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ABSTRACT

Reactive intermediates invoked in the functionalization of strong C-H bonds are difficult
to characterize. The high energy required to break C-H bonds often means the lifetime of the
intermediates is fleeting due to opportunities to engage in undesired reactivity. One method of
suppressing undesired reactivity pathways is to immobilize the reactive intermediate in a solid.
While doing so may result in longer-lived intermediates, ensconcing a molecule in a material
introduces other issues, namely several homogeneous characterization methods are unavailable in
the context of heterogeneous materials.

This dissertation will present efforts to develop new materials to immobilize and
characterize reactive nitride intermediates. The first chapter discusses strategies to synthesize
Metal-Organic Frameworks (MOFs) based on kinetically inert ions. In the second chapter, we
leverage the metalloligand strategy advanced in the first chapter to synthesize new MOFs based
on Ruz paddlewheel molecules, which we hope will serve as platforms to interrogate nitrogen atom
transfer in confined environments. The third chapter discusses the synthesis of optically
transparent thin films of Ru. paddlewheel molecules, their photochemistry, and attempts at apical
ligand metathesis to introduce photoprecursor groups. The fourth chapter builds upon the synthesis
of porous, optically transparent thin films demonstrated in the third chapter, but instead with
porphyrin molecules. We explored the growth mechanism of our polyelectrolyte films and explore
solid-state photochemistry of our films. The final chapter presents a prospectus of future film

targets for solid-state photochemistry.
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CHAPTER |
INTRODUCTION: LEVERAGING EXCHANGE KINETICS FOR THE SYNTHESIS OF

ATOMICALLY PRECISE POROUS CATALYSTS!

I.1. Introduction

Systematic control of the structure of molecular catalysts, via modulation of the ligand
donicity and geometry, enables evaluation of structure-activity relationships and optimization of
catalyst selectivity in homogeneous catalysis.}® While heterogeneous catalysts often display
enhanced stability and recyclability in comparison to their homogeneous counterparts, similar
systematic variation of the local chemical structure of catalyst sites is not routinely possible.® The
potential to merge the structure-dependent selectivity of molecular catalysis with the durability of
heterogeneous systems has motivated extensive efforts to develop molecularly addressable solid-
state catalysts.” 8

Covalent tethering (i.e., grafting) of molecular catalysts to solid supports has been widely
investigated as a strategy to control the structure of active sites in heterogeneous catalysis. Grafting
relies on covalently attaching an appropriately functionalized molecular catalyst onto solid
supports, such as siliceous, aluminous, and graphitic materials (Figure 1-1a).> 1° Heterogenizing
molecular catalysts via grafting enables the local catalyst structure to be controlled by judicious
selection of molecular grafting precursors. Challenges inherent to molecular grafting, such as

controlling catalyst loading and the heterogeneity of local catalyst microenvironments, complicate

Text in this chapter was adapted with permission from reference 123: Ezazi, A. A.; Gao, W,.-Y.; Powers, D. C.
ChemCatChem, 2021, 13, 2117-2131. Copyright John Wiley and Sons.
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analysis of the structure-function relationships that underpin systematic catalyst development and

optimization.tt 12
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Figure I-1. General strategies for incorporating catalysts in solid supports include (a)
grafting of molecular catalysts or (b) doping of a solid material with soluble catalysts.
Grafting of molecular catalysts to heterogeneous materials provides a strategy to control the
active sites of heterogeneous catalysts. Grafting is accomplished by coupling functionalized
ligands with surface functional groups of the solid support. A similar strategy involves the
doping of solid supports i.e., zeolites. Transition metal-doped zeolites have been pursued as
catalysts for a wide variety of transformations. While doping increases the diversity of
reactions that can be achieved with zeolite catalysts, challenges associated with active site
heterogeneity complicate delineation of structure-function relationships. Reprinted with
permission from reference 123. Copyright John Wiley and Sons.

Zeolites are a family of porous aluminosilicate materials. Transition-metal-doped zeolites
bind transition metal cations with an all-oxygen donor sets at anionic aluminum sites in the lattice.
13,14 These materials have found widespread application as highly active catalysts in an array of

reactions.’>” Because the local catalyst structure is defined by the aluminosilicate support, and



because the aluminum sites are randomly distributed within the zeolite framework, challenges
related to active site heterogeneity, and attendant variability of coordination modes of bound metal
dopants, can render these materials challenging to optimize (Figure I-1b).

Metal-organic frameworks (MOFs) are a class of porous materials composed of metal
nodes (secondary building units, SBUs) and polytopic organic ligands. Reticular synthetic logic,
which affords isostructural frameworks by replacement of either metal nodes or organic linkages
by a topologically analogous moieties, underpins the rational synthesis of MOFs (i.e., isoreticular
MOFs) (Figure 1-2a).%8 1° Reticular synthetic logic allows the material properties to be varied
independently from the local structure of lattice-confined active sites. Combined with the
crystallinity and uniform porosity that is characteristic of MOFs, the ability to rationally
manipulate materials properties has stimulated significant interest in the development of MOFs as

platforms for selective catalysis.?°
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Figure 1-2. (a) Reticular synthetic logic enables rational modification of material structure,
for example by elongation of the linker structure, while the overall material topology is
unchanged. (b) Reversible M-L bond formation allows for defect annealing and the growth
of extended crystalline frameworks. Reprinted with permission from reference 123.
Copyright John Wiley and Sons.
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Access to crystalline MOFs requires reversible M—L bond construction in order to provide
a mechanism to anneal crystallization defects (Figure I-2b).?! This requirement is manifest in an
abundance of MOFs based on metal ions that participate in rapid ligand exchange reactions but a
relative dearth of materials based on metal ions featuring slow ligand-exchange kinetics.?? 2% Those
MOFs that have been reported based on kinetically inert ions such as Ru** or Cr* are typically

available only as microcrystalline powders, which underscores the challenge of generating large



crystallite domains with slowly exchanging ions. Similarly, the ligands on which MOFs are
constructed — and thus which comprise the primary ligand sphere of lattice ions — also must
participate in reversible M—L reversible bond formation. As a result, weak-field ligands, such as
carboxylates and azolates, are commonly encountered in MOFs; access to materials based on
strong-field ligands is less well developed. Further, the need for M-L reversibility can render
controlling the distribution of individual metal ions in multimetallic MOFs challenging.
Construction of these materials with metal ions that display different M—L substitution Kinetics
often leads to phase segregation or metal ion scrambling.

To unlock the full potential of MOFs as molecularly addressable platforms for
heterogeneous catalysis, synthetic tools that enable systematic variation of the chemical and
electronic structure, as well as the distribution, of the lattice ions are required. Methods to access
atomically precise materials based on arbitrary metal ions and primary ligand sets would enable
systematic evaluation of catalyst selectivity and the potential to couple catalyst-controlled and
confinement-induced selectivities. Access to such methods would naturally result in the ability to
control the distribution of metal ions in multimetallic systems.

This dissertation discusses strategies relevant to the construction of porous polymer
architectures from Kkinetically incompetent metallomonomers. In this context, this chapter
summarizes emerging synthetic strategies that leverage relative rates of M—L substitution to access
atomically precise MOF catalysts. Chemical strategies that enable incorporation of metal ions with
intrinsically slow exchange kinetics as part of the connecting linker or within the SBU are
discussed. Extension of these methods to the preparation of materials in which the primary
coordination sphere of immobilized organometallic moieties are systematically modulated and the

distribution of metals in multimetallic MOFs is controlled are presented.
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I.2. Metallopolymerization as a Strategy to Control the Primary Coordination Sphere of

Lattice-Confined Catalysts

The requirement for reversible M—L bond construction to access crystalline MOFs implies
that lattice ions are most often supported by weak-field ligands that readily undergo exchange
chemistry.?* 2° In contrast, a much more diverse array of primary coordination spheres are
encountered in molecular catalysis, including strong-field donors such as carbenes, phosphines,
and basic nitrogen donors. To control the electronic structure of the catalyst active site, and thus
the catalyst activity and selectivity, access to MOF catalysts with more diverse primary
coordination spheres is necessary. The synthetic approaches described in this section rely on
metallopolymerization of pre-synthesized organometallic linkers or SBUs to access MOF catalysts
that feature lattice ions supported by systematically addressable primary coordination spheres.

The polymerization of appropriately functionalized organometallic complexes, such as
functionalized metallosalens or metalloporphyrins, is a classic strategy towards the synthesis of
MOF catalysts.?®% For example, Nguyen and Hupp et al. reported the synthesis of
[Zn2(BPDC)2(MnL1)CI]-10DMF-8H20 (I-3) via the polymerization of pyridine-decorated Mn
salen 1-1 with biphenyldicarboxylic acid (1-2) in the presence of zinc nitrate (Figure 1-3).%
Material 1-3 was demonstrated to be an effective catalyst of enantioselective olefin epoxidation.
While I-3 was the first report of incorporation of a metallosalen in a framework material, reticular
replacement of the metallosalen linker has enabled access to families of isostructural

frameworks.3" 38
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Figure 1-3. Synthesis of Mn salen MOF 1-3 by solvothermal combination of I-1, 1-2, and
Zn(NOs3)2 in DMF. Reprinted with permission from reference 123. Copyright John Wiley
and Sons.

1.2.1. Incorporation of Strong-Field Donors.

Because metallopolymerization strategies rely on catenation of substituents that are
peripheral to the organometallic unit being incorporated, these strategies have been applied to the
incorporation of lattice ions that are supported by strong-field, slowly exchanging ligands.

Pincer Ligands

Pincer ligands are meridionally coordinating, tritopic ligands that have found broad
application in coordination chemistry and homogeneous catalysis.>® Similar to the preparation of
metallopophyrin and metallosalen-based materials, extensive efforts have been directed towards
the preparation of porous materials based on transition metal pincer sites. Metallopolymerization
of pincer complexes featuring peripheral donors enables incorporation of the diversity of available
pincer complexes to be incorporated into MOFs.%%4? For example, Humphrey demonstrated that
palladation of carboxylated pincer 1-4 followed by polymerization in the presence of Co?* provides

access to a MOF, PCM-36, based on Pd pincer linkers (Figure I-4a).*®



The advantage of metallopolymerization is that the materials properties, which are in part
dictated by the structure of the SBUs, can be varied independently of the local structure of the
pincer site. For example, polymerization of Pd-pincer I1-4 with combinations of Zn?* or Co?
resulted in 1-D chains, 2-D sheets, and 3-D MOFs that all contained the Pd pincer moiety (Figure
I-4b, 1-4¢).** In addition to providing topological control, metallopolymerization provides a
strategy to incorporate metal ions that may be incompatible with solvothermal chemistry: The
conditions described for the polymerization of 1-4 — DMF, water, and ethanol at 50 °C — would
likely effect reduction of Pd?* to Pd° via b-hydride elimination pathways. Due to the kinetic
stabilization afforded by the strongly bound pincer ligands, the Pd?* sites become compatible with

solvothermal reaction conditions.



Co(BF4)2, TEA

X
\Q\COZH DMF/H,O/EtOH, 50 °C

PCM-29 PCM-30

Figure 1-4. Stabilization of Pd?* in a pincer ligand prevents undesired reduction during
solvothermal material synthesis. Reprinted with permission from reference 123. Copyright
John Wiley and Sons.
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Figure 1-5. Synthesis routes for Pd-pincer containing MOFs. (a) A two-step metalation-
deprotection sequence affords pincer complex 1-6. Metallopolymerization with ZrCls affords
MOF 1-7. (b) The stability of the M-C bond in I-8 enables post-synthetic modification to
access the neutral monodecarbonyl 1-9, which is an active catalyst for aldehyde
hydrosilylation. Figure 1-5b reprinted with permission from reference 123. Copyright John
Wiley and Sons.

(b)

Wade et al. demonstrated metallopolymerization to access isostructural materials in which
the donor of the pincer ligand are varied between PCP and PNP (Figure 1-5).* %6 Metallation of
the tert-butyl ester-protected proligand 1-5 with Pd followed by trifluoroacetic acid-promoted ester
hydrolysis provided access to metallomonomer 1-6. Solvothermal polymerization with ZrCl, at
120 °C afforded I-7, in which the pre-synthesized metal pincer complex was incorporated into the
extended MOF lattice. This strategy was subsequently utilized to synthesize the isostructural Ru-
PNP pincer-based material 1-8. In addition to enabling the synthesis of an isostructural pair of
materials, the Kinetic inertness of the metallomonomers allows for post-synthetic modification of
the catalyst sites. For example, the CO ligands of 1-9 were removed by treatment with
trimethylamine N-oxide to yield an open coordination site with which to bind substrates (Figure
5b). The impact of heterogenation is evidenced by the observation that while 1-10 promotes
catalytic hydrosilylation of benzaldehydes (~80% yield), the homogeneous analogue is ineffective

10



(<5% vyield). The modularity of metallopolymerization strategies has enabled the synthesis of

additional pincer-based MOFs based on a diverse set of primary coordination spheres.*’-

Carbene Ligands

N-heterocyclic carbenes (NHCs) are a class of strong sigma-donor ligands that are
frequently encountered in homogeneous catalysis.>® %! Direct synthesis of uncoordinated NHCs is
often challenging because NHCs strongly coordinate to available metal centers, thus limiting
reversibility necessary for materials synthesis.>> > Hupp et al. demonstrated that this challenge
could be overcome by synthesis of imidazolate-based frameworks, which could be post-
synthetically deprotonated to generate lattice-bound mesoionic NHCs.>* Following synthesis of
TIF-1, a Co?*-imidazolate framework, deprotonation with n-BuL.i yielded free mesoionic NHCs.
The strong bases utilized to deprotonate the lattice imidazolate units can lead to framework
degradation, which has limited broad implementation of this synthetic strategy.>® Additional
stategies based on in situ metalation of NHCs,*%8 polymerization of metallocarbene linkers,>® &
and post synthetic metalation/exchange have been developed®!%2 to overcome these limitations.

Selectively programming metal content at NHC vs. at SBU in one-pot synthesis is a
significant synthetic challenge.>® ¢ Sumby, Doonan, and coworkers reported synthesizing a M-
NHC containing MOF where the node and M-NHC are composed of Zn and Cu respectively.®’
Heating a solution of DMF, 1-11, Zn?*, and Cu* yielded 1-12, in which Cu* forms a bis-NHC
complex and is connected by Zn4O nodes (Figure 1-6a). This material was used as a catalyst for
CO: hydroboration. In a follow-up report, these authors demonstrated that analogous synthetic
conditions with ligand 1-13, in which the angle between carboxylates is reduced, only produces

mono-NHC complexes (Figure 1-6b).%®
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Figure 1-6. (a) One pot synthesis of 1-12 from ligand 1-11 yields bis-NHC ligated Cu sites. (b)
Replacement of ligand I-11 with ligand 1-13, which features meta-carboxyates rather than
para-carboxylates, affords 1-14, which features mono-NHC ligated Cu sites. Reprinted with
permission from reference 123. Copyright John Wiley and Sons.

Yaghi et al. demonstrated metallopolymerization as a strategy to access NHC-based
MOFs.*® Metallomonomer 1-15 was prepared by palladation of carboxylated imidizolium-based
linker followed by deprotection of the peripheral tert-butyl esters (Figure 7). Polymerization of I-
15 with Zn(NOs3) in a mixture of DEF and pyridine afforded IRMOF-77, which is isostructural
with MOF-5. The addition of pyridine to the polymerization medium was necessary to suppress

the formation of bis-carbene Pd complexes. Elemental analysis, 13C SS-NMR, and IR data indicate

exclusive NHC metallation with Pd, with no metathesis to Zn-NHC sites occuring. Importantly,



attempts to access IRMOF-77 via post-synthetic metalation of the imidazolium containing analog,

IRMOF-76, resulted in framework decomposition.

\
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HO" N0

IRMOF-77
Figure 1-7. Metallopolymerization of Pd carbene complex 1-15 enables synthesis of IRMOF-

77, which features palladated NHC sites. Reprinted with permission from reference 123.
Copyright John Wiley and Sons.

Post-synthetic exchange of linkers is a widely utilized technique in MOF synthesis and has
been used to install sensitive functional groups.?® % Martin-Matute and coworkers utilized post-
synthetic exchange to introduce an iridium NHC linker, 1-16, into UiO-68-2CH3.5% 1-16 was
substituted into UiO-68-2CHs by soaking the as synthesized MOF in a methanolic solution of I-
16 at 60°C for 24 hours (Figure 1-8). *H NMR, energy dispersive X-ray spectroscopy (EDS), and
inductively coupled plasma optical emission spectroscopy (ICP-OES) data indicate metallolinker
loadings of 27-36%, and IR measurements indicate the presence of free carboxylic acid motifs,
which suggests that some linker may reside in the pore space (it is unknown if one or both

carboxylates are uncoordinated to the Zr cluster). EDS data additionally suggest a homogeneous
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distribution of 1-16 in the MOF. The substituted UiO-68-2CHs platform was competent as a

catalyst for the isomerization of 1-octen-3-ol to octan-3-one.

UiO-68-2CHy Ui0-68-2CH;-PSE

Figure 1-8. Post-synthetic exchange of metalloligand 1-16 into UiO-68-2CHjs affords UiO-68-
2CH3-PSE. Methyl groups are ommitted for clarity. Reprinted with permission from
reference 123. Copyright John Wiley and Sons.

Phosphine Ligands

Similar to NHCs, phosphines are strongly sigma donating ligands that are often
encountered in homogeneous catalysis.®® Humphrey and co-workers demonstrated the
solvothermal combination of Co?* or Ni?* with tris(p-carboxylato)triphenylphosphine (1-17) and
4,4’-bipyridine (1-18) afforded PCM-101, a 3-dimensional MOF in which the phosphine ligand
forms 2-dimensional sheets with an M3O cluster, which are spanned by bipyridine struts (Figure
9).57 PCM-101 features two open phosphine binding sites that point into the pore space between

layers and are arranged trans to each other. Subsequent metallation with either (Me2S)AuCl or
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CuBr-(MeSMe) provided phosphine-supported Au. and Cu sites, respectively. Both materials

were used to catalyze the hydroalkoxylation of 4-pentyn-1-ol to 2-hydroxy-2-methyl-hydrofuran.

o o
HOJ\@\ /@)‘\OH N\
P | Z
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NS
N
HO” S0
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PCM-101

Figure 1-9. Synthesis of PCM-101, which features free phosphine sites, was achieved by
polymerization of 1-17 and 1-18 with either Co?* or Ni?*. Reprinted with permission from
reference 123. Copyright John Wiley and Sons.

Lin and coworkers reported the synthesis of phosphine-containing MOF, Zrs(OH)4O4Ls
(L= 4,4-bis(4-carboxyphenylethynyl)-BINAP).% In this synthesis, the uncoordinated phosphines
were preserved during polymerization due to the selection of Zr** as the metal ion for SBU
construction; the hard acid Zr** does not strongly coordinate with phosphines, which are soft bases
according to hard-soft acid-base (HSAB) theory.%® Post-synthetic metalation of the lattice-bound
phosphines with either Ru?* or Rh?* provided materials that were applied to asymmetric group-

transfer reactions.5®

1.2.2. Isostructural Materials with Systematically Varied Primary Ligand Sets.

Strong donors such as amides and amidinate ligands are rarely encountered in MOF
chemistry due to the irreversibility of M-L bond formation under many conditions.
Metallopolymerization strategies offer an attractive approach to generating isostructural materials

with systematically varied primary coordination spheres because the coordination sphere is
15



installed during the synthesis of molecular monomers and is not directly involved in the
polymerization chemistry. Powers et al. reported the synthesis of a family of Ru, complexes in
which the bridging ligands included amide, hydroxypyridinate, aminopyridinate, and carboxylate
functional groups (Figure 1-10a).”® The ligands were decorated with peripheral iodide substituents,
which enabled polymerization via Sonogashira cross-coupling with polyalkynes (Figure 1-10Db).
The resulting porous materials featured Ruz units in which the bridging ligands of the
metallomonomers were incorporated into the porous material. This family of materials displayed
ligand-dependent nitrene-transfer selectivity (i.e., allylic amination vs. olefin aziridination) that
was similar to that observed with analogous soluble molecular catalysts (Figure 1-10c). Because
the C-C coupling reactions used to generate these materials is irreversible, the generated
heterogeneous catalysts were amorphous.

Metallopolymerization of Ru> metallomonomers was extended to the synthesis of
crystalline materials by changing the peripheral functional group from iodo- to cyano- and thus
the polymerization protocol from Sonogashira coupling to Ag* coordination (Figure 1-10d).”* The
weak Ag—N coordination bond allows for reversible M—L bond formation, thus yielding crystalline
materials, but also comes at the expense of material stability: the generated coordination polymers

are unstable to desolvation.
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Figure 1-10. Synthesis strategies to produce metallopolymers containing Ruz units. (a)
Ligand exchange on Ruz2(OAc)4Cl, followed by anion exchange, affords access to a family of
Ru2 precursors with diverse primary coordination spheres. (b) Sonogashira cross-coupling
with polyalkynes allowed access to Ru containing polymers. (¢c) The Ruz-based polymers
displayed similar nitrene transfer selectivity in the cyclization of sulfonamide 20 as compared
with analogous molecular catalysts. (d) Metallopolymerization of Ruz complexes via Ag-N
coordination affords a family of crystalline Ruz metallopolymers with varied coordination
spheres.
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1.3. Lattice-lon Lability Enables Post-Synthetic Cation Exchange

The exchange of lattice ions in MOFs can provide a strategy to generate new materials in
which the lattice structure in maintained but the ion content is altered. Post-synthetic modification
of template MOFs can provide access to framework materials that are inaccessible or challenging
to make by direct synthesis.% Similar to the post-synthetic linker exchange illustrated in Figure 8,
cation exchange can provide homogeneously distributed materials. One of the particular
advantages of cation methathesis is that it can afford access to mixed-metal materials which are
comprised of slowly exchanging metal ions.”> ”® While predictive models for the rate and extent
of ion exchange continue to be delineated,’* 7 rational exchange has been demonstrated based on
geometric considerations, alteration of ligand exchange rates by control of solvation environment,

and through use of redox strategies to access kinetically labile oxidation states.

1.3.1. Differential Exchange Rates of Cation Metathesis as a Tool to Access Bimetallic
Materials

Cation exchange within a MOF lattice was first demonstrated by Dinca and Long , who
described exchanging the Mn?* ions in the MOF Mns[(Mn4Cl)3(BTT)s(CH3OH)10]2 (1-23, BTT =
1,3,5-benzenetristetrazole) with a variety of other mono- and divalent cations to generate a family
of materials that were evaluated for H, binding.” Material 1-23 features two inequivalent Mn sites,
one which is 5-coordinate (and part of the SBU) and the other which is 2-coordinate (and is not
part of the SBU). Soaking the parent MOF in solutions of Li*, Cu*, Fe?*, Co?*, Ni?*, Cu?*, or Zn?
resulted in the selective exchange of the 2-coordinate Mn site. The extent of exchange depended
on the exchanging ion: the greatest extent of exchange was achieved with Cu?* and Zn?*, which

exchanged 5 Mn?* cations and a minimum with Cu* not exchanging any Mn?* ions. For Cu®* and
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Zn?*, the observed number of exchanged cations per formula unit is higher than 3, indicating partial
exchange of the higher coordinate, cluster Mn sites.

The discrimination of positional exchange is likely a result of increased kinetic lability of
the lower coordinate site, but it is not clear if the degree and extent of exchange has significant
thermodynamic considerations. Such ion segregation is not trivial to accomplish and highlights
the potential of cation exchange to provide discrete heterobimetallic materials with selective
exchange of particular sites.

Dincia et al. demonstrated cation exchange chemistry to prepare heterobimetallic Co/Zn
MOF-5 with greater Co content than had been available from direct solvothermal methods. Direct
solvothermal access to mixed Co/Zn MOF-5 materials had been shown to afford a maximum of
21% Co, regardless of the stoichiometric excess.”” This is an unexpected result based on exchange
rate analysis: the exchange rates of Co?* and Zn?* are similar, therefore it might be anticipated that
the ion incorporation would match the stoichiometry of the reaction mixture. Soaking Zn-MOF-5
in a solution of anhydrous DMF and CoCl; resulted in mono, di, and tri substitutions of Co for Zn
after 1 day, 2 weeks, and 1 month, respectively (Figure 1-11).”® This strategy has been further
advanced by the Dinca group to prepare a family of ion-exchanged, metastable MOF-5 derivatives

which are not accessible by direct solvothermal synthesis.”®
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Figure 1-11. Stepwise substitution of Zn?* for Co?* in MOF-5 is promoted by binding of DMF
to fill the coordination sphere of Co. Reprinted with permission from reference 123.
Copyright John Wiley and Sons.
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Exchange of Mn?* into MOF-5 has been demonstrated to provide competent group-transfer
catalysts: by exchanging a single Zn?* for Mn?*, catalytic epoxidation of cyclopentene can be
realized using an iodosylarene oxidant to generate a putative Mn'V-0x0.8% Similar partially
exchanged materials have been developed for highly efficient ethylene polymerization and allylic
oxidation of cyclohexene from Mn and Cr exchanged nodes in MFU-4l, respectively.®? Both
CFA-1 and MFU-4I feature a pentanuclear Zn SBUs with the central Zn in a trigonal prismatic
geometry and the peripheral Zn atoms in a Td or trigonal pyramidal geometry (depending on
counterion, Figure 1-12a). The outer Zn ions are able to be exchanged readily exchanged by Mn?*,
Cr?*, Cr*, Ti**, and Ti*" to yield catalytically active MOFs.2 The introduction of Ti and Cr ions,
very oxophilic species, into an azolate framwork is noteworthy in that few materials exist based
on these ions continaing an all nitrogen ligand set. With the exception of Cr3*, all the exhanged

ions have fast ligand exchange rates.
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Figure 1-12. Post-synthetically metalated SBUs which enable hydrocarbon functionalization.
(a) The pentanuclear Zn SBU present in both CFA-1 and MFU-4l. (b) Gas-phase ethylene
polymerization with Cr3*-substituted MFU-4l. (c) Mn-CFA-1 will catalyze the oxidation of
1-24 under Oz to give 1-25 and 1-26. Reprinted with permission from reference 123.
Copyright John Wiley and Sons.
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As described above, disparities in the exchange rates between inequivalent metal binding
sites have been utilized to access materials that display site-specific metal-ion exchange.®* Ma et
al. demonstrated cation metathesis of Co for Cd within the porphyrinic linker of MMPF-5, which
is a MOF based on Cd(CO:R)s SBUs® During synthesis from tetrakis(3,5-
dicarboxyphenyl)porphyrin with Cd(NOz3). in DMSO at 135 °C for 24 hours, both Cd SBUs and
Cd porphyrin units were obtained (Figure 1-13b). The porphyrinic binding site cannot
accommodate the Cd?* ion, which is thus weakly bound above the porphyrin plane.® Soaking as-
synthesized MMPF-5 in a DMSO solution of Co?* at 85°C resulted in metathesis of only
porphyrinic cadmium with cobalt, generating a bimetallic MOF material comprised of cadmium
nodes with cobalt metalloligands. This strategy is predicated on the coordinately saturated Cd at

the node exchanging much more slowly than the weakly bound porphyrinic Cd.
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Figure 1-13. Cd-based porphyrin MOFs. (a) 3-Dimensional structure of MMOF-5 in which
Cd(C0O2)3 SBUs connect octatopic Cd porphyrins. (b) Post-synthetic metathesis of Cd with

Co is accomplished by soaking MMOF-5 in a DMSO solution of Co(NOs)2 and heating at
85°C. Reprinted with permission from reference 123. Copyright John Wiley and Sons.
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1.3.2. Solvation Environment Modulates Exchange Rate

Exchange of any ion in a cluster involves making and breaking of M—solvent bonds and it
has been postulated that the rate of ion metathesis is governed by the strength of the M—solvent
bond.®” Factors such as coordination geometry, coordination number, and rigidity of linker can
affect M—solvent bond strength, thus affecting the ultimate degree of transmetallation. In support
of this model, while transmetallation of Co?" into MOF-5 afforded tris-substitution,
transmetallation of Ni?* into MOF-5 yielded only mono-substitution.®® The difference between the
Ni2* and Co?* experimental results is proposed to arise from the relative kinetic accessibility of
subsequent metathesis events. In the aforementioned example, exchange of solvent molecules is
rapid due to fast exchange rates on Zn?*and Co?* in either T4 or On geometry but incorporation of
a single Ni%* ion significantly increases the barrier to further substitution in the SBU. Ni?* in a
strong field environment prefers to be octahedral and therefore will bind two DMF molecules.
However there can only be a maximum of two DMF molecules bound at a time (the cluster can
only accommodate one Oy ion), meaning that further substitution of Ni?* will be disfavored.®
Therefore, when Co?* is substituted, the rate of subsequent metal exchange is retarded; for Ni%*,
which has a slower agua exchange rate, the opportunity for further exchange is completely
eliminated.

Powers et al. demonstrated that careful control of the solvation environment enabled
control of exchange kinetics during the synthesis of Pd carboxylate-based materials.® In a variety
of organic solvents, Pd carboxylates assemble in carboxylate-bridged trinuclear arrays. Exchange
of Pd?* into a Znsbtei template lattice, which features M, tetracarboxylate nodes, provided access
to Pdsbtei. Significant exchange (79% Pd incorporation into the Zn sites of Znsbtei) was achieved

over the course of 112 days. The extent of substitution as a function of time displayed sigmoidal
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kinetics, with exchange displaying a significant induction period (Figure 1-14a). Loss of
coordinated DMF was observed during this induction period, with the rate of exchange being
significantly accelerated following exchange of DMF for CHCIs (Figure 1-14b).°* The rate of Pd-
for-Zn exchange is significantly retarded by coordinated DMF at Zn. By substituting the tightly
bound apical solvent molecule for the weakly coordinating CHCIs, the rate of Zn exchange and

extent of cation exchange was increased, thus enabling facile ion exchange.
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Figure 1-14. Pd exchange into Znsbtei. (a) Incorporation of Pd into Znsbtei follows sigmoidal
behavior. Solvent exchange eliminates the observed induction period(b) The rate of Pd
exchange for Zn in Znsbtei is sensitive to the solvation environment of the parent lattice ions.
Figure 14b reprinted with permission from reference 123. Copyright John Wiley and Sons.
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1.3.3. Controlling Exchange Chemistry via Redox Processes.

Reductive labilization, in which redox chemistry of lattice ions is utilized to promote
exchange, has been developed to circumvent the challenge of incorporating kinetically inert ions
within crystalline materials. This strategy is predicated on utilizing redox chemistry to transiently
generate metal ions that participate in facile exchange chemistry. Zhou et al. reported reductive
labilization of framework Fe3* to enable synthesis of crystalline PCN-333-Cr3*.9 Attempts to
generate PCN-333-Cr3* via direct solvothermal synthesis all yielded amorphous powder. Based on
analysis of water exchange rates, Cr3* is classified as kinetically inert; any attempt to introduce (or
displace) Cr®* must deal with the very slow ligand exchange rate.® To achieve the desired
exchange chemistry, Cr?* was employed: reduction of Fe3* to Fe?* by Cr?* occurs under Nz in
DMF and enables dissociation of Fe?* to occur, exchanging with additional Cr?*. The framework
Cr?* was then oxidized by exposure to air to yield Cr®* (Figure 1-15). Complete replacement of

Fe3* with Cr®* was evidenced by both ICP-MS and EDS measurements.
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Figure 1-15. Reductive labilization of Fe3* to Fe?* allows for facile and rapid ion metathesis
with Cr?*. Reprinted with permission from reference 123. Copyright John Wiley and Sons.

1.4. Synthesis of Multimetallic SBUs with Atomic Precision
Homogeneously distributed bi- or multimetallic materials in which metals occupy
symmetry equivalent positions are desirable for the ability to tune chemical and physicochemical

properties for applications in gas separation, heterogeneous catalysis, and conductivity,®**® but
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can be challenging to prepare by self-assembly due to differences in M—L bond exchange rates.*°
The distribution of metal ions in a simple bimetallic system is bounded by completely
homogeneous distribution and total ion segregation. A homogeneous distribution would be
expected for ions with well-matched exchange rates, as the probability of incorporation of each
ion to a growing crystallite is the same (Figure 1-16a). The latter would be expected to occur when
exchange rates are dissimilar, with first nucleation and growth of crystallites comprised mostly or
entirely of the faster exchanging metal and then subsequent growth of the slower exchanging metal
(Figure 1-16b).1% In the previous section, we examined a number of examples in which differential
exchange rates enabled access to multimetallic materials, but cation exchange methods do not
provide a general solution to atomically precise distribution of metal ions. To overcome the
intrinsic biases arising from metal ion exchange rates, strategies based on polymerization of pre-
formed clusters or polyfunctional ligands can be used to enforce ion segregation. These strategies
can also be used to install metal clusters which do not form under direct synthesis conditions;

either because of mismatched exchange rates or unfavorable reaction conditions.
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Figure 1-16. Impact of ion exchange rates on ion distribution in multimetallic MOFs.
Reprinted with permission from reference 123. Copyright John Wiley and Sons.

A number of experimental results have been reported that support the critical role of M—L
exchange rates on the distribution of metal ions in multimetallic materials prepared by
solvothermal synthesis. Deng et al. highlighted the challenge of controlling the composition and
distribution of metal clusters during assembly of materials during an investigation of the synthesis
of MOFs based on metalloporphyrin linkers connected by heterobimetallic M3O SBUs.X The
mixed metal MOFs were synthesized by combination of Fe**, Mn?*, and Ni%* metal salts with
metalloporphyrins in DMF at 150 °C. X-ray photoelectron spectroscopy (XPS) provided a probe
to evaluate the ion distribution; the binding energy of component ions is shifted in heterometallic
clusters when compared to their homometallic analogs. They observed two different ion
distribution paradigms: the first being homogeneously distributed mixed-metal clusters of the
composition M’xM3.xO, and the second being isolated domains consisting of homometallic clusters

of the composition M3O. In the synthesis of mixed Fe/Ni MOFs, the exchange rates of Fe3* and
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Ni2* are well matched and give mixed-metal nodes of the formula FexNis.xO. When Fe** and Mn?*,
ions with disparate exchange rates, were combined, domain segregation resulted with clearly

defined areas consisting of only MnsO or only FesO clusters (Figure 1-17).

domain e» MTV-MOFs

Figure 1-17. Segregation of metal ions in a material will occur if the disparity in exchange
rates is large. Homogeneous distribution of metals will occur if their exchange rates are well-
matched.

Yaghi et al. further expounded on the issue of metal ion distribution in samples of MOF-
74 that contained two different metal species: Co?* with Pb?*, Cd?*, or Mn?*.192 Based on relative
exchange rates, the material comprised of Co and Mn should be the most homogeneously
distributed (most similar ligand exchange rates) and the material comprised of Co and Pb should
be the most segregated (most disparate ligand exchange rates). Yaghi et al. used APT, Atom Probe
Tomography, to characterize the local heterogeneity of their mixed-metal MOF-74. By utilizing
APT, 3D models of the SBU were created that allow for exact spatial mapping of the metal contents
of their mixed metal MOFs. It was observed that Co-Mn MOF-74 showed a local homogeneous
metal distribution pattern which consisted of little ion segregation and that Co-Pb MOF-74

exhibited long chains of the same atom, indicating a high degree of segregation. The described

APT experiments were critical because bulk techniques like XRD or EDS do not provide

27



information about the local heterogeneity of a material. While UV-Vis, XAS, and magnetic
techniques are widely utilized in the PSM literature as reporters for successful ion incorporation
and local structure, these techniques have been less widely adopted for the polymerization of

preformed metal clusters.’” 7% 103-105

1.4.1. Strategies to circumvent exchange rate disparities.

Zou et al. examined the rates on the growth of, and ion distribution within, isostructural
MOF materials, ZIF-8 and ZIF-67.1% These MOFs are constructed by polymerization of 2-
methylimidiazole (1-27) with either Zn?* or Co?*, respectively (Figure 1-18a). Using sample
turbidity (measured by absorbance at 360 nm) as a proxy for the extent of MOF formation, growth
rates were measured for homometallic ZIF-8 and ZIF-67 (Figure 1-18b). The obtained data indicate
that ZIF-67 forms rapidly after a short induction period and then ceases additional growth. In
contrast, ZIF-8 growth displays two distinct kinetic regimes, which correspond first to the
nucleation of small particles (10-20 nm radius) followed by growth of these crystallites into larger

nanocrystals.
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Figure 1-18. Core-shell structures resulting from disparity in metal exchange rate. (a)
Synthesis of ZIF-8 and ZIF-67 is accomplished by combination of either Zn(NOs)2 or
Co(NOs3)2 with 1-27 in methanol. (b) Plot of sample absorbance at 360 nm (measure of sample
opacity) vs. time for the polymerization of 2-methylimidazole with Zn?* (blue) and Co?
(pink) to afford ZIF-67 (pink) and ZIF-8 (blue), respectively. Figure 18a reprinted with
permission from reference 123. Copyright John Wiley and Sons.

A series of experiments were undertaken to examine the impact of varying the proportions
of the two metal ions on the distribution of ions within the resulting bimetallic materials. A 4:1
mixture of Zn and Co resulted in core-shell particles, with a ZIF-67 core and a ZIF-8 shell, which
is consistent with rapid nucleation of Co?" material and slower growth of the Zn?* material
proceeding in a kinetic regime. Increasing the Co?* proportion to 1:1 or greater resulted in the
formation of a homogeneous solid-state solution, which was attributed to the rapid formation of
small ZIF-8 crystallites being absorbed within rapidly growing ZIF-67. Modifying the timing of

metal ion introduction allowed for more precise control over the distribution of ions. First, cobalt

and ligand were mixed and allowed to react, then zinc was added. This resulted in a core of ZIF-
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67, with the shell being a homogeneous mixture of ZIF-67 and ZIF-8. The time of second
component addition dictated the size of the core. The reverse addition, Co to Zn, resulted in
amorphous products which is most likely the result of relatively slower formation of ZIF-8

compared to ZIF-67.

1.4.2. Metallopolymerization of heterometallic clusters.

In chapter 1.2. we encountered metallopolymerization as a strategy to control the primary
coordination sphere of lattice ions and to incorporate kinetically inert ions into crystalline
materials. Similar strategies have been applied to the synthesis of materials based on heterometallic
SBUs that can be difficult to access via self-assembly due to ion scrambling. Synthesis of
kinetically stable heterometallic clusters, followed by polymerization enables programmed
assembly of materials with defined node composition. For example, Zhou et al. prepared a series
of Fe2MO (1-28, M= Fe?"%* Co?*, Ni%*, Mn?", Zn*") clusters supported by acetate ligands.1%’
Subsequent treatment of these clusters with polytopic carboxylic acids led to polymerization
(Figure 1-19). Judicious linker selection enabled control over SBU connectivity and thus material
topology. Attempts to prepare this family of MOFs by one-pot solvothermal methods resulted
polycrystalline or amorphous phases. By pre-forming the metal clusters, precise control over the
composition and distribution the clusters were achieved. This example of metallopolymerization
differs from those previously described in that the primary M—L bonds are exchanged and the
structural integrity of the SBU is maintained by the templating oxide ligand. Lan et al. applied this
strategy towards the formation of NNU-31-M (M= Zn?*, Co?*, or Ni?"), a set of materials

comprised of 1-28 and 4,4’ 4"-tricarboxytriphenylamine as the ligand.1% The fidelity of the clusters
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post polymerization was ascertained by UV-Vis and Ultraviolet Photoelectron Spectroscopy

(UPS), which validated that no ion scrambling occurred under the synthetic conditions.
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Figure 1-19. Preformed FezM clusters adopt a variety of connectivities depending on the
steric bulk of the ligand. Use of a preformed metal cluster allows access to node connectivity
that is not possible via self-assembly. Reprinted with permission from reference 123.

Copyright John Wiley and Sons.
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The metallopolymerization of pre-formed heterometallic clusters has been extended to
incorporate clusters that are not readily available by self assembly. Zhou et al. prepared PCN-415
and PCN-416, which are materials comprised on TigZr.O12 nodes and either terephthalate (1-32),
or 2,6-napthalenedicarboxylate linkers (1-33), respectively, via polymerization of pre-formed
clusters (Figure 1-20).19° Self-assembly of the mixed metal cluster under PCN-415 synthesis
conditions yielded poorly crystalline material with UiO-66 (a ZrsOsOHs-based material) as an
impurity, indicating that formation of Zrs clusters competed with the formation of TigZr, clusters.
Thus, use of the pre-formed cluster enables access to crystalline, phase pure, bimetallic materials
which are otherwise inaccessible. In general, synthesis conditions are not conducive to the self-

assembly of Ti clusters (i.e., in acetonitrile or methanol).10-11?
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Figure 1-20. Synthesis of PCN-415 and PCN-416 utilize the preformed cluster,
TisZr2012(CH3COOQO)1s, with 1-33 or 1-34 in TFA and DMF at 140 °C to make PCN-415 and
PCN-416 respectively.
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Due to slow ligand-exchange kinetics, there are only a few MOFs comprised of kinetically
inert ions such as Ru®* or Rh?*.13 114 Fischer et al. reported Msbtc, analogs with Ruz and Rh;
paddlewheels as the nodes, prepared via exchange of acetate ligands with Hsbtc (BTC = benzene
tricarboxylate) at pre-formed dimers 1-18 and 1-34 (Figure 1-21a).1%° Due to the similarity of ligand
exchange kinetics at these two metal ions, using mixed-metal feeds enabled access to solid-
solutions of mixed Ru.-/Rhz-based Mas(btc). in which the ultimate metal composition was roughly
equal to the feed composition. The homogeneity of metal paddlewheel distribution was confirmed
by depth profiling experiments where layers of the material were ablated and the metal contents
of the exposed surface were probed by XPS (Figure 1-21b). The M3 structures in these experiments
are likely maintained under solvothermal conditions due to the presence of M—M bonding, which

prevents the ion scrambling that can plague solvothermal syntheses of mixed-metal materials.

o
INRy—0 QICR—O H3BTC, H20/AcOH

ol 0 = R
‘%Em;i\% ' ‘%Eghj\z\% 150°C BTG

(b) estimated Depth [nm]
0 2 4 6 8 0 12 14 16 18 20

100
T 75% Rh
® 20%Rh

80 —
60 —

40 —

Found Rh : M, ratio [%)]

p[)_:i! r ¢ "

T T T T T T T
0O 20 40 60 B0 100 120 140 160 180 200
Sputtering time [min]

Figure 1-21. Mixed-metal HKUST-1 phases from solvothermal synthesis. (a) Synthesis of
mixed metal Msbtc: takes place between Ruz2(OAc)4Cl (1-18), Rh2(OAc)2 (1-34), and HsBTC
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in a water/acetic acid mixture at 150 °C. (b) Metal ratios in mixed metal Msbtc2 phases as a
function of depth. Reprinted with permission from reference 123. Copyright John Wiley
and Sons.

1.4.3. Templating ion distribution in heterometallic MOFs.

In chapter 1.2., we introduced HSAB theory as a strategy to access materials with free
phosphines. Using similar HSAB theory concepts, Li et al. described a strategy to control metal
ion distribution in the synthesis of BUT-52. BUT-52 consists of In(COQ) sites and CusSe clusters
and is synthesized by combination of Cu*, a soft Lewis acid, and In®", a hard Lewis acid, with a
difunctional ligand, 6,6'-dithiodinicotinic acid (Figure 1-22). This results in a material in which
Cu* preferentially complexes the soft Lewis basic thiol group while In®* preferentially complexes
the hard Lewis basic carboxylate group.!!® BUT-52 can only be synthesized through the slow
introduction of 2-mercaptonicotinic acid, which is generated by slow decomposition of compound
I-35; addition of 2-mercaptonicotinic acid to In®*" and Cu* in DMF yields an amorphous phase. No
data is available on the ligand exchange rate of Cu*, but it can be assumed to be similar to Zn?* as
both are d'° meaning that the exchange rate for In®* and Cu* should be similar. Despite the assumed
similarity in exchange rates, BUT-52 still forms with distinct alternating In and Cu nodes, which
are bound to carboxylate and sulfur respectively. HSAB enables this template effect through

thermodynamic preferences, which overcome the exchange rate similarity.
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Figure 1-22. BUT-52 is synthesized via the slow decomposition of 1-35. Reprinted with
permission from reference 123. Copyright John Wiley and Sons.

Powers et al. reported a mechanochemical synthesis of mixed Ru/Cu HKUST-1 material
in which the distribution of Ru and Cu were precisely controlled by the polymerization conditions.
117 Using a strategy similar to that described in Section 2 for the metallopolymerization of a Rus
units (Figure 1-10), polymerization of ruthenium paddlewheel complexes featuring peripheral 3,5-
dicarboxylate substituents provided a step-wise strategy to assemble Msbtc, materials (Figure I-
23). Mechanochemical polymerization of monomer 1-38 with Cu(OAc). afforded mixed-metal
Msbtc, phases in which the relative positions of the two ions were precisely controlled.''® Bulk
measurements using wavelength dispersive spectroscopy (WDS) and PXRD confirmed the
homogeneous distribution of Ru and Cu paddlewheels. Additionally, extended X-ray absorption
fine structure (EXAFS) and UV-Vis measurements confirmed the lack of ion scrambling. This
result is contrasted by a report from Kleist and coworkers in which they attempted to make a mixed
metal HKUST-1 with Cu?* and Ru?* by direct synthesis using metal salts.*® Although the starting
metal ratio was 4:1 Cu:Ru, the final metal ratio of the obtained material was 11:1 Cu:Ru. Under
those conditions, the insignificant incorporation of the Ru ions is most likely due to the large

disparity in ion exchange rates between the two metal ions.
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Figure 1-23. Mechanochemical synthesis of Ru/Cu HKUST-1 analogs by polymerization of
Ru2 SBUs featuring pendent carboxylate substituents. Reprinted with permission from
reference 123. Copyright John Wiley and Sons.

1.5. Conclusion

Inherent differences in ligand exchange rate determine the ultimate structure and
homogeneity of materials, and thus limit the potential of direct synthesis methods to synthesize
complex materials. This has motivated much research into strategies that allow for installation of
slower exchanging ions, strategies such as pre-polymerization synthesis of designer
organometallic linking struts, post-synthetic metathesis methods, and polymerization of preformed
clusters to control end distribution of ions.

The utility of these synthetic strategies becomes apparent in the ability to tune physical
properties of materials and in the wide variety of catalytic reactions that are enabled through site-
selective insertion of active metal ions. Selective gas separation has been a longstanding challenge
in the MOF community, and the strategies articulated in this review provide an opportunity to
introduce chemical complexity that enables cooperative binding opportunities, such as those
espoused in the cation metathesis literature. Additionally, the ability to incorporate additional
metal ions provides the opportunity for dual catalysis or enables catalysis which is prohibitive to

accomplish in the solution phase, such as polymerization of alkene feedstocks.
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One of the major challenges of attempting to make multimetallic materials in which
constituent ions have disparate exchange rates is the verification of material homogeneity. Bulk
measurements like XRD and EDS are necessary in determining bulk structure and distribution, but
determining local homogeneity requires more sophisticated techniques like APT. The use of pre-
formed metal clusters is an attractive alternative to one-pot methods because there is no ambiguity
about the constituents of the cluster, however ion scrambling is still a concern. Techniques like
EXAFS, UV-Vis, and photoelectron spectroscopy can be utilized to ascertain the fidelity of mixed-
metal clusters post-polymerization.

In response to the need to incorporate diverse organometallic catalysts in MOFs, other
techniques have been developed. Grafting techniques, like those employed in siliceous and
aluminous materials, have been adapted to MOF materials to incorporate molecules which do not
have functional groups that are necessary for incorporation into MOFs using the metalloligand
method, such as tungsten alkylidenes.!?>22 Along with the techniques described in this
introduction,*? the incorporation of catalytically relevant ions and motifs through kinetic control
has enabled advanced materials synthesis for heterogeneous catalysis. This thesis will discuss
additional elaborations of strategies discussed previously, and a potential new method of

heterogenization useful for in operando optical spectroscopy of immobilized catalysts.
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CHAPTER II

SYNTHESIS OF NEW RUTHENIUM PADDLEWHEEL BASED MATERIALS

I1.1 Introduction

Sustainable and efficient methods for nitrogen incorporation into organic substrates,
whether they be simple or complex, is an outstanding challenge in transition metal mediated C-H
amination. Buchwald-Hartwig amination accomplishes this task but requires pre-functionalized
substrates, which can add significant synthetic effort and derivatization.!?* Trying to directly
functionalize unactivated C—H bonds is challenging due to challenges associated with selectivity
between multiple chemically similar C—H bonds that are present in many molecules and the
necessity of generating highly energetic reagents.!?® Highly reactive intermediates, such as
nitrides, nitrenes, carbenes, and oxos are difficult to utilize and study. The high reactivity
predisposes them to a variety of decomposition pathways. For instance, nitrides and carbenes may
engage in dimerization, solvent oxidation, or ligand functionalization (Figure 11-1).126-128

One of the goals of this thesis is to study platforms which can accomplish selective
substrate functionalization without catalyst decomposition. To this end, we have pursued site
immobilization of Ru, paddlewheel complexes which are competent in nitrogen-atom transfer
(NAT) reactions. Paddlewheel complexes are of particular interest for two reasons: 1) The facility
of ligand exchange amongst reported complexes can provide ready access to a family of molecules
with slight perturbations to electronic structure,?® and 2) The ability of the distal metal atom to
act as an electron reservoir, which aids in the cycling of oxidation states necessary for facile

transfer nitrogen atom (or group) transfer.’®® We endeavored to develop NAT from Ruy,
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particularly intermolecular NAT, as there are few examples in the literature of this reactivity
mode.’3! 132 NAT must be affected from a RuzN intermediate, which we generate from the
corresponding azide precursor via thermolysis or photolysis. The generated Ruy[I1,111] nitride is a
reactive molecule and reported to undergo bimolecular decomposition to produce N2 and a
Ruz[I1,11] byproduct. We hypothesized that site immobilization in a MOF would allow us to
prevent this decomposition mode and instead engage with substrate to afford aminated products.

Molecular immobilization can be accomplished through several methods such as grafting
onto solid supports or polymerization reactions, which often result in amorphous materials.?® 2
133 While incorporation in polymeric materials can extend the lifetime and activity of immobilized
catalysts, it presents additional challenges to the study of catalysts. Unambiguous characterization
of the active site is challenging for amorphous materials because of the variety of chemical
environments present. The suite of spectroscopic tools for characterization is limited to solid state
NMR, X-ray absorption/scattering techniques, and diffuse reflectance UV-Vis.134 13

Several of the characterization issues can be remedied by incorporation within a crystalline
framework, such as a MOF.%8 136. 137 Crystalline frameworks are generated by reversible bond-
forming reactions which allow for sequential bond-forming and bond-breaking processes to occur.
This process allows for defect removal and eventual crystallization in the thermodynamically least

energetic phase, which is ostensibly identical across the material 138140
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Figure 11-1. Common decomposition pathways of energetic intermediates include
dimerization, deleterious ligand functionalization, or solvent functionalization.

One method to utilize MOFs to generate crystalline porous materials as catalyst scaffolds
is via post-synthetic modification (Figure I1-2a). Post-synthetic modification strategies rely on
incorporating coordination sites within a framework material to tether molecules. This can be
accomplished using condensation reactions, acyl transfer, or metalation of open tethers.}*! This
strategy is particularly attractive for functional groups which may not survive the synthesis
conditions required to make MOFs.}*? Some potential drawbacks of utilizing post-synthetic
incorporation techniques are as follows: successful incorporation of a tether, fidelity of the tether

during synthesis, and access to internal sites.'*3
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Figure 11-2. (a) Post-synthetic modification strategies are predicated on using frameworks
with already included functional handles to enable changes. (b) Metallopolymerization
strategies are predicated on the polymerization of the desired ligand.

An alternate strategy is to create MOFs with metalloligands, which are linking elements
comprised of a coordination complex (Figure 11-2b).2% 44 Controlled metallopolymerization
allows incorporation of the desired moiety under a common set of synthetic conditions.
Additionally. this strategy allows precise synthetic control over the primary coordination sphere
of the metalloligand and a high degree of modularity among linking struts. Some examples of
metalloligand moieties successfully polymerized include metalloporphyrins, bulky pincers, and
salen complexes.?”: 30, 145, 146

We viewed metallopolymerization as a strategy that would allow for atomistic control over
the electronic structure of supported metal ions within a conserved framework topology, thus
making it an ideal synthetic strategy for incorporation of Ru. complexes in a material. Site

immobilization of Ru> moieties has been achieved before by solvothermal methods to make 3D
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structures, however the majority of these strategies result in materials catenated through the apical
coordination sites thereby excluding catalysis as no open metal sites remain.'*’*% In addition,
direct solvothermal strategies do not allow for any synthetic tuning of the primary coordination
sphere or the topology, as they rely on in situ self-assembly.

Our group has previously developed a family of metallomonomers based on Ru; units with
peripheral functional groups designed to enable various polymerization modes. Polymerization of
iodinated metallomonomers via irreversible Sonogashira cross-coupling yielded porous non-
crystalline materials.”® This method allowed explicit control over the primary coordination sphere
of the Ruz unit, and thus tuning the product selectivity for an intramolecular C—H amination
reaction, but characterization of the active site is rendered virtually impossible due to the
amorphous nature of the resultant polymer. Subsequently, we reported metallopolymerization via
mechanochemical combination of carboxylated metallomonomers with Cu2(OAc)s which
provided access to a crystalline mixed Ru2/Cu, HKUST-1 phase (Figure 11-3).17

In this chapter, further advancements to our metallopolymerization strategy involving
synthons of Ru; units with open carboxylic acids are discussed. Access to new Ruz monomers and

attempts to synthesize a variety of MOFs using carboxylated Ruz metallomonomers are described.
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Figure 11-3. (a) Polymerization of a Ruz molecule with Cu20Acs yields a mixed metal

HKUST-1 structure. (b) PXRD patterns of the mixed metal HKUST-1, Ru-HKUST-1, and
Cu-HKUST-1

1.2 Results and Discussion

In this section, we describe the synthesis and characterization of ruthenium complexes I1-

3 and 11-6. The synthesis of these complexes and related protection/deprotection strategies are
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discussed. Attempts to utilize these complexes to synthesize MOFs are discussed and potential

opportunities in alternate modes of materials assembly are suggested.

11.2.1 Synthesis and Characterization

Synthesis of carboxylated metallomonomers is conceptually challenging because
conditions must be developed that enable access to the molecular complexes and not subsequent
polymerization. For example, combination of 1,4-BDC with Ru2OAc4Cl only yields amorphous
polymeric Ru, material*>* > and none of the desired metallomonomer 11-3 (for a review on metal-
organic polyhedra including those synthesized using 1,3-BDC, see the following®®®).To
accomplish this goes, we pursued the synthesis of compounds 11-3 and 11-6 via the synthetic

strategy illustrated in Figure I1-4.

(a) O, _OH o_cl o_ ¢l

N
Ru,0AcC ’fbi’) ﬁu#o C A, ﬁ”%ci
H,0, MeOH, 92°C, 24 h 4% JJ —é CH09582/3?5|;6h %O ,i\(g <:> /{3
>|\ 67% yield y
00

-1 -2 n-3

(b) 0. _NH, | HN cl
HN_ Cl Si—
RuzTFALCI }-{N”\ﬁu——NH o/ 1 4 TBAF, THF, 23°C, 16h Ry —NH

- o5 JCH) ToAR THE 25°C _< o 4 ~H>
. s “NH)
Toluene, 1§0 C,7d JJ 2. HCI, MeOH, 23°C, 16 h
| 88% yield 98% yield

-4 -5 -6

Figure 11-4. (a) Synthesis procedure for 11-3. Ligand exchange of Ruz2(OAc)+Cl with 11-1
proceeds in 67% yield to give 11-2, which is deprotected with TFA to give 11-3. (b) Synthesis
procedure for 11-6, which is similar to the strategy in 11-4a.

Synthesis of 11-2 was accomplished by combination of 11-1 and Ru20AcsCl in a 1:1
water/MeOH mixture at 92 °C for over a period of 24 h. Above this temperature, the thermal

decomposition of 11-1 into 1,4-BDC and isobutylene becomes rapid; additionally longer synthesis

times lead to slight deprotection of 11-2. To assay reaction progress, NMR spectroscopy was used
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to identify a peak at & = —45ppm (s, CDCIs), which corresponds to residual Ru»-bound acetate
ligands. Treatment of isolated complex 11-2 with TFA in CH,Cl; afforded a quantitative yield of
I1-3. We chose to tert-butyl esters as protecting groups for Il-1 because of their ease of
deprotection with TFA.X" Other ester deprotection conditions, namely those involving hydroxide
bases, are incompatible with the paddlewheels, presumably due to the formation of apical
hydroxides which are insoluble.58 15°

Synthesis of 11-6 required a different protecting group strategy, as the tert-butyl esters were
incompatible with the acidic conditions required for synthesis of ligand 11-4. Additionally, ligand
11-4 is stable at 150 °C for over 7 d, unlike 11-1, making it suitable for extended ligand exchange
reactions.'®® Complex 11-5 was prepared in 88% yield from 11-4 and freshly prepared Ruz(TFA)4CI
by refluxing in toluene for 7 d at 150 °C. The reaction vessel was fit with a Soxhlet extractor
containing potassium carbonate to scrub produced TFA.! Deprotection of 11-5 is accomplished
by treatment with TBAF in THF, to afford the tetra-TBA salt of 11-6. Ultimately, protonation with

HCI afforded 11-6 in quantitative yield.

[1.2.2 Synthesis attempts for 11-3
11.2.2.1 DMOF-1

Attempts to synthesize analogs of DMOF-1 with 11-3 solvothermally resulted in complete
exclusion of 11-3; if a ligand exchange event occurs at Ru, liberated ligand will polymerize with
other metal ions. Based on metal ion exchange rates, ligand exchange at other metals is much
greater than at Ru, and thereby result in its exclusion whenever there are fast exchanging metal
ions present.?? Thus, solvothermal synthesis of DMOF-1 with 11-3, Cu20Acs, and DABCO vyielded

single crystals of all Cu DMOF-1.
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Additional attempts to incorporate 11-3 into crystalline materials centered around
mechanochemical synthesis strategies; we hypothesized that by dramatically reducing solvent
amounts, there would be reduced opportunities for ligand exchange to occur at Ru. Ball-milling of
11-3 with Cu20Acs, DABCO, and ethanol as an additive yielded a PXRD consistent with that
observed for DMOF-1 (Figure 11-5), a material which could not be accessed solvothermally. The
material was porous with a surface area of 300 m?/g. Neat milling (without additive) also yielded
a PXRD consistent with that of DMOF-1, albeit significantly less crystalline. Attempts to
substitute the pillaring DABCO with bipyridine or pyrazine yielded poorly crystalline material that
could not be indexed. Exposure of Ru-DMOF-1 to aqueous NaNs resulted in dissolution of the

solid material.
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Figure 11-5. Ball milling of 11-3 with Cuz(OAc)s and DABCO with EtOH (1=0.66) as an
additive produces the PXRD shown. Overlaying with parent material DMOF-1 indicates
several peaks which overlap exactly.

Efforts to improve crystallinity centered around solvent additives. It has been reported that

small amounts of solvent additives can increase the yield of solid-state reactions and enable
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formation of crystalline phases.'%21%4 We screened several commonly reported solvent additives
in varying ratios (represented as 1, defined as uL of solvent per mg of reactant) (Figure 11-6).
MeOH proved to be the best solvent additive, with little change observed by slight variations in 1.
Having a large 1 value (>1) lead to a decrease in crystallinity. Adding water to the reaction led to

slight decreases in crystallinity as compared to just solvent.
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Figure 11-6. Ball milling of 11-3 with Cu20Acs, DABCO, and various solvent additives: (a)
1:1 DMF/H20 1n=0.66 (b) 1:1 MeOH/H20 1n=0.66 (c) MeOH n=2 (d) MeOH 1=0.66 (¢) MeOH
1=0.33 (f) EtOH 1=0.66
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Additionally, we screened a variety of alcohol and amide solvents at a fixed ratio of n =
0.68 to explore whether solvent identity was important towards improving crystallinity (Figure 11-
7). 2-phenylethanol and N,N-diethylacetamide (DEA) gave the highest crystallinity of all

additives, however the attained results still feature large FWHM (full-width at half maximum) and

subsequently broad peaks with poor resolution.
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Figure 11-7. Ball milling of 11-3 with Cu20Acs, DABCO, and various solvent additives at
1=0.68: (a) 2-phenylethanol (b) HFIP (c) DMF (d) tBuOH (e) DEA (f) iPrOH (g) DEF.
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11.2.2.2 Zr based attempts

During studies of the mechanochemically derived Ru2/Cu-HKUST-1 materials, we noted
material dissolution upon exposure to sodium azide, presumably due to the formation of soluble
copper polyazide complexes.'®® This chemical incompatibility with NaNz prompted us to explore
the synthesis of more robust materials, namely Zr-based materials.

Zr-based materials are widely reported in the literature as being robust to a variety of harsh
conditions.®® We hypothesized that access to Zr-based materials would solve issues of chemical
stability and, following literature reports of mechanochemical MOF formation using preformed Zr
clusters, we attempted to incorporate 11-3 in a Zr MOF (Figure 11-8).167-1¢° Table 11-1 contains
synthesis conditions attempted for synthesizing mixed Zr/Ru materials; variables examined
included the identity of the Zr cluster, reaction time, milling frequency, base additive,
stoichiometry, and solvent additives. For all of the examined conditions, the resulting materials
were amorphous. Ligand exchange did occur under reaction conditions at ruthenium: when 11-7
was used as the cluster, acetic acid was liberated in the reaction mixture. Washing the generated
solid with methanol yielded a colored solution. When assayed by NMR, the solution showed peaks
at & = -45 ppm, which corresponds to Ruz compounds with varying degrees of acetate substitution,
originating from the Zr cluster. Figure 11-8 shows a representative PXRD after washing and drying;

all reactions feature a large peak centered around 8° 26 and no other peaks.
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Figure 11-8. Ball milling of 11-3 with Zr clusters (shown in this case 11-7) yielded powder
patterns consistent with that displayed above, regardless of additive used or milling
conditions.
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Table 11-1. Comparison of mechanochemical synthesis conditions utilized to synthesize
mixed Zr/Ru MOFs with 11-3. * = Molar ratio of 4:1 Ru:Zr

* = Molar ratio of 3:1 Ru:Zr

Zr Cluster Additive Freq/ Time
DMF (n=0.56) 30 Hz, 90 min
17 A MeOH (n=0.56) 30 Hz, 90 min
EtOH (n=0.56) 30 Hz, 120 min
DMF/TEA (n=0.56) 30 Hz, 60 min
DMF/TEA (n=0.68) 30 Hz, 60 min
MeOH (n=0.78) 30 Hz, 60 min
-8~ DMF (n=0.50) 30 Hz, 60 min
DMF (n=0.78) 50 Hz, 60 min
MeOH (n=0.78) 50 Hz, 60 min
- 30 Hz, 60 min
N MeOH(n=0.75) 30 Hz, 60 min
-9 DMF(=0.75) 30 Hz, 60 min
DMF (n=0.75) 50 Hz, 60 min

11.2.3 Synthesis attempts for 11-6 and 11-10

11.2.3.1 Solid-state

In addition to the attempts reported in the previous section, we also endeavored to
synthesize Ru/Zr MOFs with 11-6 as the Ruz motif via ball-milling. Table 11-2 contains the list of
synthetic conditions assayed. Similarly to previous attempts with 11-3, all resultant materials were
amorphous, yielding PXRDs identical to that seen in Figure 11-8. No color was observed in washes

of the material, indicating that Ruz was indeed incorporated structurally in the material, in contrast

to the earlier described ball milling conditions with 11-3.
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Table 11-2. Comparison of mechanochemical synthesis conditions utilized to synthesize
mixed Zr/Ru MOFs with 11-6. All molar ratios 4:1 Ru:Zr. All samples milled at a frequency of

50Hz.
Zr Cluster Solvent additive Time Additive
m=0.2)
DMF 120 min -
DEF 120 min -
MeOH 120 min -
-7 MeOH 120 min NaOAc
MeOH 120 min K2CO3
- 120 min -
DMF 90 min -
-8 MeOH 90 min -

11.2.3.2 Solution state

Our group demonstrated that solvothermal synthesis could be utilized when the primary

coordination sphere motif was changed from carboxylate to amidate (Figure 1-10). We

hypothesized this outcome was due to the kinetic stability of the Ru—-N bond under the

polymerization conditions. This feature enabled the use solvothermal synthesis conditions for the

synthesis of 11-6, which is the direct congener of 11-3. Solvothermal synthesis attempts at

incorporating 11-6 were initially focused on reported conditions for the PCN series of MOFs.17®

171 Table 11-3 contains synthesis attempts for utilizing 11-6 as the metallolinker. Combining 11-7

with 11-6 yielded amorphous solids, regardless of acid modulator addition or Zr source used.
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Table 11-3. Comparison of solvothermal synthesis conditions utilized to synthesize mixed
Zr/Ru MOFs with 11-6.

Entry # Zr Solvent Acid modulator
Source
1 -
2 AcOH (0.25 mL)/Benzoic Acid (0.05 g)
3 AcOH (0.25 mL)
4 AcOH (0.5mL)
5 AcOH (0.75 mL)
6 AcOH (1 mL)
7 AcOH (2 mL)
8 DMF Benzoic Acid (0.120 g)
9 Formic Acid (0.5 mL)
10 ZrCls Formic Acid (0.50 mL)/Benzoic Acid (0.020 g)
11 TFA (0.05 mL)
12 TFA (0.10 mL)
13 TFA (0.15 mL)
14 TFA (0.30 mL)
15 TFA (0.60 mL)
16 -
17 DEF AcOH (0.25 mL)
18 AcOH (0.25 mL)/Benzoic Acid (0.05 g)
19 AcOH (0.5 mL)/Benzoic Acid (0.05 g)
20 Benzoic Acid (0.100 g)
21 Benzoic Acid (0.270 g)
22 TFA (0.10 mL)
23 Zr0Cl; DMF TFA (0.10 mL)/Benzoic Acid (0.100 g)
24 HBF4(0.10 mL)
25 HBF4(0.10 mL)/Benzoic Acid (0.100 g)
26 -
27 AcOH (0.25 mL)
28 11-8 DMF AcOH (1 mL)
29 HBF4 (0.05 mL)
30 TFA (0.05 mL)
31 11-9 DMF TFA (0.04 mL)

Solvothermal synthesis attempts utilizing 11-10 are summarized in Table 11-4 for the
formation of Zr-containing MOFs. Conditions for MOF-808 were adapted (Table I1-4) and yielded
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an insoluble orange powder; the resulting PXRD is displayed in Figure 11-9.12 The obtained
powder pattern did not correspond to any known material available; no structural models based on
a Zre/paddlewheel exist and a model crystal structure could not be generated as data quality was
too poor. ZrsOAc12 was chosen as the model with which to compare diffraction patterns as no
zirconium formate cluster has been reported in the literature.!”>7® Based on analysis of the PXRD
for MOF-808, we tentatively assign the material generated via the solvothermal combination of
11-10, ZrOCl,, and formic acid (Table I1-4, entry 1) as a mixed Ruz/Zr MOF.

Table 11-4. Comparison of solvothermal synthesis conditions utilized to synthesize mixed
Zr/Ru MOFs with 11-10. All reactions performed in DMF.

Entry # Zr Source Acid modulator
1 ZrOCl; (2.70 equiv) Formic Acid (2 mL)
2 TFA(0.08 mL)
3 Benzoic Acid (0.5 g)
4 11-7 (1.00 equiv) Acetic Acid (2 mL)
5 HBF4 (0.01 mL)
6 ZrCls (9.15 equiv) TFA (0.06 mL)
7 11-8 (1.00 equiv) TFA (0.08 mL)
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Figure 11-9. Solvothermal combination of 11-10 with ZrOClI2 in Formic Acid/DMF at 100°C
for 7 days produces the powder pattern seen above. Overlaying with MOF-808 and a model
ZrsOAc12 cluster indicates that successful incorporation of 11-10 into a material occurred.

11.3. Conclusions

Sequestration of reactive compounds into porous, crystalline architectures is a strategy to
harness productive reactivity pathways and allow further spectroscopic interrogation. In this
chapter, we endeavored to use Ru, based metalloligands to generate new materials which could be

used to generate reactive intermediates competent in C-H functionalization. Our original strategy
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was predicated on mixed Cu/Ru HKUST-1 like materials, but these materials suffered from being
incompatible with the sodium azide, which is necessary to generate reactive nitrides. Our efforts
turned then to attempting to make materials which would be more robust in our reaction conditions.

Switching to Zr-based materials would offer us this robustness, still in a crystalline matrix.
Initial ball milling experiments trying to synthesize DMOF-1 with 11-3 yielded poorly crystalline
materials which dissolved upon exposure to NaNs. Instead, we switched to 11-6 and 11-10 as the
change to a more basic primary coordination sphere (amide vs carboxylate) would allow us to also
explore solvothermal methods, instead of just limiting ourselves to mechanochemical synthesis
techniques. Unfortunately, no attempt to generate Zr based materials using I1-6 generated
crystalline material. Out of all reaction conditions screened using 11-10, only the conditions
adapted from syntheses of MOF-808 yielded a crystalline material. The generated PXRD is of an
unknown phase and data quality was too poor to attempt to build a 3D model from the powder
pattern, but we tentatively assign this material as a new Ruz/Zr MOF.

Additional screening experiments to generate single-crystalline material using the
previously identified condition should be engaged, and digestion followed by *H NMR is
necessary to prove successful incorporation of 11-10 into the material framework. Overall, this
provides a reasonable platform upon which to build crystalline frameworks from metalloligands

to examine reactive intermediates.

11.4. Experimental Details

11.4.1 General Considerations

Materials
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All reactions were carried out under ambient conditions unless stated otherwise. Solvents were
obtained as ACS reagent grade. All chemicals and solvents were used as received unless noted
otherwise. 1,3,5-Benzenetricarbonyl trichloride, 2-phenylethanol, and tetrabutylammonium
fluoride (TBAF; 1 mol/L in THF) were obtained from TCI. Diethyl ether (Et.0), ethyl acetate
(EtOAC), dichloromethane, methanol (MeOH), tetrahydrofuran (THF), hexanes, chloroform,
tetrafluoroboric acid (HBF4) solution, acetic anhydride, sodium bicarbonate, zirconium
isopropoxide (70% in IPrOH), zirconium tetrachloride, pyrazine, 2,2’-bipyridine, and acetic acid
(AcOH) were obtained from Sigma Aldrich. Ammonium hydroxide, N,N-dimethylformamide,
sodium chloride, N,N-diethylformamide, and thionyl chloride (DMF) were obtained from VWR
Chemicals BDH. EtOH (KOPTEC 200 proof) was purchased from Decon Labs. Silica gel (0.063—
0.200 mm, 60 A for column chromatography), tert-butyl alcohol, pyridine, terephthaloyl chloride,
potassium carbonate, trifluoroacetic anhydride, and trifluoroacetic acid were obtained from EMD
Millipore. Copper acetate monohydrate, 1,3,5-benzenetricarboxylic acid, and LiCl were purchased
from Alfa Aesar. Oxalyl chloride, zirconyl chloride, and DABCO were purchased from Bean
Town Chemical. Hydrochloric acid and sodium sulfate were obtained from Macron Chemicals. 2-
(Trimethylsilyl)ethanol was purchased from Matrix Scientific. Ruthenium chloride (RuClzsxH20)

was obtained from Pressure Chemical. Trifluorotoluene, N,N-diethylacetamide, and formic acid
were obtained from Alfa Aesar. Methacrylic acid was obtained from Acros Organics. NMR

solvents were purchased from Cambridge Isotope Laboratories and were used as received.
Mechanochemical Synthesis

Mechanochemical synthesis was conducted using a Spex Certiprep 5100 mixer mill (60 Hz).
Starting materials were loaded into a 2.5 mL polystyrene grinding vial (with a slip-on cap) with

10 methacrylate grinding balls (3.2 mm diameter).
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Characterization Details

NMR spectra were recorded on a Bruker Ascend 400 operating at 400.13 MHz for *H and 376.36
MHz for '°F or a Varian NMRS 500RM operating at 500.13 MHz for *H and 470.41 MHz for *°F.
Spectra were referenced against solvent signals: CDCls (7.26 ppm, *H), CD2Cl. (5.32 ppm, *H),
D0 (4.79 ppm, 'H), CDsOD (3.31 'H), DMSO-ds (2.50 ppm, *H), and benzotrifluoride (-
63.72ppm, °F).Y" 'H and °F NMR data are reported as follows: chemical shift (5, ppm),
(multiplicity: s (singlet), d (doublet), t (triplet), m (multiplet), br (broad), integration). Matrix-
assisted laser desorption ionization (MALDI) data were obtained using a Bruker Microflex LRF
MALDI-TOF using reflectron-TOF modes.

Powder X-ray Diffraction (PXRD)

In-house PXRD measurements were carried out on a Bruker D8 Advance Eco X-ray diffractometer
(CuKa, 1.5418 A; 40kV, 25 mA) fitted with a LynxEye detector. The angular range was measured
from 5.00 to 50.00° (20) with steps of 0.010° and a measurement time of 0.3 second per step.
Simulated PXRD patterns were calculated using Mercury 3.9.178

I1.4.2 Synthesis and Characterization

Synthesis of di-tert-butyl terephthalate

o._ Cl o._ 0O
Pyr, tBuOH \|<

R
ol

DCM, 23°C, 16 h

50% yield y\
Cl O O~ =0

A 250-mL round-bottomed flask was charged with terephthaloyl chloride (5.00 g, 24.6 mmol, 1.00
equiv) and 100 mL of CH2Cl>. A mixture of t-BuOH (4.70 mL, 49.5 mmol, 2.00 equiv) and

pyridine (4.10 mL, 49.5 mmol, 2.00 equiv) was added to the flask via an additional funnel over 30
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min. The reaction mixture was stirred at 23 °C for 16 h. The solvent was removed under reduced
pressure. The residue was dissolved in Et,O and washed with 75 mL of saturated aqueous
NaHCO3z and brine (50 mL x 2) before being purified by SiO2 gel column chromatography (1:4
EtOAc:Hex eluent) to afford di-tert-butyl benzene-1,4-dicarboxylate (3.38 g, 50% yield) as a white
solid. *H NMR (3, 23 °C, CDCls): 8.01 (s, 4H), 1.60 (s, 18H). The reported data is in agreement
179

with literature values.

Synthesis of 11-1

0.0 O.__OH
7< KOH

>

tBuOH, H,0, 50°C, 16 h

>L 59% yield >L
00 00

-1

A 100-mL round-bottomed flask was charged with potassium hydroxide (0.351 g, 6.22 mmol, 1.00
equiv) and a 40 mL of a 1:1 mixture of t-BuOH/Water. The mixture was heated at 50 °C and stirred
until the solids dissolved. Di-tert-butyl terephthalate (1.73 g, 6.22 mmol, 1.00 equiv) was added
to the reaction mixture in one portion and the reaction mixture was stirred at 50 °C for 16 h. The
reaction mixture was partitioned between EtOAc and 50 mL 2M HCI and further washed with
brine (2 x 100 mL) then water (1 x 100mL). The organic layer was dried over Na>SO4 and dried
in vacuo. The residue was purified by SiO gel column chromatography (1:4 EtOAc:Hex eluent)
to afford 11-1 (0.813 g, 59% yield) as a white solid. *H NMR (8, 23 °C, CDCls): 8.14 (d, J = 8.2
Hz, 2H), 8.07 (d, J = 8.2 Hz, 8H), 1.61(s, 9H).

Synthesis of Ru20Ac4Cl
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o_cl
LiCl O Ru—0

RuCly*xH,0 - _%2) JJ Mo )—
Ac,0, AcOH, 130°C \g\

18 h, 49% yield

Ruz2(OAC)4Cl was prepared according to the following modification of literature methods.'® A
100-mL three neck round-bottomed flask was charged with RuCls-xH20 (0.517 g, 2.49 mmol, 1.00
equiv) and anhydrous LiCl (0.761 g, 17.7 mmol, 7.27 equiv). A mixture of glacial acetic acid
(25mL) and acetic anhydride (10mL) was added to the reaction vessel. The resulting solution was
heated at 130 °C for 18 h with N2 bubbled through the solution via a metal needle for the duration
of the reaction. The reaction was cooled to 23 °C and a red-brown precipitate was observed. The
precipitate was isolated via vacuum filtration, washed with copious amounts of MeOH and Et,O
and dried in vacuo to afford the title compound (0.297 g, 49% yield) as an orange solid. *H NMR
(8, 23°C, D20): —45.0 (br s, 12H).

Synthesis of 11-2

Ru,0Ac,Cl s u R}u,_

(@]
(7 as
H20, MeOH, 92°C, 24 h %
ﬁ\ 67% yield
0 X0

-1 -2

A 100-mL round-bottomed flask was charged with Ru2OAc4Cl (0.124 g, 0.262 mmol, 1.00 equiv),
11-1 (0.438 g, 1.57 mmol, 6.00 equiv), and 40 mL of a 1:1 mixture of MeOH/H20. The reaction
mixture was heated to 92 °C and stirred for 24 h. The solvent was removed in vacuo to afford a
brown solid. The residue was dissolved in CH2Cl. and filtered. The filtrate was concentrated in
vacuo and triturated with Et.O and the solid was isolated via vacuum filtration. The solids were

dried under reduced pressure to afford 11-2 (0.196 g, 67% yield) as a brown solid. 'H NMR (8, 23
60



°C, DMSO-dg): 31.07 (br s, 8H), 7.83 (d, 8H), 3.05 (s, 36H). Mass spectrometry (MALDI,
positive) data: calc [Ruz(C12H1304)4]*: 1088.1, expt m/z = 1088.0

Synthesis of 11-3

o_Cl o ¢l
SRy —

o) i N 0
4%6 QI\O?_—@_%% CHzCIzgS‘)ZA)fiinJGh ‘%b i'l;ol\(?—Q—{)H

112 -3

A 50-mL round-bottomed flask was charged with 11-2 (0.196 g, 0.175 mmol, 1.00 equiv) and
CH2Cl2 (25 mL). To this reaction mixture was added TFA (300 uL, 3.92 mmol, 22.4 equiv). The
mixture was stirred at 23 °C for 16 h. The obtained brown solids were collected by vacuum
filtration and washed with CH2Cl> (2 x 20 mL) to afford 11-3 (0.157 g, 98% vyield) as a brown
solid. tH NMR (3, 23 °C, DMSO-ds): 31.23 (br s, 8H), 15.79 (s, 4H), 7.82 (d, 8H). Mass
spectrometry (MALDI, positive) data: calc [Ruz(CsHa0a4)4]*: 863.9, expt m/z = 863.8

Synthesis of bis(2-(trimethylsilyl)ethyl) terephthalate

o.__Cl o O\/\s<
Pyr, TMSEtOH |
CH:Clz, 23°C, 16 h
49% yield _s!
cl- X0 |>"07N0

A 250-mL round-bottomed flask was charged with terephthaloyl chloride (5.00 g, 24.6 mmol, 1.00
equiv) and 100 mL of CH2Cl,. A mixture of 2-(trimethylsilyl)ethanol (5.00 mL, 51.3 mmol, 2.08
equiv) and pyridine (6.00 mL, 77.2 mmol, 3.14 equiv) was added to the flask slowly through an
additional funnel over 30 min. The reaction mixture was stirred at 23 °C for 16 h. The solvent was

removed under reduced pressure. The residue was dissolved in EtOAc and washed with 75 mL of
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water and saturated aqueous NH4Cl (50 mL x 2). The organic layer was dried over Na,SO4 and
dried in vacuo. The resultant white residue was purified by SiO2 gel column chromatography (1:9
EtOAc:Hex eluent) to afford the title compound (4.41 g, 49% yield) as a white solid. *H NMR (3,
23 °C, CDCl3): 8.09 (s, 4H), 4.4 (t, J = 8.4 Hz, 4H), 1.15 (t, J = 8.5 Hz, 4H), 0.09 (s, 18H).

Synthesis of 2-(trimethylsilyl)ethoxycarbonyl benzoic acid

O Osi” 0. _OH
~
| TBAF
-
THF, 23°C, 16hr
< 77% yield

A 250-mL round-bottomed flask was charged with bis(2-(trimethylsilyl)ethyl) terephthalate (3.25
g, 8.87 mmol, 1.00 equiv) and of THF (100 mL). TBAF (1M in THF, 8.87 mL, 8.87 mmol, 1.00
equiv) was added dropwise over 30 min, and the resulting reaction mixture was stirred at 23 °C
for 16 h. Solvent was removed in vacuo and the resulting residue was partitioned between Et>O
(50 mL) and 1M HCI (20 mL). The aqueous layer was extracted with EtoO (2 x 50mL). The
combined organic layers were washed with NH4CI (2 x 50mL) and dried over Na>SO4. Solvent
was removed in vacuo and the residue was purified by SiO. gel column chromatography (1:9
MeOH:CH_Cl; eluent) to afford the title compound (1.82 g, 77% yield) as a white solid. *H NMR
(8,23 °C, CDCls): 8.14 (dd, J = 8.6, 5.0 Hz, 4H), 4.46 (t, J = 8.5 Hz, 4H), 1.15 (t, J = 8.5 Hz, 4H),
0.09 (s, 18H).

Synthesis of 11-4
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Oy ©OH 1. SOCl, O NH2
85°C, 16 h
—’.
2. NH4+H,0, THF
23°C, 16 h
——Si\/\o o 99% yield ——Si\/\o o

-4

A 100-mL round-bottomed flask was charged with 2-(trimethylsilyl)ethoxycarbonyl benzoic acid
(2.00 g, 7.51 mmol, 1.00 equiv) and SOCI, (30 mL). The reaction mixture was heated to 85 °C
and stirred for 16 h under N2. The solvent was removed in vacuo. To the yellow residue was added
THF (50 mL) and NH3-H>O (2.00 mL, 50.2 mmol, 6.69 equiv) was added dropwise and the
reaction was stirred for 16 h at 23 °C. Solvent was removed in vacuo to give an off-white solid.
The solid was triturated with H.O and isolated via vacuum filtration to give I1-4 (1.99 g, 99%
yield) as a white solid. 'H NMR (8, 23 °C, DMSO-dg): 8.13 (s, 1H), 8.00 (dd, J = 8.7, 3.8 Hz, 4H),

7.55 (s, 1H), 4.40 (t, J = 8.2 Hz, 2H), 1.11, (t, J = 8.3 Hz, 2H), 0.06 (s, 9H).

Synthesis of Ru2TFA4CI
0 r? i o\én
I U*‘O TFA, TFAA I U"O
(\:) |\ ! b |\
;3 J(\(l\ 75°C, 16 h _<o Jil\l\c‘ ;
98% yield

A 100-mL round-bottomed flask was charged with Ruz(OAc)4Cl (0.100 g, 0.211 mmol, 1.00
equiv). A mixture of trifluoroacetic acid (20 mL) and trifluoroacetic anhydride (2 mL) was added
to the reaction vessel. The resulting solution was heated at 75 °C for 16 h under N2. The solution
was dried in vacuo to afford Ru,TFA4CI (0.108 g, 98% yield) as a purple-red solid. **F NMR (3,
23°C, DMSO-dg): —73.1 (s, 12F).

Synthesis of 11-5
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Ru,TFA,CI HN_ Gl .
2 ;Rr“ Hu—NH o/
Toluene, 150°C, 7d _%,5 'ﬂ"mm
88% yield

-4

A 100-mL Schlenk flask was charged with freshly prepared Ru>TFA4CI (0.065 g, 0.0942 mmol,
1.00 equiv) and 11-4 (0.250 g, 0.942 mmol, 10.0 equiv) under N2. To this was added dry and
degassed toluene (50 mL), and the reaction vessel was equipped with a micro Soxhlet extractor
containing K>COs. The reaction mixture was heated to 150 °C and stirred under N> for 7 d. The
solvent was removed in vacuo and the resulting dark brown residue was triturated with CH,Cl>
and isolated via vacuum filtration. The dark brown solid was further washed with CHxCl> (1 x
15mL) and Et,0 (2 x 15 mL) to afford 11-5 (0.108 g, 88% yield) as a brown/purple solid. *H NMR
(3,23 °C, DMSO-de): 27.32 (br s, 8H), 8.62 (8H), 8.06 (s, 4H), 7.49 (s, 4H), 5.62 (s, 8H), 0.96 (s,
36H). Mass spectrometry (MALDI, positive) data: calc [Ruz(C13H1803NSi[)4]*: 1260.2, expt m/z
=1260.3

Synthesis of 11-6

HN Cl

|
HN cl Si—
R Ry—NH o/l 1. TBAF, THF, 23°C, 16 h R ﬁﬁ’f‘NH o
B JJ'\N@;@ng -~ _<Oe> Iy
ﬂ:, 2. HCI, MeOH, 23°C, 16 h
,? 98% yield ;"

A 25-mL round-bottomed flask was charged with 11-5 (0.025 g, 0.019 mmol, 1.0 equiv) and THF
(15 mL). To this, TBAF (1M in THF, 0.16 mL, 0.16 mmol, 8.3 equiv) was added and the reaction
mixture was stirred at 23 °C for 16 h. Solvent was removed in vacuo. MeOH (10 mL) was added

to the resulting green residue. Upon dissolution, 1M HCI (0.25 mL, 0.25 mmol, 13.0 equiv) was
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added and the solution was stirred at 23 °C for 16 h. The resulting solid was isolated by vacuum
filtration to yield 11-6 (0.017 g, 98% yield) as a yellow solid. *H NMR (8, 23 °C, DMSO-dg): 28.81
(br's, 2H), 28.12 (br s 6H), 15.49 (s, 4H), 8.57 (br s, 4H), 8.48 (br s, 2H), 8.36 (br s, 2H). Mass
spectrometry (MALDI, positive) data: calc [Ru2(CsHsO3N)4]*: 859.9, expt m/z = 859.9

Synthesis of 11-7

o
AN ‘ZF\O o~ —————>  [Z1604(OH)4(OOCMe)izlo-6MeCOOH:3.5CH2Cl2
d CH:Clz, 23°C,16 h

_/ 92% yield

-7

A 50-mL Schlenk flask was charged with Zr(OPr)4 (70% in 1-propanol, 1.00 g, 3.05 mmol, 1.00
equiv). Solvent was removed in vacuo to give a white powder. To this powder was added dry and
degassed AcOH (3.68 g, 61.2 mmol, 20.1 equiv) and CH2Cl> under N2. The reaction mixture was
stirred at 23 °C for 16 h. The resulting white solid was isolated via vacuum filtration and washed
with AcOH (30 mL). The solid was dried under reduced pressure to afford 11-7 (0.761 g, 92%
yield based on Zr) as a white solid. *H NMR (3, 23 °C, CD2Cl,): 10.37 (br s), 2.08 (br s, 6H), 2.01
(br s, 1H), 1.97 (br s, 2H), 1.92 (br s, 1.5H), 1.83 (br s, 1.5H). The obtained spectral data and
integrations are in good agreement with those reported in literature. '8!

Synthesis of 11-8

o ,O—/_ BzOH
N ‘Zr‘O — Zrg(OH),0,4(0Bz)45(PrOH)+4BzOH
d -PrOH, 23°C, 5 m
_/ 80% yield II-8

A 250-mL Schlenk flask was charged with i-PrOH (94 mL) and BzOH (16.0g, 131 mmol, 80.4
equiv). The solution was degassed via three freeze-pump-thaw cycles and put under N.. Zr(OPr)4
(70% in 1-propanol, 0.762 g, 1.63 mmol, 1.00 equiv) was added to the reaction mixture and white

precipitate was immediately observed. The precipitate was isolated via vacuum filtration and

65



washed with i-PrOH (150 mL) to afford 11-8 (532 mg, 80% based on Zr) as a white powder. The

obtained PXRD are in good agreement with those reported in literature. 82

Synthesis of 11-9

o /O—/_ McOH

ANz —_— = Z15(OH)404(OMC)12(PrOH)*3McOH
g o 23°C. 24 h

_/_ 69% yield 11-9

A 25-mL Schlenk flask was charged with Zr(OPr)4 (70% in 1-propanol, 1.04 g, 2.23 mmol, 1.00
equiv) and methacrylic acid (1.00 mL, 11.8 mmol, 5.30 equiv). The reaction mixture was degassed
via three freeze-pump-thaw cycles and put under N». The reaction mixture was left to sit at 23 °C
for 24 h at which point white precipitate was observed. The solid was isolated via vacuum filtration
and used without further purification to give 11-9 (1.03 g 69% vyield) as a white powder. The
obtained PXRD are in good agreement with those reported in literature. 8

Synthesis of tris(2-(trimethylsilyl)ethyl) benzene-1,3,5-tricarboxylate

e
Oo._ _CI (@] ngl\
Pyr, TMSEtOH

CH:Clz, 23°C, 16 h
= : 0 o ,
cl cl 78% yield —%i’\/ \/\SI(

A 250-mL round-bottomed flask was charged with 1,3,5-benzenetricarbonyl trichloride (5.00 g,
18.8 mmol, 1.00 equiv), 2-(trimethylsilyl)ethanol (9.00 mL, 62.8 mmol, 3.34 equiv), and CH2Cl>
(100 mL). A mixture of pyridine (7.60 mL, 94.4 mmol, 5.02 equiv) and CH.Cl, (20 mL) was added
dropwise to the flask over 15 min. The reaction mixture was stirred at 23 °C for 16 h. Saturated
aqueous NH4Cl (100 mL) was added and the mixture was extracted with CH2Cl, (100 mL x 3).

The combined organic layers were evaporated under vacuum. The residue was dissolved in
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hexanes (150 mL) and filtered. Solvent was removed in vacuo to afford the title compound (7.32
0, 78% yield) as a white solid. *H NMR (3, 23 °C, CDCls): 8.83 (s, 3H), 4.46 (t, J = 8.5 Hz, 6H)
1.16 (t, J =8.5 Hz, 6H), 0.09 (s, 27H). The obtained spectral data are in good agreement with those
117

reported in literature.

Synthesis of 3,5-bis((2-(trimethylsilyl)ethoxy)carbonyl)benzoic acid

.
© O\/é'\ TBAF
’ o
THF, 23°C, 16 h | o o
_d~lo O _~gi~ 79% yield — |i/\/ \/\sl(
| |~

A 500-mL round-bottomed flask was charged with tris(2-(trimethylsilyl)ethyl) benzene-1,3,5-

tricarboxylate (5.22 g, 10.5 mmol, 1.00 equiv) and THF (100 mL). TBAF (1 M in THF, 10.5 mL,
10.5 mmol, 1.00 equiv) was diluted with THF (90 mL) and the entire solution added rapidly, with
vigorous stirring, to the reaction mixture. The reaction mixture was stirred at 23 °C for 16 h.
Diethyl ether (100 mL) and 1M HCI (20 mL) were added to the reaction mixture. The layers were
separated, and the aqueous layer was extracted with diethyl ether (50 mL x 3). The combined
organic layers were washed with brine (2 x 100 mL) and 2M NaOH (10 mL). A white gel was
observed to be formed, which was isolated via vacuum filtration and washed with hexanes (200
mL). The residue was suspended in CH2Cl, (100 mL) and 8M HCI (15 mL) was added. The organic
layer was washed with brine (2 x 100 mL), filtered to remove undissolved precipitate, and
concentrated in vacuo to yield the title compound (3.43 g, 79% yield) as a white solid. *H NMR
(8, 23°C, CDCls): 8.92 (d, J = 1.5 Hz, 2H), 8.90 (t, J = 1.5 Hz, 1H), 4.49 (m, 6H), 1.18 (m, 6H),

0.10 (s, 18H). The obtained spectral data are in good agreement with those reported in literature.'*’
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Synthesis of bis(2-(trimethylsilyl)ethyl) 5-carbamoylisophthalate

Ox-°H 1. (COCl), CHzCl,
23 C,16h
_éi/\/o O\/\Si/ 2 NH3 H,0, THF _él/\/o \/\Sl/
| | > 23°C,2h ~

86% vyield

A 250-mL round-bottomed flask was charged with 3,5-bis((2-
(trimethylsilyl)ethoxy)carbonyl)benzoic acid (3.43 g, 8.32 mmol, 1.00 equiv), DMF (0.10 mL, 1.3
mmol, 0.156 equiv), and CH2Cl> (60 mL). Oxalyl chloride (1.5 mL, 17.3 mmol, 2.08 equiv) was
added dropwise to the flask over 10 min. The reaction mixture was stirred at 23 °C under N for
16 h. The solvent was removed in vacuo. THF (60.0 mL) was added to the obtained yellow solid.
NHsz-H20 (28%, 6.2 mL, 44 mmol, 5.29 equiv) was added dropwise over 10 min. The reaction
mixture was stirred at 23 °C for 2 h. The solvent was removed under vacuum to afford a white
solid. H20 (150 mL) was added to the flask and the obtained solid was collected by vacuum
filtration. The solid was washed with additional H.O (200 mL) and dried under reduced pressure
to yield the title compound (2.95 g, 86% yield) as a white solid. H NMR (9, 23 °C, CDClz): 8.80
(t, J = 1.5 Hz, 1H), 8.67 (d, J = 1.0 Hz, 2H), 6.50 (br, 1H), 6.21 (br, 1H), 4.46 (m, 4H) 1.16 (m,
4H), 0.09 (s, 18H). The obtained spectral data are in good agreement with those reported in
literature. 1!’

Synthesis of 11-S1

Si_
o)
0. _NH, i © -
Ru,0Ac,Cl Hﬁé”T IL,:,NH
> (SN
_d~l 0 O\/\s( 150°C, 24 ﬁj_:Ru@\f
| | 32% vyield o
N
11-51 Si—
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A 25-mL Schlenk flask was charged with Ru2(OAc)4Cl (0.127 g, 0.270 mmol, 1.00 equiv) and
bis(2-(trimethylsilyl)ethyl) 5-carbamoylisophthalate (1.07 g, 2.62 mmol, 9.7 equiv). The
headspace of the flask was evacuated. The reaction mixture was heated to 150 °C under N2. The
reaction mixture was observed to melt and was stirred at 150 °C for 24 h. The reaction mixture
was cooled to 23 °C and hexanes (75 mL) was added to the residue. The obtained suspension was
sonicated and filtered to give a dark red filtrate. This process was repeated until the filtrate received
was colorless. The combined filtrate was concentrated under reduced pressure to afford dark brown
solids. The solids were washed with MeOH (75 mL) and dried under reduced pressure to afford
11-S1 (0.161 g, 32% vyield) as a red solid. *H NMR (3, 23 °C, DMSO-ds): 28.23 (br s, 8H), 19.24
(brs, 4H), 5.68 (br s, 16H), 1.80 (br s, 16H), 0.49 (s, 72H). The obtained spectral data are in good
agreement with those reported in literature.'!’

Synthesis of 11-10

Sl—

Fj;l C/_/l | ] OH
HR ”\ u—NH 1. TBAF, THF, 23°C 16h R“"NH
4 b ||'\NH) ’ : J\)b )
<o 2. HCI, MeOH, 23°C, 16 h —R —Q\
3\ Q 55% yield OH
1-81 %S!_ 110

|
A 50-mL round-bottomed flask was charged with 11-S1 (0.150 g, 0.080 mmol, 1.00 equiv), TBAF
(1 Min THF, 1.6 mL, 1.6 mmol, 20 equiv), and THF (20 mL). The reaction mixture was stirred at
23 °C for 16 h. The obtained yellow solids were collected by vacuum filtration and washed with
THF (20 mL x 2) to afford a light-yellow solid. The solid was transferred to a 50-mL round-
bottomed flask, and subsequently was charged MeOH (20 mL) and 1M HCI (1.0 mL). The reaction

mixture was stirred at 23 °C for 2 h. The obtained yellow solids were collected by vacuum filtration
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and washed with H.0 (20 mL) to afford 11-10 (0.047 g, 55% yield) as a yellow solid. *H NMR (3,
23 °C, CD30D): 28.2 (br s, 8H), 19.2 (br s, 4H), 3.18 (m, 12), 1.64 (m, 12H), 1.44 (m, 12H), 1.09
(t, 16H). The obtained spectral data are in good agreement with those reported in literature.**’
General procedure for mechanochemical synthesis of Ru-DMOF-1

The reaction vessel was charged with 11-3 (0.020 g, 0.022 mmol, 1.0 equiv), Cu20Ac4 (0.0045 g,
0.022 mmol, 1.0 equiv), and DABCO (0.005 g, 0.05 mmol, 2 equiv). Solvent additive was added
to the reaction mixture, and the reaction vessel was sealed. The reaction was milled at 60 Hz for
30 min. The vessel was then filled with MeOH and briefly sonicated to form a suspension. The
suspension was transferred to a centrifuge and centrifuged at 6000 RPM for 5 min. The solvent
was decanted and the obtained solid was washed with MeOH (2 x 15 mL) to yield dark green
powder (0.023 g).

General procedure for mechanochemical synthesis of binary structures

The reaction vessel was charged with 11-3 (0.050 g, 0.056 mmol, 4.0 equiv), 11-7 (0.039 g, 0.014
mmol, 1.0 equiv), and solvent additive. The reaction vessel was shaken at either 30 or 50 Hz for
60, 90, or 120 min. The obtained black solids were suspended in MeOH and transferred to a
centrifuge tube. Solvent was separated by centrifugation at 6000 RPM for 7 min. The solvent was
decanted and the obtained solid was washed with MeOH (2 x 15 mL) to yield black powder (0.047

g). The same conditions were applied to samples containing 11-8 (0.032 g, 0.019 mmol, 1.00 equiv)

or 11-9 (0.024 g, 0.014 mmol, 1.0 equiv).
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General procedure for solvothermal synthesis using 11-6

A 20-mL scintillation vial was charged with 11-6 (0.015 g, 0.017 mmol, 1.0 equiv), Zr source (0.25
equiv), and DMF (2 mL). The reaction mixture was sonicated until all solids were dissolved and
acid modulator was added. The vial was placed into a 120 °C oven for 3 d. No solid was observed
except for entry #’s 14, 15, and 21 from Table I1-3, in which case a black precipitate was observed.
General procedure for solvothermal synthesis using 11-10

A 20-mL scintillation vial was charged with 11-10 (RuUBTCNH2, 0.020 g, 0.019 mmol, 1.0 equiv),
Zr source, and DMF (2 mL). The reaction mixture was sonicated until all solids were dissolved
and acid modulator was added. The vial was placed into a 100 °C oven for 7 d and orange solids
were observed upon cooling. The solid was isolated via vacuum filtration and washed with DMF

(2 x 10 mL).
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Figure 11-10. NMR of 11-2 in DMSO-ds at 23°C.
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CHAPTER Il
SYNTHESIS AND PHOTOCHEMISTRY OF RUTHENIUM PADDLEWHEEL BASED THIN

FILMS

I11.1. Introduction

In the last chapter, we described new heterogeneous platforms to confine reactive
intermediates and avoid undesired and unproductive reaction pathways. The evidence for the
success of this strategy is circumstantial: While we were not able to directly observe and
characterize the putative Ruz nitrides generated in these systems,'3 183 184 \we inferred their
intermediacy based on the observations of aminated products and lack of N2 evolution (Figure 111-
1).185 18 Both of these observations contrast corresponding results with molecular analogues.
Unambiguous spectroscopic and structural characterization of lattice-confined Ru2N species has

not yet been accomplished.
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Figure 111-1. (a) Reaction scheme for turning toluene into benzylamine via a putative Ru2
nitride. (b) GC-MS head space analysis of reactions between Ruz molecule (left) or Ru:
material (right) and Na'>NN2 shows different 2°N2:*N2 ratios — N2 can only be produced
via bimolecular combination of ®N. Immobilization in a MOF clearly retards the amount
of bimolecular combination of RuzN. Data reprinted with permission from reference 186.
Copyright John Wiley and Sons.

Dinca and coworkers demonstrated the potential to fully characterize reactive
intermediates by isolation within extended lattices by during studies of NO disproportionation at
an iron site in Fe-MOF-5.18"-18 Using diffuse reflectance infrared fourier transform spectroscopy
(DRIFTS) they were able to characterize various Fe-NO adducts in the solid state, for which there
exists no homogeneous analog. One of the key assumptions made here however is that the surface
of the material is acting the same as the bulk of the material, which cannot be assayed by diffuse
reflectance techniques. Their assignments are bolstered by additional XAS and Mdssbauer data,
which were enabled by the relatively long lifetimes of the intermediates of interest. In the case of

shorter-lived species (or materials for which Mdéssbauer is not available), techniques to probe the

electronic structure are limited to diffuse reflectance UV-vis (DRUV).
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Application of optical methods (both photochemistry and optical spectroscopic tools) is
challenging. Penetration depth of visible light into solids is dependent on many factors such as
thickness of material, roughness, molar absorptivity, and the wavelength of light.'®1°* For
instance, in ZnO the penetration depth of 280-360 nm light ranges from 50 nm to 65 nm, !9 1%
(DRUV) is often used to characterize heterogeneous materials, but the depth to which the material
is interrogated is assumed to only be in the immediate vicinity of the surface of the material as the
technique inherently relies on scattering.'®* Other methods of spectroscopic interrogation,
including X-ray absorption spectroscopy, are available to assay lattice-confined species.® As for
XAS probes, the lifetimes of reactive intermediates present a significant time mismatch challenge
with the time required to obtain a data set.*%

Chemical vapor deposition is a widely used technique to prepare optically addressable
inorganic materials, but the synthetic programmability of these techniques is often limited to
simpler materials than one can generate via solvent phase self-assembly and is also constrained by
the requirement of appropriately volatile precursors.%7-202

Metal-organic layers offer optically addressable porous architectures with high synthetic
programmability.2%® Metal-organic layers (MOLs) can be synthesized via a top-down or bottom-
up approach.?* The top-down methodologies involve synthesizing a MOF via normal
solvothermal methods and then breaking the linking elements between layers through some
exfoliation procedure. This method can be quite harsh and gives materials of varying thickness
and quality. The bottom-up methodologies involve using either capping agents, surfactants, or
interfacial synthesis to produce layers of tunable thickness and high quality, but potentially with
surface modification of the metal sites due to the presence of capping agents and surfactants.?%

The clear advantages of these techniques are that they produce thin films of materials which are
79



optically addressable and assayable whereas the bulk materials generated from more traditional
solvothermal synthesis conditions are not.

Combining the explicit control over thickness of the bottom-up approach and the bulk
fidelity of material provided by the top-down approach would provide a powerful platform to
systematically control the thickness and optical transparency of porous thin films. We
hypothesized that layer-by-layer (LbL) film growth, based on porous molecular cages and
organometallic complexes featuring complementary charge could provide a strategy to access such
thin films. LbL growth has been demonstrated for MOFs synthesis, but control over nucleation is
an outstanding issue, or the need for anchoring to self-assembled monolayers (which are often not
robust under solvothermal conditions) have prevented their broader adoption.?°6-2% Many early
iterations of LbL platforms involved charged polymers as one component (or both) and a small
molecule inorganic complex as the counter ion component (Figure 111-2); the resultant films are
referred to as polyelectrolyte films.2%-?!1 Extension to two small molecule components has

naturally to give thin films of oppositely charged organometallic complexes.?*2

(c)

e e e S}
& 5o § @/\@@/\@e/\@@/\@@

Figure 111-2. The LbL synthesis method on a charged substrate. (a) LbL deposition of two
charged polymers. (b) LbL deposition of one charged polymer and charged small molecule.
(c) LbL film synthesis consisting of two charged small molecules.
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In order to address the issue of lack of spectroscopic characterization of our hypothesized
Ru2N unit, we endeavored to synthesize thin films based on the Ruz units discussed in the previous
chapter. Those molecules contained a carboxylic acid, which after deprotonation, would be a
perfect fit for the layer-by-layer film growth using our polyelectrolyte complexes. We chose to use
the cage molecule ZrFDCOTT (111-1) as the initial material because it is chemically robust and
does not absorb in the visible region.?*® Additionally, the cage molecules are inherently porous
and thus we hypothesize will allow substrate ingress and egress from the active sites — which is
critical to our azide metathesis strategy of accessing Ru>N intermediates. Herein we describe the
synthesis and optical characterization of Ruz-based thin films from I11-1 and I11-2. We also
demonstrate the optical addressability of these films by performing photoreduction reactions in

situ and discuss attempts at ligand metathesis inside the materials.

111.2. Results

I11.2.1 Synthesis and characterization of Ru. thin films

Synthesis of thin films containing 111-2 was accomplished using the layer-by-layer (LbL)
deposition method of film growth.?*4 215 Glass slides were initially subjected to plasma treatment
in order to clean them, and provide a charged surface from which to anchor charged molecules.?¢
222 Starting from solutions of 111-1 and 111-2, the treated glass slide was first dipped in a MeOH
solution of 111-1, followed by MeOH as a wash, and then the cycle repeated with the corresponding
solution of polyelectrolyte (Figure I111-3). This generates the film in Figure Ill-4a, with
corresponding UV-vis in Figure I11-4b. An overlay of 111-2 in MeOH with the film 111-1-2 shows

good spectral agreement with peaks at A = 373 nm and 435 nm. Wavelength dispersive
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spectroscopy measurements indicate a ratio 111-1:111-2 ratio of 2:1, exactly what is expected based

on the charge ratio of the two compounds (4" charge for 111-1, and 8 charge for 111-2).
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Figure 111-3. (a) Schematic of the layer-by-layer synthesis method; a sample is dipped into
solutions 1-4 where 1 is a solution of I11-1, 3 is a solution of 111-2, and 2 and 4 are wash
solutions of MeOH. A complete dip sequence of 1-4 is one bilayer. (b) Reaction scheme for

synthesizing thin films.
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Figure 111-4. (a) Optical photograph of thin film I11-1-2 after 50 BL at 3 second dips. The
film is yellow in color and optically transparent. (b) UV-vis of 111-2 and the thin film of I11-

1-2.

Our goal was to develop thin films which would still be optically addressable; in order to

accomplish this, we screened a system of variables including concentration of polyelectrolyte, dip

time per solution, bilayer number (BL #), and presence of a drying step.
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To assess the effect of time in solution on thickness, ellipsometry was employed on thin
films of 111-1-2 (Table I11-1) which were synthesized by hand. The times screened were 3, 10, and
15 seconds per solution with samples measured at 50 bilayers and solution concentrations of 2
mg/mL. The average thickness for 3 s dips was 208 £+ 43 nm and average roughness was 12 nm.
For 10 s dips the average thickness was 156 + 4 nm and the average roughness was 17 nm. For 15
s dips the average thickness was 154 £ 5 nm and the average roughness was 4 nm. This data
suggests that 3 s dip times led to the thickest films while increased dip time led to less rough films.
An additional film was made with 3 s dip time at 50 bilayers, but the concentration was increased

to 10 mg/mL and the resulting film thickness was 345 + 102 nm.
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Table I11-1. Thickness measurements on films of 111-1-2, varying by dip time measured at
50 bilayers and solution concentrations of 2 mg/mL. Error is reported as standard error;
measurements are repeated 20 times to generate error.

Time of dip Spot # Thickness (nm) | Roughness (nm)

1 247 +2 9
2 243 +3 178
3 217+2 14

3s
4 229+2 17
5 194 +2 9
6 119+2 4
1 159 + 30 17
2 152 + 64 18

10s
3 148 + 52 15
4 151 +58 18
1 158 +4 3
2 158+ 6 7

155 3 152+ 6 4
4 159 +4 3
5 145+ 12 4

Our goal was to synthesize films which would be desirable for use in photochemistry. We
speculated that the optimal samples of 111-1-2 for photochemistry would have thicknesses of, or
about, 500 nm based on the optical density and be as smooth as possible; we hypothesized that the
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large baseline observed in the UV-vis profiles in these systems were a direct result of light
scattering due to roughness in the sample (Figure Il1-4b). To meet these metrics, greater
understanding of the film growth process was needed, and as such we carried out a striping
experiment. We synthesized two films, one with drying and one without, using 111-1 and 111-2 on
a robot platform to generate well-defined zones to characterize.??®

Figure I11-5a shows the two striping samples. The samples were prepared with 5 dipping
zones, ranging from 10-50 bilayers. Each of the dipping zones of interest is separated by a yellow
band, which is a mixing layer known as the wetting zone where the wet film starts but is not of a
constant thickness.??* The bands seen in Figure I111-5a appear brown visually upon aging; when
initially synthesized they appeared yellow, which is consistent with 111-2 in solution (see Figure
I11-4b). Profilometry data on the two samples is displayed in Table 111-1. Including a drying step
between dips led to increased thickness of bilayers and increased roughness as compared to the

absence of a drying step. For the sample with an included drying step, the growth trend is linear

with a slope of 13 nm/BL (Figure 111-5b).
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Figure 111-5. (a) Samples produced via striping experiment from 0-50 bilayers at 15 s dips.
Solution concentration was 10 mg/mL. Sample produced without drying is on the left, with
drying is on the right. (b) Plot of thickness vs. Bilayer count for sample with drying.

Table 111-2. Thickness and roughness measurements of thin films produced from striping
experiment — with and without drying.

Without Drying With Drying
# Bilayers | Thickness | Roughness | Thickness | Roughness
(nm) avg. (nm) (nm) avg. (nm)
20 220 72
30 119 37 390 58
40 215 30 482 67
50 366 38 691 53

We sought to further characterize the surface of the films to gain insight into the growth

mechanism and obtained SEM images of both films synthesized in Figure Il1-5a. Figure I11-6
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shows the SEM images obtained on both samples; images were taken of areas of 10 and 40
bilayers.

25x magnification images of 10 bilayers with drying (Figure 111-6a) shows smooth surface
features with small clusters of nucleation. Figure I11-6b shows an image of the sample with drying
and shows slight cracking in the surface. Figure I11-6¢ shows a still relatively smooth surface at 40
bilayers at 100x magnification. Figure I11-6d shows the image of 40 bilayers with drying and
indicates significant surface clusters and surface defects which is consistent with higher surface
roughness observed (Table 111-2). These images suggest that even at 10 BL, there is little island
growth and the film is growth in a layer-by-layer fashion. Also with drying the cracking appears
to be a long-range phenomenon and not visible on the ~10 nm scale; visible cracks are large
however, appearing to be 100s of microns in length.

25x magnification images of 10 bilayers without drying (Figure I11-6e) show several small
clusters of nucleation, consistent with our inability to obtain reliable profilometry data from these
samples. An image (Figure 111-6f) reveals a virtually featureless surface. 50x magnification images
of the same sample at 40 bilayers show small cracks (Figure I111-6g) without major features, and
an image (Figure 111-6h) of the same spot showcases a largely smooth surface with clusters of
elevated growth or imperfections, which is consistent with the data in Table 111-2. The samples
produced without drying are significantly smoother, with far less imperfections in the surface, but
are thinner. We hypothesize that the drying step is physisorbing material to the surface, thereby
resulting in greater thickness, and also greater roughness as nucleation is not uniform.??2?" |n
films where drying is excluded, this physisorption process is less significant, leading to thinner

and smoother films.
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Figure 111-6. (a) 10 BL with drying at 200 nm scale bar. (b) 10 BL with drying at 10 pm scale
bar. (c) 40 BL with drying at 100 nm scale bar. (d) 40 BL with drying at 10 pm scale bar. (e)
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10 BL without drying at 200 nm scale bar. (f) 10 BL without drying at 10 pm scale bar. (¢)
40 BL without drying at 100 nm scale bar. (d) 40 BL without drying at 10 pm scale bar.

We additionally synthesized two samples of 20 bilayers each with washing time extended
to 1 min (with and without drying) and of 50 bilayers which was aged before imaging to examine
how the film topography would be affected. Figures I11-7a and I11-7b show the samples at 20
bilayers with greater wash time and shows significant surface buildup, indicating that increased
washing time is not affecting film growth. Figure 111-7c shows the thin film with drying at 50
bilayers, aged at 3 days, which shows large and varied surface buildup, and figure 111-7d showcases
the significant cracking of the surface. This cracking phenomenon leads to the increased scatter

and darkening of color observed in the samples in Figure I11-6a.
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Figure 111-7. (a) 20 BL with extra wash time and drying at 1 pm scale bar. (b) 20 BL with
extra wash time and without drying at 1 pm scale bar. (¢) 50 BL with drying at 100 nm scale
bar. (d) 50 BL with drying at 10 pm scale bar.

111.2.2 Ligand metathesis of Ruz based thin films and photolysis attempts

We sought to investigate the potential for ion metathesis within optically transparent thin
films (i.e., 111-2-Cl) to access RuzNs-containing thin films. To this end, we soaked thin films of
111-2-Cl in aqueous solutions of NaN3; the resulting UV-vis traces are pictured in Figure I11-8a.
The only change observed in the UV-vis is an increase in the baseline of the sample. Apical ligand
metathesis in Ru. systems is known to affect changes in the UV-vis spectrum;*3! the observation

that no significant spectral changes were observed suggested that no reaction occurred. N3™ for CI
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exchange could also be evaluated by IR spectroscopy, however the SiO» substrate the films are
grown on absorbs light in the infrared region completely, preventing IR measurements of films
grown on this substrate.

We opted for an alternate synthesis route to attempt azide metathesis and synthesized a
film of 111-2-BF4. We soaked the film in a THF solution of TMSN3; Figure 111-8b shows the
spectral change over 5 h. The spectral changes are subtle, being characterized by slight increases
in ¢ and a broad hump extending from ~430 nm to ~460 nm. Photolysis of this sample with a 335
nm long pass filter in THF for extended periods of time yields no change in the UV-vis (Figure
I11-8¢c). We hypothesize that these results indicate that instead of metathesis, the Ruz center is
reduced by 1 electron to generate a Ruz(l1,11). An overlay of the photoreduction of a film of 111-2-
Cl with the TMSN3 treatment of a film of 111-2-BF4 indicates the product of these reactions is the

same (Figure 111-8d).
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Figure 111-8. (a) Treatment of I11-2-Cl with a solution of NaNs yields minimal spectral
changes except for a decrease in background, which could be indicative of leaching into
solution. (b) Treatment of 111-2-BF4 with TMSN3 shows only a slight broadening of the peak
at 437 nm. (c) Photolysis of azidated films yields no change. (d) Overlay of spectra of the
photoreduction of 111-2-Cl and the TMSN3 reaction with 111-2-BF4 indicates the product is

the same.
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111.3. Discussion

In order to understand the photoreduction chemistry of our Ruz films, we turned to the
precursor complex 111-3 to observe its photochemical behavior. Photolysis of 111-3 in THF (Figure
I11-9a) shows little change in the spectral profile except for an increase in absorbance and a
broadening of the absorbance feature centered around 463 nm. It was hypothesized that the spectral
change can be attributed to photoreduction of the Ruz unit to give I111-4, concomitant with extrusion
of CI". Additionally, the photogenerated solution of 111-4 was exposed to O to reoxidize 111-4; the
transformation is shown in Figure 111-9b. The peaks at 452 nm are consistent with a 11,11 oxidation
state at Ruy, indicating that O, does not reoxidize the photoreduced compound 111-4. 111-4 was

independently synthesized, and the spectra are compared in Figure 111-9c.
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Figure 111-9. (a) Time resolved photoreduction of compound I11-3 in THF. (b) Exposure of
111-4 to O2 results in the spectral changes observed, which we hypothesize is consistent with
oxidation from a (I11,11) to a (I1,111) system. (c) Overlay of photoreduction of I11-3 and
independently synthesized 111-4. Peak positions at 456 nm match.

We performed analogous photochemistry with complex Ruzesp2Cl to ascertain the effect
that changing the primary coordination sphere would have on the photochemical behavior.
Photolysis of a THF solution of Ruzesp2Cl yields the one-electron reduced 111-5 (Figure 111-10a).
The obtained UV-vis spectrum overlays that of independently synthesized 111-5, with peaks at 300

nm and 443 nm (Figure 111-10b). Exposure of 111-5 to O, shows a regaining of spectral features
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associated with Ruzesp2Cl, but does not overlay, indicating the identity of the apical anion is not

Cl but instead maybe OH (Figure 111-10c). This behavior is also observed for Ru,OPiv4Cl (Figure

111-10d).
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Figure 111-10. (a) Photolysis of Ru2esp2Cl using a 335 nm long pass filter in deoxygenated
THF affords I11-5. (b) Independently synthesized 111-5 shows excellent spectral agreement
with the product of photoreduction of I11-5. (c) Reaction of 111-5 with O2 leads to spectral
evolution consistent with 1 e~ oxidation. The apical ligand after oxidation is unknown. (d)
Analogous experiments with Ru20Piv4Cl show similar behaviors.



We also sought to synthesize films of 11-3 and 111-6 with I11-1. Attempts to deprotonate
11-3 with either TBAOH or NEts resulted in decomposition of the dimer unit as evidenced by the
disappearance of peak centered at & = 31.3 ppm in the 'H NMR, which is diagnostic for
carboxylate-bridged Ruz[ll,111] complexes (Figure 111-11). Attempts to deprotonate 111-6 with
TBAOH in MeOH resulted in the evolution of absorbances centered at 331 nm and 476 nm (Figure
111-12). Over 4 h the feature at 476 nm disappears while the peak at 331 nm increases in intensity,
which we interpreted as slow decomposition of the Ru. core as the low energy feature is attributed
to M-M transitions in the M—M bonding manifold. We also synthesized a film from 111-6 using
NEts as a base (Figure 111-13) but the film generated is broad and featureless, which does not give

any information as to the integrity of the Ruz unit.
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Figure 111-11. Deprotonation of compound 11-3 using either TBAOH or NEts in ds-MeOH
results in decomposition of 11-3 as ascertained by the disappearance of the reported peak at
0 = 31.3 ppm, which corresponds to the ortho protons of the phenyl ring. (a) No base added.
(b) TBAOH (4 eq.) added, spectrum recorded 2 m after injection. (c) NEts (4 eq.) added,
spectrum recorded 5 m after injection.
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Figure 111-12. Time-dependent UV-vis of reaction between 111-6 and TBAOH in MeOH. The
spectral feature at 331 nm increases over a 4 h period, while the feature at 476 nm disappears.
We attribute this to decomposition of the paddlewheel motif, in conjunction with observed

NMR data in Figure 111-11.
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Figure 111-13. (a) Reaction scheme to produce films of 111-6 and UV-vis with 111-6 and I11-6-
111-1 overlaid. (b) Optical photograph of film of Ru2BTC4Cl after 50 bilayers.
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111.4. Conclusion

In this section we demonstrated the synthesis and characterization of thin films of 111-1
and I11-2, synthesized by the LbL method. This resulted in films with programmable thicknesses
which were optically transparent. The films are also chemically addressable, as evidenced by the
sequential photoreduction and aerobic re-oxidation, which leveraged but the optical transparency
and the porosity, respectively. We had originally developed these films to characterize a
hypothesized transient Ruz nitride which was competent for C—H insertion, but the specific Ru:
molecules (111-2-Cl and 111-2-BF4) we utilized were either unreactive towards substitution when
using NaNs or reduced when using TMSN:s.

We used these molecules because they provided facile synthetic access to a deprotonated
carboxylic acid motif, which is required for synthesizing films. NMR and UV-vis data presented
in this chapter demonstrate that access to deprotonated carboxylic acids of our Ruz molecules is
highly structure dependent. Efforts are still ongoing in our labs to find amenable synthetic
conditions to produce thin films from 11-3 and 111-6. We hypothesize that access to films of these
molecules will give different results upon apical ligand metathesis with azide and further allow
access to the nitride we invoke in reaction chemistry.

We are also interested in using these platforms for low temperature UV-vis spectroscopy.
The electronic configuration of Ru2®* systems is dependent on the ambient temperature (Figure
14), and magnetic measurements of several of these molecules indicates spin-crossover events
occurring at low temperatures.??® 229 We would like to pair electronic absorption measurements to
these reported spin crossover events. Additionally, the amide complexes (11-6 and 11-10) have not

been explored like formamidinate or carboxylate complexes.
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Figure I111-14. Electronic configurations of Ru2OAc4sCl at low temperature and high
temperature. Below 50 K, the molecule is S = %, and above 273 K is S = 3. The 8" and n*
orbitals are close in energy, which enables spin crossover as a function of temperature.

111.5. Experimental Details

[11.5.1 General Considerations

Materials

All reactions were carried out under ambient conditions unless stated otherwise. Solvents were
obtained as ACS reagent grade. All chemicals and solvents were used as received unless noted
otherwise. Glass slides were obtained from Environmental Monitoring Systems. Ruthenium
chloride (RuClz*xH>O) was obtained from Pressure Chemical. Acetic anhydride, toluene,
tetrahydrofuran (THF), isobutyronitrile, n-butyl lithium, hexanes, methanol (MeOH), ethyl acetate
(EtOAC), chloroform (CHCIs), and acetic acid (AcOH) were obtained from Sigma Aldrich.

Ethylene glycol and hydrochloric acid (HCI) were obtained from VWR. Pivalic acid,
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tetrabutylammonium hydroxide (TBAOH, 37% in MeOH), bis(cyclopentadienyl) zirconium
dichloride (ZrCp2Clz), and lithium acetate were obtained from TCI. Platinum dioxide and
trimethylsilyl azide (TMSN3) were obtained from Alfa Aesar. Silver tetrafluoroborate (AgBFa4),
triethyl amine (NEts), chlorobenzene, xylylene dibromide, and sodium azide (NaN3s) were obtained
from Beantown Chemical. Silver trifluoromethanesulfonate (AgOTf) and furan-2,5-dicarboxylic
acid (FDC) were obtained from Ambeed. N,N-dimethylacetamide (DMA) was obtained from
Oakwood. Celite 545 and silica gel (0.060-0.200 mm, 60 A for column chromatography) were
obtained from Acros Organics. Diisopropylamine, was obtained from Fischer Scientific. Sodium
hydroxide and sodium sulfate were obtained from EMD Millipore. Hydrogen gas was obtained
from Airgas. NMR solvents were purchased from Cambridge Isotope Laboratories and were used
as received. H2ESP, 2% Ruy(OPiv)4Cl,2t  Ru,BTC4Cl  (111-6)1"  and  [Zri2(us-O)a(pe-
OH)12(Cp)12(FDC)s]OTf4 (111-1)?*2 were prepared according to literature procedures.
Characterization Details

NMR spectra were recorded on a Bruker Ascend 400 operating at 400.13 MHz for *H and 376.36
MHz for '°F or a Varian NMRS 500RM operating at 500.13 MHz for *H and 470.41 MHz for *°F.
Spectra were referenced against solvent signals: CD3;OD (3.31 *H), DMSO-ds (2.50 ppm, *H), and
benzotrifluoride (—-63.72ppm, °F).1"" *H and °F NMR data are reported as follows: chemical shift
(6, ppm), (multiplicity: s (singlet), d (doublet), t (triplet), m (multiplet), br (broad), integration).
UV-vis spectra were recorded on a Shimadzu 2501PC spectrometer with DH UV-vis-NIR light
source (190-900 nm). Scanning electron microscopy images were acquired using an Auriga 60
CrossBeam at 15kV. Film thickness measurements were obtained using either a KLA-Tencor P-6
Stylus profilometer or an Alpha-SE Ellipsometer equipped with 623.8nm laser. WDS

measurements were obtained using a Cameca SXFive electron microprobe using a LaBs source.
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Glass Slide Preparation

Glass slides were rinsed with DI H2O followed by MeOH and dried with compressed air. Slides
were then subjected to plasma treatment for 5 minutes using ATTO plasma cleaner (Diener
Electronic). Glass slides were used immediately after plasma treatment.

Photochemistry Details

Samples were photolyzed under an N2 atmosphere using an Ushio 100-watt Hg bulb with a Nikon
HBO 100-watt power supply. Spectral output ranges from 320-800 nm; a 335 nm long pass filter

from Thor Labs was used to filter the light source.
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I11.5.2 Synthesis and Characterization

Synthesis of 111-1

o 4+ 40Tt
" 7|
J 0 O—_ r__,,—o o 2\
P =
o i\o
o o 1. DMA, 65°C, 8 h \Zr/ \Z\r/
0 >
ZrepCl HWOH 2. AgOTH, MeOH, 23°C, 3 d W \~No—"/
39%yield

A 20-mL scintillation vial was charged with ZrCp2Cl> (0.350 g, 1.20 mmol, 1.99 equiv), 2,5-
furandicaboxylic acid (0.094 g, 0.60 mmol, 1.00 eq), and DMA (20 mL) and sonicated until
dissolution. The resulting solution was split between two 20-mL scintillation vials, and water (0.3
mL) was added to each. The vials were submerged in a sand bath at 65 °C for 8 h. The vials were
cooled to 23 °C. The observed white precipitate was isolated via centrifugation and washed with
DMA (19 mL x 2). The obtained solid was solvent exchanged with 19 mL of CHCI; for 1 d, with
fresh solvent replaced every 8 h. The solvent exchanged solid was dried in vacuo at 100 °C to give
ZrFDCCI as a white solid (0.132 g, 41% yield).

A 20 mL scintillation vial was charged with the activated solid (0.056 g, 0.017 mmol), AgOTf
(0.016 g, 0.062 mmol, 3.6 equiv), and MeOH (20 mL). The reaction mixture was stirred in the
dark at 23°C for 3 d. The liquid was isolated from the observed precipitate via centrifugation and
concentrated in vacuo to give 111-1 as a white solid (0.054 g, 95% yield). *H NMR (3§, 23 °C,

CDsOD): 7.24 (br, 2H), 6.62 (br, 5H). 1°F NMR (3, 23 °C, CDsOD): —79.86 ().
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Synthesis of 111-2-BF4

/
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A 50-mL round-bottomed flask was charged with 11-5 (0.10 g, 0.053 mmol, 1.0 equiv),
AgBF4(0.011 g, 0.053 mmol, 1.0 equiv), and MeOH (20 mL). The reaction mixture was stirred at
23 °C in the dark for 18 h. The resulting yellow solution was isolated via vacuum filtration and
TBAF (1 M in THF, 0.11 mL, 0.11 mmol, 14 equiv) was added. The reaction mixture was stirred
at 23 °C for 16 h. The obtained yellow solids were collected by vacuum filtration to yield I11-2

as a yellow solid (0.032 g, 57% yield). °F NMR (3, 23 °C, DMSO-ds): —148.33 (s).

Synthesis of Ruzesp2Cl
o_Cl Cl
\u\R;u_o HzEsp &du_o
—(8led~ (5]
U;)(l\ MeOH 80°C, 16 h Ik
53% yield

A 50-mL round-bottomed flask was charged with Ru,OAc4ClI (0.050 g, 0.11 mmol, 1.0 equiv),
Hzesp (0.059 g, 0.21 mmol, 2.0 equiv), and chlorobenzene (20 mL). The reaction mixture was
heated to 150 °C for 16 h. The reaction mixture was concentrated in vacuo, and the purple residue
was purified by SiO2 gel column chromatography (1:3 EtOAc:Hex eluent) to afford Ruzesp2Cl as
ared solid (0.041 g, 53% yield). 'H NMR (3, 23 °C, DMSO-ds): 13.61, 13.59, 12.81, 12.32, 12.00,
11.89, 11.71, 10.85, 10.47, 2.08 ppm. All peaks are broad, preventing reliable integration, which

is in agreement with reported literature.?*?
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Synthesis of RUOAc (I1,11)

1. Hz, PtO2, MeOH, 23°C, 6 h b“\Ru—JO
RuCly*xH,0 - b |l| CP_
2. LIOAc, MeOH, 75°C. 16 h O \l\
39% yield

A 250-mL Schlenk flask was charged with RuClz-xH20 (4.0 g, 19 mmol, 1.0 equiv), PtO> (0.020
g, 0.088 mmol, 0.005 equiv), and MeOH (50 mL). The reaction mixture was degassed via three
freeze-pump-thaw cycles and subsequently pressurized with 1 atm of H,. The reaction mixture
was stirred at 23 °C for 6 h, during which the solution was observed to change colors from orange
to blue. The reaction mixture was filtered using an air-free filtration frit. Under N2. LiOAc (4.70
g, mmol, eq) was added to the solution and the reaction mixture was heated at 75 °C for 16 h. The
reaction mixture was cooled to 23 °C and the observed orange precipitate was isolated via air-free
filtration. The solid was dried in vacuo to give Ru20OAcs (1.63 g, 39% yield) as an orange powder.
UV-vis (THF, Amax (nM)): 445. This data is well-matched with reported spectral data.?*

Synthesis of 111-5

\g u——o 2ESP I Ru_o
;3 J‘\J\l\d MeOH 85°C, 18 h (\JH

-5

Under N2, a 50-mL Schlenk flask was charged with Ru20OAcs (0.045 g, 0.10 mmol, 1.0 equiv),
H2ESP (0.057 g, 0.21 mmol, 2.0 equiv), and degassed MeOH (20 mL). The reaction mixture was
heated at 85 °C for 18 h. Solvent was removed in vacuo to yield 111-5 as a red solid. 111-5 was used
without further purification. *H NMR (3, 23 °C, DMSO-ds): 22.35, 13.45, 12.58, 12.44, 12.11,
11.80, 11.41, 10.57, 9.57, 6.55 ppm. All peaks are broad, preventing reliable integration. UV-vis

(THF, Amax (nm)): 300, 443.
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Synthesis of RuzPiv4Cl

o _Cl j\o cl
A R'u——O PivOH SIR—0
4%23 u - <|( g\u;\o}—é
U\—)ct\ MeOH/H.0, 85°C, 16 h - ui)l-\’<
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A 100-mL round-bottomed flask was charged with Ru20Ac4Cl (0.200 g, 0.422 mmol, 1.00 equiv),
pivalic acid (0.700 g, 6.85 mmol, 16.2 equiv) and 1:1 MeOH/H20 (30 mL). The reaction mixture
was heated to 85 °C for 16 h. The mixture was cooled to 23 °C and the observed precipitate was
isolated via vacuum filtration. The solid was washed extensively with H>O and dried in vacuo to
give RuzPiv4Cl (0.235 g, 87% vyield) as a red solid. INMR (8, 23 °C, DMSO-ds): 12.25, 12.02,
11.76. All peaks are broad, preventing reliable integration.

Preparation of Thin Films

Thin films of 111-2 were synthesized by hand via the following method: A treated glass slide
was dipped into a 10 mg/mL solution of I11-1 in MeOH for 15 s. The slide was removed from
solution and excess solution adhered to the surface was gently drained back into the parent
solution. The slide was then dipped into a MeOH wash solution for 15 s, repeating the procedure
to remove excess adhered solution. This process was then repeated with a 10 mg/mL solution of
I11-2 and another wash solution. This process of four dips comprised one bilayer (BL). After 5
BL, the slide was allowed to air dry for 5 min. Every 25 BL the wash solutions were replaced with
fresh MeOH.

Thin films of 111-2 were synthesized by robot via the following method: A treated glass slide
was attached to a Velmex Inc. BiSlide system. The slide was dipped into a 10 mg/mL solution of
I11-1 in MeOH for 15 s. The slide was removed from solution and dried using filtered, compressed
air. The slide was then dipped into a MeOH wash solution for 15 s, repeating the drying process.
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This process was then repeated with a 10 mg/mL solution of 111-2 and another wash solution. This
process of four dips comprised one bilayer (BL).

Azidation procedures

Treatment of films of 111-2 with NaN3

A 20 mL scintillation vial was charged with a film of 111-2-CIl, NaN3 (0.050g, 0.77 mmol), and a
solution of 1:1 H,O/MeOH (20 mL). The reaction mixture was allowed to sit at 23 °C for 12 h.
The film was removed and assayed via UV-vis.

Treatment of 111-2-BF4 with TMSN3

Under an atmosphere of N, a cuvette was charged with a film of 111-2-BF4 and anhydrous THF
(6 mL). To this was added TMSN3 (100 uL) and the headspace of the cuvette was removed under
vacuum to seal the sample. The reaction mixture was assayed via UV-vis at various time points as

seen in Figure 111-8 at 23 °C.
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111.5.3 Photochemistry Details

General photolysis procedure for Ruzesp2Cl and RuzPiv4Cl

Under an atmosphere of N2, a cuvette was charged with 0.3 mg of solid and anhydrous THF (6
mL). The cuvette was sealed and photolyzed at 23 °C using a 335 nm long pass filter, and assayed
at various time points via UV-vis.

Photolysis procedure for thin films of 111-2-N3

Under an atmosphere of N2, a cuvette was charged with the thin film. The headspace of the cuvette
was removed under vacuum to seal the sample. The film was photolyzed at 23 °C using a 335 nm
long pass filter, and assayed at various time points via UV-vis.

Photolysis procedure for 111-2-N3

Under an atmosphere of N2, a cuvette was charged with the thin film, anhydrous THF (6 mL), and
TMSN3 (100 pL). The headspace of the cuvette was removed under vacuum to seal the sample.
The film was photolyzed at 23 °C using a 335 nm long pass filter, and assayed at various time
points via UV-vis.

Photolysis procedure for 111-2-Cl

Under an atmosphere of N2, a cuvette was charged with the thin film and anhydrous THF (6 mL).
The headspace of the cuvette was removed under vacuum to seal the sample. The film was
photolyzed at 23 °C using a 335 nm long pass filter, and assayed at various time points via UV-

Vis.
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NMR Spectra
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Figure 111-15. 'H NMR of I11-1 in CD30OD at 23 °C. * corresponds to peaks associated with DMA, hypothesized to be bound to
Zr.
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Figure 111-16. °F NMR of I11-1 in CD30OD at 23 °C.
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Figure 111-17. °F NMR of I11-2-BF4 in DMSO-ds at 23 °C.
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Figure 111-18. 'H NMR of I11-5 in DMSO-ds at 23 °C. * corresponds to unreacted Hzesp ligand.
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Figure 111-19. 'H NMR of Ru20Piv4Cl in DMSO-ds at 23 °C.
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CHAPTER IV
GROWTH MECHANISM AND CHARACTERIATION OF PORPHYRIN

POLYELECTROLYTE FILMS

IV.1. Introduction

Porphyrins are a class of molecules which are ubiquitous across chemistry. They have been
widely studied for their photochemical properties?*27 and ability to form complexes with a
variety of atoms.?® 2*° The high synthetic modularity of porphyrins make them attractive targets
for materials chemistry and strong absorption in the visible region makes them particularly
appealing for photochemical applications.240-245

As such, there is intense interest in synthetic methodologies to incorporate porphyrins into
materials, particularly for photocatalysis or as photoresponsive sensors.?*6248 A wide body of
literature exists predicated on the synthesis of thin films of porphyrins via methods discussed in
the previous chapter, such as CVD or LbL.%*9?°3 These methods can be used to make films of
varying thicknesses or have specific properties depending on the synthesis method. 2427

One relevant example is the synthesis of thin films of porphyrins and polyoxometallates
(POM) via the LbL method.?® % Ruhlmann and coworkers designed a system where the
porphyrins perform photoreduction of a POM unit, which in turn reduces a substrate.?%% 26! The
synthesized films were optically addressable and the thickness was tunable, which are the two
main objectives we established in the previous chapter for our film systems. Ruhlmann and
coworkers suggested that for their systems reduction of substrate occurs on the surface of the

material. This would suggest a lack of porosity, which contrasts with our system based on I11-1.
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We sought to combine the optically transparent films platform we developed in the
previous chapter with porphyrins to enable solid-state photochemistry, like the POM-porphyrin
films previously discussed, but also porous. We initially targeted MnTCPPCI as the anionic
component of our films as it had carboxylic acids (which are necessary for film construction) and
easily differentiable oxidation states via UV-vis. Irradiation of a thin film of MnTCPPCI-ZrFDC
with a 335 nm long pass filter in THF yields complete photoreduction (Figure 1V-1), as evidenced
by UV-vis. Mn(III)TCPPCI has its Amax centered at 476 nm, while Mn(I[)TCPP has its Amax

centered at 445 nm.

Absorbance

0.2 |

OO 1 | 1 | 1 | 1 1
300 400 500 600 700 800

Wavelength (nm)

Figure IV-1. Photoreduction of a thin film of MNnTCPPCI in THF using a 335 nm long pass
filter. Complete conversion from Mn (111) to Mn (I1) is obtained in 2.5 h.
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To better design materials which we could leverage for solid-state photochemistry, we were
interested in better understanding the growth mechanism of our films. The optical transparency of
our films allowed us access to UV-vis as a tool for examining the growth mechanism, which is
described in several models by Koenig and Martel and described herein.?®? There are several
distinct growth mechanisms which manifest in the UV-vis as seen in Figure 1V-2. Some key
assumptions that are made when discussing the simplified mechanistic pictures presented are that
scattering is negligible, only one component is absorbing light, and that Beer’s Law is obeyed. The
first mechanistic model (Figure 1VV-2a) corresponds to perfect layer coverage; each layer coats a
surface evenly and completely in 2D and each subsequent dip builds up perfectly in 3D. The
second model (Figure 1V-2b) shows perfect layer by layer assembly but with incomplete surface
coverage in 2D which results in the slope being depressed. There can also be a deviation from
linearity at high bilayer count for denser materials and remains linear for less dense films. The
third model (Figure 1V-2¢) corresponds to a pyramidal growth model, where growth in 2D is much
greater than growth in 3D. The concave down shape may be a result of a change in growth
mechanism to form a less dense phase.?® The fourth model (Figure 1V-2d) indicates lateral growth,
when growth in 3D becomes greater than growth in 2D. The concave up shape of the graph
corresponds to an increase in density.?®* 26> The fifth model (Figure 1V-2e) represents a
combination of pyramidal growth and lateral growth models which represents a more extreme
version of that depicted in Figure 1V-2d, which again indicates a change in density of layers to

266 1t should be noted that in the initial number

become more dense, thus yielding the curve seen.
of bilayers for Figure IVV-2d and 2e that the growth pattern initially appears to be linear — if the

density is sufficiently low, or surface coverage is sufficiently low, the linear behavior of these
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models would continue. The presented examples are

growth models for the purpose of differentiation.
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Figure 1V-2. Simulated UV-vis spectra based on growth LbL growth model. (a) Perfect layer
coverage. (b) Perfect LbL with incomplete surface coverage. (c) Pyramidal. (d) Lateral

extrapolated to show the extremes of the
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growth. (e) Pyramidal and lateral growth.
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In this chapter, we discuss the synthesis of thin films comprised of either 1V-1 or V-2
(Figure 1V-3) as the anionic component of a polyelectrolyte film, and I11-1 as the cationic
component. Our desire to examine these substrates was two-fold: 1. We envisioned that the growth
of 1V-1 based films would be transferrable to metalated analogs, giving us a base from which to
explore future photochemical platforms without interrogating the minute details of film growth of
each system and 2. Changing from 1V-1 to 1VV-2 doubles the charge per molecule, and should
correspond to a predictable change in mass and absorbance; this would enable programmable

synthetic logic to be applied to the synthesis of thin films.

0

V-1

V-2

Figure IV-3. Porphyrins IV-1 and 1V-2 used in this chapter for growth studies.

IV.2. Results and Discussion

In this section, we describe the synthesis and characterization of thin films of 1V-1 or IV-
2 and I11-1. The growth mechanism of films of 1V-1 was examined by QCM and by UV-Vis.
Additional thickness measurements and AFM images were obtained. The growth mechanism of

films of 1V-2 was examined by UV-Vis.
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IV.2.1 Growth of V-1 based thin films

Our initial efforts towards film growth of 1V-1 based films were focused on evaluating the
impact of concentration and bilayer number on the growth curve behavior. Using UV-vis
spectroscopy of the growing thin films, we produced growth curves of 1'V-1 for four concentration
regimes spanning 0.25 mg/mL to 2.5 mg/mL (Figure IV-4). Concentration plays a significant role
in optical density (which we correlate to amount of IV-1 deposited on the substrate): As
concentration increases, the absorbance of the film increases. In Figure 1V-4c and 1V-4d, we
observed that at and above 30 BL, there appears to be little difference in the absorbance of the 1
mg/mL and 2.5 mg/mL samples. This may indicate that there is a saturation limit of the effect
concentration has on film thickness past a certain number of bilayers. Concentration is important

however in the early BL phase to the amount of material deposited.
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Figure 1V-4. Growth curves represented via UV-vis absorbance for films of 1V-1 and 111-1
at (a) 0.25 mg/mL concentration. (b) 0.5 mg/mL concentration (c) 1 mg/mL concentration
(d) 2.5 mg/mL concentration.

Figure 1V-5 plots the absorbance of the Soret band vs. BL # for the different concentration
regimes. Based on the UV-vis traces, there are two distinct linear regimes of growth for all the
samples, with the change in growth regimes occurring between 15 and 20 BL. We rationalized this

as a change during which no more nucleation is occurring, and we are in a layer-by-layer with

incomplete surface coverage (Figure 1V-2b).
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Figure 1V-5. Growth curve based on absorbance at 425 nm for 1V-1-111-1 in four different

concentration regimes.

To gain further information about the growth mechanism, we performed quartz crystal
microbalance measurements (QCM) at the 0.5 and 1 mg/mL concentrations (Figure 1V-6). The
difference in slopes indicates that concentration affects the rate of growth, which we hypothesized
from the corresponding UV-vis data. Based on the UV-Vis data, we hypothesized that there might
be two distinct growth regimes which transitions around 20 BL, but QCM indicates that there is
only one, linear growth regime. Plotting the normalized absorbance and normalized mass vs. the

number of bilayers (Figure 1V-7) shows that the change in absorbance is well-matched to the

change in mass in most cases.

122




(a)

(b)

0.5 mg/mL 1 mg/mL
25
30
n
20
25 |-
& 15 & 20
£ E
2 ) -
(=)} [o)]
=2 215 =
10
73 @ L “
(] 1]
= =10 <
5 L
5 —
0 0O =
| 1 ] 1 | 1 ] ] | ] 1 | 1 | ! ]
10 20 30 40 0 10 20 30 40
BL # BL #

Figure IV-6. (a) QCM of 0.5 mg/mL concentration. Rate of growth is 0.58 pg cm™ BL!, R? =
0.998. (b) QCM of 1 mg/mL concentration. Rate of growth is 0.72 pg ecm™ BL?, R? = 0.995.
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Figure 1V-7. Normalized QCM and UV-vis absorbance at 428 nm for (a) 0.5 mg/mL
concentration and (b) 1 mg/mL concentration.

We also sought to determine the reproducibility of our measurements. Figure V-8 shows
the successful replication of UV-vis data for three concentration regimes at 20 BL. We prepared

three samples to evaluate the reproducibility of our synthetic protocol. In all figures, samples
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labeled I were prepared first and represent the data presented in Figure 1VV-4. Samples labeled 11
were prepared from a fresh solution, while samples labeled 111 were prepared immediately after
samples labeled I1, and from the same parent solution. We initially hypothesized that solution
depletion might be an issue for subsequent samples, but the QCM data presented in Figure 1V-6
indicates that only 0.063% of the parent solution is plated out on film after 40 BL, and the UV-vis
data indicates that there is no predictable change in UV-vis between samples Il and I11. Films
prepared from higher concentrations were less reproducible than those prepared from lower
concentrations.

Additionally, we attempted to prepare films from solutions that had been left to age under
ambient conditions (Figure 1V-9). We observed that after aging 4 days, film growth was much less
efficient (as evaluated by the bilayer-dependent absorption spectra) and the results were outside
the error bars indicated in Figure 1\VV-8. To evaluate if the solutions underwent a reversible change,
such as hydration under ambient conditions, the solutions were dried in vacuo at 60 °C and
subsequently resolvated. Films grown from this procedure were labeled as “pump” in Figure 1V-9
and showed almost no change in absorbance. Water exposure dramatically reduces the surface area
of cage I11-1, and using water washes instead of MeOH during the film making process leads to
lower absorbances and no predictable growth pattern (i.e., 10 BL samples had higher absorbance
than 20 or 30 BL samples), which may suggest an irreversible reaction of 111-1 with water over

time.
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Figure 1V-8. Replication at 20 BL for three concentration regimes (a) Average absorbance
of 0.5 mg/mL film at 428 nm of 0.520 £ 0.020. (b) Average absorbance of 1 mg/mL film at
428 nm of 0.697 £ 0.052. (c) Average absorbance of 2.5 mg/mL film at 428 nm of 0.90 £ 0.11.
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Figure 1V-9. Solution aging experiments at 20 BL were conducted for three concentration
regimes. Films were made from solutions at t = 0 days, then from solutions that have been
aged for 4 days under ambient conditions. The aged solutions for dried in vacuo at 60°C,
then resolvated with fresh MeOH and used to prepare another film. Aging leads to films
with decreased absorbance values, indicating less electrolyte has been deposited. Drying
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solutions does not produce films with recovered absorbance values. (a) 0.5 mg/mL
concentration. (b) 1 mg/mL concentration. (c) 2.5 mg/mL concentration.

Obtained profilometry data indicates increasing thickness with increasing bilayer number, with a
roughly linear correlation until 40 BL (Table IV-1). Additionally, roughness increases with BL
number, which is as expected. AFM images were obtained of the 1 mg/mL and 0.25 mg/mL films

to interrogate surface roughness and obtain information about the growth mechanism (Figure 1V-
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10). We observed that for the 1 mg/mL samples, the surface is rather uniform which is consistent
with a perfect layer by layer deposition. However, in the 0.25 mg/mL samples there are a large
number of spots of greater vertical displacement, which might be indicative of growth from
nucleation spots, growing in the z direction faster than the x and y directions, which is consistent

with a pyramidal growth model.

Table IVV-1. Thickness and roughness data values for 1 mg/mL concentration.

BL # Thickness (nm) Avg. Roughness (nm)
10 26
15 51
20 68 20
30 91 29
40 199 38

@ ®) ©

33.5 nm

24.5nm 28.1 nm

(d) ®

17.7.nm 19.8 nm 38.6 nm

Figure 1V-10. AFM images of films. All images taken are 5 x 5 pm. (a) 1 mg/mL 10 BL. (b) 1
mg/mL 20 BL. (c) 1 mg/mL 30 BL. (d) 0.25 mg/mL 5 BL. (e) 0.25 mg/mL 20 BL. (f) 0.25
mg/mL 30 BL.
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IV.2.2 Growth of V-2 based thin films

We also sought to make thin films based on 1V-2. We chose this molecule as we
rationalized that the molecule would pack similarly to 1\VV-1 and have similar optical properties,
but also provide twice the charge density. This would allow us to examine the effect that charge
has on the growth of our films, independent of concentration. Figure 1V-11 shows the growth
curves of films of 1VV-2 at three concentration regimes: 0.5 mg/mL, 1 mg/mL, and 2.5 mg/mL.
Even at low bilayer numbers, the absorbance of films of 1V-2 are much greater than that of 1V-1.
The absorbance for 1\V-2 is much greater than 1V-1, and also displays a strong solvatochromic
response as solutions of 1VV-2 are purple in color (the same as 1V-1), but the films of 1V-2 are green
in color (unlike 1VV-1 which is still purple). Figure 1\VV-12 displays the growth curves as a function

of absorbance at 423 nm and reveals roughly linear trends.
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Figure IV-11. Growth curves for films of 1V-2-111-1 for three different concentration

regimes. (a) 0.5 mg/mL concentration. (b) 1 mg/mL concentration. (c) 2.5 mg/mL
concentration.
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Figure 1V-12. Growth curve based on absorbance at 423 nm for 1V-2 in three different
concentration regimes.

IVV.3. Conclusion

In this chapter, we synthesized thin films based on 1VV-1 and V-2 and examined the growth
mechanisms of these films. Using QCM measurements, the films appear to follow a perfect LbL
mechanism with incomplete surface coverage, with the concentration of the solution affecting the
rate of growth. The UV-vis data also corroborates this growth mechanism. Surface characterization
using AFM supports this conclusion for sample concentrations at 1 mg/mL but indicates that the
growth mechanism for the 0.25 mg/mL concentration may be pyramidal.

Work is still underway to corroborate the growth mechanism of 1V-2 using QCM.

Additionally, we are engaged in SEM-FIB experiments to determine the thickness of all samples,
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and TOF-SIMS to probe the composition as a function of depth. For concentrations above 0.5
mg/mL we hypothesize that the ratio of porphyrin to cage will follow the charge ratio of the
molecules.

We anticipate that this data will allow predictive synthesis of porphyrin-cage systems based
on the relative charges of the molecules. We would like to examine several other variables and
how they affect the growth mechanism, such as the dip time and the identity of the cage. Currently,
we have only used I11-1 as the counterion, which features a +4 charge per molecule. We would

like to extend to cages with higher charge, such as +12, and cages with different geometries.

IV.4. Experimental Details

IV.4.1 General Considerations

All reactions were carried out under ambient conditions unless stated otherwise. Solvents were
obtained as ACS reagent grade. All chemicals and solvents were used as received unless noted
otherwise. Glass slides were obtained from Environmental Monitoring Systems. EtOH (KOPTEC
200 proof) was purchased from Decon Labs. Tetrahydrofuran (THF), diethyl ether (Et.O),
hexanes, methanol (MeOH), ethyl acetate (EtOAc), dichloromethane (CH.Cl;), sodium
borohydride, and acetic acid (AcOH) were obtained from Sigma Aldrich. Sulfuric acid (H2S0O4)
and hydrochloric acid (HCI) were obtained from VWR. 1H-pyrrole, sodium bicarbonate
(NaHCO3), potassium hydroxide (KOH), triethyl amine (NEts), and 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) were obtained from Oakwood Chemical. Propionic acid and 1,3,5-
benzenetricarboxylic acid (trimesic acid) were obtained from Bean Town Chemical. 4-
carboxybenzaldehyde and ceric ammonium nitrate (CAN) were obtained from Alfa Aesar. Boron

trifluoride diethyl etherate (BFs-OEt) was obtained from Acros Organics. QCM crystals were
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obtained from Inficon. Silica gel (0.063-0.200 mm, 60 A for column chromatography) from EMD
Millipore. NMR solvents were purchased from Cambridge Isotope Laboratories and were used as
received. H, TCPP?%" was prepared according to reported literature methods.

Characterization Details

NMR spectra were recorded on a Bruker Ascend 400 operating at 400.13 MHz for *H or a Varian
NMRS 500RM operating at 500.13 MHz for H. Spectra were referenced against solvent signals:
CDCls (7.26 ppm, H) and DMSO-ds (2.50 ppm, *H). *H NMR data are reported as follows:
chemical shift (6, ppm), (multiplicity: s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet),
br (broad), integration). UV-vis spectra were recorded on a Shimadzu 2501PC spectrometer with
DH UV-vis-NIR light source (190-900 nm). AFM images were obtained using a Bruker
Dimension Icon AFM. Film thickness measurements were obtained using a KLA-Tencor P-6
Stylus profilometer. The mass of deposited layers was measured using a Maxtek RQCM.

Glass Slide Preparation

Glass slides were rinsed with DI H>O followed by MeOH and dried with compressed air. Slides
were then subjected to plasma treatment for 5 minutes using ATTO plasma cleaner (Diener

Electronic). Glass slides were used immediately after plasma treatment.
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IV.4.2 Synthesis and Characterization

Synthesis of 1V-1 (TCPP)

o]
~

H - .

N Propionic Acid

+ —b.
U 150 °C,16 h
45% yield
HO” 0O

V-1

A 250-mL round-bottomed flask was charged with 4-carboxybenzaldehyde (1.56 g, 0.104 mol,
1.04 equiv.) and propionic acid (50 mL). The reaction mixture was heated at 80 °C until the 4-
carboxybenzaldehyde was completely dissolved. Freshly distilled 1H-pyrrole (0.70 mL, 0.010
mol, 1.0 equiv) was added to the reaction solution and heated to 150 °C for 16 h. The reaction
mixture was cooled to 23 °C and stored at —10°C for several hours to induce precipitation. The
precipitate was filtered and washed with CH2Cl. (5 x 50 mL) and dried in vacuo to afford 1V-1 as
a purple solid (0.89 g, 45% yield). 'H NMR (§, 23 °C, DMSO-de): 13.30 (s, 4H), 8.87 (s, 8H), 8.38

(9, J = 8 Hz, 16H), -2.94 (s, 2H).
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Synthesis of 1V-S1

0. _OH 00
EtOH, H,S0,
—_—
HO OH 85°C,16 h 0 o)
91% yield ~ ~
IV-S1

A 250-mL round-bottomed flask was charged with trimesic acid (5.00g, 23.8 mmol, 1.00 equiv),
EtOH (125 mL), and H2SO4 (2 mL). The reaction mixture was heated at 85 °C for 16 h. The
reaction mixture was cooled to 23 °C, the observed white precipitate was isolated via vacuum
filtration and washed with H2O (1 x 100 mL) and EtOH (2 x 75 mL) and dried in vacuo to afford
IV-S1 as a white solid (6.33g, 91% yield). *H NMR (8, 23 °C, DMSO-ds): 8.65 (s, 3H), 4.40 (g, J
=7 Hz, 8H), 1.36 (t, J = 7 Hz, 12H).

Synthesis of 1V-S2

OO~ HO
NaBH,, THF
—_—
~0 O._~ 60°C,18h ~° o~
55% yield
IV-S1 IV-S2

Under N2, a 250-mL Schlenk flask was charged with 1VV-S1 (4.64 g, 18.4 mmol, 1.00 equiv),
NaBH; (0.574 g, 15.1 mmol, 0.821 equiv), and anhydrous THF (150 mL). The reaction mixture
was heated to 60 °C for 18 h, during which time the solution turned red. The reaction mixture was
cooled to —10 °C, and H20 was added dropwise until bubbling ceased, after which 1 N HCI (10
mL) was added to give a clear solution. Solvent was removed in vacuo and the residue was
partitioned between Et>O (150 mL) and H20 (100 mL). The organic phase was washed with brine

(100 mL) and H20O (100 mL). The organic phase was removed in vacuo, and EtOH (100 mL) was
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added to the resulting white residue. The obtained suspension was filtered via vacuum filtration to
remove unreacted starting material. Solvent was removed in vacuo and the resulting residue was
purified by SiO2 gel column chromatography (2:3 EtOAc/Hexanes, Rt = 0.45) to give 1V-S2 as a
white solid (1.79 g, 55% vyield). *H NMR (3, 23 °C, CDCls): 8.59 (s, 1H), 8.22 (s, 2H), 4.81 (s,
2H), 4.41 (g, J = 7 Hz, 4H), 1.84 (br, 1 H), 1.41 (t, J = 7 Hz, 6H).

Synthesis of 1V-S3 (Mono aldehyde)

HO (0]

CAN

o

~_O O~ H,0/ACOH, 70°C3h  ~_0O SN
75% yield

IV-S2 IV-S3

A 100-mL round-bottomed flask was charged with 1VV-S2 (1.79 g, 7.10 mmol, 1.00 equiv) and
AcOH (20 mL). Ceric ammonium nitrate (10.0 g, 18.2 mmol, 2.56 equiv) was dissolved in H,O
(20 mL) and added dropwise to the solution over 10 min. The reaction mixture was then heated to
70 °C for 3 h, during which the reaction mixture was observed to change colors from red to yellow.
The reaction mixture was cooled to 23 °C and partitioned between Et,O (150 mL) and water (150
mL). The aqueous phase was extracted with Et,O (2 x 100 mL). The combined organic layers were
washed with saturated NaHCOs (1 x 100 mL) and brine (1 x 100 mL). Solvent was removed in
vacuo to give 1V-3 as a white solid (1.34 g, 75% yield). *H NMR (3, 23 °C, CDCls): 10.14 (s, 1H),

8.92 (s, 2H), 8.71 (s, 2H), 4.46 (q, J = 7 Hz, 4H), 1.4 (t, J = 7 Hz, 6H).
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Synthesis of 1V-S4

X 1. Pyrole, DCM, 23 °C,15 m
2. BF3EL,0, 23 °C,1 h
~° o~ 3.DDQ, 40 °C,12 h
13% vyield
IV-S3

V-S4

Under N2, a 1-L three-necked round-bottomed flask was charged with 1VV-S3 (1.34 g, 5.35 mmol,
1.00 equiv), freshly distilled 1H-pyrrole (0.36 mL, 5.3 mmol, 1.0 equiv), and degassed CH.Cl,
(500 mL). The reaction mixture was stirred at 23 °C for 15 min, after which time BFs-OEt (0.12
mL, 0.97 mmol, 5.5 equiv) and the reaction vessel was moved to the dark. The reaction was stirred
at 23 °C for 1 h, after which time DDQ (1.84 g, 8.11 mmol, 1.52 equiv) was added and the reaction
was heated to 40 °C for 12 h. The reaction was cooled to 23°C and solvent was removed in vacuo.
The resulting residue was purified by SiO2 gel column chromatography (19:1 CH2CIl./EtOAC) to
give a dark red solid. This solid was further purified by SiO. gel column chromatography (49:1
CH:CI,/EtOAC) to give 1V-S4 as a purple solid (0.41 g, 13% yield). *H NMR (3, 23 °C, CDCls):
9.15 (s, 4H), 9.06 (s, 8H), 8.78 (s, 8H), 4.51 (q, J = 7 Hz, 16H), 1.43 (t, J = 7 Hz, 24H), —2.77 (br,

2H).
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Synthesis of 1V-2

KOH

Y

H,O/MeOH, 90 °C,16 h
93% yield

V-S4 V-2
A 100 mL round-bottomed flask was charged with 1VV-S4 (0.400 g, 0.335 mmol, 1.00 equiv), KOH
(2.00 g, 3.57 mmol, 10.7 equiv), H2O (10 mL), and MeOH (60 mL). The reaction mixture was
heated to 90 °C for 16 h. The reaction mixture was cooled to 23 °C and acidified using 1 M HCI
(10 mL). The observed precipitate was isolated via vacuum filtration and washed with water (2 x
30 mL) to yield 1VV-2 as a purple solid (0.302 g, 93% vyield).
General Synthesis Procedure for Films
Solutions of 1VV-1 or 1VV-2 were prepared by charging a 40 mL scintillation vial with solid (10 mg
for 0.25 mg/mL, 20 mg for 0.5 mg/mL, 40 mg for 1 mg/mL, 100 mg for 2.5 mg/mL), MeOH (5
mL), and triethylamine (1 mL). The reaction mixture was sonicated until dissolved, and solvent
was removed in vacuo. MeOH (40 mL) was added to the residue to make solutions of the
appropriate concentration. Solutions of 111-1 were prepared by charging a 40 mL scintillation vial
with solid and MeOH (40 mL) and sonicated until dissolved.
A treated glass slide was attached to a Velmex inc. BiSlide system. The slide was dipped into a
solution of 111-1 in MeOH (40 mL) for 1 min. The slide was removed from solution and dried

using filtered, compressed air. The slide was then dipped into a MeOH wash solution for 1 min,
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repeating the drying process. This process was then repeated with a solution of V-1 or V-2 and
another wash solution. This process of four dips comprised one bilayer (BL). The wash solutions

were replaced after every sample.
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NMR Spectra
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Figure 1V-13. NMR of IV-1 in DMSO-ds at 23°C
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CHAPTER V

CONCLUDING REMARKS AND FUTURE DIRECTIONS

V.1. Summary

In the preceding chapters we have elaborated strategies to immobilize complexes that
support reactive M—L multiply bonded species within porous architectures. We have pursued
immobilization strategies in two classes of materials: MOFs and thin films. The MOF materials
provide structural characterization via diffraction techniques but cannot be monitored in operando
by optical methods because of opacity and the discrepancy between reactive intermediate lifetimes
and measurement time. The thin films provide in operando capabilities but are non-crystalline and
thus not amenable to diffraction-based structural characterization. As such, the two platforms are
complimentary.

In Chapter 11, we developed new materials based on new Ru, metalloligands with two
different primary coordination sphere motifs, and two different peripheral functional group for
post-synthetic polymerization. Metalloligands bearing carboxylate functional groups could only
be subjected to ball-milling synthetic conditions because of competitive polymerization. Efforts to
produce crystalline materials via ball-milling produced modest results, regardless of the material
targeted. Metalloligands bearing amide functional groups could be subjected to solvothermal
synthetic conditions, and yielded a crystalline, previously unknown material.

In Chapter I1l, we leveraged the metallomonomers synthesized in Chapter Il to make
optically transparent thin films with which we can affect photochemistry and potentially monitor
reactive intermediates. By combining deprotonated versions of the complexes synthesized in

Chapter Il with Zr cage molecules, we prepared thin films with programmable thickness and

144



systematically modular composition. Photolysis of thin films yielded complete photoreduction,
showcasing the photo addressability of our systems.

In Chapter 1V we sought to better understand how to make thin films and examined the
growth mechanism of films of porphyrin based thin films. We also examined how changes in the
properties of the porphyrin affect the growth of thin films, and briefly introduced photochemistry

we are exploring in porphyrin based thin film systems.

V.2. Future Directions

Our efforts toward synthesizing optically addressable thin films have yielded films with
programmable thicknesses and which display photochemical activity. We view these as the key
underpinnings for enabling in operando characterization and solid-state photochemistry
potentially for a wide variety of systems. We have demonstrated that films can be made of V-I
(Figure V-I). We hope that this platform will allow us to synthesize and study transient species
confined in porous architectures such as Mn®* nitrides.?%8-2"1 We also envision these platforms

being used to characterize reactive intermediates resulting from photochemistry.

145



1.0 ,
Y Q V-I-Film
o - ]HN;(“N_ ] V-I
08 | | -)—CEEO/ \‘3345
\ V-l
Q 06
[
™
o o
2
o 04 - \
< \\\
02 N
00 | o I "’\'"'f’—n.,__
| I | I | I | I | |
300 400 500 600 700 800

Wavelength (nm)

Figure V-1. UV-Vis of V-1 molecule overlapped with the film of V-1 and I11-1. The spectral
features are well matched.

Additionally, we view this technique as potentially applicable with oppositely charged
counter ions as other cages are available.?*® This allows significant varieties of combinations with
which to explore solid-state photochemistry as we can support any conceivable combination of

functional groups which are commonly utilized in the coordination polymer literature.
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