UCLA

UCLA Electronic Theses and Dissertations

Title
Icosahedral Boron Clusters: Building Blocks In Luminescent Materials

Permalink
https://escholarship.org/uc/item/989104vh

Author
Kirlikovali, Kent Ozan

Publication Date
2019

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/98g104vb
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Icosahedral Boron Clusters:

Building Blocks in Luminescent Materials

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy

in Chemistry

Kent Ozan Kirlikovali

2019



© Copyright by
Kent Ozan Kirlikovali

2019



ABSTRACT OF THE DISSERTATION

Icosahedral Boron Clusters:

Building Blocks in Luminescent Materials

Kent Ozan Kirlikovali
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2019

Professor Alexander Michael Spokoyny, Chair

This dissertation describes the development of unique ligand scaffolds incorporating
icosahedral carboranes, a robust group of organomimetic clusters that provide a variety of
tunable frameworks not attainable with standard aromatic ligands, for use in luminescent
transition metal complexes. Specifically, we have targeted blue phosphorescent Ir(IIl)- and
Pt(I)-based emitters in the context of organic light-emitting diode (OLED) applications. OLEDs
incorporating these types of emitters have achieved remarkable efficiencies in recent years,
leading to the development of thinner and less energy-intensive television screens, mobile phone
displays, and solid-state lighting sources. In order to realize the full potential of OLED-based
devices on a global scale, critical issues related to efficiency and lifetime of blue OLEDs must be

addressed.
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Chapter One provides a brief history of lighting technology and the current status of
OLED technology. An overview of blue phosphorescent Ir(Ill)- and Pt(Il)-based emitters is
discussed, including key design parameters and current challenges associated with this class of
emitters. Lastly, a background on boron cluster chemistry is provided.

Chapter Two describes a new class of robust and highly luminescent bis(heteroleptic)
Ir(Il) complexes containing weakly coordinating nido-carboranyl substituents. These ligands
associate with the cationic Ir(IIl) center through primarily electrostatic interactions. Importantly,
the observed quantum yields for these complexes correspond to a 10-fold increase compared to
those of previously reported Ir(III) complexes with carboranyl-based ligands featuring covalent
interactions between the cluster and the Ir(III) center.

Chapter Three introduces a dianionic, strong field ancillary ligand framework based on
1,1'-bis-o-carborane (bc). A blue phosphorescent Pt(II) complex featuring the bc ligand is
studied. The bc ligand remains photophysically innocent in all visible transitions, and it provides
sufficient steric bulk to preclude parasitic intermolecular Pt(II)---Pt(II) interactions.

Chapter Four details the synthesis of two isomeric Pt(II) complexes featuring the bc
ligand. Control over the mode of chelation of the bc ligand to the Pt(II) center enables the fine-
tuning of the electronic properties of the resulting Pt(I) complexes by virtue of vertex-
differentiated coordination chemistry of carborane-based ligands.

Chapter Five presents current progress towards luminescent metal complexes featuring
multidentate carborane-based ligand architectures. This class of ligands should result in more
rigid metal complexes with improved emission efficiency and greater stability. Ultimately, this
work presents potentially new avenues for designing efficient blue phosphorescent emitters

through the use of tunable carborane-based ligand scaffolds.
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CHAPTER 1 - GENERAL INTRODUCTION

1.1 History of Lighting Technology

Thomas Edison revolutionized lighting in the late 19" century with the invention of the
first commercially practical incandescent light bulb, a considerable improvement on the oil
lamps and candles that were used up to that time. Incandescent bulbs generate light by passing
electricity through a wire filament until it is hot enough to radiate visible light; as a result, more
than 95% of the energy is lost as heat, and a majority of the light emitted is in the invisible
infrared region (Table 1.1)."* Fluorescent light bulbs, up to five times more efficient and an
order of magnitude longer-lasting than incandescent bulbs (Table 1.1), have been favored over
incandescent bulbs since their commercialization in the early 1940s." Applying an electric
current through a fluorescent bulb excites mercury vapor, which then emits ultraviolet (UV)
radiation that hits a phosphor coating, ultimately resulting in the emission of visible light.
Significant drawbacks include the use of mercury, which presents a health hazard and
complicates safe disposal procedures, and the fundamental limitation of luminous efficacy to 90
Im/W,"* which is due to the intrinsic loss of energy when converting UV photons to visible
photons (commercial fluorescent bulbs produce about 70 Im/W, Table 1.1). Until the
development of white light-emitting diodes (LEDs), fluorescent bulbs remained the most

efficient sources of light available.

Table 1.1 Performance comparison of three ubiquitous sources of light.

Source Luminous Efficacy’ Im/W) Energy Efficiency” Lifetime® (hours)

Incandescent 16 2% 10°
Fluorescent 70 10% 10*
LED 300 45% 10°

“Visible light source efficiency detected by the human eye. “Source efficiency based on the
electricity conversion (a 100%-efficient lamp produces 680 Im/W). “The average lifespan of the
source. Data obtained from Reference 1.



LEDs are currently the most efficient sources of light, with luminous efficacy values
exceeding 300 Im/W and lifetimes (~10° hours) that are orders of magnitude longer than those of
fluorescent and incandescent bulbs (Table 1.1).'"* In LEDs, multiple layers of carefully
engineered inorganic semiconductors directly convert electricity into photons; the energy of the
photon, and therefore the color of light emitted, can be tuned by varying the band gap of the
semiconductor. White light can be produced by using a blue LED to excite a phosphor, which
then produces the remaining portion of the visible spectrum (similar to fluorescent bulbs), or by
combining red, green, and blue LEDs in a single device. With lighting accounting for 20-30% of
the world’s energy consumption, mass production of white LEDs has significantly contributed to
worldwide energy conservation. In addition to more efficient solid-state lighting, larger and
brighter lighting panels, screens, and displays have also resulted from the continued

improvement in the efficiency of LEDs."”

1.2 Overview of Organic Light-Emitting Diodes (OLED) Technology

Organic light-emitting diodes (OLEDs) do not rely on inorganic semiconductors, but
rather thin layers of small organic molecules (10s — 100s of nm thick) sandwiched between metal
electrodes (Figure 1.1). OLEDs have multiple advantages over their inorganic counterparts:*”
they are orders of magnitude thinner and lighter, which enables the development of transparent
devices, they can be applied to flexible plastic substrates resulting in screens and displays that
can be rolled up, and they are brighter than inorganic LEDs because multiple thin, emissive
layers can be deposited on a single device. OLED television screens and mobile phone displays
have gained popularity in recent years as thinner and less energy-intensive alternatives to their
non-organic counterparts; however, the operational lifetime of blue OLEDs is limited to

hundreds of hours, reducing their utility in these applications. Similar to the blue LED, a long-
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lasting blue OLED must be created before we can realize the full potential of OLEDs in these

applications.

Light Emission

—— Glass
Anode (ITO)
——— Hole Transport Layer
—— Electron Blocking Layer
——— Emissive Layer (Host + dopant)

——— Hole Blocking Layer
e———Electron Transport Layer

—— Cathode (Al)

Figure 1.1 Typical architecture for an organic light-emitting diode (OLED) device.

OLED devices can generate light from purely organic molecules (fluorescent, Figure
1.2A) or organometallic molecules (phosphorescent, Figure 1.2B). Light emission in OLEDs
proceeds via recombination of electrons and holes and leads to the formation of 25% singlet
excitons and 75% triplet excitons.” Fluorescent emitters, usually highly conjugated organic
molecules, are unable to access the triplet excitons and the remaining 75% of triplet excitons are
lost as heat instead of the desired generation of light. Thermally activated delayed fluorescence
(TADF) is an emerging type of purely organic OLED®'? that can achieve nearly 100% internal

: 11-14
quantum efficiency.

To achieve TADF, the energy gap between singlet and triplet states is
minimized so that the two spin states thermally equilibrate, resulting in a reversible intersystem
crossing in which non-radiative triplet excitons can up-convert to radiative singlet excitons.

Though researchers have fabricated TADF OLED devices with external quantum efficiencies

(EQE) comparable to those of PHOLEDs (~20%),"*'> highly conjugated organic emitter
3



molecules are still susceptible to bond-breaking degradation pathways, especially for molecules

used in high-energy blue OLEDs.
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Figure 1.2 Structures of representative molecules that comprise (A) efficient blue TADF OLEDs
and (B) cyclometallated Ir(IlI) complexes that comprise the current state-of-the-art blue
PHOLED:s.

Phosphorescent emitters, typically cyclometallated Pt(II)*>'>2°** and Ir(II1)*>-¢->3>-"
complexes, are able to access triplet excited sates via spin-orbit coupling (SOC) which result in
radiative pathways from the excited triplet state to the singlet ground state.® In this process of
triplet harvesting, there is a quantitative transfer of excitation energy to emitting triplets;
therefore, OLEDs with phosphorescent emitters (PHOLEDs) can reach efficiencies up to four
times higher than OLEDs containing fluorescent emitters.”*”® Indeed, PHOLEDs have been

experimentally shown to achieve nearly 100% internal efficiency,”’ providing an excellent

platform. Currently, red and green PHOLEDs are industrially sound with device lifetimes
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upwards of 10° hours; however, blue PHOLEDs were only recently optimized to operate
efficiently for hundreds of hours at the brightness required for industrial applications—orders of
magnitude away from the necessary device lifetime for implementation in screens and
displays.’”®® Furthermore, the efficiency of blue PHOLEDs dramatically drops when operated at
high current densities to achieve the brightness necessary for television and lighting
applications,”’* mainly due to long excited state lifetimes leading to increased bimolecular

annihilation,®%*

To date, blue PHOLEDs have yet to meet the required Commision
Internationale de 1’Eclairage (CIE) coordinates of (0.14, 0.08), the standard blue defined by the
National Television Standards Committee (NTSC), though few are approaching this
benchmark.'*!7#3616265 The design of phosphorescent OLED molecules with wide enough band

gaps for blue emission, high quantum yields, suitable lifetimes, and sufficient kinetic stability

remains a grand challenge in the field.

1.3 Design of Ir(III)- and Pt(II)-Based Phosphorescent Emitters

Historically, Ir(IIl) complexes have been favored over Pt(II) for PHOLED applications as
many early examples of Pt(Il) complexes showed low emission quantum yields. Recently, the
development of Pt(II) complexes employing tetradentate ligand scaffolds has resulted in blue
PHOLEDs with high color purity and efficiencies comparable to blue Ir(Ill)-based
PHOLEDs."”'*%? Rigid multidentate ligands suppress non-radiative decay pathways by
minimizing molecular distortions, leading to highly efficient phosphorescent emission.'®?
Additionally, this ligand architecture has been used to make Pt(I) complexes with extremely

narrow emission bands (less than 20 nm at full-width-half-max), a highly desirable characteristic

of emitters used for PHOLEDs that is difficult to achieve with bidentate and tridentate ligand



designs.'®* Furthermore, this class of ligands yields Pt(I) complexes with high thermal and

electrochemical stability with no potential for isomerization.

Cl

Pt(4,6-dFdpyb)CI Pt(Mepmi)
Ref. 30 Ref. 70

Firpic fac-Ir(Foppy)3 fac-Ir(pmp)3 fac-Ir(dmp)3
Ref. 75 Ref. 38 Ref. 61 Ref. 59
Electron Withdrawing Groups NHC and Azole Ligands

Figure 1.3 Key design strategies for blue phosphorescent Pt(II) and Ir(IIl) complexes. (A)
Introducing electron withdrawing groups on the phenyl rings, and (B) replacing pyridyl groups
with azole and imidazole/N-heterocyclic carbene (NHC) groups. For fac-Ir(dmp)s, R = 2,6-
dimethylpheny].

The emissive properties of Pt(II) complexes used in PHOLEDs can be tuned by varying
the electronic nature of the ligands surrounding the metal center. Functionalizing the
cyclometallating phenyl unit with electron withdrawing groups is known to decrease the energy
of the HOMO level, resulting in an increased HOMO-LUMO gap and hypsochromically shifted
emission (Figure 1.3A).>>%7 Conversely, the introduction of strong-field ligands, such as N-

: 15,16,61,62,66-74
heterocyclic carbenes (NHCs), > ¢-61:62:66-7

or electron-accepting ligands with high reduction
potentials, such as pyrazoles,'?*****° destabilizes the LUMO and increases its energy, again

resulting in a larger HOMO-LUMO gap and blue-shifted emission (Figure 1.3B). All of these



strategies, however, feature several key limitations. Though blue PHOLEDs incorporating
fluorinated metal complexes have been shown to achieve high efficiencies, the sky-blue emission
color is too unsaturated to be used in displays.®****%” Furthermore, the fluorinated Ir(IIl)
complex Flrpic (Figure 1.2B and 1.3A) and similar Pt(II) species (Figure 1.3A) have been
shown to have poor electrochemical stability in PHOLED devices, greatly inhibiting the lifetime
of the device.””” Free fluoride ions and the corresponding fluoride-free complexes were found
among the degradation products, suggesting the radical degradation product that forms after this
cleavage harms the PHOLED device. Many of the azole- and NHC-based complexes used in
deep blue PHOLEDs (Figure 1.2B, fac-Ir(pmp)s and fac-Ir(dmp);) exhibit exceptional quantum
yields (¢ > 80%) with relatively short excited state lifetimes (t < 5 us); however, these
PHOLEDs undergo a significant drop in efficiency when operated at the high brightness needed
for display applications.'>"""*"*

In general, many square planar Pt(I[) complexes are susceptible to aggregation as a
consequence of the lack of steric bulk above and below the square plane, leading to
intermolecular Pt(I)---Pt(II) interactions that bring about luminescence quenching and red-
shifting of the solid-state emission frequency.”****’ Molecular designs that incorporate bulky
functional groups are often used to address this issue, but these substituents often extend in the
square plane with limited three-dimensionality and may have undesired effects on the
photophysical properties depending on the type of functional group used.'”*>=***¥ For example,
using a large phenyl group may increase intermolecular distances enough to mitigate unfavorable
Pt(II)- - - Pt(II) interactions, but the extended m-network will delocalize the excited-state triplet and
result in a red shifted emission.'®*">** Furthermore, in prototypical mixed ligand complexes,

(L)Y(LHPt(IT), the HOMO is generally both metal- and ligand-based (Pt(II) and L) while the



LUMO is located on the remaining ligand (L').***° This ultimately complicates the predictability

of ligand effects on emission properties.

1.4 Background on Boron Cluster Chemistry

The majority of existing OLED materials are constructed from carbon-rich building
blocks. Potential alternatives to these species, which can potentially mitigate the above-
mentioned limitations, are boron-rich clusters, specifically icosahedral carboranes.”’ Neutral
icosahedral carboranes (formula C;B;oH)2) represent a unique class of structures that have been
previously shown to provide a convenient entry for constructing extremely robust ligands.”*'*
Unlike many conventional borane and borate reagents classically employed in organic chemistry,
these polyhedral boron species exhibit phenomenal stability profiles outmatching most of the
existing organic-based building blocks. These molecules are stable towards air and moisture,
resist decomposition when heated at extremely high temperatures and can be synthesized on a
multi-kilogram scale. The C,B;oH;, carborane structural platform exists in a form of three
1somers (C atom either in the ortho, meta, or para position and further abbreviated in the text as
o-, m- and p-carborane, respectively — Figure 1.4). Cage isomerization involves the thermally
induced migration of skeletal carbon atoms away from each other, as exemplified in the
quantitative conversion of the 1,2 isomer to the 1,7 isomer at 450 OC, and subsequently, the
rearrangement of the 1,7 species to the 1,12 isomer at higher temperatures (T > 600 "C). These

materials are accessible on a multi-kilogram scale in a two step-synthesis starting from sodium

borohydride (NaBH,) using decaborane as an intermediate (Figure 1.4).
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Figure 1.4 Synthesis of icosahedral carboranes (C,BioH;2). Synthesis conditions: (a) base,
acetylene gas; (b) thermolysis at 450 °C; (c) thermolysis at 600 °C.

These molecules create a new class of non-classical bonding motifs and, therefore, their
structures cannot be described through the classical organic bond diagrams, where a connecting
line between two atoms would indicate a single two-electron bonding interaction. Instead, the
proper description of the bonding scenarios exhibited by these species is best described by
applying the Wade-Mingos rules and the associated concept of 3D aromaticity. Carborane-based
ligands are synthetically appealing, given that it is possible to place functional groups at specific
carbon and boron vertices of the cluster moiety, thus allowing for a large range of tunability.
Furthermore, these species feature extraordinarily large HOMO-LUMO gaps in their
unfunctionalized form (~ 8 eV), making them photophysically innocent in the context of

designing metal-based phosphorescent emitters.'**
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CHAPTER 2 - BLUE PHOSPHORESCENT ZWITTERIONIC IRIDIUM(II)
COMPLEXES FEATURING WEAKLY COORDINATING NIDO-CARBORANE-

BASED LIGANDS

2.1 Introduction

The past two decades have seen a surge in the development of fluorescent' and
phosphorescent” emitters with ever-increasing efficiency and color purity. In particular, the
continued development of efficient Ir(Ill)-based phosphorescent compounds, currently targeted
for their potential use in organic light-emitting diodes (OLEDs),” represents a vital component of
this research. Previous work has shown that ligand choice is crucial for optimizing luminescence
efficiencies, emission wavelengths, and emitter stability in these devices (see Appendix A).'?
Still, despite the significant progress that has been made so far,” efficient and long-lasting blue
phosphorescent emitters have remained largely elusive.’

A) Covalent Metal-Ligand Bonds B) Weakly Coordinating, Non-Covalent Interaction

' VS.

Prevalent construct for R =FH ,
phosphorescent Ir(lll) emitters R’ =CHg, H This work

Figure 2.1 New design approach for luminescent metal complexes in which a weakly-
coordinating ligand is employed.

The prevailing design principle for Ir(Ill)-based phosphorescent systems leverages

covalently-bound strong- and weak-field (chelating) donor ligands to deliver the desired
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properties of the luminescent species (Figure 2.1A). This strategy would seem intuitive, given
the well-recognized non-radiative decay pathways of excited-state Ir(Il) species via ligand
labilization/loss or excited-state distortions.® Researchers have attempted to address this issue by
using cyclometallated N-heterocyclic carbenes (NHCs) as L-type ligands to increase the energy

. .. . . 2f-h
barrier for non-radiative thermal deactivation.

In contrast to this convention, here we
introduce a fundamentally new approach whereby strongly blue emitting and highly stable
phosphorescent Ir(III) compounds are generated by employing weakly coordinating/non-
covalently bound ligands derived from robust carborane clusters.

Carboranes,’” a class of icosahedral boron-based clusters recognized for their high
stability® and unique electronic properties,”'® have recently been utilized as ligand components
of emissive Pt(IT)- and Ir(III)-based molecules towards implementation as dopants in OLEDs'®
and as fluorophores in cell imaging.'? The distinctive electronic influence of carboranes — which
behave as electron-withdrawing groups if bound through carbon and electron-releasing groups if
bound through boron — provide a unique opportunity for isosteric electronic variation.”" Since
complete control over vertex functionalization of carboranes is still a largely unsolved problem,
researchers in the field of OLED development have employed more easily accessible C-
functionalized carborane scaffolds to perturb the electronic manifold of metal-based phosphors.
However, despite the electronic extremes accessible through carborane as a ligand, very few'
phosphorescent metal-based molecules have been developed that contain carborane directly
bound to a metal center or that contain deboronated (e.g. nido) analogues;' rather, carboranyl
substituents are most commonly installed on the periphery of the ligand scaffolds where direct

interaction of the metal and the carborane is not possible (see Appendix A for a brief summary of

such emitters).'® As part of our ongoing studies of the organometallic chemistry of carboranes,
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we considered that deboronated carboranes, which are formally anionic, might be successfully
employed as weakly coordinating/non-covalent ligands in building zwitterionic Ir(Ill)-based

phosphorescent molecules.

2.2 Results and Discussion

2.2.1 Synthesis

We began our studies in pursuit of generating bis(heteroleptic) Ir(IIl) phosphors with a
nido-carboranylpyridine ligand. A common tactic employed in designing metal-based
phosphorescent molecules involves the installation of strong field ligands such as carbanions or
N-heterocyclic carbenes to stabilize metal-based orbitals; it is also known, however, that the
filled d-orbitals may also be stabilized if electron density is removed from the metal center,'’
either as a consequence of electron-withdrawing ligands or if the metal center bears a formal
positive charge. In both cases, the HOMO-LUMO gaps are widened, opening the possibility for
blue-shifted, radiative excited-state decay. We reasoned that the dominant steric profile of the
nido-carboranyl scaffold amidst an otherwise rigid octahedral metal environment might
minimize metal-cage interactions such that the metal holds a greater proportion of the formal
positive charge. In addition, the diffuse nature of the negatively charged nido-carboranyl
substituent would give poor directionality for interaction with the metal, thereby maintaining the
desired ionic/non-covalent interaction by restricting electron-sharing with the Ir(IlI) center.

To test this hypothesis, we synthesized ligand 1a. The intermediate carboranylpyridine
(Figure 2.2A, Compound 1b) has been synthesized previously: one reported method requires
Sonagashira coupling of 2-bromopyridine with dimethylethynyl carbinol, followed by

condensation of 2-ethynylpyridine with decaborane, affording the desired product in ~28% yield
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22% vyield over two steps).'"® More recently, Valliant and co-workers reported an alternative
y p

synthesis of 1b from decaborane which requires the use of 10 mol% of a Ag(I)-based catalyst."

Y

2.

2. CHyl

EtOEtOH, 1.5 - 3h
140°C, uw

R’ = CHz (1a)
R =H (ib)

; Hg (2a, 73%)

: (2b, 77%)
Hs (2¢, 90%)
(

2d, 82%)
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Figure 2.2 (A) Synthesis of carborane-based ligand precursors; (B) Ir(IIl) compounds containing
a nido-carboranylpyridine ligand. (C) Solid-state structure of 2a (Carboranyl label corresponds to
IUPAC numbering scheme) (D) Structure similarities of 2a—2d are shown by superimposed stick
models of the single crystal X-ray structures. Summary of the select bond distances and angles
for structures 2a—2d can be found in Appendix A (Figures A2 and A3 and Table Al).

Since C-metallated carboranyls (e.g. 1-Li-0-C;BioH11) can easily be generated, we considered
that such a species might be successfully employed in SyAr-type reactivity with 2-

fluoropyridine, a substrate documented to undergo substitution with a range of O-, N-, S-, and C-
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based nucleophiles.”® Though few examples of electron-deficient arenes undergoing nucleophilic
substitution by metal carboranyl compounds exist’' — none of which include heterocyclic arenes
— we found that treatment of commercially available o-carborane with n-BuLi followed by
addition of 2-fluoropyridine affords the desired ligand in a single step in 55% yield. Importantly,
this protocol circumvents the use of the toxic decaborane precursor and metal-based catalysis.
Subsequent deprotonation of 1b followed by treatment with methyl iodide affords 1a in good
yield.

Treatment of Ir(**ppy),(acac)” with 1a under either microwave conditions or in an oil
bath in 2-ethoxyethanol (EtOEtOH) for 3h (Figure 2.2B) results in the formation of a golden
yellow solution which emits blue under ultraviolet (UV) excitation (365 nm) at 77 K. Notably,
this reaction is significantly faster and higher yielding than those generally observed for the
synthesis of Ir(III) bis(heteroleptic) cyclometallates.”’ ''B NMR spectroscopy revealed that the
resulting product contained a deboronated carborane, which was identified from the diagnostic
resonances in the -30 to -40 ppm range.

The solvent in this reaction was then was removed in vacuo and the resulting solid was
subjected to additional spectroscopic characterization. The 'H NMR spectrum of the sample
dissolved in CDCI; showed diagnostic, upfield (~ -3.5 to -4.5 ppm) chemical shifts,
characteristic of a hydride on the open face of a deboronated o-carborane. Precipitation of the
Ir(IlT) species from hexanes afforded 2a in 73% yield after purification. X-ray diffraction
analysis of single crystals of the product (2a), grown from a concentrated EtOH solution at -
15°C, confirmed the presence of the nido-carboranyl group (Figure 2.2C). The deboronation of
o-carborane is known to proceed through treatment with metal alkoxide or hydroxide bases in

alcohol solvent;” we therefore suggest that the nature of the reaction solvent, in addition to the
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precoordination of 1a to the Ir(Ill) center through pyridine, aids the observed deboronation.**
Indeed, heating 1a in EtOEtOH under the reaction conditions but in the absence of
Ir("*ppy)a(acac) does not result in deboronation (or any other observable decomposition
products). Additionally, heating Ir(**ppy)s(acac) and 1a in a non-protic solvent (1,2-
dimethoxyethane or acetonitrile) under otherwise identical reaction conditions results in < 10%
conversion to 2a.

In order to probe the effect of the nido-carboranyl ligand on the luminescent properties of
Ir(IT)-based compounds, we synthesized several derivatives featuring modified phenylpyridine
(ppy) and carborane-based ligands. The deboronation of 1a en route to formation of 2a led us to
question the necessity of protecting the remaining carboranyl C—H vertex of 1b, particularly
considering that C-functionalized o-carboranes containing electron-releasing substituents are
generally more stable toward deboronation than the parent o-carborane.> 2b-2d were
synthesized in an analogous manner to 2a (Figure 2B) and we find that no C—H activation is
observed under the reaction conditions by using non-methylated ligand 1b as a precursor. X-ray
crystallographic analysis of single crystals of 2b-2d confirmed the presence of the nido-
carboranyl ligand fragments as in 2a. As expected, the structures of 2a—2d are closely related, as
seen from the superimposed wireframe plots shown in Figure 2.2D. Compound 2b, which
contains a proton at the 2-position of the carborane cage, emits blue both in the solid state and in
solution at 77 K wunder handheld UV light. Compounds 2c¢ and 2d, which contain
unfunctionalized ppy ligands, emit blue-green in solution at 77 K under UV excitation (vide

infra). 2d also exhibits bright green emission in the solid state.
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2.2.2 Photophysical Data

To our knowledge, 2a—2d are the first examples of luminescent iridium(IIl) compounds
that employ a cyclometallated ligand which associates with the metal through weakly-
coordinating/non-covalent interactions, despite a large number of cationic, luminescent iridium
complexes having been reported. Many of these cationic Ir(III) species exist as formal salts,?&%°
while comparatively few zwitterionic species, which also contain formally cationic Ir(III)
centers, have been documented.'>?” In contrast to 2a-2d, the negatively charged component of
these previously reported “inner-salt complexes™™ is distal to the metal center and the
coordination environment around the Ir(IIl) center falls in line with the more traditional construct

containing covalent metal-ligand bonds (Figure 2.1A).
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Figure 2.3 (A) UV-Vis absorption (dotted line) and 77 K emission (solid line) spectra for 2a-2d.
UV-Vis measurements were recorded in CH,Cl, at 1x10° M and 77 K emission spectra were
obtained from solutions of 2-MeTHF. (B) Emission spectra of 2 wt.% PMMA films of 2a-2d
(Aexe = 400 nm). (C) Pictures of 2 wt.% PMMA films of 2a-2d when irradiated with UV light
(Aexe = 365 nm).
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A suite of photophysical studies were carried out on 2a—2d to evaluate the influence of
the nido-carboranylpyridine ligand framework on the luminescent properties, excited state
lifetime, and thermal stability of the title compounds. The absorption and emission spectra of 2a—
2d are presented in Figure 2.3 with corresponding data presented in Figure 2.4A. All compounds
exhibit strong absorption bands from 250-330 nm attributed to the spin-allowed 'm—m*
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transitions ('LC) on the ppy ligands. The broad, lower intensity bands that extend from 340-420
nm arise from spin-allowed '"MLCT and spin-forbidden *MLCT transitions that are consistent
with previously reported Ir(III) complexes.”

All complexes are weakly emissive in fluid solutions of deaerated 2-MeTHF with
quantum yields (¢) less than 0.01 at room temperature, but become strongly luminescent at 77 K
and when doped in PMMA films (Figure 2.4A and Appendix A). This behavior has been
observed with other previously reported mer-Ir(C*N); (C*"N = monoanionic cyclometalating
ligand) complexes.”" Interestingly, only 2b and 2d, which do not contain CH; groups bound to
the 2-position of the nido-carboranyl fragment, exhibit observable emission as neat solids. This
observation could also be ascribed to aggregation in the solid state due to a lesser degree of steric
bulk on the carborane to prevent such interactions. A similar observation has been made by Lee

and co-workers in Ir(III)-based emitters containing C-substituted carboranes.”®

A Abs. At [€x 103 (M1em™)]  Em. A, > (nm) > ™ (ns) kf(x105s7) Kk, f(x105s™)

2a 253 [25], 338 [4.6], 279 [2.7] 452 (448) 0.43 3.35(5.65) 1.3 1.7 0.76
2 260 [10], 309 [4.7], 382 [1.4] 451 (447) 0.41 3.62(6.38) 1.1 16 0.69
2c 244 [45], 302 [19], 367 [4.5] 472 (466) 037 3.02(5.11) 1.2 2.1 0.57
2d 243 [41], 301 [17], 363 [4.3] 525 (466) 0.39 2.96(5.19) 1.3 21 0.62
3a 2565 [32], 306 [12], 377 [4.7] 463 (459) 0070 062 1.1 15 0.07
3b 256 [39], 347 [6.4], 396.4.4] 489 (483) 0.035 0.71 0.49 14 0.04

Figure 2.4 (A) “UV-Vis absorption spectra were measured in CH,Cl, (1 x 10° M). "Emission
maxima, quantum yields, and excited state lifetimes were measured in 2 wt% PMMA films.
Spectra recorded in 2-MeTHF at 77 K are marked with parentheses. “Highest energy peaks are
reported in this table. YQuantum yields were measured using an integrating sphere under N,.
‘Excited-state lifetimes values in PMMA films are obtained from the weighted average of a bi-
exponential decay. 'Calculated for PMMA films according to the equations k; = ¢/t and ky, = (1-
¢)/t, where k; is the radiative rate constant, ky, is the non-radiative rate constant, ¢ is the quantum
yield, and T is the excited-state lifetime. (B) Structures of Ir(IIl) complexes featuring covalently-
bound carboranyl ligand reported by Lee et al. (Ref 14a).
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At 298 K, the excited state lifetimes (t) of 2a-2d in fluid solution display multi-
exponential decays with nano- and microsecond components. The dynamic behavior suggests a
possible equilibration between other triplet states before deactivation and is currently under
further investigation. Upon cooling 2-MeTHF solutions of 2a—2d to 77 K, T becomes first order
and ranges from 5.11 us (2¢) to 6.38 us (2d). Low temperature emission spectra for 2a-2d all
display well-defined vibronic features consistent with emission from a ligand-centered triplet
state. Introduction of the CHj3 group to the nido-carboranyl-pyridyl ligand has a negligible effect
on the luminescence as the Ey energies and vibronic structure for 2a/2b and 2¢/2d are nearly
indistinguishable (Figure 2.3A). In PMMA films at room temperature the vibronic manifold in
the emission spectra for 2a-c¢ redshift and broaden relative to the corresponding spectra at 77 K
(Figure 2.3B). In contrast, the low solubility for 2d is evidenced in a spectrum that displays a
broad, red-shifted band at 525 nm. This new feature indicates that 2d aggregates prior to solvent
evaporation despite filtering solutions before casting the PMMA film (see Appendix A for
further discussion). Indeed, Lee and co-workers have noted that substituted carboranyl
components of Ir(Ill)-based emitters can help prevent solid-state quenching at higher

. 16f,h
concentrations. o,

The quantum yields for all four complexes drastically increase upon doping
in PMMA films, ranging from 0.37 to 0.43 (Figure 4A).

Methylation of the nido-carboranyl fragment has little effect on photophysical properties
when these complexes are doped in PMMA films since ¢, T, and the emission frequencies for
2a/2b and 2c¢/2d are roughly identical. Conveniently, the carboranyl moiety can be
functionalized to address solubility issues, such as in the case of 2d to 2¢, without significant

effect on the emission properties. This is a significant advantage of the carborane-based

framework in the context of the described system.
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From the excited-state lifetimes and quantum yields of 2a—2d doped in the PMMA
matrices, the radiative (k;) and non-radiative (k) rate constants can be deduced (Figure 2.4A).
The k. values observed are between 1.1x10° s and 1.3x10° s, with k, values ranging from
1.6x10° 5™ to 2.1x10° s™'. To elucidate the effect of the nido-carboranylpyridine ligand, these
values were compared to those of related complexes doped in PMMA films reported by Lee and
coworkers, 3a and 3b (Figure 2.4B).'* Though ¢ < 0.10 for 3a and 3b in the PMMA films, the
shorter T values for these compounds yield k; values roughly similar to those of 2a-2d. In
contrast, the ky, values for 2a—2d are more than an order of magnitude lower than those of 3a
and 3b. The ratio of k,/ky, for 2d is ~16 times greater than that for the related compound 3b (0.64
and 0.04, respectively). Therefore, despite the weakly coordinating nature of the carboranyl
fragment to the Ir(IIl), 2a—2d exhibit significantly lower values for k,, and hence up to a 10-fold
increase in quantum yields compared to values reported for related molecules with covalent
Ir(IlT)—carborane interactions. This newly developed electrostatic framework thus potentially
offers a counterintuitive yet useful concept in engineering efficient Ir(III) emitters for OLED

devices.

2.2.3 Electrochemistry and Thermogravimetric Analysis

Cyclic voltammetry (CV) plots of 2a—2¢ are presented in Figure 2.5A with the associated
data summarized in Table 2.1. Compared to 3a and 3b, 2a—2¢ have analogous reductive behavior
as all complexes display a single, irreversible reduction wave from -2.26 V to -2.39 V versus the
ferrocenium/ferrocene redox couple. Introduction of the methyl group on the nido-carboranyl
ligand has negligible influence on the reduction potential, as E*** for 2a and 2b are 2.27 V and
2.26 V, respectively. In contrast, the Ir(III) complexes bearing the nido-carboranyl ligands are up

to 0.32 V more difficult to oxidize than their covalent analogues (3a and 3b) and feature two
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irreversible oxidation waves. The first oxidation potential (E°*") decreases from 1.14 V (2b) to
1.05 V (2a), likely due to the electron-releasing inductive effect of the methyl group.
Furthermore, the second oxidation potential (E°*?) is roughly the same at 1.48 V for 2a and 1.50
V for 2b. On the basis of density functional theory (DFT) calculations (vide infra), reduction
likely occurs on the ppy ligand,”™® whereas the two unique oxidations involve removal of an

electron from both the nido-carboranyl fragment and the Ir(III) center.
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Figure 2.5 (A) Stacked cyclic voltammograms of 2a—2¢ with scale bar of 0.1 mA. Referenced to
Fc'/Fc in MeCN with a glassy carbon working electrode, scan rate = 0.1 V/s. Low solubility of
2d prevented electrochemical characterization. (B) Thermogravimetric analysis (TGA) plots of
2a-2d with corresponding temperatures of decomposition listed below. Mass loss at ~140°C for
2a corresponds to loss of residual EtOEtOH.

Table 2.1 Electrochemical Properties for 2a—2¢ and Related Compounds.™”

Compound ER (V) E% (V) E%*2 (V) AE (V)
2a 2.27 1.05 1.48 3.32
2b 2.26 1.14 1.50 3.40
2¢ -2.39 0.94 1.20 3.33
3a° -2.30 0.94 — 3.24
3b° -2.39 0.62%" — 3.01

“Values reported relative to the ferrocenium/ferrocene redox couple (Fc'/Fc) at 0.5 mM, scan
rate = 0.1 V/s. "Low solubility of 2d hindered electrochemical characterization. ‘Reversible. ‘AE
=E%! — ER °From Ref. 14a. 'Values correspond to first (and only) oxidation reported.

28



A series of zwitterionic Ir(Ill)-based phosphors have been previously probed
electrochemically”’ and were shown to display shifts to more positive potentials (1.09 V — 1.58
V vs. Fc/Fc¢) compared to typical Ir(IlI)-based phosphors containing a formally neutral Ir(III)
center (~0.9 V vs. Fc'/Fc). Cyclic voltammetry measurements of independently synthesized
deboronated analogue of 1b (4a, see Appendix A) were performed, which show the first
oxidation wave centered at 0.57 V vs. Fc'/Fc. We therefore suggest that the first oxidation is
centered on the nido-carboranyl fragment (whose oxidation is pushed to more positive potentials
upon association to the metal center) and the second oxidation corresponds to a metal-centered
Ir(IIT)/(IV) couple. Despite the apparent electrostatic interaction between the carboranyl ligand
and the Ir(IIl) center, 2a-2d have proven to be very thermally stable. Thermogravimetric
analysis (TGA) shows the onset of mass loss occurring from 320°C — 355°C for these
compounds (Figure 2.5B). Importantly, the introduction of methyl substitution on the carborane

(2a and 2c¢) does not significantly affect decomposition temperatures.

2.2.4 Structural and Computational Analysis

The electronic structures of 2a-2d calculated using density functional theory (DFT)
provide further insights into the observed photophysical phenomena. Ground-state geometries of
2a-2d were optimized from the coordinates obtained from their crystallographically-derived X-
ray data and subsequent single point calculations were carried out with the B3LYP functional
and TZP basis set (Figure 2.6A and 2.6B). The bond angles and distances of the optimized
structures compare favorably with the experimentally determined metrics based on X-ray
crystallography (Appendix A, Figure A4). The calculated energies corresponding to the first
triplet excited state (T;) to singlet ground state (Sy) are consistent with those measured in

solution at 77 K (see SI for the summary of calculated values). As expected, the HOMO levels

29



for 2a and 2b, which contain fluorinated ppy ligands, are located slightly lower in energy than
those for 2¢ and 2d; similarly, the LUMO levels for 2a and 2b are slightly higher in energy than
those for 2¢ and 2d. Finally, the experimentally-observed emission data is consistent with the
energy levels calculated for 2a-2d (see Appendix A, Table A3). Analysis of the solid state
structure of 2a, which will be treated in the following discussion as a representative example
given the structural similarity of 2a—-2d (See Figure 2.2D and Figures A2 and A3, Appendix A),
displays a meridional (mer) arrangement of the pyridine ligands. A long Ir---B(11) distance of
2.528(6) A is found, which is longer than the sum of the covalent radii of the two atoms (2.07 A)
based on literature values,’® suggesting no appreciable covalent metal-ligand bonding interaction.
These distances are also systematically longer by ~ 0.3 A than those in Ir(IlI)-based complexes
in which B-H agostic interactions are normally invoked.’'** In addition, the Ir-H(1A) bond
distance (1.935(9) A) also well exceeds the sum of the covalent radii (1.54 A) of Ir(Il) and H
atoms. The B(11)-H(1A) bond distance of 1.007(2) A is nearly identical to those of the other
terminal B—H bonds on the boron cluster scaffold in 2a, suggesting that this bond (in addition to

the analogous bonds in 2b—2d) is not strongly activated by the Ir(I1I) center.
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Figure 2.6 Frontier orbital diagrams of (A) 2a and (B) 2¢. HOMO-1, HOMO, LUMO, and
LUMO-+1 diagrams were calculated from the geometry-optimized singlet state. (C) AIM analysis
of 2a. Electron density and Laplacian density values at the bond critical point suggest primarily
electrostatic interactions between the nido-carboranyl fragament and the Ir(III) center.

Infrared (IR) spectroscopy suggests only weak coordination of the bridging hydride to the
metal center: solid-state IR spectra reveal broad resonances in the expected B-H region ~2500
cm’™, which correspond to the cage B—H stretches, with some fine structure observed (Appendix
A, Figure A7). An additional but very weak resonance is observed for 2a—2d ~2100 cm™ which
is suggestive of a weak Ir-m-H-B stretching band. Such M—m-H-B interactions have been noted

24532 Ty particular, Reed®® and Teixidor’® observed similar stretching

previously with carboranes.
frequencies in [CB H,]- (~2380 cm™) and nido-carborane-based (2119-2077 cm™) systems,

respectively, and have also ascribed these bands to weak interactions of carboranyl B—H bonds

with cationic metal centers. Hawthorne observed slightly lower B—H stretching frequencies
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(~1965 cm™) for a nido-carborane anion associated to Ir(Il) through two B-u-H-Ir
interactions.®® Given the rigid steric profile of the ppy ligands around octahedral iridium center
and the bulk of the carboranyl ligand, we suggest that the bridging hydride interacts with the
metal to complete its preferred octahedral geometry but that the primary mode of association
results from ion pairing between the formally anionic nido-carborane and the formally cationic
Ir(I1T) center (Figure 2.1B). ''B NMR resonances for 2a—2c¢ (2d is too insoluble to observe
defined ''B signatures) contain several broad features at room temperature, where B-H coupling
is not well-resolved. A variable temperature (VT) ''"B NMR study of 2a revealed that these
resonances further broaden upon cooling to -60°C (see Appendix A, Figure A10) and sharpen
upon heating to 60°C, implicating fluxional behavior of the nido-carboranyl-metal interaction. At
higher temperatures, it is revealed that one doublet in the ''B NMR contains a slightly smaller
coupling constant (~80 Hz) relative to the rest (~ 130 — 140 Hz); the '"H NMR data also shows a
partially resolved quartet (~ -3.5 ppm) with a 'Jgy value of ~ 80Hz. Given that the spectrum
broadens upon cooling, the observation of this B-H coupling is a snapshot of a fluxional process
that is fast on the NMR timescale and indicates that the M—u-H—B is appreciable at some point
during this dynamic process. Overall, these data support an electrostatic description interaction
between the Ir(Ill) center and the nido-carboranyl ligand in the solid state and in solution as
opposed to a covalent Ir-nido-carboranyl bond model.

Importantly, using DFT, we were able to further probe the interaction between Ir(Ill) and
the nido-carboranyl fragment in 2a-2d using the Quantum Theory of Atoms in Molecules
(QTAIM) analysis, which has been used to evaluate different types of bonding (e.g. covalent,
electrostatic) interactions between atoms.’® The results suggest that minimal covalency exists

between Ir(Ill) and either H(1A) or B(11) in 2a (Figure 2.6C) or 2b—2d (Appendix A, Table A4).
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First, no bond critical point (BCP) is observed between Ir and B(11) in any of the four title
compounds. This is consistent with the long Ir-B(11) distances found crystallographically
(which extend beyond the sum of the covalent radii of the two atoms) and further supports an
electrostatic description of the interaction between the carboranyl ligand and the metal center as
evidenced by the VT "B NMR study of 2a (vide supra; see Appendix A).

Second, while a BCP is found in 2a-2d between Ir and H(1A), the value of the electron
density () at this point is ~0.08 for all compounds. In general, r;, values of 0.2 or greater are
indicative of covalent interactions, whereas values of less than 0.1 signify non-covalent
interactions such as van der Waals, hydrogen bonding, or electrostatic interactions. The
Laplacian of the electron density at the BCP (V?r;) signifies the relative concentration or
depletion of electron density along and perpendicular to the bond path at the BCP. Positive
values generally indicate the depletion of electron density at the BCP, which is indicative of
closed-shell bonding interactions, such as ionic and hydrogen bonding. Values of ~ 0.22 are
obtained for all structures, strongly suggesting closed shell/electrostatic interactions between the

carboranyl ligand fragment and Ir(III).

2.3 Conclusions

The concept of using electrostatically bound ligands for Ir(Ill)-based phosphors is
introduced for the first time. The experimental and computational data suggest that the use of
bulky, weakly coordinating, non-covalent ligand frameworks is a viable option for stable and
emissive phosphorescent molecules based on Ir(IlT). Importantly, structural modification of the
weakly-coordinating ligand can be carried out without detrimentally affecting the photophysical
properties of the resulting complex: the inclusion of a methyl group at the C-vertex of the nido-

carboranyl ligand in 2a and 2¢ does not strongly influence the emission wavelength relative to
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the non-methylated counterparts (2b and 2d, respectively); importantly, however, methylation
does improve the solubility of 2a and 2c¢ relative to 2b and 2d. This orthogonality is a potentially
useful handle for optimizing the physical/materials properties of this class of Ir(Ill)-based
phosphors without significantly modulating the excited-state characteristics when employed as a
component of an OLED construct, particularly given the non-triviality of engineering dopant-
host layer compatibility.”” Recent reports of straightforward methods to functionalize boron
vertices of carboranes™ with vertex precision also provide potentially powerful strategies for
modulating structural and photophysical properties of Ir(IIl) species with B-substituted
carborane-based ligands. Ultimately, the utility of boron cluster-based weakly-coordinating
ligands in phosphorescent molecules demonstrated here sets the precedent for the exploration of
this motif using other tunable boron cluster congeners that similarly present appreciable steric
bulk and overall negative charge.”” In particular, functionalized closo- boron clusters, such as the
anionic carba-closo-dodecaboranes and charge-compensated closo-dodecaborates, are prime
candidates for further study within this context, as these bulky, closo- clusters are generally more
stable than nido- or arachno- derivatives and are themselves widely used as non-coordinating
anions. A deeper understanding of the structure-function relationships of strategically designed,
weakly-coordinating carborane-based ligands on the materials and photophysical properties of
metal-based luminescent molecules will potentially promote the discovery of new, efficient

emitters for application in light-emitting devices.
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2.4 Experimental

2.4.1 General considerations

All experiments were performed under ambient conditions unless otherwise noted.
Tetrahydrofuran (THF) and acetonitrile (CH3CN) used for cyclic voltammetry were sparged with
argon and passed through activated alumina prior to use. All post-Schlenk work-up and
characterization was performed under ambient conditions. The “ambient conditions” for this
manuscript refer to room temperature (20 - 25 °C) and uncontrolled laboratory air. Thin-layer
chromatography (TLC) samples for carborane-containing compounds were stained with 1 wt. %

PdCl, in 6M HCI and were developed with heat.

2.4.2 Materials

Deuterated solvents were purchased from Cambridge Isotope Laboratories and were
stored over 3A molecular sieves under ambient conditions. 2-ethoxyethanol (EtOEtOH),
[Ir("*ppy)2(m-C1)], (Cat. # 749230), [Ir(ppy)2(m-CD)], (CAS # 92220-65-0), methyl iodide (with
copper stabilizer) tetrabutylammonium hexafluorophosphate (>99.0%, electrochemical grade),
tetrabutylammonium bromide, potassium hydroxide, diethyl ether (Et,O), methylene chloride
(CH,Cl,), ethanol (EtOH) and hexanes were purchased from Sigma-Aldrich. 1,2-
dimethoxyethane was purchased from Sigma Aldrich and stored on the benchtop over 3A
molecular sieves. 2-Fluoropyridine and 1,2-difluorobenzene were purchased from Oakwood
Chemicals. o-carborane was purchased from Boron Specialties, LLC. Glass-backed Silica Gel 60
GLA TLC plates and Celite were purchased from Fisher Scientific. All reagents were used as
received unless otherwise indicated. Na(acac) was synthesized in a Nj-filled glovebox by

treatment of a THF solution of acetylacetone with 1.5eq. NaH at room temperature with stirring
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for 24h. After 24h, the mixture was filtered through Celite and the filtrate was dried in vacuo to

give the desired product. The resulting salt was stored outside the box in a desiccator.

2.4.3 Instruments

'H NMR spectra were obtained on a Bruker AV500 or a Bruker AV400 spectrometer;
BC{'H} NMR spectra were obtained on a Bruker AV500 or Brucker DRX500 spectrometer; ''B
and *>'P NMR spectra were obtained on a Bruker DRX500 spectrometer; '°F NMR spectra were
obtained on a Bruker AV300 spectrometer. MestReNova (Version 10.0.0-14411) software was
used to process the NMR data. 'H and >C{'"H} NMR spectra were referenced to residual solvent
resonances in deuterated solvents (CDCls: 'H, 7.260 ppm; °C, 73.840 ppm; Acetone-d®: 'H,
2.050 ppm; "°C, 29.84 ppm. Note: due to high humidity H,O resonances are often present). ''B
and "’F and NMR spectra were referenced to external BFs-Et,0 (0 ppm) and C¢HsF (-113.15
ppm) standards, respectively. Mass spectrometry data was acquired using a Waters LCT Premier
mass spectrometer by direct injection. UV—Vis spectra were recorded on a Hewlett-Packard
4853 diode array spectrometer. Phosphorescence lifetime measurements for 2a-2d were
performed by a time-correlated single-photon counting method using an IBH fluorocube lifetime
instrument equipped with a 405 nm LED excitation source. Quantum yield measurements were
carried out using a Hamamatsu C9920 system equipped with a xenon lamp, calibrated integrating
sphere, and model C10027 photonic multichannel analyzer. Steady-state emission measurements
of 2a-2d as solids, in the thin film, and in solution at 77 K were performed using a Photon
Technology International QuantaMaster spectrofluorimeter. Microwave reactions were
performed in glass 10 mL microwave reactor vials purchased from CEM with silicone/PTFE

caps equipped with a stir bar using a CEM Discover SP microwave synthesis reactor.
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2.4.4 Preparation of PMMA Thin Films

A solution of PMMA (0.100 g, 35 kDa) in toluene (1.0 mL) was thermally sonicated for
1 hour at 40°C, or until PMMA was completely dissolved. Next, 2a-2d (2 mg, 2 wt. %) was
added to the solution and sonicated for an additional 5 minutes, yielding a yellow solution. The
solution of 2a-2d/PMMA was spin coated on a quartz substrate (3-5 drops, 800-1,000 RPM, 30
seconds), and this was repeated (~ 4—6 times) until the film was thick enough emit light under A
=365 nm excitation in a dark room under ambient conditions. Due to low solubility, the solution

of 2a/PMMA was passed through a 0.20 mm syringe filter prior to spin coating.

2.4.5 Determination of Molar Extinction Coefficients
Extinction coefficients were determined through a series of 5 dilutions with a maximum

absorption between 0.1 and 0.7.

2.4.6 X-ray data collection and processing parameters

For 2a-2d, a single crystal was mounted on a nylon loop using perfluoropolyether oil and cooled
rapidly to 100 K with a stream of cold dinitrogen. Diffraction data were measured using a Bruker
APEX-II CCD diffractometer using Mo-Ka radiation. The cell refinement and data reduction
were carried out using Bruker SAINT and the structure was solved with SHELXS-97. All

subsequent crystallographic calculations were performed using SHELXL-2013.

2.4.7 Cyclic voltammetry

Cyclic voltammetry was performed on 2a-2d and using a CH Instruments Model 600D
potentiostat with a glassy carbon disc working electrode, platinum wire counter electrode, and
Ag/AgCl wire reference in a saturated solution of KCl in MeCN. All experiments were

conducted in 0.1M [N"Buy]PF¢/CH3CN with 0.5 mM analyte concentrations. CH3;CN solutions
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were degassed by sparging with argon for 10 minutes, and the cyclic voltammetry was
performed under constant flow of argon or nitrogen gas. A scan rate of 0.1 mV/s was used with

ferrocene as an internal standard.

2.4.8 DFT Calculation Details

All optimized geometries were calculated from crystallographic data and optimized with
DFT calculations using standard triple-§ polarization (TZP) basis sets available in the
Amsterdam Density Functional 2014.04 Rev. 44409 (ADF)*° software suite, with Becke and
Perdew® (BP) Slater-type orbitals (STOs) on a 6 core Apple computer. The local density
approximation (LDA) was made with BP and exchange and correlation corrections available by
default in the ADF 2014.04 suite. Single point calculations were performed using the B3LYP"®
level of theory and a TZP basis set. All-electron basis sets were used for all atoms (cores
remained un-frozen). Electron spins were restricted for Sy calculations, and electron spins were
unrestricted for T; calculations. Relativistic correlations were made using Zero-Order
Relativistic Approximation (ZORA)h'j for Ir (2a-2d).
References for DFT calculations:
a) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Guerra, C. F.; van Gisbergen, S. J. A,;
Snijders, J. G.; Ziegler, T. J. Comput. Chem. 2001, 22, 931; b) Guerra, C. F.; Snijders, J. G.; te
Velde, G.; Baerends, E. J. Theor. Chem. Acc. 1998, 99, 391, c) Baerends, E. J.; Ziegler, T.;
Autschbach, J.; Bashford, D.; Bérces, A.; Bickelhaupt, F. M.; Bo, C.; Boerrigter, P. M.; Cavallo,
L.; Chong, D. P.; Deng, L.; Dickson, R. M.; Ellis, D. E.; van Faassen, M.; Fan, L.; Fischer, T. H.;
Fonseca Guerra, C.; Franchini, M.; Ghysels, A.; Giammona, A.; van Gisbergen, S. J. A.; Gétz,
A. W.; Groeneveld, J. A.; Gritsenko, O. V.; Griining M.; Gusarov, S.; Harris, F. E.; van den

Hoek, P.; Jacob, C. R.; Jacobsen, J.; Jensen, L.; Kaminski, J. W.; van Kessel, G.; Kootstra, F.;
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Kovalenko, A.; Krykunov, M. V.; van Lenthe, E.; McCormack, D. A.; Michalak, A.; Mitoraj,
M.; Morton, S. M.; Neugebauer, J.; Nicu, V. P.; Noodleman, L.; Osinga, V. P.; Patchkovskii, S.;
Pavanello, M.; Philipsen, P. H. T.; Post, D.; Pye, C. C.; Ravenek, W.; Rodriguez, J. 1.; Ros P.;
Schipper, P. R. T.; van Schoot, H.; Schreckenbach, G.; Seldenthuis, J. S.; Seth, M.; Snijders, J.
G.; Sola, M. Swart, M.; Swerhone, D.; te Velde, G.; Vernooijs, P.; Versluis, L.; Visscher, L.;
Visser, O.; Wang, F.; Wesolowski, T. A.; van Wezenbeek, E. M.; Wiesenekker, G.; Wolff, S. K.;
Woo, T. K.; Yakovlev, A. L. ADF 2014/GUI 2014; SCM: Amsterdam, 2014; d) Becke, A. D.
Phys. Rev. A 1988, 38, 3098; ¢) Perdew, J. P. Phys. Rev. B 1986, 33, 8822; f) Becke, A. D. J.
Chem. Phys. 1993, 98, 5648; g) Lee, C.; Yang, W. Parr, R. G. Phys. Rev. B 1988, 37, 785; h) van
Lenthe, E.; Baerends, E. J.; Snijders, J. G. J. Chem. Phys. 1993, 99, 4597, 1) van Lenthe, E.;
Baerends, E. J.; Snijders, J. G. J. Chem. Phys. 1994, 101, 9783; j) van Lenthe, E.; Ehlers, A.;

Baerends, E. J. J. Chem. Phys. 1999, 110, 8943.

2.4.10 Synthetic Procedures

2.4.10.1 2-(2-CH3-C;B19H11)CsHsN (1a)

2-o0-Carboranylpyridine (101mg, 0.456 mmol) was added to a SOmL Schlenk flask and
the flask was evacuated and backfilled with N,. Dry THF (15mL) was added and the resulting
solution was cooled to -78°C. n-BuLi (2.5M in hexanes, 191 mL, 0.479 mmol) was added via
syringe and the resulting mixture was stirred at -78°C for 1h. After 1h, the solution (at this point
slightly yellow) was stirred at room temperature for 2h. After 2h, the solution was cooled to 0°C
and methyl 1odide (31mL, 0.502 mmol) was added via syringe, giving the solution a deep purple
color. The solution was removed from the ice bath and was allowed to stir at room temperature
for two hours, over which time the solution gradually decolorized. After two hours, the pale

purple solution was diluted with acetone and the solvent was then removed under vacuum. The
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residue was charged with Et;O and the mixture was filtered through a pad of silica gel. The
filtrate was dried in vacuo to afford the desired product as a white solid (97mg, 90%). '"H NMR
(CDCl3, 500 MHz) § 8.61 (d, 1H, py), 7.75 (m, 2H, py), 7.37 (m, 1H, py), 3.0 — 1.5 (br m, 10H,
BH), 1.76 (s, 3H, CH3); °C NMR (CDCls, 125 MHz) 149.42, 137.36, 125.67, 124.78, 80.85,
77.02, 23.55; ''B NMR (CDCls, 160 MHz) 2.66 (d, 1B), 4.98 (d, 1B), 9.88 (m, 8B). Expected

mass: 233.2553; Found 233.2560.

2.4.10.2 2-(2-H-C;B19H11)CsH4N (1b)

o-Carborane (250mg, 1.73 mmol) was charged to a Schlenk flask with ~20mL THF. The
resulting solution was cooled to 0°C and nBuLi (2.5M in hexanes, 763mL) dropwise. The
resulting mixture was stirred at 0°C for 15 minutes. The solution was removed from the ice bath
and was stirred at room temperature for 10min, after which time the solution was heated to 70°C
in an oil bath for 2h. After 2h, the solution was cooled to 0°C and 2-fluoropyridine (164mL, 1.91
mmol) was added dropwise via syringe. The mixture was stirred at 0°C for 15 min and was then
heated to 70°C in an oil bath for 2h. After 2h, the red/yellow mixture was diluted with acetone
(~10mL) and then the solvents were removed in vacuo. The residue was charged with CH,Cl,
and H,O. The H,O layer was neutralized with NH4CIl, and the organic layer was subsequently
washed 2x with H,O. The organic layer was dried over MgSOQy, filtered through Celite, and dried
in vacuo. The residue was then eluted through a silica column with 9:1 hexanes:acetone to
remove any remaining o-carborane contaminant. Fractions containing the desired product were
combined and the solvent was removed under vacuum. The white product was afforded in 55%
yield. All NMR spectra match those of the original report (Coult, F.; Fox, M. A.; Gill, W. R;

Herbertson, P. L.; Hugh MacBride, J. A.; Wade, K. J. Organomet. Chem. 1993, 462, 19).
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2.4.10.3 Ir(ppy):(acac)

[Tr(ppy)2(u-Ch)]2 (0.150 g, 0.139 mmol), Na(acac) (0.041 g, 0.336 mmol), 3.5 mL 1,2-
dimethoxyethane, and small stir bar were combined in a 10 mL microwave tube. The mixture
was stirred at 140°C for 2 hours to yield a yellow-brown slurry. The reaction product was
transferred to a vial and the remaining contents in the microwave tube were washed out with
ethanol, then solvents were removed in vacuo. The dark yellow solid was dissolved in minimal
CH,Cl; and the solution was passed through a pad of Celite. CH,Cl, was removed in vacuo to
yield the desired product (0.154 g, 92%). "H NMR (500 MHz, acetone-d6), ppm: & 8.56 (d, 2H, J
= 5.8 Hz), 8.07 (d, 2H, J= 7.9 Hz), 7.91 (t, 2H, J= 7.8 Hz), 7.64 (d, 2H, J = 7.8 Hz), 7.33 (t, 2H,
J=6.6 Hz), 6.75 (t, 2H, J= 7.4 Hz), 6.60 (t, 2H, J= 7.4 Hz), 6.22 (d, 2H, J 3.8 Hz), 5.27 (s, 1H),
1.69 (s, 6H). Chemical shifts match those of the previously reported preparation of this
compound (Lamansky, S.; Djurovich, P. I.; Murphy, D.; Abdel-Razzaq, F.; Kwong, R.; Tsyba, L.;

Bortz, M.; Mui, B.; Bau, R.; Thompson, M. E. Inorg. Chem. 2001, 40, 1704).

24.104 Ir(mppy)z(acac)

This compound was previously reported by Thompson and co-workers (Tamayo, A.;
Alleyne, B. D.; Djurovich, P. I.; Lamansky, S.; Tsyba, I.; Ho, N. N.; Bau, R.; Thompson, M. E.
J. Am. Chem. Soc. 2003, 125, 7377) but NMR characterization was not provided. Here we report
a modified synthesis and provide full NMR characterization: [Ir("C"N),Cl], (200mg, 0.164
mmol) and Na(acac) (50mg, 0.411mmol) were charged to a 10mL glass microwave tube with a
stirbar, followed by 2mL 1,2-dimethoxyethane. The contents were heated in the microwave with
stirring at 140°C for 2h. The resulting mixture, which contained a yellow precipitate, was dried
in vacuo, charged with CH,Cl,, and filtered through Celite. The Celite pad was washed with

CH,Cl, until the filtrate ran clear. The filtrate was evaporated to dryness to afford the desired
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product in 95% yield. '"H NMR (CDCls, 500 MHz) & 8.44 (d, 2H, Ar), 8.25 (d, 2H, Ar), 7.79 (t,
2H, Ar), 7.19 (t, 2H, Ar), 6.33 (ddd, 2H, Ar), 5.66 (dd, 2H, Ar), 5.26 (s, 1H, CH), 1.81 (s, 6H,
CH3); *C NMR (CDCls, 125 MHz) 184.87, 165.20 (d, “Jcr = 7.0 Hz), 162.63 (dd, 'Jer = 230 Hz,
3Jer = 12 Hz), 160.59 (dd, 'Jer = 233 Hz, *Jor = 13 Hz), 151.14 (d, *Jor = 7 Hz), 147.92, 137.73,
128.50 (m), 122.48 (d, “Jer = 19 Hz), 121.48, 114.95 (dd, “Jer = 17 Hz, *Jer = 3 Hz), 100.57,
97.18 (t, *Jor = 27 Hz), 28.56; "F{'H} NMR (CDCls;, 282 MHz) -108.86 (q, 2F), -111.12 (jt,

2F).

2.4.10.5 Ir("*ppy)2(2-(2-CH;3-C,BoH; ) CsH4N) (2a)

Ir("*ppy)a(acac) (29mg, 0.0432 mmol) and 1a (13mg, 0.0561 mmol) were charged to a
10mL glass microwave tube with a stirbar, followed by 500ul. EtOEtOH and 20mL deionized
H,0. The yellow mixture was heated to 140°C for 2h to give a clear yellow solution. The
resulting solution was concentrated in vacuo to give a yellow residue. The residue was twice
charged with hexanes and dried under vacuum. The residue dissolved in CH,Cl, and was eluted
through a silica plug (~5 cm). The yellow solution was then dried under vacuum. The resulting
residue was then charged with hexanes (~2mL) and isolated on a fritted funnel and washed with
warm hexanes to provide the yellow product (27mg, 73%). X-ray quality crystals were grown
from a concentrated EtOH solution at -15°C. "H NMR (CDCls, 400 MHz) & 9.05 (d, 1H, Ar),
8.44 (d, 1H, Ar), 8.40 (d, 1H, Ar), 7.97 (t, 1H, Ar), 7.90 (t, 1H, Ar), 7.84 (d, 1H, Ar), 7.72 (t, I1H,
Ar), 7.58 (d, 1H, Ar), 7.51 (d, 1H, Ar), 7.27 (t, 1H, Ar), 7.17 (t, 1H, Ar), 6.96 (t, 1H, Ar), 6.60 (t,
1H, Ar), 6.44 (t, 1H, Ar), 5.65 (d, 1H, Ar), 5.60 (d, 1H, Ar), 3.0 — 0.5 (br, 8H, BH), 1.57 (s, 3H,
CHs), -3.3 — -4.2 (br, 2H, BH); *C NMR (125 MHz) 165.53 (d, Jec = 6.5 Hz), 164.51, 163.93
(dd, Jrc = 258 Hz, Jrc = 13 Hz), 163.35 (d, Jpc = 6.6 Hz), 162.84 (dd, Jrc = 258 Hz, Jpc = 12
Hz), 161.73 (dd, Jrc = 260 Hz, Jpc = 12 Hz), 161.12 (Jpc = 260 Hz, Jrc = 12 Hz), 155.83,
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153.89, 150.44, 148.46, 146.34, 139.10, 138.88, 137.82, 128.20 (m), 128.07, 127.30 (m), 124.86,
124.70, 124.38, 124.15, 124.03, 123.87, 123.26, 99.66 (t, Jic = 26 Hz), 99.27 (t, Jic = 22 Hz),
74.23, 53.44, 22.69; '’F NMR (CDCls, 282 MHz) -104.92 (q, 1F), -106.98 (q, 1F), -107.66 (i,
1F), -109.46 (d, 1F); ""B NMR (CDCls, 160 MHz) -6.10 (br, 2B), -11.90 — -14.00 (m, 4B), -

21.70 — -25.00 (m, 2B), -31.50 — -34.50 (m, 2B).

2.4.10.6 Ir("*ppy)2(2-(2-H-C,BoH;1)CsH4N) (2b)

Ir("*ppy)a(acac) (40mg, 0.0596 mmol) and 1b (17mg, 0.0715 mmol) were charged to a
10mL glass microwave tube with a stirbar, followed by 500ul. EtOEtOH. The yellow mixture
was heated to 140°C for 1.5h to give a yellow solution with an emissive yellow solid. The
resulting mixture was dried in vacuo to give a yellow residue. Et,O (2mL) was added and the
mixture was chilled at -15°C overnight. The solid was isolated on a fritted glass funnel and was
rinsed four times with hexanes and dried in vacuo; this process was repeated with the dried
filtrate. Yield (2 crops): 36mg, 77%. X-ray quality crystals were grown from a concentrated
CH,Cl, solution at -15°C. "TH NMR ((CD3),CO, 400 MHz) § 9.21 (d, 1H, Ar), 8.51 (d, 1H, Ar),
8.47 (d, 1H, Ar), 8.21 (m, 2H, Ar), 7.91 (m, 2H, Ar), 7.65 (d, 1H, Ar), 7.62 (d, 1H, Ar), 7.56 (m,
2H, Ar), 7.17 (ddd, 1H, Ar), 6.78 (ddd, 1H, Ar), 6.61 (dd, 1H, Ar), 5.74 (dd, 1H, Ar), 5.64 (dd,
1H, Ar), 3.00-1.00 (br m, 9H, BH), 2.43 (s, 1H, CH), -3.0 — -4.5ppm (br m, 2H, BH); *C NMR
((CD3)2CO, 500 MHz) 168.89, 164.04 (dd, Jcr = 137 Hz; Jor = 13 Hz), 163.63 (dd, Jcr = 172
Hz, Jcr =7 Hz), 162.64 (d, Jcr = 8Hz), 162.54 (d, Jcr = 8Hz), 161.14 (dd, Jcr = 150 Hz, Jcp = 12
Hz), 161.58 (dd, Jcr = 225 Hz, Jcr = 12 Hz), 155.94, 153.79, 150.44, 149.08, 147.43 (d, Jcr =
7Hz), 139.79, 139.60, 139.24, 128.63 (m), 127.55 (m), 125.48, 125.01, 124.60, 124.54, 124.22
(d, Jor =4 Hz), 124.06 (d, Jcr = 5 Hz), 114.03 (dd, Jcr = 18Hz, Jor = 3 Hz), 112.31 (dd, Jcr = 18

Hz, Jor = 3 Hz), 99.18 (t, Jer = 27 Hz), 98.58 (Jer = 27Hz), 77.16, 45.31; "B NMR ((CD;),CO,
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160 MHz) -5.94 (d, 1B), -16.27 (m, 4B), -23.60 — -27.50 (2 doublets, 2B), -31.81 (d, 1B), -35.59
(d, 1B); F NMR ((CDs),CO, 282 MHz) -107.17 (g, 1F), -109.02 (q, 1F), -109.11 (t, 1F), -

111.19 (jt, 1F).

2.4.10.7 Ir(ppy)2(2-(2-CH3-ByH 9)-py) (2¢)

Ir(ppy)2(acac) (0.040 g, 0.066 mmol), 1a (0.020 g, 0.082 mmol), 1.5 mL EtOEtOH, and
small stir bar were combined in a 10 mL microwave vial. The mixture was stirred at 140°C for
1.5 hours to yield a yellow slurry. The reaction product was transferred to a vial and the
remaining contents in the microwave tube were washed out with EtOH, then solvents were
removed in vacuo. The yellow solid was dissolved in minimal CH,Cl, and passed through a short
silica plug. The yellow solution was concentrated to dryness, and the resulting solid was washed
with hexanes (5 x 10 mL) to remove any remaining 1a. The yellow product (40mg, 82%) was
dried under vacuum overnight. "H NMR ((CD3),CO-dg, 500 MHz) § 9.03 (d, 1H, Ar), 8.33 (d,
1H, Ar), 8.29 (d, 1H, Ar), 8.12-8.05 (m, 3H, Ar), 7.94 (dd, 1H, Ar), 7.88 (m, 1H, Ar), 7.78 (dd,
1H, Ar), 7.67 (d, 1H, Ar), 7.63 (dd, 1H, Ar), 7.49 (ddd, 1H, Ar), 7.41 (ddd, 1H, Ar), 7.09 (ddd,
1H, Ar), 7.04 (ddd, 1H, Ar), 6.87 (tdd, 2H, Ar), 6.73 (td, 1H, Ar), 6.24 (dd, 1H, Ar), 6.21 (dd,
1H, Ar), 1.61 (s, 3H, CH), 0.35-2.80 (br. m., 9B, BH), -3.03 (q, 1H, BH, Jg_n= 83.2 Hz), -3.55
(br. s, 1H, BH); "B NMR ((CD3),CO-ds, 160 MHz), ppm: & -5.96 (d, 1B), -11.53 (br, 4B), -
21.37 (d, 1B), -23.15 (d, 1B), -31.09 (d, 1B), -33.34 (d, 1B); *C NMR ((CD3),CO-ds, 125
MHz), ppm: 6 169.22, 167.54, 164.84, 154.04, 151.35, 150.23, 145.62, 144.58, 144.11, 139.38,
139.29, 138.72, 132.99, 131.45, 130.84, 130.01, 128.64, 126.20, 125.25, 125.09, 124.94, 124.58,
123.70, 123.03, 121.39, 121.22, 68.31, 54.97, 22.82. Single crystals for X-ray diffraction
analysis were grown from slow vapor diffusion of pentane into dichloromethane at room

temperature.
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2.4.10.8 Ir(ppy)2(2-(2-H-ByH1)-py) (2d)

Ir(ppy)2(acac) (0.040 g, 0.066 mmol), 1b (0.017 g, 0.077 mmol), 1.5 mL EtOEtOH, and
small stir bar were combined in a 10 mL microwave vial. The mixture was stirred at 140°C for
1.5 hours to yield a yellow slurry. The reaction product was transferred to a vial and the
remaining contents in the microwave tube were washed out with EtOH, then solvents were
removed in vacuo. The yellow solid was then washed with Et;O (5 x 2 mL) and vacuum dried
overnight to yield the desired product (43mg, 90%). "H NMR ((CD5),CO-ds, 500 MHz) & 9.16
(d, 1H, Ar), 8.34 (d, 1H, Ar), 8.28 (d, 2H, Ar), 8.09 (m, 2H, Ar), 7.94 (d, 1H, Ar), 7.86 (ddd, 1H,
Ar), 7.83 (d, 1H, Ar), 7.79 (d, 1H, Ar), 7.62 (d, 1H, Ar), 7.51 (dd, 1H, Ar), 7.44 (m, 2H, Ar),
7.07 (ddd, 1H, Ar), 7.03, (ddd, 1H, Ar), 6.86 (m, 2H, Ar), 6.74 (td, 1H, Ar), 6.25, (d, 1H, Ar),
6.16 Hz (d, 1H, Ar), 2.85-0.5 (br. m, 9B, BH), 2.36 (s, 1H, CH), -3.17 (m, 1H, BH, Jg = 83.6
Hz), -3.84 (br. s, 1H, BH); 2d is too insoluble to obtain meaningful ''B and >’C NMR spectra.
Single crystals for X-ray diffraction analysis were grown from the slow evaporation of a

concentrated solution of hot 1,2-difluorobenzene.

2.4.10.9 Tetrabutylammonium 2-(nido-7,8-o-carboranyl)pyridine (4a)

1b (100mg, 0.452 mmol) was charged to a roundbottom flask with 10mL EtOH and KOH
(112mg, 2.00 mmol). The resulting solution was heated to 55°C overnight to afford a cloudy,
colorless mixture. The solvent was removed in vacuo and the residue was charged with ~20mL
H,0O. To this solution was added tetrabutylammonium bromide (146 mg, 0.542 mmol) in 4mL
H,0. The resulting white suspension was stirred vigorously for 30min at room temperature, after
which time the white solid was isolated on a fritted funnel and dried in vacuo to give white
product (175mg, 85%). "H NMR (CDCls, 400 MHz) & 8.28 (d, 1H, Ar), 7.44 — 7.34 (m, 2H, Ar),

6.91 (t, 1H, Ar), 3.16 (m, 8H, NBuy), 1.62 (m, 8H, NBuy), 1.44 (sextet, SH, NBuy), 1.01 (t, 12H,
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NBuw), 3.2 — 0.5 (br m, BH), -2.26 (br s, 1H, BH) (Broad nature of B-H peaks skews integration
values slightly); C NMR (CDCl;, 125 MHz) 163.39, 147.42, 135.38, 120.86, 119.72, 77.37,
59.07, 43.64, 24.11, 19.79, 13.77; "B{'"H} NMR (CDCl;, 160 MHz) -8.82, -10.15, -13.12, -

16.20, -18.62, -23.04, -32.67, -35.24.

1. KOH, EtOH, 55°C

2. NBu,Br o: EC’H
O =CH
2.5 Appendix A
2.5.1 Additional Characterization Data
/ < /
|
10f/75i\ —~¥a
\\9) ? \10/~~=py O =CH
12@;/_/6 5/1_\\_ =BH
RN L / AN/
closo- nido-
o-carborane o-carborane

Figure A1 Numbering scheme for c/oso-o-carborane (left) and nido-o-carborane (right).

46



2a 2b

Figure A2 X-ray crystal structures of 2a (left) and 2b (right) (Protons (except for Ir—u-H-B)
have been omitted for clarity). Long Ir(1)-B(11) distances (2.528(6) A, 2.504(1) A) and Ir(1)—u-
H distances (1.935(9) A, 1.665(6) A) for 2a and 2b, respectively, suggest negligible covalent
bonding interactions between Ir(1) and either H(1A) or B(11) in 2a and 2b.

Figure A3 X-ray crystal structures of 2¢ (left) and 2d (right) (Protons (except for Ir—u-H-B)
have been omitted for clarity). Long Ir(1)-B(11) distances (2.521(7) A, 2.501(6) A) and Ir(1)—u-
H distances (1.769(5) A, 1.790(0) A) for 2¢ and 2d, respectively, suggest negligible covalent
bonding interactions between Ir(1) and either u-H or B(11) in 2¢/2d.
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Table A1l Selected bond distances for 2a-2d.
Ir(1)-B(11) Ir(1)-u-H u-H-B(11)

Compound A) A) A)

2a 2.528(6) 1.935(9) 1.007(2)
2b 2.504(1) 1.665(6) 1.192(8)
2¢ 2.521(7) 1.769(5) 1.242(4)
2d 2.501(6) 1.790(0) 1.144(6)

2a: Ir(1)-C(11), 2.011(5); Ir(1)-C(22), 2.020(3); Ir(1)-N(1), 2.044(6); Ir(1)-N(2), 2.050(7);
Ir(1)-N(3), 2.177(2).

2b: Ir(1)-C(8), 2.012(2); Ir(1)-C(19), 2.012(6); Ir(1)-N(1), 2.052(4); Ir(1)-N(2), 2.066(6); Ir(1)—
NQ@), 2.177(7).

2¢: Ir(1A)-C(9A), 2.020(4); Ir(1A)-C(20A), 2.013(6); Ir(1A)-N(1A), 2.044(4); Ir(1A)-N(2A),
2.192(9); Ir(1A)-N(3A), 2.050(8).

2d: Ir(1)-C(18), 2.019(1); Ir(1)-C(19), 2.029(2); Ir(1)-N(1), 2.049(7); Ir(1)-N(2), 2.059(5);
Ir(1)-N(3), 2.169(1).

2d

Figure A4 Comparison between (A) single crystal X-ray structures and (B) geometry-optimized
structures of 2a—2d.
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Figure AS UV-Vis absorption (black line) and emission spectra for 2a-2d. UV-Vis
measurements were recorded in CH,Cl, at 1x10” M. Solution-based emission spectra at 298 K
(green line) and 77 K (blue line) were obtained from solutions of 2-MeTHF. Emission spectra
for 2 wt.% PMMA films and neat solids are labeled with purple and red lines, respectively.

Table A2 Photophysical data for 2a—2d.

Emission 1,y (nm)

drL T (ns)°
Solid, Solution Solution 2wt.% | 2- 2 wt. % 2- 2 wt.%
298K* ,77K 298K’ PMMA |MeTHF, PMMA’ | MeTHF, PMMA”*“
298 K” 77K

2a |- 448,478 453,480 452,480 | 0.006 0.43 5.65 3.35

2b | 454, 447,478 452,482 451,480 | 0.008 0.41 6.38 3.62
480

2¢ |- 466,502 475,508 475,503 | 0.008 0.37 5.11 3.02

2d° | 530 466, 503 520 472,508 | 0.11 0.39 5.19 2.96

“2a and 2c¢ are non-emissive as solids at 298 K. “Under N,. ‘Observed wavelength at emission
maximum. “Weighted average of a multi-exponential decay. “Solutions of 2d filtered through
0.22 mm syringe filter prior to solution-based lifetime measurements and preparation of PMMA
films./Relatively high ¢ likely a result of low solubility and aggregation.
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Figure A6 Cyclic voltammagram of (A) the oxidative wave of 4a and (B) stacked cyclic
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Figure A7 Solid-state infrared (IR) spectroscopy on 2a—2d with corresponding B—H and Ir—u-

H-B stretches labeled.
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2.5.2 Discussion of Aggregation of 2d vs. 2a-2¢

The highest frequency transition for both 2a and 2b undergoes a small blue-shift (5 nm)
when the 298 K solution emission spectra are compared to the corresponding 77 K spectra
(Figure A4A-A4B), whereas 2d displays a 54 nm blue-shift from 520 nm at 298 K to 466 nm at
77 K (Figure A4D). 2¢ displays a blue-shift of 9 nm as the highest frequency peak shifts from
475 nm in 2-MeTHF at 298 K to 466 nm at 77 K (Figure A4C). The broad, featureless shape of
the 298 K solution spectrum of 2d is indicative of aggregation in solution. In contrast,
methylated analogue 2c¢ retains vibronic features in the 298 K solution emission spectrum,
reinforcing this hypothesis.
a) Wiirthner, F.; Kaiser, T. E.; Saha-Méoller, C. R. Angew. Chem., Int. Ed. 2011, 50, 3376; b)
Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Kwong, R.; Tsyba, I.; Bortz, M.;
Mui, B.; Bau, R.; Thompson, M. E. Inorg. Chem. 2001, 40, 1704; c) Li, G.; Wu, Y.; Shan, G.;

Che, W.; Zhu, D.; Song, B.; Yan, L.; Su, Z. Bryce, M. R. Chem. Commun. 2014, 50, 6977; d)
Hong, Y.; Lam, J. W. Y.; Tang, B. Z. Chem. Soc. Rev. 2011, 40, 5361.

2.5.3 Additional Discussion of DFT Calculations

For all compounds, the highest occupied molecular orbital (HOMO) is both metal- and
carborane-centered; for 2¢ and 2d, small contributions to the HOMO from one of the
phenylpyridine ligands are also detected (Figure A8). The lowest unoccupied molecular orbital
(LUMO) for all compounds are located on the phenylpyridine ligands with minor contributions
from the Ir(IIl) center and no significant contribution from the carboranylpyridine ligand (Figure
AS).

A subtle deviation from the consistent electronic structure across all compounds comes
with the calculated triplet (Ty) spin density. While for 2a—2¢, in which the triplet is delocalized
across the entire molecule, 2d revels a triplet spin density located primarily on one of the

phenylpyridine rings and Ir(IIl) center. Lee and co-workers noted (ref below) that a significant
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contribution to non-radiative rate decay in their tethered carborane-containing Ir(IIl) systems

derives from the elasticity of the C-C bond of the o-carborane moieties, on which a significant

portion of the triplet state LUMO resides. In contrast, we observe no contribution of the nido-

carboranyl fragment to the LUMO manifold.

Lee, Y. H.; Park, J.; Lee, J.; Lee, S. U.; Lee, M. H. J. Am. Chem. Soc. 2015, 137, 8018.

Table A3 DFT results.

Compound

2a
2b
2¢
2d

HOMO-1
(eV)
-6.58

-6.59
-6.08
-6.10

HOMO
(eV)
-6.10

-6.20
-5.82
-5.91

LUMO
(eV)
-2.66

-2.65
-2.33
-2.37

LUMO+1 Triplet

(eV)
2.44

-241
-2.12
-2.13

(eV)
-3.30

-3.35
-3.21
-3.42

Calculated Calculated  Experimental
(eV)  DE‘(nm) DE’ (nm)

DE*
2.80

2.85
2.61
2.49

443
447
477
498

448
447
466
466

“AE = Etriplet — Enomo- ’Determined from the highest frequency peak in the corresponding 77 K
emission spectrum.

ol
i
A

()
» T T

LUMO+1

LUMO+1

T, Spin-Density

T, Spin-Density

T, Spin-Density

T, Spin-Density

Figure A8 HOMO-1, HOMO, LUMO, LUMO+1, and Ty spin-density diagrams for 2a—2d.
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Figure A9 Diagram of energy levels for 2a—2d determined by DFT calculations.

2.5.4 Additional Discussion of AIM Data/Bonding of nido-carboranyl Ligand to Ir(I1I)

In solution, a subtle reduction in the ""B—'H coupling value is observed (seen most
clearly in the ''B NMR spectrum of 2a) for one peak in the ''B NMR spectrum, which we
tentatively assign to B—u-H ('Jgy ~75Hz) relative to the other ''B—"H coupling constants in this
spectrum (~130Hz — 140Hz). These observations are reminiscent of C—H agostic interactions
that have been documented in high oxidation state Ta, Mo, and W alkylidenes (e.g.) (references
a—g below), in which geometric/structural distortions are clearly observed through both X-ray
crystallographic analysis as well as 'H and *C NMR spectroscopy. Covalency is generally
presumed in these instances (reference g below), whereas in the present case, based on
computational data, covalent, n’-type interactions between Ir(Ill) and u-H do not seem to be
present for 2a-2d. Clear geometric distortions, which are straightforwardly observed in high

oxidation state, early transition metal systems mentioned above, are not clear in the solid-state
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structures for 2a—2d. Furthermore, the Ir-u-H-B angle in this case is far more obtuse (~110° —
120%) compared to the M—u-H—CR angles (ca. 50° for syn rotamers, M = Mo/W) observed in the
aforementioned alkylidenes in which the carbon atoms are directly bound to the metal; such
obtuse angles observed in the case for 2a—2d are likely a result of the steric bulk of the nido-
carboranyl cage in the rigid environment of two phenylpyridine ligands bound to Ir(III). Such
steric restrictions likely prevent electron density from the B-H bond effectively interacting with
Ir(III), at least to an extent in which B(11) interacts with the Ir(IIl) center in any way. This
weaker interaction is also reflected in the fluxionality of 2a at different temperatures (see NMR
below). It should be noted that while the Ir—u-H distances in 2a-2d range from 1.935(9) A in 2a
(longest) to 1.665(6) A in 2b (shortest), the hydride is located far beyond the distance expected
for a formal bond to the Ir(Ill) center (~1.5 — 1.6 A) (references s—j below). Lavallo also
observed similar interactions with a carboranylphosphine and a cationic iridium metal center
suggested to be in a 3+ oxidation state (reference £ below). While Ir-H and B—u-H distances are
comparable to those observed in 2a-2d, the Ir-B bond distances implicated in agostic-type
interactions reported by Lavallo are shorter (2.467(3) A and 2.491(3) A) than those observed
here (2.504(1) A — 2.528(6) A). The phosphorus donor enforces a closer interaction of the
carboranyl moiety with the metal, forming a 5-membered chelate whereas in the present case a
six-membered chelate is formed in which Ir-B distances are longer. The fluxional behavior of
the ligand observed in the variable temperature ''B NMR spectra (see NMR data below) suggests
that if Ir-u-H-B agostic interactions are present between the ligand and the metal, they are likely

very weak.
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a) Schultz, A. J.; Williams, J. M.; Schrock, R. R.; Rupprecht, G. A.; Fellmann, J. D. J. Am.
Chem. Soc. 1797, 101, 1593; b) Poater, A.; Solans-Monfort, X.; Clot, E.; Copéret, C.; Eisenstein,
O. Dalton Trans. 2006, 3077; c) Pedersen, S. F.; Schrock, R. R. J. Am. Chem. Soc. 1982, 104,
7483; d) Freundlich, J. S.; Schrock, R. R.; Cummins, C. C.; Davis, W. M. J. Am. Chem. Soc.
1994, /16, 6476, e) Cole, J. M.; Howard, J. A. K.; McIntyre, G. J.; Gibson, V. C.; Walker, G. L.
P. Chem. Commun. 1998, 1829; f) Goddard, R. J.; Hoffman, R.; Jemmis, E. D. J. Am. Chem.
Soc. 1980, 102, 7667; g) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983, 250, 395;
h) Salomon, M. A.; Braun, T.; Krossing, 1. Dalton Trans. 2008, 5197; 1) Chiu, Y.-C.; Lin, C.-H.;
Hung, J.-Y.; Chi, Y.; Cheng, Y.-M.; Wang, K.-W.; Chung, M.-W.; Lee, G.-H.; Chou, P.-T.
Inorg. Chem. 2009, 48, 8164; j) Kaesz, H. D.; Saillant, R. B. Chem. Rev. 1972, 3, 231; k) El-
Hellani, A.; Kefalidis, C. E.; Tham, F. S.; Maron, L.; Lavallo, V. Organometallics 2013, 32,
6887.

Table A4 QTAIM results.
Values at Ir—u-H Bond Critical Point (BCP)

Compound ry” Vryb
2a 0.0885 0.2202
2b 0.0875 0.2210
2¢ 0.0863 0.2185
2d 0.0854 0.2198

“Value of electron density at the BCP; r, < 0.1 indicates an electrostatic interaction. bLaplacian
of electron density at the BCP; positive values for V'r;, indicate depletion of electron density at
BCP.
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2.5.6 Variable Temperature ''B NMR study of 2a

60°C

0 10 20 30 40 50
Figure A10 Variable temperature (VT) ''B NMR study of 2a in CDClL.

2.5.7 Photophysical Data for Selected Ir(III) Emitters in Literature

Table AS Photophysical data for selected carborane-containing Ir(Ill) emitters.

Compound  Em. Amay® dpL” 1" (ms) Solvent  ¢p.” Reference
(nm) (solution) (PMMA)

1 520 0.46 0.47 CH,Cl, - a

2 503 0.83 1.22 Toluene 0.20 b

3 488 0.98 0.87 Toluene 0.35 c

4 507 0.41 0.38 Toluene — d

5 526 0.96 1.32 Toluene 0.36 e

“Measured in deaerated solutions at 298 K. "PMMA films doped with 4-8 wt.% Ir(IIl)
complexes.
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Figure A11 Structures of carborane-containing Ir(III) emitters in Table AS.

Table A6 Photophysical data for selected efficient blue Ir(IIl) emitters.

Compound Em. Amax’ ¢pL” (solution) T* (ms) Solvent  Reference
(nm)
6 418 0.76 1.2 2-MeTHF f
7 468 0.80 1.7 CH,Cl, g
8 466 0.98 1.7 2-MeTHF h
9 475 0.93 2.6 2-MeTHF h
10 445 0.90 2.3 THF 1
*Measured in deaerated solutions at 298 K.

v
(Ii

‘/
6 7 8 9 10

Figure A12 Structures of selected efficient blue Ir(II1) emitters in Table S6.

References:

a) Shi, C.; Sun, H.; Jiang, Q.; Zhao, Q.; Wang, J.; Huang, W.; Yan, H. Chem. Commun. 2013,
49, 4746; b) Zhu, L.; Tang, X.; Yu, Q.; Lv, W.; Yan, H.; Zhao, Q.; Huang, W. Chem. Eur. J.
2015, 21, 4721, c¢) Kim, Y.; Park, S.; Lee, Y. H.; Jung, J.; Yoo, S.; Lee, M. H. Inorg. Chem.
2016, 55, 909; d) Shi, C.; Sun, H.; Tang, X.; Lv, W.; Yan, H.; Zhao, Q.; Wang, J.; Huang, W.
Angew. Chem., Int. Ed. 2013, 52, 13434; e) Lee, Y. H.; Park, J.; Lee, J.; Lee, S. U.; Lee, M. H. J.
Am. Chem. Soc. 2015, 137, 8018; f) Lee, J.; Chen, H.-F.; Batagoda, T.; Coburn, C.; Djurovich, P.
I.; Thompson, M. E.; Forrest, S. R. Nat. Mater. 2016, 15, 92; g) Baranoff, E.; Curchod, B. F. E.
Dalton Trans. 2015, 44, 8318; h) Sajoto, T.; Djurovich, P. I.; Tamayo, A. B.; Oxgaard, J.;
Goddard III, W. A.; Thompson, M. E. J. Am. Chem. Soc. 2009, 131, 9813; 1) Kang, Y.; Chang,
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Y.-L.; Lu, J.-S.; Ko, S.-B.; Rao, Y.; Varlan, M.; Lu, Z.-H.; Wang, S. J. Mater. Chem. C 2013, 1,
441.

2.5.8 Luminescent Ir(III) Complexes with [CB;;H;]-based ligands

In order to expand this class of zwitterionic Ir(Ill) complexes featuring weakly-
coordinating carborane-based ligands, we turned our attention to formally anionic carba-closo-
dodecaborane ligands ([CB;;H2]"). Relative to nido-carboranyl species, these anionic closo-
carboranyl clusters are generally more stable. We were interested in studying luminescent Ir(I1I)
compounds containing the formally anionic closo-carboranyl ligands in order compare the
materials and photophysical properties of these zwitterionic Ir(Ill) complexes to those of the

nido-carboranyl-based zwitterionic Ir(II) species.

Pr_ _iPr| Li*(THF),

CeHg
) * TINS >
|\' —‘7| 40°C, 24 hours

B
BH
Cc

Ir(ppy),(ICB44]-Pr,P) Ir(ppy),([CB44]-Pr,P)
87% lIsolated Yield Solid State Structure

Figure A13 Synthetic scheme for Ir(ppy)([CB11]-Pr:P) (left), and X-ray crystal structure
(right). Protons (except for Ir-u-H-B) have been omitted for clarity. Long Ir—B distances
(2.81(2) A) and Ir—u-H distances (1.99(7) A) for this molecule suggest negligible covalent
bonding interactions between Ir and either u-H or B.

A mixture of Ir(ppy)a(acac) and [(CBiHj)-ProP][Li(THF)4] was stirred in benzene at
40°C for 24 hours under N (Figure A13), resulting in a yellow solution that emits green under
ultraviolet (UV) excitation (Aexe = 365 nm). The solvent was removed in vacuo to yield a yellow
solid, which was then redissolved in CH,Cl, and passed through a pad of Celite. Upon solvent
removal, the crude product was further purified via silica column chromatography and isolated in

87% vyield. X-ray diffraction analysis of single crystals of the product, grown from the slow
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evaporation of a concentrated solution of diethyl ether at room temperature, confirmed the
structure (Figure A13). The Ir—u-H distance for Ir(ppy)2([CB11]-"Pr2P) (1.99(7) A) is comparable

to the analogous distances determined for 2a-2d (1.935(9)-1.665(6) A; Table A1).

9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm

Figure A14 Stacked 'H NMR plots for Ir(ppy)2[(CB1H1)-"Pr,P] dissolved in CD,Cl,, freshly

prepared (bottom), and the same sample after exposure to ambient conditions (stored on the
benchtop) for 1 week (top). Red arrows highlight new peaks that have formed.

Ir(ppy)2[(CB11H11)-"Pr2P] did not exhibit long-term stability in CD,Cl, solution (Figure

A14). Upon exposure to ambient conditions for 1 week, new chemical shifts were observed in

the "H NMR spectrum for this compound, corresponding to the formation of a new species in

solution (Figure A14, top). Due to the weakly coordinating nature of the [CB;;H;;]” moiety, we

hypothesized the ligand was slowly displaced by solvent and shifted to the outer sphere of the

metal complex. To probe this hypothesis, we dissolved a sample of Ir(ppy)»([CB1]-'Pr2P) in

CDsCN, which should more readily displace a weakly coordinating ligand due to the more Lewis

Basic nature of CDs;CN relative to the [CB;j;H;i] species. Upon dissolution of
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Ir(ppy)2[(CB11Hi1)-ProP] in CDsCN, the major species observed by *'P NMR spectroscopy is a
singlet at & = 43.47, corresponding to free [(CByH1)-"Pr,P)]", with Ir(ppy)2[(CB1:Hi1)-"Pr,P] no
longer  observed  (Figure  Al15). These data  suggest the formation of
[Ir(ppy)2(CD3CN),][(CB;,Cl;1)-"Pr,P)], in which two CD3;CN displace the caboranyl-phosphine

ligand.

N 43.47
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Figure A15 *'P NMR data for Ir(ppy)2[(CB11H1)-"Pr,P] dissolved in CD;CN (top) and CD,Cl,
(bottom). Upon dissolution of Ir(ppy)2[(CB11H11)-ProP] in CDsCN, the major species observed
via *'P NMR spectroscopy is the free ligand, [(CB,H,;)-"Pr,P].

The 'H NMR spectrum of Ir(ppy)o[(CB11Hi1)-Pr,P] dissolved in CDsCN shows the
presence of one major species in solution, and it is consistent with the '"H NMR data for
[Ir(ppy)2(CH3CN),|[BF4] dissolved in CD,Cl, (Figure A16). Based on these observations, the

[(CB11H;1)-"Pr,P)] ligand may be too weakly coordinating to generate robust, luminescent Ir(III)

complexes; however, studies on chlorinated ([(CB;;Cl;;)-ProP)]) or pyridyl ([(CB1;H1)-pyr];
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pyr = 2-pyridyl) analogues in the context of luminescent Ir(Ill) complexes may still be

warranted.
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Figure A16 Stacked 'H NMR plots for [Ir(ppy)2(CHsCN),][BF,4] dissolved in CD,Cl; (top),
Ir(ppy)2[(CB11Hi;)-Pr,P] dissolved in CD;CN (middle), and Ir(ppy)2[(CB11H;;)-'Pr,P] dissolved
in CD,Cl; (bottom).

2.5.8.1 Synthesis and Characterization of Ir(ppy)z[(CBl1H11)-iPr2P]

A mixture of Ir(ppy)a(acac) (0.020 g, 0.033 mmol) and [(CB;Hi)-"ProP][Li(THF)4]
(0.020 g, 0.037 mmol) were combined in a 20 mL scintillation vial. The mixture was dissolved in
benzene (2 mL) and stirred in a dinitrogen-filled glovebox at 40°C for 24 hours. The resulting
yellow solution exhibited green emission under ultraviolet (UV) excitation (Aexc = 365 nm). The
solvent was removed in vacuo to yield a yellow solid, which was then dissolved in minimal

CH,Cl; and passed through a pad of Celite. Upon solvent removal, the crude product was further
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purified via silica column chromatography (Rf = 0.50, eluent = 2:1 CH,Cl,:hexanes). The
product was concentrated to dryness, dried under vacuum for 4 hours, and isolated in 87% yield.
"H NMR (CD-Cl,, 400 MHz), ppm: & 9.34 (d, 1H, Ar), 8.93 (d, 1H, Ar), 8.02-7.96 (m, 4H, Ar),
7.671-7.68 (m, 1H, Ar), 7.57-7.52 (m, 1H, Ar), 7.50-7.46 (m, 1H, Ar), 7.43-7.38 (m, 1H, Ar),
7.03 (td, 1H, Ar), 6.94-6.84 (m, 2H, Ar), 6.74 (td, 1H, Ar), 6.28 (d, 1H, Ar), 5.82-5.76 (m, 1H,
Ar), 2.94-2.83 (m, 1H, CH-'Pr), 1.69-1.62 (m, 1H, CH-"Pr), 1.56-1.45 (m, 3H, CHs—'Pr), 1.31—
1.24 (m, 6H, CHg—iPr), 0.42-0.31 (m, 3H, CHg—iPr), 2.81-0.5 (br, 10H, CH—carborane), -2.9 — -
4.0 (br q, 1H, Ir-u-H). "B NMR (CD,Cl,, 160 MHz), ppm: & -1.66 (d, 2H), -8.1 — -17.7 (br m,
7H), -22.2 (d, 2H); *'"P NMR (CD,Cl,, 200 MHz), ppm: & -3.7. Single crystals for X-ray
diffraction were grown from the slow evaporation of a concentrated solution of diethyl ether at

room temperature.
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Figure A17 '"H NMR data for Ir(ppy)[(CB11Hi;)-Pr,P] (CD,Cl,, 400 MHz).
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Figure A18 ''B NMR data for Ir(ppy):[(CB;H},)-"Pr,P] (CD,Cl,, 160 MHz).
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Figure A19 *'P NMR data for Ir(ppy):[(CB1H,,)-"Pr,P] (CD,Cl,, 200 MHz).

2.6 References

1. For selected examples of blue OLEDs incorporating fluorescent emitters, see: a) Uoyama,
H.; Goushi, K.; Shizu, K.; Nomura, H.; Adachi, C. Nature 2012, 492, 234; b) Méhes, G.;

63



Nomura, H.; Zhang, Q.; Nakagawa, T.; Adachi, C. Angew. Chem. Int. Ed. 2012, 51, 11311;
c) Lee, S. Y.; Yasuda, T.; Yang, Y. S.; Zhang, Q.; Adachi, C. Angew. Chem. Int. Ed. 2014,
53, 6402; d) Kawasumi, K.; Wu, T.; Zhu, T.; Chae, H. S.; Van Voorhis, T.; Baldo, M. A.;
Swager, T. M. J. Am. Chem. Soc. 2015, 137, 11908; e) Zhang, Q.; Li, B.; Huang, S.;
Nomura, H.; Tanaka, H.; Adachi, C. Nature Photonics 2014, 8, 326; f) Feuillastre, S.;
Pauton, M.; Gao, L.; Desmarchelier, A.; Riives, A. J.; Prim, D.; Tondelier, D.; Geffroy, B.;
Muller, G.; Clavier, G; Pieters, G. J. Am. Chem. Soc. 2016, 138, 3990; g) Li, K.; Guan, X.;
Ma, C.-W.; Chen, Y.; Che, C.-M. Chem. Commun. 2011, 47, 9075.
. For selected examples of phosphorescent emitters for OLED applications, see: a) H. Yersin,
Ed. Highly Efficient OLEDs with Phosphorescent Materials; Wiley-VCH: Weinheim, 2008.;
b) P.-T. Chou, Y. Chi Chem. Eur. J. 2007, 13, 380; c) Y. Chi, P.-T. Chou Chem. Soc. Rev.
2010, 39, 638; d) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Lee, H.-E.;
Adachi, C.; Burrows, P. E.; Forrest, S. R.; Thompson, M. E. J. Am. Chem. Soc. 2001, 123,
4304; e) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Kwong, R.; Tsyba, L;
Bortz, M.; Mui, B.; Bau, R.; M. E. Thompson. Inorg. Chem. 2001, 40, 1704; f) Tamayo, A.
B.; Alleyne, B. D.; Djurovich, P. I.; Lamansky, S.; Tsyba, I.; Ho, N. N.; Bau, R.; Thompson,
M. E. J. Am. Chem. Soc. 2003, 125, 7377; g) Sajoto, T.; Djurovich, P. 1.; Tamayo, A.;
Yousufuddin, M.; Bau, R.; Thompson, M. E. Inorg. Chem. 2005, 44, 7992; h) Chang, C.-F.;
Cheng, Y.-M.; Chi, Y.; Chiu, Y.-C.; Lin, C.-C.; Lee, G.-H.; Chou, P.-T.; Chen, C.-C.; Chang,
C.-H.; Wu, C.-C. Angew. Chem. Int. Ed. 2008, 47, 4542; 1) Tsuboyama, A.; Iwawaki, H.;
Furugori, M.; Mukaide, T.; Kamatani, J.; Igawa, S.; Moriyama, T.; Miura, S.; Takiguchi, T.;
Okada, S.; Hoshino, M.; Ueno, K. J. Am. Chem. Soc. 2003, 125, 12971, j) Maity, A.; Le, L.
Q.; Zhu, Z.; Bao, J.; Teets, T. S. Inorg. Chem. 2016, 55, 2299; k) Fleetham, T.; Wang, Z.; Li,
J. Org. Electron. 2012, 13, 1430; 1) Turner, E.; Bakken, N.; Li, J. Inorg. Chem. 2013, 52,
7344; m) Saris, P. J. G.; Thompson, M. E. Org. Lett. 2016, 18, 3960; n) Kui, S. C. F.; Chow,
P. K.; Cheng, G.; Kwok, C.-C.; Kwong, C. L.; Low, K.-H.; Che, C.-M. Chem. Commun.
2013, 49, 1497; o) Hudson, Z. M.; Sun, C.; Helander, M. G.; Amarne, H.; Lu, Z.-H.; Wang,
S. Adv. Chem. Mater. 2010, 20, 3426; p) Ko, S.-B.; Park, H.-J.; Gong, S.; Wang, X.; Lu, Z.-
H.; Wang, S. Dalton Trans. 2015, 44, 8433.
Tremblay, J.-F. The rise of OLED displays. Chemical & Engineering News, July 11, 2016, p.
30-34. (URL: http://cen.acs.org/articles/94/i128/rise-OLED-displays.html)
a) Zhang, Y.; Lee, J.; Forrest, S. R. Nat. Commun. 2014, 5, 5508; b) Fleetham, T.; Li, G.;
Wen, L.; Li, J. Adv. Mater. 2014, 26, 7116; c) Lee, J.; Chen, H.-F.; Batagoda, T.; Coburn, C.;
Djurovich, P. I.; Thompson, M. E.; Forrest, S. R. Nat. Mater. 2016, 15, 92; d) Fleetham, T.
B.; Huang, L.; Klimes, K.; Brooks, J.; Li, J. Chem. Mater. 2016, 28, 3276.
a) Giebink, N. C.; D’Andrade, B. W.; Weaver, M. S.; Mackenzie, P. B.; Brown, J. ],
Thompson, M. E.; Forrest, S. R. J. Appl. Phys. 2008, 103, 044509; b) Seifert, R.; de Moraes,
I. R.; Scholz, S.; Gather, M. C.; Liissem, B.; Leo, K. Org. Electron. 2013, 14, 115; c)
Holmes, R. J.; Forrest, S. R.; Tung, Y.-J.; Kwong, R. C.; Brown, J. J.; Garon, S.; Thompson,
M. Appl. Phys. Lett. 2003, 82, 2422.
. a) Sajoto, T.; Djurovich, P. I.; Tamayo, A. B.; Oxgaard, J.; Goddard III, W. A.; Thompson,
M. E. J. Am. Chem. Soc. 2009, 131, 9813; b) Zhou, X.; Burn, P. L.; Powell, B. J. Inorg.
Chem. 2016, 55, 5266; c¢) Yang, L.; Okuda, F.; Kobayashi, K.; Nozaki, K.; Tanabe, Y.; Ishii,
Y.; Haga, M. Inorg. Chem. 2008, 47, 7154.
. a) Heying, T. L.; Ager, Jr., J. W.; Clark, S. L.; Mangold, D. J.; Goldstein, H. L.; Hillman, M.;
Polak, R. J.; Szymanski, J. W. Inorg. Chem. 1963, 2, 1089; b) Fein, M. M.; Grafstein, D.;

64



10.

11.

12.

13.

14.

15.

16.

Paustian, J. E.; Bobinski, J.; Lichstein, B. M.; Mayes, N.; Schwartz, N. N.; Cohen, M. S.
Inorg. Chem. 1963, 2, 1115; ¢) Fein, M. M.; Bobinski, J.; Nayes, N.; Schwartz, N.; Cohen,
M. S. Inorg. Chem. 1963, 2, 1111; d) Zakharkin, L. I.; Stanki, V. 1.; Brattsev, V. A,
Chapovskii, Y. A.; Klimova, A. I.; Okhlobystin, O. Y.; Ponomarenko, A. A.; Dolk. Akad.
Nauk. SSSR 1964, 155, 1119; e) Hawthorne, M. F.; Andrews, T. D.; Garrett, P. M.; Olsen, F.
P.; Reintjes, M.; Tebbe, F. N.; Warren, L. F.; Wegner, P. A.; Young, D. C. Inorg. Synth.
1967, 10, 91; f) Grimes, R. N. Carboranes, 3md ed; Academic Press, 2016.

a) Lipscomb, W. N. Boron Hydrides; Benjamin: New York, 1963; b) Schleyer, P. v. R;
Najafian, K. Inorg. Chem. 1998, 37, 3454; ¢) Chen, Z.; King, R. B. Chem. Rev. 2005, 105,
3613; d) King, R. B. Chem. Rev. 2001, 101, 1119.

Spokoyny, A. M.; Machan, C. W.; Clingerman, D. J.; Rose, M. S.; Wiester, M. J.; Kennedy,
R. D.; Stern, C. L.; Sarjeant, A. A.; Mirkin, C. A. Nature Chem. 2011, 3, 590.

a) Grimes, R. N. Dalton Trans. 2015, 44, 5939; b) Tsang, M. Y.; Vinas, C.; Teixidor, F.;
Planas, J. G.; Conde, N.; SanMartin, R.; Herrero, M. T.; Dominguez, E.; Lledds, A.;
Vidossich, P.; Choquesillo-Lazarte, D. Inorg. Chem. 2014, 53, 9284; c) Gabel, D. Pure App!.
Chem. 2015, 87, 173; d) Teixidor, F.; Sillanpdi, R.; Pepidol, A. Chem. Eur. J. 2015, 21,
12778; e) Eleazer, B. J.; Smith, M. D.; Peryshkov, D. V. Organometallics 2016, 35, 106; f)
Schwartz, J. J.; Mendoza, M. A.; Wattanatorn, N.; Zhao, Y.; Nguyen, V. T.; Spokoyny, A.
M.; Mirkin, C. A.; Base, T.; Weiss, P. S. J. Am. Chem. Soc. 2016, 138, 5957; g) Kennedy, R.
D.; Peng, Y.; Clingerman, D. J.; Mondloch, J.; Krungleviciute, V.; Wilmer, C. E.; Sarjeant,
A. A.; Snurr, J.; Hupp, T.; Yildirim, T.; Farha, O. K.; Mirkin, C. A. Chem. Mater. 2013, 25,
3539.

a) Mukherjee, S.; Thilagar, P. Chem. Commun. 2016, 52, 1070; b) Li, X.; Yan, H.; Zhao, Q.
Chem. Eur. J. 2016, 22, 1888; c) Kirlikovali, K. O.; Axtell, J. C.; Gonzalez, A.; Phung, A.
C.; Khan, S. I.; Spokoyny, A. M. Chem. Sci. 2016, 7, 5132.

Jiang, W.; Gao, Y.; Sun, Y.; Ding, F.; Xu, Y.; Bian, Z.; Li, F.; Bian, J.; Huang, C. Inorg.
Chem. 2010, 49, 3252.

a) Weller, A. Nature Chem. 2011, 3, 577; b) Spokoyny, A. M.; Lewis, C. D.; Teverovskiy,
G.; Buchwald, S. L. Organometallics 2012, 31, 8478.

a) Bae, H. J.; Kim, H.; Lee, K. M.; Kim, T.; Eo, M.; Lee, Y. S.; Do, Y.; Lee, M. H. Dalton
Trans. 2013, 42, 8549; b) Kim, T.; Lee, J.; Lee, S. U.; Lee, M. H. Organometallics 2015, 34,
3455; ¢) Prokhorov, A. M.; Slepukhin, P. A.; Rusinov, V. L.; Kalinin, V N.; Kozhevnikov,
D. N. Chem. Commun. 2011, 47, 7713; d) Prokhorov, A. M.; Hofbeck, T.; Czerwieniec, R.;
Suleymanova, A. F.; Kozhevnikov, D. N.; Yersin, H. J. Am. Chem. Soc. 2014, 136, 9637.

a) Shi, C.; Tu, D.; Yu, Q.; Liang, H.; Liu, Y.; Li, Z.; Yan, H.; Zhao, Q.; Huang, W. Chem.
Eur. J. 2014, 20, 16550; b) Visbal, R.; Ospino, I.; Lopez-de-Luzuriaga, J. M.; Laguna, A.;
Gimeno, M. C. J. Am. Chem. Soc. 2013, 135, 4712; c) Visbal, R.; Lopez-de-Luzuriaga, J. M.;
Laguna, A.; Gimeno, M. C. Dalton Trans. 2014, 43, 328; d) Czerwieniec, R.; Hofbeck, T.;
Crespo, O.; Laguna, A.; Gimeno, M. C.; Yersin, H. Inorg. Chem. 2010, 49, 3764; ¢) Crespo,
0O.; Gimeno, M. C.; Jones, P. G.; Laguna, A.; Lopez-de-Luzuriaga, J. M.; Monge, M.; Pérez,
J. L.; Ramoén, M. A. Inorg. Chem. 2003, 42, 2061; ) Crespo, O.; Gimeno, M. C.; Laguna, A.;
Lehtonen, O.; Ospino, I.; Pyykko, P.; Villacampa, M. D. Chem. Eur. J. 2014, 20, 3120.

a) Shi, C.; Sun, H.; Jiang, Q.; Zhao, Q.; Wang, J.; Huang, W.; Yan, H. Chem. Commun.
2013, 49, 4746; b) Kim, T. Kim, H.; Lee, K. M.; Lee, Y. S.; Lee, M. H. Inorg. Chem. 2013,
52, 160; ¢) Shi, C.; Sun, H.; Tang, X.; Lv, W.; Yan, H.; Zhao, Q.; Wang, J.; Huang, W.
Angew. Chem. Int. Ed. 2013, 52, 13434; d) Lee, Y. H.; Park, J.; Lee, J.; Lee, S. U.; Lee, M.

65



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.
31.

H. J. Am. Chem. Soc. 2015, 137, 8018; e) Zhu, L.; Tang, X.; Yu, Q.; Lv, W.; Yan, H.; Zhao,
Q.; Huang, W. Chem. Eur. J. 2015, 21, 4721, f) Lee, Y. H.; Park, J.; Jo, S.-J.; Kim, M.; Lee,
J.; Lee, S. U.; Lee, M. H. Chem. Eur. J. 2015, 21, 2052; g) Park, J.; Lee, Y. H.; Ryu, J. Y;
Lee, J.; Lee, M. H. Dalton Trans. 2016, 45, 5667; h) Kim, Y.; Park, S.; Lee, Y. H.; Jung, J.;
Yoo, S.; Lee, M. H. Inorg. Chem. 2016, 55, 909.

Li, J.; Djurovich, P. I.; Alleyne, B. D.; Tsyba, I.; Ho, N. N.; Bau, R.; Thompson, M. E.
Polyhedron 2004, 23, 419.

a) Ames, D. E.; Bull, D.; Takundwa, C. Synthesis 1981, 364; b) Coult, F.; Fox, M. A.; Gill,
W. R.; Herbertson, P. L.; Hugh MacBride, J. A.; Wade, K. J. Organomet. Chem. 1993, 462,
19.

El-Zaria, M. E.; Keskar, K.; Genady, A. F.; Ioppolo, J. A.; McNulty, J.; Valliant, J. F.
Angew. Chem., Int. Ed. 2014, 53, 5156.

a) Fort, Y.; Forgione, P. E-Eros Encyclopedia of Reagents for Organic Synthesis “2-
Fluoropyridine” 2007; b) Cherng, Y.-J. Tetrahedron 2002, 58, 4931.

a) Zakharkin, L. I.; Lebedev, V. N. Bull. Acad. Sci. USSR, Div. Chem. Sci. 1970, 19, 914; b)
Zakharkin, L. I.; Lebedev, V. N. Bull. Acad. Sci. USSR, Div. Chem. Sci. 1972, 21, 2273; c)
Henly, T. J.; Knobler, C. B.; Hawthorne, M. F. Organometallics 1992, 11, 2313; d) Ohta, K.;
Ogawa, T.; Endo, Y. Bioorg. & Med. Chem. Lett. 2012, 22, 4728; e) Tricas, H.; Colon, M.;
Ellis, D.; Macgregor, S. A.; McKay, D.; Rosair, G. M.; Welch, A. J.; Glukhov, I. V.; Rossi,
F.; Laschi, F.; Zanello, P. Dalton Trans. 2011, 40, 4200; f) Ohta, K.; Goto, R.; Endo, Y.
Tetrahedron Lett. 2005, 46, 483.

Lamansky, S.; Djurovich, P. I.; Murphy, D.; Abdel-Razzaq, F.; Kwong, R.; Tsyba, 1.; Bortz,
M.; Mui, B.; Bau, R.; Thompson, M. E. Inorg. Chem. 2001, 40, 1704. (See SI for NMR
characterization).

a) Wiesboeck, R. A.; Hawthorne, M. F. J. Am. Chem. Soc. 1964, 86, 1642; b) Hawthorne, M.
F.; Young, D. C.; Garrett, P. M.; Owen, D. A.; Schwerin, S. G.; Tebbe, F. N.; Wegner, P. A.
J. Am. Chem. Soc. 1968, 90, 862; c) Plesek, J.; Hefmanek, S.; Stibr, B.; Waksman, L.;
Sneddon, L. G. Inorg. Synth. 1983, 22, 231.

a) Mei, M.; Chan, H.-S.; Xie, Z. Organometallics 2011, 30, 3449; b) Teixidor, F.; Nufiez, R.;
Flores, M. A.; Demonceau, A.; Vinas, C. J. Organomet. Chem. 2000, 614-615, 48.

a) Zakharkin, L. 1.; Kirillova, V. S. Bull. Acad. Sci. USSR, Div. Chem. Sci. 1975, 2484; b)
Schaeck, J. J.; Kahl, S. B. Inorg. Chem. 1999, 38, 204.

Ladouceur, S.; Zysman-Colman, E. Eur. J. Inorg. Chem. 2013, 2985.

a) Darmawan, N.; Yang, C.-H.; Mauro, M.; Frohlich, R.; De Cola, L.; Chang, C.-H.; Wu, Z.-
J.; Tai, C.-W. J. Mater. Chem. C. 2014, 2, 2569; b) Byun, Y.; Lyu, Y.-Y.; Das, R. R.; Kwon,
O.; Lee, T.-W.; Park, Y. J. Appl. Phys. Lett. 2007, 91, 211106; c) Jiang, W.; Gao, Y.; Sun,
Y.; Ding, F.; Xu, Y.; Bian, Z.; Li, F.; Bian, J.; Huang, C. Inorg. Chem. 2010, 49, 3252; d) Li,
J.; Djurovich, P. I.; Alleyne, B. D.; Tsyba, I.; Ho, N. N.; Bau, R.; Thompson, M. E.
Polyhedron 2004, 23, 419.

Bae, H. J.; Chung, J.; Kim, H.; Park, J.; Lee, K. M.; Koh, T.-W.; Lee, Y. S.; Yoo, S.; Do, Y ;
Lee, M. H. Inorg. Chem. 2014, 53, 128.

Dedeian, K.; Shi, J.; Shepherd, N.; Forstyhe, E.; Morton, D. C. Inorg. Chem. 2005, 44, 4445.
Pyykko, P.; Atsumi, M. Chem. Eur. J. 2009, 15, 186.

a) Drover, M. W.; Bowes, E. G.; Schafer, L. L.; Love, J. A.; Weller, A. S. Chem. Eur. J.
2016, 22, 6793; b) Brugos, J.; Cabeza, J. A.; Garcia-Alvarez, P.; Kennedy, A. R.; Pérez-
Carreno, E.; Van der Maelen, J. F. Inorg. Chem. 2016, 55, 8905; c) Stevens, C. J;

66



32.

33.

34.

35.
36.

37.

38.

39.

Dallanegra, R.; Chaplin, A. B.; Weller, A. S.; Macgregor, S. A.; Ward, B.; McKay, D.;
Alcaraz, G.; Sabo-Etienne, S. Chem. Eur. J. 2011, 17, 3011; d) Tang, C. Y.; Thompson, A.
L.; Aldridge, S. J. Am. Chem. Soc. 2010, 132, 10578.

a) El-Hellani, A.; Kefalidis, C. E.; Tham, F. S.; Maron, L.; Lavallo, V. Organometallics
2013, 32, 6887; b) Rifat, A.; Patmore, N. J.; Mahon, M. F.; Weller, A. S. Organometallics
2002, 21, 2856; c) Crowther, D. J.; Borkowsky, S. L.; Swenson, D.; Meyer, T. Y.; Jordan, R.
F. Organometallics 1993, 12, 2897, d) Nufez, R.; Viias, C.; Teixidor, F.; Abad, M. M. Appl.
Organometal. Chem. 2003, 17, 509; e) Riley, L. E.; Chan, A. P. Y.; Taylor, J.; Man, W. Y ;
Ellis, D.; Rosair, G. M.; Welch, A. J.; Sivaev, 1. B. Dalton Trans. 2016, 45, 1127; f) Mhinzi,
G. S.; Litster, S. A.; Redhouse, A. D.; Spencer, J. L. J. Chem. Soc., Dalton Trans. 1991,
2769.

a) Shelly, K.; Finster, D. C.; Lee, Y. J.; Scheidt, W. R.; Reed, C. A. J. Am. Chem. Soc. 1985,
107, 5955; b) Shelly, K.; Reed, C. A. J. Am. Chem. Soc. 1986, 108, 3117.

Teixidor, F.; Flores, M. A.; Vidas, C.; Sillanpéé, R.; Kivekis, R. J. Am. Chem. Soc. 2000,
122, 1963.

Doi, J. A.; Teller, R. G.; Hawthorne, M. F. J. Chem. Soc., Chem. Comm. 1980, 80.

a) Bader, R. F. W. Chem. Rev. 1991, 91, 893; b) For QTAIM analysis of boron-containing
clusters, carboranes, and electron-deficient cluster species, see ‘“Properties of atoms in
molecules: structures and reactivities of boranes and carboranes” Bader, R. F. W.; Legare,
D. A. Can J. Chem. 1992, 70, 657; c) Bader, R. F. W. Atoms in Molecules: A Quantum
Theory, Oxford University Press: New York, 1990.

a) J. S.; Polikarpov, E.; Von Ruden, A.; Wang, L.; Sapochak, L. S.; Padmaperuma, A. B.
Adv. Funct. Mater. 2011, 21, 3250; b) Tsang, D. P.-K.; Chan, M.-Y.; Tam, A. Y.-Y.; Yam,
W.-W. Org. Electron. 2011, 12, 1114; ¢) Veinot, J. G. C.; Marks, T. J. Acc. Chem. Res. 2005,
38, 632.

Recently published methodology: a) Dziedzic, R. M.; Saleh, L. M. A.; Axtell, J. C.; Martin,
J. L.; Stevens, S. L.; Royappa, A. T.; Rheingold, A. L.; Spokoyny, A. M. J. Am. Chem. Soc.
2016, 738, 9081; b) Zhao, D.; Xie, Z. Angew. Chem. Int. Ed. 2016, 55, 3166; c) Lyu, H.;
Quan, Y.; Xie, Z. Angew. Chem. Int. Ed. 2016, 55, 11840; d) Zhao, D.; Xie, Z. Chem. Sci.
2016, 7, 5635; e) Kabytaev, K. Z.; Everett, T. A.; Safronov, A. V.; Sevryugina, Y. V,;
Jalisatgi, S. S.; Hawthorne, M. F. Eur. J. Inorg. Chem. 2013, 14, 2488; f) Sevryugina, Y.;
Julius, R. L.; Hawthorne, M. F. Inorg. Chem. 2010, 49, 10627; g) Lugo, C. A.; Moore, C. E.;
Rheingold, A. L.; Lavallo, V. Inorg. Chem. 20185, 54, 2094; h) Kracke, G. R.; VanGordon, Y.
V.; Sevryugina, Y. V.; Kueffer, P. J.; Kabytaev, K.; Jalisatgi, S. S.; Hawthorne, M. F. Chem.
Med. Chem. 2015, 10, 62; 1) Wingen, L. M.; Scholz, M. S. Inorg. Chem. 2016, 55, 8274; j)
Cao, K.; Xu, T.-T.; Wu, J.; Jiang, L.; Yang, J. Chem. Commun. 2016, 52, 11446; k) Olid, D.;
Nuifiez, R.; Vinas, C.; Teixidor, F. Chem. Soc. Rev. 2013, 42, 3318; 1) Safronov, A.;
Kabytaev, K. Z.; Jalisatgi, S. S.; Hawthorne, M. F. Dalton Trans. 2014, 43, 12647; m)
Kabytaev, K. Z.; Safronov, A. V.; Jalisatgi, S. S.; Hawthorne, M. F. J. Organomet. Chem.
2014, 749, 106; n) Kabytaev, K. Z.; Safronov, A. V.; Sevryugina, Y. V.; Barnes, C. L.;
Jalisatgi, S. S.; Hawthorne, M. F. Inorg. Chem. 2015, 54, 4143; o) Safronov, A. V.
Sevryugina, Y. V.; Jalisatgi, S. S.; Kennedy, R. D.; Barnes, C. L.; Hawthorne, M. F. Inorg.
Chem. 2012, 51, 2629; p) Beletskaya, 1. P.; Bregadze, V. I.; Kabytaev, K. Z.; Zhigareva, G.
G.; Petrovskii, P. V.; Glukhov, 1. V_; Starikova, Z. A. Organometallics 2007, 26, 2340.

a) Lavallo, V.; Wright I, J. H.; Tham, F. S.; Quinlivan, S. Angew. Chem. 2013, 52, 3172; b)
Kultyshev, R. G.; Liu, J.; Liu, S.; Tjarks, W.; Soloway, A. H.; Shore, S. G. J. Am. Chem. Soc.

67



2002, 124, 2614; c) Beletskaya, I. P.; Bregadze, V. I.; Ivushkin, V. A.; Petrovskii, P. V.;
Sivaev, I. B.; Sjoberg, S.; Zhigareva, G. G. J. Organomet. Chem. 2004, 689, 2920; d)
Kultyshev, R. G.; Lui, S.; Leung, H. T.; Liu, J.; Shore, S. G. J. Am. Chem. Soc. 2003, 42,
3199; e) Himmelspach, A.; Reiss, G. J.; Finze, M. Inorg. Chem. 2012, 51, 2679, f) Douvris,
C.; Michl, J. Chem. Rev. 2013, 113, PR179; g) Preetz, W.; Peters, G. Eur. J. Inorg. Chem.
1999, /1, 1831; h) Semioshkin, A.; Brellochs, B.; Bregadze, V. Polyhedron 2004, 23, 2135;
1) Olid, D.; Nuifiez, R.; Vinas, C.; Teixidor, F. Chem. Soc. Rev. 2013, 42, 3318; j) Peymann,
T.; Knobler, C. B.; Hawthorne, M. F. Inorg. Chem. 2000, 39, 1163; k) Griiner, B.; Janousek,
Z.; King, B. T.; Woodford, J. N.; Wang, C. H.; VSetecka, V.; Michl, J. J. Am. Chem. Soc.
1999, /21, 3122; 1) Zhang, Y.; Liu, J.; Duttwyler, S. Eur. J. Inorg. Chem. 2015, 5158; m)
Konieczka, S. Z.; Himmelspach, A.; Hailmann, M.; Finze, M. Eur. J. Inorg. Chem. 2013,
134; n) Bolli, C.; Derendorf, J.; Jenne, C.; Scherer, H.; Sindlinger, C. P.; Wegener, B. Chem.
Eur. J. 2014, 20, 13783; o) Wong, Y. O.; Smith, M. D.; Peryshkov, D. V. Chem. Eur. J.
2016, 22, 6764; p) Ivanov, S. V.; Lupinetti, A. J.; Solntsev, K. A.; Strauss, S. H. J. Fluorine
Chem. 1988, 89, 65; q) Ivanov, S. V.; Davis, J. A.; Miller, S. M.; Anderson, O. P.; Strauss, S.
H. Inorg. Chem. 2003, 42, 4489; r) Boron Hydride Chemistry; Earl L. Muetterties, Ed.
Academic Press, Inc: New York, New York, 1975; s) Ramirez-Contreras, R.; Bhuvanesh, N.;
Zhou, J.; Ozerov, O. V. Angew. Chem. Int. Ed. 2013, 52, 10313; t) Press, L. P.; McCulloch,
B. J.; Gu, W.; Chen, C.-H.; Foxman, B. M.; Ozerov, O. V. Chem. Commun. 2015, 51, 14034;
u) Ramirez-Contreras, R.; Ozerov, O. V. Dalton Trans. 2012, 41, 7842.

68



CHAPTER 3 - LUMINESCENT METAL COMPLEXES FEATURING

PHOTOPHYSICALLY INNOCENT BORON CLUSTER LIGANDS

3.1 Introduction

Many square planar platinum complexes containing chelating biaryl ligands have been
established as efficient phosphorescent emitters, making them desirable dopants in organic light-
emitting diodes (OLEDs)."? The emissive properties of these Pt(II) complexes can be tuned by
varying the electronic nature of the ligands surrounding the metal center; however, complete
control over desired photophysical properties is still limited. For example, these square planar
complexes are susceptible to aggregation as a consequence of the lack of steric bulk above and
below the square plane, leading to intermolecular Pt(Il)---Pt(Il) interactions that bring about
luminescence quenching and red-shifting of the solid-state emission frequency.> Furthermore,
in prototypical mixed ligand complexes, (L)(L")Pt(Il), the HOMO is generally both metal- and
ligand-based (Pt(IT) and L) while the LUMO is located on the remaining ligand (L’).* This
ultimately complicates the predictability of ligand effects on emission properties. A class of
compounds that could kinetically stabilize the Pt(Il) square planar framework without
participating in electronic transitions would prove very useful for creating improved
phosphorescent emitters for the next generation of OLED devices.

Icosahedral dicarba-closo-dodecaboranes (C,BjoH;,, carborane) are robust, charge-
neutral boron clusters that are often viewed as 3D aromatic analogues of arenes.
Unfunctionalized carborane species have an extremely large HOMO-LUMO gap (~8 eV, see
Appendix B),” making them potentially useful building blocks for probing their photophysical
innocence in the context of metal-based phosphorescent emitters. This is especially appealing

given the available functionalization routes through either carbon or boron vertices in these
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clusters, enabling the synthesis of tailored ligand frameworks for transition metal complexes.’
For example, Lee and co-workers have recently demonstrated that k>-C,N-bound 1-(2-pyridyl)-
o-carboranyl” and k*-C,P-bound 1-(‘"Pr,PCH,)-o-carboranyl’® can be strong ancillary ligands that
contribute to the electronic stabilization of bis(heteroleptic) Ir(IIl) species (see Appendix B for
molecular structures), leading to an arylpyridine-dominant phosphorescent emission. From DFT
calculations and analysis of the emission spectra, these authors determined the C-bound o-
carboranyl unit remains uninvolved in electronic transitions and that phosphorescent emission
results from MLCT of the Ir(IlT)-based HOMO to the arylpyridine-based LUMO. Furthermore,
several groups have functionalized biaryl ligands with C-connected carboranyl moieties (ortho,
meta, para, and nido) to tune luminescent properties® (see Appendix B for molecular structures).
To the best of our knowledge, attempts to design a tunable, exclusively carborane-based ligand
scaffold for phosphorescent emitter molecules have not been explored thus far.” Such a ligand
framework would be an ideal system for a rational design of metal-based luminescent complexes
(vide supra).

In 1964, Hawthorne reported the first synthesis of 1,1'-bis(o-carborane) (2),'™

effectively
a 3D analogue of biphenyl (Figure 3.1), and in 1973, Zakharkin showed that the oxidative
coupling of two o-carboranes (1) through carbon vertices yields 2.'% Later, Hawthorne
demonstrated that the deprotonation of 2 results in a dianionic species be, which was shown to

bind several transition metals in bidentate or monodentate fashions.'®"

Ligand bc possesses
similar electronic and physical properties as the parent o-carborane (see Appendix B), and

behaves as a robust transition metal ligand. More recently, several groups have improved the

synthesis of 2'% and further expanded the series of heteroleptic late-transition metal complexes
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containing be.!' However, fundamental electronic characterization and potential applications for

these compounds as electronic materials have yet to be disclosed.

AN i
Oxidative ‘/ /— Y4
EL Coupling Base |
ATA !
N <7, :
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Figure 3.1 Oxidative coupling of o-carborane (1) yields 1,1'-bis-o-carborane (2). Deprotonation
of 2 yields the dianionic be ligand, which can be conceptually thought of as a 3-D aromatic
analogue of a dianionic biphenyl ligand (bph).

Two monoanionic bidentate ligands are commonly used in Pt(II) architectures employed
for OLEDs, but there are few examples of Pt(Il)-based emitters containing a dianionic bidentate
ligand and a neutral bidentate ligand.'"> One such example is Pt(bph)(bpy)'*** (where bph =
biphenyl, bpy = 2,2"-bipyridine, see Appendix B for a molecular structure). We hypothesized that
employing be in place of bph could introduce sufficient steric bulk above and below the square
plane to eliminate intermolecular Pt(II)---Pt(II) interactions, which are often responsible for non-
radiative decay pathways that lower luminescent efficiency.” Additionally, the lack of an
exposed m-aromatic system in bec should help in reducing these undesirable intermolecular
interactions and unwanted substitution and degradation pathways. Furthermore, the high-lying
LUMO of be should be inaccessible for orbital mixing and MLCT processes. Therefore, the be
ligand was hypothesized to provide kinetic stability while maintaining photophysical innocence

in the context of designing OLEDs. Finally, emission originating from a single ligand will yield

greater color purity, as mixing of emissions from multiple delocalized excited states will not be
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possible. Together, these properties should allow for the rational tuning of other ancillary ligands

without electronic interference from be.

3.2 Results and Discussion

To test our hypothesis, we first proceeded to evaluate the photophysical behavior of be as
a ligand in a series of d* model transition metal complexes of the type M(bc)(dppe) (M = Ni(Il),
Pd(1I), Pt(Il); dppe = 1,2-bis(diphenylphosphino)ethane; Figure 3.2). The dilithio salt of bc
(Liz[bec]) was generated in THF and transferred into a slurry of M(dppe)Cl, in THF at -80 °C.
The reaction was allowed to slowly warm to room temperature overnight, yielding a dark brown
solution. Pure compounds were isolated in the yields reported in Figure 3.2 as crystalline yellow-
orange solids after purification using column chromatography on silica or alumina (see Appendix
B). All reactions can be easily monitored via >'P NMR spectroscopy. For example, 3a and 3b
exhibit a significant (>10 ppm) upfield shift in their observed *'P NMR singlet resonance
compared to the starting metal-based precursors (see Appendix B). These results are also
consistent with the recent work by Welch and co-workers who independently synthesized 3a.'"
Observed 'Jp.p coupling values for 3¢ change significantly compared to the starting material,
exhibiting a decrease of 1133 Hz ('Jpp value changes from 3624 Hz to 2491 Hz). The substantial
reduction in the magnitude of the 'Jp.p coupling for 3¢ can be attributed to the strong ligand field

of be versus that of the chloride ligands."
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Figure 3.2 Left: Synthesis of M(bc)(dppe), where M = Ni (3a), Pd (3b), Pt (3¢). The synthesis of
2 was adapted from Reference 10j. Right: Stacked X-ray crystal structures of compounds 3a-3c
(CCDC 1446940-1446942), illustrating structural similarity down the group. Red = 3a, Green =
3b, Blue = 3¢ (see Appendix B for thermal ellipsoid plots of 3a-3c¢).

To demonstrate that the be framework is structurally similar to the biphenyl (bph)
framework, we compared bond distances, angles, and molecular geometries of 3a-3c¢ to those of
a series of cyclometallated M(bph)(L*L) in reported X-ray crystal structures, and determined that
be does not influence the intramolecular geometry much differently than the bph ligand.
Furthermore, the M—P bond lengths in 3a-3¢ are also consistent with the strong-field ligand
nature of be in these complexes (see Appendix B for specific discussion).

UV-Vis spectroscopic measurements were performed on 3a-3¢ and revealed strong
transitions in the UV region below 360 nm corresponding to st-it* transitions on the ligand. UV-
Vis spectra of 3a-3c¢ also feature weaker intensity transitions in the visible region ranging from
400-500 nm that result from M(II)-(dppe) MLCT. DFT calculations were performed on the
geometry optimized X-ray crystal structure inputs of 3a-3¢ in order to confirm the nature of the
observed electronic transitions (see Appendix B). Our computational studies reveal an almost

entirely metal-based HOMO and dppe ligand-based LUMO with negligible contribution from the

be ligand in all frontier orbitals. As we hypothesized previously, be chelated to the d® transition
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metals in our model complexes remains uninvolved in all MLCT-based visible transitions,
suggesting its photophysical innocence in the UV-Vis region.

Next, we sought to synthesize a Pt(II)-bpy (bpy = 2,2'-bipyridine) complex chelated by
be, as Pt(II) complexes containing this class of ligands are known to exhibit phosphorescent
emission.'* Starting with the addition of Liy[bc] to a slurry of Pt(bpy)Cl,, a large amount of
emissive, insoluble product was obtained. The extremely low solubility of this product in
common organic solvents hampered its characterization. In order to potentially circumvent this
issue, we then chose the 4,4'-di-tert-butyl-2,2"-bipyridine (dtb-bpy) ligand as an alternative,
anticipating more favorable solubility properties. Using the same synthetic route yielded, again, a
largely insoluble, emissive solid (Figure 3.3A). After dissolving the crude product in hot 1,2-
difluorobenzene and passing the solution through a Celite plug, a non-emissive solid was left on
the Celite; a yellow solid that emitted blue-green under UV excitation (365 nm) remained after
all volatiles were removed in vacuo. Surprisingly, 'H NMR spectroscopic data suggests that the
isolated product consists of a mixture of two species (4a/4b) with a be ligand chelated to the
Pt(Il) center in both k*-C,C-bound (4a) and «*-B,C-bound modes (4b) (Fig. 3). The k*-C,C-
bound species 4a, derived from the symmetric binding of the be ligand, is consistent with the
presence of three resonances of equal integration in the aromatic region (dtb-bpy ligand) of the
'H NMR spectrum (Figure 3.3B, label A). The six remaining resonances in the aromatic region
(Figure 3.3B, label B) of the "H NMR spectrum are consistent with an asymmetric k*-B,C-bound
be species 4b (vide infra). From the relative integration of these two sets of resonances, we
estimate that the produced mixture contained a ratio of 1.4:1.0 of 4a to 4b. Repeated attempts to
optimize this reaction produced the same mixture in varying ratios of 4a and 4b (see Appendix

B). Attempts to drive the formation of one isomer from the mixture of isomers while heating
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under forcing conditions produced no observable change in both 'H and ''B NMR spectra.
Notably, during the preparation of this manuscript, Welch and co-workers reported the synthesis
of a series of Ru(II) complexes chelated by the k*-B,C-bound be ligand.'' The authors explained
this B—Ru bond formation results from a competitive B—H activation process, which we think

is reminiscent of the observed formation of 4b in this work.

1. "BuLi
2. Pt(dppe)Cl,
-80 °C to 60 °C
THF

10.0 9.5 9.0 8.5 8.0 ppm ®
Figure 3.3 (A) Synthesis of the Pt(bc)(dtb-bpy) complex leads to a mixture containing two
product isomers featuring a k°-C,C-bound be (4a) and «*-B,C-bound be (4b). (B) 'H NMR
spectrum of the aryl region for the isolated mixture of 4a (label A) and 4b (label B). (C) Single
crystal X-ray structure of 4a drawn with 50% thermal ellipsoid probability (CCDC 1446943). H
atoms are omitted for clarity.

A mixture of 4a and 4b was dissolved in hot 2-MeTHF and allowed to cool to room

temperature, yielding single crystals of 4a (Figure 3.3C). The molecule adopts a minimally

distorted square planar geometry with the C—Pt—Nyns angles at 174.2(7)° and 173.0(8)°. The
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bulky be ligand forces the molecule to pack “head-to-tail” with Pt(II)---Pt(II) distances ranging
between 5.87(0) A and 5.52(0) A (see Appendix B), which far exceed the reported 3.15—3.76 A
expected for intermolecular Pt(IT)---Pt(Il) interactions™ (see Appendix B for further discussion
about the single crystal X-ray structure of 4a).

Given that the bc framework is amenable to substitution, we hypothesized that
functionalizing this scaffold with alkyl groups would increase the solubility of the resulting Pt(II)
complexes, ultimately allowing us to better characterize these emissive species. We therefore
installed ethyl groups at the B(9) and B(12) positions of the parent 9,12-B-diiodo-o-carborane (5)
using Kumada cross-coupling conditions producing bis(alkylated) species 6 (Figure 3.4A and
Appendix B). Compound 6 was then subjected to Cu-mediated oxidative coupling conditions,
ultimately producing the tetralkylated-bc (7) in 50% isolated yield (Figure 3.4A and Appendix
B).'” Compound 7 was dilithiated and added to Pt(dtb-bpy)Cl, in a similar manner as with 2
(Figure 3.4A). Surprisingly, after the reaction mixture was stirred for a day at 60 °C,
predominantly a k>-B,C-bound isomer 8 was observed by 'H and 2D “C-'H HSQC NMR
spectroscopy (> 80%). Purification of the resulting mixture further afforded pure x*-B,C-bound
species as a pale orange solid which exhibits blue-green emission in the solid state and, as
hypothesized, is extremely soluble in the majority of common organic solvents. To our
knowledge, this is the first reported example of a functionalized be bound to a metal.'"

Crystals of 8 suitable for X-ray analysis were grown by slow evaporation of diethyl ether
over the course of one week. The diffraction study confirmed the presence of the asymmetric
isomer with one Pt—C bond and one Pt—B(4) bond (Figure 3.4B). At 2.07(3) A, the B(4)—Pt
bond is slightly longer than the 2.03(6) A C—Pt bond. Furthermore, the greater trans influence

of the carborane-based boryl moiety'* can be seen in the elongation of the Pt—N bond lengths:
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the Pt—N(1) bond is 2.17(5) A, whereas the Pt—N(2) bond is only 2.05(3) A. As a result of the
asymmetric binding of the be-based ligand in 8, one carborane cage rotates and forces the ethyl
group about 30° out of the plane created by C—Pt—B(4), whereas the other 3 ethyl groups sit in
the square plane (Figure 3.4C). This protruding ethyl group likely forces the dtb-bpy out of the
square plane, causing the molecule to adopt a slightly distorted square planar structure; however,
bond angles of 176.5(5)° for C—Pt—N(2) and 168.8(2)° for B(4)—Pt—N(1) are well within the

range of corresponding angles in previously reported 4-coordinate Pt(bph)(N"N) compounds (see

Appendix B).
A
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IS —enar > IS o 5 S/
QZ CHLl, T LD THR60°C _ Q23
1 | 5 Et 6
1. "BuLi
'8
B u 2. CuCl
N& 1. "BuLi g 3. Hel
: %
. 2. Pt(dtb-bpy)Cl, 5-B
| =BH
N o=C
‘Bu Et O =CH

Figure 3.4 (A) Synthetic route to 9,9',12,12'-tetraethyl-1,1'-bis(o-carborane) (7), syntheses of §
and 6 from References 6k. (B) X-ray crystal structure of 8 (CCDC 1446944) with thermal
ellipsoids drawn at 50% probability, H atoms omitted for clarity. (C) Stacking of 8 with
Pt(I)---Pt(II) distances of 5.981 A and 7.979 A.
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Importantly, the intermolecular Pt(II)---Pt(II) distances were augmented even more in the
solid-state than in 4a through the introduction of ethyl groups, yielding Pt(II)---Pt(II) distances of
5.891 A (when ethyl groups face away from each other) and 7.979 A (when ethyl groups point
towards each other), effectively preventing any potential intermolecular Pt(II)---Pt(II)
interactions (Figure 3.4C). Furthermore, the solid-state packing adopts a ‘“head-to-tail”
arrangement such that dtb-bpy lies above and below the be-based ligand in the crystal lattice,
eliminating the potential for any m—m stacking interactions, which have also been reported to
result in deleterious non-radiative emission quenching.zc’3d

Cyclic voltammetry (CV) of 8 reveals a reversible, one-electron reduction (E; " = -1.92
V) and an irreversible one-electron oxidation (E°* = 0.85 V), as shown in Table 3.1 and Figure
3.5A. This electrochemical behavior is consistent with other square planar Pt(Il) species

undergoing a reversible ligand-centered reduction and irreversible metal-centered oxidation.”

#120.12¢.158 pyrther, DFT calculations support these data (vide infia).

Table 3.1 Electrochemical data for 8 and related compounds from literature.”

Compound E % (V)  E® (V) Solvent Reference
8 -1.92¢ 0.85¢ MeCN  This work
Pt(bph)(bpy)” -1.87° -0.33¢ MeCN  12a
Pt(bph)(en)” 2.13¢ 0.25¢ CH.ClL, 12c

“Values reported relative to the ferrocenium/ferrocene couple (Fc'/Fc). “Values were corrected
according to Reference 15b. “Reversible. “Irreversible.

Though electrochemical characterization for heteroleptic Pt(II) complexes bound by a
dianionic bidentate ligand and a neutral bidentate ligand are scarce, Table 3.1 presents redox
potentials for two such examples, Pt(bph)(bpy) and Pt(bph)(en) (where en = 1,2-
ethylenediamine)."™ The reduction potential for 8 is similar to the other two compounds (Table

3.1, Column 2); however, the oxidation potential of 8 is significantly greater (Table 3.1, Column
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3). This is consistent with the strong field ligand character of the be-based framework, which

should make it more difficult to remove an electron from the Pt(II) HOMO level in 8.

Table 3.2 Photophysical Data of 8 from solution-based” and solid-state” measurements.

Medium Em. Apax (nm)  ¢° “(us) k/(10*sT) ko (10%s™)
77K 456,486,514 11.4 — —

PMMA Film 497 0.07 4.24° 1.67 22.1

Neat Solid 476, 505, 540 0.03 0.94° 3.20 103.1

“Solutions at room temperature were non-emissive, and 77 K spectra were measured in 2-
MeTHF. “PMMA film was prepared as 2 wt. %, neat solid was 8 in powder form. ‘Quantum
yields were measured using an integrating sphere under N,. 977 K lifetime was measured in 2-
MeTHF, PMMA film and neat solid lifetimes were measured in the absence of air. “Values
obtained from the weighted average of a multi-exponential decay. /Calculated according to the
equations k; = ¢/t and k,; = (1-¢)/t, where k, is the radiative rate constant, ky, is the non-radiative
rate constant, ¢ is the quantum yield, and T is the luminescence lifetime.

Similar to 4a/4b, we observed that 8 emits an intense blue-green color upon irradiation
with a table-top UV lamp at 365 nm at room temperature. Given the improved solubility
properties of 8, we were able to carry out a detailed series of photophysical measurements in
order to ascertain the efficiency and nature of this luminescent behaviour. The UV-Vis and
phosphorescent emission spectra for 8 are presented in Figure 3.5B with corresponding data in
Table 3.2. The absorption spectrum reveals strong transitions in the UV region (<330 nm) that
arise from m—* transitions on the dtb-bpy ligand. The broad, lower intensity band from 340-
420 nm can be assigned to both singlet and triplet metal-to-ligand charge transfers (‘MLCT and
*MLCT). Compound 8 is non-emissive in solution at room temperature, suggesting emission
might be thermally quenched through interaction with solvent molecules. However, at 77 K in 2-
MeTHEF, bright blue phosphorescence is observed (Amax = 485 nm, T = 11.4 us). The well-defined

vibrational features suggest ligand-centered emission resulting from an MLCT."
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Figure 3.5 (A) Cyclic voltammagram of 8 versus Fc'/Fc in MeCN with a glassy carbon working
electrode, scan rate = 0.1 V/s. (B) UV-Vis absorption spectrum in CH,Cl, (dotted line) and
emission spectra of 8 in 2-MeTHF at 77 K (blue), 2 wt. % PMMA film (red), and neat solid
(black), Aexe = 380 nm; inset: picture of 8 in 2-MeTHF at 77 K (Aexe = 365 nm).

Similarly, the neat solid 8 also exhibits an emission profile with a resolved vibronic fine
structure, further suggesting the ligand-centered emission. Compared to the emission profile
from the neat solid, emission from the solution at 77 K is hypsochromically shifted by roughly
20 nm. This shift is expected as vibrational relaxations to a lower energy excited state will not be
favorable at lower temperatures, resulting in a higher energy, blue-shifted emission observed for
8 at 77 K in 2-MeTHF. When 8 is doped in a PMMA matrix (2 wt. %), the emission profile is
broadened and the peak is blue-shifted by about 8 nm versus the emission of the neat solid. The

excited-state lifetime (t) for 8 increases as the environment becomes more rigid. This increase is

significant, going from 0.94 ms as a neat solid, to 4.24 us doped in PMMA, further to 11.4 us at
77 K. This evidence suggests that decreasing vibrational motion through a more rigid and
ordered surrounding environment can preserve the excited state, possibly by minimizing the
energy loss via non-radiative relaxation pathways.'

From the measured excited state lifetimes and quantum yields for 8 doped in the PMMA
matrix and neat solid, the radiative rate constant (k;) and non-radiative rate constant (k) could

be calculated (Table 3.2). Though k; for the doped PMMA film is half that of the neat solid, ky,
80



for the doped PMMA film decreased by about a factor of 5, which supports the trend seen for
measured T values (vide supra). Additionally, the doped PMMA film exhibits a quantum yield
(¢) more than twice that of the neat solid, as well as a lifetime that is about 4.5 times greater.
Based on these data, it is likely that the PMMA film decreases access to a non-radiative decay
pathway through its behavior as a rigid matrix.

To further our understanding of the photophysical properties of 8, we performed a DFT
computational study at the BP86-D3 level using the TZP basis set (Figure 3.6). The optimized
geometry of the singlet state displays a slightly distorted square planar structure, which is in
agreement with the obtained single crystal X-ray structure. The frontier orbital diagram indicates
a HOMO and HOMO-1 almost completely localized on the Pt(II) with negligible contribution
from the bc fragment. Both the LUMO and LUMO+1 are isolated on dtb-bpy, which
corroborates the observed ligand-centered phosphorescence of 8 without observed contribution
from the be fragment. The optimized geometry of the triplet state, however, reveals an almost
tetrahedral structure that is extremely distorted from the favorable square planar geometry seen
in the ground state (Figure 3.6). In the excited state, the complex twists via a non-radiative decay
pathway, resulting in a large value for k. This hypothesis supports the observed decrease in ki,
from the pure solid to the PMMA matrix: as the rigidity of the environment increases, the
geometry of the molecule will be more difficult to distort. These calculations suggest that future
molecular designs should incorporate a large degree of steric bulk to potentially minimize this

excited state distortion, thereby improving phosphorescence efficiency in these compounds.
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Figure 3.6 Frontier orbitals of 8 based on optimized geometries of Spand T, states (BP86-D3,
TZP).

In general, phosphorescent blue OLEDs suffer from short lifetimes (~600 hours) relative
to their red and green counterparts (10° hours).'® Several groups have previously investigated the
degradation of blue OLEDs and found that the decomposition of the phosphorescent dopant
molecules occurs during regular use, greatly inhibiting the overall lifetime and efficiency of the
device.'®* Thermogravimetric analysis of 8 suggests the be ligand framework remains intact
upon heating to 500°C (see Appendix B). This observation suggests that chelating boron cluster
scaffolds may be potentially appropriate ligands that can ameliorate previously described

stability issues in OLED devices.
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3.3 Conclusions

In conclusion, for the first time, we have presented a detailed study on the behavior of
1,1'-bis(o-carborane) as a dianionic ligand (bc) in group 10 metal complexes. From the synthesis
and characterization of model complexes, we have discovered that unlike the structurally
reminiscent biphenyl ligand, bc displays a unique photophysical innocence and remains
uninvolved in relevant photophysical transitions when bound to the group 10 transition metals.
Furthermore, since bc introduces sufficient steric bulk above and below the square plane of the
metal center, it effectively shuts down undesired intermolecular interactions in the solid-state.
For Pt(Il) complexes featuring phosphorescent emission properties, this unique ligand design
aspect allowed us to remove any possible Pt(II)---Pt(II) interactions, which commonly lead to

. . . . 1
luminescence quenching. The organomimetic®'’

properties of carboranes in general, and bc in
particular, enabled us to rationally tune the processability of a blue phosphorescent emitting
Pt(Il) species. We are currently investigating the substitution of carborane-based ligands with
bulkier functional groups that will minimize the excited state distortion. This work opens a new

avenue in designing luminescent materials with improved properties incorporating robust and

photophysically innocent multidentate ligand platforms.

3.4 Appendix B

3.4.1 General Considerations

All experiments were performed air and moisture free under an atmosphere of nitrogen
using standard Schlenk and cannula techniques. THF used for reactions and MeCN used for
cyclic voltammetry was purified and dried using a Grubbs column.' All post-Schlenk work-up

and characterization was performed under ambient conditions. The “ambient conditions” for this

83



manuscript refer to room temperature (20 - 25 °C) and uncontrolled laboratory air. Thin-layer
chromatography (TLC) samples for carborane-containing compounds were stained with 1 wt. %
PdCl, in 6M HCI and were developed with heat. Elemental analyses were carried out by Atlantic

Microlab, Inc. in Norcross, GA.

3.4.2 Materials

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as
received. MilliQ water described in this manuscript refers to purified potable water with a
resistivity at 25 °C of <18.2 MQ-cm. Pd(cod)Cl,*> and Pt(cod)Cl,> were made according to
literature procedures. O-carborane (1,2-C,;B;¢H2) was purchased from Boron Specialties (USA).
K,[PtClg], PdACl,, Ni(dppe)Cl,, 1,2-bis(diphenylphosphino)ethane (dppe), 2,2'-bipyridine (bpy),
4,4'-di-tert-butyl-2,2'-bipyridine (dtb-bpy), 1,5-cyclooctadiene (cod), iodine, ethyl magnesium
bromide, Pd(PPh;3),Cl,, and tetrabutylammonium hexafluorophosphate (>99.0%, electrochemical
grade) were purchased from Sigma-Aldrich. Glass-backed Silica Gel 60 GLA TLC plates were
purchased from Fisher Scientific. Aluminum oxide (activated, basic, Brockmann Grade I, 58 A,
60 mesh powder) was purchased from Alfa Aesar. All reagents were used as received unless

otherwise indicated.

3.4.3 Instruments

'H NMR spectra were obtained on a Bruker AV500 or a Bruker AV400 spectrometer;
BC{'H} NMR spectra were obtained on a Bruker AV500 spectrometer; ''B and *'P NMR
spectra were obtained on a Bruker DRX500 spectrometer. Bruker Topspin software was used to
process the NMR data. 'H and C{'H} NMR spectra were referenced to residual solvent
resonances in deuterated solvents (CD,Cl,: 1H, 5.320 ppm; 13C, 53.840 ppm; CDCl;: 'H, 7.260
ppm; C, 73.840 ppm; THF-d* 'H, 5.020 ppm; "°C, 61.500 ppm; Note: due to high humidity
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H,O resonances are often present). ''B and *'P and NMR spectra were referenced to BF;-Et,0
(0 ppm) and H3PO4 (0 ppm) standards, respectively. Mass spectrometry data was acquired using
a Thermo Instruments Exactive Plus with IonSense ID-CUBE DART source instrument
(compound 4a and 4b), and a Thermo Scientific’™ Q-Exactive'™ Plus instrument with a
quadrupole mass filter and Orbitrap mass analyzer (compound 8). UV—Vis spectra were recorded
on a Hewlett-Packard 4853 diode array spectrometer. Phosphorescence lifetime measurements
for 8 were performed by a time-correlated single-photon counting method using an IBH
fluorocube lifetime instrument equipped with a 405 nm LED excitation source. Quantum yield
measurements were carried out using a Hamamatsu C9920 system equipped with a xenon lamp,
calibrated integrating sphere, and model C10027 photonic multichannel analyzer. Steady-state
emission measurements of 8 as a solid, in the thin film, and in solution at 77 K were performed

using a Photon Technology International QuantaMaster spectrofluorimeter.

3.4.4 Preparation of PMMA Thin Films

A solution of PMMA (0.085 g, 120 kDa) in toluene (1.5 mL) was thermally sonicated for
3 hours at 40°C, or until PMMA was completely dissolved. Next, 8 (0.0017 mg, 2 wt. %) was
added to the solution and sonicated for 5 minutes, yielding an orange solution. The solution of
8/PMMA was spin coated on a quartz substrate (3-5 drops, 800-1,000 RPM, 30 seconds), and
this was repeated until the film was thick enough emit light under A = 365 nm excitation in a

dark room under ambient conditions.

3.4.5. Determination of Molar Extinction Coefficients
Extinction coefficients were determined through a series of 5 dilutions with a maximum

absorption between 0.1 and 0.7.
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3.4.6 X-ray Data Collection and Processing Parameters

For 3a-3c, 4a, and 8 a single crystal was mounted on a nylon loop using
perfluoropolyether oil and cooled rapidly to 100 K with a stream of cold dinitrogen. Diffraction
data were measured using a Bruker APEX-II CCD diffractometer using Mo-Ka radiation. The
cell refinement and data reduction were carried out using Bruker SAINT and the structure was
solved with SHELXS-97. All subsequent crystallographic calculations were performed using

SHELXL-2013.

3.4.7 Cyclic voltammetry

Cyclic voltammetry was performed on 8 and using a CH Instruments Model 600D
potentiostat with a glassy carbon disc working electrode, platinum wire counter electrode, and
Ag/AgCl wire reference in a saturated solution of KCl in MeCN. All experiments were
conducted in 0.1M [N"Buy]PF¢/MeCN with 0.5 mM analyte concentrations. MeCN solutions
were degassed by sparging with argon for 10 minutes, and the cyclic voltammetry was
performed under constant flow of argon gas. A scan rate of 0.1 mV/s was used with ferrocene as

an internal standard.

3.4.8 DFT Calculations

All optimized geometries were calculated from crystallographic data and optimized with
DFT calculations using standard triple-§ polarization (TZP) basis sets available in the
Amsterdam Density Functional 2014.04 Rev. 44409 (ADF)* software suite, with Becke® and
Perdew® (BP) Slater-type orbitals (STOs) on a 6 core Apple computer. The local density
approximation (LDA) was made with BP and exchange and correlation corrections available by
default in the ADF 2014.04 suite. Single point calculations were performed using BP86 level of

theory with the Grimme D3 dispersion correction’ and a TZP basis set. Electron cores were

86



frozen to 2p for Ni, Pd, and Pt; 1s for B, C, and N; and 2s for P atoms. Electron spins were
restricted for Sy calculations, and electron spins were unrestricted for T; calculations.
Relativistic correlations were made using Zero-Order Relativistic Approximation (ZORA) for Pt

(3c and 8).
3.4.9 Experimental

3.4.9.1 1,1’-Bis(o-carborane) (2)

O-carborane (5.00 g, 34.67 mmol) was added to a 500mL Schlenk flask, which was then
evacuated and backfilled with N, three times. Dry toluene (200 mL) was transferred via cannula,
and the contents were stirred to give a slightly cloudy white solution. Next, "BuLi (28.4 mL, 71.0
mmol, 2.5 M in hexane) was added slowly via syringe. The solution immediately turned milky
white and the mixture was allowed to stir at room temperature for 21 hours. CuCl powder (9.44
g, 95.3 mmol) was then added, causing the reaction mixture to immediately turn gray and then
dark red over the course of 30 minutes. This suspension was stirred for 3 days, after which
toluene was removed by rotary evaporation. CH,Cl, (50 mL) and aqueous HCI (120 mL, 12 M)
were added and stirred vigorously for 3 hours, or until the color turned green (indicating the
formation of CuCl). The organic layer was separated, and the aqueous layer was washed with
CH,Cl, (3 x 100mL). The combined organic fractions were dried over Na,SQOs, filtered, and
dried in vacuo, yielding a light brown solid (4.60 g). This crude product was purified by stepwise
vacuum sublimation: sublimation under dynamic vacuum (0.20 Torr) at 75°C for 1 hour yielded
crystals of unreacted o-carborane. After removal, the remaining solid was heated to 180°C under
dynamic vacuum (0.20 Torr) for 1-2 hours. Pure product in the form of white crystals was
isolated from the cold finger and dried under vacuum overnight (3.61 g, 73%). '"H NMR

(CD,Cl,, 500 MHz): & 3.90 (s, 2H, CHage), 3.40-1.40 (br. m, 18H, BH); "B NMR (CD,Cl,, 160
g
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MHz): 2.38 (4B), -8.98 (2B), -10.00 (6B), -11.17 (4B), 12.24 (2B), -13.29 (2B); *C NMR

(CD,Cly, 125 MHz): 72.31, 63.25. Synthesis adapted from Reference 8.

3.4.9.2 9,12-diiodo-o-carborane (5)

To a 200 mL Schlenk flask was added o-carborane (2.88 g, 20.0 mmol) and one
equivalent I, (5.08 g, 20.0 mmol). The flask was evacuated and backfilled with N, at least three
times to remove residual moisture. Dry CH,Cl, (100 mL) was transferred to the reaction vessel
via cannula and the contents of the flask were stirred to give a purple solution. Next, AlICl;
(0.533 g, 4.0 mmol) was added under positive N, flow, and the reaction was refluxed until the
color fades to pale yellow (~2-3 hours). A second equivalent of I, (5.08 g, 20.0 mmol) and AICl;
(0.267g, 2.0 mmol) were added, and the reaction was heated to 45°C and allowed to reflux
overnight. The next day, the dark brown reaction mixture was diluted with H,O (50 mL, or until
effervescence subsided), and unreacted I, was quenched with Na,SO; (0.708 g, 5.62 mmol).
After stirring for 10 minutes, the purple organic layer was separated and the aqueous layer was
washed with CH,Cl; (40 mL x 3) and dried over MgSQ,. If the solution is still colored, activated
charcoal can be added. This solution was passed through a silica plug and eluted with CH,Cl, to
give a light gray solution. Solvent was then removed by rotary evaporation, yielding a lavender
solid. The crude product was then sublimed under vacuum (150-160°C, 5-6 hours, 0.20 Torr) to
afford a white solid (6.52 g, 82%) on the cold finger, which was isolated and dried under vacuum
overnight before further use. Alternatively, the crude product can be purified by recrystallization
by layering CH,Cl, with an equal volume of hexane and storing at -20°C. After 3-4 hours, the
white crystals can be filtered off and washed with cold hexane. '"H NMR (CDCl;, 500 MHz) &

3.99 (s, 2H, CH), 3.50-1.80 (m, 9H, BH); "'B NMR (CDCls, 160 MHz): -5.50 (d, 2B), -12.67 (d,
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4B), -14.01 (s, 3B), -14.89 (s, 1B); *C NMR (CDCls, ppm): 51.71. Synthesis adapted from

Reference 9.

3.4.9.3 9,12-diethyl-o-carborane (6)

To a 50 mL Schlenk flask was added 9,12-diiodo-o-carborane (1.98 g, 5.00 mmol) and
PdCIy(PPh3), (0.07091 g, 0.10 mmol). The flask was left under vacuum for 30 minutes, then
backfilled with N,. Dry THF (20 mL) was added via cannula, and the flask was stirred in an ice
bath for 10 minutes. EtMgBr (7.9 mL, 3.0 M, 23.7 mmol) was then slowly added. The resulting
mixture was gently refluxed for 10 days and monitored by GC-MS. The reaction was cooled to
room temperature and quenched with H,O, then charged with diethyl ether (150 mL). The
organic layer was separated, and the aqueous layer was extracted with diethyl ether (3 x 80mL).
Aqueous HCI (5%, 30 mL) was added to the organic layer, and the organic layer was separated
and solvent removed via rotary evaporation. The crude product was purified via silica column
chromatography (ethyl acetate:hexanes 1:9). Solvent was removed under vacuum to afford the
desired product as a low-melting red solid (0.250g, 31%). '"H NMR (CD,Cl,, 500 MHz) & 3.47
(2H, s, CHeage), 3.00-1.20 (8H, br. m, BH), 0.89 (t, 6H, CH;), 0.71 (q, 4H, CH,); ''B NMR
(CD:Cl,, 160 MHz): 9.64 (s, 2B), -8.43 (d, 2B), -14.24 (d, 4B), -16.21 (d, 2B); *C NMR

(CDCls, 125 MHz): 47.71, 13.52, 9.35 (br). Synthesis adapted from Reference 9.

3.4.9.49,9',12,12'-Tetra-ethyl-1,1’-bis(o-carborane) (7)

To a clean 25 mL Schlenk flask, 9,12-diethyl-o-carborane (0.500 g, 2.50 mmol) was
added, and the flask was cooled to -78 °C. The flask was evacuated and backfilled with N, five
times, followed by the addition of dry toluene (10 mL) via cannula, yielding a yellow solution.
Next, "BuLi (2.1 mL, 5.25 mmol, 2.5 M in hexanes) was added via syringe. The mixture, which

immediately turned clear and gradually acquired a yellow color, was allowed to warm and was
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stirred at room temperature for 24 hours. CuCl was added (0.680 g, 6.87 mmol), and the
resulting dark green suspension was allowed to stir for 3 days. Toluene was then removed under
reduced pressure, and CH,Cl, (5 mL) and aqueous HCI (15 mL, 10 M) were added and stirred
vigorously to quench the resulting dark green reaction mixture. The mixture was allowed to stir
until the aqueous layer turned light green (~3 h). The organic layer was separated, and the
aqueous layer was washed with CH,Cl, (3 x 15mL). The combined organic fractions were dried
over Na,SQO,, filtered, and concentrated to dryness yielding a yellow-orange solid. The crude
product was eluted through a pad of silica with hexanes and concentrated to dryness, yielding a
pale yellow solid (0.385 g). Minimal pentane (2-3 mL) was added to the solid and stored in the
freezer (-20°C) for recrystallization. The next day, pentane was decanted yielding white crystals.
The supernatant was stored in the freezer and decanted after four hours, and this process was
repeated once more yielding pure white crystals (Total: 0.231 g, 46%). "H NMR (CD,Cl,, 500
MHz) 6 3.72 (s, 2H, cage CH), 3.4-1.2 (br. m, 16H, BH), 0.86 (m, 12H, CH3), 0.69 (m, 8H,
CH,); ""B NMR (CD,Cl,, 160 MHz): 10.04 (s, 4B), -8.58 (d, 4B), -12.09 (m, 12B); *C NMR
(CDyCl,, 125 MHz): 65.48, 56.19, 13.32, 8.36. Single crystals for X-ray diffraction analysis were

grown from a concentrated solution of pentane stored in a freezer at -15 °C overnight.

3.4.9.5 Pd(dppe)Cl,

Pd(cod)Cl; (0.286 g, 1.00 mmol) and CH,Cl, (6 mL) were combined and stirred in a large
vial to give a yellow slurry, and 1,2-bis(diphenylphosphino)ethane (dppe, 0.398 g, 1.00 mmol)
was then added. The color quickly changed to a lighter shade of yellow. After 15 minutes,
hexane (14 mL) was added, and the vial was capped and stored in the freezer (-20°C) for 4 hours.

The solid was filtered and washed with pentane (5 mL x 3) yielding the pale yellow product
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(0.517 g, 90%). "H NMR (CD,Cl,, 400 MHz): 7.87 (8H, m), 7.60 (4H, m), 7.53 (8H, m), 2.47

(4H, d, CH,); *'"P NMR (CD,Cl,, 121 MHz): 64.7. Synthesis adapted from Reference 10.

3.4.9.6 Pt(dppe)Cl,

Pt(cod)Cl, (0.374 g, 1.00 mmol) and CH,Cl, (6 mL) were combined and stirred in a large
vial to give a white slurry, and 1,2-bis(diphenylphosphino)ethane (dppe, 0.398 g, 1.00 mmol)
was then added. After 15 minutes, hexane (14 mL) was added, and the vial was capped and
stored in the freezer (-20°C) for 4 hours. The solid was filtered and washed with pentane (5 mL x
3) yielding the white product (0.576 g, 87%). "H NMR (CD,Cl,, 400 MHz): 7.86 (8H, m), 7.56
(4H, m), 7.52 (8H, m), 2.36 (4H, d, CH,); *'P NMR (CD,Cl,, 121 MHz): 41.8 ("Jp.p = 3622 Hz).

Synthesis adapted from the synthesis for Pd(dppe)Cl; in Reference 10.

3.4.9.7 Pt(dtb-bpy)Cl,

Pt(cod)Cl, (0.350 g, 0.935 mmol), 4,4'-ditertbutyl-2,2'-bipyridine (dtb-bpy, 0.251 g,
0.935 mmol), and 8 mL methanol were stirred in a sealed tube at 75°C for 22 hours. As the
suspension warmed up, the color changed to yellow-orange and eventually turned bright yellow.
The tube was cooled to room temperature in a water bath and the yellow solid was filtered. After
washing with diethyl ether (3 mL x 5) to remove 1,5-cyclooctadiene, the yellow product was
dried under vacuum overnight (0.458 g, 92%). "H NMR (CD,Cl,, 500 MHz): 9.52 (2H, d), 7.91
(2H, d), 7.57 (2H, dd), 1.44 (18H, s, CHs); *C NMR (CD.Cl,, 126 MHz): 164.9, 157.2, 149.3,

124.8, 119.9, 36.2, 30.3. Synthesis adapted from Reference 11.

3.4.9.8 Ni(bc)(dppe) (32)
1,1'-Bis-(o-carborane) (0.100 g, 0.349 mmol) was added to a 10 mL Schlenk flask, which

was then evacuated and backfilled with N, three times. Dry THF (4 mL) was transferred to the
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flask via cannula to give a clear solution. While stirring at room temperature, "BuLi (0.45 mL,
1.6 M, 0.72 mmol) was added drop-wise via syringe, giving a dark yellow solution. The reaction
was then heated at 60°C for 3 hours, and the color slowly turned to a lighter yellow. After 3
hours, the flask was allowed to cool to room temperature yielding a golden-yellow solution. To a
separate 25 mL Schlenk flask was added Ni(dppe)Cl, (0.184 g, 0.349 mmol), and the flask was
evacuated and backfilled with N, three times. Dry THF (20 mL) was then transferred via cannula
to give a red-orange slurry. This flask was cooled to -78 °C and stirred for 5 minutes. The
dilithio-bis-carborane mixture was added dropwise (~1 mL/min) to the cold Ni(dppe)Cl, slurry,
and the reaction was allowed to warm up to room temperature and react overnight, giving a deep
orange solution the following day. The solvent was removed via rotary evaporation after 18
hours, and the orange solid was dissolved in 5-10 mL CH,Cl, and passed through a pad of Celite.
After removal of solvent, crude orange product (0.160 g) remained and was purified via column
chromatography: a wide 60 mL filter frit was loaded halfway with silica in hexanes, and the
crude product was dissolved in the minimum amount of 1:1 CH,Cl,:hexanes (R¢f = 0.50) and
loaded on the silica. Any unreacted bis-carborane (Ry = 0.90) can be removed as the initial
clear/light yellow elution, and the desired product can be cleanly collected as the orange band
that follows. The orange solution was concentrated to dryness to give a yellow solid (0.125 g,
49%) that was dried under vacuum overnight. '"H NMR (CD,Cl,, 500 MHz) & 7.77 (br. t, 8H,
Ar), 7.64 (t, 4H, Ar), 7.54 (t, 8H, Ar), 4.0-0.6 (br. m, 20H, BH), 2.0 (d, 4H, CH, *Jpy= 15.60
Hz); "B NMR (CD,Cl,, 160 MHz) -1.96 (d, 2B), -3.83 (d, 2B), -8.35 (d, 12B), -10.62 (m, 4B);
BC NMR (CD,Cl,, 125 MHz) 134.62 (t, *Jpc = 5.2 Hz), 132.51, 129.46 (t, *Jpc = 5.2 Hz),
127.78 (m), 87.31 (dd, *Jec(rans)= 91.8 Hz, “Jpc(eis) = 38.4 Hz), 84.70, 28.28 (t, 'Joc = 21.5 Hz);

IP{'H} NMR (CD,Cl,, 202 MHz): 49.09. NMR chemical shifts comparable to those in
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Reference 12. Single crystals for X-ray diffraction analysis were grown from slow vapor
diffusion of diethyl ether into dichloromethane. Elemental analysis (including 0.5 CH,Cl,) found

(calculated for CssH4sB2oCINiP,): C, 46.40 (46.73); H, 5.89 (5.79).

3.4.9.9 Pd(bc)(dppe) (3b)

1,1'-Bis-(o-carborane) (0.100 g, 0.349 mmol) was added to a 10 mL Schlenk flask, which
was then evacuated and backfilled with N, three times. Dry THF (4 mL) was transferred to the
flask via cannula to give a clear solution. While stirring at room temperature, "BuLi (0.45 mL,
1.6 M, 0.72 mmol) was added dropwise via syringe, giving a dark yellow solution. The reaction
mixture was then heated at 60°C for 3 hours, and the color slowly turned lighter yellow. After 3
hours, the flask was allowed to cool to room temperature yielding a golden-yellow solution.
Pd(dppe)Cl, (0.202 g, 0.349 mmol) was added to a separate 25mL Schlenk flask, which was then
evacuated and backfilled with N, three times. Dry THF (20 mL) was then transferred via cannula
to give a white slurry. This flask was cooled to -78°C and stirred for 10 minutes. The dilithio-
bis-carborane solution was added dropwise (~1 mL/min) to the cold Pd(dppe)Cl; slurry, and the
reaction was allowed to warm up to room temperature and stir overnight, giving a deep orange
mixture the following day. THF was removed via rotary evaporation after 20 hours, and the
remaining orange solid was dissolved in 5-10 mL CH,Cl, and passed through a pad of Celite.
After removal of solvent in vacuo, crude orange product (0.225 g) remained and was purified via
column chromatography. A wide 60 mL filter frit was loaded halfway with silica in hexanes, and
the crude product was dissolved in minimal 1:1 CH,Cl,:hexanes (Rf = 0.50) and loaded on the
silica. Any unreacted bis-carborane (R = 0.90) can be removed as the initial clear/light yellow
elution, and the desired product can be cleanly collected as the orange band that follows. The

orange solution was concentrated to dryness to give an orange solid (0.70 g, 25%) that was dried
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under vacuum overnight. "H NMR (CD,Cl, 500 MHz) & 7.64 (t, 4H, Ar), 7.62 (t, 8H, Ar), 7.55
(t, 8H, Ar), 3.6-0.6 (br. m, 20H, BH), 2.12 (d, 4H, CH?, *Jpy; = 20.4 Hz); "'B NMR (CD,Cl,, 160
MHz) -3.20 (m, 4B), -8.74 (m, 16B); *C NMR (CD,Cl, 125 MHz) 134.57 (t, *Jsc = 5.6 Hz),
132.74, 129.64 (t, *Joc = 5.4 Hz), 127.13, 91.90 (dd, *Jpciransy= 138.7 Hz, *Jpcieisy = 14.7 Hz),
84.80, 28.82 (t, 'Jpc = 22.3 Hz); ¥'P{'"H} NMR (CD,Cl,, 202 MHz) 51.63. Single crystals for X-
ray diffraction analysis were grown by cooling a concentrated solution of hot benzene to room
temperature. Elemental analysis found (calculated for CsoH44B2oPdP>): C, 45.80 (45.65); H, 5.89

(5.62).

3.4.9.10 Pt(bc)(dppe) (3¢)

1,1"-Bis-(o-carborane) (0.100 g, 0.349 mmol) was added to a 10 mL Schlenk flask, which
was then evacuated and backfilled with N, three times. Dry THF (4 mL) was transferred to the
flask via cannula to give a clear solution. While stirring at room temperature, "BuLi (0.45 mL,
1.6 M, 0.72 mmol) was added drop-wise via syringe, giving a dark yellow solution. The reaction
was then heated at 60°C for 3 hours, and the color slowly turned lighter yellow. After 3 hours,
the flask was allowed to cool to room temperature yielding a golden-yellow solution. Pt(dppe)Cl,
(0.234 g, 0.349 mmol) was added to a separate 25mL Schlenk flask, which was then evacuated
and backfilled with N, three times. Dry THF (15 mL) was then transferred via cannula to give a
white slurry. This flask was cooled to -78°C and stirred for 10 minutes. The dilithio-bis-
carborane solution was added dropwise (~1 mL/min) to the cold Pt(dppe)Cl, slurry, and the
reaction was allowed to warm up to room temperature and stir overnight, giving a deep orange
solution the following day. The orange solution was passed through a pad of Celite and washed
with THF. The filtrate was then dried via rotary evaporation to yield a brown-orange solid. This

solid was dissolved in 5-10 mL CH,Cl, and passed through a pad of Celite. After removal of
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solvent, crude orange product (0.225 g) remained and was purified via column chromatography
through a pad of basic alumina. A wide 60 mL filter frit was loaded halfway with basic alumina
in CH,Cl,, and the crude product was dissolved in minimal CH,Cl, (R¢= 0.90) and loaded on the
basic alumina. The orange filtrate (mix of product and unreacted bis-carborane) was collected,
and the volume was reduced to about 1-2 mL via rotary evaporation. Next, 5-10 mL hexanes was
added, causing a yellow solid to crash out. This solid was filtered and washed with hexanes (3 x
5 mL) and dried under vacuum for 24 hours to afford 3¢ as a yellow powder (0.082 g, 27%). 'H
NMR (CD,Cl,, 500 MHz) ¢ 7.70 (m, 8H, Ar), 7.63 (t, 4H, Ar), 7.55 (m, 8H, Ar), 3.5-0.7 (br. m,
20H, BH), 2.07 (d, 4H, CH,, “Jpy = 17.7 Hz); "'"B NMR (CD,Cl,, 160 MHz): -3.67 (m, 4B), -
8.08 (m, 16B); *C NMR (CD,Cl,, 125 MHz) 134.75 (t, 2Jpc = 5.4 Hz), 132.69, 129.48 (t, *Jpc =
5.5 Hz), 126.77 (m), 84.57, 89.12 (dd, bis-carborane C-Pt, “Jpc(ans) = 128.4 Hz, *Jpc(cis)= 8.34
Hz), 29.86 (m); *'"P{'H} NMR (CD,Cl,, 202 MHz): 41.44 (s, 'Jpp= 2493 Hz). Single crystals for
X-ray diffraction analysis were grown from slow vapor diffusion of diethyl ether into
dichloromethane. Elemental analysis found (calculated for CsoH44B20PtP): C, 40.55 (41.04); H,

5.05 (4.80).

3.4.9.11 Pt(bc)(dtb-bpy) (4a and 4b)

2 (0.080 g, 0.279 mmol) was charged to a 10mL Schlenk flask, which was then evacuated
and backfilled 3 times with N,. Dry THF (3 mL) was added via cannula and the solution was
stirred, followed by the addition of "BuLi (0.36 mL, 1.6 M, 0.576 mmol) at room temperature.
The flask was heated at 60°C for 3 hours and then cooled to room temperature. Pt(dtb-bpy)Cl,
(dtb-bpy = 4,4’-di-tert-butyl-2,2’-bipyridine, 0.149 g, 0.279 mmol) was charged to a separate
50mL Schlenk flask, which was evacuated and backfilled 3 times with N,. Next, dry THF (20

mL) was added, and the resulting yellow slurry was cooled to -78°C. The mixture of Liy[bc] was
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added dropwise to the cooled slurry. The reaction mixture was allowed to warm up to room
temperature and was heated to 60°C. The reaction mixture slowly turned from bright yellow to
dark brown/black. After 21 hours, the solvent was moved via rotary evaporation to yield a
yellow-brown solid. This solid was washed with CH,Cl, (3 x 10 mL), yielding a gray solid
(0.082 g) that was emissive under UV excitation (Aexe = 365 nm). To this solid was added 5 mL
hot 1,2-difluorobenzene, and this dark brown slurry was heated with a heat gun the solid
completely dissolved. Next, the solution was passed through a pad of Celite, yielding a yellow-
orange solution with black precipitate at the top of the Celite. This procedure was repeated two
more times. The filtrate was dried in vacuo, and the pale orange solid was dried under vacuum
overnight (0.055 g, 26%). 'H NMR suggests a 1.0:1.4 mix of «’-B,C-bound (4a) and «*-C,C-
bound (4b) isomers. Single crystals of 4a for X-ray diffraction analysis were by cooling a
concentrated solution of hot 2-MeTHF to room temperature. Attempts to reproduce this result led
to products with various mixes of isomers, including both a majority «*-B,C-bound isomer and a
majority k°-C,C-bound isomer, as evidenced by the '"H NMR spectrum of the aryl region (See
NMR spectra). HRMS (DART): m/z calculated for C2H4B2oN,Pt [M+H]", 748.5237 Da; found,
748.5246 Da.

4a: "H NMR (THF-d®, 500 MHz) § 9.44 (d, 2H, Ar), 8.39 (d, 2H, Ar), 7.92 (dd, 2H, Ar), 3.1-1.0
(br. m, 20H, BH), 1.44 (s, 18H, '‘Bu); *C NMR (THF-d®, 125 MHz) 166.32, 157.51, 151.77,
124.54,121.02, 82.92, 81.01, 36.06, 30.13.

4b: "H NMR (THF-d®, 500 MHz) & 9.83 (d, 1H, Ar), 9.27 (d, 1H, Ar), 8.41 (d, 1H, Ar), 8.37 (d,
1H, Ar), 7.97 (dd, 1H, Ar), 7.84 (dd, 1H, Ar), 4.47 (s, 1H, CHyis-carborane), 3.2-1.6 (br m, 20H,

BH), 1.459 (9H, s, ‘Bu), 1.457 (9H, s, ‘Bu); *C NMR (THF-d%, 125 MHz) 165.44, 165.00,
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157.99, 156.52, 154.24, 150.23, 125.15, 124.52, 121.12, 120.36, 85.17, 77.03, 70.52, 68.19,
36.53, 36.46, 30.27, 30.14.

Note: "B NMR chemical shifts for 4a and 4b overlap, so values for the mixture are reported. "'B

NMR (THF-d®, 160 MHz) -4.01 (4B), -8.79 (8B), -11.15 (8B).

3.4.9.12 Pt(tebc)(dtb-bpy) (8)

7 (0.0689 g, 0.171 mmol, tebc) was charged to a 10mL Schlenk flask, which was then
evacuated and backfilled 3 times with N,. Dry THF (2 mL) was added via cannula and the
solution was stirred, followed by the slow addition of "BuLi (0.22 mL, 1.6 M, 0.351 mmol) at
room temperature. The flask was heated at 60°C for 3 hours and then cooled to room
temperature. Pt(dtb-bpy)Cl, (dtb-bpy = 4,4’-di-tert-butyl-2,2’-bipyridine, 0.0914 g, 0.171 mmol)
was charged to a separate 25mL Schlenk flask, which was evacuated and backfilled 3 times with
N». Next, dry THF (15 mL) was added, affording a yellow slurry, which was cooled to -78°C.
The mixture containing [Li,(tebe)] was added dropwise to the cooled slurry. The reaction
mixture was allowed to warm up to room temperature and was then heated at 60°C for 60 hours.
The reaction slowly turned from bright yellow to yellow-brown. After 60 hours, the solvent was
moved via rotary evaporation to yield a yellow-brown solid. This solid was dissolved in diethyl
ether and passed through a pad of Celite, and the filtrate was then dried in vacuo. Next, the
resulting solid was washed with cold pentane (5 x 2 mL), yielding a pale orange solid. The solid
was dissolved in CH,Cl, and passed through a silica plug. The filtrate was dried in vacuo, and
the resulting solid was dried under vacuum overnight (0.063 g, 43%). "H NMR (CD-Cl, 500
MHz) 6 9.56 (d, 1H, Ar), 9.36 (d, 1H, Ar), 8.08 (d, 1H, Ar), 8.02 (d, 1H, Ar), 7.68 (dd, 1H, Ar),
7.47 (dd, 1H, Ar), 3.87 (s, 1H, CHpis-carborane), 3.3-1.2 (16H, br. m, BH), 1.45 (9H, s, '‘Bu), 1.43

(9H, s, ‘Bu), 1.02-0.82 (m, 12H, CH,CHs), 0.56-0.79 (m, 8H, CH,); "B NMR (CD,Cl,, 160
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MHz) 7.74 (m, 4B), -8.46 (s, 8B), -11.25 (s, 4B), -13.81 (s, 4B); *C NMR (CD,Cl,, 125 MHz)
164.12 (s, C* dtb-bpy, C—Ptyuns), 163.58, 157.22, 155.85, 155.19, 149.79, 123.99, 123.77,
120.02, 119.17, 76.63, 73.20, 59.56, 55.39, 35.98, 35.90, 30.36, 30.23 (d, fert-butyl CHs, J =
16.2 Hz), 13.95, 13.71, 13.57, 13.51, (ethyl CH3), 9.11 (br. m, ethyl CH;). Single crystals for X-
ray diffraction analysis were grown the slow evaporation of diethyl ether over the course of one
week. HRMS (Orbitrap): m/z calculated for C3oHgsB2oN,Pt [M], 863.6724 Da; found, 863.0652

Da.

3.4.9.13 [NEt,],[Pd(bc):]

2 (0.100 g, 0.349 mmol) was added to a 25 mL Schlenk flask, which was then evacuated
and backfilled with N, three times. Dry THF (4 mL) was transferred to the flask via cannula,
generating a clear solution. While stirring at room temperature, "BuLi (0.45 mL, 1.6 M, 0.72
mmol) was added dropwise via syringe to give a dark yellow solution. The reaction was then
heated to 60°C for 3 hours, and the color slowly turned lighter yellow. After 3 hours, the flask
was cooled to room temperature, and under positive N, flow, PdCI, (0.0309 g, 0.175 mmol) was
added. The temperature was increased to 60°C and the mixture was allowed to stir for 21 hours.
The reaction was cooled to room temperature, passed through a pad of Celite, and the filtrate was
dried in vacuo. The resulting brown solid was then dissolved in H,O (10 mL). To this solution
was added a solution of tetracthylammonium bromide (NEt;Br, 0.0736 g, 0.349 mmol) dissolved
in 2 mL H,0, and brown solid immediately precipitated. The solid was filtered and washed with
H,O (3 x 10 mL) was then dissolved in CH,Cl, and dried over Na;SO4. The mixture was filtered
and the solvent removed via rotary evaporation. Next, the solid was dissolved in minimal CH,Cl,
and loaded on silica. The plug was flushed with CH,Cl, (100 mL) to remove side products, and

then flushed with acetone (50 mL) to collect the product. Solvent was removed via rotary
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evaporation, and the brown solid was vacuum dried (0.059 g, 25%). Note: We believe B—H
activation and/or deboronation may be occurring under the given reaction conditions for
[NEt],[Pd(bc)s]; however, the ''B NMR spectrum for [NEty],[Pd(bc);] isolated under these
conditions are in agreement with the ''B NMR spectrum for the side product isolated during the
synthesis of 3b (see Figure B7 below). "H NMR (CD,Cl,, 500 MHz) & 3.4-1.0 (br. m, 20H, BH),
3.21 (q, 16H, CH,), 1.35 (tt, 24H, CH3); "B NMR (CD,Cl,, 160 MHz) -2.66 (m, 9B), -9.31 (m,
26B).,-16.75 (2B), -22.07 (2B), -32.64 (0.5B), -35.11 (0.5B); *C NMR (CD,Cl,, 125 MHz)
125.77, 82.77, 82.39, 72.30, 65.49, 65.22, 63.25, 34.46, 30.44, 30.05, 7.87. Elemental analysis

found (calculated for C4HgoB4oN,Pd): C, 32.68 (30.81); H, 8.58 (8.62).

3.4.9.14 [NEt,],[Pt(bc):]

2 (0.100 g, 0.349 mmol) was added to a 25 mL Schlenk flask, which was then evacuated
and backfilled with N, three times. Dry THF (4 mL) was transferred to the flask via cannula,
generating a clear solution. While stirring at room temperature, "BuLi (0.45 mL, 1.6 M, 0.72
mmol) was added dropwise via syringe to give a dark yellow solution. The reaction mixture was
then heated at 60°C for 3 hours, and the color slowly turned lighter yellow. After 3 hours, the
flask was cooled to -78°C, and under positive N, flow, Pt(cod)Cl, (cod = 1,5-cyclooctadiene,
0.065 g, 0.175 mmol) was added. The temperature was increased to 60°C and the resulting
mixture was allowed to stir for 21 hours. The resulting dark brown mixture was allowed to cool
to room temperature and was passed through a pad of Celite. The filtrate was dried in vacuo. The
resulting solid was then dissolved in H,O (10 mL). To this solution was added a solution of
tetraecthylammonium bromide (NEt;Br, 0.0736 g, 0.349 mmol) dissolved in 2 mL H,0, and dark
green solid immediately precipitated. The solid was filtered and washed with H,O (3 x 10 mL)

and was then dissolved in CH,Cl, and dried over Na,SQO,. The dark brown solution was filtered
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and the solvent removed via rotary evaporation. Next, the solid was dissolved in minimal CH,Cl,
and loaded on silica. The plug was flushed with CH,Cl, (100 mL) to remove side products, and
then flushed with acetone (50 mL) to collect the product. Solvent was removed via rotary
evaporation, and the resulting brown solid was vacuum dried (0.182 g, 68%). Note: We believe
B—H activation and/or deboronation may be occurring under the given reaction conditions for
[NEt]5[Pt(bc),]; however, the ''B NMR spectrum for [NEty],[Pt(bc),] isolated under these
conditions are in agreement with the ''B NMR spectrum for the side product isolated during the
synthesis of 3¢ (see Figure B7 below). "H NMR (CD,Cl,, 500 MHz): 3.3-1.0 (br. m, 20H, BH),
3.21 (q, 16H, CH,), 1.35 (tt, 24H, CHs); ''"B NMR (CD,Cl,, 160 MHz) -2.84 (m, 8B), -9.45 (m,
25H), -16.94 (d, 4B), -22.25 (d, 2B), -32.77 (d, 0.5B), -35.21 (d, 0.5B); *C NMR (CD,Cl,, 125
MHz) 72.31, 71.22, 65.43, 63.26, 29.88, 22.72, 14.21, 7.86. Elemental analysis found (calculated

for CosHgoBaoNaPt): C, 31.37 (28.14); H, 7.56 (7.87).

3.4.10 Supplementary Figures and Tables
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Figure B1 UV-Vis absorption spectrum of 1 and 2. Solutions were made to 0.002 M
concentration.
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Figure B2 Structures of luminescent compounds mentioned in Chapter 3. (A) Ir(IIl) compounds
containing a k”-C,N-bound 1-(2-pyridyl)-o-carboranyl ligand (reference 13, Appendix B); (B)
Ir(Il) compounds containing a &>-C,P-bound 1-(‘Pr,PCH,)-o-carboranyl (reference 14,
Appendix B); (C) Pt(bph)(bpy) where bph = biphenyl and bpy = 2,2'-bipyridine (reference 15,
Appendix B).
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Figure B3 Structures of Ir(IIl) compounds that contain ortho-, meta-, para, and nido-carborane
as substituents. (A) Reference 16; (B) Reference 17; (C) Reference 18; (D) Reference 19.
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Ni(bc)(dppe)

Pd(bc)(dppe)

Figure B4 Thermal ellipsoid plots of 3a-3¢ at 50% probability.

Table B1 Selected bond distances and angles for 3a—3c.

Parameter
M-C1 (A)
M-C4 (A)
C1-C2 (A)
C2-C3 (A)
C3-C4 (A)
M-P1 (A)
M-P2 (A)
C1-M-C4 (°)
M-C1-C2 (°)
C1-C2-C3 (°)
C2-C3-C4 (°)
C3-C4-M (°)
C1-M-P2 (°)
C4-M-P1 (°)
M-M (A)
C1-C4 (A)

C1-C2-C3-C4 dihedral

C1-C2-C3-C4-M
angles (°)

sum

of
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3a
2.007
1.995
1.694
1.514
1.694
2.253
2.243
90.82
111.25
113.04
113.40
111.43
171.46
172.40
10.976
2.850
-0.2
539.94

3b
2.097
2.103
1.688
1.531
1.690
2.312
2.304
88.20
111.60
114.43
114.18
111.51
174.30
174.71
12.176
2.923
-2.91
539.92

Pt(bc)(dppe)

3c
2.090
2.093
1.744
1.514
1.728
2.297
2.310
86.88
113.48
112.52
113.69
113.36
173.20
173.05
8.685
2.876
0.59
539.93



Table B2 Selected bond distances and angles for 3a—3c¢ and the average bond distances and
angles of corresponding M(bph)(P*P) complexes.

Parameter 3a Avg. 3b Avg. 3¢ Avg.
Ni(bph)(P"P) Pd(bph)(P*P) Pt(bph)(P"P)

M-C1 (A) 2.007 1.960 2.097 2.050 2.090 2.050
M-C4 (A) 1.995 1.940 2.103  2.050 2.093 2.030
C1-M-C4 90.82 83.25 88.20 80.82 86.88  80.66
©)

Avze 7_/‘/\ 4 | 2Cs P,

€ &\ / cs N/

7 S WAN
z 2,
\/, (SC o Cq = TGy P4
N
M: Ni, Pd, Pt

Figure BS Numbering scheme for values presented in Table B1 and Table B2. Left: M = Ni, 3a;
M = Pd, 3b; M = Pt, 3c. Right: M(bph)(P*P), where M = Ni, Pd, Pt and (P"P) = chelated
diphosphine ligand.

To demonstrate that the bc framework is structurally similar to the biphenyl (bph)
framework, we compared bond distances, angles, and molecular geometries of M(bc)(dppe) to
those of a series of cyclometallated M(bph)(P~P) in reported X-ray crystal structures.”’ X-ray
quality crystals of 3a-3¢ were grown using slow evaporation of diethyl ether, vapor diffusion of
diethyl ether into dichloromethane, or cooling of a concentrated solution of hot benzene. For 3a-
3c, the M—C bond is about 0.05 A longer than the average M—C bond in corresponding
biphenyl complexes. Of the three complexes 3a-3c¢, the Ni—C bond (3a) is the shortest M—C
bond at 2.00 A, and both Pd—C (3b) and Pt—C (3¢) bond lengths are about 2.09 A. These
observations are consistent with Ni possessing the smallest atomic radius and Pd and Pt exhibit
similar atomic radii due to the lanthanide contraction for Pt.*!

The C1—M—C4 bond angles decrease as the size of the metal atom increases, which

compares well with analogous Group 10 bph complexes. However, the trend is more pronounced
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in the be series with this angle being 6-8° larger than the average C1—M—C4 angle in the
biphenyl complexes. The C1—C2—C3—C4 dihedral angles of 0.20°, 2.91°, and 0.59° for 3a,
3b, and 3¢, respectively, suggest the chelation of 2 leads to a minimally distorted square planar
structure. The C1—C4 distances between the two metal-bound carbons fall within a range of
0.07 A of each other (2.850 A to 2.923 A), indicating the larger C1—M—C4 angle is likely a
structural characteristic of 2. For comparison, the average corresponding C1—C4 distance in
M(bph)(PP) complexes is about 0.2 A shorter at 2.662 A, further rationalizing the more acute
C1—M—C4 angles seen in those bph complexes. Furthermore, the bc C1—M—C4 bond angles
are larger than all reported C1—M—C4 bond angles for M(bph)(P"P) complexes. Compounds
3a-3¢ have C—M—Pyns angles of 171-174°, making them slightly distorted square planar
complexes. These values are comparable to those of the reported cyclometallated M(bph)(P"P)
compounds, indicating that be does not influence the intramolecular geometry much differently

than biphenyl.
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Figure B6 (A) Reaction scheme for the oxidation of 3¢ on silica to form Pt(bc)(O=dppe). (B)
3'P{'"H} NMR spectrum of the product Pt(bc)(O=dppe) isolated after passing 3¢ through a short
plug of silica eluted with CH,Cl,. Insets show expanded regions of the *'P NMR spectrum
corresponding to each of the phosphorous atoms in the dppe ligand. Asterisks correspond to the
3P peak and Pt—P satellites for each phosphorous: black = both P atoms in 3¢; red = O=P in
Pt(bc)(O=dppe); blue = P in Pt(bc)(O=dppe).

The purification of 3¢ proved troublesome as one of the P—Pt bonds easily underwent
oxidation on silica, forming the monooxidized dppe species as evidenced by the formation of 2
doublets with unique 'Jp.p values in the *'P{'"H} NMR spectrum. For the oxidized P (O=P, red in
Figure 3A), & = 40.75 ppm with “Jp_p = 60 Hz and *J»_po = 3.8 Hz. For the unoxidized P (P,
blue in Figure 3A), = 15.70 ppm with 'Jp_p = 2800 Hz and *J»_po = 3.8 Hz. These chemical
shifts and coupling constants are similar to those for compounds 2a and 2b in Reference 22.
Purifying the crude reaction mixture for 3¢ via column chromatography with basic alumina

yielded the unoxidized, isolated compound at 27% yield.
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Isolated side product

Reaction 3b Isolated side product

Reaction 3c

[Pd(bc),]* [Pt(bc),]>

50 45 40 35 30 25 20 15 10 5 0 -5 -10-15-20 -25 30 -35 -40 45 -50 -55 -60 65 -70 -7, 45 40 35 30 25201510 5 0 5-10 (';Sr;};“ +25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75

Figure B7 Left: Stacked ''B{'H} NMR spectra for the [Pd(bc);]* side product isolated during
the synthesis of 3b (top) and independently synthesized [Pd(bc):]* (see experimental). Right:
Stacked ''B{'H} NMR spectra for the [Pt(bc),]* side product isolated during the synthesis of 3¢
(top) and independently synthesized [Pt(bc);]* (see experimental).

For each reaction, the other major by-product is [M(bc);]* (where M = Ni, Pd, Pt), which
is 1solated via silica column chromatography. The formation of this di-substituted complex is
likely due to the low concentration of M(dppe)Cl, relative to newly generated and more soluble
M(bc)(dppe) under the reaction conditions, making M(bc)(dppe) more prone to a second
nucleophilic attack from the Li,-[bc]. The ''B NMR of the isolated reaction product for 3b and
3¢ matched the ''B NMR of the independently synthesized [Pd(bc);])* and [Pt(be)a]* complexes
(Figure BS), supporting our hypothesis.

We believe B—H activation and/or deboronation may be occurring under the given
reaction conditions for [Pd(bc);]* and [Pt(bc)2]*, and that the reaction product contains
admixtures of closo-nido-|bc] and/or its metalation products. Kazakov and coworkers have
reported the partial deboronation of 2 in the presence of water,” and their reported ''B NMR

chemical shifts are similar to those observed in for [Pd(bc)2]* and [Pt(bc),]* (Figure B7).

However, the ''B NMR spectra for [Pd(bc),])* and [Pt(bc),]* isolated under these conditions are
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in agreement with the ''B NMR spectra for the side product isolated during the synthesis of 3b
and 3c.

Additionally, *'P  NMR shows the in-situ formation of mono-oxidized dppe,
Ph,P(CH;),P(O)Ph, (O=dppe) for the synthesis of 3a-3¢, suggesting the ligand is displaced by
an extra equivalent of Lir-[be] as the metal center is substituted twice (Figure B6). The *'P{'H}
chemical shifts for O=dppe are similar to those for compound 2 in Reference 24. Interestingly,

we still observe free O=dppe despite stringent air-free conditions.

B O=P P
6 =321 ppm =-12.7 ppm
31P{'H}
N
I 3I3 3I2 3I1 ppm -12 -13 -14  ppm
L *M
1 1 1 1 1
150 100 50 0 -50 ppm

Figure B8 (A) Reaction scheme for the formation of [M(bc);]* (M = Ni, Pd, Pt) and O=dppe.
(B) Representative in-situ >'P{'H} NMR spectrum during the synthesis of 3a shows the
formation of free O=dppe (6 = 32.1 ppm, O=P; 6 = -12.7 ppm, P), which results from the
reaction of Liy-[bc] with 3a (8 = 49.09 ppm) to form [Ni(bc),]*". Interestingly, O=dppe formed
even under rigorous oxygen-free conditions.
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Figure B9 UV-Vis absorption spectrum for 3a (black), 3b (red), and 3¢ (blue). Inset: Zoomed in
region depicting MLCT transitions.

Figure B10 HOMO and LUMO images derived from DFT calculations of 3a (left), 3b (middle),
and 3c (right). Involvement of the be ligand in HOMO-LUMO transitions is negligible,
indicating the be ligand is photophysically innocent.
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Figure B11 A) Thermal ellipsoid plot of 4a (50% probability). H atoms were omitted for clarity.
B) Stacking of 4a Pt(II)---Pt(II) distances of 5.870 A and 5.520 A.

Table B3 Selected bond distances and angles for 4a.

Parameter 4a
Pt-C1 (A) 2.043
Pt-C4 (A) 2.045
C1-C2 (A) 1.708
C2-C3 (A) 1.516
C3-C4 (A) 1.71
Pt-N1 (A) 2.109
Pt-N2 (A) 2.105
C1-Pt-C4 (°) 86.54
Pt-C1-C2 (°) 114.67
C1-C2-C3 (°) 112.04
C2-C3-C4 (°) 112.15
C3-C4-Pt (°) 114.43
C1-Pt-N1 (°) 174.27
C4-Pt-N2 (°) 173.08
Pt---Pt (A) 5.87
C1-C4 (A) 2.802

C1-C2-C3-C4 dihedral °) 1.22
N1-C4-C5-N2 dihedral °) 1.27
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Table B4 Selected bond distances and angles for 4a and the selected average bond distances and

angles of Pt(bph)(N*N) complexes.

Parameter 4a
Pt-C1 (A) 2.043
Pt-C4 (A) 2.045
Pt-N1 (A) 2.091
Pt-N2 (A) 2.105
C1-Pt-C4 (°) 86.54
C1-Pt-N1 (°) 174.27
C4-Pt-N2 (°) 173.08

Pt(bph)(N~N)
2.011

1.996

2.106

2.126

80.76

151.44

151.33

For 4a, both Pt—C bond lengths are almost identical at 2.043 A and 2.045 A, and they

are only 0.04 A longer than the average Pt—C bond found in all Pt(bph)(N”N) crystal structures

available in the Cambridge Structural Database. At 2.105 A and 2.091 A, Pt—N bonds in this

molecule are roughly the same as the average Pt—N bond in Pt(bph)(N"“N) compounds, with the

difference in length of about 0.02-0.03 A. The C—Pt—C angle in the be analogue is about 6°

larger than the average corresponding angle in all N*N chelated biphenyl analogues (86.54°

versus 80.76°), which is characteristic of be-chelated metal ions reported. This C—M—C angle

for 4a is also consistent with the C—M—C angle seen in 3a-3c (Table S2). Based on this

evidence, the intramolecular geometry of the synthesized be complex is roughly equivalent to

that of its biphenyl analogues.

L /Pt
PNVAN
NS

Figure B12 Numbering scheme for Pt(bph)(N”N) complexes listed in Table B3 and Table B4.
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Figure B13 Thermal ellipsoid plot of 7 (50% probability). Salmon = B; black = C. H atoms were
omitted for clarity.

Figure B14 Thermal ellipsoid plot of 8 (50% probability). H atoms were omitted for clarity.
Labels indicate the numbering scheme used for Table BS.
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Table BS Selected bond angles and distances for 8.

Parameter 8
Pt-C1 (A) 2.036
Pt-B4 (A) 2.073
C1-C2 (A) 1.704
C2-C3 (A) 1.517
C3-B4 (A) 1.725
Pt-N1 (A) 2.175
Pt-N2 (A) 2.053
C1-Pt-B4 (°) 87.02
Pt-C1-C2 (°) 115.78
C1-C2-C3 (°) 110.73
C2-C3-B4 (°) 114.11
C3-B4-Pt (°) 112.04
C1-Pt-N2 (°) 176.55
B4-Pt-N1 (°) 168.82
Pt---Pt (A) 7.979
C1-B4 (A) 2.829
C1-C2-C3-B4 dihedral (°) 6.1
N1-C4-C5-N2 dihedral (°)  4.43
° 100 o=
X
—
w 80-
<
lg ..
O 60- A, e
oty ® Ay e 0
3 & 73.29%
Q 40- o SR
.‘I= LN \2‘7 8 o oo?
8 \
o 20 Loss of alkyl groups (4 ethyl, 2 ‘Bu) = 230.3 g/mol
m 8 = 864.09 g/mol = loss of 26.7%
0 v L) L) | | L)
0 100 200 300 400 500

Temperature | °C

Figure B15 Thermogravimetric analysis (TGA) of compound 8 up to 500°C. The be¢ framework
remains intact, and the loss in mass corresponds to the cleavage of alkyl groups from both
ligands.
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CHAPTER 4 - FINE-TUNING ELECTRONIC PROPERTIES OF LUMINESCENT
PT(II) COMPLEXES VIA VERTEX-DIFFERENTIATED COORDINATION OF

STERICALLY INVARIANT CARBORANE-BASED LIGANDS

4.1 Introduction

Luminescent Pt(II) complexes have been employed in a variety of applications ranging
from photocatalysis,' organic light-emitting diodes (OLEDs),” biological labeling reagents,’ and
singlet oxygen sensitizers," among others. The optical properties of cyclometalated Pt(II)
complexes are determined by the characteristics of their ground and lowest energy excited states,
so these properties can be tuned by modifying the electronic nature of the cyclometalating
ligands. In typical mixed-ligand complexes, (L)(L")Pt(II), the highest occupied molecular orbital
(HOMO) is generally localized on the metal center and one ligand (Pt(II) and L), and the lowest
unoccupied molecular orbital (LUMO) is located on the remaining ligand (L).>* For example,
complexes of the type Pt(bph)(bpy) (bph = biphenyl, bpy = 2,2'-bipyridine; 1) feature a HOMO
that is distributed across both the Pt(II) center and the bph moiety with the LUMO almost
entirely localized on the bpy ligand.”™" As a result, the electronic properties of the Pt(IT) complex
can be modified through ligand functionalization.

Specifically, the introduction of functional groups R and R’ on the bph and bpy ligands,
respectively, will drastically influence the luminescent and electrochemical properties of
resulting Pt(II) complexes (2, Figure 4.1). Rilemma and coworkers demonstrated that the
emission wavelength, reduction potential, and HOMO-LUMO gap of 1 could be rationally tuned
according to the Hammett constant of a functional group at the 4 and 4’ positions of the bpy
ligand.” Similarly, functionalization of the aryl moiety in related Pt(I) complexes has been

shown to influence the oxidation potential and shift the wavelength of emission through
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modulation of the HOMO energy.”>* While one can leverage this control to design molecules
that emit throughout the visible spectrum and to engineer molecules with the desired HOMO and

LUMO energies, there still exist several challenges.
Typical design strategy: This work:

CL D OOy
N__~ N __~
s v
Pt\ > Pt\
OIS ENYIRS
N 8 XN
1 2

Tune steric and electronic properties
via functionalization

N7 X

3a; C—Pt bond 3b; B—Pt bond

Isostructural; tune electronic properties
via coordination

(0=B 0=BH 0=C @ =CH)

Figure 4.1 Common strategy for tuning electronic properties of cyclometalated Pt(II) complexes
through ligand modification (left), and strategy presented in this work to modify electronic
properties via coordination mode of be ligand (right).

Modifying the cyclometalating ligand can drastically affect other excited state properties
of the metal complex, such as the lifetime and quantum yield, which, in some cases, may be
difficult to predict a priori. For example, the quantum yields (¢) and excited state lifetimes (t) of
a series of Pt(II) complexes bearing N-heterocyclic carbene (NHC) and [-diketonate
cyclometalating ligands were found to vary widely depending on the functional group on the aryl
fragment of the NHC ligand, ranging from ¢ = 0.11 and T = 91 us to ¢ = 0.90 and © = 23 us.”
Moreover, functional groups used to tune spectroscopic properties may not be compatible with
the environment or the application they will be used in. For instance, fluoride groups are
commonly used to blue-shift the emission of metal complexes for use in blue OLED devices;
however, the aryl C—F bond has been shown to be electrochemically unstable during OLED

device operation, leading to rapid decomposition of the emissive molecule and short OLED

device lifetimes.” Lastly, square planar Pt(I) complexes are prone to aggregation at high
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concentrations due to their flat geometry;® as such, ligand functionalization may considerably
alter the overall steric profile of the metal complex and potentially enable self-quenching
pathways or the formation of excimers, which can adversely affect the emission spectrum of the
Pt(II) complex. The ability to tune the optical properties of a metal complex in a predictable
manner without modifying other excited state properties or introducing significant steric bulk
would be a potentially useful method to circumvent these complications.

Carboranes’ are chemically and thermally robust icosahedral boron-rich clusters with
unique electronic properties and have recently been incorporated into cyclometalating ligands
used in many luminescent transition metal complexes.'” In contrast to aryl-based ligand
frameworks that are typically limited to forming carbon-metal bonds, carboranes can covalently
bond with a metal center through both carbon'' and boron'? vertices, or interact with a metal
center noncovalently upon deboronation and formation of the formally anionic nido-carboranyl
species.”> Notably, the electronic character of the carborane ligand varies from electron-
withdrawing when C-bound to electron-releasing when B-bound, especially at the boron vertices
furthest away from the carbons,'* providing a unique platform for isosteric tuning of electronic
properties. We considered this strategy in the context of 1,1-bis(o-carborane) (Ha-bc),” a
carborane-based analogue of biphenyl, to determine whether the emission wavelength and
electrochemical properties of a metal complex could be tuned by modifying the coordination
mode of the carborane moiety to the metal center. Importantly, as this approach effects a subtle
change in the ligand field observed by the metal without the introduction of functional groups,
there should be little change in the steric profile of the metal complex and minimal influence on

other excited state properties.
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4.2 Results and Discussion

4.2.1 Synthesis

We previously reported the synthesis of a luminescent Pt(II) complex 3, which was
generated though the addition of a solution of the dilithio salt of bc (Liy[be]) to a slurry of
Pt(dtb-bpy)Cl, (dtb-bpy = 4,4'-di-tert-butyl-2,2'-bipyridine) in THF (Figure 4.2A)."* Based on
'H NMR data of the isolated product, a mixture of species was present: a symmetric isomer in
which be coordinates to the Pt(II) center in a «°-C,C-bound mode (3a), and an asymmertric
isomer with be coordinated in a k>-B,C-bound mode (3b; Figures 4.2A and C1, Appendix C).
When this reaction was repeated, the ratio of isomers in the isolated product ranged from >90%
3a to >90% 3b (Figure C1, Appendix C). Additionally, the ratio of 3a to 3b produced was
inconsistent when different sources of "BuLi were used to deprotonate H,-be (Table Cl,
Appendix C). Due to the high level of variation in isomer distribution using lithium-based
reagents, we sought to mitigate sources of experimental error that may potentially occur during

the deprotonation step by attempting to isolate the Li[bc] salt.
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1. 2.5 equiv™BuLi
2. Pt(dtb-bpy)Cl,

K2-C,C-bound x2-B,C-bound

( Various ratios of 3a:3b; not reproducib/e)

2.5 equiv "BuLi _ (THF),Li

60°C, 3h
THF

Lio[be] [nido-bc] Ho-bc
Desired product R =H or Li(THF), (unreacted)

2.5 equiv KHMDS _ (THF),K

rt.,1h
THF

reactions observed when
K(THF)y | KHMDS used as base

No undesired side ]

Figure 4.2 (A) A mixture of 3a and 3b is generated in various ratios. (B) Deprotonation of H,-
be with "BuLi results in the formation of [nido-bc] side products and unreacted Hz-be. (C) The
use of KHMDS to deprotonate H,-bc yields the K;[bec] salt with no observed deboronation
products.

Following the lithiation conditions previously employed,'*" 2.5 equivalents of "BuLi were
added to a solution of Hz-bc in THF and heated to 60 °C for 3 hours. After the solvent was
removed in vacuo, the crude product was washed with n-pentane and a white solid was isolated.
In addition to the desired Li;[bc] product, both [nido-bc], a known decomposition product of H,-
be in the presence of strong bases or nucleophiles,'® and unreacted Hy-be were observed in the
isolated solid via 'H and ''B NMR spectroscopy (Figures 4.2B and C2, Appendix C). While it is
conceivable the alkyl lithium nucleophile is responsible for deboronation, one cannot rule out a

previously observed “self-attack” of the lithio-o-carborane, Li[H-0CB], resulting in the

formation of a nido-carboranyl species.'® The lithiation time was further varied from 1-3 hours
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in an effort to minimize the formation of side products during the deprotonation of Hs-bc;
however, none of these conditions offered any systematic control over the ratio of 3a to 3b
produced (Table C2, Appendix C). Based on these observations, we concluded "BuLi was not a
suitable base for use in the deprotonation of Hj-bc. We hypothesized the use of potassium
bis(trimethylsilyl)amide (KHMDS), a less basic and non-nucleophilic alternative to "BuLi, might
result in fewer side products generated during the course of the reaction. Indeed, full conversion
to a single new species was observed by ''B NMR spectroscopy after 2.5 equivalents of KHMDS
were added to a THF solution of H,-be and stirred at room temperature for 1 hour (Figures 4.2C
and C3, Appendix C). Importantly, no deboronation products were observed via 'H or ''B NMR
spectroscopy (Figure C3B, Appendix C), suggesting KHMDS might be a suitable alternative to

"Buli.

2.1 equiv KHMDS Pt(dtb-bpy)Cl,
rt,1h - K(THF), rt, overnight N
R THF 5 THF KA
A | |
=BH ®@=CH) & - o
K,[bc] intermediate 23a (62%)
B not isolated Kk#-C,C-bound
. No C-H peak
Exclusively 3a observed observed
via "TH NMR spectroscopy l
T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 ppm

Figure 4.3 (A) Synthesis of 3a via K;[bc]. (B) 'H NMR spectrum (THF-ds) of the product from
(A) suggests exclusively 3a was formed.

121



We were then interested in probing the reactivity of the K,[be] salt in the synthesis of 3.
A solution of K;[be] was added to a slurry of Pt(dtb-bpy)Cl, in THF and the reaction mixture
was stirred overnight at room temperature (Figure 4.3A). Based on "H NMR spectroscopy of the
isolated product, only 3a, the k>-C,C-bound isomer, was observed (Figure 4.3B, 62% yield). The
use of Ky[bec] generated by deprotonation of Hj-be with KHMDS provides a previously
unavailable route to exclusively synthesize 3a.

Next, we focused on understanding how the formation of 3b occurs. A series of control
experiments in which side products potentially generated during the lithiation of H-bec are
introduced as additives, as well as experiments employing formally cationic Pt(Il) starting
materials, are detailed in Appendix C (Tables C3-C4). Overall, these experiments resulted in the
formation of primarily the k>-C,C-bound isomer (85-99% 3a). Since the side products that form
upon reaction with "BuLi had little influence over the formation of 3b, we suspected undesired
reactions might be occurring as a result of unreacted "BuLi still present in solution. In previous
reactions in which "BuLi was used for the deprotonation of H,-be, the Liy[bc] reaction mixture
was typically added to a slurry of Pt(dtb-bpy)Cl, in THF. Due to the presence of unreacted H,-be
in the isolated lithation product of H-be (Figures 4.2B and C2, Appendix C), we hypothesized
unreacted "BuL.i still present in the reaction mixture could react with Pt(dtb-bpy)Cl, to form an
alkyl Pt(Il) intermediate that exhibits different reactivity compared to the Pt(dtb-bpy)Cl,
precursor.

Therefore, we performed an experiment in which 1 equivalent of "BuLi was added to a
slurry of Pt(dtb-bpy)Cl, in THF at -30 °C, followed by the addition of a THF solution of the
monopotassio be salt, K[H-bc] (Figure C4, Appendix C). An immediate color change was

observed upon the addition of "BulLi to the slurry of Pt(dtb-bpy)Cl,, as well as the formation of a
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black solid, presumably Pt metal. After K[H-be] was added, the reaction mixture was allowed to
warm to room temperature and proceed overnight. 'H NMR spectroscopy of the crude product
showed a mixture of isomers containing 90% 3b (Figure C4B, Appendix C). Encouraged by this
result, we screened several alkyl lithium and Grignard reagents, with the results summarized in
Table C5 (Appendix C). It was found that the use of MeLi resulted in the greatest ratio of 3b
(>95%, Table C5, entry 5, Appendix C). This reaction was repeated on the NMR scale and
monitored by "H NMR spectroscopy in situ in order to gain a better mechanistic understanding
into the formation of 3b (Figure C5-C6, Appendix C). Following the addition of MeLi to Pt(dtb-
bpy)Cl, in THF-dg, Pt(dtb-bpy)Me; is the major product observed, with unreacted Pt(dtb-bpy)Cl,
and free dtb-bpy also present in the reaction mixture (Figure C5B, Appendix C). The appearance
of free dtb-bpy suggests the formation of Pt(0), which is consistent with reports that alkyl Pt(II)
complexes undergo reductive elimination to form Pt(0) species.'” Following the addition of K[H-
be], a mixture of products containing a 19:1 ratio of 3b:3a was observed via 'H NMR
spectroscopy (Figure C6C, Appendix C). This signifies that upon using K[H-be] under these
conditions, one can selectively bias the reaction towards the formation of 3b. Upon scale-up of
this reaction, 3b could be isolated in 12% yield and subjected to a full characterization by 'H,
BC{'H}, and "B NMR spectroscopy and single crystal X-ray crystallographic studies (Figure

4.4 and Appendix C).
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Figure 4.4 Scheme for the synthesis of 3b (>95%). Right: X-ray crystal structure of 3b drawn
with 50% ellipsoid probability (CCDC 1851573). H atoms and solvent molecules are omitted for
clarity. (B) '"H NMR spectrum (THF-dg) obtained on the isolated product from (A) suggests a
mixture containing >95% 3b. *Residual CH,Cl,.

Crystals of 3b suitable for X-ray analysis were grown by slow evaporation of a
concentrated solution of 2-MeTHF over the course of one week, and the diffraction study
confirmed the NMR spectroscopic analysis and the presence of the asymmetric isomer with one
Pt—C(1) bond and one Pt-B(3) bond (Figures 4.4A and C7, and Table C6, Appendix C). Similar
to 3a,'*" the bulky be ligand forces 3b to pack “head-to-tail” with Pt(IT)---Pt(IT) distances ranging
from 5.495(4) A to 5.909(5) A (Figure C8, Appendix C), which exceed the expected range where
intermolecular Pt(II)---Pt(II) interactions responsible for deleterious non-radiative emission
quenching can occur (3.15-3.76 A)."® The boryl carborane—Pt(II) bond in 3b forms through B(3),
which is adjacent to C and relatively electron-poor compared to B(4), which is separated from C
by one atom. At 2.037(2) A, the Pt-B(3) bond is comparable in length to the 2.035(3) A Pt—C(1)
bond, and the greater trans influence of the carborane-based boryl group is evidenced in the
slight elongation of the Pt—N(2) bond versus the Pt—N(1) bond (2.130(3) A and 2.115(1) A,

respectively; Figure C7, Appendix C).”>" In a similar Pt(I) complex in which the boryl

carborane—Pt(II) bond forms though the more electron-rich B(4), the trans influence is more
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pronounced with the Pt-N bond trans to B(4) 0.1219 A longer than the Pt—N bond trans to
C(1)."™ Furthermore, a be-based Ru(Il) complex that contains one Ru—C(1) bond and one Ru—
B(3) bond also exhibits a subdued frans influence that is comparable to that of 3b, as there is a
difference of 0.0360 A between Ru—L bonds trans to B(3) and C(1).'*#

These structural data highlight the unique vertex-differentiated electronic influence of
boron clusters. Importantly, a structural overlay of 3a and 3b reveals only subtle differences in
molecular structure (Figure C7C, Appendix C), suggesting electronic properties of the metal
complex can be potentially tuned by varying the coordination mode of the carborane-based
ligand while preserving the overall steric profile of the complex.

Although the conditions presented in Figure 4.4 selectively produce the 3b isomer
amenable towards isolation, we were interested in further mechanistic studies in an attempt to
improve the isolated yield. First, control experiments were performed to determine the role of
alkyl Pt(Il) complexes in the formation of 3b. The addition of a THF solution of K[H-bc] to a
slurry of either Pt(dtb-bpy)MeCl or Pt(dtb-bpy)Me, in THF did not result in the formation of any
emissive product, and neither 3a nor 3b were observed by '"H NMR spectroscopy (Figure C9,
Appendix C). We therefore concluded that the formation of 3b likely does not proceed directly
from an alkyl Pt(II) intermediate. We then turned our attention to the Pt(0) intermediates formed
in the reaction mixture as many reports detail the B-H activation of carboranes with low valent
transition metals.'*** Introducing an additive to stabilize the Pt(0) species generated in situ may
potentially improve the yield of 3b; indeed, we observed the addition of 1,5-cyclooctadiene to
the reaction mixture facilitated the formation of 3b, implicating the involvement of a Pt(0)
species during the formation of 3b (Table C7 and subsequent discussion, Appendix C). The use

of Pty(dba); as a Pt(0) precursor resulted in the formation of trace amounts of 3b, with no 3a
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observable by '"H NMR spectroscopy (Figure C10, Appendix C). Based on these results,
alternative Pt(0) starting materials could potentially further improve the yield of 3b, although a
more detailed investigation into the development of such precursors is needed. With a reliable
route to generate predominantly 3b (>95%), we were interested in elucidating the differences in

spectroscopic and electronic properties between 3a and 3b.

4.2.2 Electrochemistry and Computational Analysis

Cyclic voltammetry (CV) measurements were conducted on 3a and 3b to gain insight
into their ground state electronic properties. CV plots are presented in Figure 4.5A with
corresponding data summarized in Table 4.1. Both complexes exhibit a reversible, one-electron

reduction from -1.85 V (3a) to -1.98 V (3b) versus the ferrocenium/ferrocene redox couple

(Fc'/Fe).
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Figure 4.5 (A) Stacked cyclic voltammograms of 3a and 3b with scale bar of 0.1 mA. Recorded
in anhydrous 1,2-difluorobenzene with 0.1 M [N"Buy][PFs] and referenced to the
ferrocenium/ferrocene redox couple (Fc'/Fc; scan rate = 0.1 V/s). Scale bars above indicate shift
in redox potentials between 3a and 3b. (B) Frontier molecular orbital diagrams of 3a and 3b.
HOMO and LUMO diagrams were calculated from the geometry-optimized singlet ground states
(B3LYP:TZ2P level of theory).
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Table 4.1 Electrochemical data for 3a and 3b.“
El/zred (V) on (V) AEredox (V)b

3a  -1.85 >1.55°  >340

3b  -1.98 1.29 3.27
“Values reported relative to the ferrocenium/ferrocene redox couple (Fc'/Fc) at 0.5 mM, scan
rate = 0.1 V/s. "AE™ = E™ — E1,,"%. “No oxidation peak observed within the solvent window.
“Itreversible.

An irreversible oxidation for 3b can be discerned in the envelope of the solvent oxidation
wave, and a distinct oxidation process (E* = 1.29 V versus Fc'/Fc) can be identified using
differential pulsed voltammetry (DPV; Figure S12). In contrast, no oxidation process was
observed for 3a within the electrochemical window of 1,2-difluorobenzene by CV or DPV
analyses (Figure C12, Appendix C). Therefore, we suggest the oxidation for 3a occurs at a
potential greater than 1.55 V versus Fc'/Fc. These data are consistent with a one-electron
reduction centered on the dtb-bpy ligand and an oxidation that occurs predominately at the Pt(II)
metal center.”*“®'"® Furthermore, this electrochemical behavior suggests a dtb-bpy-localized
LUMO state and a HOMO with substantial metal character, as seen in DFT calculations for 3a
and 3b (vide infra). The cathodic shift in redox potentials observed for 3b relative to those for 3a
can be rationalized by the influence of the coordination mode of be to the Pt(Il) center. The bc
ligand has been shown to be a stronger o-donor when bonded to a metal center through boron
rather than carbon,'’® which is consistent with the stronger o-donating properties of boryl
moieties versus carbanion species.”’ As a result, 3b will have a more electron-rich Pt(IT) center
that is easier to oxidize (cathodically shifted oxidation potential) compared to the metal center of
3a. Correspondingly, it should be more difficult to reduce a relatively electron-rich system,
which is consistent with the lower reduction potential observed for 3b compared to that of 3a.

The electronic structures of 3a and 3b were calculated using density functional theory (DFT) to

provide further insights into the observed electrochemical properties. The ground-state
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geometries of 3a and 3b based on the crystal structure of 3a were optimized at the BP:TZP level,
and single-point calculations were carried out at the B3LYP:TZ2P level of theory with the
COSMO solvation model for THF. For both isomers, the HOMO is almost entirely localized on
the Pt(II) center with negligible contribution from the bec ligand, and the LUMO is
predominantly centered on the dtb-bpy ligand with slight metal character (Figure 4.5B). The
optimized triplet-state geometries reveal a significant tetrahedral distortion, and the triplet spin-
density is distributed across the metal center and dtb-bpy ligand for both 3a and 3b (Figure C13,
Appendix C). This frontier orbital diagram is comparable to those obtained for previously
reported metal complexes featuring be-based ligands.'*

Once again, the greater o-donating ability of the boryl group relative to a carbanion is
evidenced by the slightly higher HOMO energy for 3b versus that of 3a (-6.37 eV and -6.83 eV,
respectively) due to the stronger ligand field imposed by the boryl anion. Additionally, more
electron density located on the metal center should result in a greater degree of s#-backbonding to
the dtb-bpy ligand, leading to a destabilization of the LUMO energy. Indeed, a slight increase in
LUMO energy is observed for 3b relative to 3a (-2.45 eV and -2.64 eV, respectively). Lastly, the
calculated HOMO-LUMO gap for 3b (3.92 eV) is slightly smaller than that of 3a (4.19 eV),

which is consistent with electrochemical and UV-Vis absorption data (Figures 4.5A and 4.6A,

respectively).

4.2.3 Photophysical Data

In order to ascertain the influence of the coordination mode of be on the luminescent
properties of the resulting Pt(I) complexes, we carried out a series of photophysical
measurements on 3a and 3b. The absorption and emission spectra are presented in Figure 4.6

with corresponding data in Table 4.2. Both 3a and 3b exhibit strong absorbance bands from 310—
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325 nm attributed to the spin-allowed 'm-rt* transitions ('LC) on the dtb-bpy ligand. The broad,
lower intensity absorbance bands from 350-390 nm can be attributed to spin-allowed and spin-
forbidden metal-to-ligand charge transfer transitions (‘'MLCT and *MLCT, respectively).
Notably, the 'MLCT and *MLCT bands for 3b (357 nm, 387 nm) are bathchromically shifted by
up to 14 nm compared to the analogous bands for 3a (349 nm, 373 nm). Furthermore, the energy
of the "MLCT and *MLCT transitions for 3a and 3b are comparable to redox gaps measured by
solution electrochemistry (3a: Auer = 373 nm, 3.32 eV; AE®* > 3.40 V; 3b: Avier = 387 nm,

3.20 eV; AE™* =327 V).
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Figure 4.6 (A) UV-Vis absorption (left) and 77 K emission (right) emission spectra for 3a and
3b obtained from solutions of 2-MeTHF. (B) Emission spectra of 2 wt % PMMA films of 3a and

3b (Aexe = 365 nm). (C) Pictures of 2 wt % PMMA films of 3a and 3b when irradiated with UV
light (Acxc = 365 nm).

Neither complex displays observable emission in a deaerated solution of 2-MeTHF at
room temperature, but both complexes are brightly luminescent when cooled to 77 K and when
doped in PMMA films (Figure 4.6). In addition, 3a and 3b both exhibit blue-green emission as
neat solids (Figure C14, Appendix C). Interestingly, the emission spectra for the neat solid and

doped PMMA film are almost identical for each isomer (Figure C14 and Table C8, Appendix C),

suggesting the steric bulk of the be ligand precludes any intermolecular interactions that might
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affect luminescence. This observation is consistent with the solid-state packing determined from

the single crystal X-ray structures for both 3a and 3b (vide supra; Figure C8, Appendix C)."*"

Table 4.2 Photophysical Data for 3a and 3b.

Absorbance  Emission Ame” (nm)  ¢pr”¢ 7 (us) ke Kt
Amax” (M) (10*s)  (10*s™
3a 310,323, 465,495,528 0.19  9.41(18.1) 2.02 8.61
349, 373 (449, 477, 511)
3b 312,325, 462,490, 521 022  9.04(22.8) 243 8.63

357,387 (448, 472, 504"

“UV-Vis absorption spectra were obtained in 2-MeTHF (1 x 10 M). "Emission maxima,
quantum yields, and excited state lifetimes were measured in 2 wt % PMMA films. Emission
spectra, quantum yields, and excited state lifetimes recorded in 2-MeTHF at 77 K are marked
with parentheses. “Quantum yields were measured using an integrating sphere under N,. Error in
quantum yield measurement is +£10%. “Excited state lifetime values in PMMA films are obtained
from the weighted average of a biexponential decay, and values in 2-MeTHF at 77 K are
obtained from a single exponential decay. Error in the excited state lifetime measurement is
+5%. “Calculated for PMMA films according to the equations k; = ¢/t and k, = (1-¢)/t, where k;
is the radiative rate constant, k, is the nonradiative rate constant, ¢ is the quantum yield, and 7is
the excited state lifetime./Shoulder.

Low temperature emission spectra for 3a and 3b both display well-defined vibronic
features consistent with emission from a ligand-centered triplet state CLC; Figure 4.6A). While
the Ey o energies are nearly indistinguishable between both isomers, the lower energy vibronic
bands for 3b are slightly blue-shifted (~5 nm) relative to those of 3a (Table 1). At 77 K, the
excited state lifetimes (t) for both isomers are comparable at 18.1 us and 22.8 us (3a and 3b,
respectively; Table 4.1). PMMA films of 3a and 3b both exhibit broadened and red-shifted
vibronic manifolds relative to the corresponding spectra obtained at 77 K (Figure 4.5B). Similar
to the low temperature emission spectra for both isomers, emission from the PMMA film of 3b is
hypsochromically shifted compared to emission from the PMMA film of 3a. Quantum yields (¢)
and excited state lifetimes for doped PMMA matrices of these complexes are quite similar (3a:

¢=0.19, T=941 us; 3b: ¢ =0.22, 7= 9.04 us; Table 2). From ¢ and 7, the radiative (k;) and
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non-radiative (k) rate constants can be determined. While k. values for both 3a and 3b are
nearly identical (8.61 x 10" s and 8.63 x 10" s™', respectively), the . value observed for 3b (2.43
x 10* s7) is slightly larger than that of 3a (2.04 x 10* s™). Overall, these data suggest similar
emission processes for both isomers, which is consistent with the calculated triplet spin densities

for 3a and 3b that show minimal contribution from the be ligand (Figure C13, Appendix C).

4.3 Conclusions

We have demonstrated the emission wavelength and redox potentials of a luminescent
Pt(II) complex can be tuned by modifying the coordination of the be ligand to the metal center.
The «*-C,C-bound isomer, 3a, is generated through a salt metathesis reaction, whereas the «*-
B,C-bound isomer, 3b, appears to form through a Pt(0) intermediate. The greater o-donating
ability of the boryl moiety versus that of the carbanion species is apparent based on
electrochemical measurements, which show a cathodic shift in redox potentials that is consistent
with a more electron-rich system. This observation is corroborated by DFT computations and
UV-Vis data as both suggest a stronger ligand field when be is bound to the Pt(II) center through
boron rather than carbon. Although the photophysical properties of both isomers are comparable,
there is a subtle blue-shift in the emission spectrum for 3b relative to 3a. Therefore, leveraging
the sterically invariant nature of the be ligand scaffold can potentially provide a route to fine-
tune the emission profile of the resulting Pt(II) complex without dramatically influencing other
photophysical properties such as quantum yield and excited state lifetimes.

Notably, this method to tune the electronic properties of a metal complex does not
involve the functionalization of the cyclometalating aryl-based ligands, which have previously

been shown to have poorly programmable effects on the photophysical properties of the resulting
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metal complexes.®® The carborane-based ligand scaffold is uniquely poised to address this issue
as carboranes can form stable bonds with metal centers through both carbon and boron vertices.
With increasing access to functionalization methods for carboranes,” there is an expanding

range of potential ligands available for use in metal complexes.

4.4 Appendix C

4.4.1 General Considerations

All experiments were set up in a nitrogen-filled glovebox or performed under an
atmosphere of nitrogen using standard Schlenk and cannula techniques. All work-up and
characterization was performed under ambient conditions. The “ambient conditions” for this
manuscript refer to room temperature (20 - 25 °C) and uncontrolled laboratory air.
Tetrahydrofuran (THF) used for reactions was sparged through argon and passed through
activated alumina before use. 1,2-Difluorobenzene used for cyclic voltammetry was distilled
over calcium hydride and vacuum-transferred into a receiving flask, brought in the glovebox, and
stored over molecular sieves. Tetrabutylammonium hexafluorophosphate was recrystallized from
a hot concentrated solution of ethanol twice and dried under vacuum prior to use for cyclic

voltammetry measurements.

4.4.2 Materials

Deuterated solvents were purchased from Cambridge Isotope Laboratories and stored
over 3A molecular sieves prior to use. 1,1’-Bis(o-carborane) (Hy-be) and Pt(dtb-bpy)Cl, were
synthesized according to our previously reported procedures.'*" Ko[PtCle], 4,4"-di-tert-butyl-2,2'-
bipyridine (dtb-bpy), calcium hydride, potassium bis(trimethylsilyl)amide (KHMDS), n-
butyllithium (2.5 M in hexanes), ethylmagnesium bromide (3 M in diethyl -ether),
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benzylmagnesium bromide (3 M in 2-MeTHF), methyllithium (3.0 M in diethoxymethane),
methyllithium (1.6 M in diethyl ether), sodium tetrakis [3,5-bis(trifluoromethyl)phenyl]borate,
1,5-cyclooctadiene, triphenylphosphine, and silver tetrafluoroborate were purchased from
Sigma-Aldrich. Pty(dba); was purchased from Strem Chemicals. 1,2-Difluorobenzene and
tetrabutylammonium hexafluorophosphate were purchased from Oakwood Chemical.
Poly(methyl methacrylate) (PMMA, 35 kDa) was purchased from Acros Organics. o-Carborane
(1,2-C,B19H12) was purchased from Boron Specialties (USA) and was purified prior to use in the
following procedure: a round-bottomed flask was charged with o-carborane (15 g, 10.4 mmol)
and MeOH (150 mL). Concentrated HC1 (50 mL) was added slowly to the reaction vessel, and
the resulting mixture was heated to 50 °C and stirred overnight. The solution was then cooled,
H,O (200 mL) was added, and the resulting white solid was isolated by vacuum filtration,
washed with water, and air-dried. The solid was then dissolved in CH,Cl,, dried with MgSOs,,
and filtered through Celite. The solution was dried in vacuo to afford a white powder. The
powder was then sublimed at 60 °C under dynamic vacuum. After sublimation away from the
yellow residue, the white sublimate was dissolved in 1,2-dichloroethane. Activated
carbon/charcoal (ca. 3—-5 g) was added, and the mixture was stirred for 6 hours at about 75°C.
The suspension was then filtered, and the filtrate was concentrated under vacuum. The resulting
white solid was again sublimed at 60 °C to afford purified o-carborane. All reagents were used as

received unless otherwise indicated.

4.4.3 Instruments
'H and “C{'"H} NMR spectra were obtained on a Bruker AV500 spectrometer; ' B NMR
spectra were obtained on a Bruker DRX500 spectrometer. Bruker Topspin software was used to

process the NMR data. 'H and “C{'H} NMR spectra were referenced to residual solvent
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resonances in deuterated solvents (THF-dg: IH, 3.580 ppm; 13 C, 67.210 ppm; Note: due to high
humidity H,O resonances are often present). ''B NMR spectra were referenced to BF3-Et,O (0
ppm) standard. UV—Vis spectra were recorded on a Hewlett-Packard 4853 diode array
spectrometer. Phosphorescence lifetime measurements for 3a and 3b were performed by a time-
correlated single-photon counting method using an IBH fluorocube lifetime instrument equipped
with a 405 nm LED excitation source. Quantum yield measurements were carried out using a
Hamamatsu C9920 system equipped with a xenon lamp, calibrated integrating sphere, and model
C10027 photonic multichannel analyzer. Steady-state emission measurements of 3a and 3b as
solids, in thin films, and in frozen solutions at 77 K were performed using a Photon Technology

International QuantaMaster spectrofluorimeter.

4.4.4 Preparation of PMMA Thin Films

A solution of PMMA (0.100 g, 35 kDa) in 1,2-difluorobenzene (1 mL) was thermally
sonicated for 1 hour at 40°C, or until PMMA was completely dissolved. Next, 3a or 3b (0.002 g,
2 wt. %) was added to the solution and sonicated for an additional 5-10 minutes. The solution of
3a/PMMA or 3b/PMMA was spin coated on a quartz substrate (800-1,000 RPM, 30 seconds),
and this was repeated (~4-6 times) until the film was thick enough emit light under A = 365 nm

excitation in a dark room under ambient conditions.

4.4.5 X-Ray Data Collection and Processing Parameters

For 3b a single crystal was mounted on a nylon loop using perfluoropolyether oil and
cooled rapidly to 100 K with a stream of cold dinitrogen. Diffraction data were measured using a
Bruker APEX-II CCD diffractometer using Mo-Kq radiation. The cell refinement and data
reduction were carried out using Bruker SAINT and the structure was solved with SHELXS-97.

All subsequent crystallographic calculations were performed using SHELXL-2013. Solvent
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molecules with significant disorder were rendered using the SQUEEZE method.

4.4.6 Cyclic Voltammetry

Cyclic voltammetry was performed on 3a and 3b and using a CH Instruments Model
600D potentiostat with a glassy carbon disc working electrode, platinum wire counter electrode,
and Ag/AgCl wire reference in a saturated solution of KCl in MeCN. All experiments were
conducted in 0.1M [N"Bu4]PF4/1,2-difluorobenzene with 0.5 mM analyte concentrations. 1,2-
difluorobenzene solutions were degassed by sparging with N, for 10 minutes, and the cyclic
voltammetry was performed under constant flow of N, gas. A scan rate of 100 mV/s was used

with ferrocene as an internal standard.

4.4.7 DFT Calculation Details

Optimized geometries for 3a and 3b were calculated from crystallographic data of 3a and
optimized with DFT calculations using standard triple-& polarization (TZP) basis sets available in
the Amsterdam Density Functional 2014.04 Rev. 44409 (ADF)' software suite, with Becke” and
Perdew’ (BP) Slater-type orbitals (STOs) on a 6 core Apple computer. The local density
approximation (LDA) was made with BP and exchange and correlation corrections available by
default in the ADF 2014.04 suite. Single point calculations were performed using the B3LYP*”
level of theory and a TZ2P basis set. The COSMO solvation model (THF) was used for both
geometry optimizations and single point calculations. All-electron basis sets were used for all
atoms (cores remained un-frozen). Electron spins were restricted for Sy calculations, and electron
spins were unrestricted for T; calculations. Relativistic correlations were made using Zero-Order

Relativistic Approximation (ZORA)®® for Pt.
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4.4.8 Synthetic Procedures

4.4.8.1 Pt(bc)(dtb-bpy), k*-C,C-bound (3a)

Inside a N; filled glove box, bc (0.0400 g, 0.140 mmol), potassium
bis(trimethylsilyl)amide (KHMDS, 0.0585 g, 0.293 mmol, 2.1 equiv), and 3 mL THF were
added to a 20 mL vial, which was then stirred at room temperature for 1 hour. In a 50 mL round
bottom flask, Pt(dtb-bpy)Cl, (0.0750 g, 0.140 mmol, 1 equiv) and 15 mL THF were combined to
yield a yellow slurry. The solution of K;[be] was added to the slurry of Pt(dtb-bpy)Cl, dropwise
and allowed to react at room temperature overnight. After 18 hours, the darker yellow reaction
mixture was removed from the glovebox, and the solvent was removed via rotary evaporation.
CH,Cl; (~20 mL) was added and this slurry was filtered through Celite, yielding a dark orange
filtrate (which was discarded) and a gray solid stuck on the Celite that was emissive under UV
excitation from a hand-held TLC lamp (Aexe = 365 nm). 1,2-Difluorobenzene (~25 mL) was
heated to boiling and passed through the Celite in portions (5 x 5 mL) to wash though the gray
solid. The tan filtrate was dried via rotary evaporation, yielding a tan solid. The solid was then
washed with portions of THF (3 x 3 mL) and filtered, and the gray-white solid was vacuum dried
(0.063 g, 62%). '"H NMR data suggests exclusively k*-C,C-bound isomer (3a). '"H NMR (THE-
d®, 500 MHz) § 9.44 (d, 2H, Ar), 8.40 (d, 2H, Ar), 7.93 (dd, 2H, Ar), 3.1-1.0 (br. m, 20H, BH),
1.46 (s, 18H, 'Bu); "'"B NMR (THF-ds, 160 MHz) ¢ -0.21 to -2.73 (8B), -7.15 (12B); “C{'H}
NMR (THF-d®, 125 MHz) § 166.17, 157.32, 151.55, 124.33, 121.95, 36.43, 29.95. Note: Cp;.

carborane e not observed due to limited solubility of 3a.

4.4.8.2 Pt(bc)(dtb-bpy), x>-B,C-bound (3b)
Inside a N; filled glove box, bc (0.010 g, 0.035 mmol), potassium

bis(trimethylsilyl)amide (KHMDS, 0.070 g, 0.035 mmol, 1 equiv), and 1 mL THF were added to
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a 20 mL vial, which was then allowed to react at room temperature for 1 hour. In a separate 20
mL vial, Pt(dtb-bpy)Cl, (0.018 g, 0.035 mmol, 1 equiv) and 5 mL THF were combined in a 20
mL vial, which was stored at -30 °C for 1 hour. The Pt(dtb-bpy)CI; slurry was removed from the
freezer and MeLi was added (12 mL, 3 M in diethoxymethane, 0.035 mmol, 1 equiv), and this
reaction mixture was allowed to stir for about one minute. Next, the K[H-bc] reaction mixture
was added dropwise to the Pt(Il) reaction mixture, which was then allowed to warm up to room
temperature and react overnight. After 18 hours, the deep red reaction mixture was removed
from the glovebox, and the solvent was removed in vacuo. CH,Cl, (3-5 mL) was added and this
slurry was filtered through Celite, yielding a dark orange filtrate (which was discarded) and a
gray solid stuck on the Celite that was emissive under UV excitation from a hand-held TLC lamp
(Aexe = 365 nm). 1,2-Difluorobenzene (~10 mL) was heated to boiling and passed through the
Celite in portions (5 x 2 mL) to wash though the gray solid. The clear filtrate was dried in vacuo,
yielding a tan solid. The solid was washed with portions of THF (3 x 1 mL) and filtered, and the
gray-white solid was vacuum dried (0.003 g, 12%). 'H NMR data suggests >95% «*-B,C-bound
isomer (3b). "H NMR (THF-d®, 500 MHz) 6 9.84 (d, 1H, Ar), 9.27 (d, 1H, Ar), 8.42 (d, 1H, Ar),
8.37 (d, 1H, Ar), 7.98 (dd, 1H, Ar), 7.85 (dd, 1H, Ar), 4.48 (s, 1H, CHpis-carborane), 3.2-1.6 (br m,
20H, BH), 1.464 (9H, s, ‘Bu), 1.459 (9H, s, ‘Bu); ''"B NMR (THF-ds, 160 MHz) J -6.29 (6B), -
11.02 (6B), -13.48 (8B); *C{'H} NMR (THF-d*, 125 MHz) ¢ 165.26, 164.82, 157.80, 156.34,
154.06, 150.06, 124.98, 124.34, 120.93, 120.17, 36.34, 36.28, 30.09, 29.97. Note: Cbis-carborane are
not observed due to limited solubility of 3b. X-ray quality crystals of 3b were grown from the
slow evaporation of a concentrated solution of 2-MeTHF over the course of one week. One

molecule of 2-MeTHF was rendered using the SQUEEZE method due to disorder.
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4.4.9 Supplementary Figures and Tables

A

A=3a
B=3b A

B M B B ||B

M
10'.0 9.‘3 9:6 914 9:2 910 a:a 5:5 B:4 3:2

~93% 3a ~7% 3b
k1 8 A «2-C,C-bound «2-B,C-bound

T T T T T T T T T T T 1
10.0 9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 ppm ,._,40% 3a ,._,61% 3b

Wgr W “Pi(dtb-bpy)Cl, <2-C.C-bound
2 g Bg

T T T T T T T T ~6% 3a ~94% 3b
26 04 92 9.0 88 86 84 82 80  ppm «2-C,C-bound «2-B,C-bound

Tl

Figure C1 'H NMR spectra (THF-dg) for isolated mixtures of 3a and 3b highlighting the large
distribution of isomers.

000

1

Table C1 Isomer distribution of 3a and 3b depending on batch of "BuLi.*”

& S Ny BU
4 1 25equvnBui B4 1
60°C, 3hr, THF - .
2. Pt(dtb-bpy)Cl, _ z
5 THRovemight, X8 N ]
<SIF temperature <7 Xy
X% 3a Y% 3b
x2-C,C-bound x2-B,C-bound
Bottle of "BuLi Temperature X% (% 3a) Y% (% 3b) Isolated Yield %
A -80°C to 60°C 95 5 42
A 60°C 5 95 30
B -80°C to 60°C 60 40 21
B 60°C 40 60 27
C -80°C to 60°C 70 30 20
C 60°C 40 60 11

“Determined by "H NMR spectroscopy. “Initial experiments suggested that the ratio of 3a to 3b
was dependent on the temperature at which the Li,[be] reaction mixture was added to the slurry
of Pt(dtb-bpy)Cl, in THF ("BuLi Bottle A, entries 1 and 2). These results were not reproducible
when the experiment was repeated with different bottles of "BuLi (“BuLi Bottles B and C, entries
3-6).
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THF

THF
Aol C-H

N [nido-be]
C-H (presumably)|

Et,0

Presumably [nido-bc] Bridging B-H
R =H or Li(THF),
(two possible diastereomers)

- T T 1
L -3.0 -3.5 ppm
T T T T T T
1.0 05 -0.5 1.0 1.5 2.0 25 -3.0 ppm
@ 0 <
R b I et
~ (=] =]
[nido-bc]
T T T T T T T T T T T T T T
40 35 30 25 20 15 10 5 [} -15 -20 -25 -30 -35 ppm

Figure C2 (A) '"H NMR spectrum and (B) "B NMR spectrum of the product isolated using the
lithiation conditions employed in the synthesis of 3a/3b. NMR spectra were obtained in THF-ds.
In addition to the desired Li,[be] product, [nido-bc] and unreacted H,-be are also observed.

Table C2 Effect of be lithiation time on isomer distribution of 3a and 3b.*”¢

S R Ny Bu
\/—-'\_/‘l 1. 2.5 equiv nBuLi D_‘/_' NI P
60°C, time, THF - -
2. Pt(dtb-bpy)Cl, . y
) \/\ THF, overnight, ¥ ) \—/\ N |
S temperature <\ Xy
X% 3a Y% 3b
k2-C,C-bound k2-B,C-bound
Time (hours) Temperature X% (% 3a) Y% (% 3b) Isolated Yield %
1.5 -80°C to 60°C 5 95 20
3 -80°C to 60°C 60 40 21
1 60°C 50 50 30
2 60°C 20 80 38
3 60°C 40 60 27

“Determined by 'H NMR spectroscopy. "One bottle of "BuLi was used for these experiments
("BuLi Bottle B from Table C1). “‘Reactions were performed according to the general method for
the synthesis of 3a/3b using "BuLi. “Isolated yield for product mixture containing both 3a/3b.
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"BuLi used as base
[nido-bc]

2.5 eq. "BulLi
60°C, 3h \
THF
B
2.5eq. KHMDS KHMDS used as base
rt,1.5h - No deboronation

THF \

T
40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 ppm

Figure C3 ''B NMR spectra of (A) reaction mixture following deprotonation of Ha-be with 2.5
equivalents of "BuLi (THF-dg); (B) reaction mixture following deprotonation of H,-be with 2.5
equivalents of KHMDS (THF); (C) H,-bc starting material (THF).
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Table C3 Effect of additives on the product distribution of 3a/3b.”

LM 1. 2.1 equi 2 !
= . 2.1 equiv KHMDS {—

rt, 1 h, THF N#

> Pt +
2. Pt(dtb-bpy)Cl, _ ~
_ rt., overnight, THF, | \_—/\ N |
< additive < Ny
X% 3a Y% 3b
«2-C,C-bound k2-B,C-bound

Additive X% (% 3a) Y% (% 3b) Isolated Yield %
LiOH 95 5 -
[K][nido-be] >99 <1 b
[N"Bug][nido-be] >99 <1 b
AgBF, 90 10 <5°

“Determined by 'H NMR spectroscopy. “Purified products not isolated, ratios of isomers
determined from 'H NMR data of the crude reaction mixtures. “Majority of the mass balance is a
black solid, presumably Pt metal. [K][nido-be¢] and [N"Bug][nido-be] were synthesized according
to previously reported procedures.’

Table C4 Cationic Pt(I) starting material.”

— e —
» Bu y | (\ Bu 2
1. nr.ﬁ(,q:”\é,K‘?H'\AFDSY ™ N\ /CI\ /N — FsC
2. [Pt(dtb-bpy)u-ClI[BAFl,, N Pt\C,/ BN z 2 FsC B8R F.
60°C, overnight, THF [N N e 3
Bu Z K Bu
X% 3 Y% 3b

K2-C,C-b:und +2-B,C-bound [Pt(dtb-bpy)u-CIL;[BArF], L CFs PO _

Equiv KHMDS X% (% 3a) Y% (% 3b) Isolated Yield %

1 85 15 31

“Determined by 'H NMR spectroscopy. "No emissive product formed during the course of this
reaction. The synthesis of [Pt(dtb-bpy)m-Cl]o[BAr"'], was adapted from a previously reported
procedure.'’

Initially, we examined the use of side products as additives in the reaction mixture to
determine how the formation of 3b was occurring. The use of LiOH, a potential contaminant in
"BuLi, resulted in the formation of almost entirely 3a (>95%, Table C3, entry 1). Similarly, the
introduction of [nido-bc] to the reaction mixture, a side product observed during the course of

the deprotonation of Hj-be, resulted in the formation of >99% 3a isomer (Table C3, entries 2

and 3).
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We then investigated the use of formally cationic Pt(II) precursors. The use of AgBF, as
an additive to generate [Pt(dtb-bpy)u-Cl],[BF4], in situ resulted in the formation of a mixture of
isomers containing 10% 3b (Table C3, entry 4). A significant amount of a black solid,
presumably Pt metal, formed upon the addition of AgBF, to the reaction mixture, resulting in an
isolated yield of <5%. To circumvent this issue, we synthesized [Pt(dtb-bpy)u-Cl],[BAr"], for
use as a well-defined cationic Pt(Il) starting material. Reactions between this Pt(II) precursor and
K[H-be] resulted in an isomer distribution of 85:15 3a:3b with a slightly improved isolated yield
of 31% (Table C4, entry 1). No emissive product was observed when H,-be was used under

similar conditions (Table C4, entry 2).

1 equiv KHMDS (THF),K

Potential structure of THF
K[H-bc] intermediate -30°C tor.t.
not isolated overnight

~10% 3a ~90% 3b
k2-C,C-bound k2-B,C-bound

- BU
CI\Pt/N = BuLi —THE s wpt(in)” + "PHO)"
c “N\/, + MBull (1" +"Pt(0)
Bu

BB

35

1.000
0.182
1.027
0.997
0.273
0.967
1.037
2

0
1.004

f

Figure C4 (A) Reaction scheme for addition of K[H-bc] to a reaction mixture containing Pt(dtb-
bpy)Cl, and 1 equivalent "BuLi. (B) "H NMR spectrum (THF-dg) of product (not purified).
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Based on the small amount of unreacted H,-be observed in the product isolated after the
lithiation of H,-be (Fig C2), we hypothesized unreacted "BuLi might be present in the reaction
mixture. Upon addition of the Li[be] reaction mixture to the Pt(Il) precursor, any remaining
"BuLi may potentially react with Pt(dtb-bpy)Cl, to form an alkyl Pt(II) complex as a precursor to
3b. To test this, we performed a reaction in which 1 equivalent "BuLi was added to a cold slurry
of Pt(dtb-bpy)Cl,, then a solution of K[H-bc] was added to this reaction mixture (Fig C4A).
Neither K[H-bc¢] nor the product of the reaction between Pt(dtb-bpy)Cl, and "BuLi were isolated
in this experiment. The crude product was subjected to 'H NMR spectroscopy (THF-ds), and the
mixture of isomers was found to contain ~90% 3b (Figure C4B). Encouraged by this result, we
performed a screen of alkyl lithium reagents and Grignard reagents to determine which reagent

resulted in the largest amount of 3b (Table C5).

Table C5 Optimization of 3b formation.”

N equiv KHMDS (THF) K
THF, rt,
1h
S Y
N=1;R=H THF Pt/N 7
N = 2;R = K(THF), -30°C tort. N
not isolated overnight |}_ \_/ X N~ |
N X Bu
o NS Bu e , X 3a Y% 3b
o ,Ptfg + R-M s "PH)" + "PHO)" K2-C,C-bound «2-B,C-bound
=—"~1By
N equiv
KHMDS R-M X% (% 3a) Y% (% 3b)
1 2.5 M n-butyllithium in hexanes 10 90
2 2.5 M n-butyllithium in hexanes 35 65
1 3 M Ethylmagnesium bromide in diethyl ether P -
| 3 M Benzylmagnesium bromide in 2-MeTHF 80 20
1 3 M Methyllithium in diethoxymethane >95 <5

“Ratios of 3a to 3b determined by '"H NMR spectroscopy. “Complex mixture and decomposition,
no emissive product observed.
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Initially, we studied how the deprotonation of H,-be affected the distribution of isomers.
When 1 equivalent of KHMDS was used to deprotonate H,-bc, the mixture of isomers was 90%
3b (Table C5, entry 1), whereas when 2 equivalents of KHMDS were used, the relative amount
of 3b dropped to 65% (Table C5, entry 2). Based on these results, we moved forward with 1
equivalent of KHMDS in subsequent reactions.

The use of an alkyl Grignard reagent in place of "BuLi (EtMgBr, Table C5, entry 3)
resulted in a complex mixture of products and the formation of a black solid, presumably Pt
metal. No emissive product was observed under these reaction conditions. We probed the
importance of an available S-proton in the Grignard reagent by using benzylmagnesium bromide
(no B-proton; Table C5, entry 4). This reaction resulted in a mixture of isomers containing 20%
3b. Finally, we performed this reaction with the addition of 1 equivalent of methyllithum in
diethoxymethane (Table C5, entry 5). Under these reaction conditions, the mixture of isomers

was at least 95% 3b (repeated 3 times).
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A

— Bu — Bu
Ol ~N 7 voLi __THF-ds Me ., N = N = PO
n
c” N2y T Taoecort . Me” N=y T CI’ N/ N
=~y 5 min S—~py

Pt(dtb-bpy)Cl, Pt(dtb-bpy)Me, Pt(dtb-bpy) C|2 dtb- bpy
B

A 2Jpy = 86 Hz

————— 1.05 1.00 095 090 085 ppm

1
9.0 8.8 8.6 84 ‘
L J 1 . THF-dg

9 8 7 6 5 4 3 -1 2 3 -4 ppm

ﬁ m m Pyt bpy e, (

Figure C5 (A) NMR-scale reaction in which the addition of 1 equivalent of MeLi to Pt(dtb-
bpy)Cl, offers both Pt(Il) and Pt(0) products. (B) 'H NMR spectrum (THF-dg) of the reaction
from (A) showing the major product is Pt(dtb-bpy)Me, ("H NMR data are consistent with those
from reference 11).

548

16.428 D=

7.

In order to determine the fate of Pt(dtb-bpy)Cl, upon the addition of an alkyl lithium
reagent, we conducted an NMR-scale reaction in which 1 equivalent of MeLi (3 M solution in
diethoxymethane) was added to Pt(dtb-bpy)Cl, in THF-dg (Figures C5 and C6A). Based on 'H
NMR spectroscopy, the major product formed from this reaction is Pt(dtb-bpy)Me,. Unreacted
Pt(dtb-bpy)Cl, and a small amount of free dtb-bpy are also present in the reaction mixture
(Reaction Mixture A, Figure C6A), suggesting the reduction of Pt(II) occurs under these
conditions. To this reaction mixture was added 1 equivalent of MeLi (2" equivalent of MeLi
overall) to yield Reaction Mixture B (Figure C6B). The amount of free dtb-bpy in the reaction
mixture increased, and new unidentified side products were also observed via 'H NMR
spectroscopy. Next, a solution of K[H-be] was added to this reaction mixture, which was then

allowed to react overnight (Reaction Mixture C, Figure C6C). A mixture of isomers containing
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95% 3b was observed via '"H NMR spectroscopy. The major species in this reaction mixture is

unreacted Pt(dtb-bpy)Me..

A —~,-Bu
Clsp N = , THF-dg o
/Pt~ A + MelLi PP Reaction mixture A
cl N=7 B (1st equiv) -3050 tor.t.

u min
Pt(dtb-bpy)Cl, A A
A = Pt(dtb-bpy)Me, B
B=dtbbpy
I 9.IB 9!6 9.I4 9!2 9.IO 8!8 S.IG 8!4 8!2 B.IO 7.I8 Ippm
B THF-dg

Reaction mixture A + MelLi ———— > Reaction mixture B A

(2nd equiv) -30°C tor.t.
5 min
" A
B
r T T T T T T T T T T . .
9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 ppm
C
THF-dg

Reaction mixture B + K[H-bc] ——— > Reaction mixture C
r.t., overnight

3b A A

3a ~95% 3b observed
M via 'H NMR spectroscopy

B

T T T T T
99 98 9.7 96 95

=3
=}
qr
-

M M

9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 ppm

Figure C6 Sequential addition of reagents to an NMR-scale reaction (monitored by 'H NMR
spectroscopy, THF-d8). (A) The addition of 1 equivalent of MeLi to Pt(dtb-bpy)Cl, yielding
Reaction Mixture A; (B) the addition of 1 equivalent of MeLi (2™ equivalent of MeLi overall) to
Reaction Mixture A to yield Reaction Mixture B; (C) the addition of K[H-bc] to Reaction
Mixture B to yield Reaction Mixture C, which contains a 95:5 3b:3a ratio of isomers as a minor
product. The major species observed by 'H NMR spectroscopy in Reaction Mixture C is
unreacted Pt(dtb-bpy)Me..
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Figure C7 Thermal ellipsoid plots of (A) 3a and (B) 3b (50% probability). H atoms were
omitted for clarity. See reference 12 for CIF data for 3a. (C) Structural overlay of 3a (red) and
3b (blue).

Table C6 Selected bond distances for 3a and 3b.¢

3a 3b
Parameter Distance (A) Parameter Distance (A)
Pt-C4 2.045(2) PtB3 2.037(2)
Pt—C1 2.043(0) Pt—C1 2.035(3)
PNI 2.091(5) PNI 2.115(1)
Pt—N2 2.104(7) Pt—N2 2.130(3)

“Values from reference 12.

Figure C8 Intermolecular stacking of (A) 3a and (B) 3b with Pt(II)---Pt(II) distances
highlighted. See reference 12 for CIF data for 3a.
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THF, r.t.
1h

1 equivKHMDS

1 equivKHMDS

THF, r.t.
1h

Figure C9 Control reactions with the addition of K[H-bc] to both Pt(dtb-bpy)MeCl (A) and
Pt(dtb-bpy)Me, (B) yielded no emissive products and no 3a or 3b observable by 'H NMR
spectroscopy. These reaction conditions are identical to those employed for the successful
synthesis of 3b. Pt(dtb-bpy)Me,'' and Pt(dtb-bpy)MeCl"® were synthesized according to

Potential structure of
K[H-bc] intermediate
not isolated

AN
Ve

Potential structure of
K[H-bc] intermediate
not isolated

previously reported procedures.

In order to gain mechanistic insight, a set of control reactions was performed in which the
starting Pt(II) precursor was Pt(dtb-bpy)MeCl (a potential product after the addition of MeLi to
Pt(dtb-bpy)Cl,; Figure C7A) and Pt(dtb-bpy)Me, (product observed via 'H NMR spectroscopy
after the addition of MeLi to Pt(dtb-bpy)Cl,; Figure C7B). No emissive product was formed in

either reaction, and neither 3a nor 3b was observed via 'H NMR spectroscopy. Based on these

—=,- Bu
CI\Pt/N e
Me” “N=3

= Bu

THF, -30°C tor.t.
overnight

0=B 0=C
=BH @ =CH

—x,-Bu

Me._  _N. =
Pt
Me ~

~
N/I
—

Bu

No emissive product
3a and 3b not observed
via TH NMR spectroscopy

THF, -30°C tor.t.
overnight

O0=B 0=C
=BH @ =CH

No emissive product
3a and 3b not observed
via "H NMR spectroscopy

results, it seems unlikely that the formation of 3b occurs through a Pt(Il) intermediate.
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Table C7 Effects of MeLi solution and additives on formation of 3b.¢

0N
‘V_L\Y

Bu [y
¢] \Pt/N = _1 equiv MeLi solution Me N = N = + PO 1 equivK[H-be] ~
CI” N=3 soc Smln CI’ NF O " 3oCrort.
= overnight, THF (¥4

Bu addmve I
7

not isolated :
X% 3a Y% 3b

k2-C,C-bound «2-B,C-bound
X% Y% Isolated
MeLi solution Additive (% 3a) (% 3b) Yield (%)
Diethoxymethane — 5 95 12%
Diethyl ether - - - -~
Diethyl ether 1,5-cyclooctadiene (5 equiv) b _ _
Diethyl ether 1,5-cyclooctadiene (20 equiv) 70 30 38%

“Ratios of 3a to 3b determined by '"H NMR spectroscopy. “Complex mixture and decomposition,
no emissive product observed.

Significant differences in reactivity were observed based on the solution of MeLi used.
When a solution of MeLi in diethoxymethane was employed, a mixture of isomers containing
95% 3b was isolated in 12% yield (Table C6, entry 1). If a diethyl ether solution of MeLi was
used, however, no emissive product formed and no 3a or 3b was observed via '"H NMR
spectroscopy (Table C6, entry 2). We hypothesized the formation of 3b occurred through a Pt(0)
intermediate, and varying the solvent affected the stability of the Pt(0) intermediate that formed.
Therefore, we introduced 1,5-cyclooctadiene (COD) as an additive that would potentially
stabilize any Pt(0) intermediate and prevent the formation of Pt metal. While there was no
observable 3b product with the addition of 5 equivalents of COD (Table C6, entry 3), the
addition of 20 equivalents of COD resulted in a mixture of isomers that contained 30% 3b (Table
C6, entry 4). Although the ratio of 3b:3a is lower under these conditions than when a
diethoxymethane solution of MeLi is used with no additives (95:5, Table C6, entry 1), this
evidence indirectly suggests that 3b is formed via a Pt(0) intermediate.

We then used Ptydbaj as a Pt(0) starting material in order to potentially improve the yield
of 3b (Figure C8). In this reaction, Pty(dba); was combined with a slight excess of dtb-bpy in

THF-d8 at room temperature. Next, a solution of K[H-bc] in THF-dg was added to this reaction
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mixture and reaction progress was monitored via 'H NMR spectroscopy. After heating overnight
at 65 °C, "H NMR spectroscopy revealed the formation of trace amounts of 3b (Figure C8B). No
3a was observed in this reaction mixture. The addition of 20 equivalents of either 1,5-
cyclooctadiene (Figure C9A) or PPh; (Figure C9B) to potentially improve the stability of any
Pt(0) intermediate that might form resulted in the formation of a complex mixture of products
with no 3a or 3b observable by 'H NMR spectroscopy. Ptx(dba)s does not seem to be a suitable

Pt(0) starting material under these conditions, and a more thorough optimization is necessary.

A

K[H-bc
Ptz(dba)g, + 21 [ 1 > . Trace 3b observed

N rt. t0 65 °C via TH NMR spectroscopy
overnight, THF-dg
B
3b

M W W 3b
I 9:9 9:8 9:7 9:6 9:5 9:4 9:3 9:2 ppm 1:5 I ppm
1(;.0 9:5 9:0 8:5 8:0 7:5 7?0 6?5 610 5?5 5:0 4:5 4:0 3:5 3:0 2:5 2?0 1?5 110 IppmI

Figure C10 (A) NMR-scale reaction using Pt;(dba); as a Pt(0) precursor yields trace amounts of
3b. (B) 'H NMR spectrum (THF-dg) for the reaction presented in (A), with highlighted regions
showing resonances corresponding to 3b.

150



A , Bu

N
N ] K[H-bc] - No emissive product
Pty(dba)g + 2'1N + 115'03280&0&??'9”9 1. 10 65 °C, overnight 3a and 3b not observed
THF via TH NMR spectroscopy
(. J
B 'd T\
N K[H-bc] No emissive product
Pt,(db . PPh ——
o(dba)s + 2 N 20 eqSiv 1. to 65 °C, overnight 3a and 3b not observed
THF via TH NMR spectroscopy
|\

Figure C11 Reactions with Pty(dba);, dtb-bpy, and K[H-bc] and 20 equivalents of 1,5-
cyclooctadiene (A) or PPh; (B). Under these reaction conditions, no emissive product formed
and neither 3a nor 3b were observed via "H NMR spectroscopy.

A B 0.04
— 3a,CV — 3a,CV
0.024 — 3p.DPV { — 3b,DPV
0.02
< <
€ 0.00- € 0.00-
1S s
2 o 1.29 V
5 S -0.024
3 -0.02 1.85V 3 ,/C.% \' ]
1 J\ J -0.04- J
-0.04 +——/T"-—"""—"+—"7—"—"—"+—"—"—"—""T—"—"— — 7
2 A 0 1 -2 A 0 1

Potential | V vs. Fc¥IFc Potential | V vs. Fc¥IFc

Figure C12 Stacked plots of cyclic voltammetry (CV, black trace) and differential pulsed
voltammetry (DPV, red trace) measurements of 3a (A) and 3b (B). Experiments were performed
in anhydrous 1,2-difluorobenzene with 0.1 M [N"Buy][PFs] and referenced to the

ferrocenium/ferrocene redox couple (Fc'/Fc). CV measurements were conducted with a scan rate
of 0.1 V/s.
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3a

Figure C13 Triplet spin-density plots for 3a (A) and 3b (B). Optimized triplet geometries were
obtained from the crystal structure of 3a at the BP:TZP level, and single-point calculations were

carried out at the B3LYP:TZ2P level of theory with the COSMO solvation model for THF.
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0.0
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Figure C14 Emission spectra for neat solids (black trace), frozen solutions at 77 K (red trace),
and PMMA films (blue trace) of 3a (A) and 3b (B).
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Table C8 Emission and selected excited state lifetime data for 3a and 3b.

Neat Solid PMMA* 77 K° 7

3a 466,496,528 466,495, 528° 449,477 9.41 us

(2.90 us, 23.38%; 8.14 us, 79.07%)

3b  463,495,523° 462,490,521 448,472 9.04 us

(2.49 s, 18.23%; 10.50 us, 81.77%)

“2 wt % 3a or 3b in PMMA. "Obtained in 2-MeTHF. “Shoulder. “Excited state lifetime values for
PMMA films (error in the measurement is £5%). Values obtained as a weighted average of a
biexponential decay. Individual lifetime components and their relative amplitudes are in
parentheses.
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Chapter S — TOWARDS TETRADENTATE LUMINESCENT PT{I) COMPLEXES

FEATURING CARBORANE-BASED LIGANDS

5.1 Introduction

In Chapters 3 and 4, we introduced a sterically encumbering and photophysically
innocent dianionic ligand scaffold based on 1,1’-bis(o-carborane) (bc¢) for use in phosphorescent
Pt(IT) complexes (Pt-BC, Figure 5.1A)."" Additionally, we demonstrated the ability to fine-tune
electronic properties, such as the emission wavelength and redox properties, of the resulting
Pt(II) complex by virtue of the vertex-differentiated coordination chemistry of this robust ligand
scaffold."” One key limitation with these carborane-based Pt(II) emitters that is preventing their
implementation in organic light-emitting diode (OLED) applications is the low quantum yields
observed (¢ < 0.22 in 2 wt. % PMMA films).' Notably, the low quantum yields for these emitters
are consistent with low quantum yields observed for similar Pt(I) complexes featuring two
bidentate cyclometalating ligands.” In order to provide further insight into the photophysical
properties and the nature of the low quantum yields for these be-based Pt(II) complexes, the
electronic structure of Pt-BC was calculated using density functional theory (DFT) as a
representative example for this class of molecules (Figure 5.1A). The optimized geometry for the
singlet (Sg) ground state for Pt-BC is a slightly distorted square planar structure, which is in
agreement with the reported crystal X-ray structure for this compound.' In contrast, the triplet
(T)) excited state optimized geometry exhibits a significant distortion to an almost tetrahedral
structure. Rather than relaxing back to the Sy ground state via radiative decay, the complex must
relax non-radiatively and twist to the favored square planar geometry. This non-radiative decay

process is consistent with the relatively low quantum yield observed for Pt-BC (¢ = 0.19).lb In
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order to mitigate the potential for this excited state distortion to occur, we envisaged designing a
more rigid carborane-based ligand framework that would potentially result in Pt(Il) complexes

with greater quantum efficiencies.

Pt-BC So: Square Planar T;: Tetrahedral
¢ =0.19 (PMMA) Favorable Unfavorable

[Excited state geometry distortion: lowers emission efficiency)

Rigid ligand framework:
no excited state distortion;
greater emission efficiency

Conformational stability:
increased lifetime in OLED
devices

[Polydentate Ligand Architectures for Pt(ll) Emitters)

Figure 5.1 (A) Calculated Sy and T, states for Pt-BC reveal a significant geometry distortion in
the excited state (BP:TZP level of theory). (B) Proposed tetradentate carborane-based ligand
scaffold for efficient and stable Pt(II) emitters.

Researchers have attempted to address the issues of low quantum yields in Pt(II)
complexes by designing rigid, tetradentate cyclometalating ligands that are less susceptible to
significant excited state distortions.” Due to the variety of potential tunable ligand frameworks
available, the emission spectra from these complexes could be tuned across much of the visible
spectrum with quantum vyields approaching 0.90,”*' though designing efficient blue emitters
initially remained a challenge. It was shown that incorporating pyrazole,” N-heterocyclic

carbene (NHC)," or carbazole*® moieties into the tetradentate ligand scaffold could sufficiently

blue-shift the emission of the Pt(Il) complex through an increase in the energy of the lowest
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unoccupied molecular orbital (LUMO), resulting in blue emitters with quantum yields exceeding
0.80.* While these Pt(II) emitters exhibit favorable photophysical properties for use in OLEDs,
such as high quantum yields (¢ > 0.80) and short excited state lifetimes (t < 5 us), operational
lifetimes of OLED devices incorporating azole- and NHC-based phosphorescent emitters were
orders of magnitude lower than OLED devices containing red or green emitting phenylpyridine-
based analogues.™ The low operational stability could be due to the poor energy mismatch
between the high-lying LUMO energies of the azole- and NHC-based phosphorescent emitters
with the LUMO energies of the organic host materials.*>> In an attempt to circumvent this issue,
Li and coworkers incorporated a 6-membered chelation ring designed to break conjugation
between the donor and acceptor portions of the Pt(II) complex, resulting in a deep blue Pt(Il)
emitter with electrochemical properties that are better aligned with organic host materials.*® This
strategy produced a blue OLED with exceptional operational stability (up to 30,000 hours at 100
cd/m?). Although the color purity of this blue OLED was not suitable for use in lighting and
display applications,> this work presented a potentially useful strategy for designing stable and
efficient blue phosphorescent emitters.

We hypothesized that incorporating a carboranyl unit into the tetradentate ligand would
result in a Pt(I) complex with greater emission efficiency relative to that of Pt-BC, as well as
high operational stability when incorporated into an OLED device (Pt-1, Figure 5.1B). Due to
the large HOMO-LUMO gap of the carborane moiety (~ 8 ¢V),° we envisioned this ligand would
have a similar conjugation-breaking effect to that of the 6-membered chelation ring,* potentially
resulting in a blue phosphorescent Pt(I) complex with electrochemical properties that are well-
matched to organic host materials commonly employed in blue OLED devices. Furthermore,

many square planar Pt(I) complexes are susceptible to aggregation as a consequence of the lack
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of steric bulk above and below the square plane, leading to the formation of excimers with red-
shifted emission spectra.””*** We have previously demonstrated that the three-dimensional steric
bulk of the carborane-based ligand scaffold precludes these parasitic intermolecular interactions,
so the emission properties of the resulting carborane-based Pt(II) complexes should be retained.
This ligand system could potentially result in the next generation of highly efficient and robust

deep blue phosphorescent Pt(Il) emitters.

5.2 Results and Discussion

5.2.1 Targeted Pt(I) Complexes

Calculated T; Geometry Calculated T; Geometry
Front view (left) and top view (right) ' Front view (left) and top view (right)

Figure 5.2 Molecular structure and calculated Sy geometry (A) and T, geometry (B) for Pt-1.
Molecular structure and calculated Sy, geometry (C) and T; geometry (D) for Pt-2. All
calculations performed at the BP:TZP level of theory.

We initially designed two carborane-based tetradentate Pt(Il) complexes, Pt-1 and Pt-2,

and calculated the optimized geometries of the Sy and T, states for both molecules using DFT

calculations (BP:TZP level of theory; Figure 5.2). The ligand structure for Pt-1 has a bipyridine
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backbone, and there is little distortion from the calculated Sy geometry and the excited state T
geometry (Figures 5.2A and 5.2B, respectively). However, the calculated bond angles for C1—
Pt—C2 and N1-Pt-N2 (109° and 80°, respectively) deviate significantly from the anticipated 90°
for a square planar compound, suggesting the ligand framework might be too strained to
accommodate a Pt(II) center. An alternative tetradentate ligand scaffold was designed to
incorporate a methylene spacer between the pyridiyl units in order to better accommodate a Pt(II)
ion (Pt-2, Figure 5.2C), and the calculated bond angles for C1-Pt-C2 and N1-Pt-N2 (100° and
92°, respectively) are in much better agreement with the anticipated 90° angles for a square
planar Pt(II) complex. Pt-2 also shows minimal distortion between the calculated Sy and T;

states, suggesting a more efficient emission process relative to that of Pt-BC (Figure 5.1A).

5.2.2 Synthesis of a Tetradentate Carborane-Based Ligand

Our synthetic route to the carborane-based tetradentate ligand (5a) is outlined in Figure
5.3.7 The addition 2 equivalents of CH3;CN and 2 equivalents of NaH to a THF solution of the
commercially available 2,6-dichloro-4-R-pyridine (R = H, 1a; R = CHs, 1b) yields the bis-
pyridyl-acetonitrile complexes 2a and 2b. As these compounds are isolated via filtration and
washed with CH,Cl,, the yield of 2b (29%) is significantly lower than that of 2a (66%) due to
the enhanced solubility of 2b in CH,Cl,. Next, the methylene carbon is reduced by refluxing 2a
or 2b in ethanol with a large excess of HCI (50 equivalents). Presumably, the nitrile group is
hydrolyzed under acidic conditions and followed by a thermally induced decarboxylation to yield
the desired bis-pyridyl-methane compounds. 3a and 3b can be isolated following workup and

purification via silica gel column chromatography (70% and 61% yields, respectively).
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R H |
2equivNaH R R R X R
| = 2 equivMeCN 50 equiv HCI
o1~ ~N?>c| THF, 60 °C, 16 h EtOH, 80 °C, 16 h
Cl Cl
1a (R=H) 2a (R = H; 66%) 3a (R = H; 70%)
1b (R = CHy) 2b (R = CHy; 29%) 3b (R = CHg; 61%)

1. KHMDS, then CHl
2. KHMDS, then CHl
THF, r.t. to 60 °C

4a (R =H; 93%)
4b (R = CHg3; 97%)

5a
X-ray Crystal Structure

5a (R =H; 35%)
5b (R = CHj; not isolated)

Figure 5.3 Synthesis of tetradentate carborane-based ligand Sa. X-ray structure for 5a drawn
with 50% ellipsoid probability. H atoms are omitted for clarity.

The methylene carbon is then methylated twice following subsequent deprotonation and
methylation steps. THF solutions of 3a or 3b are stirred with KHMDS for 3 hours at room
temperature, followed by the addition of methyl iodide. After the reaction mixture is stirred at
room temperature for 1 hour, KHMDS is added, and the reaction is stirred at room temperature
for 1-2 hours. Finally, methyl iodide is added and the reaction mixture is heated to 60 °C
overnight. Upon work up and purification via column chromatography, compounds 4a and 4b
could be isolated in near quantitative yields (93% and 97%, respectively). Notably, this step
differs from the previously reported method for synthesizing 4b, which employed "BuLi as the
base and required carefully-controlled reaction temperatures between -78 °C and room
temperature throughout the reaction.”* In our hands, the use of "BuLi led to the formation of
multiple products observed by GC-MS, including butylated pyridine-based products. We found
KHMDS to be a superior base for this transformation as we did not observe any side products
(even with the use of excess KHMDS), and the synthesis was operationally simpler as the

reaction proceeded at room temperature until the final step, which required mild heating
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overnight (60 °C). The final step for the installation of carborane is based upon our recently
reported SyAr-based method in which the deprotonated carborane can act as a nucleophile and
attack the pyridyl chloride (4a or 4b) to form the desired carboranyl-pyridine-based molecule.”
Crystals of 5a suitable for X-ray diffraction were grown by the slow evaporation of a
concentrated solution of acetone, and the diffraction study confirmed the proposed structure of
S5a (Figure 5.3). Under the optimized conditions for this reaction (vide infra), 5a could be
isolated in 35% yield. Despite the low yield, this reaction could be performed on the 1.5 mmol
scale such that ~ 0.250 g Sa could be isolated per reaction. Analogous reaction conditions were
employed for the synthesis of 5b at the 0.20 mmol scale, but the yield of 5b determined by 'H
NMR spectroscopy was limited to 15-20% despite quantitative conversion of 4b. The reaction
for Sb was not scaled up due to the low yield, and instead we focused our efforts on Sa in

subsequent reactions.

Table 5.1 Optimization of reaction conditions for 5a.”

K(solv),

n equiv

/j\sr 6 equiv KHMDS AT Cl (4a) cCI
WA W AYA

SN\ solvent, r.t., 1 h < solvent, temperature, 16 h

not isolated ]
( =BH O0=C O = CH) % Yield, 5a

Entry  Solvent #Equiv4a % Conversion 4a  Temperature Isolated Yield,” 5a

1 MTBE 1.0 >99% 55°C 35%

2 MTBE 1.0 >99% r.t. 38%

3 Et,O 1.0 >99% r.t. 38%

4 Et,O 1.0 ~50% 0°C 17%

5 Et,O 1.2 > 99% r.t. 41%

6 Et,O 1.4 > 99% r.t. 41%

7 Et,0 1.0 > 99% r.t. 35%"

“Reactions performed at the 0.20 mmol scale unless otherwise specified. “Isolated yields reported
after workup and purification via silica gel column chromatography (see section 5.4.6.7 for more
details). “1.5 mmol scale. Optimized conditions are presented in Entry 7.
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The optimization studies for the synthesis of Sa are presented in Table 5.1. The optimized
conditions previously reported” for the SyAr-based C-vertex functionalization method were
chosen as a starting point for the synthesis of 5a: a methyl fert-butyl ether (MTBE) solution
containing 2 equivalents of o-carborane and 6 equivalents of KHMDS was allowed to stir at
room temperature for 1 hour, then added to a MTBE solution containing 1 equivalent of 4a. The
reaction mixture was then heated to 55 °C for 16 hours. Following workup and purification via
silica gel column chromatography, 5a was isolated in 35% yield (Entry 1) with quantitative
conversion of 4a. When the reaction temperature was lowered from 55 °C to room temperature,
quantitative conversion of 4a was observed, along with a slight improvement in the yield of 5a
(38%, Entry 2). This yield was reproduced when the solvent was switched from MTBE to Et,O
(38%, Entry 3), so further optimization studies were performed in Et,O. The yield dropped
precipitously when the reaction temperature was lowered to 0 °C due to incomplete conversion
of 4a (~ 50% conversion 4a, 17% yield 5a; Entry 4). Only a slight improvement in the isolated
yield of 5a was observed when 1.2-1.4 equivalents of 4a were used (Entries 5 and 6, 41% yield
5a in both cases). The conditions presented in entry 3 were scaled up from a 0.20 mmol scale to
a 1.5 mmol scale, with minimal drop in the yield of Sa observed (Entry 7, 35%).

Lastly, we found that this SyAr-based procedure was not compatible with 3a or 3b; that
1s, functionalization of the methylene position (4a or 4b) was required for nucleophilic attack of
the deprotonated carborane on the pyridyl chloride substrate to occur. Reaction conditions
analogous to those presented in Table 5.1, Entry 7 were employed in these reactions, with 4a
replaced by 3a or 3b. Regardless of the number of equivalents of KHMDS added (2-10
equivalents), ethereal solvent used (Et,O, MTBE, or THF), or reaction temperature employed

(room temperature to 60 °C), the major species observed by 'H and ''B NMR spectroscopic
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studies after allowing the reaction to proceed for 16 hours were unreacted 3a or 3b and o-
carborane. At elevated temperatures in THF, ''B NMR spectroscopic analysis of the crude
reaction mixture suggested nido-carborane constituted 10-20% of the boron-containing species.
Overall, we found it necessary to functionalize the methylene position of 3a and 3b in order for

the SyAr-based carborane functionalization step to proceed under these conditions.

5.2.3 Attempts at Metalation of Sa

Table 5.2 Reactions between 5a and Pt(SEt,),Cl; or Pt(cod)Cl,.”

=
—

é\/i?ﬁl \\"\’/

Bulky carboranyl ligand likely

P1(SEt,),Cl, solvent
or

Pt(cod)Cl, temperature, time

R=C,ByHyy | prevents coordination of ligand
Entry Solvent Pt(Il) source Temperature Time Result
1 CH.CI, Pt(SEt),Cl, rt. 16h > 99% starting materials’
2 1,2-dichloroethane Pt(SEt),ClL 80 °C* 16h > 99% starting materials’
3 1,2-dichloroethane Pt(SEt),ClL 140 °C? 2h  >99% starting materials”
4 MeOH Pt(SEt ) Cl, 70 °C¢ 16 h Pt metal
5 THF Pt(cod)Cl, 65 °C* 16h > 99% starting materials’

“Reactions conducted under N,. "Determined by 'H NMR spectroscopy. ‘Oil bath used.
“Microwave irradiation used.

With the carborane-based tetradentate ligand Sa in hand, we then set out to synthesize the
corresponding tetradentate Pt(II) complex, Pt-2. Initially, we attempted to synthesize a Pt(II)
dichloride complex in which the dipyridyl portion of Sa binds to the Pt(Il) center (Table 5.2),
from which the desired cyclometalated Pt(II) complex could form upon introduction of an
appropriate base.® For these experiments, 5a and Pt(SEt,),Cl, were combined in a reaction tube
and dissolved in CH,Cl,, or 1,2-dichloroethane, and allowed to react for 2-16 hours at
temperatures ranging from room temperature to 140 °C (Table 5.2, entries 1-3). In all cases, 'H

NMR spectroscopic analysis of the reaction mixture suggested > 99% starting materials
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remained unreacted. When MeOH was used as the solvent, Pt metal coated the reaction tube
after heating the reaction mixture to 70 °C for 16 hours, suggesting reduction of the starting
Pt(II) complex to Pt metal (Entry 4). Lastly, when Pt(cod)Cl, was used as the Pt(II) source and
the reaction was run in THF, only starting materials were observed by '"H NMR spectroscopy
after the reaction was allowed to proceed at 65°C for 16 hours (Entry 5). Based on these results,
we hypothesized that the carboranyl moieties were likely too bulky for the desired Pt(Il)
dichloride complex to form, so we turned our attention to alternate routes to generate the

tetradentate Pt(I1) complex.

2.5 equiv KHMDS
Reaction Mixture A

B ——
THF, r.t., 30 min J\/\,\k
Pt(cod)Cl,
Reaction Mixture A —————————>» Reaction Mixture B
THF, 80°C,2h

Reaction Mixture B
THF, 80°C, 16 h

Reaction Mixture C

T
35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 ppm

Figure 5.4 Sequential addition of reagents in to an NMR-scale reaction (under N,, monitored by
"B NMR spectroscopy). (A) ''B NMR spectrum of 5a in THF; (B) ''B NMR spectrum of 5a and
2.5 equivalents of KHMDS stirred at room temperature for 30 minutes in THF (Reaction Mixture
A); (C) "B NMR spectrum obtained after the addition of Pt(cod)Cl, to Reaction Mixture A and
refluxing for 2 hours (Reaction Mixture B); ''B NMR spectrum obtained after refluxing Reaction
Mixture B for 16 hours (Reaction Mixture C).
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We considered a strategy in which the two acidic carboranyl C—H vertices of 5a were
deprotonated, followed by the addition of the deprotonated ligand to a Pt(II) precursor to yield
Pt-2. First, we conducted an NMR-scale experiment to determine whether KHMDS was a
suitable base for this transformation (Figure 5.4). After a THF solution of Sa and 2.5 equivalents
of KHMDS was stirred at room temperature for 30 minutes, an entirely new species was
observed by ''B NMR spectroscopy, suggesting complete deprotonation of the carboranyl C—H
vertices of Sa (Figure 5.4A-B). Next, Pt(cod)Cl, was added, and the reaction mixture was
refluxed for 2 hours. The color of the reaction mixture changed to dark yellow, and a broadening
of the "B NMR spectrum was observed (Figure 5.4C). The reaction mixture was refluxed for an
additional 16 hours, yielding a dark brown mixture with a slight sharpening in some of the peaks
in the ''B NMR spectrum (Figure 5.4D). The broadened peaks in the ''B NMR spectrum of the
reaction mixture relative to those of the free ligand (Figure 5.4D and 5.4A, respectively) are
consistent with metalation of the carboranyl-based ligand.! Following solvent removal in vacuo,
the crude product was dissolved in acetone-dg, and the 'H NMR spectrum of the crude product
was collected (Figure 5.5). A large mixture of products was observed in the '"H NMR spectrum,
and 5a was completely consumed under these conditions. We then employed lower reaction
temperatures, ranging from -78 °C to 60 °C, in an attempt to limit the formation of multiple
products (Figure D1). While 5a was completely consumed under these conditions, multiple
products were still observed by "H NMR spectroscopy, suggesting modifying only the reaction

temperature was not sufficient to bias this reaction towards the formation of a single product.
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1. KHMDS, r.t., 30 min

2. Pt(cod)Cl,, 80 °C, 18 h
THF

TH NMR Spectrum
Acetone-d;

T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 5.5 "H NMR spectrum for the crude product obtained from Reaction Mixture C in Figure
5.4D (Acetone-dg).

We hypothesized that the presence of K" after deprotonation of 5a with KHMDS might
adversely influence the outcome of the reaction and potentially inhibit the formation of Pt-2.
Following the deprotonation of 5a, the pyridyl moieties of 5a could potentially coordinate to K",
complicating the reaction and limiting access for Pt(Il) to approach the carboranyl-pyridyl
fragment of the ligand and to cyclometalate. To test this hypothesis, we conducted an NMR-scale
experiment in which we probed the influence of 18-crown-6 on the outcome of the reaction
(Figure 5.6). Following the addition of 2 equivalents of KHMDS to a THF-dg solution of Sa, full
conversion of 5a to one major species was observed by "H NMR spectroscopy after 30 minutes
(presumably doubly deprotonated 5a; Figure 5.6A-B). Next, 2 equivalents of 18-crown-6 were
added, and the reaction mixture was allowed to react for 30 minutes at room temperature. The 'H
NMR spectrum obtained at this point revealed the formation of one new major species,
suggesting 18-crown-6 does in fact segregate K’ ions from the deprotonated ligand (Figure
5.6C). Pt(cod)Cl, was then added to the reaction mixture, and after reacting for 30 minutes at

room temperature, the species present in Reaction Mixture B was fully consumed, and multiple
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new species were observed by 'H NMR spectroscopy (Figure 5.6D). The reaction mixture was
then heated to 60 °C for 16 hours, and the "H NMR spectrum obtained indicated the presence of
multiple products in solution, with full conversion of Pt(cod)Cl, (Figure 5.6E). Interestingly, free
ligand 5a could be identified in the mixture of products observed in the "H NMR spectrum,
suggesting the deprotonated 5a species was protonated under these reaction conditions. When
this reaction was repeated at lower temperatures (between -78 °C and room temperature),

complex mixtures of products were observed by 'H NMR spectroscopy (Figure D2).

54 -2€quivKHMDS _ 2 equiv KHMDS Reaction 2 equiv 18-crown-6 _ Reaction __ Pt(cod)Cl, Reaction Reaction
“THF,rt,05h  Mixture A” THE r1,05h  Mixture B THE r1, 05h  Mixture C THF, 60 °C, 16 h > Mixture D
A
5a
A A
B
Reaction
Mixture A
C
Reaction
Mixture B
D
Reaction
‘w
E
Reaction
Mixture D

H NMR Spectra, THF-dg

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 ppm
Figure 5.6 Sequential addition of reagents to an NMR-scale reaction prepared in an Np-filled
glove box (monitored by "H NMR spectroscopy, THF-ds). (A) Free ligand 5a; (B) The addition
of 2 equivalents of KHMDS, yielding Reaction Mixture A; (C) The addition of 2 equivalents of
18-crown-6 to Reaction Mixture A to yield Reaction Mixture B; (D) The addition of Pt(cod)Cl, to

Reaction Mixture B to yield Reaction Mixture C; (E) Heating Reaction Mixture C at 60 °C for 16
hours to yield Reaction Mixture D.
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Based on these results and the mixture of products observed by "H NMR spectroscopy,
we considered alternative strategies to synthesize Pt-2. First, we looked into a sequential
deprotonation route in which each carboranyl-pyridine unit in Sa would be cyclometalated in
sequence, rather than at the same time, in an attempt to minimize the number of products formed
(Figure D3). Under the conditions presented in Figure D4, a complex mixture of products
formed, and attempts to isolate these products on silica were unsuccessful due to apparent
decomposition of the crude product. Next, we conducted experiments with Pt(acac), (acac =
acetylacetonate) as the Pt(II) source (Table D1 and Figure D4). No reaction was observed by 'H
NMR spectroscopy when 5a and Pt(acac), were heated in acetonitrile for 2-16 hours, and only
the free ligand, 5a, and borates were observed by ''B NMR spectroscopy when 5a and Pt(acac),
were refluxed in benzonitrile overnight (Table D1). The lack of reactivity observed between Sa
and Pt(acac); in acetonitrile might be attributed to the unfavorable pKa difference between the
two reagents (pKa, carboranyl C-H ~ 25 and pKa, acac ~ 17, respectively). In contrast, the
formation of new products was observed by 'H NMR spectroscopy when a THF solution of 5a, 2
equivalents of KHMDS, and 2 equivalents of 18-crown-6 was added to a THF solution of
Pt(acac); and heated in either an oil bath or with microwave irradiation (Figure D4). Attempts to
purify the crude products with silica or alumina column chromatography were unsuccessful, as
the crude product did not appear to be stable in these media.

Next, we considered generating a cationic Pt(II) precursor as an alternative route to
synthesize Pt-2 (Figure D6). One equivalent of AgSbF¢ was added to a THF slurry of Pt(cod)Cl,
and stirred for 30 minutes, then a THF solution of 5a, 2 equivalents of KHMDS, and 2
equivalents of 18-crown-6 was added to this reaction mixture. After allowing the reaction to

proceed overnight, a complex mixture of products was observed by '"H NMR spectroscopy
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(Figure D6B). Finally, we considered generating the Zn(Il) analogue of Pt-2, as the Zn(II) ion
could potentially be transmetalated with Pt(II) to afford the desired Pt(II) complex (Figure D6).’
After a THF solution of 5a, 2 equivalents of KHMDS, and 2 equivalents of 18-crown-6 was
added to a THF solution of ZnCl, and stirred at room temperature overnight, a white precipitate
formed. Upon filtration through a pad of Celite and solvent removal in vacuo, the crude product
was dissolved in THF-dg and the '"H NMR spectrum was obtained (Figure D7B). A complex
mixture of products was observed, suggesting this was not a suitable route to a Zn(Il)-based
complex of 5a.

7 2-2[K+(18-c-6)]

2 equiv KHMDS
2 equiv 18-crown-6> 2 equiv CH3l
THF, r.t., 30 min THF, r.t., 16 h

not isolated

B
C-H carborane
Sa ]
C
Crude
Reaction C-H carborane

Mixture No longer present

H NMR Spectra, CDCI,
T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 ppm

Figure 5.7 (A) Scheme for the C-methylation of 5a. (B) '"H NMR spectrum of 5a in CDCls. (C)
'H NMR spectrum of the crude product obtained from the reaction scheme presented in (A).
Disappearance of the carboranyl C—H chemical shift suggests successful C-methylation of Sa.
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In order to determine whether the deprotonation of Sa was occurring at the desired
position (carboranyl C—H) rather than another position in the molecule, we attempted to quench
the deprotonated 5a species with methyl iodide (Figure 5.7). Following the addition of methyl
iodide to a THF solution of 5a, 2 equivalents of KHMDS, and 2 equivalents of 18-crown-6, the
reaction mixture was allowed to stir at room temperature overnight. The solvent was removed
under reduced pressure and the crude product dissolved in CDCl;. The 'H NMR spectrum
suggested full conversion of 5a as the diagnostic chemical shift corresponding to the carboranyl
C—H was no longer present (Figure 5.6C). However, multiple products were observed in the 'H
NMR spectrum, suggesting deprotonation (or other undesired side reactions) might be occurring
at other positions in 5a and potentially complicating subsequent reactions involving Pt(Il). We
briefly explored the use of alternative bases, but it seems that both KH and Zn(HMDS), are not
suitable for the deprotonation of 5a (Figures D7 and D8, respectively). Based on these results, a

more detailed screen of potential bases for use in the deprotonation of 5a is warranted.

R = Bulky Alkyl or
Aryl Group
N7 S

Bulky 5a Bulky Pt-2 I \K/ j/ \K/ j/

Tethered 5a Tethered Pt-2

IS

Figure 5.8 (A) Potential products that form during the attempted syntheses of Pt-2: Bimetallic
Pt(II) species (Bimetallic Pt-2) or oligomeric Pt(II) species (Oligomeric Pt-2). Bulky functional
groups at the methylene position of Sa (B) or an alkyl-tethered analogue of Sa (C) may
potentially promote the formation of Pt-2-based complexes due to steric constraints that limit the
propensity for undesired side reactions to occur during metalation.
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The synthesis of Pt-2 has not proved to be straightforward: while the ligand Sa was
entirely consumed under many of the reaction conditions employed, the formation of a clean,
well-defined product has not been observed by "H NMR spectroscopy; rather, a complex mixture
of products was commonly observed after sufficient reaction time (typically overnight). One
potential reason for this could be due to the orientation of Sa in solution and the rate of
intermolecular versus intramolecular reactions with the Pt(II) source (Figure 5.8A). Based on the
X-ray crystal structure for 5a (Figure 5.3), each carboranyl-pyridine fragment is oriented in a
way such that Sa could potentially accommodate two Pt(II) centers to generate either a bimetallic
species (Bimetallic Pt-2, Figure 5.8A), or an oliogmeric species in which the repeat unit consists
of two distinct ligands bound to a single Pt(II) center (Oligomeric Pt-2, Figure 5.8A).'" If the
deprotonated Sa species adopts a similar orientation in solution as Sa does in the solid state, the
formation of such multimetallic complexes is plausible. The complex mixture of products
commonly observed by '"H NMR spectroscopy and broadened ''B and ''B{'H} NMR spectra
typically seen for the crude products isolated after the metalation reactions presented in this
chapter are consistent with the formation of either Bimetallic Pt-2 or Oligomeric Pt-2. Careful
control of reaction conditions, such as concentration and stoichiometry, might potentially
mitigate the formation of multimetallic species by slowing the rate of intermolecular interactions
between Sa and the Pt(II) source and promoting the formation of the intramolecular reaction
product, Pt-2. However, a more direct approach to addressing this issue involves the synthesis of
derivatives of S5a that will “lock” the tetradentate carborane-based ligand in the preferred
orientation to promote formation of the desired monometallic Pt-2-based species. One design
incorporates bulky alkyl or aryl groups at the methylene position of Sa (Bulky 5a), which may

potentially orient the ligand in such a way that the rate of intramoleclar reaction between the
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ligand and the Pt(Il) precursor is faster than the rate of intermolecular reaction between multiple
ligands and Pt(II) sources, resulting in the formation of the desired Pt-2-based complex, Bulky
Pt-2 (Figure 5.8B). Alternatively, incorporating an alkyl tether between the two carboranyl
moieties in Sa (Tethered Sa, Figure 5.8C) could also provide a ligand platform that is more
likely to form a monometallic Pt(II) species (Tethered Pt-2, Figure 5.8C) as rotation about the
methylene spacer unit will be severely limited. These next generation tetradentate carborane-
based ligands may potentially lead to the formation of the desired Pt(Il) complexes, finally

enabling the study of this class of carborane-based Pt(II) emitters.

5.3 Conclusions

Overall, we have identified two tetradentate carborane-based Pt(II) complexes, Pt-1 and
Pt-2, that may potentially exhibit high quantum yields due to minimal distortions between their
calculated Sy and T, geometries. Due to the large steric strain in the calculated ground state
geometry for Pt-1, we chose to pursue Pt-2, as the ligand in this proposed complex appeared to
be more capable of accommodating a Pt(I) center. We successfully synthesized the carborane-
based tetradentate ligand, 5a, by employing a SyAr-based approach.”” Synthesis of the desired
Pt(Il) complex, Pt-2, proved to be challenging; metalation reactions involving Sa typically
formed a complex mixture of products observed by "H NMR spectroscopy, potentially due to the
formation of multimetallic Pt(II)-based species, such as Bimetallic Pt-2 and Oligomeric Pt-2.
Future designs of 5a should aim to “lock” the ligand into the preferred orientation to promote the
synthesis of the desired monometallic Pt(II) complex. Two such strategies include the
incorporation of bulky groups at the methylene position of 5a (Bulky Sa), and tethering the
carboranyl fragments of Sa together with an alkyl chain (Tethered Sa). From there, synthesis of

the desired carborane-based tetradentate Pt(I1) complex may potentially be achieved. With many
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reports of vertex-selective functionalization methods for carborane emerging,'' it is conceivable
that this carborane-based ligand framework can be derivatized in a straightforward manner,
potentially leading to a new family of efficient, deep blue phosphorescent Pt(Il) emitters that will

be suitable for use in OLED-based devices and applications.

5.4 Appendix D

5.4.1 General Considerations

All experiments were set up in a nitrogen-filled glovebox or performed under an
atmosphere of nitrogen using standard Schlenk and cannula techniques. All work-up and
characterization was performed under ambient conditions. The “ambient conditions” for this
manuscript refer to room temperature (20 - 25 °C) and uncontrolled laboratory air.
Tetrahydrofuran (THF) and diethyl ether used for reactions were sparged through argon and

passed through activated alumina before use.

5.4.2 Materials

Deuterated solvents, other than THF-dg, were purchased from Cambridge Isotope
Laboratories and stored over 3A molecular sieves prior to use. Pt(cod)Cly,' Pt(SEt,),CL,” were
synthesized according to previously reported procedures. Kj[PtClg], potassium
bis(trimethylsilyl)amide (KHMDS), 18-crown-6, methyl iodide, concentrated hydrochloric acid,
ZnCl,, THF-dg, diethyl sulfide, potassium hydride, 1,5-cyclooctadiene, and silver
hexafluoroantimonate were purchased from Sigma-Aldrich. Pt(acac), was purchased from Strem
Chemicals. 2,6-dichloropyridine (1a) and 2,6-dichloro-4-methylpyridine (1b) were purchased
from Oakwood Chemical. Organics. o-Carborane (1,2-C,B;oH;2) was purchased from Boron
Specialties (USA) and was purified prior to use in the following procedure: a round-bottomed
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flask was charged with o-carborane (15 g, 10.4 mmol) and MeOH (150 mL). Concentrated HCI
(50 mL) was added slowly to the reaction vessel, and the resulting mixture was heated to 50 °C
and stirred overnight. The solution was then cooled, H,O (200 mL) was added, and the resulting
white solid was isolated by vacuum filtration, washed with water, and air-dried. The solid was
then dissolved in CH,Cl,, dried with MgSQy, and filtered through Celite. The solution was dried
in vacuo to afford a white powder. The powder was then sublimed at 60 °C under dynamic
vacuum. After sublimation away from the yellow residue, the white sublimate was dissolved in
1,2-dichloroethane. Activated carbon/charcoal (ca. 3—5 g) was added, and the mixture was stirred
for 6 hours at about 75°C. The suspension was then filtered, and the filtrate was concentrated
under vacuum. The resulting white solid was again sublimed at 60 °C to afford purified o-

carborane. All reagents were used as received unless otherwise indicated.

5.4.3 Instruments

'H, "B, and "B{'H} NMR spectra were obtained on a Bruker AV400 or Bruker
DRX500 spectrometer; °C{'H} NMR spectra were obtained on a Bruker AV400 spectrometer.
Bruker Topspin software was used to process the NMR data. 'H and C{'H} NMR spectra were
referenced to residual solvent resonances in deuterated solvents (THF-dg: 'H, 3.580 ppm, °C,
67.210 ppm; acetone-ds: 'H, 2.050 ppm, *C: 29.840 ppm; CDCls: 'H, 7.260 ppm, °C, 77.160
ppm; Note: due to high humidity H,O resonances are often present). ''B NMR spectra were

referenced to an external BF;-Et,O (0 ppm) standard.

5.4.4 X-Ray Data Collection and Processing Parameters
For 5a a single crystal was mounted on a nylon loop using perfluoropolyether oil and
cooled rapidly to 100 K with a stream of cold dinitrogen. Diffraction data were measured using a

Bruker APEX-II CCD diffractometer using Mo-Kq radiation. The cell refinement and data

179



reduction were carried out using Bruker SAINT and the structure was solved with SHELXS-97.
All subsequent crystallographic calculations were performed using SHELXL-2013. Solvent

molecules with significant disorder were rendered using the SQUEEZE method.

5.4.5 DFT Calculation Details

Geometries Pt-1 and Pt-2 optimized with DFT calculations using standard triple-&
polarization (TZP) basis sets available in the Amsterdam Density Functional 2014.04 Rev. 44409
(ADF)’ software suite, with Becke® and Perdew’ (BP) Slater-type orbitals (STOs) on a 6 core
Apple computer. The local density approximation (LDA) was made with BP and exchange and
correlation corrections available by default in the ADF 2014.04 suite. Single point calculations
were performed using the B3LYP® level of theory and a TZ2P basis set. The COSMO solvation
model (THF) was used for both geometry optimizations and single point calculations. All-
electron basis sets were used for all atoms (cores remained un-frozen). Electron spins were
restricted for Sy calculations, and electron spins were unrestricted for T; calculations.
Relativistic correlations were made using Zero-Order Relativistic Approximation (ZORA)*'° for

Pt.
5.4.6 Synthetic Procedures

5.4.6.1 2,2-bis(6-chloropyrid-2-yl)acetonitrile (2a)

Inside a N, filled glove box, 2,6-dichloropyridine (5.00 g, 33.8 mmol), NaH (1.62 g, 67.6
mmol), acetonitrile (3.52 mL, 67.6 mmol), and THF (100 mL) were added to a 200 mL Schlenk
flask to yield a gray slurry. The flask was removed from the glove box and heated at 65 °C under
N, for 17 hours. The brown reaction mixture was then cooled to room temperature and diluted

with Et;0O (~ 20 mL). Brine (~ 50 mL) was added, then the organic and aqueous layers were
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separated. The aqueous layer was washed with Et;O (~ 75 mL x 3), and the organic portions
were combined and dried with Na,SO,4. After filtration through a pad of Celite and removal of
solvent under reduced pressure, an orange, viscous solid was isolated. Next, CH,Cl, was added
and the mixture was filtered to yield a yellow-brown solid (which was isolated) and an orange
filtrate (which was discarded). The solid was collected from the filter frit and vacuum dried (2.95
g, 66%). This product was used without further purification for the next step. "H NMR (acetone-
ds, 400 MHz) § 7.93-7.70 (br m, 2H, Ar), 7.22-7.18 (m, 2H, Ar), 6.33 (dd, 2H, Ar); “C{'H}
NMR (acetone-ds, 100 MHz) 0 162.28, 149.40, 137.32, 129.08, 115.52, 110.16, 70.61. Note: C—

Hyeinyiene not observed via 'H NMR spectroscopy.

5.4.6.2 2,2-bis(6-chloro-4-methylpyrid-2-yl)acetonitrile (2b)

Inside a N, filled glove box, 2,6-dichloro-4-methylpyridine (10.00 g, 61.7 mmol), NaH
(2.95 g, 123 mmol), acetonitrile (6.45 mL, 123 mmol), and THF (200 mL) were added to a 500
mL Schlenk flask to yield a gray slurry. The flask was removed from the glove box and heated at
65 °C under N; for 17 hours. The brown reaction mixture was then cooled to room temperature
and diluted with EtOAc (~ 20 mL). Brine (~ 100 mL) was added, then the organic and aqueous
layers were separated. The aqueous layer was washed with Et,O (~ 75 mL x 4), and the organic
portions were combined and dried with Na,SO4. After filtration through a pad of Celite and
removal of solvent under reduced pressure, a green, viscous solid was isolated. Next, CH,Cl,
was added and the mixture was filtered to yield a green solid (which was isolated) and an orange
filtrate (which was discarded). The solid was collected from the filter frit and vacuum dried (2.60
g, 29%). This product was used without further purification for the next step. '"H NMR (acetone-

de, 400 MHz) 5 7.68 (br s, 2H, Ar), 6.18 (br s, 2H, Ar), 2.13 (s, 6H, Ar—CHs); Note: C—Hyueshyiene
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not observed via 'H NMR spectroscopy. These data are consistent with those reported in

reference 9.

5.4.6.3 Bis(6-chloropyrid-2-yl)methane (3a)

2a (5.00 g, 18.9 mmol), HCI (12 M, 78.9 mL, 947 mmol), and ethanol (70 mL) were
combined in a 500 mL round bottom flask and heated to 80 °C for 20 hours. The deep yellow
reaction mixture was cooled in an ice bath and neutralized with NaOH up to a pH of 8 (~ 30-35g
NaOH in ~ 100 mL H,O). The aqueous layer was extracted with EtOAc (100 mL x 4), and the
organic layers were combined and dried with Na,SOy, then passed through a pad of Celite. The
solvent was removed via rotary evaporation to yield a light brown solid. The crude product was
purified via silica gel column chromatography (R¢= 0.50, CH,Cl,) to yield a white solid after
solvent removal and drying under vacuum (3.18 g, 70%). "H NMR (CDCls;, 400 MHz) 6 7.57 (t,
2H, Ar), 7.19 (t, 4H, Ar), 4.26 (s, 2H, CH,); *C{'H} NMR (CDCl;, 100 MHz) § 159.56, 150.96,

139.37, 122.42, 122.30, 46.33.

5.4.6.4 Bis(6-chloro-4-methylpyrid-2-yl)methane (3b)

2b (2.50 g, 8.56 mmol), HCI (12 M, 35.6 mL, 428 mmol), and ethanol (30 mL) were
combined in a 300 mL round bottom flask and heated to 80 °C for 16 hours. The deep yellow
reaction mixture was cooled in an ice bath and neutralized with NaOH up to a pH of 8 (~ 17g
NaOH in ~ 50 mL H,0). The aqueous layer was extracted with EtOAc (75 mL x 4), and the
organic layers were combined and dried with Na,SOy4, then passed through a pad of Celite. The
solvent was removed via rotary evaporation to yield a yellow solid. The crude product was
purified via silica gel column chromatography (R¢= 0.70, CH,Cl,) to yield a white solid after
solvent removal and drying under vacuum (1.40 g, 61%). "H NMR (acetone-ds, 400 MHz) &
7.14 (d, 4H, Ar), 4.12 (s, 2H, CH,), 2.33 (s, 6H, Ar—CHs); *C{'"H} NMR (acetone-ds, 100 MHz)
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0 160.36, 152.37, 151.22, 124.33, 123.37, 46.28, 20.58. These data are consistent with those

reported in reference 9.

5.4.6.5 2,2-Bis(6-chloropyrid-2-yl)propane (4a)

Inside a N, filled glove box, 3a (2.39 g, 10 mmol), KHMDS (2.19 g, 11 mmol), and THF
(100 mL) were added to a 250 mL round bottom flask and stirred at room temperature for 2.5
hours to yield a dark brown reaction mixture. Next, CH;I (0.685 mL, 11 mmol) was added at
room temperature, and the reaction mixture immediately turned bright green. After stirring at
room temperature for 1 hour, KHMDS (2.99 g, 15 mmol) was added as a solid at room
temperature to yield a deep red reaction mixture, which was then allowed to stir at room
temperature for 1.5 hours. Next, CH3I (0.93 mL, 15 mmol) was added at room temperature, and
the reaction mixture turned gray within a few minutes. The flask was then heated to 60 °C under
N, for 16 hours. The reaction was quenched with NH4Cl, and the organic and aqueous layers
were separated. The aqueous layer was extracted with EtOAc (75 mL x 3), and the organic layers
were combined and dried with Na;SOs, then passed through a pad of Celite. After solvent
removal via rotary evaporation, the crude product was purified via silica gel column
chromatography (Ry= 0.70, CH,Cl,) to yield a white solid after solvent removal and drying
under vacuum (2.47 g, 93%). If the final product is yellow, it can be dissolved in CH,Cl, and
stirred with charcoal at room temperature overnight, filtered through a pad of Celite, and isolated
under reduced pressure to remove colored impurities. '"H NMR (CDCls, 400 MHz) 6 7.53 (t, 2H,
Ar), 7.15-7.08 (m, 4H, Ar), 1.77 (s, 6H, CH;); “C{'"H} NMR (CDCls;, 100 MHz) ¢ 168.00,

150.36, 138.91, 121.87, 120.08, 48.21, 28.24.
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5.4.6.6 2,2-Bis(6-chloro-4-methylpyrid-2-yl)propane (4b)

Inside a N, filled glove box, 3b (1.34 g, 5.02 mmol), KHMDS (1.10 g, 5.52 mmol), and
THF (50 mL) were added to a 200 mL round bottom flask and stirred at room temperature for 3
hours to yield a red-orange reaction mixture. Next, CHsI (0.340 mL, 5.52 mmol) was added at
room temperature, and the reaction mixture immediately turned green. After stirring at room
temperature for 1 hour, KHMDS (1.50 g, 7.52 mmol) was added as a solid at room temperature
to yield a red-orange reaction mixture, which was then allowed to stir at room temperature for
1.5 hours. Next, CHsI (0.470 mL, 7.52 mmol) was added at room temperature, and the reaction
mixture turned gray within a few minutes. The flask was then heated to 60 °C under N, for 18
hours. The reaction was quenched with NH4Cl, and the organic and aqueous layers were
separated. The aqueous layer was extracted with EtOAc (50 mL x 3), and the organic layers were
combined and dried with Na,SOs, then passed through a pad of Celite. After solvent removal via
rotary evaporation, the crude product was purified via silica gel column chromatography (R¢=
0.80, CH,Cl,) to yield a white solid after solvent removal and drying under vacuum (1.44 g,
97%). If the final product is yellow, it can be dissolved in CH,Cl, and stirred with charcoal at
room temperature overnight, filtered through a pad of Celite, and isolated under reduced pressure
to remove colored impurities. "H NMR (CDCls, 400 MHz) 6 7.11 (m, 4H, Ar), 2.32 (s, 6H, Ar—
CHj3), 1.71 (s, 6H, methylene CHs). These data are consistent with those reported in reference

11.

5.4.6.7 2,2-Bis(6-(1-0-carboranyl)pyrid-2-yl)propane (5a)
Inside a N, filled glove box, o-carborane (0.431 g, 3.00 mmol), KHMDS (1.79 g, 9.00
mmol), and Et,0 (20 mL) were added to a 100 mL round bottom flask and stirred at room

temperature for 30 minutes to yield a yellow-gold solution. This solution was then added
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dropwise to a solution of bis(6-chloropyrid-2-yl)propane (0.400 g, 1.50 mmol) in Et,O (20
mL), and the red-orange reaction mixture was allowed to stir in the glove box at room
temperature for 15 hours. The brown reaction mixture was removed from the glove box and
quenched with NH4Cl. The organic and aqueous layers were separated, and the aqueous layer
was extracted with EtOAc (50 mL x 3). The organic layers were combined, dried with Na,SO,,
passed through a layer of Celite, and solvent was removed via rotary evaporation. The crude
product was purified via silica gel column chromatography (R¢= 0.45, 9:1 hexanes:CH,Cl,) to
yield an orange solid after removal of solvent under reduced pressure. This solid was then
dissolved in CH,Cl, (~ 10 mL) and stirred with charcoal at room temperature overnight. This
mixture was then passed through a pad of Celite and solvent was removed under reduced
pressure to yield an off-white solid. Unreacted o-carborane is removed via sublimation (60 °C,
dynamic vacuum, 3 hours), and the desired product (material that did not sublime) is isolated
(0.250 g, 35%). "H NMR (CDCls, 400 MHz) § 7.64 (t, 2H, Ar), 7.36 (d, 2H, Ar), 7.14 (d, 2H,
Ar), 4.65 (s, 2H, C—Hearboranc), 1.72 (s, 6H, CH3), 3.11-1.35 (br, 20H, B-H); ''B NMR (CDCl;,
160 MHz) 6 -3.77 (m, 4B), -11.21 (m, 16B); “C{'"H} NMR (CDCl;, 100 MHz) ¢ 166.37,

149.68, 137.89, 121.74, 119.03, 75.52, 56.69, 48.44, 28.07.
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5.4.7 Supplementary Figures and Tables

1. 2.5 equiv KHMDS, r.t., 30 min

2. Pt(cod)Cl,, temperature, 16 h
THF

B I J
r-t. AML
C
-30 °C to r.t. ‘ 1
Ahv.-_ml&__
D
-78 °C |
Ak . il
'H NMR Spectra, Acetone-d,
T T T T T T T T T T T T T T T T T T T T 1
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure D1 Varying the reaction temperature for the addition of a THF solution of 5a and 2.5
equivalents of KHMDS to Pt(cod)Cl,. After 16 hours at 60 °C (A), room temperature (B), -30 °C
to room temperature (C), or -78 °C (D), solvent was removed in vacuo, the crude reaction
mixture was dissolved in acetone-ds, and the "H NMR spectrum for each reaction was obtained.
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5a

1. 2 equiv KHMDS, 2 equiv
18-crown-6, r.t., 30 min

@ 2. Pt(cod)Cly, 30 °C tor.t, 18 h
THF

C
1. 2 equiv KHMDS, 2 equiv
5a 18-crown-6, r.t., 30 min >
2. Pt(cod)Cl,, -78 °C tor.t., 18 h
" Mﬁ
H NMR Spectra, CDCl,
T T T T T T T T T T
9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 ppm

Figure D2 (A) "H NMR spectrum of 5a in CDCls. (B) and (C) Varying the reaction temperature
for the addition of a THF solution of 5a, 2 equivalents of KHMDS, and 2 equivalents of 18-
crown-6 to Pt(cod)Cl,. The reaction was allowed to warm from -30 °C to room temperature (B),
or -78 °C to room temperature (C) over the course of 16 hours. Following removal of solvent in

vacuo, the crude product from each reaction was dissolved in CDCl3, and the '"H NMR spectrum
was obtained.
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_PUSEL)Cly y _1 equiv. KHMDS _
THF X THF
Y| -KCl, -SEt, ? SEt, -HMDS, -KCl, -SEt,
JaYA AYA\
% N
5a _1€quiv KHMDS Reaction Pt(SEt,),Cl, Reaction 1 equiv KHMDS » Reaction o Reaction
THF-dg, r.t., 0.5h ~ Mixture A THF.dg, r.t, 0.5h ~ Mixture B THF.dg,r.t,0.5h  Mixture C THF-dg, 60°C,16h  Mixture D
5a
. A
D
Reaction
Mixture A
E
Reaction
Mixture B

Reaction
Mixture C

Reaction
Mixture D

"H NMR Spectra, THF-dg
T

1
8.5 8.0 7.5 7.0 6.5 6.0 5.5 ppm

Figure D3 (A) Scheme for the proposed sequential deprotonation and cyclometalation of 5a. (B)
Overview of the NMR-scale experiment conducted. (C) "H NMR spectrum of 5a in THF-ds. (D)
'H NMR spectrum of 5a and 1 equivalent of KHMDS in THF-ds following stirring at room
temperature for 30 minutes (Reaction Mixture A). (E) '"H NMR spectrum acquired after
Pt(SEt,),Cl, was added to Reaction Mixture A and stirred for 30 minutes at room temperature
(Reaction Mixture B). (F) "H NMR spectrum obtained after 1 equivalent of KHMDS was added
to Reaction Mixture B and stirred at room temperature for 30 minutes (Reaction Mixture C). (G)
'H NMR spectrum acquired after Reaction Mixture C was heated to 60 °C overnight (Reaction
Mixture D).
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Table D1 Reactions between 5a and Pt(acac),.”

0...-0 solvent
+ ( “JPto . ))p - »
0 0 temperature, time

Pt(acac),
Entry  Solvent Temperature Heating Method Time Result
1 CH,CN 80 °C Oil Bath 16 hr > 99% starting materials’
2 CH,CN 140 °C Microwave 2hr > 99Y% starting materials’
3 CeHsCN 170 °C Oil Bath 16 hr 5a + borates®

“Reactions conducted under N,. “Determined by '"H NMR spectroscopy. ‘Determined by ''B
NMR spectroscopy.

A
5a
A J L
B
1. 2 equiv KHMDS, 2 equiv
5a 18-crown-6, r.t., 30 min
2. Pt(acac),, 60 °C (oil), 18 h
THF
C
1. 2 equiv KHMDS, 2 equiv
5a 18-crown-6, r.t., 30 min
2. Pt(acac),, 100 °C (uwave), 18 h
THF
*
*5a J
"
H NMR Spectra, CDCl,
T T T T T T T T T T 1
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 ppm

Figure D4 (A) 'H NMR spectrum of 5a in CDCls. (B) 'H NMR spectrum of the crude product
obtained after a THF solution of Sa, 2 equivalents of KHMDS, and 2 equivalents of 18-crown-6
was added to a THF solution of Pt(acac), and heated to 60 °C in an oil bath for 16 hours. (C) 'H
NMR spectrum of the crude product obtained after a THF solution of 5a, 2 equivalents of
KHMDS, and 2 equivalents of 18-crown-6 was added to a THF solution of Pt(acac), and heated
to 100 °C under microwave irradiation for 16 hours.
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22[K*(18-c-6)]
2 equiv KHMDS
2 equiv 18-crown-6

------------------- » ey
THF, 30 min, r.t.
-2HMDS
=BH ’ i THF,rt,16h
°=¢C L Kol KebR,
- not isolated ! Rt 6
©=CH i -2(18-crown-6), -(cod)
AgSbF, H
Pt(cod)Cl,  ------- 9076 > [Pt(cod)CI|SbFg ----------
THF, 30 min, r.t. ,
-AgCl not isolated
B
# THF-d,
T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 ppm

Figure DS (A) Scheme for reaction involving a cationic Pt(Il) precursor. A THF solution of Sa,
2 equivalents of KHMDS, and 2 equivalents of 18-crown-6 was added to a THF slurry of
Pt(cod)Cl, and 1 equivalent of AgSbFs, then stirred at room temperature overnight. (B) "H NMR
spectrum (THF-dg) obtained from the crude product from the reaction scheme presented in (A).

2-2[K*(18-¢-6)]
2 equiv KHMDS

2 equiv 18-crown-6 ZnCl,
THF, 30 min, r.t. THF, 16 h, r.t.
-2HMDS -2KCl, -2(18-crown-6)
not isolated
B
*

* *
o Wehotuai oy A 5i M

T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 ppm

Figure D6 (A) Scheme for the potential synthesis of a Zn(II) analogue of Pt-2. A THF solution
of Sa, 2 equivalents of KHMDS, and 2 equivalents of 18-crown-6 was added to a THF slurry of
ZnCl, and stirred at room temperature overnight. (B) 'H NMR spectrum obtained (THF-ds) from
the crude product from the reaction scheme presented in (A).
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Figure D7 (A) 'H NMR spectrum of 5a in THF-dg. (B) 'H NMR spectrum obtained after 2
equivalents of KH were added to the THF-dg solution of Sa from (A) and allowed to react at
room temperature for 1 hour. The major species observed in solution is unreacted Sa.
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Figure D8 (A) Scheme for the potential synthesis of a Zn(Il) analogue of Pt-2 using
Zn(HMDS), as the base to deprotonate Sa. A THF solution of ZnCl, and 2 equivalents of
KHMDS is stirred at room temperature for 3 hours. Next, Sa is added, and the reaction is
allowed to stir at room temperature overnight. (B) "H NMR spectrum obtained (THF-ds) from
the crude product from the reaction scheme presented in (A).
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