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Abstract
Formazans are a class of conjugated organic N-chelating ligands with an established
coordination chemistry with many transition and main group metals. The formazans and
the complexes derived from them generally have notable visible absorption coupled with
accessible reduction potentials, making them a good candidate for accessing new
coordination complexes with intriguing electronic properties. Transition metal complexes
of formazan ligands with numerous p-block metals and several first-row transition metals
have been reported, but their potential as redox-active chelating ligands with heavier
transition metal remain underexplored. In Chapters 2 and 3, a series of
di/triarylformazanate cyclometalated complexes with platinum (1) and iridium (I1) is
described, where unique redox and photophysical properties are observed by combining
third-row transition metals with formazanate ligands. X-ray crystallography reveals the
molecular structure of several Pt/Ir formazanate complexes. An intense visible 1 — m*
absorption is observed in both types of metal formazanate complexes; and solvent-
dependent electronic absorption spectra reveal some charge-transfer character in the
HOMO — LUMO transition in Pt complexes. The formazanate-based reduction potential
shifts anodically in presence of electron withdrawing group and the opposite effect is
observed for electron donors, establishing that the redox potentials of both the Pt/Ir
formazanate complexes could be controlled by altering the substituents in the formazan
backbone. The easy synthetic routes to prepare these metal complexes provides
opportunities to expand the coordination chemistry of this ligand class to other third row
metals, to discover new binding modes and structural motifs involving formazanate

ligands and heavy transition metals; and to demonstrate the effect of metal d-orbital

Vv



mixing on the formazanate-derived redox and optical properties. In Chapter 3, a suite of
red-emitting iridium complexes featuring two different cyclometalated ligands and a
variety of ancillary ligands are described, featuring the effect of strongly m-donating
ancillary ligand on electrochemical and photophysical properties. Electron-donating
substituents can augment the radiative rate constant (k;) and photoluminescent quantum
yield, and/or shift the luminescence to the near-IR region. The work described here
motivate further pursuit of the more ancillary ligand modification along with
computational studies to control and optimize the structural properties to design better red

phosphors.
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Chapter 1

Introduction



1.1 Formazan ligands

Formazans are a class of conjugated organic molecules with a 1,2,4,5-
tetraazapentadienyl core, whose syntheses and structures were first described over 100
years ago.> Much of the early work on formazans focused on synthetic procedures and
structural studies, from which successful applications in biomedical assays, textile dyes,
and colorimetric indicators of cell activity have emerged over the years.>® Three types of
crystallographically characterized conformations’ of formazans have been noted for
these compounds — closed, open, and linear, with their structures depicted in Figure 1.1.
The “open” form is generally favored by the formazans with aryl or bulky alkyl
substituents. Ligands with smaller R® groups (e.g., H, Me, Et, and SMe) can favor either
“open” or “linear” form. Other than that, most of the crystallized structures show the
adaptation of the “closed” structure, where delocalization in formazan backbone is

observed.

RS RS

)\ N

AN )\ < "Np5
R1‘N\\H/N\R5 R1’N\HII |L R3
"closed" "open" "linear"

Figure 1.1. Structural conformations of formazans.

Numerous combinations of R, R?, and R® substituents are known for formazans,
although the most common involve aryl groups at the flanking R* and R® positions, with
either a third aryl substituent or an electron-withdrawing group (cyano, nitro) at the R®

position. Many routes for preparing formazans have emerged, though the most frequently
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employed synthetic strategies, especially in recent studies, involve diazonium chemistry.
Scheme 1.1 summarizes the two general synthetic procedure of formazan ligands.
Triarylformazans are prepared via reaction of a diazonium salt with a diaryl-substitued
hydrazone,® whereas for the preparation of diarylformazans with R3= CN or NO; the
diazonium reacts with an in-situ deprotonated methylene acid (cyanoacetic acid or

nitromethane).’

N

5 1 H, 5
$1 H,TI/R R\’\Ill/ \N/R
triarylformazans: lrxljl@ + (/N ﬂ, N\|¢N
R3 R3
R R3 R%=aryl
J
4 A
H
1 N 5
R R\,\lll/ 'TJ/R
. | -
diarylformazans: 2 |’Tj|® + R3CH, base N \|7N
R3
R'=R%=aryl
L R®=CN, NO, |

Scheme 1.1. General synthesis of formazan ligands.

1.2 Redox active nature of formazanate ligands

The redox chemistry of formazans, summarized in Scheme 1.2, has been studied
extensively over the past several decades and remains one of their most noteworthy
features, an aspect of their properties that has long been recognized even before the
advent of their coordination chemistry. Oxidation of a free formazan by two electrons
with concomitant removal of a proton generates a tetrazolium cation. The colorless to

lightly colored tetrazolium can be reduced under physiological conditions to the highly



colored formazan, and this property has led to the development of numerous
physiological assays using tetrazolium reagents.® Formazans can also be converted into
verdazyls, a class of organic six-membered radicals whose stability rivals that of the
nitroxide family.’® The fundamental redox and optical properties of these verdazyl
radicals have been the subject of continuing scrutiny,® and their coordination chemistry
with transition metals has also been explored, primarily with the goal of designing

molecules with interesting magnetic properties.**2

RLM(R® 267 -H' RN—N-F
N =
N.=N -~ Z

\I|?/3 +2e, +H* \R|/3
formazan tetrazolium

H,CO

1 5 1 5

R\'T‘/\’TI/R O, -H" R\N/\N/R

e —— | l.
N~ _NH N~_N

verdazyl radical

Scheme 1.2. Redox chemistry of formazans.

Ligand-based redox processes are one of the main features that have spurred the
significant recent interest in formazanate complexes, allowing the formazanate to serve as
an electron reservoir when designing platforms for small-molecule activation.*3*® Unlike
structurally analogous B-diketiminates,’~2° which have become a popular ancillary ligand
in past decades for main group and transition metal chemistry,?® electrochemical
reductions of formazanates by one or two electrons are comparatively accessible at mild

potentials and produce relatively stable products, owing to the stabilized LUMOs these



ligands present. Utilizing the redox-active properties of the B-diketiminate for catalytic
reaction is quite difficult, due to the low-stability of their oxidized forms and requirement
of higher reduction potential to access reduced forms. On the contrary, the four nitrogen
atoms in the formazan ligand backbone make the reduction process much more accessible

and stabilize the reduced product.

1.3 Coordination complexes of formazanate ligand

The coordination chemistry of formazanates (deprotonated formazans) has long been
recognized, with systematic studies of their coordination chemistry starting to appear in
the 1940°’s.22 Sporadic accounts of transition metal formazanate complexes appeared over
the next several decades, with most of the reports focusing on bis-chelate complexes of

divalent first-row transition metals?®26

and  their  spectroscopic?”* and
electrochemical®-®? properties. With the recognition that formazanates (in their “closed”
form) are isostructural and isoelectronic with B-diketiminates, a well-known class of
supporting ligands in numerous contexts,?! the coordination chemistry of formazanates
garnered much attention in recent years. The desirable optical properties of formazans,
namely, intense visible absorption, coupled with their accessible reduction potentials,
make them attractive ligands for a number of applications. The latest accounts have
expanded the chemistry of formazans with first-row transition metals”® and palladium,®
demonstrated their utility as supporting ligands for copper-mediated oxygen
activation,>3 and paired formazans with other redox-active ligands in heteroleptic cobalt

complexes.®*® Furthermore, zinc complexes of formazanates have been used to

showcase their redox noninnocence,'*** and luminescent boron chelates have emerged, -



44 which further expound the redox and optical properties of these compounds. In spite of
the long history of formazanate coordination complexes and the continuing interest in
them, third-row transition metal complexes of formazanates have not been extensively
explored and offer an avenue for important discoveries. In this scope of work, we will
introduce the novel examples of heteroleptic cyclometalated formazanate complexes of

third-row transition metal.

1.4 Cyclometalated iridium(l11) complexes

Cyclometalated iridium(I1l) complexes have garnered much attention due to their
chemical inertness, good thermal and photostability, and desirable photophysical
properties. Two types of structure class are known for cyclometalated iridium complexes

— homoleptic and heteroleptic complexes as depicted in Figure 1.2.

Homoleptic Ir complexes

N N
Cu, C> Cu, | N>
Ir “lr
C/ | \N C/ | \C
N N
mer-Ir(CAN)3 fac-Ir(CAN)3

Heteroleptic Ir complexes

Cv o O O O

. | > C.., | B > C""'l . e ‘\\\X
s " s A
c/|\ c/|\ I T
o - o
Ir(C*N)2(L"X) [I(CAN)o(Lo)T* [r(CAN)o(L)"  [IM(CAN)(X)al

Figure 1.2. General structure types of cyclometalated iridium(111) complexes.



C"N ligands Ancillary ligand

bpy

(Heteroleptic Ir complex]

szpy thpy
.. III
o Y Y\( A c N O N
Ancillary ligand = P . : : 1 i urn
(0] NPh O O @ “Ph (e) (IJ N (.3
© © CHj S@
acNac acac NacNac

Figure 1.3. Structure of archetypal heteroleptic Ir(l111) complexes and commonly used
cyclometalating and ancillary ligands.

The general formula for the homoleptic iridium complexes is Ir(C"N)s, where
CAN = cyclometalating ligand (“C” represents anionic carbon donor, and “N” is charge-
neutral nitrogen donor). Two geometric isomers are observed for homoleptic complexes,
the facial (fac) and the meridional (mer) form. Heteroleptic complexes is described with
the general formula [Ir(C*N)2(LL"]" (LL' = ancillary ligand(s), n=—1, 0, +1). In order to
exhibit the typical types of cyclometalating and ancillary ligands that are generally used
to design cyclometalated iridium(l1l) complexes, Figure 1.2 display a representative
archetypal heteroleptic iridium(l1l) complex and structural examples of cyclometalating

C”N and ancillary ligands. Most commonly used choices of cyclometalating (C~N)
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ligands include 2-phenylpyridine (ppy),*>*" 2,4-difluorophenylpyridine (F2ppy),*6+ 2-(2-
pyridyl)benzothiophene (btp),**> 1-phenylisoquinoline (piq),**>* 2-(2'-thienyl)pyridine
(thpy),>> and 1-phenylpyrazole (ppz).*®>* As for ancillary ligand, both bidentate and
monodentate types of ligands can be utilized in designing iridium complexes. Choices of
bidentate ligands include bipyridine (bpy),>* picolinate (pic),> acetylacetonate (acac),*>®
B-ketoiminate (acNac), and B-diketiminate (NacNac).#4*%° Structural diversity can be
obtained in iridium(lll) complexes by incorporating monodentate ligands such as
cyanide,®”*8 isocyanide,*>*3°960 and CO®* or combination of these ligands. Varying the
cyclometalated ligands can tune the emission color over the spectrum,®>®2 while the
ancillary ligands has generally minimal influence on emission color but have profound

impacts on the redox properties and excited-state dynamics."~4°

Homoleptic Ir complexes

Cu, | hvor heat C,,
Ir
C/I\ T |\>
N
q CN «Cl, | wC mer-Ir(C"N)s fac-If(C™N),

IClanH,0 —— 5 /|\\ /l\c
\/N \J /\N (\N

o || L> >
ArS or etc...
e c/|

I(CAN)y(L"X) [I(CN)x(L)T"

Heteroleptic Ir complexes

Scheme 1.3. General synthesis of cyclometalated iridium(l111) complexes.



General synthesis of cyclometalated iridium(I11) complexes involves a standard two-
step synthesis procedure, as shown in Scheme 1.3. In the first step which is called
Nonoyama reaction,®® the cyclometalated (C~N) ligand precursor and IrCls.nH.O are
refluxed in an aqueous alcoholic solution to generate p-chloro bridged Ir(111) dimer.
Different types of third ligands are replaced with the chloride ligands in the dimers to
prepare heteroleptic ligands. If same type of third ligand is used to that in the p-chloro
bridged Ir(I11) dimer, homoleptic Ir(l11) complexes can be obtained, where coexistence of
two isomers is typically observed. But applying heating or photoexcitation can convert

the kinetic product mer-1r(C”N)s into the thermodynamic product fac-Ir(C*N)a.

Cyclometalated iridium(lll) compounds have been well-known for their
photophysical properties. Multiple optical excitation paths such as metal-to-ligand charge
transfer (MLCT), ligand-to-ligand charge transfer (LLCT), and ligand-centered charge
transfer (LC) are observed in the Ir(111) complexes. Studies on Ir(I1l) complexes has
shown, the nature of the emissive state T1, often involves mixed ligand-centered (3LC or
*nn*) and singlet and triplet metal-to-ligand charge transfer (**MLCT or 3dn*) states
through the configuration interaction. The spin-orbit interaction between the triplet states
and the higher lying singlet states allows the spin-forbidden radiative transition by
relaxing spin-selection rules, and give rise to high phosphorescence efficiency at room
temperature. Ligand-centered phosphorescence generally exhibits well-resolved vibronic
structure while MLCT phosphorescence spectra typically have structureless emission
profile. Moreover, strong rigidochromism® and solvatochromism*®%> are observed in

MLCT phosphorescence due to a large dipole moment change in the excited state.®



1.5 Overview of thesis

The goal of the research presented is to establish the chemistry of formazanate
complexes of third-row metals and optimize the design of ancillary ligands for red-

emitting cyclometalated iridium(111) complexes for enhanced phosphorescent properties.

In Chapter 2, the complexes of platinum(ll) with tri/diarylformazans ligands and
insight into their electronic structure is described. Effects of structural and electronical
modification of cyclometalating ligands and formazanate ligands on the properties of
heteroleptic platinum complexes give us some control to tune the redox and absorption

properties of these complexes to a wide range.

In Chapter 3, the first examples of cyclometalated iridium formazanate complexes are
prepared by a general synthetic strategy and a thorough study of the electronic
modification of the formazanate ligand on the electrochemical and photophysical

properties is presented.

In Chapter 4, In this project, a suite of red-emitting iridium complexes featuring two
different cyclometalated ligands and a variety of ancillary ligands are described.
Electron-rich, strongly n-donating ancillary ligands were used based on the fact that they
can lead to larger radiative rates and higher phosphorescence quantum yields in the red

and near-IR region which has proven to be effective for some of the complexes.
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Chapter 2

Spectroscopic and Electrochemical properties of Electronically Modified

Cycloplatinated Formazanate Complexes

Portions of this work have been previously published:

Reprinted in part with permission from Kabir, E.; Wu, C.-H.; Wu, J. 1.-C.; Teets,
T. S. Inorg. Chem. 2016, 55, 956-963. Copyright 2016 American Chemical

Society.

Reprinted in part with permission from Kabir, E.; Patel, D.; Clark, K.; Teets, T. S.
Inorg. Chem. 2018, 57, 10906-10917. Copyright 2018 American Chemical

Society.

18



2.1 Introduction

Formazans are a class of conjugated organic molecule with a 1,2,4,5-
tetraazapentadienyl core, and their monoanionic form (referred to as “formazanate”) is a
well-known N-chelating ligand class with a rich coordination chemistry with transition
metals and main-group metals. Much of the early work on formazans focused on
synthetic procedures and structural studies, from which successful applications in
biomedical assays, textile dyes, and colorimetric indicators of cell activity have emerged
over the years.} The coordination chemistry of formazanates has long been investigated
with sporadic accounts of their transition-metal coordination chemistry appearing over
the past several decades.>® In recent years, the chemistry of formazans with transition
metals has been reinvigorated due to the desirable optical properties and accessible redox
states of the formazanate scaffold. Complexes of formazans and related ligands with first-
row transition metals'®! and palladium have been reported,'> and applications of
formazanates as supporting ligands for copper complexes which mediate oxygen
activation!®!* and low-coordinated iron complexes with ligand-based redox chemistry
were recently established.'>® In addition, bis(formazanate) iron and heteroleptic cobalt
complexes have demonstrated unique magnetic properties.}’~'° Beyond transition metals,
boron chelates have been used to expound the optical properties of formazanates, which
include intense absorption bands and electrochemiluminescence,?*-% with zinc and boron
complexes being especially valuable in revealing the ligand-based redox activity of

formazanates.?%24-27
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Despite the diverse accounts of formazanate coordination complexes and the
growing interest in them, third-row transition metal complexes have not been extensively
explored and offer an avenue for important discoveries. Third-row complexes of
dithizonates are known, which contain a formazan-like core, (Figure 2.1 (a)) but
coordination of sulfur was observed in these compounds, leaving one nitrogen atom

uncoordinated.?®

H\'\Il,Ph R R
Ph _N @[ M @
et
_C—s" TN= §
/N\
Phi
M = Hg, Pt M = Hg

(a) (b)
Figure 2.1. Example of third-row metal complexes with formazan-like core.

There are a few third-row transition metal complexes of dianionic aryl
formazanates which involve auxiliary o-phenoxy or o-benzoate donors and coordinate in
a tridentate fashion, (Figure 2.1 (b)) these previous studies described a number of
spectroscopic and reactivity properties of the complexes but none of these are extensively
characterized or pursued on in subsequent studies.?®=? A partnership between third-row
transition metals and formazanates offers the possibility of designing new complexes
with unique bond activation chemistry and/or triplet excited-state processes engendered
by the metal center, along with the formazanates desired intense visible absorption and
redox activity. The strong orbital overlap between radially extended 5d orbitals of third-

row metals and the formazanate m system could perturb the inherent redox properties of
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the formazanate, motivating further study on such compounds. In this chapter, a diverse
set of heteroleptic cyclometalated complexes of platinum (I1) with tri/diarylformazanate
is described and insight into their electronic structures is provided by characterizing the
molecular structure, photophysical, and electrochemical properties of such complexes
along with computational analysis. Reasoning that C*N cyclometalated ligands would
provide a robust and tunable platform to support platinum formazanate complexes,
heteroleptic bis-chelated complexes were prepared with both a formazanate and a C"N
cyclometalated ligand. The 18 neutral complexes described here include four different
cyclometalated ligands and five structurally and electronically varied triaryl- and
diarylformazanates. The new compounds presented here are synthesized by following
two general procedure and 10 of them are structurally characterized by X-ray diffraction.
This approach permits electronic tuning of both the C*N ligand and the formazanate as a
means of gauging the extent of electronic communication between the platinum center
and the formazanate m system. This structural diversity affords substantial control over
the ligand-based redox properties and results in redox-potential that are exquisitely
sensitive to the incorporation of electron-donating or electron-withdrawing groups on the
formazan ligand’s NNCNN backbone. The formazanate based redox potentials are
moderately responsive to the identity of the C*N ligand, revealing some mixing between
the platinum d-orbital and formazanate = orbitals and giving an additional layer of control
over these redox features. The absorption spectra show intense bands featuring

contributions from both the formazanate and the Pt—-C~N fragments. The latter band can

be tuned over a wide range by varying the C*N ligand, such that it is possible to design

complexes with nearly panchromatic absorption over the visible range. Solvatochromic
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studies reveal additional insights into the nature of the intense absorption bands observed
in these complexes. Solvent-dependent electronic absorption spectra reveal some charge-

transfer character in the HOMO — LUMO transition, which is confirmed by TD-DFT

analysis. This work introduces a new class of robust coordination complexes and
demonstrates how binding the formazanate to cyclometalated platinum perturbs the
formazanate’s electronic structure and demonstrates the ability to control the key redox

and optical properties by independently altering the C*N and formazanate ligands.

2.2 Results and Discussion

2.2.1 Synthesis of heteroleptic Cycloplatinated formazanate complexes

The general synthetic procedure for preparing neutral heteroleptic platinum
formazanate complexes is outlined in Scheme 2. Pairing the five formazanate ligands
with any of the four cyclometalating ligands 2-phenylpyridine (ppy), 2-(2,4-
difluorophenyl) pyridine (F2ppy), 2-phenylbenzothiazole (bt), or 2-phenylquinoline (pq)
furnishes a set of 18 complexes. The chloro-bridged dimers [Pt(C*N)(u-Cl)]2 were
treated with stoichiometric amounts of the free formazan in the presence of a base; a
distinct color change from dark red (free formazan) to green or blue (platinum complex)
signified the completion of reaction. Reactions was carried out in refluxing methanol
solution with excess sodium carbonate (Na2COgz) as base, but improved reaction
condition in dichloromethane (CH2Cl>) solvent with excess triethylamine (EtsN) acting as
a base could lower the reaction times and increase reaction yields is regarded as the
preferred route for the synthesis of the heteroleptic platinum formazanate complexes.

Formazanate ligands with electron-withdrawing cyano groups at the R> (i.e.
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diarylformazans, FzMeN and FzENCN) seemed to require shorter reaction times when
compared to the triarylformazan analogues. The isolated yields of the 18 complexes was
observed to be dependent on the identity of the C”N ligands. For C*N = ppy, F2ppy, and

pg, yields are more than 60% for

R’ R’
=N Na,CO3; (10 eq) NQ\J—N
N Cl N= MeOH, 65 °C < Nod N\ _p2
NS TN , 2 ’ Pt H—R
< /Pt\ /Pt\:> * H\ />_R or 7 N :I>_
C Cl N—N C N=N
NEt; (10 eq)
CH,Cl,, 20-40 °C
R’ R

Pt(CAN)(FzMePhOMe). RT = CH,: R? = p-CgH4-OCH;

\% f CN = ppy (1a), F2ppy (1b) bt (1), pq (1d)
N N N Pt(CAN)(FzOMe:PhOMe). R1 = OCHj,; R? = p-CgH4-OCH;
< N C”N = ppy (2a), F2ppy (2b), bt (2c), pq (2d)
t(CAN)(FZVe-PhCN): R1 = CH5; R? = p-CgHy-CN
C”N = ppy (3a), Foppy (3b), bt (3¢), pq (3d)

Pt(CAN)(FzMeCN): R" = CH;; R2= CN

C”N = ppy (4a), F2ppy (4b), bt (4¢), pq (4d)
PYCAN)(FZCNCN): R'= R?= CN

C"N = ppy (5a), Foppy (5b)
Scheme 2.1. General synthesis of complexes 1 —5.

all formazanate ligands. In contrast, bt complexes give lower isolated yields (45-55%),

mainly due to the difficulty of purifying the starting material [Pt(bt)(u-Cl)].. Complexes
la-1b and 2a-2b were synthesized by refluxing the reagents with Na,COs as base in
methanol solution as part of the primary investigation to prepare the platinum
formazanate complexes. Later, it was observed that using triethylamine as base and
dichloromethane as reaction solvent was more of an efficient choice for the synthetic

procedure as it could shorten the reaction time and improve yields, and rest of the 14
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complexes were synthesized by following this method. All of the complexes were air and
moisture stable and fully characterized by H, *C{*H}, and *°F (for 1b, 2b, 3b, 4b, and
5b) NMR spectroscopy, IR spectroscopy, and elemental analysis, which establish the

identity and bulk purity of all complexes.

2.2.2 Crystal Structures

Complexes la—1b, 2a, 2c, 3a, 3d, 4a — 4c, and 5b were characterized by single
crystal X-ray diffraction, with the structures depicted in Figure 2.2-2.3. Diffraction data
and refinement index of all ten complexes are summarized in Table 2.7-2.10. Relevant
bond lengths and angles for all complexes are provided in Table 2.1-2.2. Single crystals
for complexes were grown via either vapor diffusion of pentane into dichloromethane or
tetrahydrofuran or chloroform solution or by layering pentane onto a dichloromethane
solution of the appropriate compound at room temperature. In all cases, the crystal
structures indicated the expected planar coordination environment for Pt(Il), distorted
from perfectly square planar by virtue of the imposed chelate angles of ca. 80°. Small
deviations of the platinum atom from the mean plane of the N3C coordination
environment were observed, and the bond angles around the Pt center summed to very
nearly 360° within experimental error. Each complex has two N-N and two C—N bond
lengths in the formazanate backbone, which in all cases were nearly equivalent to each
other, evincing full electronic delocalization within the ligand’s backbone. These
observed bond lengths were very similar to some other observed formazanate
compounds.319183% The Pt-N bond distances to the chelated formazanate show slight

asymmetry as the distances trans to the phenyl-C are longer compared to the distances
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trans to the pyridyl-N, indicating a stronger trans influence of phenyl compare to

pyridine.
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Figure 2.2. X-ray crystal structure of complexes 1a, 1b, 2a, and 2c. Sideview of all
crystal structures showing the “dragonfly” conformation of the complexes. Hydrogen
atoms and solvated molecules are omitted for clarity. Ellipsoids are shown at the 50%

probability level.
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Table 2.1. Summary of crystallographic bond lengths (A) and Angles (deg) for
Complexes 1a, 1b, 2a, 2c, and 3a

la* 1b 2a 2c 3a
d(Pt-N) (A)? 2.041(4) 2.003(2) 2.021(4) 1.993(5) 2.032(5)
2.055(4)
d(Pt-N) (A)° 2.065(4) 2.084(2) 2.058(3) 2.085(5)  2.090(4)
2.059(4)
d(Pt-N)(A) (C*N) 2.022(4) 2.036(2) 2.020(4) 2.049(5) 2.026(5)
2.055(4)
d(Pt-C) (A) (C*N) 2.006(4) 1.998(3) 2.015(4) 2.022(6) 2.024(5)
2.011(4)
ZN-Pt-N (°)° 78.67(16) 78.92(9) 80.84(14) 79.6(2)  80.43(18
78.30(15) )
ZN-Pt-C (°) (C*N) 80.14(19) 80.31(10) 80.60(17) 80.02)  79.6(2)
80.30(19)
< bond angles (°) 359.9(7) 359.7(4) 360.0(6) 360.18(2) 359.96(1
359.8(7) 9)

*Two crystallographicallly independent molecules. ®=formazanate, trans to N, P=

formazanate, trans to C, °=formazanate

The azo N(2)—N(3) and N(4)—N(5) distances are nearly equal across the series
and relatively short (ca. 1.30 A), indicating minimal backbonding into the formazanate
which would partially populate N=N n* orbitals and elongate these bonds. There does
not appear to be any systematic dependence of the key structural metrics on the presence
of electron-withdrawing or electron-donating groups on the formazanate periphery. The

Pt—N bond distances to the formazanate lie in the same range as the distance between the
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platinum and the nitrogen atom of the C*N ligand. No apparent Pt—Pt interaction was

observed for these complexes.

Table 2.2. Summary of crystallographic bond lengths (A) and Angles (deg) for
Complexes 3d, 4a, 4b, 4c, and 5b

3d 4a 4b 4c 5b
d(Pt-N) (A)? 1.992(2) 2.023(5) 2.011(5) 1.998(2) 2.007(2)
d(Pt=N) (A)° 2.092(2) 2.087(8) 2.098(5) 2.091(2) 2.106(2)
d(P-N)(A) (C*N) 2.057(2) 2.037(5) 2.027(6) 2033(2) 2.041(2)

d(Pt-C) (A) (C*N) 2.006(2) 2.026(5) 2.008(1) 2.022(2) 2.012(2)

N(2)-N(3), 1299(3),  1.293(1), 1.296(7), 1.290(3), 1.297(3),
N(5)-N(4) 1.309(3) 1.302(6)  1.302(6) 1.304(3)  1.293(3)
ZN-Pt-N (°)° 82.53(8)  83.48(17) 79.4(11) 81.20(7) 80.98(8)

(N-Pt-C(°) (C°N)  79.97(9)  80.12(11) 80.7(2) 79.78(8) 80.37(10)

< bond angles (°) 360.01(9)  360.14(14) 359.57(7) 360.19(8) 359.82(19)

a=formazanate, trans to N, = formazanate, trans to C, °=formazanate

Distortion of the formazanate’s tetraazapentadienyl core from planarity was
observed for all structurally characterized molecules, in which the N-aryl substituents and
three non-coordinated atoms of the formazanate core were inclined in opposite directions
out of the coordination plane. This feature has been referred as a “dragonfly”
conformation that has been observed in several other formazanate complexes,®1%:18.20.25.34

and this conformation persists across all members of the series with either
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triarylformazanate (la-b, 2a, 2c, 3a, and 3d) or diarylformazanates (4a—c, and 5b)

ligands (Figure 2.2 and 2.3).
2.2.3 Optical properties of cyclometalated platinum formazanate complexes

Electronic absorption spectra of platinum formazanate complexes 1-5 were
measured by UV-vis absorption spectroscopy in dichloromethane solution at room
temperature and the data is summarized in Table 2.3. Figure 2.4 represent the overlaid
absorption spectra of complexes 1-4 with respect to their free formazan ligand and
Figure 2.5 displays overlaid absorption spectra of ppy- and Fzppy-ligated platinum
formazanate complexes. All the complexes described here were highly colored, appeared
green to blue in solution and displayed highly intense absorption bands in the visible
range of spectrum. The broad, intense visible absorption bands in FzM&OMe and FzOMe.OMe
occurred at 524 nm (g = 15000 M tcm™) and 545 nm (g = 14000 M tcm™), respectively.
The free ligand FzM&P"°N showed a characteristic broad absorption band at 486 nm (g =
14200 M~tcm™), which blue-shifted by 33 nm in FzMeCN (), = 453 nm, £ = 16800 M~tcm™
1) when the R? position of the formazan ligand was changed from 4-cyanophenyl to
cyano. A notable bathochromic shift of >100 nm (> 3000 cm™) was observed for the
low-energy absorption maxima of the formazans upon coordination of the formazan to
platinum in complexes 1-5. This absorption band was assigned as a formazanate-centered
n—7n* with a small amount of Pt(d)—n* metal-to-ligand charge transfer (MLCT)

character.
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Figure 2.4. Electronic absorption spectra of 1la-1d, 2a-2d, 3a-3d, and 4a—4d, overlaid
with their respective free formazan ligand.

As shown in Figure 2.4 and Table 2.3, the low-energy absorption maxima for
complexes with the same formazans are largely similar, with little dependence on the
C”N ligands. In general, complexes with the more electron-rich FzZOM&PhOMe [igand (2a—
2d) have low-energy maxima that are slightly red-shifted (~10 nm, 200 cm™?) when
compared to complexes with FzM&PhOMe (15_1d). Introducing an electron-withdrawing
group at the center (R?) position of the triarylformazanate complexes, i.e. FzMePhcN
complexes 3a—3d, induces a slight hypsochromic shift of the low-energy band, observed

at 634 — 640 nm (3a—3d). Placing a cyano group directly at the R? position in FzM&CN
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complexes 4a—4d results in a larger blue-shift, with maxima for these complexes ranging
between 600 and 608 nm, about 800 cm™ blue-shifted when compared to the FzMePhcN
complexes where there is a phenyl spacer between the formazanate backbone and the

electron-withdrawing group.

Table 2.3. Summary of UV-vis absorption maxima for spectra recorded in CH2Cl»

Absorbance A, nm, (g x 103/ M'em™)

1a 252 (39) 280 (41), 339% (22), 444 (7.9), 664 (12)
1b 251 (35), 269 (32), 294 (25), 338" (17), 449 (5.5), 653 (9.6)
le 265 (22), 316 (20), 355° (11), 481 (2.8), 655 (5.9)

1d 291 (40), 338 (21), 527 (6), 650 (9)

2a 256 (36), 277 (33), 353 (18), 449° (4.9), 665 (8.3)

2b 254 (43), 2922 (27), 353 (21), 462 (5.5), 662 (11)

2¢ 262 (36), 323 (31), 368 (19), 498 (4.0), 663 (11)

2d 289 (48), 352 (29), 548 (7), 663(12)

3a 275 (41), 363 (18), 437 (20), 640 (11)

3b 251 (36), 364 (16), 437 (14), 634 (10)

3¢ 264(35), 318 (24), 372 (18), 403 (16), 447° (12), 639 (10)
3d 289 (25), 355 (12), 405 (10), 490 (5.7), 640 (6.0)

4a 274 (30), 323 (13), 402 (10), 608 (8.4)

4b 267 (25), 320 (12), 396 (8.6), 600 (7.9)

4¢ 256 (26), 331 (20), 398 (11), 4222 (10), 608 (9.7)

4d 286 (42), 337 (16), 404 (9.8), 608 (9.5)

Sa 273 (40), 307 (28), 382 (12), 642 (10)

5b 266 (23), 305 (18), 380 (8.1), 629 (7.4)

a Shoulder.

Placing electron-withdrawing groups at the peripheral R! positions had the
opposite effect, and the absorption maxima of complexes 5a and 5b, with FzENCN| were
red-shifted by > 750 cm™ when compared to their analogous FzM*“N complexes 4a and

4b (Figure 2.5). Taken together, this data showed that the low-energy UV-vis absorption
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maxima were somewhat responsive to substituent changes on the periphery of the
formazanate, and that the direction of this effect (red-shift or blue-shift) can depend on

the location of the substituent.

30 4 Me.PhOM 50 5 Me,PhOMe
- —=— Pt(ppy)Fz"*"" " (1a) 45 —=— Pt(F ppy)Fz (1b)
25 —e—Pippy)Fz” " @a)| —e— PA(F ppy)Fz>"* """ 2b)
] Me,PhCN = .
I T PPz B s g —a—Pi(F ppy)F2**"*(3b)
£ 204\ —v— Pt(ppy)Fz (4a) £ E Me,CN
‘_0 :' Pt(ppy)FZCN'CN(5a) ‘_" 30 = b o Pt(szpy)Fz (4b)
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Figure 2.5. Overlaid electronic absorption spectra of 1a—5a and 1b-5b.

In addition to the formazanate-centered band which dominates low-energy region
of the spectra, all complexes display additional absorption bands in the near-UV and
visible regions that depend on the identity of the cyclometalating ligand. In general, this
band occurs at A ~ 400 nm in F2ppy and ppy complexes, ~ 450 nm in bt complexes, and ~
500 nm in pg complexes, though in some cases this additional band overlapped with or
was obscured by other intraligand bands, particularly in cyano-substituted formazanates.
This additional absorption feature was particularly evident in pg complexes 1d, 2d, 3d,
and 4d, where it overlaps with the formazanate-centered band and gives rise to nearly
panchromatic absorption over the entire visible range, (Figure 2.4) resulting in a very

dark blue color for these complexes.
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Table 2.4. Summary of UV-vis absorption maxima for spectra recorded in CH2Cly,

toluene, and MeOH

A (nm)
CH:Cl: Toluene MeOH
la 252,280, 339% 444, 664 3412, 460, 668 250, 278, 340?, 413%, 657
1b 251, 269, 294, 3382, 449, 653 3472 461, 658 248, 266a, 291, 3387 433,
658
1c 265, 316, 355% 481, 655 317, 356%, 496, 661 263, 313, 353%, 478%, 651
1d 291, 338, 52, 650 297, 348, 542, 662 281. 340, 511, 662
2a 256, 277, 353, 449*, 665 355, 4582 671 255, 276, 351, 4442 662
2b 254, 2922, 353, 462, 662 354, 477, 665 246, 2907, 346, 445, 655
2c 262 , 323, 368, 498 , 663 326, 369, 514, 667 261, 319, 364, 491, 661
2d 289, 352, 548, 663 296, 354, 568, 669 287, 352, 539, 664
3a 275, 363, 437, 640 283, 361, 439, 648 270, 354, 432, 640
3b 251, 364, 437, 634 283, 363, 433, 640 261, 361, 431, 631
3c 264, 318, 372, 403, 4477, 639 318, 371, 399, 460, 647 261, 315, 369, 396% 4374
639
3d 289, 355, 405, 490, 640 295, 356, 406, 507, 646 287, 354, 401, 4732, 640
4a 274,323, 402, 608 284, 319, 410, 616 271, 322, 396, 607
4b 267,320, 396, 600 283, 322, 403, 605 264, 319, 391, 597
4c 256, 331, 398, 4222, 608 323, 401, 429?613 264, 330, 396, 607
4d 286, 337,404, 608 292, 339, 409, 614 281,336, 406, 608
5a 273, 307, 382, 642 284, 304 393, 647 270, 303, 372, 637
5b 266, 305, 380, 629 283, 307, 388, 631 263, 303, 373, 621
& Shoulder.
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On the basis of comparisons with other cyclometalated platinum complexes,® this
band was assigned as a Pt(d)—C"N(n*) MLCT transition, hence the large dependence on
the C~N ligand. To further investigate the nature of the UV-vis absorption bands, spectra
were recorded in three different solvents of varying polarity: toluene (¢ = 2.38), CH2Cl>
(e = 8.93), and methanol (¢ = 32.7). The results of these experiments for complex 5a are
shown in Figure 2.6 as a representative example. Absorption maxima in these three

solvents are tabulated in Table 2.5.

Complex 5a
—&— Toluene
—o— CHECI2
—a— MeOH

Normalized Absorbance

300 400 500 600 700 800

Al nm
Figure 2.6. Electronic absorption spectra of Pt(ppy)(FzCN,CN) (5a) recorded in CH2CI2,
toluene, and MeOH at room temperature. The spectra are normalized to the low-energy
absorption maximum.

The low-energy band was minimally sensitive to solvent polarity, and there was a
systematic blue shift as the solvent polarity increased, though the difference in absorption
maxima was rather small (<10 nm) when comparing toluene solutions to MeOH
solutions, and this minimal dependency on solvent polarity was consistent with the
assignment of this low-energy band as a n—n* transition with very little charge-transfer

character. The nature of this transition was analyzed from TD-DFT calculations, which

revealed this low-energy transition as primarily HOMO—LUMO consisting mostly of
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formazanate m—m* character. In contrast, the higher-energy visible absorption features
were strongly solvatochromic, with a pronounced blue shift as the solvent polarity
increased. The absorption maximum shifted by 15 nm or more when the solvent was
changed from MeOH to toluene, confirming the assignment of this band as a
Pt(d)—>C”N(n*) MLCT transition, which is frequently observed in similar regions of the
spectrum for other cyclometalated platinum complexes.®® For example, this band in
complex 5a (Figure 2.6) occurred at 393 nm in toluene and shifted to 382 nm in CH2Cl;
and 372 nm in methanol, a range that spanned ~1400 cm™. Similar trends were observed
in all other complexes. The formazanate low-energy HOMO—LUMO transition in the
absorption spectra of 1-5 did not show any significant dependence on the C*N ligand,
but the higher energy visible band attributed to a Pt(d)—C~N(zx*) MLCT was sensitive to
these substitutions. In complexes with C*N = pq, the red-shifted MLCT band overlapped
significantly with the formazanate t—n* band, and strong panchromatic absorption was
observed, giving the complexes a very dark blue color in solution in contrast to the rest of

the series, which appeared green or bluish green in solution.

The formazanate m—n* band can be perturbed somewhat by introducing
substituents onto the periphery. In the cyano-substituted (R? position) FzM&N complexes,
the low-energy band was blue-shifted by ca. 50 nm relative to the triarylformazanate
series. Introducing additional cyano groups to the R* positions, i.e. in FZ°N°N complexes
5a and 5b, counteracted this blue shift somewhat, such that the absorption bands for these
complexes were intermediate between those of triarylformazanate complexes and the

FzMeCN complexes. This observation showed that the effect of a particular substituent on
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the UV-vis absorption features can depend on the location of that substituent. The
perturbation of the formazanate’s m—n* absorption in these platinum complexes was
larger than that observed in boron?®2! or zinc formazanate?’* complexes, though in
group 10 Ni(11)° complexes, similarly large bathochromic shifts were observed. The
participation of Pt atomic orbitals in the frontier orbitals was responsible for the large
perturbation of the HOMO—LUMO gap when the formazanate was coordinated to
platinum. All told, the results described here show that there is some predictive control
over the low-energy visible absorption features, which can span a relatively narrow range
of 600-665 nm depending on the choice of substituents. Complexes 1-5 were non-

emissive in the visible region at room temperature and 77 K.
2.2.4 Effect on redox properties

The electrochemical properties of complexes 1-5 were investigated by cyclic
voltammetry (CV) experiments, and the results are summarized in Table 2.6 with the
voltammograms shown in Figure 2.7. The most noteworthy electrochemical features of
formazanate complexes are ligand-centered reductions occurring at mild potentials, so
most of the discussion is focused on the reduction waves observed in these experiments.
The first reduction wave for all 18 complexes was assigned as a formazanate-based one-
electron reduction which was in the range of —0.80 to —1.59 V (all potentials referenced
to the ferrocenium/ferrocene couple). The reduction potential spanned a wide range for
all complexes and was primarily affected by the substituents at the R and R? positions of
the formazan ligand. The first reduction potentials for la-1d were largely similar,
fluorination in 1b induced a small anodic shift (1b, Ered = —1.44 V) compared to 1a (1a,
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Ered = —1.49 V). Replacing ppy with either bt (1¢, Eres = —1.49 V) or piq (1d, Ered = —1.54
V) had minimal effect. Two additional reduction waves were observed, an irreversible
wave ranging between —2.06 V and —2.12 V and another reversible feature between
—2.34 V and —2.65 V. The third reversible waves were sensitive to the identity of the

C”N ligands, hence it was assigned as a Pt-C"N centered reduction.

Table 2.5. Summary of electrochemical data for complexes 1-5%

E™d (V)
MeCN
Fz-centered Pt-C"N-centered CHCL
1a —1.49, —2.12° —2.65 ~1.60,-2.23°
1b —1.44, -2.09" —2.57 -1.66,-2.31°
1c —1.49, —2.07° —2.43 —1.59, -1.96°
1d —1.54,-2.06" —2.34 ~1.62
2a ~1.55, —2.23° —2.66 -1.62,-2.19"
2b ~1.50,-2.14° —-2.59 —1.58,-2.24°
2¢ -1.56,-1.87° —2.44 ~1.65,-2.18°
2d ~1.59, -2.09° -2.33 -1.67
3a —1.45,-2.08° ~1.55,-2.27°
3b -1.50,-2.07° -2.43 ~1.54
3¢ —1.42, —2.03° —2.41 ~1.52
3d —1.45,-2.03° —-2.29 -1.56
4a -1.27,-2.03 —1.40,-2.12°
4b ~1.21,-1.98 —2.66 —1.35,-2.08°
4c ~1.27, —2.03° —2.44 —1.38,-2.10°
4d —-1.27,-1.99° —2.27 -1.39,-2.16°
5a —0.84, —1.40 -2.61 —0.96, —1.48
5b —0.80, -1.35 -2.53 —0.88, —1.41°

& Experiments were performed in the indicated solvent with 0.1 M NBu4PFs electrolyte
with scan rate of 0.1 V/s using a glassy carbon working electrode and a silver wire
pseudo-reference electrode. Potentials are referenced against the ferrocene/ferrocenium
redox couple. Irreversible reduction.
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For the series of FzZOMePhOme complexes (2a—-2d) the reduction waves displayed
similar pattern to the FzMeP"OMe complexes. The potential of these waves shifted
cathodically when the p-methyl group was replaced with the methoxy group at the R!
position of the formazanate backbone. The second reduction waves for these four
complexes were found to be irreversible, where 2c (2c, Ereda = —1.87 V) was easier to
reduce compared to 2a, 2b, and 2d. The third reduction wave was reversible for 2a-2d
and complexes 2c/d reduced at milder potential compared to 2a/b and similar pattern was
also observed in the 1c/d pair which were easier to reduce compared to la/b. Figure 2.7
showed the first reduction potential for complex 3a is —1.45 V. Replacing ppy in 3a with
Foppy in 3b induced a small cathodic shift of 50 mV, resulting in a first reduction
potential of —1.50 V. Replacing ppy with either bt (3c, Ered =—1.42 V) or pq (3d, Ered = —
1.45 V) had minimal effect. These potential values were anodically shifted by a small
amount from those of more electron-rich FzMePhOMe or FzMePhOMe complexes. The second
reduction waves for complexes 3a—d were irreversible with peak potentials that were
nearly invariant, ranging between —2.03 and —2.08 V. Another reversible feature was
observed for complex 3b—d in the range of — 2.29 and — 2.43 V, while this third reduction
wave was absent in 3a. Introduction of a cyano group directly to the R? position in the
FzMeCN complexes (4a—d) resulted in a larger anodic shift of the reduction potentials, by
ca. 250-300 mV relative to 3a—d. Complex 4a (C*N = ppy) was reduced at -1.27 V
(Figure 2.7) and similar values were observed for complexes 4c and 4d (Table 2.6). In
this case fluorination of phenylpyridine induced an anodic shift in the reduction potential

of complex 4b, which was easier to reduce at —1.21 V.
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Figure 2.7. Overlaid cyclic voltammograms of complexes 1-5, showing the reduction
waves only. CVs were recorded in acetonitrile with 0.1 M NBusPFs supporting
electrolyte, using a glassy carbon working electrode and a scan rate of 0.1 V/s. The
arrows indicate the scan direction. Concentrations were not carefully controlled, and
currents were low in some of plots because of the limited solubility of some of the

compounds in acetonitrile.



Introduction of the electron-withdrawing p-benzonitrile substituents at R?
positions of the formazan ligands along with the cyano group at the R? position (FZCNCN)
cathodically decreased the first two reduction potentials even further in complexes 5a and
5b. While complex 5a reduced at —0.84 V, fluorination of C"N ligand resulted in a small
anodic shift of 40 mV for the first reduction potential of complex 5b. The presence of
electron-withdrawing cyano groups at the R! and R? positions made the complexes
electron deficient and easy to reduce. The second reduction became reversible for
complexes 4a, 4b, 5a, and 5b, while it was irreversible for rest of the complexes in 1-5.
A third reduction was observed in most cases, except for ppy complexes 3a and 4a where
no third wave was observed inside of the solvent window. In general, this third wave
spans a much narrower range of potentials and depends most strongly on the C*N ligand.
In Foppy complexes (1b, 2b, 3b, 4b, and 5b) this third wave occurred between —2.43 and
—-2.66 V while in all cases the 2-phenylbenzothiazole (bt) and 2-phenylquinoline (pq)

complexes were easier to reduce at parity of formazanate ligand.

The oxidation waves of complexes 1-5 in acetonitrile were complex and mostly
irreversible, and the subsequent reduction peaks after oxidation remained unchanged
regardless of the scan direction. We postulated that the source of irreversibility was
solvent binding to the oxidized species. To evaluate this possibility, the electrochemical
behavior of complex 1-5 were also recorded in dichloromethane (CH.Cl,) to compare
with the cyclic voltammograms recorded in acetonitrile. The first reduction potentials for
all 14 complexes exhibited a cathodic shift (~ 100 mV) when measured in CH2Cl, (Table

2.6). A few of the complexes showed a second reduction wave which in most cases was
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irreversible, and sweeping to the third reduction potentials was not possible as they were
out of the solvent window in CH2Cl.. The oxidation waves measured in CH.Cl> became
reversible for a few of the complexes. Complexes 1c, 2¢, and 2d showed a first reversible
oxidation at 0.21 V, 0.10 V, and 0.07 V, respectively, whereas a second reversible
oxidation was observed in complexes 2c and 2d at 0.75 V and 0.72 V, respectively.
Thus, the reversibility of the oxidation waves did improve in some cases, suggesting that
solvent binding could play a role in the irreversibility observed in MeCN, but in many

cases the electrochemical oxidation was irreversible in both MeCN and CH»Cl».

2dH
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Figure 2.8. Overlaid cyclic voltammograms of complexes 1c, 2c, and 2d in CH2Cl..

To summarize the electrochemical data, all cyclometalated platinum formazanate
complexes were investigated by cyclic voltammetry, to determine the effects of
structurally and electronically varied C*N ligands and electron-withdrawing groups on
the formazanate ligands. The first reversible reduction wave was assigned as a
formazanate-centered reduction and its potential was primarily controlled by the structure
of the formazanate. The second reduction was assigned as the second formazanate-based

reduction, whereas the third wave was assigned to the Pt-C*N fragment. The reduction
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potential for this second wave shifted dramatically based on the substituents at R* and R?
positions of the formazanate backbone, whereas the third reversible reductions were less
sensitive to these substitutions. Moreover, the separation between the first and second
reduction potentials was fairly constant across the series and not too different from the
subsequent reduction potentials of some previously reported boron formazanate
complexes.?37*8 And the potential of the third reduction wave seemed to depend on the
identity of the C"N ligand, appearing at more positive potentials in the bt and pq
complexes, consistent with the expectation that these more highly conjugated ligands
have lower LUMO energies than ppy and Fzppy. Interestingly we could span a large
potential range within this series of heteroleptic Pt formazanate complexes, with electron-
withdrawing groups perturbing redox potentials to a much greater extent than they
perturb the UV-vis absorption bands. Across the full series of complexes (1-5) the low-
energy absorption bands ranged between 600-665 nm, which was a range of 0.2 eV on an
energy scale. In contrast, the first ligand-centered reduction potentials spanned a range of
—0.80 to —-1.59 V, a difference of 0.79 V, and the second formazanate-based reduction
was perturbed by a similar amount across the series. This suggested that the HOMO and
LUMO are similarly stabilized when electron-withdrawing groups were introduced, with
the HOMO—LUMO gap fairly constant across the series. Consistent with this notion, the
oxidation potentials, which were usually irreversible and admittedly less well-defined
than the reduction potentials, behaved similarly to the reduction potentials and were

anodically shifted by a large amount when electron-withdrawing groups were introduced.
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2.2.5 TD-DFT calculations

In order to understand the electronic structure, density functional theory (DFT)
calculations were employed for the platinum formazanate complexes. DFT-optimized
geometries of the cyclometalated platinum formazanate complexes were good matches
for the crystal structures, and the “dragonfly” shape of the formazanate was reproduced.®
Time-dependent density functional theory (TD-DFT) computations characterized the key
electronic transitions of two 1,3,5-triphenylformazanate (FzH,H) models: an
unfluorinated complex 6 Pt(ppy) (Fz™H) and a fluorinated derivative 7 Pt(Fzppy) (Fz™M).

Figure 2.9 shows the simulated absorption spectra generated from the TD-DFT results.
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Figure 2.9. simulated absorption spectra for complexes 6 (PtppyFz™H, left) and 7
(PtF2ppyFz™H, right) computed at B97D/Def2-SVPP//B97D/Def2-TZVPP. Both spectra
were generated in the Gaussum 3.0 program, based on TD-DFT results obtained from
Gaussian 009.
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A HOMO—LUMO transition dominates the one-electron, low-energy excitation
of both 6 (86% weight) and 7 (87% weight), and the computed wavelengths (6: 677 nm,
7: 658 nm) agree well with the experimental optical spectra of 2b. This HOMO—LUMO
transition is best described as a formazanate-centered m—n* excitation with some Pt
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charge transfer character mixed in. Also, DFT calculations on model complexes 6 and 7
reveal LUMOs that are almost exclusively localized on the formazanate ligand, also

suggesting the formazanate as the site of the first reduction event.

HOMO LUMO

O
Figure 2.11. Computed MEP plots for the model complexes, 6 and 7, employing the
Molekel program (isosurface values were set to 0.1 for illustrative purpose).

As shown in Figure 2.10 the HOMO and LUMO orbitals of 6 showed substantial
mixing of the platinum orbitals with the formazanate m-system. Population analyses
showed that the HOMO for both 6 and 7 exhibited a ca. 15% contribution from the Pt-
centered orbitals (primarily dz2), while the LUMO displayed only ca. 2% Pt character.
Direct comparisons of the molecular electrostatic potential (MEP) maps of 6 and 7
(Figure 2.11) revealed that fluorination modestly reduces the electrostatic potential of the

Pt center (6: V(Pt) = —399.12 V, 7: V(Pt) = —398.93 V) as well as the nitrogen atoms at
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the 2- (6: V(N2) = —499.69 V, 7: V(N2) = —499.53 V) and 4- (6: V(N4) = -499.61 V, 7:

V(N4) =-499.54 V) positions of the 1,2,4,5-tetraazapentadienyl core.

2.2.6 Spectroelectrochemistry

To further investigate the nature of the electrochemical features, we investigated

the one- and two electron reduction chemistry by UV-vis spectroelectrochemistry. For
complex 1a, electrolysis at —1.8 V vs Fc*/Fc, which elicits the first reduction event, gave

rise to the spectral changes shown in the left side Figure 2.12. The band at 440 nm was
minimally affected by reduction. The low-energy absorption band, occurring at 657 nm in
this solvent (acetonitrile), disappeared, and new bands at 559 and 950 nm grew in.

Reduction of complex 1a at —2.3 V vs Fc*/Fc induced a second reduction of the complex.

This second reduction resulted in less substantial spectral changes, depicted in the right

side of Figure 2.12.
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Figure 2.12. UV-vis NIR spectroelectrochemistry of complex 1a in MeCN with 0.1 M
NBusPFs. The applied potential (vs. Fc*/Fc) was —1.8 V for the first reduction and —2.3 V
for the second reduction.
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Figure 2.13. UV-vis NIR spectroelectrochemistry of complex 2b in MeCN with 0.1 M

NBusPFs. The applied potential (vs. Fc*/Fc) was —1.8 V for the first reduction and —2.3 V

for the second reduction.

The low-energy transitions attributed to 1a™ diminish slightly in intensity during

the second reduction, whereas the band that occurred at 425 nm in 1a shifted to 435 nm
and intensified significantly in the two-electron reduced complex 1a”.
Spectroelectrochemistry was also performed on complex 2b, as shown in Figure 2.13,
with a nearly identical outcome to that of complex 1a. These new features upon applying
external potential were entirely consistent with a one-electron reduced formazanate and
are qualitatively similar to the absorption bands in other compounds featuring
formazanate-derived radical ligands. As described previously, one-electron reduction of
zinc* and boron?* formazanate complexes gives rise to two new absorption bands, which

resemble the absorption bands of verdazyl radicals. The two new bands flank the n—m*
band of the closed-shell, monoanionic formazanate,?” with one growing at higher energy,
and one appearing at lower energy. The absorption bands we observed for 1a-—and 2b-—,

which contained a one-electron reduced verdazyl-type ligand, were substantially red-

shifted from those of zinc or boron formazanates and verdazyl radicals, much in the same
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manner as the HOMO—LUMO absorption in neutral 1-5 undergoes a significant red-

shift upon coordination to platinum.

2.3 Conclusion

In this work, we have presented a thorough study of the effects of structurally and
electronically modified cyclometalating ligands and formazanate ligands on the
properties of heteroleptic platinum complexes containing one of each ligand. A general
synthesis was introduced that allows the complexes to form at lower temperature and in
shorter times, with moderate to high yields for all complexes. Intense visible absorptions
were observed in all complexes and assigned as almost entirely formazanate based n—n*
transitions with small Pt-d orbital contribution. A second visible absorption band,
assigned to a Pt(d)—C"N(n*) MLCT, could be independently controlled by the structure
of the cyclometalating ligand. It was observed that by altering the C~N ligand, and to a
lesser extent the formazanate, the absorption properties of these complexes can be tuned,
and in some cases panchromatic absorption over the entire visible range was possible.
The facile redox chemistry of formazanates was retained in this heteroleptic series, with
ligand-based reductions covering a wide range of potentials. The presence of electron
withdrawing groups caused anodic shifts in the redox potential, with cathodic shifts noted
in with electron-donating groups. The present work implies that the redox and optical
properties of cyclometalated Pt formazanate complexes can be tuned extensively by
independently varying the C*N and formazanate ligands. These investigations motivate
continued pursuits to expand the coordination chemistry of the formazanate ligand class

to other third-row transition metals, discover new binding modes and structural motifs
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involving formazanate ligands and heavy transition metals, and study their unique redox

and photophysical properties.
2.4 Experimental section
2.4.1 Materials

Reactions were carried out in a nitrogen atmosphere using standard Schlenk
techniques. Solvents, starting materials, and reagents were of commercial origin and used
without further purification, unless stated otherwise below. Dichloromethane and toluene
for UV-vis spectroscopy and acetonitrile for electrochemical measurements were dried by
the method of Grubbs,*! passing through dual alumina columns on a commercial solvent
purification system (SPS). The acetonitrile was further dried by storage over 3A
molecular sieves.  Tetrabutylammonium  hexafluorophosphate  (TBAPFg)  was
recrystallized from hot ethanol and ferrocene was sublimed at ambient pressure before
use in electrochemical experiments. CDCIs for NMR spectroscopy was stored over
potassium carbonate and molecular sieves to remove acidic impurities and moisture. The
ligands 3-p-methoxyphenyl-1,5-di-p-tolylformazan (FzMe.OMe) 1,3,5-tri-p-
methoxyphenylformazan  (FzOM&OM®) " and  3-p-cyanophenyl-1,5-di-p-tolylformazan
(FzMePhCNY \were prepared by the method of Hicks et. al.>>*° The ligands 3-cyano-1,5-di-p
tolylformazan (FzM*“N), and 3-cyano-1,5-dicyanophenylformazan (FzCNCN)  were
prepared by following literature procedures.?® The platinum precursors [Pt(ppy)(u-Cl)]2
(ppy = 2-phenylpyridine), [Pt(Fzppy)(n-Ch)]2 (Fzppy = 2-(2,4-difluorophenyl)pyridine),
[Pt(bt)(u-Cl)]2 (bt = 2-phenylbenzothiazole), and [Pt(pq)(u-Cl)2] (pg = 1-

phenylisoquinoline) were prepared as previously described, using conventional heating
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and a 1:1 mole ratio of KoPtCls and the C~N ligand.*> (Note: Many other references
describe the syntheses of these dimers, using >2 eq. of C*N with KzPtCls. We have
found, as reported in the referenced synthetic procedure, that using excess C*N ligand
leads to the formation of substantial amounts of monomeric Pt(k2-C"N)(k1-N-C"N)(CI)
as a side product.)
2.4.2 Physical Methods

NMR spectra were recorded at room temperature using a JEOL ECA-600 NMR
spectrometer. UV-vis absorption spectra were recorded in CH2Cl, solutions in screw-
capped quartz cuvettes using an Agilent Cary 60 UV-vis spectrophotometer. Cyclic
voltammetry (CV) measurements were performed with a CH Instruments 602E
potentiostat interfaced with a nitrogen glovebox via wire feedthroughs. Samples were
dissolved in acetonitrile with 0.1 M TBAPFg as a supporting electrolyte. A 3 mm
diameter glassy carbon working electrode, a platinum wire counter electrode, and a silver
wire pseudo-reference electrode were used. Potentials were referenced to an internal
standard of ferrocene. Spectroelectrochemistry measurements were executed in thin-layer
quartz cuvettes, using a patterned ‘“honeycomb” electrode from Pine Research
Instrumentation and a silver wire pseudo-reference. Solutions were thoroughly sparged
with argon prior to measurement, and spectra were recorded on a Cary 8354 diode array
spectrophotometer. Elemental analyses were performed by Midwest Microlab, LLC, and

Atlantic Microlab, Inc.
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2.4.3 Synthesis

Pt(ppy)(FzMeOMe) (1a). [Pt(ppy)(n-CN]2 (100 mg, 0.130 mmol) , FzMeOMe (93
mg, 0.26 mmol) and sodium carbonate hydrate (110 mg, 1.04 mmol) were combined in
MeOH (12 mL) and the mixture was deoxygenated by bubbling with nitrogen. The
mixture was refluxed at 65 °C and a color change was observed from deep purple to
bright green over the course of refluxing for 16 h. Reaction completion was confirmed
from TLC. The methanol was removed via rotary evaporation, and the product was taken
up in dichloromethane. The mixture was filtered through a short silica column, eluting
with dichloromethane until all of the green color had passed through. The solution was
taken to dryness in vacuo. A spectroscopically pure green microcrystalline solid was
obtained by adding pentane to a concentrated THF solution. Yield 133.6 mg (70%).
Material satisfactory for elemental analysis required recrystallization from
CH2Cl/pentane. The crystalline material was spectroscopically and electrochemically
indistinguishable from the as-isolated powder. *H NMR (400 MHz, CDCl3) §: 8.19 (d, J
= 8.7 Hz, 2H, ArH), 8.14 (d, J = 8.2 Hz, 3H, ArH), 8.00 (d, J = 6.8 Hz, 2H, ArH), 7.58—
7.67 (m, 2H, ArH), 7.43 (d, J = 6.8 Hz, 1H, ArH), 7.15 (d, J = 8.4 Hz, 2H, ArH), 7.10 (d,
J =8.0 Hz, 2H, ArH), 6.93-6.99 (m, 3H, ArH), 6.80 (t, J = 7.2 Hz, 1H, ArH), 6.72 (d, J =
6.8 Hz, 1H, ArH), 6.68 (t, J = 6.8 Hz, 1H, ArH), 3.87 (s, 3H, OCH3), 2.38 (s, 6H, CHa).
BC{'H} NMR: § 168.5, 159.9, 153.8, 151.1, 150.9, 150.6, 148.0, 145.9, 138.4, 136.86,
136.84, 136.6, 130.1,129.8, 129.2, 129.1, 126.4, 125.8, 124.7, 123.6, 123.0, 121.0, 118.5,
113.7, 55.5, 21.3, 21.2. IR (solid): 3020 (m), 2951 (m), 2924 (m), 2908 (m), 2831 (m),

1607 (s), 1584 (m), 1510 (s), 1494 (s), 1482 (s), 1439 (m), 1427 (m), 1389 (m) cm™.
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Anal. Calcd for Cs3sH20NsOPt: C, 56.09; H, 4.14, N, 9.91. Found: C, 56.32, H, 4.41, N,

9.63.

Pt(F2ppy)(FzMeOMe) (1b). Prepared by the general method described above for
complex 1a, using 100 mg of [Pt(F2ppy)(u-Cl)]2 and 85 mg of FzMeOMe Yield: 151 mg
(85.7%). Recrystallization from CH.Clz/pentane gave the product as 3:0.5CHCl.,
evident from *H NMR spectra of the crystals and combustion analysis data. *H NMR
(400 MHz, CDCls) &: 8.15-8.19 (m, 3H, ArH), 8.06 (d, J = 8.2 Hz, 2H, ArH), 7.96-8.01
(m, 3H, ArH), 7.69 (t, J = 7.8 Hz, 1H, ArH), 7.11-7.16 (m, 4H, ArH), 6.97-7.01 (m, 2H,
ArH), 6.66-6.69 (m, 1H, ArH), 6.37-6.43 (m, 1H, ArH), 6.20 (dd, J = 9.6, 2.4 Hz, 1H,
ArH), 3.87 (s, 3H, OCHj3), 2.40 (s, 3H, CHa), 2.38 (s, 3H, CHs). *C{*H} NMR: 165.1 (d,
Jor = 7.4 Hz), 162.1 (dd, Jcr = 343, 12 Hz), 160.4 (dd, Jcr = 346, 12 Hz), 160.0, 153.9,
152.8 (d, Jcr = 5.9 Hz), 151.0, 150.4, 150.2, 138.9, 137.3, 136.8, 129.9, 129.7, 129.6,
129.2, 126.4, 125.7, 124.7, 122.2 (d, Jcr = 21 Hz), 120.9, 118.7 (d, Jcr = 16 Hz), 113.8,
99.6 (t, Jcr = 27 Hz), 55.5, 21.24, 21.21. IR (solid): 3077 (m), 3023 (m), 3004 (m), 2950
(m), 2922 (m), 2855 (m), 2838 (m), 1601 (s), 1571 (s), 1560 (s), 1513 (s), 1497 (s), 1480

(s), 1427 (s), 1407 (s) cm™. Anal. Calcd for CasH27F2NsOPt-0.5CH2Cl,: C, 51.25; H,

3.59, N, 8.92. Found: C, 51.44, H, 3.55, N, 8.58.

Pt(bt)(FzMePhoOMey (1¢), [Pt(bt)(u-Cl)]2 (50 mg, 0.056 mmol), FzMePhOMe (41 mg,
0.11 mmol), and triethylamine (45 mg, 0.45 mmol) were combined in dichloromethane (8
mL) and the mixture was refluxed at 40 — 45 °C and a color change was observed from
deep purple to bright green over the course of refluxing for 8 h. Reaction completion was

confirmed from TLC. The mixture was filtered through a short silica column, eluting
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with dichloromethane until all of the green color had passed through. The solution was
taken to dryness in vacuo. The product was purified by column chromatography
(hexane/ethyl acetate gradient eluent, neutral alumina) and recrystallization
(THF/pentane) to afford green crystalline powder. Yield: 52 mg (59%). *H NMR (400
MHz, CDCls) &: 7.97-8.21 (m, 6H, ArH), 7.67 (d, J = 7.3 Hz, 1H, ArH), 7.44-7.58 (m,
2H, ArH), 7.12-7.22 (m, 1H, ArH), 6.91-7.11 (m, 8H, ArH), 6.79 (d, J = 3.6 Hz, 2H,
ArH), 3.89 (s, 3H, OCHs), 2.37 (s, 3H, CHs), 2.21 (s, 3H, CHs). BC{*H} NMR (125
MHz, CDCl3): 182.9, 160.0,155.0, 152.6, 150.5, 150.0, 149.0, 142.5, 137.0, 136.8, 136.0,
30.3, 130.0, 129.8, 129.6, 128.9, 126.6, 126.4, 125.7, 125.0, 124.5, 124.3, 123.7, 121.9,
121.2, 113.7, 21.14. IR (Solid): 3056 (m), 2997 (m), 2916 (m), 2840 (m), 1607 (s), 1580
(s), 1566 (s), 15552 (s), 1514(s), 1495 (s), 1447 (s), 1440 (s), 1410 (s), 1394 (s) cm™.
Anal. Calcd for CasH29NsOPtS: C, 55.11; H, 3.83, N, 9.18. Found: C, 54.53, H, 3.87, N,

8.99.

Pt(pq)(FzMePhOMe) (1d). Prepared by the general method described above for
complex 1c, using [Pt(pq)(n-CI)]2 (100 mg, 0.114 mmol), FzMePhOMe (82 mg, 0.23 mmol),
and triethylamine (93 mg, 0.91 mmol). The product was purified by column
chromatography (hexane/ethyl acetate gradient eluent, neutral alumina) and
recrystallization (THF/pentane) to afford dark blue crystalline powder. Yield: 120 mg
(69%). 'H NMR (600 MHz, CDCl3) §: 8.12 (d, J = 8.9 Hz, 3H, ArH), 8.06 (d, J = 7.6 Hz,
1H, ArH), 7.91 (d, J = 7.6 Hz, 2H, ArH), 7.73-7.83 (m, 3H, ArH), 7.58 (d, J = 7.6 Hz,
1H, ArH), 7.47-7.54 (m, 1H, ArH), 7.13-7.22 (m, 2H, ArH), 7.06 (d, J = 8.9 Hz, 2H,

ArH), 6.95-7.03 (m, 3H, ArH), 6.83 (d, J = 7.6 Hz, 1H, ArH), 6.73-6.79 (m, 1H, ArH),
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6.68 (d, J = 7.6 Hz, 2H, ArH), 3.91 (s, 3H, OCHs), 2.33 (s, 3H, CHs), 2.06 (s, 3H, CHa).
BC{*H} NMR (151 MHz, CDCls): 169.0, 160.0, 154.0, 152.6, 151.6, 151.3, 147.3,
138.6, 137.4, 136.5, 135.8, 130.3, 130.2, 128.8, 128.6, 128.5, 127.2, 126.7, 126.6., 126.5,
126.1, 125.9, 124.4, 124.0, 123.3, 116.4, 113.8, 21.11, 20.88. IR (Solid): 3016 (m), 2988
(M), 2924 (m), 2833 (M), 1604 (s), 1578 (s), 1547 (s), 1511 (s), 1493 (s), 1450 (s), 1437
(s), 1392 (s) cm™. Anal. Calcd for Cs7H31NsOPt: C, 58.72; H, 4.13, N, 9.25. Found: C,

58.91, H, 4.32, N, 9.74.

Pt(ppy)(FzOMeOMe) (2a). Prepared by the general method described above for
complex 1a, using 100 mg of [Pt(ppy)(u-Cl)]2 and 101 mg of FzOMeOMe Yield: 189 mg
(94.0%). *H NMR (400 MHz, CDCls) &: 8.14-8.25 (m, 5H, ArH), 7.96-8.00 (m, 2H,
ArH), 7.58-7.67 (m, 2H, ArH), 7.43 (d, J = 7.6 Hz, 1H, ArH), 6.79-6.98 (m, 8H, ArH),
6.66-6.74 (M, 2H, ArH), 3.87 (s, 3H, OCHz), 3.84 (s, 3H, OCHs), 3.83 (s, 3H, OCHs).
BC{'H} NMR: 168.6, 159.9, 158.6, 158.4, 153.8, 151.0, 148.1, 147.1, 146.5, 146.0,
138.5, 136.9, 132.4, 130.3, 129.4, 127.0, 126.4, 125.9, 123.7, 123.0, 121.2, 118.6, 114.5,
113.7, 55.79, 55.76, 55.6. IR (solid): 3045 (m), 3000 (m), 2951 (m), 2928 (m), 2907 (m),
2834 (m), 1597 (s), 1582 (s), 1509 (s), 1495 (s), 1483 (s), 1459 (s), 1438 (s) cm*. Anal.

Calcd for CasH29Ns03Pt: C, 53.66; H, 3.96, N, 9.48. Found: C, 53.68, H, 3.91, N, 9.39.

Pt(F2ppy)(Fz°MeOMe) (2b). Prepared by the general method described above for
complex 1a, using 100 mg of [Pt(F2ppy)(u-CD]2 and 93 mg of FzOMeOMe yigld: 148 mg
(80.4%). *H NMR (400 MHz, CDCls) &: 8.19-8.22 (m, 3H, ArH), 8.14 (d, J = 9.2 Hz,
2H, ArH), 7.97-7.99 (m, 3H, ArH), 7.66-7.70 (m, 1H, ArH), 6.97-7.00 (m, 2H, ArH),
6.85-6.91 (M, 4H, ArH), 6.68-6.72 (m, 1H, ArH), 6.38-6.44 (m, 1H, ArH), 6.23 (dd, J =
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9.2, 2.2 Hz, 1H, ArH), 3.87 (s, 3H, OCHs), 3.83 (s, 6H, OCHs). 3C{*H} NMR: 165.2 (d,
Jor = 5.9 Hz), 162.2 (dd, Jcr = 347, 13 Hz), 160.5 (dd, Jcr = 352, 12 Hz), 160.0, 158.9,
158.5, 153.8, 152.9 (d, Jcr = 5.9 Hz), 150.9, 146.3, 146.1, 139.0, 129.8, 129.6, 126.9,
126.4, 125.8, 122.3 (d, Jcr = 19 Hz), 121.0, 118.7 (d, Jor = 18 Hz), 114.5, 113.83,
113.75, 99.6 (t, Jcr = 27 Hz), 55.74, 55.71, 55.5. IR (solid): 3070(m), 3043 (m), 3006
(m), 2938 (M), 2911 (m), 2836 (M), 1598 (), 1574 (), 1514 (s), 1494 (s), 1481 (s), 1464
(s), 1451 (s), 1434 (s), 1405 (s) cm*. Anal. Calcd for CssH27F2NsO3Pt: C, 51.16; H, 3.51,

N, 9.04. Found: C, 50.98, H, 3.53, N, 8.90.

Pt(bt)(FzOMePhOMe) (2¢). Prepared by the general method described above for
complex 1c, using [Pt(bt)(u-Cl)]2 (100 mg, 0.113 mmol), FzOMePhOMe (88 mg, 0.23
mmol), and triethylamine (91 mg, 0.90 mmol). The product was purified by column
chromatography (hexane/ethyl acetate gradient eluent, neutral alumina) and
recrystallization (THF/pentane) to afford green crystalline powder. Yield: 80 mg (45%).
'H NMR (400 MHz, CDCls) &: 8.19 (d, J = 8.7 Hz, 2H, ArH), 8.02-8.14 (m, 4H, ArH),
7.67 (d, J= 7.8 Hz, 1H, ArH), 7.51 (dd, J= 8.0, 14 Hz, 2H, ArH), 7.18 (t, J= 7.8 Hz, 1H,
ArH), 6.92-7.07 (m, 4H, ArH), 6.76-6.88 (m, 4H, ArH), 6.71 (d, J= 9.1 Hz, 2H, ArH),
3.89 (s, 3H, OCHs3), 3.81 (s, 3H, OCHs), 3.70 (s, 3H, OCHa3). BC{*H} NMR (151 MHz,
CDCIs): 182.8, 160.0, 158.5, 157.8, 154.8, 150.1, 148.5, 148.7, 146.5, 142.5, 137.0,
130.3, 130.1, 129.1, 126.6, 126.5, 125.1, 124.5, 123.7, 122.0, 121.1, 114.3, 113.7, 113.5,
55.65, 55.59, 55.47. IR (Solid): 2964 (m), 2903 (m), 2825 (m), 1637 (m), 1599 (s), 1580
(s), 1558 (s), 1511 (s), 1496 (s), 1437 (s), 1412 (m), 1392 (s) cm™. Anal. Calcd for

CssH20Ns03PtS: C, 52.89; H, 3.68, N, 8.81. Found: C, 52.16, H, 3.78, N, 8.74.
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Pt(pq)(FzOMePhOMe) (2d). Prepared by the general method described above for
complex 1c, using [Pt(pq)(u-Cl)]2 (100 mg, 0.114 mmol), FzOMePhOMe (89 mg, 0.23
mmol), and triethylamine (93 mg, 0.91 mmol) to afford dark blue crystalline powder.
Yield: 109 mg (61%). *H NMR (400 MHz, CDCls) &: 8.02-8.18 (m, 4H, ArH), 7.97 (d, J
= 8.2 Hz, 2H, ArH), 7.86 (d, J = 9.2 Hz, 2H, ArH), 7.78 (d, J = 9.2 Hz, 1H, ArH), 7.60
(d, J = 7.3 Hz, 1H, ArH), 7.47-7.54 (m, 1H, ArH), 7.15-7.24 (m, 2H, ArH), 7.05-7.12
(m, 2H, ArH), 6.96-7.03 (m, 1H, ArH), 6.68-6.89 (m, 4H, ArH), 6.43 (d, J= 9.6 Hz, 2H,
ArH), 3.92 (s, 3H, OCHs), 3.79 (s, 3H, OCHj), 3.60 (s, 3H, OCH3). 3C{"H} NMR (151
MHz, CDCIs): 169.0, 160.0, 158.3, 157.7, 154.0, 152.7, 147.7, 147.5, 147.2, 147.1,
138.1, 137.4, 130.3, 128.7, 127.3, 126.7, 126.6, 126.0, 125.1, 1245, 123.4, 116.4, 113.7,
113.6, 113.3, 55.6, 55.52, 55.50. IR (Solid): 3049 (m), 3002 (m), 2995 (m), 2832 (m),
1596 (s), 1579 (s), 1547 (S), 1513 (S), 1495 (s), 1461 (s), 1451 (s), 1439 (s), 1390 (s) cm”
1. Anal. Calcd for C37H31NsO3Pt: C, 56.34; H, 3.96, N, 8.88. Found: C, 56.34, H, 4.11, N,

9.17.

Pt(ppy)(FzMePhCN) (3a). Prepared by the general method described above for
complex 1c, using [Pt(ppy)(n-C)]2 (50 mg, 0.065 mmol), FzMeP"CN (46 mg, 0.13 mmol)
and triethylamine (55 mg, 0.52 mmol) to afford pure green microcrystalline solid. Yield:
144 mg (78%). H NMR (600 MHz, CDCls) &: 8.09-8.08 (m, 6H, ArH), 8.02 (d, J = 6.2
Hz, 1H, ArH), 7.69 (d, J = 8.3 Hz, 2H, ArH), 7.64-7.67 (m, 1H, ArH), 7.59 (d, J = 7.6
Hz, 1H, ArH), 7.41 (d, J = 8.3 Hz, 1H, ArH), 7.18 (d, J = 7.6 Hz, 2H, ArH), 7.13 (d, J =
7.6 Hz, 2H, ArH), 6.95 (t, J = 7.6 Hz, 1H, ArH), 6.78 (t, J = 7.6 Hz, 1H, ArH), 6.62-6.67

(m, 2H, ArH), 2.39 (s, 6H, CHs). 3C{*H} NMR (151 MHz, CDCls) &: 168.5, 152.0,
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150.8. 150.2, 146.9, 145.9, 141.9, 138.7, 137.8, 137.6, 136.7, 132.0, 130.3, 130.0, 129.3,
129.2, 125.9, 124.9, 124.7, 124.0, 123.0, 121.1, 119.8, 119.0, 118.6, 110.2, 21.29, 21.25.
IR (Solid): 3014 (m), 2919 (m), 2857 (m), 2260 (m), 1603 (s), 1585 (s), 1546 (s),
1496(s), 1481 (s), 1438 (s), 1427 (s), 1383 (s) cm™. Anal. Calcd for CssHzsNgPt: C,

56.49; H, 3.73, N, 11.98. Found: C, 56.60, H, 4.04, N, 12.29.

Pt(F2ppy)(FzMePhCN) (3b). Prepared by the general method described above for
complex 1c, using [Pt(Fzppy)(u-CD]2 (50 mg, 0.059 mmol), FzMePCN (42 mg, 0.12
mmol), and triethylamine (48 mg, 0.47 mmol) to afford green crystalline powder. Yield:
78 mg (89%). *H NMR (400 MHz, CDCls) &: 8.04-8.17 (m, 7H, ArH), 7.99 (d, J = 8.7
Hz, 1H, ArH), 7.66-7.74 (m, 3H, ArH), 7.17 (dd, J = 8.0, 14.2 Hz, 4H, ArH), 6.65-6.71
(m, 1H, ArH), 6.64-6.72 (m, 1H, ArH), 6.11 (dd, J = 9.6, 2.3 Hz, 1H, ArH), 2.46 (s, 3H,
CHs) 2.40 (s, 3H, CH3). BC{*H} NMR (151 MHz, CDCls) &: 165.1 (d, Jcr = 7.4 Hz),
162.3 (dd, Jcr = 11.8, 255.8 Hz), 160.0 (dd, Jcr = 13.3, 259.5 Hz), 152.1, 151.7 (d, Jcr =
7.8 Hz), 150.9, 150.2, 149,8, 141.5, 139.2, 138.3, 137.8, 130.1, 129.6, 129.3, 125.8,
125.0, 124.8, 122.3, (d, Jcr = 20 Hz), 121.0, 119.7, 118.6 (d, Jcr = 19 Hz), 110.5, 99.9
(t, Jcr = 26 Hz), 21.3, 21.2. 1F NMR (564 MHz, CDCls) °F NMR (564 MHz, CDCls) &:
~107.09 (g, J = 9.6 Hz, 1F), —111.09 (t, J = 11.3 Hz, 1F). IR (Solid): 3080 (m), 3017 (m),
2920 (m), 2859 (m), 2224 (m), 1604 (s), 1576 (s), 1561 (s), 1497 (s), 1481 (s), 1429 (s),
1407 (s) cm™. Anal. Calcd for CssH24F2NePt.0.2CH,Cl2: C, 52.84; H, 3.26, N, 11.20.

Found: C, 53.05, H, 3.50, N, 11.49.

Pt(bt)(FzMePhCN) (3c). Prepared by the general method described above for
complex 1c, using [Pt(bt)(u-Cl)]2 (100 mg, 0.113 mmol), FzMePhCN (80 mg, 0.23 mmol),
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and triethylamine (91 mg, 0.90 mmol) to afford green crystalline powder. The product
was purified by column chromatography (hexane/ethyl acetate gradient eluent, neutral
alumina) and recrystallization (THF/pentane). Yield: 81 mg (47%). *H NMR (400 MHz,
CDCl3) &: 8.22 (d, J = 6.9 Hz, 2H, ArH), 8.14 (d, J = 8.2 Hz, 2H, ArH), 8.01 (d, J = 7.8
Hz, 2H, ArH), 7.71-7.77 (m, 2H, ArH), 7.68 (d, J = 7.8 Hz, 1H, ArH), 7.50-7.56 (m, 1H,
ArH), 7.38 (d, J = 8.7 Hz, 1H, ArH), 7.15-7.22 (m, 1H, ArH), 7.09 (d, J = 7.8 Hz, 2H,
ArH), 6.95-7.03 (m, 4H, ArH), 6.66-6.83 (m, 2H, ArH), 2.38 (s, 3H, CH3), 2.22 (s, 3H,
CHs). B¥C{*H} NMR (151 MHz, CDCls): 183.1, 153.2, 152.3, 150.5, 149.1, 148.6, 142.5,
1415, 137.7, 136.8, 132.1, 130.2, 130.1, 29.1, 126.4, 125.3, 125.1, 124.6, 12.0, 122.1,
120.8, 119.8, 110.6, 21.22, 21.15. IR (Solid): 3058 (m), 3019 (m), 2916 (m), 2854 (m),
2221 (s), 1603 (s), 1580 (s), 1552 (s), 1495 (s), 1471 (s), 1448 (s), 1410 (s), 1381 (s) cm”
1. Anal. Calcd for C3sH26N6PtS: C, 55.48; H, 3.46, N, 11.09. Found: C, 55.05, H, 3.75, N,

11.43.

Pt(pq)(FzMePhCN) (3d). Prepared by the general method described above for
complex 1c, using [Pt(pq)(u-Cl)]2 (50 mg, 0.057 mmol), FzM&P"CN (40 mg, 0.11 mmol),
and triethylamine (46 mg, 0.46 mmol) to afford dark green crystalline powder. Yield: 69
mg (81%). 'H NMR (400 MHz, CDCl3) §: 8.23-8.30 (m, 2H, ArH), 8.16 (d, J= 8.2 Hz,
1H, ArH), 7.93-7.99 (d, 1H, ArH), 7.89 (d, J= 8.2 Hz, 2H, ArH), 7.73-7.84 (m, 5H,
ArH), 7.49-7.62 (m, 2H, ArH), 7.15-7.23 (m, 2H, ArH), 6.96-7.07 (m, 3H, ArH), 6.72
(dd, J= 5.9, 19 Hz, 4H, ArH), 2.35 (s, 3H, CH3), 2.08 (s, 3H, CH3). 3C{*H} NMR (151
MHz, CDCls): 169.1, 152.2, 151.7, 151.4, 151.2, 147.5, 147.1, 142.0, 139.0, 137.4,

137.3, 136.8, 132.1, 10.4, 130.2, 128.9, 128.8, 128.6, 127.3, 126.7, 126.1, 126.0, 125.2,
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124.6, 124.1, 123.7, 119.9, 119.0, 116.4, 124.6, 123.7, 119.9, 119.0, 116.4, 110.4,
21.12,20.93. IR (Solid): 3048 (m), 2917 (m), 2855 (m), 2220 (m), 1602 (s), 1578 (s),
1548 (s), 1515 (s), 1495 (s), 1448 (s), 1425 (s), 1382 (s) cm™. Anal. Calcd for

Ca7H2sNePt: C, 59.12; H, 3.75, N, 11.18. Found: C, 58.87, H, 3.94, N, 11.83.

Pt(ppy)(FzMeCN) (4a). Prepared by the general method described above for
complex 1c, using [Pt(ppy)(n-CD]2 (100 mg, 0.130 mmol), FzM&CN (72 mg, 0.26 mmol),
and triethylamine (105 mg, 1.04 mmol) to afford greenish blue crystalline powder. Yield:
129 mg (80%). 'H NMR (400 MHz, CDCl3) 8: 7.91-8.10 (m, 4H, ArH), 7.77 (d, J = 5.5
Hz, 1H, ArH), 7.51-7.71 (m, 2H, ArH), 7.34-7.45 (m, 1H, ArH), 7.15 (dd, J = 8.2, 24.73
Hz, 4H, ArH), 6.87-6.99 (m, 1H, ArH), 6.65-6.78 (m, 1H, ArH), 6.55-6.64 (m, 1H,
ArH), 6.40 (d, J = 7.3 Hz, 1H, ArH), 2.40 (s, 3H, CHs), 2.39 (s, 3H, CHs). 3C{*H} NMR
(151 MHz, CDCls): 168.4, 150.7, 150.4, 149.3, 145.9, 145.0, 139.0, 136.7, 134.0, 130.1,
129.2, 129.1, 126.0, 124.8, 124.3, 123.0, 121.0, 118.7, 118.4, 21.33, 21.28. IR (Solid):
3048 (m), 3029 (M), 2918 (M), 2857 (M), 2227 (M), 1608 (s), 1584 (s), 1564 (s), 1499 (s),
1483 (s), 1438 (s), 1427 (s) cm™. Anal. Calcd for C27H2NgPt: C, 51.84; H, 3.54, N,

13.43. Found: C, 52.12, H, 3.72, N, 13.29.

Pt(F2ppy)(FzMe,PhCN) (4b). Prepared by the general method described above
for complex 1c, using [Pt(F2ppy)(u-Ch]2 (50 mg, 0.059 mmol), FzMePhCN (42 mg, 0.12
mmol), and triethylamine (48 mg, 0.47 mmol) to afford green crystalline powder. Yield:
78 mg (89%). 'H NMR (400 MHz, CDCI3) §: 8.04-8.17 (m, 7H, ArH), 7.99 (d, J = 8.7
Hz, 1H, ArH), 7.66—-7.74 (m, 3H, ArH), 7.17 (dd, J = 8.0, 14.2 Hz, 4H, ArH), 6.65-6.71

(m, 1H, ArH), 6.64-6.72 (m, 1H, ArH), 6.11 (dd, J = 9.6, 2.3 Hz, 1H, ArH), 2.46 (s, 3H,
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CH3) 2.40 (s, 3H, CH3). 2C{*H} NMR (151 MHz, CDCls) &: 165.1 (d, Jcr = 7.4 Hz),
162.3 (dd, Jor = 11.8, 255.8 Hz), 160.0 (dd, Jcr = 13.3, 259.5 Hz), 152.1, 151.7 (d, Jcr =
7.8 Hz), 150.9, 150.2, 149,8, 141.5, 139.2, 138.3, 137.8, 130.1, 129.6, 129.3, 125.8,
125.0, 124.8, 122.3, (d, Jcr = 20 Hz), 121.0, 119.7, 118.6 (d, Jcr = 19 Hz), 110.5, 99.9 (t,
Jer = 26 Hz), 21.3, 21.2. 9F NMR (564 MHz, CDCls) &: —107.09 (g, J = 9.6 Hz, 1F), —
111.09 (t, J = 11.3 Hz, 1F). IR (Solid): 3080 (m), 3017 (m), 2920 (m), 2859 (m), 2224
(m), 1604 (s), 1576 (s), 1561 (s), 1497 (s), 1481 (s), 1429 (s), 1407 (s) cm—1. Anal. Calcd

for CasH24F2NePt.0.2CH2Cl»: C, 52.84; H, 3.26, N, 11.20. Found: C, 53.05, H, 3.50, N,

11.49.

Pt(bt)(FzMeCN) (4c). Prepared by the general method described above for
complex 1c, using [Pt(bt)(u-Cl)]2 (50 mg, 0.057 mmol), FzM&CN (32 mg, 0.11 mmol), and
triethylamine (46 mg, 0.46 mmol) to afford green crystalline powder. Yield: 37 mg
(48%). 'H NMR (600 MHz, CDCl3) &: 7.97 (d, J = 8.2 Hz, 2H, ArH), 7.83 (d, J = 7.6 Hz,
2H, ArH), 7.61 (d, J = 8.2 Hz, 1H, ArH), 7.46 (d, J = 7.6 Hz, 1H, ArH), 7.02-7.18 (m,
4H, ArH), 6.86-7.01 (m, 4H, ArH), 6.69 (t, J = 7.6 Hz, 1H, ArH), 6.41 (d, J = 8.2 Hz,
1H, ArH), 2.37 (s, 3H, CHs), 2.17 (s, 3H, CHs). *C{*H} NMR (151 MHz, CDCls):
183.0, 151.5, 150.2,147.9, 147.5, 142.6, 139.0, 138.5, 136.8, 134.8, 129.8, 129.7, 129.1,
126.4, 126.0, 125.2, 124.7, 124.5, 124.4, 122.1, 120.3, 118.3, 21.26, 21.15. IR (Solid):
3060 (M), 3026 (M), 2917 (M), 2855 (M), 2227 (s), 1581 (m), 1566 (m), 15551(m), 1498
(s), 1470 (s), 1447 (s), 1411 (s) cm™. Anal. Calcd for Ca9H22NgPtS: C, 51.10; H, 3.25, N,

12.23. Found: C, 51.46, H, 3.48, N, 12.24.
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Pt(pq)(FzMeCN) (4d). Prepared by the general method described above for
complex 1c, using [Pt(pq)(u-CD]2 (100 mg, 0.114 mmol), FzMeCN (63 mg, 0.23 mmol),
and triethylamine (92 mg, 0.91 mmol) to afford dark blue crystalline powder. Yield: 127
mg (82%). 'H NMR (400 MHz, CDCl3) &: 8.14 (d, J = 8.7 Hz, 1H, ArH), 7.71-7.84 (m,
4H, ArH), 7.63 (d, J = 8.2 Hz, 2H, ArH), 7.45-7.59 (m, 2H, ArH), 7.12-7.23 (m, 2H,
ArH), 6.92-7.08 (d, 3H, ArH), 6.58-6.73 (m, 3H, ArH), 6.41-6.58 (m, 1H, ArH), 2.35 (s,
3H, CHs), 2.06 (s, 3H, CHs). ¥*C{*H} NMR (151 MHz, CDCls) &: 169.1, 150.8, 150.4,
150.3, 147.7, 146.8, 139.4, 138.6, 138.1, 137.3, 134.0, 130.8, 128.9, 128.8, 128.5, 127.3,
126.5, 126.2, 125.3, 124.6, 124.2, 124.1, 118.5, 116.3, 21.22, 20.94. IR (Solid): 3047 (m),
3023 (m), 2922 (m), 2223 (s), 1604 (s), 1590 (s), 1580 (s), 1566 (), 1515 (s), 1498 (s),
1451 (s), 1437 (s), 1428 (s), 1411 (s) cm™. Anal. Calcd for CaiHaaNgPt: C, 55.11; H, 3.58,

N, 12.44. Found: C, 54.56, H, 3.73, N, 12.28.

Pt(ppy)(FzENCN) (5a). Prepared by the general method described above for
complex 1c, using [Pt(ppy)(u-Cl)J2 (50 mg, 0.065 mmol), FzENCN (39 mg, 0.13 mmol),
and triethylamine (53 mg, 0.520 mmol) to afford greenish blue crystalline powder.
Yield: 37 mg (74%). 'H NMR (400 MHz, CDCls) &: 8.19-8.33 (m, 4H, ArH), 7.56-7.82
(m, 7H, ArH), 7.38-7.46 (m, 1H, ArH), 6.92-7.04 (m, 1H, ArH), 6.63-6.79 (m, 2H,
ArH), 6.18-6.32 (m, 1H, ArH). *C{*H} NMR (151 MHz, CDCls): 168.5, 156.2, 154.6,
150.2, 146.0, 145.2, 143.3, 140.0, 136.2, 135.7, 135.1, 133.5, 132.7, 129.5, 126.8, 125.5,
125.1, 123.5, 121.4, 119.2, 118.2, 118.1, 116.6, 112.4, 112.1. IR (Solid): 3093 (m), 3065

(m), 3042 (m), 2233 (s), 2220 (s), 1609 (s), 1595 (s), 1585 (s), 1560 (s), 1489 (s), 1439
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(s), 1420 (s) cm™. Anal. Calcd for C27H1sNgPt: C, 50.08; H, 2.49, N, 17.30. Found: C,

49.83, H, 2.69, N, 17.11.

Pt(F2ppy)(FzNCN) (5b). Prepared by the general method described above for
complex 1c, using [Pt(Fzppy)(n-CD]2 (50 mg, 0.059 mmol), FzENCN (36 mg, 0.12 mmol),
and triethylamine (53 mg, 0.52 mmol) to afford greenish blue crystalline powder. Yield:
45 mg (71%). 'H NMR (400 MHz, CDCls) §: 8.17-8.32 (m, 4H, ArH), 8.04 (d, J = 8.2
Hz, 1H, ArH), 7.60-7.84 (m, 6H, ArH), 6.68-6.79 (m, 1H, ArH), 6.38-6.53 (m, 1H,
ArH), 5.74 (dd, J= 2.3, 9.2Hz, 1H, ArH). ¥C{*H} NMR (151 MHz, CDCls) &: 165.2 (d,
Jer = 19.2 Hz), 161.8 (dd, Jcr = 6.0, 309.7 Hz), 160.1 (dd, Jcr = 11.8, 319.4 Hz), 154.6,
154.2, 150.3, 147.3, 140.5, 135.8, 133.6, 123.8, 129.7, 126.8, 125.5, 122.8 (d, Jcr = 20.7
Hz), 121.3, 118.6 (d, Jcr = 20.7 Hz), 117.9, 116.5, 112.8, 112.3, 101.3 (t, J = 26.6 Hz).
19 NMR (564 MHz, CDCl3) 8: —105.17 (g, J = 9.4 Hz, 1F), —109.56 (t, J = 11.0 Hz, 1F).
IR (Solid): 3139 (m), 3091 (m), 3059 (m), 2228 (s), 1715 (s), 1597 (s), 1577 (s), 1564
(s), 1526 (s), 1488 (s), 1427 (s), 1412 (s), 1375 (s) cm™. Anal. Calcd for
C27H14F2NgPt.0.4CH2Cl2: C, 45.87; H, 2.08, N, 15.62. Found: C, 46.14, H, 2.36, N,

15.25.
2.4.4 X-ray crystallography details

Single crystals of 1a, 1b, 2a, 2c, 3a, 3d, 4a — 4c, and 5b were grown by layering
concentrated CH2Cl> solutions with pentane or diffusing pentane into concentrated THF
or CHCIz solution. Crystals were mounted on a Bruker Apex Il three-circle
diffractometer using MoKa radiation (A = 0.71073 A). The data were collected at 213(2)

K (1a) or 123(2) K and were processed and refined within the APEXII software.
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Structures were solved by direct methods in SHELXS and refined by standard difference
Fourier techniques in the program SHELXL.* Hydrogen atoms were placed in calculated
positions using the standard riding model and refined isotropically. All non-hydrogen
atoms were refined anisotropically. The crystal of la was found to be partially
desolvated; one dichloromethane was modeled as half-occupied, and a second was
modeled as a two-part disorder about a special position with total one-half occupancy.
The structure of 1b contained a heavily disordered solvent molecule, likely
dichloromethane, which was removed using the SQUEEZE function within Platon. The
structure of 5b included a disordered CH2Cl> molecule, modeled as two-part positional
disorder. Distance restraints (SADI) were used for all 1,2 and 1,3 distances within the
disordered parts, and rigid bond restraints SIMU and DELU were employed for the
thermal displacement parameters. Crystallographic details are summarized in Tables 2.7—
2.10. All of the crystal structures were solved by Dr. Thomas S. Teets, Department of

Chemistry at University of Houston.
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Table 2.6. Summary of crystallographic data for complexes 1a, 1b and 2a

space group

1a-0.375CH2Cl2 1b-CH2ClI2 2a

Chemical formula |[Cs3.38H29.75Clo.75sNsO | C33H27F2NsOPt C34H31CloNsO3Pt
Pt

My 738.55 742.68 823.63

Crystal system, Monoclinic, P2i1/c Triclinic, P 1 Monaoclinic, P2:1/c

a, b, ¢ (A) 15.2681 (11), 11.104 (3), 11.535  |16.384 (4), 11.205
23.2426 (15), (3), 13.956 (4) (3), 17.922 (4)
17.6927 (12)

a, b, g 90.2117 (12) 95.274 (3), 100.098 |90, 105.605 (3), 90

(3), 113.620 (3)

V (A3 6278.6 (7) 1586.0 (7) 3168.9 (13)

Z 8 2 4

m (mm™) 457 4.47 4.64

Crystal size (mm) [0.30 x 0.15 x 0.10 0.25x0.25 % 0.15 0.50 x 0.35 % 0.10

Tmin, Tmax 0517, 0746 0608, 0746 0533, 0746

No. of measured,
independent and
observed [l >

2s(1)] reflections

47399, 17145, 13872

10339, 7686, 7270

19810, 7957, 6663

Rint 0.014 0.013 0.027

(sin g/lmax (A7) 10.735 0.691 0.690

R[F? > 2s(F?)], 0.035, 0.101, 1.10 |0.023, 0.057, 1.04 |0.032, 0.097,
WR(F?), S 1.10

No. of reflections 17145 7686 7957

No. of parameters [781 382 409

Dpmax, Dpmin (6 A~ [3.05, -2.45 2.68, -1.13 3.67,-1.83

)

No. of restraints |43
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Table 2.7. Summary of crystallographic data for complexes 2c, 3a and 3d

2C 3a 3d*CHCl3

CCDC 1843720 1843715 1843716

Chemical formula CasH28Ns03PtS Ca3H2sN6Pt C3sH20CI3NsPt

M 793.77 701.69 871.11

Crystal system, space|Orthorhombic, Pbca |[Triclinic, P 1 |Monoclinic, P2i/c

group

a, b, c(A) 18.589 (7), 14.609|7.907 (2),10.9414 (112),

(6), 22.553 (8) 11.456 (3),[11.8155 (12),

15.692 (5) 26.524 (3)

a, B,y (°) 90, 90, 90 105.324  (3),|90, 91.3728 (13), 90
94.331 4),
101.480 (4)

V (A% 6125 (4) 1331.1 (7) 3428.0 (6)

z 4.70 2 4

u (mm?) 0.25 x 0.16 x 0.10 5.31 4.37

Crystal size (mm) 0.598, 0.746 0.30 x 0.22 x{0.49 x 0.19 x 0.10
0.10

Tmin, Tmax 35665, 7008, 5659  |0.514,0.746  |0.406, 0.746

No. of measured,|0.031 5805, 5805, (20998, 7911, 7269

independent and 5692

observed [I > 2[1(1)]

reflections

Rint 0.649 0.026 0.025

(sin 6/W)max (A1) 0.046, 0.121, 1.05 0.657 0.652

R[F?> 2c1(F?)],|7008 0.030, .079,/0.020 0.061, 1.15

wWR(F?), S 1.03

No. of reflections 409 5805 7911
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Table 2.7. Continued

No. of parameters 0 364 435
No. of restraints w = 1/[c*F?) +|0 0
(0.0495P)?
72.9711P]
where P
2F2)/3
9.40, -1.66 w = U[O%FA) | w = U[OAF?) +
+ (0.0442P)? +((0.0325P)? +
1.1815P] 0.0162P]
where P = (Fo’|where P = (Fo® +
+ 2FA)/3 2F2)/3
Apmax, Apmin (€ A7) 173,216  |0.92,-1.07




Table 2.8. Summary of crystallographic data for complexes 4a and 4b

4a+0.5CH,Cl> 4b
CCDC 1843717 1843718
Chemical formula C27.50H23CINgPt CarH20F2NgPt
M 668.06 661.58

Crystal system, space group

Monoclinic, P21/c

Orthorhombic, Pca2;

a, b, c(A) 21.211 (4), 8.0689 (16),  |18.619 (6), 10.857 (3),
28.976 (6) 23.626 (7)

o, B,y (%) 90, 90.001 (3), 90 90, 90, 90

Vv (A 4959.4 (17) 4776 (3)

z 8 8

p (mm) 5.80 5.92

Crystal size (mm) 0.52 x 0.32 x 0.25 0.35 x 0.15 x 0.05

Tomin, Tmax 0.350, 0.746 0.428, 0.746

No. of measured, independent and
observed [I > 2o(1)] reflections

27789, 11357, 9730

55383, 10755, 10002

Rint

0.039

0.036

(Sin e/X)max (A_l)

0.649

0.649

R[F? > 26(F))], wR(F?), S

0.059, 0.140, 1.10

0.023, 0.054, 1.07

where P = (Fo? + 2F:?)/3

No. of reflections 11357 10755

No. of parameters 644 654

No. of restraints 0 1
w = V[O%(Fo?) + W = 1/[c¥(Fo?) + (0.0274P)?
(0.0576P)? + 73.9261P] |+ 2.8423P]

where P = (Fo? + 2F?)/3

Apmax, Apmin (e A3)

4.21,-2.53

2.73,-1.14

Absolute structure

Refined as an inversion
twin.

Absolute structure parameter

0.225 (7)
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Table 2.9. Summary of crystallographic data for complexes 4c and 5b

space group

4c 5b+0.5CHCl>
CCDC 1843719 1843721
Chemical formula | Ca9H22N6PtS Ca7.50H16CIF2NgPt
M; 681.67 727.02
Crystal system, Triclinic, P 1 Monoclinic, C2/c

independent and
observed [ > 2o(1)]

a, b, c(h) 7.666 (3), 11.976 (5), 14.925 (6) {24.497 (2), 15.2716 (13),
13.5103 (12)

o, B,y (°) %0)3.388 (4), 95.779 (4), 106.856 |90, 91.5658 (12), 90

4

V (A% 1254.8 (9) 5052.4 (8)

u (mm?) 2 5.71

Crystal size (mm) 571 0.43 x0.14 x 0.05

Trmin, Trmax 0.16 x 0.08 x 0.06 0.434, 0.746

No. of measured, 0.541, 0.746 15573, 5792, 5343

reflections
Rint 35223, 5533, 5352 0.023
(sin 6/A)max (AY) 0.021 0.651
R[F? > 25(F?)], 0.641 0.019, 0.048, 1.05
wR(F?), S
No. of reflections 0.014, 0.037,1.14 5792
No. of parameters 5533 367
No. of restraints 336 21
0 w = 1/[c?(Fo?) + (0.0214P)% +

8.820P]
where P = (Fo? + 2F:%)/3

Apmax, APmin (e A3)

w = 1/[c%(Fo?) + (0.0117P)? +
1.9398P]
where P = (Fo? + 2F?)/3

1.00, -1.00

1.78,-0.51
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2.4.5 Computational details

Geometry optimizations and time-dependent density functional theory (TD-DFT)
computations for 6 and 7 were performed at the B97/Def2-TZVPP level employing
Gaussian09. For TD-DFT, only the lowest-energy excited state was computed at the
B97/Def2-TZVPP level, whereas the full simulated spectrum shown in Figure 2.9 was
computed at B97D/Def2-SVPP// B97D/Def2-TZVPP. Molecular electrostatic potential
(MEP) maps were computed at B97/Def2-SVPP//B97/Def2-TZVPP and plotted with the
Molekel program. The optimized geometries of both 6 and 7 exhibited a characteristic
“dragonfly” shape and match well with the crystal structures of 1-5. TD-DFT
computations quantified the HOMO — LUMO transition oscillator strengths and
composition of the one-electron excitation transitions. TD-DFT calculations were done

by Dr. Judy Wu, Department of Chemistry at University of Houston.
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Chapter 3

Formazanate Complexes of Bis-cyclometalated Iridium.

Portions of this work have been submitted for publication:

Kabir, E.; Mu, G.; Momtaz, D. A.; Bryce, N.; Teets, T. S. Submitted
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3.1 Introduction

The coordination chemistry of formazans, which are a class of chromophoric
conjugated organic molecules with a 1,2,4,5-tetraazapentadienyl core, has been long been
investigated with transition metals and main group metals. The nitrogen-rich redox active
formazans have also been intensively studied in the fields of bioinorganic chemistry!?
and catalysis,®® and a few successful applications have emerged over time in biomedical
assays, textile dyes, and colorimetric indicators of cell activity.®® The monoanionic form
of formazans (referred to as “formazanates”) have become a well-known N-chelating
ligand class in recent years, structurally analogous to the ubiquitous B-diketiminate ligand
class but with redox activity at much more accessible potentials and strong visible
absorption, primarily because of LUMOs that are significantly stabilized relative to -
diketiminates.'®*3 The growing interest in formazanate coordination complexes is largely
due to the ligand-based redox processes, which can facilitate multielectron redox
behavior,}* bond activation,® and excited-state charge separation. In particular, the
stabilized LUMOs in formazanates result in relatively stable reduced products, greatly
expanding the redox chemistry of these complexes in small-molecule activation and other

contexts.16-18

Complexes of first-row transition metals with formazanates have been extensively
reported,>® including copper complexes which mediate oxygen activation.?%?! Ligand-
based redox chemistry of low-coordinated iron complexes,?>?> and bis-chelated zinc
complexes have affirmed the versatility of redox active formazanate ligands.*"?® Unique

magnetic properties were demonstrated in heteroleptic cobalt and bis(formazanate) iron
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complexes.?®2 Formazanate complexes of group 14 elements and ruthenium highlight
the redox non-innocence of some classes of formazanate complexes.'®?° Furthermore,
boron chelates of formazanates not only exhibit tunable redox properties but are also in
many cases photoluminescent,®% finding applications as cell-imaging agents,323®
electrochemiluminescence emitters,"3 multifunctional polymers,3¥4° and precursors to a

wide range of BN heterocycles.*4?

In spite of these numerous examples, coordination complexes of formazans with
third-row transition metals remain rare. Dithizonate complexes with a formazan-like core
were described where coordination of sulfur to the metal was observed.** Complexes of
dianionic aryl formazanate ligands which involve o-phenoxy or o-benzoate donors were
found to be coordinated in a tridentate fashion with a few heavy transition metals but
none of them were extensively characterized or analyzed for further studies.***" Since
the strong orbital overlap between radially extended 5d orbitals and the formazanate ©
system could perturb the inherent redox and optical properties of the formazanates and
the 5d metal center could promote formazanate-centered triplet photophysics, our group
began investigating third-row transition metal complexes of formazanates. We have
expanded the coordination chemistry of formazanates a series of heteroleptic platinum
complexes®* and accessed homoleptic azo-iminate platinum complexes® via

hydrogenative cleavage of formazans.

In this work, we describe a diverse set of cyclometalated iridium(l11) formazanate
complexes. Cyclometalated iridium(I11) compounds have been extensively studied in a
number of contexts,>~*° primarily due to their good thermal and photostability, relatively

75



short phosphorescence lifetime, and high photoluminescence quantum vyields. Although
the synthetic chemistry of cyclometalated iridium(l11) formazanates largely parallels that
of our previous cyclometalated platinum(ll) formazanate series,*®*° moving from
platinum(I1) to iridium(l11) allows us to evaluate the effects of coordination geometry and
d-electron count on the structural chemistry, redox properties, and optical properties of 5d
metal formazanates. We describe 18 new cyclometalated iridium(lll) formazanate
complexes of the type Ir(C~N)z(formazanate) (C"N = cyclometalating ligands). These
neutral complexes feature four different cyclometalating ligands and six structurally and
electronically varied triaryl- and diarylformaznates. A general synthetic route is presented
here and 8 of 18 compounds are structurally characterized by single crystal X-ray
diffraction, which reveals two distinct coordination modes for the formazanate. The
substitution patterns on the formazanate strongly influence the observed ligand-centered
redox potentials, with subtle influences from the C"N ligand that suggest some degree of
mixing between iridium d-orbitals and formazanate m orbitals. The UV-vis absorption
spectra show intense bands from the contributions of both formazanates and Ir-C~N
fragments, and solvatochromic studies assist in the assignment of these features. This
work demonstrates that alteration of the C*N and formazanate ligands offers two layers
of control over the redox and optical properties of neutral iridium formazanate

complexes.
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3.2 Results and discussion

3.2.1 General synthesis

Scheme 1 depicts the general synthetic procedure of the series of 18 heteroleptic
cyclometalated iridium formazanate complexes of the type Ir(C”N)2(formazanate).
Compounds are numbered based on the identity of the C”N ligand, with the associated
letter designating the structure of the formazanate ancillary ligand. Two cyclometalating
ligands, 2-phenylpyridine (ppy) and 2-(2,4-difluorophenyl)pyridine (F2ppy), were
partnered with all six formazanates studied here (Fza—Fzf), to produce products la-1f
and 2a-2f, while the other two C~N ligands, 2-phenylbenzothiazole (bt) and 1-
phenylisoquinoline(piqg), were used to prepare a smaller subset of complexes (3a, 3b, 3e,

3f, 4a, and 4f).

R1 R1

_j
2 Y
7

~C N EtsN, EtOH

N=N
+ 2H’ N/>_R2 AN >—R2 + "{_

( cl w “N- 80-85 °C N NN
N N.j @ CLN N CLN
R']

R1
Fomazan a-f open closed ()
Fza: R'= CHj; R2= p-CgH,-OCH,
Fzb : R'= OCHj; R?= p-CgH,-OCH, 1a- 1f: CAN: 1 = ppy
Fze: R'= CHjy; R?= p-CgH,-CN 2a - 2f; C'N: 2 = F,ppy
Fzd : R'=CN; R?= p-CgH,-CHy 3a-3b, 3e-3f: CAN : 3 = bt
Fze : R'=CH3; R?= CN 4a - 4b, 4f; C*N : 4 = piq

Fzf: R'=CN;R2=CN

C- @@G@ @w@@u

szpy

Scheme 1.1. General synthesis of complexes 1-4.
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The chloro-bridged dimers [Ir(C*N)2(u-Cl)]2 were treated with a stoichiometric
amount of free formazan in ethanol in the presence of excess triethylamine, by refluxing
for 20-36 h. The reaction was general and tolerated a variety of electronically modified
formazans, which include different combinations of electron-donating (-CHs, -OCHz) and
electron-withdrawing (-CN) substituents at either the azo aryl substituent (R') or at the
central position of backbone (R?). Reactions involving triarylformazanates (Fza—d)
showed a distinct color change from purple (free formazan) to dark green or blue upon
coordination of the formazanate to iridium. In contrast, in reactions involving
diarylformazanates the color of the product was almost identical to the free formazan and
were most conveniently monitored by TLC. The isolated yields varied from 43-80%
across the series. NMR analysis of crude reaction mixtures indicated the possibility of
two isomeric products. In particular, some of the complexes with electron-donating
substituents on the formazanate, 1a, 1b, 3a, 3b, and 4a, as well as 1c' (R? = p-CsH4-CN),
initially showed the presence of two products in their tH NMR spectra, one with apparent
C> symmetry and one with Ci symmetry. As unequivocally determined by X-ray
crystallography (see below), these features are attributed to two different binding modes
of the formazanate, one that involves a five-member chelate ring “open” form, binding
through the 1- and 4-positions of the formazanate core, and other is the more typical six-
member chelate “closed” form, binding through the 1- and 5- positions and denoted by a
prime symbol ("). Varying the reaction solvents (dichloromethane, tetrahydrofuran) and
temperature did not significantly alter the isomeric ratio, and prolonged heating of
isolated mixtures of isomers did not lead to significant interconversion. Chromatographic

purification was not effective as both isomers are similar in polarity. Recrystallization of
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the above-mentioned products was generally a good approach for purifying the mixtures,
allowing 3a, 3b, and 4a to be isolated as the Ci-symmetric “open” form with only trace
amount of the “closed” isomer present. In contrast, in the C*N = ppy series
recrystallization allowed isolation of 1b’ and 1c¢’ exclusively as the Cz-symmetric
“closed” isomer, whereas la was isolated as a mixture of isomers after repeated
recrystallization attempts. The remaining triarylformazanate iridium complexes were all
isolated in the five-member chelate conformation, as were all diarylformazanate
complexes prepared from Fze and Fzf. To summarize, 15 of the 18 complexes were
isolated in pure form as the five-member chelate “open” form, whereas only 1b’ and 1¢’
were obtained in the “closed” form and la/la’ was isolated as a mixture of both isomers.
All of the compounds are air and moisture stable and were fully characterized by H,
BC{'H} and °F (for 2a—2f) NMR spectroscopy and elemental analysis, which establish
identity and bulk purity. NMR spectroscopy was especially useful for distinguishing the
two isomers, with the Co-symmetric “closed” isomer displaying chemical equivalency of

the C~N ligands and the two R? substituents on the formazanate.

3.2.2 X-ray Crystallography

The structures of 1c’, 1d, 2a, 2c, 2¢’, 2d, 2e, 3a, and 4a were confirmed by single-
crystal X-ray diffraction, are shown in Figure 3.1. Formazanate bond lengths and angles
are summarized in Table 3.1 with refinement details collected in Tables 3.1-3.2. The
iridium metal center resides in the center of distorted octahedral coordination geometry

with two C~N ligands and one formazanate.
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Figure 3.1. X-ray crystal structure of complexes 1c, 1d, 2a, 2c, 2¢', 2d, 2e, 3a, and 4a.

Hydrogen atoms and solvated molecules are omitted for clarity. Ellipsoids are shown at

the 50% probability level.
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Table 3.1. Summary of crystallographic bond lengths (&) and angles (deg) for complexes
1c’, 1d, 2a, 2c, and 2c¢’

1c’ 1d 2a° 2¢° 2¢®

d (Ir-N3/4)° 2173(3)  2208(8)  2.161(4)  2210(5)  2.142(9)
d (Ir-N6) 2.127(3)  2.1198)  2.125(4)  2.1103)  2.110(3)
d (N3-N4) 1309(4)  1318(11)  1313(5)  1.285(7)  1.325(12)
d (N4—C1) 1344(5)  1376(12)  1383(5)  1.400(6)  1.418(10)
d (N5-C1) 1363(5)  1.333(12)  1.328(6)  1349(5)  1.349(5)
d (N5-N6) 1294(4)  1314(11)  1313(5)  1297(4)  1297(4)
LNG/4)-T=N(6)! 82.45(11)  74.1(3)  7453(14)  70.50(15)  94.5(3)

a Average of two crystallographically independent molecules. ® Both isomers disordered in the
same crystal structure. © Formazanate Ir-N distance. Relevant distance is Ir-N3 for “closed”
isomers 1c’ and 2¢’, and Ir-N4 for the rest. ¢ Formazanate N—Ir-N chelate angle. Relevant angle
is £N(3)-Ir-N(6) for “closed” isomers 1¢’ and 2¢’, and 2N(4)—-Ir—N(6) for the rest.

In all cases, the nitrogen atoms of C~N ligands are in a trans position relative to
each other. The Ir-C bond distances (2.014(7)-2.033(4) A) and Ir-N bond distances
involving the C”N ligands (2.036(17)-2.091(8) A) of all complexes are similar to those
of the previously re-ported cyclometalated Ir complexes.>>? Complex 1¢’ crystallized
with the formazanate exclusively in the six-membered chelate “closed” form, whereas in
2c both isomers were present, modeled as a two-part disorder with 71% of the “open”
form (2c¢) and 29% of the “closed” form (2¢’). As shown in Table 3.1 and Figure 3.1, the
binding mode of the formazanate (“open” vs. “closed”) has little influence on the Ir—N
(formazanate) bond distances, which range between 2.103(7) and 2.210(3) A and are
significantly longer than those in other formazanate chelate complexes (1.809-2.090
A).161725-274849 The (different chelating modes of formazanates, however, impact the
bond distances within the formazanate core critically. For both cases of 1¢’ and 2¢’,

which include the “closed” form of the formazanate, full m delocalization within the
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formazanate is indicated. The two N-N and two N-C distances are nearly equal and
intermediate between single and double bonds. In contrast, for “open form” formazanate
chelating complexes, in many cases there are alternating short and long bond distances in
the formazanate core, which is particularly apparent in the structures of 2d, 2e, 3a, and
4a. In these cases, the N(3)-N(4) distances exterior to the five-member chelate ring are
shorter than the N(5)-N(6) distances in the chelate ring, and the N(4)-C(1) distance is
significantly longer than N(5)-C(1). This pattern of bond distances is consistent with less
n delocalization in the “open” form, which in the localized limit consists of alternating
single and double bonds, as shown in the structure diagram in Scheme 3.1.
Unsurprisingly, the other major structural difference between the “open” and “closed”
forms is the chelate angles of formazanates, which for the “open” forms range between
74.10(3) and 74.45(9)° (£N(4)-Ir—N(6)), except 2c which has an abnormally small

chelate angle (70.50(15)°).

Table 3.2. Summary of crystallographic bond lengths (&) and angles (deg) for complexes
1c', 1d, 2a, 2c, and 2c¢’

2d 2e 3a 4a
d (Ir-N3/4)* 2.152(2) 2.155(6) 2.1545(18) 2.192(3)
d (Ir-N6) 2.135(3) 2.103(7) 2.1234(17) 2.153(3)
d (N3-N4) 1.278(3) 1.263(11) 1.292(2) 1.309(5)
d (N4-C1) 1.418(4) 1.397(11) 1.404(3) 1.378(5)
d (N5-C1) 1.315(4) 1.314(12) 1.332(3) 1.330(6)
d (N5-N6) 1.348(3) 1.304(8) 1.322(2) 1.322(5)
ZN(3/4)-Ir-N(6)° 74.45(9) 75.6(3) 73.88(7) 73.62(13)

@ Formazanate Ir—N distance. Relevant distance is Ir-N3 for “closed” isomers 1¢’ and 2¢’, and Ir—
N4 for the rest. ® Formazanate N-Ir-N chelate angle. Relevant angle is £N(3)-Ir-N(6) for
“closed” isomers 1¢’ and 2¢’, and 2N(4)—Ir—N(6) for the rest.
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The formazanate bite angles are larger for the Co-symmetric isomers, observed to
be 82.45(11)° in 1c and 94.5(3)° in 2¢’. There does not appear to be any systematic
dependence of the key structural metrics on the presence of electron-withdrawing or
electron-donating groups on the formazanate periphery. The observation of both structure
types (“open” and “closed”) suggests that the two structures are similar in energy, though
overall the “open” isomer seems to be favored. This observation stands in contrast to
many previously described platinum(Il) formazanates, where only the “closed” binding
mode was observed.*34° The covalent radii of platinum and iridium are quite similar,*® so
we don’t think the preference for a five-member chelate is because iridium(l11) is smaller
than platinum(ll), nor are there any obvious electronic differences between the two
isomers (see description of UV-vis and electrochemistry below). We propose that the
“open” binding mode relieves steric pressure in these complexes, avoiding close
approaches of the formazanate N-aryl substituent with the aryl rings of the
cyclometalating ligand. In previously characterized bis-cyclometalated iridium J-
diketiminate complexes from our group, we noted a close stacking arrangement of the N-
aryl groups and the cyclometalated aryl groups,®”® which is avoided in 1¢’ (“closed”
isomer) by a buckling of the formazanate backbone. In contrast, in all of the “open”-form
structures presented here, except in 2c where the two isomers are disordered, the aryl
substituent at the iridium-bound N(6) is safely away from the steric congestion of the
cyclometalating ligands, oriented orthogonal to the nearest cyclometalated aryl ring in a
cleft between the two C”N ligands. Thus, the crystallo-graphic evidence suggests that it is
steric effects that are likely responsible for the “open” chelate conformation most of these

complexes adopt.
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3.2.3 UV-vis absorption spectroscopy

UV-vis absorption spectra of all cyclometalated iridium formazanate complexes
were recorded and Table 3.3 represents the summarized absorption data in
tetrahydrofuran (THF). Figure 3.2 displays spectra of the complexes la—1f, 2a—2f, 3a—
3d, and 4a—4f. None of the complexes are photoluminescent in the visible region at room
temperature or 77 K. All of the complexes described here are highly colored, appearing
green or bluish green for the triarylformazanate complexes and greenish brown to dark
red for the diarylformazanates complexes. These iridium formazanate compounds display
low-energy absorption bands between 525-677 nm with extinction coefficients between
2200-13000 Mtcm™ in the visible range of the spectrum, which is assigned as a
formazanate ligand-centered ©1 — n* transition primarily involving HOMO and LUMO
orbitals. As shown in Table 3.2 these low-energy absorption maxima are nearly identical
for all of the triarylformazanate complexes la/lb*, 2a/2b, 3a/3b and 4a, ranging from
628-639 nm for these complexes which have electron-donating substituents at both the
R! and R? position of the formazanate scaffold. Complex 1a was isolated as a mixture of
“open” and “closed” isomers but no significant spectral differences were observed by
comparing this with the other Fza complexes that existed exclusively in the “open”
configuration. The position of the low-energy absorption band depended strongly on the
identity of the substituents at the central R? position of the formazanate backbone.
Placing the electron withdrawing 4-cyanophenyl group in the R? position (Fzc) caused a
hypsochromic shift of ~27-38 nm (715-989 cm™) in the low-energy absorption

maximum for complexes 1c' and 2c relative to the respective Fza and Fzb complexes.
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Table 3.3. Summary of UV-vis absorption data recorded in tetrahydrofuran (THF) at
room temperature

A/nm (g x 102/ Mcm™)

la/la’ 265 (53), 480 (6.7), 633 (13)

b’ 261 (25), 463 (3.6), 630 (3.2)

1c’ 264 (71), 387 (42), 602 (8.7)

1d 270 (17), 370% (6.8), 677 (4.6)

le 260 (30), 3807 (8.0), 476 (5.8), 554 (6.6)

1f 258 (33), 342 (10), 4012 (7.9), 520 (7.5)

2a 250 (34), 3472 (13), 445 (3.2), 628 (8.6)

2b 252 (27), 454 (2.9), 639 (7.5)

2¢ 251 (52), 390 (18), 601 (10)

2d 260a (38), 3132 (23), 3607 (17), 655 (10)

2e 250 (28), 300 (14), 4547 (4.2), 551 (6.5)

2f 261 (15), 353% (5.4), 532 (3.5)

3a 320 (43), 4107 (11), 630 (12)

3b 262 (36), 319 (39), 635 (10)

3e 263 (34), 319 (36), 3827 (18), 4437 (14), 578 (2.2)

3f 266 (38), 321 (36), 3847 (13), 443 (12), 596 (6.7)

4a 293 (51), 349? (29), 4357 (9.0), 638 (9.4)

4f 285 (44), 343 (26), 403 (14), 443 (13), 525% (10)
&Shoulder.

In contrast, this low-energy absorption band was red-shifted for complexes 1d (677 nm)
and 2d (655 nm), when the 4-cyanophenyl substituent was on the formazanate nitrogen
atoms, i.e. R = CN. As shown in Table 3.2, replacing the aryl group at the R? position
with a cyano group in diarylformazanate (Fze and Fzf) complexes resulted in a
significant blue-shift, with the low-energy absorption maximum occurring between 520

nm (1f) and 578 nm (3e) in this subset of complexes. This significant blue-shift in the
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formazanate m—n* transition was likely a result of the decreased conjugation in the
diarylformazanate analogues. Additionally, higher-energy absorption bands were
observed in the near-UV and visible regions which were dependent on the identity of the
cyclometalated ligands, characteristic of Ir(d)—n* metal-to-ligand charge transfer
(MLCT) bands along with a slight dependence on the N-aryl substituents of the

formazanate ligands.
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Figure 3.2. Overlaid electronic absorption spectra of 1a—1f (top), 2a—2f (top), 3a, 3b,
3e, 3f, 4a, and 4f (bottom). Spectra were recorded in tetrahydrofuran (THF) solution in
room temperature. Data was collected in intervals of 1 nm, and symbols are included on
each plot are to help distinguish the overlaid spectra.
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Table 3.4. Summary of UV-vis absorption maxima for spectra recorded in tetrahydrofuran

(THF), toluene, and MeOH

A (nm)
THF Toluene MeOH
Ir(ppy)2(Fza) (1a) 265, 480, 633 478, 635 262,472,631
Ir(ppy)2(Fzb) (1b) 261, 463, 630 468, 633 258, 459, 630
Ir(ppy)2(Fzc) (1c) 264,387,602 385, 605 260, 387,599

Ir(ppy)2(Fzd) (1d)

270, 3742, 673

271, 374%, 677

269, 370% 674

Ir(ppy)2(Fze) (1e)

260, 380% 476, 554

3802, 478, 565

3782, 477, 553

Ir(ppy)2(Fzf) (1)

258, 342, 4013, 520

349, 4022, 527

258, 341, 4007, 512

Ir(Fappy)a(Fza) (22)

250, 3477, 445, 628

3462, 452, 632

249, 3443, 453, 628

Ir(F2ppy)2(Fzb) (2b)

252, 454, 639

452, 651

260, 451, 646

Ir(Fappy)a(Fzc) (2c)

251, 390, 601

387, 606

390, 605

Ir(F2ppy)2(Fzd) (2d)

2607, 313%, 360?, 655

315?, 3617 656

3122, 3572, 640

Ir(Fappy)a(Fze) (2€)

250, 300, 4542, 551

302, 455%, 554

300, 4542, 547

Ir(F2ppy)2(Fzf) (2f)

261, 353?, 532

3542 545

261, 3472, 524

Ir(bt)2(Fza) (3a)

320, 410%, 630

319, 412%, 636

318, 4032, 476%, 639

Ir(bt)(Fzb) (3b)

262, 319, 635

320, 637

261, 307, 636

Ir(bt)2(Fze) (3e)

263, 319, 3827, 4432, 578

321, 383%, 4512, 580

318, 378, 4382, 572

Ir(bt)2(Fzf) (3f)

266, 321, 3842, 443, 596

323, 384%, 450, 597

320, 3787, 439, 595

Ir(pig)2(Fza) (4a)

293, 3497, 435%, 638

293, 3487, 4372, 637

288, 3442, 4312, 637

Ir(pig)=(Fzf) (4f)

285, 343, 403, 443, 525°

346, 406, 446, 5262

283, 343, 436, 5222

3= shoulder



These bands typically overlapped with other high-energy absorption features, likely
localized m—n* transitions, though in general Foppy-ligated complexes 2a—f displayed
MLCT bands at the shortest wavelengths, with piq complexes having MLCT bands at the
longest wavelength, consistent with many other cyclometalated iridium complexes.*
Complexes of formazan (R? = 4-cyanophenyl) displayed a distinct absorption at ~400
nm, which was not observed in other members of the series and is likely attributed to a
transition localized on the 4-cyanophenyl substituent. In many complexes, particularly in
the bt (3) and piq series (4), the high-energy absorption features overlapped with low-
energy formazanate-centered bands, giving rise to panchromatic visible absorption, as

observed for previously reported pg-ligated platinum formazanate compounds.*®

Complex 2a Complex 3b
—=—Toluene o —=— Toluene
g ——THF e —s—THF
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Figure 3.3. Electronic absorption spectra of complex 2a and 3b, recorded in toluene,
tetrahydrofuran (THF), and MeOH at room temperature. The spectra are normalized to
the low-energy absorption maximum.

UV-vis spectra were also recorded in three solvents of varying polarity (toluene,
THF, and MeOH), representative spectra for two complexes 2a and 3b were shown in
Figure 3.3. Summary of the solvatochromic data is tabulated in Table 3.3 and only slight
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solvatochromic shifts of <10 nm were observed for the low-energy absorption bands in
all cyclometalated iridium formazanate complexes, further supporting the assignment of
this band as a ligand-localized n—m* transition with minimal charge-transfer character.
Taken together, these results show the UV-vis absorption features of the iridium
formazanate complexes depend on the location and identity of the substituents on the
formazan scaffold as well as the cyclometalating ligand. Changing substituents at the R*
and R? position of the formazanate ligand allows predictive control over the formazanate-
based low energy m — 7* transition, which spans a relatively broad range of 520-677 nm

in this series of complexes.

3.2.4 Electrochemistry of new complexes

The electrochemical properties of complexes 1-4 were investigated by cyclic
voltammetry (CV) experiments, and the results are summarized in Table 3.5 with the
voltammograms shown in Figures 3.4. The compounds displayed both oxidation and
reduction features in their cyclic voltammograms. Ligand-centered reductions which
occur at mild potential are generally one of the most important features of coordinated
formazanate complexes, and these features are discussed here along with the Ir'V/1r'"
oxidation waves. The first reduction wave for all complexes was assigned as a
formazanate-centered one electron reduction which occurs in the range of —1.22 to
—1.98V (all potentials referenced to the ferrocenium/ferrocene couple). The Foppy series
(2a—f) provides the best insight into the effect of the formazanate structure on the redox
properties, since this series includes all six formazanate ligands studied here and all of

them bind exclusively in the five-member chelate “open” form in these analogues.
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Table 3.5. Summary of electrochemical data for complexes 14

CV in CH:Cl,
It / I Eox (V) Fz-centered E™ (V)

la/1a’ —0.02 —1.96*

1b' —0.10 —-1.972

1c' 0.23 -1.95

1d 0.37 —-1.41

le 0.55 -1.61,-2.10*
1f 0.86 -1.26,—1.70
2a 0.08 —1.832

2b —0.02 —1.892

2c 0.23 —1.792

2d 0.51 —-1.31,-1.78
2e 0.70 —1.50, —1.94%
2f 1.15 -1.22,-1.71
3a 0.01 —1.98*

3b —0.06 —1.95%

3e 0.68° -1.72

3f 0.97 -1.29,-1.74
4a 0.01 -1.96*

4f 0.83¢° —1.27,-1.68

2 Irreversible wave. E, ¢ or Ep. is reported.

As the data in Figure 3.4 and Table 3.5 shows, the redox potentials in 2a— followed the
trend expected from the electron donating/withdrawing attributes of the substituents,
although the effects were modest. Moving from 2a to 2b, where the R* substituent was
changed from CHs to a more electron-donating OCHg, resulted in a cathodic (negative)
shift of the reduction potential by 60 mV. Similarly, comparing 2a to 2c, where the p-
CeHs-OCH3 R? substituent was replaced with the more electron-withdrawing p-

cyanophenyl, we noted a 40 mV anodic (positive) shift in the reduction potential. A much
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more dramatic change in potential occurred when electron-withdrawing cyano
substituents were added to the R* position, with the potential in 2d more positive than
that of 2a by over 500 mV. Similarly, large effects were observed in 2e and 2f, where the
R? aryl substituent is replaced with a cyano group, resulting in comparatively mild
formazanate based reduction potentials, in particular in 2f (R* = R? = CN, Ereq = —1.22
V). Similar substituent effects were observed in the other members of the series with

different cyclometalating ligands.

Effects of the cyclometalating ligand on the reduction potentials were modest, and
in general the observed reduction potential was mainly determined by the substituent
pattern on the formazanate. Fluorination of the phenylpyridine ligand caused an overall
anodic shift (~100 mV on average) for complexes 2a-2f (Figure 3.4) if we compare them
with the set 1a—1f, but complexes with C*N = bt or piq had very similar potentials to
their ppy analogues, at parity of formazanate structure. In addition, the potentials for the
complexes that were isolated as the “closed” isomer (1b’ and 1¢’) or as a mixture of
isomers (1la) were all very similar to the other members of the series with the same
formazanate structure, suggesting that the formazanate-centered LUMO energy and
corresponding redox potential depend little on the binding mode of the formazanate. All
of the complexes here (except 3e and 4f) also displayed a formal Ir'V/Ir'"' redox couple
which has slight dependence on the identity of the C”N ligand but highly sensitive to the
identity of the formazanate ligands. Electron rich complexes 1a/l1b, 2a/2b, 3a/3b, and 4a
oxidized at similar potentials across the series, and again the isomeric form of the

complex did not appear to have a large effect on the observed potential (Table 3.5). The
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oxidation potential of these seven complexes were very near the Fc*/Fc potential and
again had a slight dependence on the formazanate substituents, with the most electron-

rich Fzb complexes being easiest to oxidize.
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Figure 3.4. Overlaid cyclic voltammograms of complexes 1a—1f (top), 2a—2f (top), 3a,
3b, 3e, 3f, 4a, and 4f (bottom). CVs were recorded in CH2Cl> with 0.1 M NBusPFs
supporting electrolyte, using a glassy carbon working electrode and a scan rate of 0.1 V/s.
The arrows indicate the scan direction. Concentrations were not carefully controlled, and
currents are low in some of plots because of the limited solubility of some of the

compounds in CH2Cl.

Addition of cyano substituents in the remaining complexes rendered the

complexes more difficult to oxidize, with shifts in potential that were qualitatively similar
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to those discussed above for the reduction potentials. The four Fzf complexes, where R?
= R? = CN, have the most positive oxidation potentials (> 0.83 V), and the complexes
where only one of the R and R? positions includes a cyano group (Fzc—e) have Ir'V/Ir"
potentials intermediate between the most electron-rich and electron-poor members of the
series. As with the reduction potentials, the C*N ligands exerted a modest effect on the
formally Ir'V/Ir'"" couple, with Foppy complexes being the most difficult to oxidize for a
given formazanate ligand. We note that although this oxidation potential can be formally
classified as Ir'V/Ir'', and in typical cyclometalated iridium complexes the HOMO
included significant Ir dn character,%® the strong dependence of this potential on the
formazanate structure implies that the HOMO in the complexes described here is also
primarily formazanate ligand-centered, like the LUMO. Consistent with this supposition,
previously reported platinum formazanate complexes from our group,®® as well as
cyclometalated iridium complexes with structurally analogous B-diketiminate ancillary
ligands,® both have HOMOs that are almost exclusively formazanate or B-diketiminate-

centered, with minor contribution from the metal.

One other noteworthy insight to come out of this work is the effect of the metal
center and coordination geometry on the formazanate-centered optical transitions and
redox properties. Our group has also prepared an extensive series of cyclometalated
platinum formazanate complexes,*® using many of the same cyclometalating ligands and
formazanates used in this work (except for Fzd, and piq, which we did not use to prepare
any platinum complexes). In the UV-vis absorption spectra, in every case the low-energy

formazanate m—n* transition was significantly blue-shifted in the iridium complexes, by
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at least 23 nm (767 cm™?) and as much as 122 nm (3650 cm™*) when comparing 1f to its
platinum congener. In the cyclic voltammograms, the formazanate-centered reduction
potentials were substantially different as well, cathodically (negatively) shifted by at least
290 mV and as many as 500 mV in the iridium complexes. We do note that some of the
reduction waves in the iridium complexes were irreversible, which makes these
comparisons less quantitatively meaningful, but even in cases where both the platinum
and iridium analogues have well-behaved, reversible reductions of the iridium complex
was more difficult to reduce by a substantial margin. Although the electrochemical
oxidation of the platinum complexes tended to not be as well-behaved and we have not
investigated it thoroughly, we can compare some complexes and we find that the iridium
complexes were in general easier to oxidize, although the oxidation potentials were not as
sensitive to the identity of the metal as the reduction potentials, in all cases differing by
<200 mV. Taken together, these observations indicated that, compared to cyclometalated
platinum formazanate complexes, the iridium analogues have destabilized HOMO and
LUMO energies and larger HOMO-LUMO gaps. The significant differences between the
formazanate-centered properties in platinum and iridium complexes underscores the
importance of d-orbital overlap with the formazanate in determining frontier orbital

energies, an emerging theme in our work on formazanate 5d metal complexes.
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3.3 Conclusion

In this work, we disclose the first examples of cyclometalated iridium formazanate
complexes prepared by a general synthetic strategy and a thorough study of the electronic
modification of the formazanate ligand on the electrochemical and photophysical
properties is also presented. Structural elucidation of the complexes reveals two distinct
binding modes for the formazanate, with the typical six-membered chelate form and an
unusual five-membered “open” structure both observed. Systematic comparison of
different cyclometalated and formazanate ligands reveals that the redox potentials are
much more sensitive to the identity of the substituents on the formazanate backbone. The
UV-vis absorption features prove some predictable control of photophysical properties by
tuning the formazanate and cyclometalated ligands independently. In future works, we
plan to continue our exploration of 5d metal formazanate complexes, further
underscoring the effects of the metal identity, oxidation state, and coordination geometry

on the formazanate-derived redox and optical properties.

3.4 Experimental Section

3.4.1 Materials

Reactions were carried out in a nitrogen atmosphere using standard Schlenk
techniques. Solvents, starting materials, and reagents were of commercial origin and used
without further purification, unless stated otherwise below. Tetrahydrofuran (THF) and
toluene for UV-vis spectroscopy, and acetonitrile and dichloromethane (DCM) for
electrochemical measurements were dried by the method of Grubbs,! passing through

dual alumina columns on a commercial solvent purification system (SPS). The
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acetonitrile was further dried by storage over 3A molecular sieves. Tetrabutylammonium
hexafluorophosphate (TBAPF6) was recrystallized from hot ethanol and ferrocene was
sublimed at ambient pressure before use in electrochemical experiments. CDClz and
CDsCN for NMR spectroscopy was stored over potassium carbonate and molecular
sieves to remove acidic impurities and moisture. The ligands 3-p-methoxyphenyl-1,5-di-
p-tolylformazan (Fza), 1,3,5-tri-p-methoxyphenylformazan (Fzb) and 3-p-cyanophenyl-
1,5-di-p-tolylformazan (Fzc), and 3-p-tolyl-1,5-di-p-cyanophenylformazan (Fzd) were
prepared by the method of Hicks et al.®? The ligands 3-cyano-1,5-di-p-tolylformazan
(Fze) and 3-cyano-1,5-di-p-cyanophenylformazan (Fzf) were prepared by following the
literature  procedures.®® The iridium precursors [Ir(ppy)2(u-CN]2  (ppy = 2-
phenylpyridine), [Ir(F2ppy)2(u-Cl)]2 (F2ppy = 2-(2,4-difluorophenyl)pyridine), [Ir(bt)2(u-
CD]2 (bt = 2-phenylbenzothiazole), and [Ir(pig)2(u-Cl)]2 (piq = 1-phenylisoquinoline)

were prepared by a modified version of the well-known Nonoyama procedure. 5384

3.4.2 Physical Methods

NMR spectra were recorded at room temperature using a JEOL ECA-600, ECA-
500, or ECA-400 NMR spectrometer. UV-vis absorption spectra were recorded in THF,
toluene, and MeOH solutions in screw-capped 1 cm quartz cuvettes using an Agilent
Cary 8454 UV-vis spectrophotometer. Cyclic voltammetry (CV) measurements were
performed with a CH Instruments 602E potentiostat interfaced with a nitrogen glovebox
via wire feedthroughs. Samples were dissolved in dichloromethane (CH2Cl2) with 0.1 M
TBAPFe as a supporting electrolyte. A 3 mm diameter glassy carbon working electrode, a

platinum wire counter electrode, and a silver wire pseudo-reference electrode were used.
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Potentials were referenced to an internal standard of ferrocene. The bulk purity for all

complexes is established by Elemental analysis, performed by Atlantic Microlab, Inc.

3.4.3 Synthesis

Ir(ppy)2(Fza) (1a/1a’). [Ir(ppy)2(p-Cl)]2 (101 mg, 0.0942 mmol) and Fza (67 mg,
0.19 mmol) were combined in ethanol (15 mL) with excess triethylamine (0.10 mL), and
the mixture was deoxygenated under the protection of N2. The mixture was refluxed for
24 h and the color changed from red to green. The reaction completion was confirmed by
TLC and presence of the product as two isomers were observed on the TLC plate.
Solvent was removed using rotary evaporation and the product was re-dissolved in ethyl
acetate to filter through neutral alumina in order to remove insoluble impurities. After
removing ethyl acetate, column chromatography (hexane / ethyl acetate gradient eluent,
neutral alumina) was performed to purify the product but attempts to separate the isomers
using chromatography was not successful. Both isomers were eluted together from the
column, which were recrystallized (THF / pentane) later to get dark green solid. NMR
analysis suggests a ca. 2:1 ratio of the “open” (1la) and “closed” (1a’) isomers, which
results in very similar integration values for the resonances associated with each isomer.
As such, clear assignment of the peaks was not possible, and integration values for the H
NMR peaks are not provided. The spectrum is shown in Figure S2 with relative
integration values shown. Yield: 83 mg (51%). *H NMR (400 MHz, CDCls) &: 8.70 (d, J
= 5.6 Hz, ArH), 8.63 (d, J = 5.6 Hz, ArH) 8.43 (d, J = 6.0 Hz, ArH), 7.93 (d, J = 7.8 Hz,
ArH), 7.58-7.87 (m, ArH), 7.30 (d, J = 7.8 Hz, ArH), 7.20 (dd, J = 5.9 Hz, ArH), 6.94—
7.11 (m, ArH), 6.86 (d, J = 7.8 Hz, ArH), 6.73 (t, J = 7.3 Hz, ArH), 6.47-6.69 (m, ArH),
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6.12-6.38 (M, ArH), 5.94 (d, J = 7.8 Hz, ArH), 5.57 (d, J = 7.8 Hz, ArH), 3.80 (s, OCHj,
both isomers coincident), 2.12 (s, CHs), 2.10 (s, CH3), 2.04 (s, CHs). *C{*H} NMR (151
MHz, CDCl3) &: 169.3, 168.5, 167.5, 158.8, 158.6, 158.2, 156.9, 154.7, 153.7, 152.4,
152.2, 151.8, 150.1, 149.6, 149.0, 143.7, 143.5, 142.8, 136.8, 136.7, 136.5, 134.4, 134.3,
134.2, 133.8, 133.2, 131.1, 130.2, 129.6, 129.0, 128.8, 128.5, 128.3, 127.6, 127.4, 125.6,
123.8, 123.7, 123.4, 122.2, 121.9, 121.5, 121.3, 120.6, 120.1, 119.3, 119.0, 118.9, 118.7,
113.4, 55.47, 55.4, 20.94, 20.85. Anal. Calcd for CasHssIrNeO: C, 61.52; H, 4.46; N,

9.78. Found: C, 61.69; H, 4.47; N, 9.76.

Ir(ppy)2(Fzb) (1b’). The title compound was prepared by the general method
described above for complex 1a/la’, using [Ir(ppy)2(1-Cl)]2 (50 mg, 0.047 mmol) and
Fzb (37 mg, 0.094 mmol). The product was isolated as a mixture of isomer and
recrystallized later (CH2Cl2/ pentane) to get a dark green solid. Yield: 36 mg (43%). We
were unable to obtain satisfactory elemental analysis for this compound, but the NMR
spectrum provide evidence for bulk purity. The minor impurity peaks in the *H NMR
spectrum arise from a small amount of the “open” isomer 1b present in the isolated
product. 'H NMR (400 MHz, CDCl3) &: 8.70 (d, J = 5.5 Hz, 2H, ArH), 7.82 (d, J = 8.7
Hz, 2H, ArH), 7.60-7.71 (m, 4H, ArH), 7.21-7.28 (m, 2H, ArH), 6.95-7.03 (m, 2H,
ArH), 6.86 (d, J = 8.7 Hz, 2H, ArH), 6.65 (t, J = 7.3 Hz, 2H, ArH), 6.51-6.61 (m, 6H,
ArH), 6.18-6.32 (m, 6H, ArH), 3.80 (s, 3H, OCH3), 3.62 (s, 6H, OCHj3). 3C{*H} NMR
(151 MHz, CDCIs) &: 168.5, 158.3, 156.8, 154.8, 150.0, 149.0, 148.9, 143.7, 136.9,
134.3, 133.8, 130.1, 128.9, 125.6, 124.6, 123.7, 121.5, 120.7, 118.8, 113.4, 113.1, 112.2,

55.47,55.21.
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Ir(ppy)2(Fzc) (1¢’). [Ir(ppy)2(pn-Ch]2 (54 mg, 0.05 mmol) and Fzc (34 mg, 0.10
mmol) were combined in ethanol (10 mL) with excess triethylamine (0.1 mL), and the
mixture was deoxygenated under the protection of N2. The mixture was refluxed for 36 h
and the color changed from red to green. The reaction completion was confirmed by
TLC. Solvent was removed using rotary evaporation and the product was re-dissolved in
minimum amount of ethyl acetate. After that column chromatography (hexane / ethyl
acetate gradient eluent, neutral alumina) was performed to purify the product, which was
crystallized by vapor diffusion of pentane into a concentrated CH2Cl> solution. Yield: 43
mg (50%). 'H NMR (500 MHz, CDCls) §: 8.68 (d, J = 5.5 Hz, 2H, ArH), 7.98 (d, J = 8.6
Hz, 2H, ArH), 7.69-7.74 (m, 2H, ArH), 7.65 (d, J = 7.9 Hz, 2H, ArH), 7.52 (d, J = 8.6
Hz, 2H, ArH), 7.18-7.20 (m, 2H, ArH), 7.05 (ddd, J = 7.2, 5.8, 1.2 Hz, 2H, ArH), 6.61—
6.65 (M, 2H, ArH), 6.57 (dd, J = 7.4, 1.1 Hz, 2H, ArH), 6.53 (d, J = 8.1 Hz, 4H, ArH),
6.44 (d, J = 8.4 Hz, 4H, ArH), 6.17 (d, J = 7.0 Hz, 2H, ArH), 2.11 (s, 6H, CHa). *C{*H}
NMR (151 MHz, CDCls) 6: 168.5, 153.8, 153.7, 149.7, 146.8, 146.0, 143.5, 137.2, 134.9,
133.7, 131.7, 129.0, 127.6, 124.1, 123.7, 123.1, 121.8, 120.9, 120.4, 119.0, 107.6, 20.9.
Anal. Calcd for CasHasN7Ir: C, 61.95, H, 4.02, N, 11.49. Found: C, 62.04, H, 4.00, N,

11.36.

Ir(ppy)2(Fzd) (1d). The title compound was prepared by the general method
described above for complex 1c', using [Ir(ppy)2(u-Cl)]2 (54 mg, 0.050 mmol) and Fzd
(37 mg, 0.10 mmol). Yield: 62 mg (72%). *H NMR (500 MHz, CDCls) §: 8.46 (d, J = 5.7
Hz, 1H, ArH), 8.34 (d, J = 5.6 Hz, 1H, ArH), 7.83-7.88 (m, 1H, ArH), 7.82 (d, J = 7.2

Hz, 1H, ArH), 7.73 (d, J = 8.3 Hz, 2H, ArH), 7.72 (dd, J = 7.1, 1.3 Hz, 1H, ArH), 7.68
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(d, J = 7.2 Hz, 1H, ArH), 7.33 (dd, J = 7.9, 1.0 Hz, 1H, ArH), 7.25 (d, J = 8.1 Hz, 1H,
ArH), 7.20 (s, 2H, ArH), 7.18 (s, 2H, ArH), 7.10 (d, J = 8.9 Hz, 4H, ArH), 6.87 (d, J =
8.6 Hz, 2H, ArH), 6.79 (td, J = 7.6, 1.2 Hz, 1H, ArH), 6.68-6.74 (m, 2H, ArH), 6.40 (td,
J=175,1.1 Hz, 1H, ArH), 6.35 (d, J = 8.2 Hz, 2H, ArH), 5.91 (dd, J = 7.8, 0.9 Hz, 1H,
ArH), 5.63-5.67 (m, 1H, ArH), 2.37 (s, 3H, CH3). ®C{*H} NMR (151 MHz, CDCls) &:
168.9, 167.4, 161.3, 160.4, 157.0, 155.9, 155.3, 151.6, 149.1, 148.3, 147.2, 143.4, 142.6,
138.3, 137.6, 137.5, 132.1, 132.0, 130.7, 130.5, 130.2, 129.7, 129.1, 128.9, 124.3, 124.2,
122.6, 122.5, 122.3, 122.2, 121.1, 120.5, 119.8, 119.5, 119.4, 108.3, 105.7, 21.5. Anal.

Calcd for CasH31Nglr: C, 61.17, H, 3.62, N, 12.97. Found: C, 61.03, H, 3.68, N, 12.72.

Ir(ppy)2(Fze) (1e). The title compound was prepared by the general method
described above for complex 1c', using [Ir(ppy)2(n-Cl)]2 (54 mg, 0.050 mmol) and Fze
(28 mg, 0.10 mmol). Yield: 47 mg (60%). *H NMR (500 MHz, CDCls) &: 8.37 (d, J = 5.5
Hz, 1H, ArH), 8.27 (d, J = 5.4 Hz, 1H, ArH), 7.78-7.83 (m, 1H, ArH), 7.76 (d, J = 7.7
Hz, 1H, ArH), 7.68-7.72 (m, 1H, ArH), 7.65 (d, J = 7.9 Hz, 1H, ArH), 7.27 (s, 1H, ArH),
7.19 (d, J = 7.4 Hz, 1H, ArH), 7.12-7.16 (m, 1H, ArH), 7.05-7.09 (m, 1H, ArH), 6.82 (d,
J =85 Hz, 2H, ArH), 6.74 (td, J = 7.5, 0.8 Hz, 1H, ArH), 6.67 (d, J = 7.8 Hz, 3H, ArH),
6.59 (t, J = 7.8 Hz, 1H, ArH), 6.38 (d, J = 8.0 Hz, 2H, ArH), 6.30 (t, J = 7.8 Hz, 1H,
ArH), 6.22 (d, J = 8.1 Hz, 2H, ArH), 5.89 (d, J = 7.5 Hz, 1H, ArH), 5.55 (d, J = 7.5 Hz,
1H, ArH), 2.13 (s, 3H, CHs), 2.04 (s, 3H, CHs). BC{*H}NMR (151 MHz, CDCls) &:
168.8, 167.2, 167.2, 153.7, 151.2, 150.6, 150.4, 149.7, 148.1, 143.4, 142.6, 137.4, 136.4,

136.3, 135.2, 132.0, 130.9, 129.9, 129.4, 128.5, 128.3, 124.0, 123.9, 122.6, 122.3, 122.1,
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121.9, 120.1, 120.1, 119.2, 119.2, 116.2, 21.0, 21.0. Anal. Calcd for CssHaoN-Ir: C,

58.75, H, 3.89, N, 12.62. Found: C, 58.90, H, 3.89, N, 12.42,

Ir(ppy)2(Fzf) (1f). The title compound was prepared by the general method
described above for complex 1c', using [Ir(ppy)2(u-Cl)]2 (54 mg, 0.050 mmol) and Fzf
(30 mg, 0.10 mmol). Yield: 41 mg (52%). *H NMR (500 MHz, CD3sCN) &: 8.40 (d, J =
5.6 Hz, 1H, ArH), 8.26 (d, J = 5.5 Hz, 1H, ArH), 7.97 (t, J = 7.1 Hz, 1H, ArH), 7.91 (d, J
=8.0 Hz, 1H, ArH), 7.85 (t, J = 7.8 Hz, 1H, ArH), 7.76 (d, J = 8.0 Hz, 1H, ArH), 7.32 (d,
J=7.7Hz, 1H, ArH), 7.28 (dd, J = 7.6, 4.3 Hz, 2H, ArH), 7.20-7.24 (m, 1H, ArH), 7.17
(d, J = 8.7 Hz, 2H, ArH), 7.00 (d, J = 8.5 Hz, 2H, ArH), 6.98 (d, J = 8.7 Hz, 2H, ArH),
6.75 (t, J = 7.0 Hz, 1H, ArH), 6.69 (dd, J = 10.7, 4.2 Hz, 1H, ArH), 6.66 (dd, J = 11.5,
4.2 Hz, 1H, ArH), 6.49 (d, J = 8.4 Hz, 2H, ArH), 6.40 (t, J = 6.9 Hz, 1H, ArH), 5.83 (d, J
= 7.6 Hz, 1H, ArH), 5.60 (d, J = 7.5 Hz, 1H, ArH). BC{"H}NMR (151 MHz, CDsCN) &:
167.7, 166.1, 155.3, 154.2, 152.5, 151.5, 150.5, 146.8, 144.0, 143.2, 138.8, 138.8, 137.9,
137.2, 132.2, 132.0, 130.6, 129.9, 129.4, 124.4, 124.1, 123.9, 123.5, 123.0, 122.6, 121.1,
120.6, 120.1, 119.7, 118.7, 118.64, 114.6, 110.1, 108.1. Anal. Calcd for CsgH2sNolr: C,

57.13, H, 3.03, N, 15.78. Found: C, 57.30, H, 3.18, N, 15.56.

Ir(Fzppy)2(Fza) (2a). The title compound was prepared by the general method
described above for complex 1c*, using [Ir(Fzppy)2(p-Cl)]2 (61 mg, 0.050 mmol) and Fza
(36 mg, 0.10 mmol). Yield: 76 mg (82%). *H NMR (500 MHz, CD3CN) &: 8.57 (d, J =
4.3 Hz, 1H, ArH), 8.44 (d, J = 4.5 Hz, 1H, ArH), 8.17 (d, J = 6.9 Hz, 1H, ArH), 8.03 (d, J
= 6.9 Hz, 1H, ArH), 7.92 (d, J = 8.1 Hz, 2H, ArH), 7.78-7.85 (m, 1H, ArH), 7.71 (td, J =
8.0, 1.2 Hz, 1H, ArH), 7.11 (ddd, J = 7.3, 5.9, 1.4 Hz, 1H, ArH), 7.08 (ddd, J = 7.3, 5.9,
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1.4 Hz, 1H, ArH), 6.88 (dd, J = 7.0, 3.0 Hz, 4H, ArH), 6.71 (d, J = 6.7 Hz, 2H, ArH),
6.51 (d, J = 6.5 Hz, 2H, ArH), 6.27 (ddd, J = 12.3, 9.1, 2.3 Hz, 1H, ArH), 6.15 (d, J = 5.9
Hz, 2H, ArH), 6.06 (ddd, J = 12.5, 9.3, 2.3 Hz, 1H, ArH), 5.41 (dd, J = 7.0, 1.8 Hz, 1H,
ArH), 5.11 (dd, J = 7.0, 1.8 Hz, 1H, ArH), 3.81 (s, 3H, OCHs), 2.15 (s, 3H, CHa), 2.13 (s,
3H, CH3). BC{*H}INMR (126 MHz, CD3CN) §: 165.8 (d, Jcr = 5.3 Hz), 164.2 (d, Jcr =
5.5 Hz), 163.5 (d, Jcr = 10.2 Hz), 163.3, 161.7 (d, Jcr = 9.8 Hz), 161.0 (d, Jcr = 7.7 H2),
159.8 (d, Jcr = 5.2 Hz), 158.8, 158.4, 154.2, 152.2, 151.8, 151.6, 149.8, 137.9, 137.7,
135.1, 133.9, 130.2, 128.6, 128.2, 127.5, 127.2, 126.9, 123.2 (d, Jcr = 15.9 Hz), 122.9 (d,
Jor = 16.4 Hz), 122.5, 122.2, 121.7, 120.4, 113.9(d, Jcr = 12.5 Hz), 113.5, 113.0 (d, Jcr =
13.8 Hz), 97.7 (t, Jcr = 26.8 Hz), 95.9 (t, Jcr = 27.1 Hz), 55.4, 20.9, 20.6. **F NMR (470
MHz, CDsCN) &: —107.6 (dd, J = 19.0, 9.2 Hz, 1F), —109.4 (dd, J = 18.9, 9.4 Hz, 1F),
~110.2 (t, J = 12.4 Hz, 1F), —111.1 (t, J = 11.4 Hz, 1F). Anal. Calcd for Ca4HssNeF4OlIr:

C, 56.83, H, 3.58, N, 9.04. Found: C, 56.76, H, 3.67, N, 8.90.

Ir(F2ppy)2(Fzb) (2b). The title compound was prepared by the general method
described above for complex 1c', using [Ir(F2ppy)2(n-Cl)]2 (61 mg, 0.050 mmol) and Fzb
(39 mg, 0.10 mmol). Yield: 53 mg (55%). *H NMR (500 MHz, CD3sCN) §: 8.58-8.62 (m,
1H, ArH), 8.46 (d, J = 5.5 Hz, 1H, ArH), 8.13 (d, J = 8.6 Hz, 1H, ArH), 7.99 (d, J = 8.4
Hz, 1H, ArH), 7.93-7.97 (m, 1H, ArH), 7.83 (dd, J = 11.7, 5.1 Hz, 1H, ArH), 7.68 (d, J =
9.0 Hz, 2H, ArH), 7.29 (t, J = 7.3 Hz, 1H, ArH), 7.24 (t, J = 6.6 Hz, 1H, ArH), 6.88 (d, J
=9.0 Hz, 2H, ArH), 6.72 (d, J = 9.0 Hz, 2H, ArH), 6.41 (d, J = 6.9 Hz, 2H, ArH), 6.38—
6.42 (m, 1H, ArH), 6.30 (d, J = 9.1 Hz, 2H, ArH), 6.21 (d, J = 8.1 Hz, 2H, ArH), 6.06—

6.12 (m, 1H, ArH), 5.43 (dd, J = 7.6, 3.5 Hz, 1H, ArH), 5.21 (dd, J = 8.9, 2.4 Hz, 1H,
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ArH), 3.77 (s, 3H, OCHs), 3.62 (s, 3H, OCHs), 3.60 (s, 3H, OCHz). *C {*H} NMR (126
MHz, CD3CN) &: 164.9 (d, Jcr = 7.1 Hz), 163.2 (d, Jcr = 7.4 Hz), 162.4 (d, Jcr = 5.2
Hz), 161.7 (d, Jcr = 12.1 Hz), 161.6 (d, Jcr = 13.8 Hz), 161.5, 159.7 (d, Jcr = 4.7 Hz),
159.6 (d, Jcr = 3.9 Hz), 158.8, 158.4, 157.5, 156.5, 154.7 (d, Jcr = 6.3 Hz), 151.8, 150.8,
148.1, 147.6, 138.7, 138.6, 130.5, 127.7, 127.4, 123.5, 123.3 (d, Jcr = 19.9 Hz), 123.1,
123.0, 122.7 (d, Jcr = 20.4 Hz), 121.8, 114.1(d, Jcr = 16.5 Hz), 113.1, 112.9, 112.8,
112.6, 97.31, 96.16, 55.0, 54.9, 54.8. *°F NMR (470 MHz, CD3CN) &: —109.5 (dd, J =
18.8,9.4 Hz, IF), —111.2(q, J=9.5 Hz, IF), —111.7 (t, J=11.8 Hz, 1F), -111.8 (t,J =
11.8 Hz, 1F). Anal. Calcd for CasH3asNsF4Oslr: C, 54.94, H, 3.46, N, 8.74. Found: C,

54.76, H, 3.51, N, 8.57.

Ir(F2ppy)2(Fzc) (2c). The title compound was prepared by the general method
described above for complex 1c', using [Ir(F2ppy)2(p-Cl)]2 (61 mg, 0.050 mmol) and Fzc
(34 mg, 0.10 mmol). Yield: 67 mg (73%). *H NMR (500 MHz, CDCls) &: 8.48 (d, J = 5.9
Hz, 1H, ArH), 8.40 (d, J = 6.5 Hz, 1H, ArH), 8.18 (d, J = 8.4 Hz, 3H, ArH), 8.03 (d, J =
9.2 Hz, 1H, ArH), 7.85 (t, J = 7.8 Hz, 1H, ArH), 7.74 (t, J = 7.8 Hz, 1H, ArH), 7.57 (d, J
= 8.4 Hz, 2H, ArH), 7.14 (t, J = 6.6 Hz, 1H, ArH), 7.11 (t, J = 6.6 Hz, 1H, ArH), 6.80 (d,
J=8.4Hz, 2H, ArH), 6.73 (d, J = 8.4 Hz, 2H, ArH), 6.56 (d, J = 8.2 Hz, 2H, ArH), 6.23—
6.31 (m, 1H, ArH), 6.18 (d, J = 7.8 Hz, 2H, ArH), 6.06-6.12 (m, 1H, ArH), 5.37 (dd, J =
8.7, 2.3 Hz, 1H, ArH), 5.11 (dd, J = 8.6, 2.3 Hz, 1H, ArH), 2.17 (s, 3H, CHs), 2.15 (s,
3H, CHs). BC{*H}NMR (151 MHz, CDCls) &: 165.7 (d, Jcr = 5.5 Hz), 164.1 (d, Jcr =
4.7 Hz), 163.6 (d, Jcr = 2.4 Hz), 160.6, 160.0 (d, Jcr = 4.2 Hz), 155.8, 153.0 (d, Jcr = 5.8

Hz), 151.5, 151.3, 151.1, 149.6, 138.5, 138.1, 138.0, 136.0, 134.9, 131.9, 128.7, 128.3,
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128.3, 127.3, 127.2, 123.4, 123.2, 123.1, 122.7, 122.5, 121.9, 120.3, 119.7, 113.9 (d, Jcr
= 13.2 Hz), 113.4, 112.9 (d, Jer = 13.9 Hz), 109.3, 97.99 (t, Jcr = 26 Hz), 96.41, 96.24,
21.0, 20.7. °F NMR (470 MHz, CDCl3) §: —107.2 (dd, J = 15.1, 7.4 Hz, 1F), —108.9 (dd,
J=15.0, 7.4 Hz, 1F), ~110.0 (t, J = 9.2 Hz, 1F), ~110.6 (t, J = 9.1 Hz, 1F). Anal. Calcd

for CasHsoN7F4lr: C, 57.13, H, 3.27, N, 10.60. Found: C, 57.14, H, 3.42, N, 10.46.

Ir(F2ppy)2(Fzd) (2d). The title compound was prepared by the general method
described above for complex 1c', using [Ir(Fz2ppy)2(n-Cl)]2 (61 mg, 0.050 mmol) and Fzd
(37 mg, 0.10 mmol). Yield: 75 mg (80%). *H NMR (500 MHz, CDCls) §: 8.41 (d, J = 5.8
Hz, 1H, ArH), 8.37 (d, J = 5.7 Hz, 1H, ArH), 8.21 (d, J = 8.4 Hz, 1H, ArH), 8.08 (d, J =
8.3 Hz, 1H, ArH), 7.93 (t, J = 7.9 Hz, 1H, ArH), 7.79 (t, J = 7.9 Hz, 1H, ArH), 7.72 (dd,
J=8.1, 1.6 Hz, 2H, ArH), 7.14-7.22(m, 6H, ArH), 7.12 (dd, J = 8.8, 1.9 Hz, 2H, ArH),
7.03-7.06 (m, 2H, ArH), 6.35 (d, J = 8.8 Hz, 3H, ArH), 6.23 (dd, J = 12.1, 9.4 Hz, 1H,
ArH), 535540 (m, 1H, ArH), 515519 (m, 1H, ArH), 2.37 (s, 3H, CHa).
BC{'HINMR (151 MHz, CDCls) &: 165.5 (d, Jcr = 7.0 Hz), 164.0, 163.8 (d, Jcr = 7.5
Hz), 162.0 (dd, Jcr = 17.4, 11.9 Hz), 161.7 (d, Jcr = 7.7 Hz), 161.0, 160.1, 160.0, 159.0
(d, Jcr = 6.0 Hz), 156.5, 155.6, 152.0 (d, Jcr = 6.8 Hz), 151.6, 149.2, 138.7, 138.7, 132.3,
131.5, 129.8, 129.1, 129.0, 127.4, 127.1, 123.7 (d, Jcr = 19.8 Hz), 123.4 (d, Jcr = 19.8
Hz), 123.0, 122.9, 122.0, 120.7, 119.5, 118.6, 114.2 (d, Jcr = 17.8 Hz), 112.9 (d, Jcr =
18.0 Hz), 109.0, 106.8, 98.8 (t, Jcr = 26.6 Hz), 97.6 (t, Jcr = 26.6 Hz), 21.5. F NMR
(470 MHz, CDCl3) &: —105.8 (dd, J = 8.6, 10 Hz, 1F), —107.0 (dd, J = 8.6, 10 Hz, 1F),
~108.7 (t, J = 11 Hz, 1F), —109.2 (t, J = 10 Hz, 1F). Anal. Calcd for CasHz7NsFalr: C,

56.46, H, 2.91, N, 11.97. Found: C, 56.22, H, 3.13, N, 11.70.
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Ir(F2ppy)2(Fze) (2e). The title compound was prepared by the general method
described above for complex 1c', using [Ir(Fzppy)2(p-Cl)]2 (61 mg, 0.050 mmol) and Fze
(28 mg, 0.10 mmol). Yield: 46 mg (54%). *H NMR (400 MHz, CDCls) &: 8.32 (d, J = 5.6
Hz, 1H), 8.27 (d, J = 5.7 Hz, 1H, ArH), 8.16 (d, J = 8.7 Hz, 1H, ArH), 8.03 (d, J = 9.1
Hz, 1H, ArH), 7.89 (t, J = 7.9 Hz, 1H, ArH), 7.79 (t, J = 7.9 Hz, 1H, ArH), 7.20-7.24 (m,
1H, ArH), 7.13A7.19 (m, 1H, ArH), 6.72 (s, 4H, ArH), 6.56 (d, J = 8.0 Hz, 2H, ArH),
6.24-6.33 (m, 1H, ArH), 6.20 (d, J = 8.0 Hz, 2H, ArH), 6.05-6.15 (m, 1H, ArH), 5.34 (d,
J = 6.7 Hz, 1H, ArH), 5.06 (d, J = 8.6 Hz, 1H, ArH), 2.17 (s, 3H, CHa), 2.13 (s, 3H,
CHz). BC{*H}INMR (151 MHz, CDCls) &: 166.3, 163.7 (d, Jcr = 6.7 Hz), 161.9 (t, Jcr =
11.7 Hz), 161.6 (d, Jcr = 12.3 Hz), 159.9, 157.7 (d, Jcr = 6.5 Hz), 151.8, 151.7 (d, Jcr =
7.2 Hz), 151.2, 150.3, 149.9, 149.8, 138.6, 137.0, 136.1, 128.7, 128.3, 127.8, 127.3,
127.0, 123.4, 123.3 (d, Jcr = 20.4 Hz), 123.1, 122.8 (d, Jcr = 39.7 Hz), 122.3, 121.9,
120.1, 115.5, 114.2 (d, Jcr = 17.0 Hz), 113.0 (d, Jcr = 16.8 Hz), 98.4 (t, Jcr = 27.0 Hz),
96.7 (t, Jcr = 25.5 Hz), 21.0, 20.8. 1%F NMR (470 MHz, CDCls) &: —106.7 (dd, J = 19.1,
9.1 Hz, 1F), —108.4 (dd, J = 19.1, 9.4 Hz, 1F), —109.7 (t, J = 11.6 Hz, 1F), —=110.2 (t, J =
11.6 Hz, 1F). Anal. Calcd for CsgH2eN7F4lr: C, 53.77, H, 3.09, N, 11.55. Found: C, 53.75,

H, 3.26, N, 11.62.

Ir(Fzppy)2(Fzf) (2f). The title compound was prepared by the general method
described above for complex 1c’, using [Ir(F2ppy)2(u-Cl)]2 (61 mg, 0.050 mmol) and Fzf
(30 mg, 0.10 mmol). Yield: 51 mg (58%). *H NMR (500 MHz, CDsCN) &: 8.44 (d, J =
5.1 Hz, 1H, ArH), 8.31 (d, J = 6.5 Hz, 1H, ArH), 8.14 (d, J = 8.4 Hz, 1H, ArH), 8.04 (t, J

= 8.1 Hz, 1H, ArH), 8.00 (d, J = 8.4 Hz, 1H, ArH), 7.92 (t, J = 8.0 Hz, 1H, ArH), 7.35
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(ddd, J = 7.4, 5.8, 1.4 Hz, 1H, ArH), 7.29-7.32 (m, 1H, ArH), 7.26-7.29 (m, 2H, ArH),
7.21 (d, J = 8.7 Hz, 2H, ArH), 6.92 (d, J = 6.8 Hz, 2H, ArH), 6.54 (d, J = 8.4 Hz, 2H,
ArH), 6.42 (ddd, J = 12.6, 9.3, 2.3 Hz, 1H, ArH), 6.29 (ddd, J = 12.7, 9.4, 2.3 Hz, 1H,
ArH), 5.37 (dd, J = 8.7, 2.4 Hz, 1H, ArH), 5.18 (dd, J = 8.7, 2.4 Hz, 1H, ArH).
BCLIHINMR (151 MHz, CDsCN) &: 163.8 (d, Jcr = 7.2 Hz), 163.3, 162.3 (d, Jcr = 6.6
Hz), 161.6 (d, Jer = 12.5 Hz), 161.1, 159.5 (d, Jcr = 3.8 Hz), 156.7 (d, Jcr = 6.9 Hz),
154.8, 154.1, 152.1, 151.2, 150.4, 139.8 (d, Jcr = 15.9 Hz), 137.7, 132.3, 132.1, 131.7,
127.6, 1245, 124.2, 123.8 (d, Jcr = 19.8 Hz), 123.6, 1235 (d, Jcr = 20.1 Hz), 123.0,
121.0, 118.5, 118.2, 114.4, 114.1, 112.9, 110.6, 108.8, 98.7 (t, Jcr = 27.1 Hz), 97.4 (t, J =
27.2 Hz). F NMR (470 MHz, CDsCN) 8: —107.8 (dd, J = 19.1, 9.2 Hz, 1F), —109.4
(dd, J =19.0, 9.4 Hz, IF), —110.6 (t, J = 11.4 Hz, 1F), ~110.7 (t, J = 11.6 Hz, 1F). Anal.

Calcd for CagH20NoF4lr: C, 52.41, H, 2.31, N, 14.48. Found: C, 52.34, H, 2.59, N, 14.23.

Ir(bt)2(Fza) (3a). The title compound was prepared by the general method
described above for complex 1a/la’, using [Ir(bt)2(u-Cl)]2 (51 mg, 0.039 mmol) and Fza
(37 mg, 0.10 mmol). The dark green solid product was isolated as a mixture of isomer
where the major product was the five-member chelate with a trace amount of six-member
chelate evident from H NMR data (Figure S32). Yield: 35 mg (47%). *H NMR (500
MHz, CDCl3) 6: 7.97-8.03 (m, 2H, ArH), 7.71-7.91 (m, 4H, ArH), 7.32-7.51 (m, 4H,
ArH), 7.22 (d, J = 7.5 Hz, 1H, ArH), 7.02 (d, J = 8.0 Hz, 1H, ArH), 6.78-6.84 (m, 2H,
ArH), 6.72 (t, J = 7.4 Hz, 1H, ArH), 6.53-6.67 (m, 2H, ArH), 6.32-6.52 (m, 9H, ArH),
6.19 (d, J = 8.0 Hz, 1H, ArH), 6.12 (d, J = 8.0 Hz, 1H, ArH), 3.76 (s, 3H, CH3), 2.09 (s

3H, CHs), 2.08 (s, 3H, CHa). *C{*H} NMR (101 MHz, CDCls) &: 181.5, 179.8, 161.7,
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150.2.150.0, 149.2, 140.0, 139.5, 133.4, 131.5, 131.3, 131.0, 130.9, 130.0, 128.1, 128.0,
127.6, 127.4, 126.1, 125.6, 125.4, 123.6, 122.8, 122.4, 121.7, 121.1, 120.6, 119.7, 113.5,
55.36, 21.05, 20.89. Anal. Calcd for CagHa7IrNgOS>: C, 59.42; H, 3.84; N, 8.66. Found:

C, 59.44; H, 3.84; N, 8.58.

Ir(bt)2(Fzb) (3b). The title compound was prepared by the general method
described above for complex 1a/1a’, using [Ir(bt)2(u-Cl)]2 (50 mg, 0.039 mmol) and Fzb
(32 mg, 0.81 mmol). The product was isolated as a mixture of isomers after column
chromatography, and recrystallization of the product from a THF/MeOH mixture
afforded pure 3b as a dark green solid. Yield: 39 mg (50%). *H NMR (400 MHz, CDCls)
d:7.95-8.02 (m, 2H, ArH), 7.78-7.89 (m, 2H, ArH), 7.72 (d, J = 8.7 Hz, 2H, ArH), 7.34—
7.52 (m, 4H, ArH), 7.22-7.29 (m, 1H, ArH), 7.11 (d, J = 7.3 Hz, 1H, ArH), 6.82 (d, J =
8.7 Hz, 2H, ArH), 6.72 (t, J = 7.3 Hz, 1H, ArH), 6.42-6.67 (m, 7H, ArH), 6.09-6.27 (m,
6H, ArH), 3.78 (s, 3H, OCHs), 3.62 (s, 3H, OCHs), 3.61 (s, 3H, OCHs). C{*H} NMR
(151 MHz, CDCls) &: 181.4, 179.7, 162.6, 158.5, 157.1, 156.2, 150.1, 149.8, 149.7,
149.2, 147.3, 146.5, 140.7, 140.1, 139.6, 134.2, 133.5, 131.6, 131.3, 131.0, 130.9, 130.0,
129.9, 128.2, 127.7, 126.0, 125.7, 125.5, 124.8, 123.7, 122.9, 122.4, 122.3, 121.7, 121.0,
120.5, 120.4, 113.6, 112.8, 112.6, 112.2, 55.55, 55.36, 55.12. Anal. Calcd for

CasH371rNgO3S2: C, 57.53; H, 3.72; N, 8.39. Found: C, 57.22; H, 3.57; N, 7.91.

Ir(bt)2(Fze) (3e). The title compound was prepared by the general method
described above for Complex 1c’, using [Ir(bt)2(pu-Cl)]2 (100 mg, 0.0771 mmol) and Fze
(39 mg, 0.15 mmol). The product was obtained as a reddish green solid. Yield: 45 mg
(33%). Elemental analysis returned low percentages for C, H, and N, but the NMR
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spectra in Figures S36 and S37 indicate satisfactory bulk purity. *H NMR (400 MHz,
CDCly) &: 8.08 (d, J = 7.3 Hz, 2H, ArH), 7.80 (d, J = 7.8 Hz, 1H, ArH), 7.74 (d, J = 7.8
Hz, 1H, ArH), 7.68 (d, J = 8.2 Hz, 1H, ArH), 7.38-7.47 (m, 1H, ArH), 6.98-7.34 (m,
10H, ArH), 6.79-6.93 (m, 3H, ArH), 6.72 (d, J = 6.8 Hz, 3H, ArH), 6.49-6.54 (m, 1H,
ArH), 6.44 (d, J = 7.8 Hz, 1H, ArH), 2.33 (s, 3H, CHs3), 2.24 (s, 3H, CH3). ¥C{*H}
NMR (151 MHz, CDCls) 6: 182.7, 180.0, 178.1, 171.7, 170.8, 150.9, 150.0, 149.9, 141.5,
139.9, 138.7, 138.2, 137.1, 133.0, 132.6, 131.2, 131.1, 130.8, 129.7, 128.5, 127.5, 127 .4,
125.8, 125.6, 125.4, 125.3, 124.1, 122.8, 122.2, 121.9, 121.2, 120.8, 119.6, 119.4, 21.34,
21.23. Anal. Calcd for C42HsolrN7S2: C, 56.74; H, 3.40; N, 11.03. Found: C, 57.70; H,

3.93; N, 10.28.

Ir(bt)2(Fzf) (3f). The title compound was prepared by the general method
described above for complex 1c', using [Ir(bt)2(u-Cl)]2 (100 mg, 0.0771 mmol) and Fzf
(46 mg, 0.15 mmol). The product was isolated as a greenish brown solid. Yield: 51 mg
(38%). H NMR (500 MHz, CDCls) §: 7.92-7.99 (m, 2H, ArH), 7.64-7.71 (m, 1H, ArH),
7.41-7.61 (m, 5H, ArH), 7.23-7.30 (m, 1H, ArH), 7.13 (d, J = 7.8 Hz, 2H, ArH), 7.01-
7.08 (m, 2H, ArH), 6.95 (d, J = 8.2 Hz, 2H, ArH), 6.77-6.86 (m, 2H, ArH), 6.69-6.76
(m, 3H, ArH), 6.58-6.66 (m, 3H, ArH), 6.05 (dd, J = 7.8, 22.9 Hz, 2H, ArH). ¥C{*H}
NMR (126 MHz, CDClIs) 6: 181.6, 180.1, 155.6, 154.8, 152.7, 149.2, 148.4, 146.2, 139.7,
139.4, 139.1, 133.3, 132.0, 131.9, 131.5, 131.3, 131.1, 130.6, 129.1, 128.7, 126.7, 127.7,
126.4, 126.0, 123.7, 123.4, 123.3, 123.2, 122.2, 120.9, 119.2, 119.0, 118.9, 118.6, 114.2,
110.5, 108.7. Anal. Calcd for Ca2H241rNgS2.0.25C4HgO2: C, 55.35; H, 2.80; N, 13.51.

Found: C, 55.49; H, 2.67; N, 13.52.
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Ir(piq)2(Fza) (4a). The title compound was prepared by the general method
described above for complex la/la’, using [Ir(piq)2(u-Cl)]2 (100 mg, 0.0785 mmol) and
Fza (63 mg, 0.16 mmol). The product was isolated as a mixture of isomer and
recrystallized later (CH.Clz/pentane) to get greenish blue solid. Yield: 74 mg (48%). H
NMR (400 MHz, CDCls) &: 8.65-8.74 (m, 1H, ArH), 8.58-8.64 (m, 1H, ArH), 8.46 (d, J
= 6.4 Hz, 1H, ArH), 8.32 (d, J = 6.4 Hz, 1H, ArH), 7.79-7.93 (m, 5H, ArH), 7.58-7.78
(m, 5H, ArH), 7.37 (d, J = 6.4 Hz, 1H, ArH), 7.30 (d, J = 6.4 Hz, 1H, ArH), 6.78-6.88
(m, 5H, ArH), 6.45-6.64 (m, 5H, ArH), 6.31-6.43 (m, 3H, ArH), 6.21-6.28 (m, 2H,
ArH), 6.14 (d, J = 6.4 Hz, 1H, ArH), 5.79 (d, J = 8.0 Hz, 1H, ArH), 3.78 (s, 3H, OCH3),
2.06 (s, 3H, CHs3), 2.02 (s, 3H, CHa). *C{*H} NMR (151 MHz, CDCls) §: 169.8, 169.4,
168.7, 160.6, 158.7, 158.6, 153.5, 153.3, 152.4, 152.0, 144.8, 144.6, 143.4, 142.7, 136.8,
136.6, 134.5, 134.2, 133.1, 133.0, 131.5, 130.9, 130.2, 129.8, 129.4, 129.3, 128.5, 128.4,
128.2, 127.7, 127.4, 127.2, 127.1, 126.2, 123.6, 122.0, 121.0, 120.6, 120.2, 119.6, 119.1,
113.4, 55.37, 20.87, 20.82. Anal. Calcd for Cs2Hs11rNeO.0.2CsH12: C, 65.17; H, 4.58; N,

8.60. Found: C, 65.15; H, 4.46; N, 8.50.

Ir(piq)2(Fzf) (4f). The title compound was prepared by the general method
described above for complex 1c', using [Ir(piq)2(pu-Cl)]2 (75 mg, 0.0589 mmol) and Fzf
(46 mg, 0.12 mmol). The product was isolated as a greenish brown solid. Yield: 60 mg
(56%). 'H NMR (600 MHz, CDCl3) &: 8.63 (dd, J = 8.3, 16.2 Hz, 2H, ArH), 8.10 (d, J =
6.2 Hz, 1H, ArH), 8.03 (d, J = 6.2 Hz, 1H, ArH), 7.93-8.00 (m, 2H, ArH), 7.77-7.91 (m,
5H, ArH), 7.71 (t, J = 7.9 Hz, 1H, ArH), 7.52 (d, J = 6.9 Hz, 1H, ArH), 7.44 (d, J = 6.2

Hz, 1H, ArH), 7.01-7.10 (m, 2H, ArH), 6.86-6.98 (m, 5H, ArH), 6.75-6.83 (m, 1H,
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ArH), 6.68 (t, J = 6.9 Hz, 1H, ArH), 6.42-6.52 (m, 3H, ArH), 6.04-6.10 (m, 1H, ArH),
5.82 (d, J = 8.3 Hz, 1H, ArH). ®C{*H} NMR (151 MHz, CDCls) &: 169.1, 168.1, 156.0,
155.2, 153.9, 149.6, 144.7, 144.3, 142.3, 141.6, 138.4, 137.0, 136.9, 133.1, 132.1, 131.9,
131.7, 131.5, 131.2, 130.3, 130.0, 129.8, 129.0, 128.9, 127.8, 127.5, 126.9, 126.8, 126.2,
126.1, 122.9, 122.6, 121.7, 121.5, 121.2, 119.1, 118.7, 114.6, 110.2, 108.5. Anal. Calcd

for C4eH2sNolr.0.1CsH12: C, 60.96; H, 3.11; N, 13.91. Found: C, 60.99; H, 3.18; N, 14.04.

3.4.4 X-ray cryastallographic details

Single crystals of 1¢’, 1d, 2a, 2c, 2d, 2e, 3a, and 4a were grown by layering
concentrated CH2Cl; solutions with pentane or diffusing pentane into concentrated ethyl
acetate solution. Crystals were mounted on a Bruker Apex Il three-circle diffractometer
using MoKa radiation (A = 0.71073 A). The data were collected at 123(2) K and was
processed and refined within the APEXII software. Structures were solved by direct
methods in SHELXS and refined by standard difference Fourier techniques in the
program SHELXL.® Hydrogen atoms were placed in calculated positions using the
standard riding model and refined isotropically. All non-hydrogen atoms were refined
anisotropically. Crystallographic details are summarized in Tables 3.6-3.8. All of the
crystal structures were solved by Dr. Thomas S. Teets, Department of Chemistry at

University of Houston.
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Table 3.6. Summary of crystallographic data for 1¢’, 1d, and 2a

1c¢’-0.5CH:ClI;

1d-CHCl:

2a

CCDC

191336

191337

191338

Crystal data

Chemical formula

Caa50H3sCIIrN7

C45H33C|2|I'N8

Cu4H33F41rNgO

M,

895.44

948.89

929.96

Crystal system, space
group

Monoclinic, P2/c

Triclinic, PT

Monoclinic, P2/c

a b, c(A) 8.3278 (11), 13.6396 |7.800 (4), 13.666 (7), |13.819 (2), 17.291 (3),
(18), 32.927 (4) 19.338 (10) 31.180 (5)
o B,y () 90, 94.820 (2), 90 94.197 (6), 100.672 |90, 99.037 (2), 90
(6), 100.065 (6)
V (A% 3726.9 (9) 1982.6 (18) 7358 (2)
y 4 2 8
w (mmd) 3.70 3.55 3.70

Crystal size (mm)

0.25 x 0.12 x 0.05

0.25 x 0.10 x 0.08

0.39 x0.14 x0.12

Data collection

Tminy Tmax

0.553, 0.746

0.602, 0.745

0.510, 0.746

No. of measured,
independent and
observed [I > 2o(1)]

21621, 8442, 7359

22406, 7691, 7169

42064, 16616, 15080

reflections

Rint 0.020 0.036 0.019

(Sin 6/ )max (A1) 0.649 0.617 0.649

Refinement

R[F? > 26(F?)], 0.029, 0.073, 1.06 0.062, 0.162, 1.08 0.031, 0.112,1.20

wR(F?), S

No. of reflections 8442 7691 16616

No. of parameters 517 506 1015

No. of restraints 642 511 0
w = 1/[c?(Fo?) + w = 1/[c?*(Fo?) + w = 1/[c*(Fo?) +
(0.0277P)? + (0.0734P)? + (0.0591P)? + 21.696P]
10.5019P] 44.1129P] where P = (Fo? +
where P = (Fo? + where P = (Fo? + 2F2)/3
2FA)/3 2FA)/3

ApPmax, Apmin (€ A?) 1.34,-1.78 7.89, -3.90 3.07,-1.83
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Table 3.7. Summary of crystallographic data for 2c, 2d and 2e

2c

2d

2e

CCDC

191339

191340

191341

Crystal data

Chemical formula

CasHszoF4lrN7

CasH27F4lrNg

CagHa2sF4lrN7

M,

924.95

935.93

848.86

Crystal system, space
group

Triclinic, PT

Monoclinic, P2i/c

Monoclinic, C2/c

a b, c(A) 11.8119 (12), 11.9432 |17.897 (5), 8.693 (3), |26.377 (4), 24.953 (4),
(12), 14.7901 (15) 23.444 (7) 12.001 (2)

o B,y () 108.9555 (12), 91.9403 |90, 91.553 (4), 90 90, 114.140 (2), 90
(13), 109.1664 (13)

V (A% 1840.7 (3) 3646.1 (18) 7208 (2)

y 2 4 8

w (mmd) 3.69 373 3.76

Crystal size (mm)

0.40 x0.26 x 0.16

0.21 x0.10 x 0.05

0.47 x 0.09 x 0.07

Data collection

Tminy Tmax

0.602, 0.746

0.562, 0.746

0.491, 0.746

No. of measured,
independent and
observed [l > 2o(1)]

10228, 7383, 7003

22114, 8437, 7123

22704, 8354, 6955

reflections

Rint 0.014 0.039 0.027

(Sin 6/ )max (A1) 0.625 0.652 0.653

Refinement

R[F? > 26(F?)], 0.026, 0.063, 1.05 0.028, 0.058, 1.01 0.053, 0.139, 1.08

wR(F?), S

No. of reflections 7383 8437 8354

No. of parameters 526 515 452

No. of restraints 100 0 465
w = 1/[c?(Fo?) + w = 1/[c?*(Fo?) + w = 1/[c*(Fo?) +
(0.029P)% + 3.7672P] |(0.0189P)?] (0.0546P)? +
where P = (Fo® + where P = (Fo? + 83.6126P]
2FA)/3 2FA)/3 where P = (Fo? +

2FA)/3
ApPmax, Apmin (€ A?) 2.07,-0.93 0.95, -0.52 4.42,-3.37
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Table 3.8. Summary of crystallographic data for 3a and 4a

3a-MeOH

4a-CHCl,

CCDC

191342

191343

Crystal data

Chemical formula

CagHa11rN6O2S;

C53H43C|2|I’Neo

M; 1002.20 1043.03

a, b, c(A) 11.1354 (5), 11.9908 (5), 16.0273 [12.4439 (8), 13.9851 (9), 14.2806
(7) (10)

o B,y () 91.100 (1), 99.67, 99.502 (1) 114.817 (1), 96.371 (1), 99.887 (1)

V (A3 2078.23 (16) 2175.2 (3)

p (mmt) 3.36 3.24

Crystal size (mm)

0.30 x 0.19 x 0.12

0.38 x 0.23 x 0.20

Data collection

Tmin, Tmax

0.583, 0.746

0.541, 0.746

No. of measured,
independent and
observed [I > 2o(1)]

36357, 9379, 8811

13034, 9360, 8486

reflections

Rint 0.029 0.019

(Sin /W) max (AY) 0.646 0.641

Refinement

R[F? > 26(F?)], 0.019, 0.044, 1.06 0.034,0.091, 1.06
wR(F?), S

No. of reflections 9379 9360

No. of parameters 556 571

No. of restraints 15 0

ApPmax, Apmin (€ A?) 0.93,-0.59 2.14,-1.63
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Chapter 4

Tuning the Photophysical and Electrochemical Properties of Red-emitting Bis-

cyclometalated Iridium Complexes by Ancillary Ligand Modification
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4.1 Introduction

Luminescent cyclometalated iridium(111) complexes have become one of the most
prominent classes of molecule phosphors, contributing to numerous applications in
photocatalysis,’ bioimaging,*® and sensing,®% and most notably, organic light-emitting
diodes (OLEDs)!* and light-emitting electrochemical cells.*>* These compounds
luminesce from triplet excited states with ligand-centered (3LC or *nn*) and metal-to-
ligand charge transfer (*MLCT or 3dn*) character, mixing through configuration
interaction. Homoleptic complexes of the type fac-Ir(C*N)s have received considerable
attention®"1® and heteroleptic complexes of type Ir(C*N)2(L"X) have been studied
extensively as well (C*N = cyclometalating ligand, L"X = ancillary ligand). The
preparation of heteroleptic complexes is often cheaper and easier than the homoleptic
analogues, making them an attractive choice for further development. The ancillary
ligands in the heteroleptic complexes could be a useful tool to tune the emission
color,'®2% along with their ability to substantially perturb the redox properties and excited
state dynamics.?%?? In particular, ancillary ligand modification often perturbs the energy
of the metal centered HOMO, which in turn will influence the MLCT and LC states that

contribute to the emissive excited state.

Facile color tunability, highly photoluminescence quantum vyields (®pL), and
relatively short phosphorescence lifetimes (1) are some of the key features of
cyclometalated iridium(I1l) complexes, which along with their good thermal and
photostability leads to applications in diverse fields. There are many examples of

iridium(111) complexes which emit in the blue to yellow regions of the spectrum with near
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unity quantum yields,?>-?’ but orange and red-emitters in the lower-energy regions of the
spectrum typically have lower quantum yields, which is an important performance metric
to function in commercial devices. The quantum yield (®pL) is the ratio of radiative rate
constant (kr) to the sum of radiative and non-radiative (knr) rate constants. Increasing (ki)
or reducing the (kar) will result in higher quantum yield. According to the energy gap
law,?82° the non-radiative rate (knr) is inversely related to the energy difference between
the ground and excited state, where the vibrational overlap between these two steps lead
to an increased (knr) in the low-energy region or for longer wavelength emission.*® On the
other hand, the radiative rate (ki) has a cubic dependence on the transition energy and is
expected to be smaller when longer emission wavelengths are accessed.!! The spin-orbit
interactions between the triplet state and higher-lying singlets allow the possibility of
spin-forbidden relative transition by relaxing spin selection rules, which in turn will
increase the radiative rate (k;). Even though this kind of spin-orbit coupling is mostly
notable for M3 MLCT states, it can also minimally influence the lower-lying ligand-
centered (3LC) states via configuration interaction. Highly conjugated cyclometalated
ligands used in red emitters often have low-energy ligand-centered states with a large
energy separation between the LC and MLCT states, resulting in weaker configuration
interaction and diminished spin-orbit coupling, leading to smaller k;. Therefore, a careful
choice of cyclometalating ligands which result in enhanced MLCT character is one
option to design red-emitting iridium complexes with better quantum efficiency.
However, this strategy is not always fruitful as the steric and electronic constraints of the
cyclometalating ligand often make the synthesis and purification of such ligands in high

yield quite challenging. To counter this limitation, ancillary ligand modification has been
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successfully employed in several studies to improve the performance of red-emitting

Complexesl19,20,3l—34

Our group previously reported few of the red-emitting bis-cyclometalated
iridium(111) complexes with better quantum efficiency, high color purity and good device
performance, by using p-ketoiminate (acNac), B-dikitiminate (NacNac) and N,N-
diisopropylbenzamidinate (dipba) as ancillary ligands.>>%® In those works, the ancillary
ligand modification influenced the electronic and photophysical properties if the bis-
cyclometalated iridium complexes. A significant red-shift in the emission maxima along
with enhanced phosphorescence quantum yield was also observed in some cases relative
to the corresponding isoelectronic acetylacetonate (acac) analogue or the homoleptic tris-
cyclometalated complexes of same C~N ligand.?>%" In a continuation of that study, our
work here describes a suite of ten new heteroleptic iridium(lIl) complexes with
systematic modification of ancillary ligands with strong m-donating properties and
different chelate ring size. Pairing two different cyclometalating ligands with six different
ancillary ligands in these new complexes provide some insight about the influence of
ancillary ligand modification on the electrochemical and photophysical properties. Even
though the emission colors are still dependent on the choice of the cyclometalated ligand,
the m-donating ancillary ligand structure has a profound impact on the photophysical
properties, namely quantum vyield, lifetime, and radiative rate constant. In particular, this
work investigates the effects of replacing aryl substituent(s) on nitrogen with alkyl groups
and adding electron-donating substituents, two new insights in this work not available

from our previous studies. This work also indicates that sterically encumbered versions of
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some of these ancillary ligands can increase the radiative rate constant (k;) or decrease the
non-radiative rate constant (k) as another means of increasing the photoluminescence
quantum yields of these compounds, making them ideal choices for designing top-

performing red phosphors.
4.2 Results

4.2.1 Synthesis of heteroleptic iridium complexes

The general synthetic procedure for the ten new complexes of type Ir(C*N)2(LX)
(C~N = 1-phenylisoquinoline (piq) and 2-(2-pyridyl)benzothiophene (btp)) is described in
Scheme 1. Six different ancillary ligands that are paired with these C*N ligands are a
sterically encumbered ortho-substituted p-diketiminate ((dmp)2NacNacV®), an electron-
rich dimethylamino-substituted p-diketiminate (NacNacNM®?) alkyl-substituted -
diketiminate ((Cy).NacNac™¢) and P-ketoiminate ((Cy)acNacM®), a substituted N,N'-
diisopropylbenzamidinate with a central mesityl substituent (dipba™), and an isopropyl-
substituted guanidinate (dipg"™¢?). The cyclometalating ligand were chosen to achieve
target emission in the red region of the spectrum, and the bis-cyclometalated iridium
fragment forms four-, and six-membered metallacyclic iridium complexes with the
ancillary ligands. The numbering scheme uses numerical designators for each C*N ligand
(pig=1, and btp=2), with letters (a—f) denoting each L"X ligand. The chloro-bridged
dimers [Ir(C~AN)2(u-Cl)]2 were treated with (dmp).NacNac“eK or NacNacNM¢2K at room
temperature in THF to afford complexes la—b and 2a—b in moderate yields. A slightly
different method was used to obtain complex 1c—d and 2c—d, where the chloro-bridged

dimers were treated with the in situ-generated lithium salt of dipba™® and dipg"M®? in
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tetrahydrofuran (THF) at 85 °C, whereas for le—f the pig-ligated dimer were reacted with

(Cy)2NacNacMK and (Cy)acNacV®K in toluene at 130 °C. All reagents were measured

and purification steps were conducted inside the glovebox, and heating was done in

Teflon-sealed vessels to ensure moisture and air-free conditions. The identity and the

bulk purity of the complexes were confirmed by *H and *C{*H} NMR.
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1d: CN = pig, LAX = dipgNMe?

1e: CAN = pig, LAX = (Cy),NacNacMe
1f: CAN = piq, L*X = (Cy)acNacMe

2b: CAN = btp, LAX = NacNac\Me?
2c: C”N = btp, LAX = dipba™e®
2d: CAN = btp, LAX = dipgNMe2

Scheme 4.1. Synthesis of bis-cyclometalated iridium complexes.

The NMR spectra of all complexes displayed C. symmetry except complex 1f, where the

point group is Cy for the (Cy)acNac complex, giving rise to distinct NMR resonances for
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each proton and carbon nucleus of 1f. All NMR spectra show the presence of single
product in each case, confirming the absence of any isomeric products in the reaction

mixture.
4.2.2 Structural characterization by X-ray crystallography

Complexes 1c, 1d, 2a, 2b, and 2d are characterized by single crystal X-ray
diffraction, with the structures depicted in Figure 4.1. Relevant bond lengths and angles
for all complexes are provided in Tables 4.3-4.4 Single crystals for complexes were
grown via vapor diffusion of pentane into dichloromethane or tetrahydrofuran solution or
by layering pentane onto a dichloromethane solution of the appropriate compound at
room temperature inside the glovebox. The iridium center is found to be at the center of a
distorted octahedral geometry in all of the characterized structures and the expected trans
disposition of the two nitrogen atoms of the cyclometalating ligands is observed.
Excepting NacNacNMe2 complex 2b, the ancillary ligand core and the chelated iridium
atom are planar. The C-O, C-N, and C-C bond distances of the ancillary ligand chelated
rings in all five characterized complexes are intermediate between typical single- and
double-bond distances, consistent with a m-localized core. The equal C-N and C-C bond
distances in all complexes suggest C. symmetry which is also evinced from their NMR

spectra.

An interesting feature of NacNac complexes 2a and 2b is the close approach of
one or both N-aryl groups and a nearby Ir-aryl, which are arranged in a nearly eclipsed
orientation with apparent n—n stacking between the rings. This type of structural motif

was also observed in some other iridium NacNac complexes previously described by our
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group.?23” Analyzing different ring size of the ancillary ligand, the enhancement of N-C—
N bite angle was observed with the expansion of the ancillary ligand ring size, and
similar observation was noted in other recently disclosed compounds from our
group.®3%38 The average N-C—N bite angle for complex 1c, 1d, and 2d is 60.49(10)°,
whereas the N-C—N angle for complex 2b is 85.26(7)°, and for complex 2a is 90.27(10)°

which was the largest in the series of characterized complexes.

/ 4:,
f /”M

S(1A)

2d
Figure 4.1. X-ray crystal structure of complexes 1c, 1d, 2a, 2b, and 2d. Hydrogen atoms

and solvated molecules are omitted for clarity. Ellipsoids are shown at the 50%
probability level.
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4.2.3 Electrochemical properties

Figures 4.2 and 4.3 display overlaid cyclic voltammograms of the complexes,
arranged by C”N ligands, and their results are summarized in Table 4.1. The
electrochemical properties were investigated in acetonitrile (MeCN) solution and all
complexes display both oxidation and reduction features in the cyclic voltammetry
experiments. All the complexes described in this work display a formally Ir'V/Ir'"" redox
couple (E®), with half-wave potentials that are strongly dependent on the identity of the

ancillary ligand.

1 H

:d St 7
1b P 11/;7
1a ﬁzb—’d

15 10 05 00 -05-10-15-20-25-3.0
E vs. Fc'/Fc (V)

Figure 4.2. Overlaid cyclic voltammograms of complexes la—f. CVs were recorded in
acetonitrile with 0.1 M NBusPFs supporting electrolyte, using a glassy carbon working
electrode and a scan rate of 0.1 V/s. The arrows indicate the scan direction.
Concentrations were not carefully controlled, and currents are low in some of plots
because of the limited solubility of some of the compounds in acetonitrile.
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Figure 4.3. Overlaid cyclic voltammograms of complexes 2a—d. CVs were recorded in
acetonitrile with 0.1 M NBusPFs supporting electrolyte, using a glassy carbon working
electrode and a scan rate of 0.1 V/s. The arrows indicate the scan direction.
Concentrations were not carefully controlled, and currents are low in some of plots
because of the limited solubility of some of the compounds in acetonitrile.

Complexes supported by (dmp).NacNacM¢, 1a (E>* = +0.06 V) and 2a (E* =
+0.06 V), have potentials close to the ferrocenium/ferrocene couple and thus were quite
easy to oxidize. The presence of electron donating N,N-dimethylamine group in
complexes 1b and 2b made the molecules electron rich and easier to oxidize, which was
evident from the oxidation potentials for these two complexes. Replacing the 2,6-
dimetylphenyl group with the cyclohexyl group in NacNac ancillary ligand resulted in a
larger cathodic shift of ca. 430 mV for complex 1le (E® = —0.37 V), indicating that the
alkyl groups made the complex even more electron-rich. Complexes with smaller N-C—-N

bite angle 1c/d and 2c/d were more difficult to oxidize than the NacNac complexes, and
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similar trend was observed for a previously described series of four-membered
metallacyclic iridium complexes.®*=3® The potential for dipbaM®-ligated complex 1c¢ (E**
= +0.17 V) was more positive than that of the dipg"M¢2-ligated complex 1d (E** = +0.06
V), with a similar trend was observed for btp complexes 2¢ (E™ = +0.27 V) and its
dipg"Me2 congener 2d (E® = +0.15 V). Complex 1f (E% = +0.24 V) with mixed N,O-
chelate was the most difficult to oxidize of the complexes in the piq series, and the
reported potential is quite similar to the previously reported acNac iridium complexes

with other cyclometalating ligands.?2%3¢

Table 4.1. Summary of electrochemical data for pig- and btp-ligated complexes.

E vs. F¢'/Fc (V)?
C”N = piq (1) Ered E*
L"X = (dmp)2NacNac™e (a) —2.25,-2.51¢ +0.06"
L"X = NacNac"\M2 (b) —-2.31 -2.56 —0.19°
LAX = dipbaMe (¢) —-2.27,-2.52 +0.17
X = dipg™*? (d) —2.29, —2.59¢ +0.06
L"X = (Cy)2NacNacMe (e) —2.27,-2.54 -0.37"
L"X = (Cy)acNacMe (f) —2.23,2.47 +0.24"
E vs. Fc'/Fc (V)*
C"N = btp (2) Ered E
L"X = (dmp),NacNacM® (a) —2.58¢ +0.06°
L"X = NacNac"M¢? (b) —2.23°, —2.62¢ —0.14
LX = dipba™® (c) —2.21°, —2.57¢ +0.27
LX = dipg"M*? (d) —2.26" , —2.60° +0.15°¢

8= Experiments were performed in acetonitrile solvent with 0.1 M NBusPFs electrolyte
with scan rate of 0.1 V/s using a glassy carbon working electrode and a silver wire
pseudo-reference electrode. Potentials are referenced against the ferrocene/ferrocenium
redox couple, °= Irreversible wave, °=Quasi-reversible.
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Oxidation waves for btp-ligated complexes described here were mostly reversible
(2b/c) or quasi-reversible (2a/2d), whereas the Ir'V/Ir'" potentials were completely
irreversible for all pig-ligated complexes except 1c (L"X = dipbaV®) and 1d (L"X =
dipg"M¢2). The reduction potentials (E™) of the new complexes described here are quite
similar for both pig- and btp-ligated complexes with slight dependence on the identity of
the L"X ligands, and the associated population of a * orbital on each C*N ligand results
in reduction waves beyond —2.0 V. The first reduction potentials for all piq-ligated
complexes were reversible, ranging from —2.23 V to —2.31 V. Another subsequent
reduction wave was observed for complexes la—f, assuming the phenomena was most
likely caused by the subsequent reduction of each C"N ligand, this second reduction
wave was reversible in all cases except 1a (E™ = —2.51 V) and 1d (E™ = —2.59 V)
which were observed to be quasi-reversible. Btp-ligated complex 2a (E™ = —2.58 V)
displayed only one reduction wave at a far negative potential. For complexes 2b—d two
one-electron reduction waves were observed, where the first reduction waves were
irreversible and the second reduction waves were quasi-reversible in all cases. The
observed potentials of the new complexes indicated minimal perturbation of the C*N-

centered LUMO energies with the alteration of the ancillary ligands.
4.2.4 Photophysical properties

The UV-vis absorption spectra and steady-state and time-resolved emission
spectra of all the complexes were recorded in THF at room temperature. The overlaid
UV-vis absorption spectra of complexes are depicted in Figure 4.3. In all cases intense
absorption bands in the UV region with molar extinction coefficients ranging from 5 — 38
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x 10® Mt cm™ were observed, which can be assigned as the spin-allowed ligand-
centered m—* transition (*LC) involving cyclometalating and ancillary ligands. The N-
substituent variation in the ancillary ligands exerts little influence on the extinction
coefficients. All complexes showed a less intense, overlapping absorption bands tailing
beyond 500 nm for btp (2a—d) and 600 nm for piq (1a—f) complexes. These weaker low-
energy bands absorption can be assigned as both singlet and triplet metal-to-ligand charge
transfer (!*MLCT/MLCT) transitions, as has been previously observed for other
cyclometalated iridium complexes.>>* The position of these MLCT bands were rarely
affected by the identity of the ancillary ligands, on the contrary dependence on
cyclometalating ligand was obvious from the spectra in Figure 4.3. However, complexes
with cyclohexyl groups on the ancillary ligand (1e and 1f) displayed intense absorption
bands between 380—405 nm in this lower-energy region (17-23) x 10° Mt cm™

compared to other compound in the piq series where the MLCT band is red shifted.

1 1
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Figure 4.4. Overlaid UV-vis absorption spectra of 1a—f and 2a-d.
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Table 4.2. Summary of emission data for all complexes

Amax(NM)? D T(us) (ke x 10°sh)/
THF at Toluene at Toluene at (kn® x 107557
293 K 293 K 77K
la 660 655 642 0.53 0.81 6.5/5.8
1b 707 701 611, 666 0.071 0.90P 0.78/10
1c 661 656 640, 699 0.58 0.74 7.8/5.6
1d 683 683 620, 678 0.37 0.53 6.8/11.8
le 658 658 643 0.022 0.74° 0.30/13
1f 657 655 634, 687 0.49 0.78 6.2/6.6
2a 624 622 605, 664 0.27 4.0 0.68/1.8
2b 633 627 616, 669 0.18 2.8 0.63/2.9
2cC 619, 668 619, 665 609, 667 0.31 3.9 0.80/1.8
2d 626 626 611, 671 0.30 3.1 0.98/2.3

%= dexc = 420 nm. P= bi-exponential. Reported lifetime is a weighted average of the two time
constants. =k, = @/t and knr= (1 — ®)/1.

All of the complexes described here were luminescent at room temperature in
deareated solution of tetrahydrofuran (THF) when excited within their absorption
manifold. Table 4.2 summarizes the steady-state and time-resolved emission data, and
Figure 4.4 and 4.5 show overlaid room temperature and low temperature (77 K) emission
spectra of 1 and 2. The excitation spectra of the new complexes were also collected and
shown in Figures 4.6 and 4.7. In each case, the superimposed absorption and excitation
spectra indicates that the emission signal arises solely from the iridium complex and
ruling out emission that originates from minor impurity. The observed room-temperature
emission maxima for all of the complexes with C*N = pig were beyond 650 nm strongly
dependent on the ancillary ligand, with the luminescence Amax Of 1a—f spanning a range of

657707 nm and quantum yields that vary between 0.071 to 0.58.
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Figure 4.5. Overlaid emission spectra of 1a—f, recorded in toluene at room temperature
(blue, squares) and 77 K (red, circles), with Aex = 420 nm.
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Figure 4.6. Overlaid emission spectra of 2a—d, recorded in toluene at room temperature
(blue, squares) and 77 K (red, circles), with Aex = 420 nm.

The electron-rich n-donating guanidinate (dipgN™¢?) ligand in complex 1d red-shifted the
Amax (683 nm) with moderate quantum yield (&pL = 0.37) when compared with amidinate
complex 1c which has Amax at 656 nm but with a higher quantum yield (®p. = 0.58). The
backbone modified p-dekitiminate ligand NacNacNMe2 also profoundly influences the
emission maxima (Amax), Which is 707 nm in 1b. Mixed N,O-chelated (Cy)acNac complex
1f displays a ca. 20 nm red shift of the emission maxima (Amax = 658 nm) along with

slight attenuation of the quantum efficiency (®rL = 0.49) when comparing it with the



phenyl-substituted acNac analogue described previously from our group (Amax = 637 nm,
®p. = 0.80).% For the pig-ligated complexes the emission lifetimes (t) were in the range
of 0.5 to 4 ps with radiative rate constants (k;) vary between 0.53-0.90 x 10° st The

increase in kr in 1a, 1c, 1d, and 1f were accompanied by a small decrease in kn, resulting

in augmented quantum efficiencies of the complexes.

Energy/ cm'1

40000 35000 30000 25000 20000

Normalized Absorbance

40000 35000

Normalized Absorbance
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Figure 4.8. Overlaid UV-vis absorption and excitation spectra of 2a—d. Spectra were
recorded in THF at room temperature. Aem for the excitation spectra are corresponding to
the emission maxima of each compound.

showed a well-defined vibronic structure with approximately 39 nm (ca. 923 cm™) on
average.For btp complexes 2a—d, the emission wavelengths (Amax = 619-633 nm) are
found to be less sensitive to the identity of the ancillary ligands and the vibronic
structures are more defined in the emission spectra at room temperature. For complexes

2a—d the quantum yields range from 0.18-0.45 with 0.41-4.0 us lifetimes. Complex 2c



displayed an increase of k; and gave rise to a slightly higher quantum vyield (®p. = 0.45)
compared to the rest of the members in the btp series. Compared to pig complexes, the k:
value of the btp complexes were observed to be smaller in magnitude, such that the k;
value for most of the btp complexes were in the order of 10* s™*. Better-resolved emission
spectra was observed for btp complexes at 77 K with an average rigidochromic shift of

about 15 nm (ca. 400 cm™). (Table 4.2 and Figure 4.5).
4.3 Discussion

The work presented here was mainly focused on investigating the effects of
incorporating nitrogen-containing, strongly m-donating ancillary ligand on the
photoluminescence of cyclometalated iridium red phosphors. Designing efficient red-
emitting cyclometalated iridium complexes with higher quantum yield and higher
radiative rate constant (k) has been especially challenging because of the energy-gap law
which dictates that the rate of nonradiative decay is inversely related to the energy
difference between the ground and excited states,?® and the radiative rate constant shows
cubic dependence with the excited state energy gap. Modifications of the cyclometalating
ligand have been commonly employed to design red phosphors via tuning of the HOMO-
LUMO gap by incorporating electron-donating sulfur-containing heterocycles or
extending the m-conjugations.'?2° In this way, many red-emitting complexes primarily of
the type Ir(C”N)z and Ir(C*N)2(acac), have been described. Effects of ancillary ligand
modifications have been extensively studied in our group recently, and few of the
complexes of type Ir(C*N)2(acNac) and Ir(C*N)2(dipba) were observed to have very high
guantum yields of more than 0.80 in solution (C*N = benzothiazole (bt), pig or btp),
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which can rival some of the top-performing yellow and red emitters.***® The work
described here represents a continued study on the effects of ancillary ligand modification
on excited state dynamics, in pursuit of optimized quantum yields and augmented
radiative rate constant (k). The general synthesis employed in this work is similar to the
procedure that was previously published from our group and some other groups.
Treatment of the chloro-bridged dimer [Ir(C*N)2(u-Cl)]2 with two equivalents of
potassium salt of six-membered (N)acNac compounds or in situ-generated lithium salt of
four-membered dipba/dipg ligand affords the isolation of the new complexes in moderate
yields. Five of the complexes were characterized by X-ray crystallography and the
observed structures match well the structures that were assigned by 'H and *C{‘H}
NMR spectroscopy. Excepting the different chelate angles that result from different
chelate-ring sizes of the ancillary ligands, the bond lengths and bond angles at the iridium
center were found to be similar across the series, and m-electron delocalization was

observed in all complexes in the ancillary ligand.

In spite of the minimal structural perturbation brought on by the substitution of
the L"X ligands, profound influence was observed on electronic properties for such
substitutions. The electrochemical data, depicted in Table 4.1, indicates that the Ir'V/Ir'"!
potential depended strongly on the identity of the ancillary ligand. For the piq series, the
mixed N,O-chelated complex 1f was more difficult to oxidize whereas the oxidation
potentials of the other N,N-chelated complexes shifted cathodically. Among the N,N-
chelated ligands for both pig- and btp-ligated complexes, the oxidation potential of the

six-membered NacNac ligands exhibited more cathodic shift compared to four-membered
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dipba or dipg ligands. On the contrary, the reduction potentials changed minimally when
the ancillary ligand was altered, due to fact that the reduction process corresponds to
adding an electron in the C"N centered n* orbital. Energies of iridium complexes in the
excited triplet-state (T1) generally involve significant HOMO—LUMO character, and
consequently were affected by the energies of the highest occupied molecular orbital
(HOMO) and the lowest occupied molecular orbital (LUMO). The LUMO in most of the
cyclometalated iridium complexes were generally located on the C~N ligands whereas
the HOMO consisted of a mixture of the C*N aryl and the iridium dr orbitals. All of the
above-mentioned electrochemical results were coherent with the notion that the ancillary
ligands strongly perturb the energy of the metal centered HOMO while the LUMO
energies were not affected significantly. Substituting electron-rich ancillary ligands
increased the m donating ability of the L"X ligand, resulting in higher destabilized

HOMO energies and lower oxidation potentials.

The luminescent properties of the complexes 1-2 highlights the effects of
ancillary ligand structure, but the differences caused by the cyclometalating ligands are
also taken into consideration. The substitution patterns of the ancillary ligands of
different chelate ring size and their electron-donating nature influence the photophysical
properties, and give rise to an opportunity of comparison among the complexes.
Replacing the ancillary ligand from the O,N donor acNac to the isoelectronic N,N donor
caused a substantial red shift in the emission wavelength. The strong m-electron donor
dipg"Me? ligand red shifted the emission maximum (Amax = 683 nm) close to the near-IR

region, a larger shift than the isoelectronic dipba™* ligand (Amax = 661 nm) in the piq
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series. Augmented kr values were observed in both cases compared to the dipba™
analogue previously reported from our group.®® The btp-ligated complexes 2a—d seemed
to be less influenced by electron-rich ancillary ligands. In general btp-ligated iridium
complexes exhibited emission maxima that are blue shifted compared to the pig-ligated
complexes and the incorporation of the L"X ligands with different electronic properties

did not alter the trend.336

The different ring size of the ancillary ligand also influenced the emissive
properties of the new complexes. Four-membered electron-rich dipba/dipg ligands have a
smaller bite angle compared to the six-membered (N)acNac ligands. The complexes with
smaller bite angle influence the k: value as 1c, 1d, and 2c displayed the larger k: (6.8-11
x 107°s71) values in the series resulting in higher quantum yields (®p. = 0.37-0.58). The
emission spectra of piq complexes were minimally perturbed by the six-membered
(N)acNac ligands except 1b where a much lower quantum vyield (®pL. = 0.07) was
observed along with a very low k; value (0.78 x 107°s™1), and almost similar patterns
were noted for six-membered btp complexes. The substituent pattern on the ancillary
ligand was another factor to consider studying the effect of L"X ligands. In btp series the
N-iPr substituted guanidinate complex 1d/2d also had moderate quantum yields. N,N'-
cyclohexyl substitution in complex le seemed to have a detrimental effect on the
quantum vyield (®@pL = 0.022) while the N-cyclohexyl substitution in acNac complex 1f

still resulted in a rather high photoluminescence quantum yield (®@pL = 0.49).

The emissive excited state in cyclometalated iridium complexes is generally a
mixture of ligand centered (LC) and metal-to-ligand charge transfer *MLCT/MLCT)
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states. The complexes described in this work indicate an increased MLCT character
which can be evinced from few of the emission properties like lifetime value,
rigidochromic shift in the low-temperature emission spectra, and augmented k: value.
Incorporating n-donating ligands generally influenced the MLCT character by increasing
the spin-orbit coupling, which in turn increased the kr value as well as the quantum vyield.
All the complexes displayed a very pronounced rigidochromic shift of in the emission
spectra when cooled down to 77 K from room temperature. This shift was substantially
larger in the pig complexes than btp complexes, and such trend is associated with the
enhancement of charge-transfer character in the emissive excited state. At room
temperature the emission spectra of the piq complexes had less pronounced vibronic
structure which is consistent with the notion of enhanced MLCT character. The emission
spectra of complexes with the thiophene-containing btp ligand was mostly ligand-
localized, as proved by the well-defined vibronic structure at room temperature which
became even better-resolved at 77 K. The shorter lifetime values and increased k: values

in pig complexes also supports the enhanced MLCT character of the iridium complexes.

As discussed above, the incorporation of electron-rich m-donating ancillary
ligands was able to tune the electrochemical and photophysical properties of the
cyclometalated iridium complexes which was confirmed from some of the experimental
evidence presented in this work. Building of previous works in our group,??*=" this suite
of complexes allows us to answer important lingering questions about how the structure
of the ancillary ligand influences photoluminescence, although it was not possible to

point out a specific trend from the limited set of 10 complexes discussed here.
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4.4 Conclusion

We have presented here a thorough study of the effect of ancillary ligand
modification on the electrochemical and optical properties of cyclometalated iridium
complexes by incorporating six different strongly m-donating ancillary ligands with two
different ring sizes. Most of the ancillary ligands are paired with two different
cyclometalated ligand, pig and btp, as they tend to emit in the red region of the spectrum.
Electron-rich, strongly n-donating ancillary ligands were used based on the fact that they
can lead to larger radiative rates and higher phosphorescence quantum yields in the red
and near-IR regions, which has proven to be effective for some of the complexes. In
general, the piq complexes are more sensitive to the ancillary ligand modification
compared to the btp complexes, as most members of the btp series have very similar
emission properties. Electron-donating substituents, like those present in amidinate
(dipba), guanidinate (dipg"), B-ketoiminates (acNac), or B-diketiminates (NacNac), can
augment the radiative rate constant (k;) and/or shift the luminescence to the near-IR
region. Also, the sterically encumbered versions of these ancillary ligands can decrease
the non-radiative rate constant (knr) as another means of increasing the
photoluminescence quantum vyields of these compounds. The work described here
motivate further pursuit of the more ancillary ligand modification along with
computational studies to control and optimize the structural properties to design better red

phosphors.
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4.5 Experimental section
4.5.1 Materials

Starting materials and reagents were of commercial origin and used without
further purification. All reactions were executed in a nitrogen-filled glovebox operating at
<1 ppm of Oz and H20. Anhydrous solvents for reactions and optical measurements were
dried by the method of Grubbs,*® passing through dual alumina columns on a commercial
solvent purification system (SPS), and stored over 3 A molecular sieves. All NMR
solvents were dried and stored over 3 A molecular sieves in the glovebox; CDCls was
also stored over potassium carbonate in addition to sieves. Cyclometalated iridium dimers
[Ir(C~N)2(u-Cl)]2 (CAN = 1-phenylisoquinoline (piq) and 2-(2-pyridyl)benzothiophene
(btp)) were prepared by the method of Nonoyama,*’ refluxing IrCls-nH20 with 2—2.3
equiv of the cyclometalating ligand in a 3:1 mixture of 2-ethoxyethanol and water.
Potassium or lithium salts of the acNac and NacNac ligands were prepared by the general
procedure as described previously by our lab.??  Tetrabutylammonium
hexafluorophosphate (TBAPFs) was recrystallized from hot ethanol and ferrocene was

sublimed before use in electrochemical experiments.
4.5.2 Physical methods

'H and BC{*H} NMR spectra were recorded at room temperature using a JEOL
ECA-400, ECA-500, or ECA-600 NMR spectrometer. UV—vis absorption spectra were
recorded in THF solution in screw-capped quartz cuvettes using an Agilent Carey 60

UV-vis spectrophotometer. Luminescence lifetimes were measured with a Horiba
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DeltaFlex Lifetime System, using 390 nm pulsed diode excitation. Steady-state emission
spectra were recorded using a Horiba FluoroMax-4 spectrofluorometer with appropriate
long-pass filters to exclude stray excitation light from detection. In order to exclude air,
samples for emission spectra were prepared in a nitrogen-filled glovebox using
anhydrous solvents. Samples for room-temperature emission were housed in 1 cm quartz
cuvettes with septum-sealed screw caps, and samples for low-temperature emission were
contained in a custom quartz EPR tube with high-vacuum valve and immersed in liquid
nitrogen using a finger dewar. Solution quantum yields were determined relative to a
standard of tetraphenylporphyrin in toluene, which has a reported fluorescence quantum
yield (@p) of 0.11.%8 Cyclic voltammetry (CV) measurements were performed with a CH
Instruments 602E potentiostat interfaced with a nitrogen glovebox via wire feedthroughs.
Samples were dissolved in acetonitrile with 0.1 M TBAPFs as a supporting electrolyte. A
3 mm diameter glassy-carbon working electrode, a platinum wire counter electrode, and a
silver wire pseudo-reference electrode were used. Potentials were referenced to an

internal standard of ferrocene.
4.5.3 Synthesis

[(Cy)2NacNacMe]H. Acetylacetone (6.0 g, 60 mmol) and p-toluenesulfonic acid
monohydrate (10.3 g, 60 mmol) were dissolved into 250 mL of toluene. The mixture was
cooled to 0 °C and the first equivalent of cyclohexylamine (5.9 g, 60 mmol) was added
dropwise. The slightly yellow solution was then heated to a reflux and reaction water was
removed using a Dean-Stark trap. After boiling overnight the solution was cooled to
room temperature and the second equivalent of cyclohexylamine was added.
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Subsequently the mixture was refluxed for three days, again using the Dean-Stark trap.
The solution was then cooled to room temperature and the resulting precipitate was
filtered off. The obtained solid was dissolved by stirring it rapidly with 100 mL of Ether
and a solution of 13.86 g KOH in 150 mL of water. The organic layer was seperated and
the aqueous phase was extracted two more times with 100 mL of Et,O. The combined
organic phases were dried over NaxSOs, filtered and freed from solvent by rotary
evaporation. The crude product was obtained as a yellowish solid. Recrystallization from
hot ethanol gave colorless crystals. Yield: 9.97 g (63.3%). *H NMR (400 MHz, CDCls) ¢:
11.42 (bs, 1H, NH), 4.39 (s, 1H, CH(C=N),), 3.36-3.29 (m, 2H, CyH), 1.89 (s, 6H, CHs),

1.80-1.24 (m, 20H, Cy).

[(Cy)acNacMeé]H.  Acetylacetone  (5.00g, 50 mmol, 1.0equiv) and
cyclohexylamine (4.46 g, 45 mmol, 0.9 equiv) were dissolved into 20 mL of DCM and
the solution was stirred at room-temperature for two days. To the opaque, yellow mixture
20 mL of water were added and the organic layer was separated and dried over Na>SOa.
The solvent was removed under reduced pressure and gave a yellow liquid. Analysis by
NMR-spectroscopy indicated sufficient purity for further use. Yield 5.59 g (68.8%). *H-
NMR (400 MHz, CDClIs) ¢: 10.97 (bs, 1H, NH), 4.89 (s, 1H, (C=0)CH(C=N)), 3.32-3.37
(m, 1H, CyH), 1.97 (s, 3H, CHs), 1.92 (s, 3H, CH3), 1.75-1.87 (m, 4H, Cy), 1.50-1.58 (m,

1H, Cy), 1.23-1.37 (m, 5H, Cy).

Ir(pig)2[(dmp)2NacNacMe] (1a). In the glovebox, [Ir(pig)2(u-Cl)]2 (50 mg, 0.039
mmol) was suspended in 3 mL THF, and a solution of [(dmp)NacNac“®K] (29 mg,
0.089 mmol, 2.3 equiv) in 5 mL THF was added to the dimer suspension slowly by pipet.
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The resulting reddish-brown mixture was stirred overnight at room temperature, during
which time the color of the solution changed to dark red. The solvent was removed under
reduced pressure, and the resulting residue was extracted with 5 mL of toluene and
filtered through Celite to remove KCI and other insoluble impurities. The toluene was
removed in vacuo, and the residue was washed with 2 x 3 mL of room-temperature Et20.
The final product was obtained by adding pentane to a concentrated DCM solution which
was dried under vacuum. Yield: 37 mg (53%). *H NMR (600 MHz, CDCls) &: 9.23 (d, J
= 6.2 Hz, 2H, ArH), 8.57 (d, J = 8.9 Hz, 2H, ArH), 7.89 (d, J = 8.2 Hz, 2H, ArH), 7.64—
7.72 (m, 4H, ArH), 7.60 (t, J = 7.6 Hz, 2H, ArH), 7.42 (d, J = 6.2 Hz, 2H, ArH), 6.56—
6.67 (m, 6H, ArH), 6.17-6.29 (m, 4H, ArH), 5.99 (d, J = 7.6 Hz, 2H, ArH), 4.79 (s, 1H,
(Me)2PhNC(Me)CHC(Me)NPh(Me)2), 2.04 (s, 6H, CHs), 1.51 (s, 6H, CHs), 0.875 (s, 6H,
CHs). BC{*H} NMR (151 MHz, CDCls) &: 171.3, 159.8, 155.2, 149.7, 146.5, 146.3,
136.8, 133.0, 132.7, 131.7, 130.5, 129.2, 128.1, 127.8, 127.5, 127.4, 127.3, 126.5, 126.4,
125.7, 122.7, 119.6, 117.5, 96.74, 25.26, 21.53, 17.02. UV-vis (THF): Mnm (/M cm™)

302(98000), 343(sh)(50000), 390(sh)(20000), 468(21000).

Ir(pig)2NacNacNMe? (1b). In the glovebox, [Ir(pig)2(u-Cl)]2 (60 mg, 0.047 mmol)
was suspended in 3 mL of THF, and a solution of NacNacNM#2K (35 mg, 0.010 mmol, 2.2
equiv) in 5 mL of THF was added to the dimer suspension slowly by pipet. The resulting
reddish orange mixture was stirred overnight at room temperature, during which time the
color of the solution changed to dark green. The solvent was removed under reduced
pressure, and the resulting residue was extracted with 5 mL of toluene and filtered

through Celite to remove KCI and other insoluble impurities. The toluene was removed in
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vacuo, and the residue was washed with 2 x 3 mL of room-temperature Et.O. Final
product was obtained by adding pentane to a concentrated DCM solution which was
dried under vacuum. Yield: 62 mg (73%). *H NMR (400 MHz, CDCls) &: 8.73 (d, J = 8.9
Hz, 2H, ArH), 8.51 (d, J = 6.9 Hz, 2H, ArH), 8.03 (d, J = 8.2 Hz, 2H, ArH), 7.71 (d, J =
8.2 Hz, 2H, ArH), 7.47-7.58 (m, 4H, ArH), 6.96 (d, J = 6.2 Hz, 2H, ArH), 6.85 (t, J = 7.6
Hz, 2H, ArH), 6.47-6.65 (m, 8H, ArH), 6.32 (t, J = 7.6 Hz, 2H, ArH), 6.04 (d, J = 8.2
Hz, 2H, ArH), 3.83 (s, 1H, PANC(NMe2)CHC(NMez)NPh), 2.29 (s, 12H, CHs). BC{H}
NMR (151 MHz, CDCls) 6: 170.1, 167.8, 162.3, 153.8, 146.2, 144.6, 136.5, 133.2, 130.2,
129.9, 128.2, 127.1, 127.0, 126.5, 126.2, 125.7, 125.6, 119.4, 119.3, 117.0, 86.17, 40.99.

UV-vis (THF): A/nm (/ML cmt) 302(94000), 370(sh)(24000), 500(4000).

Ir(pig)2dipba™s (1c). In the glovebox, 2-bromomesitylene (~36 mg, 0.18 mmol)
was dissolved in 5 mL THF and the solution was kept at —35° C for 1 h. After that a
hexane solution of n-BuLi (~0.11 mL, 1.6 M) was added, and the reaction mixture was
stirred at =35 °C for 10 min. Then N,N’-diisopropylcarbodiimide (~23 mg, 0.18 mmol)
was added to the solution and the reaction mixture was stirred at room temperature for
another 10 min. The colorless solution was then added dropwise to a Teflon-capped glass
tube containing [Ir(pig)2(u-Ch]2 (100 mg, 0.0786 mmol) in 5 mL THF. The resulting
reddish orange mixture was stirred overnight outside of glovebox at 80-85 °C, during
which time the color of the solution changed to dark brown. The mixture was cooled to
room temperature and the sealed tube was taken inside the glovebox for further workup
procedure. The solvent was removed under reduced pressure and the residue was

extracted in 2 mL toluene and evaporated under reduced pressure to remove THF
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completely. The product was redissolved in 10mL toluene and filtered through Celite to
remove LiCl and other insoluble impurities. The crude product was washed with 3 x 3
mL of Et.O and 2 x 3 of mL hexane. The solid was redissolved in minimum amount of
DCM and pentane was added to slowly induce precipitation and the resulted reddish-
brown solid was concentrated to dryness. Yield: 55 mg (48%). 'H NMR (600 MHz,
CDCl3) 8: 9.55 (d, J = 6.4 Hz, 2H, ArH), 8.96 (d, J = 8.2 Hz, 2H, ArH), 8.17 (d, J = 7.8
Hz, 2H, ArH), 7.96 (d, J = 7.3 Hz, 2H, ArH), 7.63-7.75 (m, 4H, ArH), 7.53 (d, J = 6.4
Hz, 2H, ArH), 6.77-6.93 (m, 4H, ArH), 6.61-6.67 (m, 2H, ArH), 6.36 (d, J = 7.8 Hz, 2H,
ArH), 3.04 (sept, J = 6.2 Hz, 2H, (CH3).CHN), 2.43 (s, 6H, CH3), 2.25 (s, 6H, CH3), 0.72
(d, J = 5.6 Hz, 6H, CH3), —0.06 (d, J = 6.4 Hz, 6H, CH3). *C{*H} NMR (151 MHz,
CDCl3) 6: 173.0, 170.1, 159.5, 146.3, 145.8, 137.2, 136.5, 136.2, 133.7, 132.6, 130.2,
129.7, 128.8, 128.3, 127.3, 127.2, 127.1, 126.2, 119.2, 119.0, 48.73, 25.17, 24.88, 21.33,
21.14. UV-vis (THF): Mnm (M cm™) 302(87000), 337(44000), 393(sh)(16000),

476(19000), 582(sh)(4000).

Ir(piq)2dipg"™e? (1d). In the glovebox, lithium dimethylamide (~4 mg, 0.08
mmol) was dissolved in 5 mL THF and the solution was kept at =35 °C for 1 h. After that
N,N'-diisopropylcarbodiimide (11 mg, 0.083 mmol) was added to the solution and the
mixture was stirred at room temp for 30 min. The colorless guanidinate solution was then
added dropwise to the Teflon-capped glass tube containing [Ir(piq)2(pn-Cl)]2 (50 mg,
0.039 mmol) in 5 mL THF. The resulting red mixture was stirred overnight outside of the
glovebox at 80-85 °C, during which time the color of the solution changed to light

brown. The mixture was cooled to room temperature and the sealed tube was taken inside
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the glovebox for further workup procedure. The solvent was removed under reduced
pressure and the residue was extracted in 3 mL of toluene and evaporated under reduced
pressure to remove THF completely. The product was redissolved in 5 mL of toluene and
filtered through Celite to remove LiCl and other insoluble impurities. The crude product
was washed with 3 x 3 mL of Et,O and 2 x 3 mL of pentane. The crude product was
redissolved in minimum amount of THF and pentane was added to the solution to slowly
induced precipitation. The light brown solid was washed again with 2 x 2 mL of Et,O
and the resulting solution was concentrated to dryness. Yield: 33 mg (54%). *H NMR
(600 MHz, CDCls) §: 9.32 (d, J = 6.3 Hz, 2H, ArH), 8.92 (d, J = 8.0 Hz, 2H, ArH), 8.13
(d, J=8.0 Hz, 2H, ArH), 7.93 (d, J = 7.4 Hz, 2H, ArH), 7.59-7.76 (m, 4H, ArH), 7.48 (d,
J = 6.3 Hz, 2H, ArH), 6.80 (t, J = 7.4 Hz, 2H, ArH), 6.56 (d, J = 6.9 Hz, 2H, ArH), 6.22
(d, J = 7.4 Hz, 2H, ArH), 3.71 (sept, J= 6.3 Hz, 2H, (CH3)2CHN), 2.86 (s, 6H, CH3), 0.57
(d, J = 6.3 Hz, 2H, CHa), —0.05 (d, J = 6.3 Hz, 2H, CHs). 3C{*H} NMR (151 MHz,
CDCl3) 6: 170.2, 169.9, 161.2, 146.2, 143.3, 136.2, 132.6, 130.0, 129.8, 128.7, 127.2,
127.1, 126.4, 119.1, 118.9, 47.66, 40.77, 24.79, 24.33. UV-vis (THF): Mnm (/M cm™)

305(57000), 341(sh)(31000), 464(16000), 583(sh)(4000).

Ir(piq)2[(Cy)2NacNacMe] (1e). In the glovebox, [Ir(piq)2(u-Cl)]2 (100 mg,
0.079 mmol) was suspended in 5mL of toluene in a Teflon-capped glass tube. A
suspension of [(Cy)2NacNac]K (45 mg, 0.15 mmol) in 5 mL of toluene was added into
the tube slowly via pipette. The reaction mixture was heated outside of glovebox at
130 °C for five days. The mixture was cooled to room temperature and the sealed tube

was taken inside the glovebox for further workup procedure. The resulting dark mixture
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was filtered through Celite and concentrated in vacuo. The residue was crystallized using
2 mL of EtoO at —30 °C. The supernatant liquid was removed via pipette and the solid
residue was washed again with 2 x 3 mL of Et,O at =30 °C and 3 x 3 mL of pentane. The
resulting solid was dried in vacuo and obtained as dark brown solid. Yield: 47 mg (37%).
IH-NMR (500 MHz, CD2Cl,) &: 9.07 (d, J = 6.3 Hz, 2H, ArH), 8.91 (d, J = 8.0 Hz, 2H,
ArH), 8.14 (d, J = 8.0 Hz, 2H, ArH), 7.93 (d, J = 7.4 Hz, 2H, ArH), 7.65-7.71 (m, 4H,
ArH), 7.42 (d, J = 6.3 Hz, 2H, ArH), 6.85 (t, J = 7.4 Hz, 2H, ArH), 6.56 (t, J = 7.2 Hz,
2H, ArH), 4.00 (s, 1H, CyNC(Me)CHC(Me)NCy ), 2.97 (t, J = 11.5 Hz, 2H, CyH), 1.89
(s, 6H, CHa), 0.01-1.63 (m, 20H, Cy). ¥C{*H} NMR (126 MHz, CD:Cl,) J: 169.67,
162.76, 158.34, 146.51, 144.38, 136.82, 132.25, 130.37, 129.74, 128.65, 127.22, 126.99,
126.91, 126.35, 119.38, 118.51, 99.84, 66.35, 34.41, 33.75, 26.94, 26.30, 26.09, 24.88.

UV-vis (THF): A/nm (/ML cmt) 299 (38000), 405(17000), 533(sh)(12000).

Ir(piq)2[(Cy)acNacMe] (1f). In the glovebox, [Ir(piq)2(u-Cl)]2 (100 mg,
0.079 mmol) was suspended in 5mL of toluene in a Teflon-capped glass tube. A
suspension of [(Cy)acNac]K (33 mg, 0.15 mmol) in 5 mL of toluene was added into the
tube slowly via pipette. The reaction mixture was heated outside of glovebox at 130 °C
for five days. The mixture was cooled to room temperature and the sealed tube was taken
inside the glovebox for further workup procedure. The resulting dark red mixture was
filtered through Celite and concentrated in vacuo. The residue was crystallized using
2 mL of Et20 at —35 °C. The supernatant liquid was removed via pipette and the solid
residue was washed again with 2 x 3 mL of cold Et2O and 3 x 3 mL of pentane. The

resulting solid was dried in vacuo and obtained as dark red solid. Yield: 41 mg (35%).
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IH-NMR (400 MHz, CD,Cl) : 8.98-9.04 (m, 1H, ArH), 8.92 (d, J = 7.8 Hz, 1H, ArH),
8.75 (g, J = 6.6 Hz, 2H, ArH), 8.30 (d, J = 8.2 Hz, 1H, ArH), 8.15 (d, J = 7.8 Hz, 1H,
ArH), 7.92-7.99 (m, 2H, ArH), 7.66-7.75 (m, 4H, ArH), 6.91 (q, J = 7.2 Hz, 2H, ArH),
6.58-6.70 (M, 2H, ArH), 6.45 (d, J = 7.8 Hz, 1H, ArH), 6.19 (d, J = 6.9 Hz, 1H, ArH),
4.56 (s, 1H, CyNC(Me)CHC(O)Me), 3.06 (s, 1H, CyH), 1.99 (s, 3H, CHa), 1.59 (s, 3H,
CHs), 0.11-1.38 (m, 9H, Cy). *C{*H} NMR (126 MHz, CD:Cly) &: 173.73, 169.38,
168.70, 163.12, 158.47, 157.57, 147.01, 146.22, 142.97, 141.42, 137.03, 136.89, 133.16,
132.33, 130.59, 130.56, 130.34, 129.63, 129.07, 128.30, 127.75, 127.52, 127.04, 126.94,
126.46, 126.41, 126.32, 120.55, 119.83, 119.37, 99.77, 66.07, 32.40, 31.97, 26.51, 26.21,
25.73. UV-vis (THF): &/nm (¢/M cm?) 298(36000), 322(sh)(23000), 384(sh)(11000),

486(5300).

Ir(btp)2[(dmp)z2NacNacMe] (2a). Prepared by the method described above for
complex 1a, using [Ir(btp)2(u-Cl)2] (50 mg, 0.038 mmol) and [(dmp).NacNacM]K (30
mg, 0.089 mmol). The purified product was a dark orange colored solid. Yield: 43 mg
(63%). 'H NMR (600 MHz, CDCls) &: 9.24 (d, J = 6.2 Hz, 2H, ArH), 7.70 (t, J = 7.6 Hz,
2H, ArH), 7.33 (d, J = 7.6 Hz, 2H, ArH), 7.27 (d, J = 7.6 Hz, 2H, ArH), 7.03 (t, J = 6.2
Hz, 2H, ArH), 6.86 (t, J = 6.9 Hz, 2H, ArH), 6.57 (t, J = 7.6 Hz, 2H, ArH), 6.38-6.47 (m,
4H, ArH), 5.95 (d, J = 6.9 Hz, 2H, ArH), 5.90 (d, J = 8.3 Hz, 2H, ArH), 4.79 (s, 1H,
(Me)2PhNC(Me)CHC(Me)NPh(Me).), 1.82 (s, 6H, CHs), 1.68 (s, 6H, CHs), 1.32 (s, 6H,
CHa). BC{"H} NMR (151 MHz, CDCls): 167.5, 159.2, 155.0, 152.5, 148.5, 146.1, 142.4,

137.6, 136.0, 133.0, 132.6, 127.4, 126.9, 126.0, 124.0, 123.4, 122.2, 122.0, 117.5, 117 .4,
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98.08, 25.61, 23.88, 17.53. UV-vis (THF): Mnm (/M cm™) 297(51000), 332(36000),

359(33000), 383(sh)(32000), 498(sh)(5000).

Ir(btp)2NacNacNMe2 (2b). Prepared by the method described above for complex
1b, using [Ir(btp)2(u-Cl)2] (50 mg, 0.038 mmol) and [(dmp).NacNac“¢]K (27 mg, 0.078
mmol, 2.1 equiv). The purified product was a light orange colored solid. Yield: 35 mg
(50%). *H NMR (400 MHz, CDClz) &: 8.75 (d, J = 5.5 Hz, 2H, ArH), 7.60 (d, J = 8.2 Hz,
2H, ArH), 7.43 (t, J = 6.9 Hz, 2H, ArH), 7.13-7.17 (m, 2H, ArH), 6.99 (t, J = 8.2 Hz, 2H,
ArH), 6.66-6.76 (m, 4H, ArH), 6.44-6.58 (m, 6H, ArH), 6.09 (d, J = 8.2 Hz, 2H, ArH),
5.96 (d, J = 7.6 Hz, 4H, ArH), 4.06 (s, 1H, PANC(NMe;)CHC(NMe2)NPh), 2.38 (s, 12H,
CHs). BC{*H} NMR (151 MHz, CDCls) &: 167.1, 166.7, 155.4, 152.4, 151.1, 147.4,
142.5, 136.7, 135.0, 129.1, 128.3, 127.1, 126.3, 126.1, 124.4, 123.2, 122.5, 119.6, 117.2,
116.9, 84.61, 41.21. UV-vis (THF): Mnm (/M cm™) 296(58000), 370(sh)(24000),

500(4000).

Ir(btp)2dipba™s (2c). In the glovebox, 2 -bromomesitylene (~33 mg, 0.17 mmol)
was dissolved in 5 mL THF and the solution was kept at —35° C for 1 h. After that a
hexane solution of n-BuLi (~0.11 mL, 1.6 M) was added, and the reaction mixture was
stirred at —35° C for 10 min. Then N,N’-diisopropylcarbodiimide (~21 mg, 0.17 mmol)
was added to the solution and the reaction mixture was stirred at room temp for 10 min.
The colorless solution was then added dropwise to the Teflon-capped glass tube
containing [Ir(btp)2(u-Cl)]2 (100 mg, 0.0769 mmol) in 5 mL of THF. The resulting
yellow mixture was stirred overnight outside of glovebox at 80—85 °C, during which time
the color of the solution changed to light orange. The mixture was cooled to room
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temperature and the sealed tube was taken inside the glovebox for further workup
procedure. The solvent was removed under reduced pressure and the residue was
extracted into 3 mL of toluene and evaporated under reduced pressure to remove THF
completely. The product was redissolved in 15 mL of toluene and filtered through Celite
to remove LIiCl and other insoluble impurities. The crude product was washed with 3 x 3
mL of Et.O and 2 x 3 of mL hexane. The solid was redissolved in minimum amount of
DCM and pentane was added to slowly induce precipitation and the resulted orange solid
was concentrated to dryness. Yield: 42 mg (32%). *H NMR (600 MHz, CDCl3) &: 9.52
(d, J = 5.5 Hz, 2H, ArH), 7.77 (t, J = 7.9 Hz, 2H, ArH), 7.63 (dd, J = 7.6, 35 Hz, 4H,
ArH), 7.01-7.11 (m, 4H, ArH), 6.76-6.88 (m, 4H, ArH), 6.21 (d, J = 8.2 Hz, 2H, ArH),
2.96 (sept, J = 6.2 Hz, 2H, (CH3)2CHN), 2.37 (s, 6H, CH3), 2.25 (s, 6H, CHs), 0.59 (d, J
= 6.2 Hz, 6H, CHs), 0.07 (d, J = 6.2 Hz, 6H, CHs). 3C{"H} NMR (151 MHz, CDCl3) &:
174.3, 167.1, 154.4, 153.5, 147.6, 142.7, 137.7, 136.9, 136.0, 134.5, 132.7, 128.6, 126.0,
124.7,123.4,122.7, 117.4, 117.6, 48.08, 24.75, 24.55, 21.54, 21.15. UV-vis (THF): A/nm

(/M cmrl) 288(64000), 331(40000), 432(13000), 486(sh)(8000), 583(sh)(1000).

Ir(btp)2dipgNMe? (2d). Prepared by the method described above for complex 1d,
using [Ir(btp)2(u-Cl)2] (100 mg, 0.0768 mmol), lithium dimethylamide (~8 mg, 0.16
mmol, 2.1 equiv), and N,N'-diisopropylcarbodiimide (~20 mg, 0.16 mmol). The purified
product was a light orange colored solid. Yield: 61 mg (51%). 'H NMR (600 MHz,
CDCls) &: 9.26 (d, J = 5.5 Hz, 2H, ArH), 7.58 (dd, J = 8.3, 33 Hz, 4H, ArH), 6.97-7.07
(m, 4H, ArH), 6.76 (t, J = 7.6 Hz, 2H, ArH), 6.16 (d, J = 7.6 Hz, 2H, ArH), 3.60 (septa, J

= 6.2 Hz, 2H, (CHs)2CHN), 2.80 (s, 6H, CHs), 0.47 (d, J = 6.2 Hz, 6H, CHs), 0.01 (d, J =
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6.2Hz, 6H, CHs). BC{*H} NMR (151 MHz, CDCls) &: 170.6, 167.2, 151.6, 147.6, 145.5,
142.7,136.2, 133.6, 125.9, 124.6, 123.2, 122.5, 118.0, 117.7, 47.0, 40.6, 24.2, 24.0. UV-

vis (THF): A/nm (e/M"! cm™) 334(48000), 427(19000), 517(10000), 595(sh)(2000).
4.5.4 X-ray crystallography details

Single crystals were grown by vapor diffusion of pentane vapor into concentrated
THF or dichloromethane solutions. Crystals were mounted on a Bruker Apex Il three-
circle diffractometer using MoKa radiation (A=0.71073 A). The data was collected at
123(2) K and was processed and refined within the APEXII software. Structures were
solved by direct methods in SHELXS and refined by standard difference Fourier
techniques in the program SHELXL.* Hydrogen atoms were placed in calculated
positions using the standard riding model and refined isotropically; all non-hydrogen
atoms were refined anisotropically. All of the crystal structures were solved by Dr.

Thomas S. Teets, Department of Chemistry at University of Houston.
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Table 4.3. Summary of crystallographic data for complex 1c, 1d, and 2a

1c 1d 2a
Crystal data
Chemical formula Ca650H46ClIrNs [ Ca9HaolrNs CagHa3Cl21rN4S;
M, 888.52 770.96 1003.08

Crystal system, space

Monoclinic, P2i/c

Monoclinic, P21/c

Monoclinic, P21/n

group

Temperature (K) 173 123 123

a, b, c(A) 18.501 (3), 9.1561 {15.929 (3), 10.934 (12.461 (4), 19.090
(16), 26.146 (5)  |(2), 19.318 (4) (6), 17.319 (6)

b (°) 107.620 (4) 107.740 (2) 91.902 (4)

V (A% 4221.3 (13) 3204.6 (12) 4118 (2)

m (mmY) 3.26 4.20 3.51

Crystal size (mm)

0.19 x 0.17 x 0.04

0.41 x0.25x0.19

0.33x0.28 x 0.19

Data collection

Tmin, Tmax

0.570, 0.746

0.542, 0.746

0.627, 0.746

No. of measured,
independent and
observed [1 > 2s(1)]

36622, 9330, 7747

19757, 7396, 6784

25770, 9507, 8749

where P = (Fo? +
2FA)/3

where P = (Fo? +
2FA)/3

reflections

Rint 0.040 0.027 0.026

(sin g/Dmax (AY) 0.641 0.651 0.651

Refinement

R[F? > 2s(F?)], 0.039, 0.100, 0.020, 0.048, 1.04 (0.027, 0.075, 1.05

wR(F?), S 1.09

No. of reflections 9330 7396 9507

No. of parameters 494 412 520

No. of restraints 16 0 0
w=1U[(Fo?) + | w=1[s*(Fo?) + | w=1/[s*(Fo?) +
(0.0474P)% + (0.017P)% + (0.0328P)2 +
7.2873P] 2.1759P] 12.1077P]

where P = (Fo? +
2F )3

Apmax, Apmin (& A?’)

1.59, -0.99

0.94,-0.81

0.99, -1.84
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Table 4.4. Summary of crystallographic data for complexes 2b and 2d

2b

2d

Crystal data

Chemical formula

CsoHs11rNeS2

C3s5H351rNsS2

M

992.28

783.01

Crystal system, space group

Triclinic, P 1

Monoclinic, C2/c

a, b, c(A)

11.551 (3), 13.444 (4),
15.248 (4)

20.457 (4), 9.7209 (18),
17.889 (3)

a,b,g(° 111.457 (2),101.216 |90, 117.435 (2), 90
(2), 94.278 (2)

V (A%) 2134.0 (10) 3157.5 (10)

Z 2 4

m (mm™) 3.27 4.39

Crystal size (mm)

0.23x0.20x0.17

0.44 x 0.28 x 0.10

Data collection

Tmin, Tmax

0.586, 0.746

0.512, 0.746

No. of measured, independent
and
observed [1 > 2s(1)] reflections

37861, 9724, 9188

9112, 3490, 3402

Rint 0.027 0.019
(sin g/Dmax (AY) 0.649 0.641
Refinement

R[F? > 25(F))], WR(F?), S

0.019, 0.055, 1.22

0.016, 0.040, 1.05

No. of reflections

9724

3490

No. of parameters

538

199

Apmax, Apmin (e AS)

1.67,-0.85

0.95,-1.01
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