63.698

-18<h<18, -51<k<51, -33<1<33
197727

30418 [Rint=0.0610, Rsigma=0.0337]
30418/35/1368

1.147

2.10/-1.30

0.0719

0.2124

2003249

C105H152C12Mn3N12023Rh2
2391.92

100(2)

Synchrotron (A =0.71073)
Monoclinic P21/m

2

12.362(3)

33.404(7)

13.013(3)

90

97.03(3)

90

5333.2(19)

1.489

0.776

2498.0

0.4 x0.25 x0.05
2.438t058.41
-14<h<14,-39<k<39,-17<1<17
55421

10199 [Rint = 0.0729, Rsigma = 0.0498]
10199/58/566

1.755

1.91/-3.13

0.1840

0.4706

2003252
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Table S7.2.5.5.3. Crystallographic data collection and refinement parameters for the metalated forms of 1.

Sample 1-ETH-CI 1-ETH-BFs
Crystallographic Parameter

Formula Ci106.5H140CIMn3N12012Rh C79H74BFsMn3N12012Rh
FW 2083.48 2134.84

T,K 100(2) 100(2)

Wavelength, A Synchrotron (A = 0.71073) Synchrotron (A = 0.71073)
Crystal system, space group Monoclinic P21/m Monoclinic P21/m

YA 2 2

a, A 12.288(3) 12.239(2)

b, A 32.624(7) 34.061(7)

c, A 12.928(3) 12.913(3)

o’ 90 90

B,° 95.46(3) 99.45(3)

v 90 90

v, A3 5159.1(18) 5310.1(19)

deale, g/cm? 1.341 1.335

Absorption coefficient, mm* 0.607 0.572

F(000) 2192.0 2240.0

Crystal size, mm3 0.4 x0.25 x 0.06 0.40 x 0.20 x 0.05

20 range for data collection 2.496 to 64.324 2.392 to 56.37

Index range -16<h<16,-44<k<44,-16<1<18 -14<h<15,-42<k<42,-16<1<15
Reflections collected 51436 52134

Independent reflections 11410 [Rint = 0.0973, Rsigma =0.0949] 10266 [Rint = 0.0616, Rsigma = 0.0495]
Data/restraints/parameters 11410/110/536 10266/5/526

GOF on F? 0.959 1.120

Largest diff. peak and hole, eA3  1.11/-0.94 1.17/-0.91

Ry, [1>20(1)] 0.1497 0.0975

wR;, all data 0.3869 0.3240

CCDC Number 2003251 2003253
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Table S7.2.5.5.4. Crystallographic data collection and refinement parameters for the metalated forms of 1.

Sample

1-[Rh(MeCN);]CI

Crystallographic Parameter
Formula

FW

T,K

Wavelength, A

Crystal system, space group
z

Q
Do Too I>o

’

’

o T

~

’

Y

v, A3

dcalc, g/cm3

Absorption coefficient, mm™
F(000)

Crystal size, mm3

L R

Theta range for data collection

Index range

Reflections collected
Independent reflections
Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, e-A’3

Ry, [1>20(1)]
wRy, all data
CCDC Number

C109H132CIMn3N14019.5Rh
2253.46

100(2)

Synchrotron (A = 0.71073)
Monoclinic P21/m

2

12.329(3)

32.790(7)

13.037(3)

90

94.16(3)

90

5256.6(18)

1.424

0.608

2354.0

0.22x0.13x0.03

2.484 10 63.618
-15<h<15,-43<k<43,-17<1<17
95799

14009 [Rint = 0.0501, Rsigma = 0.0302]
14009/0/554

1.044

3.47/-2.04

0.1009

0.2896

2003250
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7.2.6. Isotherm data
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Figure 7.2.6.1. N2 isotherm data collected on 1-NP at 77K, after activation from dry acetone at 80°C for 20 hr.

Black squares represent adsorption, open squares represent desorption.
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Figure 7.2.6.2. N; isotherm data collected on 1-ETH-CI at 77K, after activation from dry pentane at RT for 2 hr
(black squares) and following reaction with 1-butene for 3 hr (blue triangles). Colored squares/triangles represent

adsorption, open squares/triangles represent desorption.
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isotherms collected at 77K for 1-ETH-BF4 and 1-ETH-BFs-crushed, displaying the significant loss of

surface area in the crushed sample.
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7.2.7. Nuclear Magnetic Resonance (NMR) data

7.2.7.1 Time resolved NMR data for ethylene hydrogenation
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Figure 7.2.7.1.1. The hydrogenation of ethylene over 1-NP at 46°C proceeds rapidly in the first cycle but slows

down significantly in the second cycle.
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Figure 7.2.7.1.2. The hydrogenation of ethene over a crushed sample of 1-ETH-BF4 at 46°C.
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7.2.7.2 Time resolved NMR data for butene isomerization
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Figure 7.2.7.2.2. Butene isomerization catalyzed by a crushed sample of 1-ETH-BF4 as determined by gas-phase

NMR.
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7.2.7.3. Sample composition analysis using a CO/CH4 probe

Samples of 1-ETH-BF4 and 1-ETH-Cl were activated in a high-pressure NORELL NMR tube using
the same protocol described in the experimental. Following activation, the NMR tube was
dosed with a mixture of 1 bar of CHs and 1 bar of CO. The tube was sealed and transferred to

a Varian Gemini 600 MHz NMR.

Exposure to CO/CH, results in an instantaneous color change form yellow to off-white, which,
in conjunction with the presence of CO stretching bands in the IR spectrum of the MOF
crystals, verified that 1-[Rh(CO),]BF4 and 1-[Rh(CO),]Cl were formed (SI Figure 7.3.2-3). Gas-
phase NMR spectra of the head-space in the NMR tube revealed the amount of ethylene
displaced from the Rh(l) centre (S| Figure 7.3.4-5) via integration of the ethylene and methane

signals; the result is consistent with retention of ~“90% for both samples.

X X'
H 5 co
N N N/\N
77 TN CH, 7 TN
—N N=—7 _— —N N=— + CH4 + CzH4
N\ < X, i
Rh Rh+
YAV, s
X =BFy, Cl X =BF,, Cl

Figure 7.2.7.3.1. Reaction scheme showing the displacement of the ethylene from the Rh(l) center in 1-ETH-BF4
or 1-ETH-Cl in presence of CO/CHa.
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Figure 7.2.7.3.2. Infra-red spectrum of 1-ETH-BF crystals following exposure to CO/CHa, displaying the strong CO

stretches corresponding to the formation of 1-[Rh(CO).]BFa.

Transmittance (arb. units)

v T v T Y T
2200 2100 2000 1900

Wavenumber (cm'1)

Figure 7.2.7.3.3. Infra-red spectrum of 1-ETH-CI crystals following exposure to CO/CHa, displaying the strong CO

stretches corresponding to the formation of 1-[Rh(CO)2]CI.
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Figure 7.2.7.3.4. *H NMR spectrum obtained from the headspace of an NMR tube containing 1-ETH-BFs crystals

following exposure to CO/CHa, displaying the ethylene (5.31 ppm) and methane (0.14 ppm) resonances.
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Figure 7.2.7.3.5. 1H NMR spectrum obtained from the headspace of an NMR tube containing 1-ETH-CI crystals

following exposure to CO/CH4, displaying the ethylene (5.31 ppm) and methane (0.14 ppm) resonances.
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7.2.8. Infrared (IR) Spectroscopy
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Figure 7.2.8.1. Infra-red spectrum (nujol) of 1-ETH-CI crystals following exposure to 1-butene at

46°C, displaying the weak rhodium hydride stretches observed at 2034 and 2000 cm™.
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Figure 7.2.8.2. Infra-red spectrum (nujol) of 1-ETH-Cl crystals following ethylene hydrogenation (1.2 bar ethylene,
0.8 bar H2) at 46°C, displaying the weak rhodium hydride stretches observed at 2026 and 1934 cm™.
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7.2.9. High Pressure Reaction Vessel Details

The high-pressure reactors (Figure SI 9.1) used for post-synthetic metalation of 1 under
ethylene were developed in-house. A 20 ml high-pressure glass tube from Ace glass Inc. (item
7644-15, 15mm thread) sealed via a threaded PTFE plug was drilled to accommodate a

pressure gauge and tap assembly (SI Figure 9.1).

The PTFE solid plug (item 5845-47) with O-RING back seal was modified to add an O-RING front
seal (VITON BS010) and a 1/4" diameter hole was bored through the plug such that the tube

could be evacuated and filled with an appropriate atmosphere.

A flange screw nut #15mm Ace Thread with flange diameter 1.5" x 3/8" thick was 3D printed
in PLA and used to modify the 5845-47 PTFE Solid Plug.

A flanged stud was prepared for insertion through the PTFE lid using a 1/4" UNF x 1.5" long
304 Stainless Steel, hexagon head bolt. The bolt head was modified to accommodate the
flange (flange diameter 0.669" x .109" thickness with 2 x flat edges, 15mm A/F, and 1/8" hole
bored through).

This was assembled by inserting the 5845-47 PTFE solid plug into the 1/4" UNF flanged stud,
via the front seal end, and was screwed together by a 1/4 UNF female to 1/4" NPT, female 304

stainless steel bush adapter, with 2 flat edges, 5/8" A/F.

A Swagelok 1/4" NPT male x 1/4" NPT male stainless-steel hex nipple fitted into bush adapter
with PTFE tape, before the 7644-15 glass connector is assembled to 5845-47 PTFE solid plug.

Swagelok fittings used in the assembly are as follows:

SS-4-HN (Stainless Steel Pipe Fitting, Hex Nipple, 1/4 in. Male NPT)

SS-4-T (Stainless Steel Pipe Fitting, Tee, 1/4 in. Female NPT)

PGI-63B-BG16-LOAX (PGl Series gauge 0-16 bar Lower mount 1/4" male NP)

SS-400-1-4 (SS Swagelok Tube Fitting, Male Connector, 1/4 in. Tube OD x 1/4 in. Male NP)

SS-4PAT (SS Quarter-Turn Instrument Plug Valve, 1/4 in. Swagelok Tube Fitting, 1.6 Cv)
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Teflon tape was applied to all Swagelok fittings with NPT male threads before assembly.
The pressure vessel was pressure tested to 80 psi (5.5 bar) with compressed air for 24 hours.

The glass pressure tube was stored in a 120°C drying oven between use.

Figure 7.2.9.1. Glass pressure vessel fitted with a pressure gauge and tap assembly.
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7.2.10. X-ray Photoelectron Spectroscopy (XPS) Experiments

XPS spectra were acquired in a custom designed UHV systems equipped with an Omicron
EA125 electron analyser and a dual anode X-ray source (Omicron DAR 400). The samples were
dispersed onto carbon tape under N, atmosphere and then left to outgas overnight prior to
the measurements. Due to the insulating nature of the samples, a flood gun was used to
compensate charging effects. The binding energy scale was calibrated used the C 1s spectrum,

which was positioned at 284.8 eV.
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Figure 7.2.10.1. (a) Rh 3d and (b) Cl 2p photoemission spectra of 1-ETH-CI crystals after butene isomerization
(red) and ethylene hydrogenation (black).
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7.2.11. Computational Supplementary Information

Figure 7.2.9.11.1. Structure of the representative Rh complex with bound 1-butene. Rh, orange; C, gray; N, blue;

H, white.

Table $7.2.9.11.1. Relative free energies of the Rh complexes for the proposed mechanism butene isomerization.

Complex AG / k) mol*?

I 4.95
I 12.2
1] 0.00

Table $7.2.9.11.2. Energy barriers obtained by climbing image nudged elastic band for the Rh complexes.

Barrier AE / k) mol?
I=ll 36.6
1B ]]] 14.7

Table S7.2.9.11.3. Relative free energies of the Rh complexes with Cl present for the proposed mechanism

butene isomerization.

Complex AG / k) mol?
I-Cl 3.58
II-Cl -82.5
lI-Cl 0.00
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Table S7.2.9.11.4. Relative free energies of the Rh complexes with BFs present for the proposed mechanism

butene isomerization.

Complex AG / k) mol?
|-BF4 -1.08
II- BF4 -32.2
Il- BFa 0.00

Table $7.2.9.11.5. Simulated surface areas (SA) and probe occupiable pore volumes (PV).

Sample SA/m2g? PV/m3g?
1-ETH-BF4 (disorder 1) 973 0.30
1-ETH-BF4 (disorder 2) 913 0.28
1-ETH-CI (disorder 1) 893 0.29
1-ETH-CI (disorder 2) 867 0.29
1-NBD-BFs (disorder 1) 989 0.29
1-NDB-BF4 (disorder 2) 989 0.29
1:NBD-Cl (disorder 1) 871 0.27
1-NBD-CI (disorder 2) 850 0.26
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Figure 7.2.9.11.2. Mean squared displacement of butane species at 300 K using the NVT ensemble within the
rigid structure of 1-ETH-BF4.
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7.2.11.1 DFT Calculations on butene transport within 1-ETH-X
7.2.11.1.1 Computational details

Despite the above technological methods, first principles were employed to reveal the
catalytic enhancement mechanism of 1-butene isomerization. All the simulations were carried
out using density functional theory (DFT) on the Vienna Ab initio Simulation Package (VASP).*>
10 The interaction between ions and electrons was described by projector-augmented wave
(PAW) method. The electron exchange-correlation energy is performed using generalized
gradient approximation functional with the Perdew-Burke-Ernzerh correction.!! The energy-
cutoffs for all systems were set to be 400 eV. The whole model for the Rh/Mn MOF contains
372 atoms. The criteria for the relaxation of the electronic SC-loop was set to be 1 x 10 eV A-
1. And the relaxation will be stopped after the convergence of forces reached 0.03 eV AL, The
k-points grid was set as (1x1x1) and generated with Gamma centered points. During the
geometry optimization, the ions in reactants, intermediates and products were fully relaxed.
The transition states were located by climbing images nudged elastic band (CI-NEB)*?*3 and

dimmer methods.1*
7.2.11.1.2 Results and discussion

DFT calculations were carried out to gain deep insight into the catalytic action of MOFs in the
isomerization of 1-butene. Figure 7.2.11.1.1 illustrates the potential energy surfaces (PESs) of
1-butene isomerization with and without the presence of MOFs. The bond lengths as well as
atom numbers are labeled in blue. Direct isomerization of 1-butene proceeds with H4 atom
migrating from C3 atom to C1 atom (TS1 in Figure 7.2.11.1.1), but the energy barrier for the

formation of 2-butene is as high as 2.96 eV, indicating a low feasibility of this process.

When the MOF structure exists, the process is significantly promoted. To deeply investigate
the enhancement caused by Rh sites, Bader charges of active sites are analyzed. In the MOF,
each fluorine ion is negatively charged by ~0.83 electron, each boron ion has 2.36 positive
charge, hence the [BF*] group has ~0.96 negative charge. In this paper, the [BF*] anion will not
participate in the 1-butene isomerization directly according to the special structure of MOF.

Instead, the interaction between Rh and C=C double bonds play a dominant role.

As shown in blue lines in Figure 7.2.11.1.1, the isomerization of 1-butene is divided into three

elementary reactions including conformation isomerization and two steps of hydrogen
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migration. Analysis of the differential charge density of IM1 (Figure 7.2.11.1.2) shows that the
1t electrons from C=C double bonds exhibit a strong interaction with the d orbitals of Rh site,
and the valence electrons of Rh somehow donate to the electron densities around C1 and C2,
as observed by Douglas et al.'> Then the conformation IM1 endothermically isomerizes to IM2
with the C3-H4 bond lengthened by 0.10 A. As shown in Figure 7.2.11.1.2, electron densities
are mainly distributed between Rh and C1/C2/C3, which means that the m electrons are
delocalized from C1/C2 to C1/C2/C3. The dehydrogenation of 1-butene (IM2 - TS2) takes
place with a moderate energy barrier of 0.31 eV, and IM3 is formed after the H4 atom
migrating to Rh. The significantly reduced energy barrier is ascribed to the reduced
electrophilicity of C3 atom which causes bond energy of C3-H4 decrease, and hence the
cleavage of C3—H4 bond becomes easier. The Bader charge analysis also shows few electrons

are transferred from H4 to C3.

In IM3, the Rh site loses more electrons, and the Rh—H bonds is unstable especially with the
presence of delocalized 1 electrons. Hence, the negatively charged H4 atom is reactive to
associated with C1 to stabilize the system. Compared to re-isomerize back to C3 atom, H4
favors to transfer to C1 atom (IM3 = IM4) because of high thermodynamic feasibility. The
formation of IM4 owns a moderate energy barrier of 0.17 eV and is exothermic by releasing
energy of 0.88 eV. This process is driven by the symmetry effect. When H4 transfers to C1, 2-
butene is produced with high symmetry. The charges of C2 and C3 are similar. The differential
charge density of IM4 also shows a symmetrically contribution of the molecules. Along the
total pathways of 1-butene (from IM1 to IM4), we can conclude that the H4 migration to the

Rh site is rate-determining step as it occupies the top position in the PES file.

To conclude, the DFT simulation reveals the interaction between 1t electrons and d orbitals of
active Rh site of MOF has a significant enhancement of the 1-butene isomerization by reducing
the energy barrier from 2.96 eV to 0.68 eV in the PES. Hydrogen migration from a-C (C3) to Rh

site is the rate determining step.
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Figure 7.2.11.1.1. Potential energy surfaces of 1-butene isomerization in the absence (black line) and presence

(blue line) of MOF. Bond lengths and atom numbers are labelled in blue.
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Table $7.2.11.1.1. Bader charge of active sites in the intermediates and transition states.

IM1 IM2 TS2 IM3 TS3 IM4
C1 -0.227 -0.226 -0.220 -0.223 -0.224 -0.150
C2 -0.193 -0.172 -0.197 -0.155 -0.087 -0.103
C3 -0.092 -0.076 -0.150 -0.097 -0.200 -0.113
H4 0.033 0.009 0.059 -0.038 0.053 0.092
Rh 0.410 0.436 0.464 0.531 0.478 0.363

Figure 7.2.11.1.2. Differential charge density of intermediates referred in the MOF-promoted 1-butene

isomerization. Blue surface designates the charge density reduced area, and the yellow surface represents the

charge density increased area.
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Figure 7.2.11.1.3.: Periodical structure (1 x 1 x 2) of MOF used in the DFT simulation. The atoms are colored by
H in white, B in green, C in brown, N in silvery white, O in red, F in pink, Mn in purple and Rh in blue.
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7.3. Supplementary information for Chapter 4

7.3.1. Experimental section
7.3.1.1. General Experimental Considerations

Single crystals of MOF 1 were prepared as previously reported.! The chemicals ethylene,
hydrogen, [Ir(C2Ha4)2Cl]2, acetaldehyde were purchased from commercial vendors and used as
received. Samples were handled under standard Schlenk techniques unless otherwise stated.
Solvents were dried using literature procedures and degassed with Ar prior to use. Specifically,
EtOH was dried by refluxing over Mg under N3; acetone was dried from CaSO4 under nitrogen;
and pentane was dried over Na/benzophenone. NaBFs and NaCl used for anion exchange

were stored in a 120°C drying oven.

Powder X-ray diffraction (PXRD) data were collected on a Bruker Advanced D8 diffractometer
(capillary stage) using Cu Ko radiation (A = 1.5456 A , 40 kW/ 40mA, 20 = 2 — 52.94°, phi
rotation = 20 rotation/min, at 1 sec exposure per step with 5001 steps and using 0.5 mm glass
capillaries). Solution NMR spectra were recorded on Varian 500 or 600 MHz instruments at
23°Cusing a 5 mm probe. Gas phase NMR spectra were collected on a Varian Gemini 600 MHz
NMR spectrometer as described below. Infrared (IR) spectra were collected on a Perkin-Elmer
Spectrum Two, with the sample distributed between two NaCl disks in Nujol. High-resolution
transmission electron microscopy (HRTEM) images and diffraction pattern were acquired
using an uncorrected FEI Titan Themis 80-200. Energy dispersive X-ray spectroscopy (EDX) was
performed on a Philips XL30 field emission scanning electron microscope. Gas adsorption
isotherm measurements were performed on an ASAP 2020 Surface Area and Pore Size

Analyser. Activation of samples was carried out as described.
7.3.1.2. Preparation of 1-IrCl

Single crystals of 1 (~24 mg) were placed in a 20 ml glass pressure vessel fitted with a pressure
gauge and Swagelok tap assembly.? The crystals were washed with freshly distilled ethanol (5
x 5 ml) under Ar flow a total of 5 times (the solution was degassed with Ar after each exchange
and the sample was allowed to soak for 1hr between washings). The solution was degassed
with ethylene, excess [Ir(C2Ha)2Cl]2 (30 mg) was added and the pressure tube was sealed under

ethylene (~1.2 bar) and heated at 40°C for 24 hr. The resulting yellow crystals were washed
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with freshly distilled, ethylene degassed ethanol (5 x 5 ml) to remove dissolved Ir precursor.
Insoluble Ir by-products were removed by washing the MOF crystals with dry, ethylene
degassed acetone (5 x 5 ml) under ethylene flow to give 1-IrCl as yellow crystals. IR vmax (nujol,

cm?): 2050, 2016, 1985, 1925, 1608, 1555, 1376, 1304, 1273, 1226, 1173, 1152, 1089, 1049.
7.3.1.3. Preparation of 1:IrBF4

Single crystals of 1-1rCl (~24 mg) were placed in a 20 ml glass pressure vessel fitted pressure
gauge and Swagelok tap assembly. The crystals were washed with freshly distilled methanol
(5 x5 ml) under ethylene flow a total of 5 times (the solution was degassed with ethylene after
each exchange and the sample was soaked for 1 hr between washings). Excess oven dried
NaBFs was added to a small glass ampule which was subsequently submerged in the glass
pressure tube containing the 1:IrCl crystals. The pressure tube was sealed and allowed to
stand at RT for 7 days (BF4). Under ethylene flow, the ampule containing undissolved salt was
removed and the yellow MOF crystals were washed with freshly distilled, ethylene degassed
methanol (5 ml) five times under ethylene flow. IR vmax (nujol, cm™): 2092, 2019, 1934, 1613,
1555, 1376, 1305, 1273, 1181, 1143, 1096, 1067, 1033, 1016.
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7.3.2 Energy Dispersive X-ray (EDX) Analysis

Table $7.3.2.1. EDX analysis data for the iridium and associated anion occupancy determined via measurement

of the Mn:Ir and Ir:Cl ratios.

Sample Ir occupancy (%)*?  Cl occupancy (%)*? Std error (%)
1:-IrCl 81.5 80.4 7.2
1-IrBF, 78.2 0.2 54

9 Average atomic% obtained from three areas.
b Relative to full occupancy of the bis(pyrazole)methane coordinating sites in 1.

0] 2 4 6 8 keV

Figure 7.3.2.1. Representative raw EDX spectra for 1:[Ir(Cz2Ha)2Cl]

Figure 7.3.2.2. SEM images of metalated 1 showing (left) a single crystal and (right) an area of crushed crystals

used for EDX analysis.
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7.3.3 High Resolution Transmission Electron Microscopy (HR-TEM) data

B x
Adlelaide Microscopy

600 nm

Direct Mag: 9300 x
Adelaide Microscopy

Figure 7.3.3.1. Characterization of 1:IrCl after ethylene hydrogenation experiments. a) HR-TEM image and b)

locally amplified HR-TEM. The images showed no detectable iridium nanoparticles.
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Figure 7.3.3.2. Characterization of 1:IrBFs after the ethylene hydrogenation experiments. a) HR-TEM image and
b) locally amplified HR-TEM. The images showed no detectable iridium nanoparticles.
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7.3.4. Powder X-ray Diffraction (PXRD) data
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Figure 7.3.4.1. Experimental PXRD plots for 1:IrCl before and after ethylene hydrogenation experiments.
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Figure 7.3.4.2. Experimental PXRD plots for 1:IrBF4 before and after ethylene hydrogenation experiments.
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7.3.5. Single Crystal X-ray Crystallography
7.3.5.1. General Procedures

Single crystals were mounted in Paratone-N oil on a MiTeGen micromount. Single-crystal X-
ray data were collected at 100 K on the MX1 beamline of the Australian Synchrotron3 using
the Blue-ice software interface,* A = 0.71073 A. Absorption corrections were applied using
empirical methods, the structure solved using SHELXT3* and refined by full-matrix least
squares on F2 by SHELXL,” interfaced through the program X-Seed® or OLEX.” Figures were
produced using the program CrystalMaker. X-ray experimental data is given in Table S2. CIF
data have been deposited with the Cambridge Crystallographic Data Centre, CCDC reference
numbers CCDC 2025173.

7.3.5.2. General Procedures

For most of the MOF structure the atoms were refined anisotropically and hydrogens atoms
were included as invariants at geometrically estimated positions. However, for the bridging
ligand (the site of post-synthetic metalation), which is disordered over two positions, the less
occupied component (A, 0.25 occupancy) and its associated Ir center (Ir3A) were refined with
isotropic refinement parameters. For the main component of the bridging ligand (B, 0.75
occupancy), anisotropic displacement parameters were used in the refinement. The
disordered Ir centers are both on the mirror plane and combined refined to an approximately
0.3 occupancy (0.05 vs 0.25 occupancy for Ir3A vs Ir3B); this is slightly lower than the
metalation yield measured by Energy Dispersive X-ray analysis of ca. 80%, i.e. 0.4 occupancy.
The coordinated ethylene, which was fixed at 0.25 occupancy in line with the refined
occupancy for Ir3B, was also refined with isotropic displacement parameters. The low
occupancy of the Ir3A site and the disorder of the overall metalation site precluded
identification of the coordination environment, but a partial CO and ethylene ligand was
included in the formula in line with the data provided by IR spectroscopy. Overall this model
represents the structure as a [Ir(ETH).Cl] center (Ir3B) and a possible [Ir(CO)(ETH)]CI center
(Ir3A, this appears to have a non-coordinated Cl anion with electron density located in the
“anion binding pocket” of the MOF to provide charge balance, although the presence of water
in this site cannot be excluded). In addition, SIMU, FLAT and ISOR restraints were used for the
refinement of the metalated linker components and the iridium centers. DFIX and EADP

restraints were further used to maintain chemically sensible bond lengths for the bridging and
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ethylene ligands. The data was treated with the SQUEEZE routine available in Platon to
account for the large solvent accessible void volumes in the structure.® To account for the
removed electron density, 8 ethanol molecules (26e) per formula unit were added to the

formula (16 ethanol molecules per unit cell).

7.3.5.3. Thermal ellipsoid plots for 1-IrCl

Figure 7.3.5.3.1. (left) The asymmetric unit of 1:-IrCl with all non-hydrogen atoms represented by ellipsoids at the
50% probability level (Mn, beige; Ir, orange; Cl, green; C, black; N, blue; O, red; H, white). The structural model
includes two disordered bridging ligand components each with a corresponding Ir center bound to the
appropriate pyrazole N-donor. The coordination sphere of one of these iridium centers was refined to include
coordinated ethylene and a coordinated chloride anion, while the coordination sphere of the less occupied Ir
center could not be adequately modelled. (right) A perspective view of the metalated site and associated chloride
anion (disorder shown) in 1:IrCl with all non-hydrogen atoms represented by ellipsoids at the 25% probability

level. This view displays the disorder of the bridging ligand and associated iridium centers, as described above.
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7.3.5.4. Fops Electron Density Maps for 1-IrCl

Figure 7.3.5.4.1 (a) A perspective view of the chelated Ir complex in 1:IrCl (Ir, orange; Cl, green; C, black; N, blue;

0, red) and the overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.
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7.3.5.5. X-ray crystallography data collection and refinement parameters

Table $7.3.5.5.1. Crystallographic data collection and refinement parameters for 1:1rCl.

Sample

1-IrCl

Crystallographic Parameter
Formula

FW

T, K

Wavelength, A

Crystal system, space group
Z

Q

’

mRoOCT
° >o>a>o

o

<

v, A3

dcalc, g/Cm3

Absorption coefficient, mm*
F(000)

Crystal size, mm?

20 range for data collection
Index range

Reflections collected
Independent reflections
Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, eA

R, [1>20(1)]
wR;, all data
CCDC Number

Co0.9H116.1Clo.60Ir0.6MnN3N12020.0
1998.36

100(2)

0.71037

P21/m

2

12.364(3)

33.500(7)

12.912(3)

90

97.29(3)

90

5304.8(19)

1.251

1.181

2074

0.28 x 0.13 x 0.02

2.432 to 58.096
-14<h<15,-40<k<40,-16<1<16
67414

10667 [Rint = 0.0387, Rsigma = 0.0223]
10667/199/576

1.355

1.71/-0.53

R1=0.0924, wR, =0.3047
R1=0.1004, wR; =0.3129
2025173

Page | 212



Chapter 7

7.3.6. Adsorption data
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Figure 7.3.6.1. N2 isotherm data collected on 1:IrCl at 77 K, after activation from dry pentane at RT for 2 hr. Filled

squares represent adsorption, open squares represent desorption.
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Figure 7.3.6.2. N: isotherm data collected on 1:IrBF4 at 77K, after activation from dry pentane at RT for 2 hr.

Filled circles represent adsorption, open circles represent desorption.
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7.3.7. Nuclear Magnetic Resonance (NMR) data
7.3.7.1. Time resolved NMR data for ethylene hydrogenation experiments

1-IrCl and 1:IrBF4 (~2 mg) were washed with freshly distilled acetone (previously degassed with
ethylene) five times under ethylene, allowing the crystals to soak for 1 hr between exchanges.
Subsequently, the crystals were washed with distilled pentane (previously degassed with
ethylene) five times under ethylene, soaked for 1 hr between each exchange. The sample was
pipetted into a pre-weighed NORELL high-pressure NMR tube fitted with a Young's tap under
ethylene flow. The excess pentane was removed before the NMR tube was placed under
vacuum for 2 hrs. The NMR tube then was dosed with ethylene (1 bar, 105 umol) followed by
hydrogen (1 bar, 104 umol). The NMR tube was sealed and placed in a Varian Gemini 600 MHz
NMR spectrometer pre-heated to 46C.

Before the collection the NMR was locked with a benzene (C¢De) charged NMR tube at 46 C,
which was then replaced with the pre-loaded high-pressure NMR tube. A T1 delay of 25 s was
used. The extent of conversion was calculated by the comparison of the
reduction/disappearance in the integral of the alkene CH; resonance of ethylene (5.31 ppm)
and hydrogen (4.57 ppm), and the appearance of the two CHs alkyl resonance of ethane (0.88

ppm). The gas phase chemical shifts are referenced relative to reported data.”
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7.3.7.2. Sample composition analysis using a CO/CH4 probe

Samples of 1:IrCl and 1:IrBF4 were activated in a high-pressure NORELL NMR tube using the
same protocol described in section S7.1. Following activation, the NMR tube was dosed with
a mixture of 1 bar of CHa and 1 bar of CO (or 1 bar of CHs and 1 bar of H, to analyze for ethane).

The tube was sealed and transferred to a Varian Gemini 600 MHz NMR.

Exposure to CO/CH, results in an instantaneous color change from yellow to off-white, which,
in conjunction with the presence of CO stretching bands in the IR spectrum of the MOF
crystals, identifies the major species post CO exposure as 1:[Ir(CO):Cl] and 1:[Ir(CO);BF4] (SI
Figure S7.1 and 7.2-7.3). This indicates that ethylene is released into the headspace of NMR
tube. Gas-phase NMR spectra of the head-space in the NMR tube revealed the amount of
ethylene displaced from the Ir(l) center (Sl Figure 7.4-7.5), via integration of the ethylene and
methane signals; the result is consistent with retention of ~84-79% for both samples (slightly
more than one equivalent per iridium atom). The amount of ethylene present in the catalyst
is 84 mol% ethylene relative to iridium in 1:IrCl (using Energy Dispersive X-ray (EDX) analysis
to identify the amount of iridium); the unquantified ligand was considered as CO (i.e. 16 mol%
CO relative to iridium in 1:IrCl). This suggests a sample composition of 66% 1:IrCI(ETH) and
34% 1-IrCI(ETH/CO). These results are corroborated by the CO/H2 experiments (S| Figure 7.6-
7.7). The same analysis was conducted in the BF4 derivative which was found to have 79 mol%
ethylene relative to iridium and 21 mol% of CO relative to iridium; this suggests a sample
composition of 58% 1:IrBF4(ETH) and 42% 1:1rBF4(ETH/CO). The slight reduction in the amount
of bis-ethylene complex in the BF4 sample may be due to enhanced sensitivity of this complex
towards ethylene loss due to the charged Ir(l) center produced by the non-coordinating BF4

anion, thereby over-estimating the proportion of CO ligated Ir sites in the sample.

x- x-
ﬂ» / \ + CcH, + C,H,
\ CO —N —
\e/ \e/

Figure 7.3.7.2.1. Reaction scheme showing the displacement of the ethylene from the Ir(l) center in 1:IrCl or
1:1rBF4 in presence of CO/CHa.

z—Z=
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Figure 7.3.7.2.2. Infra-red spectrum of 1:IrCl crystals following exposure to CO/CHa, displaying the strong CO
stretches corresponding to the formation of 1-[Ir(CO)2Cl] as the major product.
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Figure 7.3.7.2.3. Infra-red spectrum of 1:IrBF4 crystals following exposure to CO/CHa, displaying the strong CO

stretches corresponding to the formation of 1-[Ir(CO)2BF4] as the major product.
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Figure 7.3.7.2.4. 'H NMR spectrum obtained from the headspace of an NMR tube containing 1:IrCl crystals

following exposure to CO/CHa, displaying the ethylene (5.31 ppm) and methane (0.14 ppm) resonances.
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Figure 7.3.7.2.5. 'H NMR spectrum obtained from the headspace of an NMR tube containing 1-IrBFs crystals

following exposure to CO/CHa, displaying the ethylene (5.31 ppm) and methane (0.14 ppm) resonances.
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Intensity (arb. units)
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Figure 7.3.7.2.6. 'H NMR spectrum obtained from the headspace of an NMR tube containing 1-IrCl crystals
following exposure to H2/CHa, displaying the hydrogen (4.57 ppm), ethane (0.88) and methane (0.14 ppm)

resonances.
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Figure 7.3.7.2.7. 'H NMR spectrum obtained from the headspace of an NMR tube containing 1-IrBFs crystals
following exposure to H2/CHa, displaying the hydrogen (4.57 ppm), ethane (0.88) and methane (0.14 ppm)

resonances.

Page | 218



Chapter 7

7.3.8. Infrared (IR) Spectroscopy
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Figure 7.3.8.1. Infra-red spectrum (nujol) of 1-IrCl and 1:IrBF4 crystals before and after hydrogenation catalysis,
displaying minor changes in the stretching frequency of CO ligands upon exchange of the chloride anion for BFa

and following hydrogenation.
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Figure 7.3.8.2. Infra-red spectrum (nujol) of an iridium metalated sample of 1 synthesized in the presence of
acetaldehyde (metalation at 65C in ethanol with acetaldehyde) (B) and a sample of iridium metalated 1 following
exposure to acetaldehyde post-synthesis (1:IrCl heated at 65C in ethanol with acetaldehyde) (A). In both
samples, strong CO stretches are observed at 2088/2025 cm™ which indicate the formation of gem dicarbonyl
complexes of iridium, supporting the proposal that the decarbonylation of acetaldehyde (generated by ethanol

dehydrogenation) is the origin of the CO-ligated by-products present in 1:IrCl.
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7.4. Supplementary information for Chapter 5

7.4.1. Energy Dispersive X-ray (EDX) analysis

Table 7.4.1: Cu(l) and associated anion occupancy determined via measurement of the Mn:Cu ratio and the Cu:Cl

ratio using EDX analysis.

Cu, occupancy Cl occupancy Std error

sample (%)% (%) (%)
MnMOF-1-[Cu(CH3CN)(Cl)] 101.5 110.3 7.6
MnMOF-1-[Cu(C2H4)]BF4 102.3 0.8 1.2
MnMOF-1-[CuCO]BF4 106.2 0.2 3.5
MnMOF-1-[CuCO]PFe 104.2 0.5 4.1
MnMOF-1-[CuCO]OTf 99.7 0.4 3.9

@ Average atomic% obtained from three areas of crystals.
b Relative to full occupancy of the bis(pyrazole)methane coordinating sites in 1.

s

Figure 7.4.1: Representative raw EDX spectra for MNMOF-1-[Cu(CH3CN)(Cl).
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Figure 7.4.2: SEM image of metalated MnMOF-1 showing an area of crushed crystals used for EDX analysis.
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7.4.2. Powder X-ray Diffraction (PXRD) plots

LMl hrbr it At MNMOF-1-[Cu(MeCN)Cl]
bsabbaoo. b e i s MnMOF-1 -[Cu(CO)]BF,
MnMOF-1 -[Cu(CO)]BF
MnMOF-1 -[Cu(CO)]OTf
MnMOF-1 -[Cu(CO)]BF,
MnMOF-1 -[Cu(n?-Toluene)]BF,
MnMOF-1 -[Cu(HC=CPh)]BF,
MnMOF-1 -[Cu(n2-NBD)]BF,
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Figure 7.4.2.1: Experimental PXRD plots for MnMOF-1:-[Cu(MeCN)Cl], MnMOF-1-[Cu(CO)]BFs, MnMOF-
1-[Cu(CO)]PFs, MnMOF-1-[Cu(CO)]OTf, MnMOF-1-[Cu(C2H4)]PFs, MnMOF-1-[Cu(n?-Toluene)]BFs, MnMOF-
1-[Cu(HC=CPh)]BF4 and MnMOF-1:[Cu(n2-NBD)]BFa4. The flexibility of the framework causes slight shifts in the
PXRD peak positions and intensity upon changes in the solvent and loss of solvent during sample preparation for
PXRD.
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Figure 7.4.2.2: Experimental PXRD plots after the isotherms for MNMOF-1:[Cu(CO)]BF4, MNMOF-1:[Cu(CO)]OTf,
and MnMOF-1-[Cu(CO)]PFs. The flexibility of the framework causes slight shifts in the PXRD peak positions and

intensity upon changes in the solvent and loss of solvent during activation and/or sample preparation for PXRD.
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7.4.3 Single Crystal X-ray Crystallography

7.4.3.1. General Procedures

Single crystals were mounted in Paratone-N oil on a MiTeGen micromount. Single-crystal X-
ray data were collected at 100 K on the MX1 or MX2 beamlines of the Australian Synchrotron
using the Blue-ice software interface,® A = 0.71073 A. Absorption corrections were applied
using multiscan methods using XDS,% 3 the structures solved using SHELXS or SHELXT,* > and
refined by full-matrix least squares on F2 by SHELXL,® interfaced through the program X-Seed
or OLEX.” 8 In general, all atoms were refined anisotropically and hydrogens atoms were
included as invariants at geometrically estimated positions, unless specified otherwise in
additional details in supporting information. Where noted, the data was treated with the
SQUEEZE routine available in Platon® or using the solvent masking feature of Olex. Figures
were produced using the program CrystalMaker. X-ray experimental data is given in Tables
7.4.3.5.1-7.4.3.5.5. CIF data have been deposited with the Cambridge Crystallographic Data
Centre, CCDC reference numbers CCDC 2071194-2071203.

7.4.3.2. Specific Refinement Details

MnMOF-1:[Cu(CHsCN)(Cl)]. The coordination environment of the added [Cu(CH3CN)(Cl)]
moieties (two independent positions with different coordination environments) is significantly

disordered. A series of SIMU, RIGU, and ISOR restrains were used to allow refinement.

MnMOF-1:[CuCO]BF4. SIMU, RIGU and DFIX restraints were used to refine the Cu-CO moiety

with chemically sensible bond lengths.

MnMOF-1:[CuCO]PFe. SIMU, RIGU and DFIX restraints were used to refine the Cu-CO moiety
with chemically sensible bond lengths. Additionally, SIMU and RIGU restraints were used
stabilizing the refinement and attaining chemically sensible ellipsoids for the organic linkers
of the MOF.

MnMOF-1-[CuCO]OTf. SIMU, RIGU and DFIX restraints were used to refine the Cu-CO moiety
with chemically sensible bond lengths. A significant proportion of the Cu centers had
undergone hydrolysis to form [Cu(OH2)]; this was approximately 50:50 in one instance and
mainly the [Cu(OH2)] complex rather than the target [CuCO]OTf species in the other
crystallographically independent site. SIMU, RIGU, DFIX and ISOR restraints were also used to

allow refinement of the cyclohexane solvate molecules.
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MnMOF-1-[Cu(C;H4)]BFa. SIMU, RIGU, ISOR and DFIX restraints were used to refine the Cu-
(C2H4) moiety with chemically sensible bond lengths. Additional ISOR restraints were used for
the fluorine atoms of the tetrafluoroborate anion.

MnMOF-1:[CuBFs]. The BF4 anion is disordered over four positions in the structure; two
crystallographically independent sites and two sites generated by a mirror plane. Due to the
relatively low occupancy in each site (0.25) a model of the BF4 anion from the FragmentDB
library was used to allow isotropic refinement (DFIX, SADI restraints). SIMU and RIGU
restraints were also used for the Cu(BF4) moiety and parts of the organic linkers of the MOF
(rotational disorder). There was a small amount of residual CuCO moiety from the starting
material present in the sample (MnMOF-1:-[CuBFs;] was formed by evacuating MnMOF-
1-[CuCO]BF4 and resolvating the crystals), but this could not be modelled.

MnMOE-1-[Cu(n?-Toluene)]BF4. DFIX, SIMU, RIGU and ISOR restraints were used to allow the

refinement of the toluene solvate molecules.

MnMOEF-1 -[Cu(n2-NBD)]BF4. DFIX, SIMU, RIGU and ISOR restraints were used to allow the
refinement of the coordinated norbornadiene (NBD), tetrafluoroborate anion, and toluene

solvate molecules.

MnMOE-1 -[Cu(n%(HC=CPh)]BF4. A large series of restraints (FLAT, SIMU, RIGU, EADP, ISOR
and DFIX) were used to allow the refinement of the coordinated phenylacetylene (PhCCH),
organic linkers, and phenylacetylene solvate molecules. The non-coordinated
phenylacetylene molecules were also refined with isotropic displacement parameters (ca.
50% occupied). Finally, due to disorder, the tetrafluoroborate anion could not be located in

the structure, although a possible site in the known anion pocket was identified.
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7.4.3.3. Thermal ellipsoid plots for all structures at the 50% probability level

b

Figure 7.4.3.3.1. (left) The asymmetric unit of MnMOF-1-[Cu(CH3CN)(Cl)], with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn,
beige; Cl, green ). (top/bottom right) A perspective view of the crystallographically distinct Cu(l) chelation sites
with all non-hydrogen atoms represented by ellipsoids at the 50% probability level.
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Figure 7.4.3.3.2. (left) The asymmetric unit of MNnMOF-1-[CuCO]BF4, with all non-hydrogen atoms represented
by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn, beige; B,
grey; F, green). (right) A perspective view of the Cu(l) chelation site with all non-hydrogen atoms represented by
ellipsoids at the 50% probability level.
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Figure 7.4.3.3.3. (left) The asymmetric unit of MnMOF-1-[CuCO]PFe, with all non-hydrogen atoms represented
by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn, beige; P,
orange; F, green). (right) A perspective view of the Cu(l) chelation site with all non-hydrogen atoms represented
by ellipsoids at the 50% probability level.
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Figure 7.4.3.3.4. (left) The asymmetric unit of MNMOF-1-[CuCO]OTf, with all non-hydrogen atoms represented
by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn, beige; S,
yellow; F, green). (right) A perspective view of the two Cu(l) chelation site with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level.
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Figure 7.4.3.3.5. (left) The asymmetric unit of MnMOF-1-[Cu(C2H4)]BF4, with all non-hydrogen atoms represented
by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn, beige; B,
grey; F, green). (right) A perspective view of the Cu(l) chelation site with all non-hydrogen atoms represented by

)
X 2

ellipsoids at the 50% probability level.

0 a0,

Figure 7.4.3.3.6. (left) The asymmetric unit of MnMOF-1-[CuBF], with all non-hydrogen atoms represented by
ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn, beige; B, grey;
F, green). (right) A perspective view of the Cu(l) chelation site with all non-hydrogen atoms, except the disordered

tetrafluoroborate anion represented by ellipsoids at the 50% probability level.
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Figure 7.4.3.3.7. (left) The asymmetric unit of MNMOF-1:[Cu(n?-Toluene)]BFs with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn,
beige; B, grey; F, green). (right) A perspective view of the Cu(l) chelation site with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level.

o®
—
4
o
\(74'\;)!‘#4
ol L \
v s 0g¥
P Ad
¢ - —-'}\y )

Figure SI 3.3.8: (left) The asymmetric unit of MNMOF-1 [Cu(n?-NBD)]BF4 with all non-hydrogen
atoms represented by ellipsoids at the 50% probability level (C, black; H, white; N, light blue;
O, red; Cu, dark blue; Mn, beige; B, grey; F, green). (right) A perspective view of the Cu(l)

chelation site with all non-hydrogen atoms represented by ellipsoids at the 50% probability
level.
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Figure 7.4.3.3.9. (left) The asymmetric unit of MNMOF-1 [Cu(n?(HC=CPh)]BF. with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn,
beige). (right) A perspective view of the Cu(l) chelation site with all non-hydrogen atoms represented by ellipsoids

at the 50% probability level. The tetrafluoroborate anion required for charge balance could not be satisfactorily

modelled due to disorder.
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Figure 7.4.3.3.10. (left) The asymmetric unit of MnMOF-1:[Cu(H.0)]OTf, with all non-hydrogen atoms
represented by ellipsoids at the 50% probability level (C, black; H, white; N, light blue; O, red; Cu, dark blue; Mn,

beige; S, yellow; F, green). (right) A perspective view of the two Cu(l) chelation site with all non-hydrogen atoms

represented by ellipsoids at the 50% probability level.
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7.4.3.4. Electron density plots for all structures at the 50% probability level

Figure 7.4.3.4.1. (a) A perspective view of the first chelated Cu(l) complex in MNMOF-1:-[Cu(CH3CN)(Cl)], and the

overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.

Figure 7.4.3.4.2. (a) A perspective view of the second chelated Cu(l) complex in MNnMOF-1-[Cu(CHsCN)(Cl)], and

the overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.
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Figure 7.4.3.4.3. (a) A perspective view of the chelated Cu(l) complex in MNMOF-1:-[CuCO]BF4, and the overlaid

electron density map as viewed from the (b) front, (c) top and (d) side of the complex.

3

Figure 7.4.3.4.4. (a) A perspective view of the chelated Cu(l) complex in MNMOF-1-[CuCO]PFs, and the overlaid

electron density map as viewed from the (b) front, (c) top and (d) side of the complex.
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Figure 7.4.3.4.5. (a) A perspective view of the first chelated Cu(l) complex in MNnMOF-1:[CuCO]OTf, and the
overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.

Figure 7.4.3.4.6. (a) A perspective view of the second chelated Cu(l) complex in MNMOF-1-[Cu(H20)]OTf, and the

overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.
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Figure 7.4.3.4.7. (a) A perspective view of the chelated Cu(l) complex in MnMOF-1-[Cu(C2H4)]BFs, and the
overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.

Figure 7.4.3.4.8. (a) A perspective view of the chelated Cu(l) complex in MnMOF-1:[Cu(BF4)], and the overlaid
electron density map as viewed from the (b) front, (c) top and (d) side of the complex. The BF4 anion is disordered

over two crystallographically distinct positions, which gives a total of four positions due to symmetry.
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Figure 7.4.3.4.9. (a) A perspective view of the chelated Cu(l) complex in MnMOF-1 [Cu(n?Toluene)]BFa, and the
overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.

Figure 7.4.3.4.10. (a) A perspective view of the chelated Cu(l) complex in MnMOF-1-[Cu(n?>-NBD)]BFs, and the

overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.
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i
o

Figure 7.4.3.4.11. (a) A perspective view of the chelated Cu(l) complex in MnMOF-1-[Cu(n?(HC=CPh)]BF4, and the
overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.

iy

2o

~
.

Figure 7.4.3.4.12. (a) A perspective view of the chelated Cu(l) complex in MnMOF-1-[Cu(H20)]OTf, and the

overlaid electron density map as viewed from the (b) front, (c) top and (d) side of the complex.
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7.4.3.5 Tables of X-ray crystallography data collection and refinement parameters

Table 7.4.3.5.1. Crystallographic data collection and refinement parameters for the metalated forms of MnMOF-

1.

Sample

MnMOF-1-[Cu(MeCN)Cl]

MnMOF-1-[Cu(CO)]BF4

Crystallographic Parameter
Formula

FW

T, K

Wavelength, A

Crystal system, space group

<®ROTHN
° o 5o T>o

v, A3

deale, g/Cm3

Absorption coefficient, mm*
F(000)

Crystal size, mm3

20 range for data collection

Index range
Reflections collected
Independent reflections

Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, eA3
Ry, [1>20(1)]

wR,, all data

CCDC Number

C79H72CICuMn3N14012
1673.31

100(2)

0.71073
Monoclinic, P21/m
4

12.349(3)
32.650(7)
25.851(5)

90

94.01(3)

90

10397(4)

1.069

0.636

3444.0

0.2x0.14 x0.03
2.012 t0 53.126

-15<h<15,-41<k<41,-31<1<31

155120

20537 [Rint= 0.0922,

0.0441]
20537/232/1094
1.031

0.93/-0.93
0.0927

0.2693

2071195

C76HesN12013Mn3CuF4B
1670.57

100(2)

0.71073

Monoclinic, P21/c

4

12.379(3)

34.724(7)

25.893(5)

90

97.79(3)

90

11027(4)

1.006

0.581

3420.0

0.25x0.14 x0.04
1.974 t0 57.998
16<h<16,-42<k<42,-34<|
<34

136232

22483 [Ri= 0.0687, Raigma =
0.0335]
22483/74/1003

1.085

1.07/-1.93

0.1052

0.3229

2071198
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Table 7.4.3.5.2. Crystallographic data collection and refinement parameters for the metalated forms of MnMOF-
1.

Sample

MnMOF-1-[Cu(CO)]PFs

MnMOF-1:[Cu(CO)]OTf

Crystallographic Parameter
Formula

FW

T, K

Wavelength, A

Crystal system, space group
YA

<~®RoTY
o o Too Too

v, A3

dcale, g/Cm3

Absorption coefficient, mm*
F(000)

Crystal size, mm3

20 range for data collection

Index range
Reflections collected
Independent reflections

Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, eA3

R, [1>20(1)]
wR;, all data
CCDC Number

C76HesCuFsMn3N12013P
1728.73

100(2)

0.71073

Monoclinic, P21/m

4

12.373(3)

35.910(7)

25.894(5)

90

97.46(3)

90

11408(4)

1.007

0.580

3532.0

0.19x0.12 x0.02
1.586 to 59.55
-16£h<16,-42<k<43,-34<1<35

138660
22998
0.1023]
22998/1587/1042
1.262

0.71/-0.82

0.1657

0.4992

2071196

[Rint = 0.1823, Rsigma =

Ci61.5H150CuU2FsMNeN2403,S:
3573.89

100(2)

0.71073

Triclinic, P-1

2

12.395(3)

25.853(5)

35.414(7)

87.98(3)

88.86(3)

81.34(3)

11211(4)

1.059

0.594

3674.0

0.22 x0.14 x0.03

1.594 to 64.368
-14<h<14,-34<k<34,-47<I<
47
172176
55852
0.1035]
55852/298/2195
1.368

2.30/-1.10
0.1698

0.4640

2071197

[Rint = 0.0897, Rsigma =
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Table 7.4.3.5.3. Crystallographic data collection and refinement parameters for the metalated forms of MnMOF-

1.

Sample

MnMOF-1:[Cu(BF)]

MnMOF-1-[Cu(NBD)]BF4

Crystallographic Parameter
Formula

FW

T, K

Wavelength, A

Crystal system, space group

RO T N
Do Ioo I

v, A3

deale, g/Cm3

Absorption coefficient, mm*
F(000)

Crystal size, mm3

20 range for data collection

< ™

Index range
Reflections collected
Independent reflections

Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, eA3
Ry, [1>20(1)]

wR;, all data

CCDC Number

C75Hs0Bo.sCuF3.2Mn3N1201,
1619.15

100(2)

0.71073
Monoclinic, P2:/m
2

12.437(3)
34.935(7)
12.903(3)

90

98.27(3)

90

5548(2)

0.969

0.574

1654.0

0.18 x0.11 x0.02
2.332 t0 63.762

-16<h<16,-47<k<47,-15<1<15

85376
14627
0.0699]
14627/141/539
1.351
0.83/-1.22
0.1432

0.4647
2071201

[Rne= 0.0994,

Rsigma =

Co2.5Hs3BCuFsMn3N1,012
1869.87

100.0

0.71073

Monoclinic, P21/c

4

12.356(3)

34.639(7)

25.985(5)

90

96.94(3)

90

11040(4)

1.125

0.587

3852.0

0.19 x0.09 x 0.04

1.968 to 64.284
-17<h<17,-46 <k<46,-35<|
<34

189007
29194 [Rint =
0.0573]
29194/251/1157
1.040

1.05/-1.17
0.0892

0.2966

2071194

0.0955, Rsigma =
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Table 7.4.3.5.4. Crystallographic data collection and refinement parameters for the metalated forms of MnMOF-

1.

Sample

MnMOF-1-[Cu(Tol)]BF4

MnMOF-1-[Cu(PhC.H)]BF4

Crystallographic Parameter
Formula

FW

T,K

Wavelength, A

Crystal system, space group

TROTEN
° o o T>o

o

<

v, A3

dealc, 8/cm3

Absorption coefficient, mm*
F(000)

Crystal size, mm3

20 range for data collection

Index range
Reflections collected
Independent reflections

Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, eA3
Ry, [1>20(1)]

wR,, all data

CCDC Number

C103HosBCuFsMn3N1,012
2008.07

100

0.71073

Monoclinic, P21/c

4

12.367(3)

34.582(7)

25.915(5)

90

97.89(3)

90

10978(4)

1.215

0.595

4152.0

0.19x0.08 x 0.03
1.976 to 64.316
-14<h<14,-46<k<46,-35<1<35

198103
29451
0.0377]
29451/68/1240
1.053
0.88/-0.77
0.0602

0.1849
2071203

[Rint= 0.0728,

Rsigma =

Co1H78CuMn3N12012

1760.01

100.15

0.71073

Triclinic, P-1

2

12.325(3)

12.935(3)

34.437(7)

90.50(3)

92.33(3)

99.98(3)

5402(2)

1.082

0.591

1816.0

0.17 x0.07 x 0.03

2.368 to 63.708
-18<h<18,-17<k<17,-46 < |
<46
83918
24783
0.1237]
24783/604/1019
1.388

0.56/-1.25
0.2025

0.5691

2071200

[Rint = 0.1420, Rsigma =
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Table 7.4.3.5.5. Crystallographic data collection and refinement parameters for the metalated forms of MnMOF-

1.

Sample

MnMOF-1-[Cu(H.0)]OTf

MnMOF-1-[Cu(C;H4)]BF4

Crystallographic Parameter
Formula

FW

T,K

Wavelength, A

Crystal system, space group

oTe N
o I>o Do

o

> Q

’
°

v, A3

dealc, 8/cm3

Absorption coefficient, mm*
F(000)

Crystal size, mm3

20 range for data collection

<

Index range
Reflections collected
Independent reflections

Data/restraints/parameters
GOF on F?

Largest diff. peak and hole, eA3
Ry, [1>20(1)]

wR,, all data

CCDC Number

Co1Ho6Cu1.02F3MN3N12017.55

1956.48

100(2)

0.71073
Triclinic, P-1

2

12.456(3)
12.898(3)
35.140(7)
88.09(3)
85.82(3)
79.80(3)
5540(2)

1.173

0.612

2027.0
0.23x0.14 x0.03
2.324 t0 64.332

-16<h<16,-19<k<19,-47<1<47

96363
28163
0.0554]
28163/253/1191
1.295
1.12/-1.21
0.1100

0.3711

2071202

[Rint =

0.0551,

Rsigma =

C77H70BCuFsMn3N1,012

1670.62

100(2)

0.71073

Monoclinic, P21/c

4

12.298(3)

34.353(7)

25.793(5)

90

98.30(3)

90

10783(4)

1.029

0.594

3428.0

0.2x0.07 x0.02

1.988 to 58.356

-16 £h<16,-45<k<45,-34<|
<34

139847
23497 [Rint=
0.0444]
23497/50/999
1.297
1.59/-0.75
0.1074
0.3510
2071199

0.0750, Rsigma =
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7.4.4. Isotherm data
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Figure 7.4.4.1: N; isotherm data collected on MnMOF-1-[CuCO]BF4 at 77K, after activation from dry
pentane at RT for 2 hours. Coloured circles represent adsorption, open circles represent desorption.
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Figure 7.4.4.2: N; isotherm data collected on MnMOF-1-[CuCO]PFs at 77K, after activation from dry
pentane at RT for 2 hours. Coloured circles represent adsorption, open circles represent desorption.
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Quantity Adsorbed (cm®/g STP)
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Figure 7.4.4.3: N; isotherm data collected on MnMOF-1:[CuCO]OTf at 77K, after activation from dry
pentane at RT for 2 hours. Coloured circles represent adsorption, open circles represent desorption.
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7.4.5. Infrared (IR) spectroscopy

MnMOF-1:[Cu(CO)]BF,

Transmittance (arb. units)

Free CO

2250 2200 2150 2100 2050 2000
Wavenumber (cm'1)

Figure 7.4.5.1: Infra-red spectrum (neat) of MnMOF-1-[CuCO]BF4 following exposure to vacuum for two
hours (CO loss) and dosing with carbon monoxide to regenerate the MnMOF-1:[Cu(CO)]BF4. To remove
as much excess CO as possible, the sample chamber was briefly flushed with Argon. The IR spectrum
displays the copper carbonyl stretch observed at 2105 cm™ and excess free CO trapped in the MOF pellet.
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7.4.6. Formation of MNMOF-1-[Cu(OH,)]OTf

We noted that when insufficiently dried triflate was used to perform the anion metathesis
ligand exchange of MnMOF-1-[Cu(MeCN)CI] in presence of CO, a trigonal planar Cu(l) aqua
complex was formed. We postulate that water entered via the highly hydroscopic NaOTf salt
during handling. As outlined in Chapter 7.4.3.2 and in Figure 7.4.3.3.4, MnMOF-1-[Cu(CO)]OTf
features a mixture of trigonal planar Cu(CO) sites and trigonal planar Cu(OH) sites, indicating
that complete prevention of water coordination (presumably from the hydroscopic NaOTf
salt) is difficult. In one instance, presumably due to excessive moisture present in the NaOTf
salt, a sample of MnMOF-1-[Cu(OH,)]OTf was obtained in which negligible coordinated CO is
present. The crystal structure revealed a trigonal planar Cu(OH;) moiety, commensurate with
the minor component observed in MnMOF-1:[Cu(CO)]OTf, with Cu-OH; bond length of
1.890(16). The triflate anion is located in the MOF pore as observed in MnMOF-1-[Cu(CO)]OTf.
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7.4.7. In-situ IR spectroscopy cell

The In-situ FTIR cell (Figure SI 6.1) used to assess the stability of 1:[CuCO]BF. was developed

in-house.
In-situ FTIR cell assembly:

65mm x 16mm, 304ss, 2 Port, OR, and Tapped, with an internal volume of 25 ml. Mini Ball
Valve, BRS, N/P SCD M/ F %” 8MM connected to both ports. Stainless Steel Swagelok Tube
Fitting, Male Elbow, 1/4 in. Tube OD x 1/4 in. Male ISO Tapered Thread connected to Mini Ball

Valves.

Viewport Flange - 65mm x 16mm, 304ss, OR, and bolted to IR Sampling Chamber backside
using M3 x 16 304ss Hex. Socket Cap Screws.

Lens — NaCl disks 25.4mm x 5.1mm and fitted to inside of Viewport Flange bore.

Lens Cap - 40mm x 16mm, 304ss, OR, and bolted to Viewport Flange outer face using M3 x 10
304ss Hex. Socket Cap Screws.

Lens: 25.4mm x 5.1mm Quartz and fitted to inside IR Sampling Chamber frontside bore.

Slide Holder - 50.4mm x 76.5mm x 5.5mm x 16mm BORE, 304ss, OR, and bolted to IR Sampling

Chamber frontside using M3 x 10 304ss Countersink Head Hex. Screws.
Sample Holder Assembly:

Front Flange - 37mm x 16mm, Tapped, 304ss and bolted internally to IR Sampling Chamber
using M2 x 8 304ss Hex. Socket Cap Screws. Back Flange —37mm x 16mm, Clearance, 304ss 2
x 25.4mm x 5.1mm thick lenses clamped together, face to face, using M3 x 8 304ss Hex. Socket

Cap Screws.
Notes: All parts thoroughly cleaned before assembly.

MS-PTS-50 Swagelok SWAK Anerobic Thread Sealant 50cm® Tube was applied to all male

threads before assembly and allowed to cure for 24 hours.

IR Sampling Cell Assembly pressure tested to 80psi (5.5bar) with compressed air and Helium
Leak Tested.

To load the sample, a NaCl disk is placed into the chamber. One outlet is connected to a glass
manifold pressurised with Argon (Hg pressure), an inverted funnel is placed over the chamber
to maintain an Argon atmosphere while allowing access to the chamber for loading the
sample. A narrow paper ‘funnel’ is positioned in the small opening of the inverted funnel,
such that it rests on the middle of the NaCl disk. The dry sample is carefully dropped through

the paper funnel onto in the middle of the NaCl disk (neat) while maintaining the Argon
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blanket within the chamber. A second NaCl disk is placed on top of the sample. Maintaining
constant Ar flow the chamber is sealed and an initial spectrum is collected before the chamber
is placed under vacuum.

Figure SI 7.1: In-situ FTIR cell with double tap assembly.
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