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ABSTRACT

Formazanates, the monoanionic form of formazans with a 1,2,4,5-tetraazapentadienyl
(NNCNN) core, have become a well-known redox-active ligand class in recent years and the
two additional nitrogen atoms in the backbone provide formazanates with more accessible
redox properties and stronger absorption, due to the more stabilized LUMOs, compared with
structural analogue B-diketiminates and thus, greatly expand the redox chemistry of
formazanates. The massive attention on the coordination chemistry of formazanates is
because of their ligand-based redox process, which may facilitate multielectron redox
behaviors, bond activations, and excited-state charge separation. A variety of formazanate
complexes of many main group metal and first- and second-row transition metals have been
established, highlighting the chelating behaviors of formazanate ligands as well as their
unique magnetic and photoluminescent properties. Our group focuses on the coordination
chemistry of formazanate with third row transition metals and their derivatives, exhibiting
strong absorption in visible region as well as multiple accessible redox potenials.

We found a new route for preparation of homoleptic azo-iminate Pt(I1) complexes via
hydrogenative cleavage of formazans, involving the proton-coupled electrons transfer to the
formazanate, with two ligand radicals paired in the delocalized HOMO. Further research
indicated that the irreversible first oxidation is accompanied with protonation.

A new class of bis-cyclometalated Ir(111) formazanate complexes were also prepared with
different configurations and in most cases the “open form” were major products. However,
different coordination modes minimally impact the orbital energies, with similar absorption

and redox behaviors for both isomers.



In addition, a new route for the preparation of azo-triazolide Ir(I11) complexes was found
via cyclization of 3-cyanodiarylformazanate ligands when we tried to increase the steric
profile of the substituents. These rearranged complexes share similar orbital structures with
formazanate congeners but have a blue-shift in absorption due to the major transition being
(HOMO-1)—-LUMO.

We further expanded the coordination chemistry of formazanates and a series of dinuclear
formazanate Ir(111)/Pt(I1) complexes were obtained with different coordination modes. Ir (111)
and Pt(11) displayed different preferences on coordinating sites of 4-pyridylformazanates.
Some dinuclear compounds showed distinctly red-shifted absorption and a smaller HOMO-

LUMO gap compared to others.
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1 Chapter One Redox-active Formazans in Coordination Chemistry

1.1 Introduction

Nitrogen-rich redox-active molecules have been prominent among series of non-innocent
ligands and their representative examples, such as diimines  and 1,2,4,5-tetrazines,? have
been intensively studied over many years in the fields of basic coordination chemistry,?
bioinorganic chemistry,* and catalysis.>® Complexes of redox-active ligands have ligand-
centered frontier orbitals, typically of = symmetry, that facilitate multielectron redox
behaviors,” bond activation,® and charge separation® in the excited-state enabled by adding or
removing electrons from redox-active ligands. Formazans (NNCNN), a class of nitrogen-rich,
highly-colored redox-active compounds, have been known since late 1800s and studied more
closely since 1940s.1%!! The two additional nitrogen atoms greatly expand the absorption and
redox properties of formazans relative to the structural analogue B-diketimine. Their intense
colors and redox-chemistry that originates from the backbone have led to their widespread
application as dyes mainly in cell biology for quantitative measurement of cell viability.
NAD(P)H-dependent cellular oxidoreductases, reflecting the number of viable cells, are
capable of reducing the tetrazolium dye MTT to its insoluble formazans,*?*® and precursors to
other stable redox-active compounds like verdazyls,**'® with reactions of formazans and

formaldehyde in the presence of base and following oxidation in air. (Chart 1.1)



_N _N HN _N HN N_ N
R “RS R RS R RS R 7 OCRS

R

B-diketimine Formazan Verdazyl

Chart 1.1 Structures of B-diketimine, formazan, and verdazyl compounds.

The facile synthetic chemistry of formazans allows modulation of properties through
structural variation. The most general methods use the reaction of diazonium salts with
substrates with activated carbon functionalities like hydrozones, and asymmetric formazans

could also be accessed with different substituents

a) Ar® X AP
'I\Il OYH N/) Ar5—%EN N)\N
N+ s = ! 1
1 Ar NH Base NH N
Ar e 4 A5
Ar Ar’ Ar
b
) j\r3 X~ Alkyl
b OYH N AS—N=N N)\N
/N + B | B4> ) h
Ar' Alkyl _NH ase NH N
Ar’ A2 AP
c) CN
X~ (0] OH NJ\N
2 1/5% + " Bace lllH }\ll
Ar'’°-N=N CN Base Arl” 3 ~Ar5
d) )N\OZ
2 oF "l
+ MeNO
A5 RN 2 "Base ~ p-NH Ny
4
e) Ard
X~ (0] OH N)\N
2 1/5% + I " Base lllH ll\ll
Ar'>-N=N AP X0 Base Arl” ~Ard

Scheme 1.1 Common routes for the synthesis of formazans.

on R/ R® positions!” while, alternatively, coupling two equiv. diazonium salts with
compounds containing activated methylene yield symmetric formazans in some cases

2



(Scheme 1.1).18° The major concerns in the preparation of formazans focus on the stabilities
of the requisite diazonium salts especially when sterically demanding substituents are
introduced. The substituents on R? position may induce structural isomerization, namely, the
bulky alkyl and aryl group tend to favor the “closed” form whereas for congeners with
relatively small substituents on R® (e.g., H, Me, CN), the configuration of either “open” or
“linear” form could be adopted (Figure 1.1). The identities of isomers correlate with the color
of formazans with “closed” form always exhibiting blood red while “open” and “linear”

congeners show orange color.?

R3

R3
N .
N"SN )<N H
N HN N=N" Nan” S -N
R" SR R RS R! RS
closed open linear

Figure 1.1 Three configurations of formazans

1.2 Formazanate Coordination Chemistry

The coordination chemistry of formazans, however, has not been further studied compared
with other well-established nitrogen-rich redox-active ligands.?*?® Formazanates, the
monoanionic form of formazans, feature the abilities to engage in both oxidative and
reductive redox behaviors with the presence of high-lying HOMO and low-lying LUMO of n
symmetry. Both HOMO and LUMO are mainly composed of orbitals centered on the
backbone of formazanate (NNCNN) (Figure 1.2).2° Formazanates with diverse substitution
patterns, like the n-conjugated aromatic N—ArY/Ar® groups, leads to rational tuning of electron
structures and the LUMO is always r-anti-bonding between the four nitrogen in the
framework and present a nodal plane that goes though C-R?® fragment, suggesting that

3



variation on R? position has little effect on the energy of the LUMO. Thus, formazanate
complexes are always expected to ligand-centered and readily to engage in ligand-based
reductions due to the low-lying LUMO.>® In addition, electronic transitions occur in the

visible range of the spectrum with both absorption and emission properties of

b,
B @,

; vf“éﬁ s
s (’ »

B

v

HOMO ’ d LUMO

Figure 1.2 Frontier orbitals of triphenylformazanate ligand in “closed”form chelating mode,
calculated using density functional theory (B3LYP/6-31G(d)).2° Chem. Soc.
Rev. 2020, 49 (1), 85-113 — Published by the Royal Society of Chemistry

formazanate complexes are tunable by modifying the ligands structures. Moreover,
coordinative flexibility resulting from isomerization of formazanates allows the formation of
“linear” (four-member ring), “open” (five-member ring) and “closed” (six-member ring)
forms with different biting angles, which could effectively relieve the steric effect and
optimize the coordination environment (Figure 1.3). And based on previous study, for both
“closed” form and “linear” form complexes, the 7 electrons tend to be delocalized on the
entire backbone of formazanate ligands with bond distances between that of single and double
bonds of respective atoms while for “open” form congeners, however, the metrical parameters
indicate that the x electrons prefer to be localized on certain bonds in the backbone of

formazanate ligands.
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Figure 1.3 Common coordination modes of formazanate ligands in coordination compounds.

A variety of formazanate complexes of many main group metals and first- and second-row
transition metals have been described and their work demonstrate the versatile coordination
chemistry of formazanate ligands and provide significant insights into photophysical and

redox properties of these complexes.

1.2.1 Complexes with Alkali Metals (Na, K)

The deprotonation of formazans with strong alkali metal bases like NaH or KH has been
shown to cleanly generate the corresponding alkali metal formazanate salts.?* (Scheme 1.2) In
most cases, either “open” or “linear” form bidentate products are accessible because of the
backbone allowing either terminal or internal nitrogen atoms to chelate with the metal center.
And for their related complexes, = electrons are always delocalized on the formazanate
framework with almost equivalent N-N and C—N bond distances within the ligand core from
metrical parameters. Besides, cation exchange could be facilitated with configurations still
intact, leaving the formazanate alkali metal salts as potential precursors for the transfer of

formazanate ligands to other main group or transition metals via salt metathesis reactions.?>2
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Scheme 1.2 Synthetic routes of some formazante complexes with alkali metals.
However, the introduction of CsFs on R? position may disrupt the formation of formazanate
alkali metal salts and the nucleophilic formazanates evolve and rearrange to form cyclized
products, arylazoindazoles as a mixture of regioisomers, instead of simply deprotonation
(Scheme 1.2), and the abnormal products have exhibited unique photoconversion as well as

fatigue resistance.?’

1.2.2 Complexes with Group 13 Metals (B, Al, Ga, In)

Arguably the adducts of boron complexes are the biggest family of formazanate chelating
compounds over the past two decades since Hicks and co-workers first managed to convert
triarylformazans to verdazyl radical anions which are stable enough to be characterized by
UV-vis absorption (Amax ~ 740 nm) and EPR spectroscopy (broad isotropic signal, g ~2.00).%8
This work set the starting point for later research of coordination chemistry of formazanate

with boron and their related applications.

The introduction of boron difluoride (BF2") chelates shed a new light on the coordination
chemistry of formazanates. The first examples of BF, formazanate complexes were prepared
from the corresponding homoleptic Zn(11) complexes?® (Scheme 1.3a) and these compounds

could be electrochemically reduced in two steps to the related radical anions and dianions
6



with structural rigidity and stability associated with the BF," fragment. Alternative synthetic
routes involve the conversion of 3-cyanoformazans to BF>* complexes by heating toluene
solutions containing excess NEt; and BF3+OEt; at 80 °C overnight3%3! (Scheme 1.3b) and
later the synthetic route was applied to 3-nitroformazans as well and both 3-cyano and 3-nitro

compounds were examples of formazanate dyes with decent photoluminescence.3!32
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Scheme 1.3 Synthetic routes of some formazante BF2" complexes.

The optoelectronic properties of BF, formazanate complexes have been systematically
investigated with the variation of R, R® and R® substituents(see Chart 1.2).2%-31:3334 Figure 1.4
shows the HOMO and LUMO calculated by DFT and both orbitals are highly delocalized
over the formazanate framework and N-aryl substituents for most complexes but the R®
position contributes the crucial part to only HOMO due to the nodal plane in LUMOs.*?

Based on this,

8a Ar'=Ar°=Ph
N=N_ F 8bAr'=Ar’=p-CeH,CN
Ne— B.  8c Ar'=Ar®=p-C4H,OMe
N=NC "F  8d Ar'=Ar°=0-CgH,OMe
Ar’ 8e Ar'=Ar5=m-C¢H,OMe
8f Ar'=Ar®=p-CgHsNMe,

Chart 1.2 Some representative 3-cyanoformazanate BF>* complexes.
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Figure 1.4 HOMO and LUMO for complex 8a, calculated in toluene solution.3? Adapted with
permission from J. Org. Chem. 2015, 80 (10), 5226-5235. Copyright 2015 American
Chemical Society.

properties like electrochemical reduction involving merely LUMOSs are generally influenced
by the variation at N-aryl substituents, while the variation of R® position is important for
properties involving both HOMO and LUMO, like absorption and photoluminescence.®? Also,
the substituents at the para positions are likely to impact the properties of the BF,*
formazanate complexes with significant orbital density at the para positions of each aryl
ring.3* For most cases, BF.* formazanate complexes possess highly delocalized n-electron
systems on the backbones with low-energy Amax and Ap. values and large stokes shift, shown
in Table 1.1. Compared with 8a, the introduction of p-cyanophenyl substituents on RY/R®
positions in 8b leads to the distinct anodic shift of both reduction potentials. And the red-shift
in both absorption and emission of 8b related to 8a may result from the increase in the size of
n-electron system with the addition of cyano groups. In contrast, 8c, with electron-donating p-
methoxyphenyl substituents, yields both red-shifted absorption and emission spectra
compared with other BF," formazanate complexes attributed to the donor-acceptor electronic
structure and the lone pair electrons from oxygen could be involved in the delocalization of
n-electron system to extend the planar structure, also confirmed by the aggregation

characteristics in THF solution with aggregation-caused quenching observed due to the n-n
8



stacking.® However, the change from p-methoxyphenyl in 8c to o-methoxyphenyl in 8d
results in dramatic change in both photophysical and aggregation behaviors because of the
sterically-driven twisting of N-aryl substituents out of the plane of formazanate backbone and
the twisting leads to the observation of aggregation-induced emission enhancement (AIEE) on
the addition of H,O to THF soluton.®® The m-substituted compound 8e had properties
intermediate of its 0- and p-isomers.*® When changing the N-aryl substituents to the strongly
electron-donating p-dimethylaminophenyl groups, 8f displays near-infrared
photoluminescence and distinct cathodic shift of both reduction waves related to others,
attributed to the strong electron donation from nitrogen lone pair and evidence of quinoidal
character (N-C bonds with significant double bond character) were observed in crystal

structures.®*

Table 1.1 Optoelectronic properties of 3-cyanoformazanate BF, complexes

Amax® (Nnm) Ar2 (nm) Dpr2 Eredi® (Vvs Ereazb (V vs
Fc*/Fc) Fc+/Fc)
8a 502 586 0.15 -0.53 -1.68
8b 515 598 0.14 -0.21 -1.25
8c 572 656 0.77 -0.68 -1.82
8d 467 592 0.05 -0.73 -1.88
8e 525 635 0.13 -0.50 -1.62
8f 728 834 0.08 -1.02 -2.05

2 Recorded in toluene. ® Recorded in CH;CN

Boron difluoride formazanate complexes are also used for the subsequent preparations of
polynuclear complexes. This type of assembly was reported in two different works by the
Gilroy group, one where the normal BF,* formazanate adduct with a 2-pyridyl group on R®
position (10) could work as the bidentate metalloligand to chelate with nickel (11), leaving

their photophysical and redox properties largely altered (Scheme 1.4a)*" and the other about a



suite of BF." formazanate complexes conjugated to platinum acetylide complex (12a/b) via

aryl acetylene groups on formazanate periphery (Scheme 1.4b).3®
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Scheme 1.4 Synthesis of dinuclear BF, formazanate adduct with nickel (a) and polynuclear
BF, formazanate adduct with platinum (b)

Formazanate complexes of other group 13 metals have received rare attention compared
with boron complexes. Tetrahedral complexes could be successfully accessed since
Sundermeyer group prepared first heavy group 13 complexes of formazanatets by stirring the
related MMez (M= Al, Ga, In) species with triarylformazan ligands in toluene and they
always display low-energy absorption with large molar extinction coefficients.®® For six-
coordinate aluminum complexes, they could be prepared by heating formazan with Al(OiPr)3
and phosphine oxide ligand in toluene solution and feature the low-energy absorption and

emission and their redox behaviors are always irreversible.*°

Considering the strong absorption and bio-compatibility of formazans and their extensive
use in cell-viability assays,'>!3 BF," formazanate complexes have been applied as cell-
imaging agents in biological areas. 8c was firstly selected in the research with its relatively

high quantum yields in photoluminescence. It could be accumulated in hydrophobic cell
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cytoplasm when fibroblast cells are treated with its DMSO-containing solutions. But when the
N-aryl substituents are replaced by hydrophilic groups, they could promote the cellular uptake
of the BF," formazanate compounds and enhance the accumulation in cells.** These research
findings indicate potential impact from structural variation of BF,* formazanate complexes on
cell-imaging and therapeutic agents. Besides, BF>* formazanates are always competitive
candidates for electrochemiluminescence (ECL) due to their outstanding photophysical and
redox properties and 8c has a maximum ECL efficiency as high as 450%, the highest among
BF," formazanates. For some non-emissive BF," formazanate complexes (9), they could be
applied as pH sensor with critical increase in fluorescence quanum yield up to a maximum
18%.%” Moreover, they could also be brought in functional polymers associating with organic
electronics, which, in return, could tune the electron structures with extended m-electron
system and enhance the absorption and photoluminescence and induce more accessible redox

behaviors.*?

1.2.3 Complexes with first-row transition metals (Mn, Fe, Co, Ni, Cu & Zn)

Formazanate complexes with first-row transition metals have been intensively investigated
for their unique and outstanding properties. Early work shows the treatment of Fe(l11) salts
with formazans leads to the formation of low-spin octahedral Fe(Il) complexes in most
cases(Scheme 1.5a).43#* Later, the Hicks group found low-spin Fe(l11) complexes with a
trianionic N2O2-based formazanate scaffold could be obtained by salt metathesis of the in-
situ-generated Na salt of the tetradentate formazanate with FeCls; two pyridine ligands bound
trans to each other to meet an octahedral coordination geometry(Scheme 1.5b).#> And their

reduction to Fe(ll) species was disrupted with the anionic O-donor groups.
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Scheme 1.5 Synthetic routes of some formazante Fe(I1)/Mn(l1)(a) and Fe(l11)/Co(l11)(b)
complexes.

The Otten group reported homoleptic formazanate Fe(ll) complexes 15 via salt metathesis
in 2016 and the absence of additional ligands leaves a tetrahedral coordination around the iron
center of the complex(Scheme 1.6).%° It features a temperature-dependent equilibrium
between a diamagnetic state (S=0) at low temperature and a paramagnet (S=2) at high
temperature, confirmed by NMR and UV-vis absorption (Figure 1.5). The unusual spin-
crossover behavior results from n-backdonation from the d® metal center to the low-lying
formazanate w-anti-bonding orbitals, which leads to an energy-ordering of the d-orbital
manifold of a 2-over-3 splitting. Its reduction peaks at —1.21 V and —2.01 V make the reduced
species accessible with the help of Na/ Hg as reducing agents and is best formulated as a low-

spin (S=1/2) Fe(l) complex with closed-shell formazanate ligands.
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s o Ph

Nz s !
N D‘zN
p—tul—(ﬁ,
=

# N A
Ph N P FeClz ~rgu
-
g b N ph
Ph

Ph,
wN=N

—_— _ . #—p-tol
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Scheme 1.6 Synthesis of bis(formazanate) Fe(ll) complex 15
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Figure 1.5 Molecular orbital diagram for complex 15 in the LS (S=0) state and the HS (S=2)
state. Orbitals shown are obtained from a restricted closed-shell DFT calculation.?

The Holland group have also explored and further expanded the redox-active formazanate
Fe(Il) complexes. The THF adduct of monoformazanate iron amide 16 was used to prepare
dimeric metallacycles 17 in which the formazanate chelates in the “open” form leaving a
terminal nitrogen atom to bridge another Fe center with alkali metals as conter-cations
(Scheme 1.7).%¢ The reactivity of complex 16 (or THF adduct 16-THF) towards CO, was

examined with formation of isocyanate from a low temperature reaction.

p-tol— e N= 4
- > N Ar
N=N, \THF THF [ N/ /
Ph Fe—=N / "Fe_
. -, N(SiM
16-THEF (Me3Si),N ., /\ / (SiMe3),
T N 17
Ph I\?h

Scheme 1.7 Synthesis of dimeric formazanate Fe(ll) metallacycle.

The combination of formazanate with Mn(I1) has been reported only once by Brown
group™ (Scheme 1.5a), with the formazanate ligand of 18 preferring tridentate coordination to
the Mn metal center in the low-spin Mn(ll) complex and associate with other benzothiazolyl

substituent to meet the octahedral coordination geometry. The Hicks group first reported
13



related Co(l11) complex 19 with a tetradentate cyanoformazante ligand via salt metathesis and

air oxidation (Scheme 1.5b).%°

Nickel complexes with formazanate have been deeply investigated with detailed insight of
structures and relevant properties since 2000. A series of symmetrical homoleptic bis-
(triphenylformazanate) nickel(II) complexes with “closed” form chelation were prepared by
the Vatsadze group(Scheme 1.8a).*” They have square planar coordination geometries with
the metal ion always out of the plane of formazanate backbone to minimize the steric effect
from N-aryl substituents and could work as metalloligands with the introduction of pyridine
substituents in supramolecular chemistry. A suite of bis(formazanate) Ni(Il) complexes with
various hetroaromatic substituents prepared by the Zaidman group were applied in catalysis of
ethylene oligomerization. The Hicks group also found that the cyano and nitro group at R®
position of formazan might induce the production of ill-defined polynuclear formazanate
complexes when small N-aryl substituents are available (Scheme 1.8c) while only
monoformazanate nickel hydroxide is prepared with sterically more demanding substituents

(Scheme 1.8Db).
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Scheme 1.8 Synthesis of homoleptic mononuclear nickel (11) complexes (a & b ) and

polynuclear complex (c).

The Hicks group is also the pioneer in the exploration of formazanate complexes with

copper, and a pseudo-five-coordinate tetradentate formazanate Cu(ll) complex was prepared

with additional methoxy groups on the N-aryl positions (Schemel.9a) and the unpaired

electron in the d orbital of Cu(ll) center (5=1/2) is confirmed by magnetic and spectroscopic

data.*® It was also reported that the formazanate ligand could be involved in the Cu(l) -

mediated dioxygen activation. Hicks and Tolman prepared a mononuclear Cu(l) complex 24

with sterically demanding 3-nitroformazanate and the reaction of 24 with O afforded the

bis(p-hydroxo) dinuclear copper(11) complex 25.484° (Scheme1.9b)
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Scheme 1.9 Synthesis of formazanate Cu(ll) complex (a) and their application in Cu(l) -
mediated dioxygen activation (b)

Better insight of the combination of formazanate with zinc has been provided with a long
history in the spectrophotometric quantification of zinc ions>® and their ability to function as
electron-reservoirs stands out among formazanates with other metals. A series of
bis(formazanate) Zn(Il) complexes were prepared via protonolysis of ZnMe; by the Otten
group (Scheme 1.10).26 The reduction potentials of 26a reside at around —1.31/—1.55 V
corresponding to redox-couples 26a”~ and 26a >~ while a cathodic shift could be observed for
both reduction peaks of 26b attributed to the electron-donating tert-butyl group. Their related
one- and two-electron reduction species could be afforded with additional Na/Hg reducing
agents and Na* could interact with the nitrogen in the formazanate backbones. For one-
electron reduced products, the two formazanate ligands around the zinc center are different
with one maintained like the previous neutral starting materials (26b) but the other a dianionic
radical, demonstrated by crystal structure of 26b?". With further reduction to the dianionic
product, both ligands are dianionic radicals, featuring typical low-energy absorptions(A > 750

nm). Besides, Gilroy group found these formazanate zinc complexes could be further reduced
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at a more negative potential (—2.5 V) and all five different oxidation states (from neutral 26b

to 26b*") are accessible regardless of the stabilities of the highly reduced species.
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Scheme 1.10 Synthesis of bis(formazanate) zinc complexes and corresponding radical anions
and dianions.

1.2.4 Complexes with other transition metals (Ru, Os, Pd)

Formazanate complexes with the heavier elements of group 8 (Ru, Os) are not intensively
focused but there is still some progress in this area. Formazanate Ru complexes with some co-
ligands like bipyridine or 2-phenylazopyridine were reported by Lahiri group and these
studies laid the foundation for evaluation of the redox-noninnocence of formazanate ligands
via experiments of spectroelectrochemistry with oxidation and reduction reactions and also
provide the first evidence that formazanate ligand can still chelate with metals in its radical

form with extended range of oxidation states.>

Palladium complexes were firstly reported in 2008, with a square planar coordination
geometry chelated by 3-nitroformazanate and fluorinated acetylacetonate ligands, and the
irreversible reduction waves in electrochemistry convinced researchers of the instability of
their radical anions/dianions(Scheme 1.11a).%2 Later, the Lipunova group reported a new
class of chloro-bridged dimeric palladium complexes and even the metal-metal bond between
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two Pd centers could form after treatment with ammonium (Scheme 1.11b).3
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Scheme 1.11 Synthesis of 3-nitroformazanate Pd complex with fluorinated acetylacetonate

(a) and dinuclear Pd complexes(b).

1.2.5 Previous work of our group

Considering previous research on formazanate complexes with main group and first- and
second-row transition metals, we expand the coordination chemistry of formazans to the third-
row transition metals and focus on their properties of strong absorption in visible region and
multiple accessible redox behaviors. The first series of heteroleptic formazanate complexes
with platinum reported by us were prepared via metathesis reactions of chloro-bridged dimer
with triarylformazans in the presence of base and the product are always the traditional
“closed” form chelating mode, confirmed by crystal structures(Scheme 1.12).%* With the
variation of formazanates and cyclometalated C*N ligands with different steric and electronic
effects, the reaction always works with decent yields (47%—-90%) with their major absorption

at 650 nm (with phenyl ring at R® position) or 600 nm (without phenyl ring at R® position),
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Scheme 1.12 Synthesis of cyclometalated formazanate Pt complexes.

resulting from the formazanate ligand-center n— ©r” transition with minimum character of
metal-to-ligand charge transfer (MLCT). The obvious red shift of complex 29 compared with
30a/b is attributed to the phenyl ring at R® position which could extend the conjugated system
of formazanate backbone efficiently.> Their redox behaviors are always unique with three
reduction peaks, two reversible from the formazanate backbones and one irreversible between

them of the Pt—C”N based reduction.

1.3 Brief description of research progress included in the dissertation

Given our previous knowledge and experience in the coordination chemistry of formazans,
herein, we continue to focus on their coordination chemistry with the third-row transition
metals and expand their photophysical and redox properties as well as their potential
involvement in the preparation of some unique metal compounds via rearrangement of

formazanate ligands.

We found a new route for preparation of homoleptic azo-iminate Pt(Il) complexes via
hydrogenative cleavage of formazans, involving the proton-coupled electron transfer to
formazanate, and two radical electrons could paired and stabilized in the HOMO with

delocalization of w electrons on both ligand frameworks, confirmed by crystal structures and
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DFT calculations. Further research indicated that the irreversible first oxidation is
accompanied with protonation.®

A new class of bis-cyclometalated Ir(111) formazanate complexes were also prepared with
two different chelating modes (“open” and “ closed” form) and in most cases the “open”
form were major products. However, different coordination modes minimally impact the
orbital energy and similar absorption and redox behaviors.>’

In addition, a new route for the preparation of nitrogen-rich azo-triazolide Ir(111) complexes
was discovered via cyclization of 3-cyanodiarylformazanate ligands when we tried to
introduce some sterically demanding substituents, but they still share similar orbital structures
and redox behaviors with their formazanate congeners. That said, there is a distinct blue-shift
in absorption compared with formazanate compounds due to the major transition not from
HOMO—LUMO, as is typical in formazanate compounds, but from (HOMO—-1)—LUMO
(azo-triazolide compounds), with clear evidence from electrochemistry and DFT
calculations.®®

Then, we tried to further highlight and expand the coordination chemistry of formazanates
to polynuclear compounds with the introduction of 2- and 4-pyridyl substituents on R®
position of formazans. A series of dinuclear flexidentate formazanate Ir(111)/Pt(11) complexes
were obtained with different coordination modes, reflecting different coordination preferences
of 4-pyridylformazanates for Ir(111) and Pt(I1) metal centers. Only Pt(1l) complexes are
available for 3—(2-pyridyl)formazanate. Their UV-vis absorption could be impacted
exclusively by the coordination on the backbone of formazanate and some of abnormal-

chelating dinuclear compounds showed distinct red-shift absorption compared with others
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with a smaller HOMO-LUMO gap whereas the only dimeric metallacycle prepared exhibits a
unique absorption at around 510 nm, resulting from the separation of two intense absorption

after mixing of two same excited states.*®
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2 Chapter Two Homoleptic Platinum Azo-iminate Complexes via

Hydrogenative Cleavage of Formazans

Reproduced with permission from Inorg. Chem. 2018, 57, 9468-9477. Copyright 2018

American Chemical Society.

2.1 Introduction

Redox-active ligands have been intensely studied over many years in the contexts of basic
coordination chemistry,>328 bioinorganic chemistry,* and catalysis.>® Complexes of redox-
active ligands include ligand-centered frontier orbitals, typically of = symmetry, that facilitate
multi-electron redox reactivity,” bond activation chemistry,® and excited-state charge
separation® enabled by adding or removing electrons from the redox-active ligand. There are
many categories of redox-active ligands that have emerged, and one which has received some
attention are azo-oximates (Scheme 2.1), which have been coordinated to most late transition
metals®®-%2 and also used to assemble polymetallic structures.53-% As shown in Scheme 1,
3H*/2e proton-coupled reduction of azo-oximates can generate azo-imines, which can be
further reduced by one additional electron to form 5-w-electron, radical anion azoiminates.
This transformation has been observed in palladium® and iridium complexes,® applying
ascorbic acid or sodium borohydride to provide the reducing equivalents, and in rhenium

complexes®® via oxygen-atom transfer to the metal or a phosphine acceptor.
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Scheme 2.1 The conversion from azo-oximate to azo-iminate.

Despite the long-standing interest in azo-imine and azo-iminate redox-active ligands, there
is no rational synthesis available for this ligand class, and templated syntheses starting with
azo-oximates are not general across all transition metals, hence the sparse reports. As an
example, whereas homoleptic palladium complexes of azo-iminates can be prepared by
reduction of azo-oximates,®’ analogous reactions with isostructural platinum complexes
results in proton-coupled electron transfer to the ligand but no N—O bond cleavage.’® These
observations motivate continued pursuits of alternative methods for preparing azo-oximate
complexes, to expand the coordination chemistry of these ligands to other transition metal

systems.

In this chapter, we show that platinum azo-iminate complexes, which were not accessible
using azo-oximate precursors, can instead be prepared from triarylformazan precursors.
Triarylformazans are an important class of redox-active ligand in their own right,26:31:4049
receiving considerable recent attention as supporting ligands for transition metal compounds
and for their redox activity and optical properties. Recent work has also begun to characterize
the chemical noninnocence of formazans, where reduction of formazanate complexes is
sometimes accompanied by bond rearrangements.?”:"%:’2 The new mode of reactivity described
here, templated, reductive cleavage of formazanates to form azo-iminates, further highlights
the redox and chemical reactivity of formazanates and gives access to a new class of

compounds.
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2.2 Results and Discussion

2.2.1 Synthesis

Scheme 2.2 shows the synthesis of the four homoleptic platinum azo-iminate compounds
described here. In an attempt to prepare homoleptic platinum formazanate complexes, free
triarylformazans (Fza—Fzd) were treated with the common platinum(ll) precursor cis-

Pt(DMSO0).Cl>" in refluxing methanol with excess sodium carbonate present. Instead of the
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EtOH reflux \ /

PUDMSOLCl  +2 o\ +6H" +6e” / \

‘ | 2 DMSO, —2 HNEL, HNEt,CI, R*Q N-H
NH N -H20, -CO2

oM, SR

1 RS

Fza: R' = R® = Me, R® = OMe R®

Fzb: R'=R%=R%=OMe

Fzc:R'=R%=CN, R®= Me N 31a: R' = R% = Me, R® = OMe
Fzd: R' = R®=Me, R®=CN | I 31b: R' = R%=R%= OMe

NH N 31c:R"=R%=CN, R®* = Me
/©/ \©\ 31d: R'=R%=Me, R®=CN
Fze: No reaction under
same conditions

R

Scheme 2.2 Synthetic route of platinum azo-iminate complexes.

expected bis(formazanate) products, bis(azo-iminate) complexes 31a-31d were formed
instead as major products, releasing the respective substituted aniline as a byproduct. The
reaction operates with a variety of triarylformazans, tolerating both electron-donating (Me or
OMe) and electron-donating substituents at either the site of N=N bond cleavage (R/R®) or at
the central position of the backbone (R®). Under these conditions, modest yields of 27-40%

were obtained and when replacing methanol with higher-boiling ethanol, no improvement in
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yields was detected but the combination of ethanol with triethylamine, the more soluble but

slightly stronger base, induced higher yields of products (60—73%).

Although a detailed mechanism is still not apparent, there are some evidence consistent
with the notion that the reduction of chelating formazanate accounts for the rearrangement
and formation of 31a—31d. The alcohol solvents are presumably the source of electrons and
protons for the cleavage reaction, supported by the observation that no reaction was observed
when triarylformazans and cis-Pt(DMSO).Cl. are combined in refluxing CH2Cl2 with NEts as
the base. In our previous work on heteroleptic platinum formazanate complexes,>>°
formazans were not reduced under the similar conditions when chelating cyclometalated
platinum precursors, suggesting the reduction of formazans in the presence of Pt(I1)
complexes depends on the nature of platinum precursors. We also set some intermediate
checkpoints and only unreacted formazans and related products 31a—31d were detected with
no evidence for any formazan degradation products or formazanate complexes, indicating the
high stability of formazan under the reaction conditions. We have not investigated many Pt
precursors, but we observed the low yields of 31a/b (13%/18%) when Pt(dtbbpy)Cl. (dtbbpy
= 4 4’-di-tert-butyl-2,2’-bypyridine) was treated with formazans with excess Na,COzs. Table
2.1 summarizes a variety of reactions and conditions during the optimization of the reaction
describe in Scheme 2.2, consistent with the idea that alcohol solvent offer both protons and
electrons to coordinated formazanate ligands for the formation of azo-iminate compounds.
Interestingly, 3-cyanodiarylformazan Fze (Scheme 2.2) does not react, and under the same
conditions as used for the synthesis of 31a—31d only unreacted starting material was

recovered. The related NMR data are shown in Figure S1-S8 in appendix.
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Table 2.1 Summary of reactions and conditions used to prepare platinum azo-iminate
complexes.

Reagents Conditions Outcomes

cis-Pt(DMS0):Cl2+Fza-Fzd+Na2CO03 Methanol, reflux, 36h Formation of 31a-31d with isolated yields of
36%(31a), 40%(31b), 33%(31c) and

27%(31d)
cis-Pt(DMSO0)2Clz+Fzb&Fzc+Na2C03 Ethano], reflux, 36h Formation of 31b&31c with isolated yields of
42%(31b) and 33%(31c)
cis-Pt(DMSO0)2Clz+Fza-Fzd+NEts Ethano], reflux, 36h Formation of 31a-31d with isolated yields of
63%(31a), 73%(31b), 66%(31c) and
60%(31d)
cis-Pt(DMSO0):Cl2+Fza-Fzd+NEts3 CHzCly, reflux, 36h No reaction
Pt(bpy)Cl2+Fza&Fzb+Na2CO03 Methanol/Ethanol, No reaction

(bpy = 2,2’-bipyridine) reflux, 36h

Pt(dtbbpy)Cl2+Fza&Fzb+Na2CO3 Methanol, reflux, 36h Formation of 31a&31b with isolated yields of
(dtbbpy = 4,4’di-tert-butyl-2,2’- 13%(31a) and 18%(31b)
bipyridine)

2.2.2 X-ray Crystallography

The structures of 31a—-31d were confirmed by single-crystal X-ray diffraction and are
shown in Figure 2.1, with refinement data summarized in Table 2.2. In all cases the two azo-
imine ligands are situated in a trans arrangement, and the imine N-H hydrogen atoms were
located in the difference map in each case and refined with an affixed distance of 0.88 A. The
crystal structures are consistent with electronic structures best described as formally Pt(I1)
with two 5-r-electron monoanionic azo-iminate ligands. The structures are rigorously planar;

the sums of the bond angles about the Pt center are exactly 360° in each case with deviations
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Figure 2.1 X-ray crystal structure of complexes 31a—31d, with ellipsoids shown at the 50%
probability level and carbon-bound hydrogen atoms omitted. In the bottom diagrams bond
lengths are shown in A with esd values in parentheses, and only the crystallographically
independent distances are provided.

of the platinum centers from the main coordination plane (N1, N3, N4 and N6) < 0.010 A,
consistent with a formally Pt(Il) oxidation state. Furthermore, the bond distances of the azo-
iminate ligand (see Figures 2.1) are suggestive of a radical anion core. In particular, the N-N
bond distances, which range between 1.339(4) A and 1.361(6) A across the series of
compounds, are significantly longer than the ~1.28 A distances typically observed in non-
radical azo-ligands and consistent with population of an azo-centered n* orbital.5"%"* There
are no significant variations in the bond lengths and angles in 31a—31d, which differ with

respect to the substituents on the aryl positions.
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Table 2.2 Summary of X-ray crystallographic data for azo-iminate complexes 31a-31d

31a+CH2Cl2 31beCH:Cl: 31c 31d«2THF
CCDC 1568976 1568977 1568978 1568979
Crystal data
Chemical formula C31H32Cl2N602Pt | C31H32C12N604Pt C30H24NsPt C38H40NgO2Pt
M: 786.61 818.61 691.66 835.87
Crystal system, space | Monoclinic, P21/n | Monoclinic, P21/n Triclinic, P1 Triclinic, P1
group
Temperature (K) 123 123 296 296
a,b,c(A) 14.4014(15), 14.256(13), 5.3187(15), 5.7040(17),
7.5559(8), 7.461(7), 10.526(3), 10.947(3),
27.101(3) 28.94(3) 12.290(3) 13.848(4)
o, By (%) 90, 90, 85.152(3), 92.091(3),
91.4939(14), 91.835(12), 86.114(3), 98.388(3),
90 90 86.192(3) 93.512(3)
Vv (43) 2948.0(5) 3077(5) 682.8(3) 852.9(4)
Z 4 4 1 1
i (mm-1) 4.98 4.78 5.17 4.16

Crystal size (mm) 0.33 x0.12 x 0.05]0.19 x 0.07 x 0.01 | 0.29 x 0.06 x 0.02 | 0.39 x 0.18 x 0.04

Data collection

Tmin, Tmax 0.557,0.746 0.530, 0.746 0.581, 0.746 0.522,0.746
No. of measured, 14286, 16934, 9154, 10771,
independent, and 6457, 6734, 3123, 3760,
observed [I > 26(1)] 5140 5254 3121 3758
reflections
Rint 0.036 0.038 0.032 0.032
(sin 8/0)max (A1) 0.641 0.641 0.651 0.641
Refinement
R[F? > 20(F?)], wR(F2),S| 0.040, 0.107, 0.034, 0.094, 0.023, 0.048, 0.027, 0.067,
1.11 1.07 1.07 1.08
No. of reflections 6457 6734 3123 3760
No. of parameters 417 435 182 273
No. of restraints 67 63 1 210
Apmax, Apmin (e A-3) 1.39,-2.49 1.36,-1.58 0.92,-1.08 1.27,-1.78

2.2.3 UV-vis absorption

The azo-iminate platinum complexes are all highly colored, appearing dark green in

solution, in contrast to the free formazan precursors (Fza—Fzd), which appear deep red. UV-
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vis spectra for the complexes are shown in Figure 2.2, with a summary of the data in Table
2.3. In addition to intense peaks in the UV (A < 350 nm) attributed to localized n—n*
transitions of the aryl substituents, an intense absorption beyond 600 nm dominates the
spectrum. The wavelengths of the visible absorption maxima span a narrow range of only 19
nm (400 cm™1), between 676 nm (31a) and 695 nm (31c). These wavelengths are blue-shifted
by 45-64 nm (880-1300 cm™) from a previously characterized unsubstituted Pd(I1) bis-azo-
iminate complex, which has a peak absorption at 740 nm.®” This low-energy transition in
Pd(I1) analogues has been previously assigned to a fully allowed a,—bg HOMO—LUMO
transition, and an identical assignment is proposed for the Pt(1l) analogues described here,

which is confirmed by DFT calculations described below.
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Figure 2.2 Overlaid UV-vis absorption of azo-iminate complexes 31a—31d.

Table 2.3 Summary of UV-vis absorption data. Spectra were recorded in CH,Cl..

A/nm (g x10-3 / M-1cm-1)

31a 280 (31), 342 (24), 416 (sh) (5.7), 676 (32)
31b 274 (28), 351 (21), 431 (8.5), 681 (30)
31c 296 (14), 345 (18), 695 (22)

31d 302 (6.7), 364 (3.9), 391 (4.2), 677 (7.9)
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The previously described Pd(11) analogues also exhibited substantial ligand-to-metal charge
transfer (LMCT) character in their HOMO—LUMO transition,®’ and we also see evidence for
some charge-transfer character in complexes 31a—31d. UV-vis spectra were recorded in three
solvents of varying polarity (toluene, CH2Cl2, and MeOH), and the low-energy band was
observed to exhibit measurable solvatochromism in each case. Figure 2.3 displays the
overlaid normalized absorption spectra in the three solvents, and Table 2.4 summarizes the
observed absorption maxima. The low-energy absorption maximum is the most sensitive to
the change in solvent polarity, shifting hypsochromically as the solvent is varied from toluene
(e = 2.38) to dichloromethane (& = 8.93) to methanol (& = 33.0).”® The absorption maximum
blue-shifts by only 4-6 nm (87—130 cm™t) when moving from toluene to CH2Cl,, but an
additional blue shift of 12-16 nm (270-350 cm™?) is noticed when changing the solvent from
CH2Cl> to MeOH. These observations are consistent with the notion that the HOMO—LUMO

transitions which are primarily azo-iminate-centered also involve significant charge-transfer

character.
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Figure 2.3 Overlaid UV-vis absorption spectra of 31a—31d recorded in different solvents and
all spectra were recorded at room temperature and are normalized to thel ow-energy
absorption maxima.
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Table 2.4 Summary of UV-vis absorption maxima in different solvents.

A/ nm
Toluene—CH2Clz-»MeOH
31a 345-342-337,420-416-412, 682-676—662
31b 35253515345, 43154315427, 686—681-665
31c 298-296-295, 349-345-338, 701-695-681,
31d 304—-302—-299, 364—364—358,390—-391-387,681-677-665

2.2.4 Electrochemistry

The redox properties of the new complexes were evaluated by cyclic voltammetry, with
overlaid voltammograms shown in Figure 2.4 and redox potentials summarized in Table 2.5.
Each complex shows two oxidation and two reduction features within the accessible window.
The first oxidation is electrochemically irreversible, whereas the second is reversible. In all
four cases the first reduction is reversible, and for cyano-substituted complexes 31c and 31d
the second reduction is also reversible. The potentials of the redox features are responsive to
the substitution pattern of the azo-iminate ligand, such that complexes with electron-donating
substituents (31a and 31b) are easier to oxidize and more difficult to reduce than the
congeners with electron-withdrawing groups (31c and 31d). The redox potentials for
complexes 31a and 31b are quite similar and replacing the R* Me group in 31a with a second
OMe group in 31b results in a 50-100 mV cathodic shift of the potentials. For example, the
reversible reduction in complex 31a appears at —1.40 V vs. Fc*/Fc, whereas that for complex
31bis at —1.45 V. Larger perturbations are achieved with electron-withdrawing cyano
substituents, which result in an anodic shift of all redox features. The potentials are most
sensitive to incorporation of electron-withdrawing groups at the R* azo position, and in

complex 31c the reversible reductions occur at —1.03 and —1.45 V, compared to —1.25 and —
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1.85 V for isomeric complex 31d. The separation between the reduction and oxidation
potentials is quite similar in most cases, with a difference of 1.45-1.63 V between the
reversible first reduction and the Ep for the first oxidation, suggesting that the HOMO and
LUMO are similarly sensitive to substituent changes and HOMO-LUMO gaps are similar for
all complexes. The electrochemical features of these compounds are similar to those reported
for an unsubstituted Pd(I1) analogue, and in analogy to this previous work we assign both the
oxidation and reduction waves to primarily ligand-centered events involving azo-iminate ©*
orbitals.®” The high sensitivity of the redox waves to substituents at the azo position is

consistent with larger contribution of the azo prx orbitals to the HOMO and LUMO.
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Figure 2.4 Overlaid cyclic voltammograms of complexes 31a-31d, recorded in CH.Cl, with
0.1 M NBu4PFe electrolyte, using a glassy carbon working electrode, platinum wire counter
electrode, and silver wire pseudoreference electrode. Potentials were referenced to an internal
ferrocene standard, and currents are normalized to bring the plots onto the same scale.

Cyclic voltammograms were also recorded at —60 °C, as representative 31d shown in
Figure 2.5. The reduction waves are virtually unperturbed by changing the temperature while
the first oxidation is almost reversible, but becomes irreversible rapidly after the second

oxidation is processed. At —60 °C the first oxidation becomes completely reversible in

32



Table 2.5 Summary of electrochemical data of all azo-iminate complexes

E/V
1st Oxidation 2nd Oxidation2 1st Reductiona 2nd Reduction
31a +0.072 +0.43 -1.40 -2.07v
31b +0.05b +0.32 -1.45 -2.13b
31c +0.42b +0.71 -1.03 -1.452
31d +0.38¢ +0.67 -1.25 -1.852

a Reversible peaks. b Irreversible peaks. ¢ Reversible only at -60 °C

complex 31d when sweeping only to the first oxidation and allowing a half-wave potential of
+0.38 V to be determined for this couple but it remains irreversible at —60 ° when the second

oxidation wave is accessed.
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Figure 2.5 Cyclic voltammograms of complex 31d, recorded at room temperature and —60 °C
in CH2Cls. A glassy carbon working electrode, platinum wire counter electrode, and SCE
reference electrode were used. Potentials were shifted to the ferrocene scale to match the

Figure 2.4.

Further insight into the oxidation waves was obtained by recording voltammograms (anodic
sweeps) in the presence of increasing amounts of trifluoroacetic acid (TFA), as shown in

Figure 2.6. The first oxidation wave shifts anodically and gradually becomes more reversible
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(smaller peak-to-peak separation) as acid is added. The second oxidation wave is unaffected
by acid, and in the presence of excess acid (< 500 equiv) the two oxidation waves collapse
into one reversible two-electron wave. A plot of Epa vs. log[H*], shown in Figure 2.7, has a
slope of 138 mV / decade, consistent with a 2-proton process. In addition, when complex 31d
is titrated with acid, distinct changes in the UV-vis absorption spectrum are observed,
including a broadening of the low-energy HOMO—LUMO transition and a shift of Amax from
677 to 684 nm, among other changes. All of these data are consistent with an electrochemical
mechanism whereby complex 31d is initially protonated twice by TFA, likely at the

unsubstituted nitrogen atoms on the backbone. The first oxidation results in loss of both of

~_~ = 0equiv

[\—/;_J 10 equiv

A A , 50 equiv
/ T -

~~——7 200 equiv

."‘I‘ :‘:_—,-> 500 equiv
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Figure 2.6 Cyclic voltammograms of complex 31d, with anodic sweeps only, recorded in the
presence of increasing amounts of trifluoroacetic acid. The voltammograms were recorded in
CH:CI> with 0.1 M NBu4PFs electrolyte, using a glassy carbon working electrode, platinum
wire counter electrode, and SCE reference electrode. Potentials were shifted to the ferrocene
scale to match Figure 2.4.
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these protons, explaining the acid-dependence of the first oxidation potential, whereas the
second oxidation is not coupled with proton loss. At high enough acid concentration, the first
oxidation becomes coincident with the second, and a crossover to a two-electron concerted

oxidation occurs.
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Figure 2.7 Plot of Epa vs. log [H*] for the first oxidation wave when complex 31d is titrated
with trifluoroacetic acid.

2.2.5 DFT calculations

Gas-phase DFT computations on complex 31c were used to evaluate aspects of the frontier
orbitals and UV-vis absorption transitions, and they are consistent with the experimental
observations described above. The optimized structure is a singlet diradical (S = 0), with a
HOMO that is delocalized over both azo-iminate ligands. Figure 2.8 shows plots of the
computed HOMO and LUMO orbitals, along with a depiction of the structure in the same
orientation. The HOMO and LUMO are mostly comprised of azo-iminate &t orbitals, and are

very similar to the frontier orbitals of a previously reported, unsubstituted Pd analogue.®” The
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HOMO has ay, symmetry with significant azo N=N antibonding character, consistent with the
slightly elongated N=N bonds described above. The LUMO is an out-of-phase, bg-symmetric
combination of the same azo-iminate SALCs found in the HOMO. The major difference
between the HOMO and LUMO is the contribution from the platinum center, which totals

only 0.31% in the HOMO, but is 12.56% in the LUMO (on the basis of electron density). In

\©\(N~7N1@0N
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Figure 2.8 Computed HOMO and LUMO plots of complex 31c

the HOMO, the aryl substituents all contribute nearly equally, consistent with the observation
that the first oxidation potentials of 31c and 31d, where the electron-withdrawing group is
rotated between the two positions, are nearly identical. In contrast, the LUMO has about
double the contribution from the N-bound aryl groups as from the C-bound aryls. This
computational observation is also consistent with the electrochemical data, where we observe
that placing the electron-withdrawing cyano group at the N-aryl position (complex 31c, E = —
1.03 V) perturbs the first reduction potential to a greater extent than when the same
substituent is in the other position (complex 31d, E =-1.25 V). Time-dependent density
functional theory was used to evaluate the low-energy UV-vis absorption transition, observed

at 695 nm experimentally (CH2Cl,). The computed transition occurs at 740 nm with an
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oscillator strength of 0.4543, and is exclusively a HOMO—LUMO transition. Given the
differential contributions from the platinum atom to the frontier orbitals, this low-energy band
IS best characterized as primarily a ligand-centered (=—m*) transition with significant ligand-
to-metal charge transfer (LMCT) character, in line with the measurable solvatochromism

described above.

2.2.6 Spectroelectrochemistry
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Figure 2.9 UV-vis-NIR spectroelectrochemistry of complex 31d in CH.Cl, with 0.1 M
NBu4PFe electrolyte, showing two successive oxidation (a & b) and reductions (¢ & d). The
applied potential was 0.6 V vs. Fc*/Fc (first oxidation), 1.0 V (second oxidation), —1.4 V (first
reduction) and —2.0 V (second reduction).

To further investigate the nature of the oxidized and reduced species, UV-vis
spectroelectrochemistry was conducted on complex 31d. (Figure 2.9) Controlled potential
electrolysis was used to generate both the one- and two-electron oxidized and reduced species

and clear isobestic points are observed, suggesting the absence of spectral intermediates
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during the reactions with only two species inside the solutions. The reduction by two electrons
could induce much more significant changes to the absorption profile. The first reduction,
which occurs with an applied potential of —1.4 V vs. Fc*/Fc, results in a decrease in intensity
with some red shift from 680 nm to 718 nm. In addition, another visible band grows in at 466
nm. This appearance of a split band of the low-energy n—m* transition is consistent with a
ligand-based radical anion being formed, reminiscent of UV-vis spectra of reduced
formazanate complexes, either isolated?® or generated via in situ electrochemical reduction.’®
Upon second reduction, as shown in Figure 2.9d, the band at 466 nm grows in intensity when
shifting to 456 nm, and the band at 718 nm diminishes while a new band at 988 nm appears.

These spectra are consistent with both reductions being localized on the azo-iminate © system.

2.3 Conclusion

In this work, we show a new route for the preparation of homoleptic platinum azo-iminate
complexes. The templated synthesis involves proton-coupled electron transfer to a
formazanate which is accompanied by N-N bond cleavage, highlighting the redox and
chemical reactivity of formazanates and offering a convenient route to prepare previously
unreported platinum complexes. X-ray crystal structure data, cyclic voltammetry, and UV-vis
absorption spectroscopy are all consistent with an electronic structure where a formally Pt(I1)
center is bound by two radical anion azoiminate ligands; the radicals couple in the delocalized
HOMO to give diamagnetic singlet diradical species. The electrochemistry and optical
properties are dominated by the azo-iminate 7 system, though some mixing of Pt-centered
orbitals perturbs these features from those of previously reported Pd analogues. In future work

we aim to develop routes to prepare heteroleptic azoiminate complexes, where the ancillary
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ligand can further influence the redox and optical properties of the compounds, and also
explore applications of these compounds enabled by the accessible ligand-based redox

chemistry and strong visible absorption.

2.4 Experimental Section

2.4.1 Materials.

Dry solvents were obtained from a Grubbs Solvent Purification System and degassed with
argon. Starting materials and reagents, unless otherwise specified, were obtained from
commercial sources and used without further purification. The precursors cis-Pt(DMS0),Cl,"
and the formazans Fza—Fzd’’” were prepared by literature procedures. Tetrabutylammonium
hexafluorophosphate (TBAPFg) was recrystallized from hot ethanol and ferrocene was

sublimed at ambient pressure before use in electrochemical experiments.

2.4.2 Physical Methods.

'H and *C{*H} NMR spectra were recorded at room temperature using an ECA-600 NMR
spectrometer and are shown in appendix. UV-vis absorption spectra were recorded in screw-
capped 1 cm quartz cuvettes using an Agilent Carey 8454 UV-vis spectrophotometer. Cyclic
voltammetry (CV) experiments were performed with a CH Instruments 602E potentiostat
using a three-electrode system in a nitrogen-filled glove-box or with an EG&G Princeton
Applied Research (PAR) 173 potentiostat coupled to an EG&GPAR Model 175 Universal
Programmer. Current—voltage curves were recorded on an EG&G PAR R-0151 X-Y
recorder. A 3 mm diameter glassy-carbon working electrode and Pt wire counter electrode

were used for all cyclic voltammetry experiments; a silver wire pseudo-reference electrode or
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a saturated calomel reference electrode (SCE) were used. Measurements were carried out in
dichloromethane solution with 0.1 M TBAPFs as a supporting electrolyte at scan rate of 0.1
V/s. Ferrocene was used as an internal standard when employing a silver wire pseudo-
reference, and all potentials were referenced to the ferrocene/ferrocenium couple. Thin-layer
UV-vis spectroelectrochemical experiments were performed with a commercially available
thin-layer cell purchased from Pine Instruments Inc. Potentials were applied and monitored
with an EG&G PAR model 173 potentiostat. High-purity nitrogen from Trigas was used to
deoxygenate the solution, and a stream of nitrogen was kept over the solution during each
electrochemical and spectroelectrochemical experiment. Bulk purity for all complexes is
established by elemental analysis, performed by Atlantic Microlab, Inc. (Norcross, GA). tH
and *C{*H} NMR spectra of all compounds are also shown in the Appendix and provide

additional evidence for sample purity.

2.4.3 Computational Details.

Geometry optimizations and time-dependent density functional theory (TD-DFT)
computations for 31c were performed in the gas phase at the M06-2X level employing
Gaussian09. The 6-211+(g,d) basis set was used for C, H, and N, whereas the Lanl2dz basis
set with effective core potential (ECP) was used for Pt. The optimized geometry of 31c
matches well with its crystal structure. TD-DFT computations quantified the HOMO —
LUMO transition oscillator strength and composition of the one-electron excitation transition

and were carried out at the same level of theory.
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2.4.4 X-ray Crystallography Procedures.

Single crystals were grown by vapor diffusion of pentane into concentrated CH2Cl»
solutions. Crystals were mounted on a Bruker Apex Il three-circle diffractometer using MoKa
radiation (A = 0.71073 A), conducted by Prof.Teets. 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."® Carbon-bound hydrogen atoms were placed in calculated positions using the
standard riding model and refined isotropically, whereas the N—H hydrogen atoms were
located in the difference map, affixed to a distance of 0.88 A, and also refined isotropically.
All non-hydrogen atoms were refined anisotropically. The structure of complexes 31a, 31b,
and 31d all contained disordered solvent molecules. 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.

2.4.5 Synthesis of complexes

Complex 31a. cis-Pt(DMSO0).Cl> (30 mg, 0.071 mmol) and Fza (51mg, 0.142 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 purple to dark green. The reaction completion was confirmed by TLC. The
ethanol was removed using rotary evaporation and the product was re-dissolved in DCM and
purified by column chromatography of Aluminum oxide with an eluent of the mixture of ethyl
acetate and hexane (ratio 1:9). The final product was further purified by recrystallization from

CH,Clo/pentane. Yield: 31 mg (63%) *H NMR (600 MHz, CDCls) & 7.81 (dd, J = 14.7, 8.4
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Hz, 8H, ArH), 7.51 (s, 2H, NH), 7.34 (d, J = 8.1 Hz, 4H, ArH), 6.94 (d, J = 8.8 Hz, 4H, ArH),
3.85 (s, 6H, OCHa), 2.47 (s, 6H, CH3). *C{*H} NMR (151 MHz, CDCl3) & 168.4, 161.0,
153.2, 137.5, 129.8, 128.3, 125.2, 124.1, 114.2, 55.5, 21.3. Anal. Calcd for C3H3oNsO2Pt: C,

51.35, H, 4.31, N, 11.98. Found: C, 51.24, H, 4.38, N, 11.91.

Complex 31b. The title compound was prepared by the general method described above for
complex 31a, using cis-Pt(DMSO0)Cl> (30 mg, 0.071 mmol) and Fzb (56 mg, 0.14 mmol).
Yield: 38 mg (73%). *H NMR (500 MHz, CDCls) § 7.87 (d, J = 8.6 Hz, 4H, ArH), 7.83 (d, J
= 8.5 Hz, 4H, ArH), 7.45 (s, 2H, NH), 7.09 (d, J = 7.3 Hz, 4H, ArH), 6.95 (d, J = 8.6 Hz, 4H,
ArH), 3.93 (s, 6H, OCHz), 3.85 (s, 6H, OCHz). *C{*H}NMR (151 MHz, CDCls) § 168.3,
161.0, 159.4, 149.4, 128.3, 126.3, 124.2, 114.4, 114.2, 55.8, 55.5. Anal. Calcd for

CaoH30NeO4Pt: C, 49.11, H, 4.12, N, 11.45. Found: C, 48.84, H, 4.09, N, 11.19.

Complex 31c. The title compound was prepared by the general method described above for
complex 31a, using cis-Pt(DMSO0)2Cl2 (30 mg, 0.071 mmol) and Fzc (52 mg, 0.14 mmol).
Yield: 33 mg (66%). *H NMR (600 MHz, DMF-d7) 5 9.67 (s, 2H, NH), 8.19 (s, 4H, ArH),
8.14 (s, 4H, ArH), 8.10 (s, 4H, ArH), 7.37 (s, 4H, ArH), 2.41 (s, 6H, CHs). *.C{*H} NMR
(151 MHz, DMF-d7) 6 169.8, 157.9, 140.3, 133.4, 129.4, 128.4, 127.9, 127.0, 119.3, 109.5,
20.7. Anal. Calcd for CaoH24NsgPt: C, 52.10, H, 3.50, N, 16.20. Found: C, 52.21, H, 3.48, N,

16.35.

Complex 31d. The title compound was prepared by the general method described above for
complex 31a, using cis-Pt(DMSO)Cl> (30 mg, 0.071 mmol) and Fzd (48 mg, 0.14 mmol).
Yield: 30 mg (60%). *H NMR (500 MHz, CDCls ) & 8.01 (s, 4H, ArH), 7.81 (s, 4H, ArH),

7.74 (t, J = 8.6 Hz, 4H, ArH), 7.69 (s, 2H, NH), 7.41 (d, J = 8.1 Hz, 4H, ArH), 2.50 (s,
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6H,CH3). BC{*H} NMR (151 MHz, CDCls) § 152.8, 138.7, 135.1, 133.9, 132.5, 129.8, 127.3,
125.2,118.6, 113.0, 21.4. Anal. Calcd for C3oH2sNsPt: C, 52.10, H, 3.50, N, 16.20. Found: C,

52.03, H, 3.59, N, 16.08.
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3 Chapter Three Formazanate Complexes of Bis-Cyclometalated
Iridium

Reproduced with permission from Inorg. Chem. 2019, 58, 11672-11683. Copyright 2019

American Chemical Society.

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.>8-#2 The monoanionic form of formazans,
formazanates, have become a well-known N-chelating ligand class in recent years, structurally
analogous to the ubiquitous p-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 B-diketiminates.238¢ 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 stabilzed LUMOs in formazanates result in relatively stable reduced
products, greatly expanding the redox chemistry of these complexes in small-molecule

activation and other contexts.?8:5187

44



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,*¢888° 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 complexes.?>?
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, 930323336 finding applications as cell-imaging agents,3641
electrochemiluminescence emitters,® multifunctional polymers,*2 and precursors to a wide

range of BN heterocycles.*>*

Despite 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.®’~1% Since the strong orbital overlap
between radially extended 5d orbitals and the formazanate w 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 and focusing on

third-row transition metal complexes of formazanates.
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Herein, we describe a diverse set of cyclometalated iridium(I11) formazanate complexes.
Cyclometalated iridium(I11) compounds have been extensively studied in a number of
contexts, %1% primarily due to their good thermal and photostability, relatively short
phosphorescence lifetime, and high photoluminescence quantum yields. Although the
synthetic chemistry of cyclometalated iridium(I11) formazanates largely parallels that of our
previous cyclometalated platinum(I1) formanazanate series,>** moving from platinum(ll) to
iridium(111) give us a chance to assess the different effects of coordination geometry and d-
electrons on the structural chemistry, photophysical and redox properties of 5d metal
formazanates. We here describe 18 new cyclometalated iridium(I11) formazanate complexes
of the type Ir(C"N)2(formazanate) (C*N = cyclometalating ligands) featuring 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, denoting two coordination
modes for the formazanate. The substitution patterns on the formazanate strongly influence
the observed ligand-centered redox potentials, with subtle influences from the variety of C*N
ligands, suggesting the mixing between iridium d-orbitals and formazanante & orbitals. This
work demonstrates that alteration of both 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 Synthesis

Scheme 3.1 depicts the general synthetic procedure of the series of 18 heteroleptic
cyclometalated iridium formazanate complexes of the type Ir(C~N).(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), are paired with all six

R1

|© C|©

D Q C
I oLlen, | N=N o _EuNEtOH, e iy \ . Gl N_N) .
/ ~N / \ _ reflux 36h / N R3 AN\
C HN— C ) i
AN N
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R5
Q z N© S N N 32c 32e 32f 33a 33b 32b* 324"
33c 33d 33e 33f 34a

ppy(32) F2ppy (33) bt( 34 ) pig( 35 34b 34e 34f 35a 35b
35f

Fza: R'= R® = OCHg; R3= p-CgH,-CH3
Fzb: R'= R5 = R%= p-CgH4-OCH;

Fzc: R'=R®=CN; R%= p-CgHy-CHg
Fzd: R'= R5 CHg; R%= p-CgH4-CN
Fze: R'= RS = CH3; R®=CN

Fzf: R'=R5=CN;R3=CN

Scheme 3.1 Synthetic route of formazanate Iridium complexes with the major product listed
in right boxes.

formazanates studied here (Fza—Fzf), to produce products 32a—32f and 33a-33f, while the
other two C”N ligands, 2-phenylbenzothiazole (bt) and 1-phenylisoquinoline(piq), are used to
prepare a smaller subset of complexes (34a, 34b, 34e, 34f, 35a, and 35f). The chloro-bridged
dimers [Ir(C*N)2(u-CI)]2 are treated with a stoichiometric amount of free formazan in ethanol
in the presence of excess triethylamine, by refluxing for 20—-36 hours. The reaction always

works and tolerates a variety of electronically modified formazans with different

47



combinations of electron-donating (-CHzs, -OCHz) and electron-withdrawing (-CN)
substituents at either RY/R® or at the central position R®. Reactions involving
triarylformazanates (Fza—Fzd) revealed an apparent color change from purple (free formazan)
to dark green or blue upon coordination of the formazanate to iridium. In contrast, in reactions
involving diaryformazanates (Fze & Fzf) the color of the product stays the same with the free

formazan. The isolated yields vary from 43-80% across the series.

NMR analysis of crude reaction mixtures indicates the possibility of two isomeric products.
In particular, some of the complexes with electron-donating substituents on the formazanate,
32a, 32b, 34a, 34b and 35a, as well as 32d (R® = p-CsH4-CN), initially showed the presence
of two products in their 'H NMR spectra, one with apparent C2 symmetry and one with C;
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 the other the more typical six-member chelate “closed” form, binding through the 1-
and 5-positions and denoted by a prime symbol ('). Varying the reaction solvent
(dichloromethane, tetrahydrofuran) and temperature did not significantly impact the isomeric
ratio, neither did prolonged heating. Chromatographic purification was not effective since
both isomers are similar in polarity while recrystallization of the above-mentioned products
was generally a good approach with successfully isolation of 34a, 34b, and 35a as the C;-
symmetric “open” form with little amount of the “closed” isomer present. Conversely, for the
C~N = ppy series recrystallization resulted in the isolation of 32b’ and 32d’ exclusively as the

Co-symmetric “closed” isomer, whereas 32a was isolated as a mixture of isomers even after
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repeated recrystallization attempts. The remaining triarylformazanate iridium complexes were
all isolated in the five-member chelate conformation, as were all diarylformazanate
complexes involving Fze and Fzf. To summarize, 15 of the 18 complexes were purified as the
five-member chelate “open” form, whereas only 32b' and 32d’ were obtained in the “closed”
form and 32a was isolated as a mixture of both isomers. All of the compounds are air and
moisture stable and fully characterized by *H, 3C{*H} and *°F (for 33a-33f) NMR
spectroscopy and elemental analysis, which establish identity and bulk purity. NMR
spectroscopy is especially useful for distinguishing the two isomers, with the Co-symmetric
“closed” isomer displaying chemical equivalency of the C*N ligands and the two RY/R®

substituents on the formazanate. Related NMR data are shown in Figure S9-S50 in appendix.

3.2.2 X-ray Crystallography
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Figure 3.1 X-ray crystal structure of complexes 32d’ (“closed”) and 33c (“open”), with
ellipsoids shown at the 50% probability level and hydrogen atoms omitted. The bottom stick
diagrams show bond lengths of 32d’ and 33c in A, with esd values in parentheses.
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Table 3.1 Summary of crystallographic bond distances (A) and angles (deg) of selected
complexes

32¢ 32d' 33a2 33c 33dp 33d" 33e
d (Ir-N3/4)c 2.208(8) 2173(3)  2.161(4) 2.152(2) 2210(5) 2.142(9) 2.155(6)
d (Ir-N6) 2.119(8) 2127(3)  2.125(4) 2.135(3) 2110(3) 2.110(3) 2.103(7)
d (N3-N4) 1318(11)  1.309(4)  1313(5) 1.278(3) 1.285(7) 1.325(12) 1.263(11)
d (N4-C1) 1376(12)  1.344(5)  1.383(5) 1.418(4) 1.400(6) 1.418(10) 1.397(11)
d (N5-C1) 1333(12)  1363(5)  1.328(6) 1.315(4) 1.349(5) 1.349(5) 1.314(12)
d (N5-N6) 1314(11)  1.294(4)  1313(5) 1.348(3) 1.297(4) 1.297(4) 1.304(8)
ZN(3/4)-Ir- 74.1(3) 82.45(11) 74.53(14) 74.45(9) 70.50(15) 945(3)  75.6(3)

N(6)d

a Average of two crystallographically independent molecules. b Both isomers disordered in the same crystal structure.

¢ Formazanate Ir-N distance. Relevant distance is Ir-N3 for “closed” isomers 32d’ and 33d’, and Ir-N4 for the rest. d

Formazanate N-Ir-N chelate angle. Relevant angle is £N(3)-Ir-N(6) for “closed” isomers 32d’ and 33d’, and ZN(4)-
Ir-N(6) for the rest.

The structures of 32c, 32d’, 33a, 33b, 33c, 33d’, 33e, 344, and 35a were confirmed by
single-crystal X-ray diffraction, with representative 32d’ and 33c shown in Figure 3.1.
Formazanate bond lengths and angles are summarized in Table 3.1 with refinement details
collected in Tables 3.2 and 3.3. The iridium metal center resides in the center of distorted
octahedral coordination geometry with two C”N ligands and one formazanate. 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(4)-2.033(4) A) and Ir-N bond distances involving the C*N ligands
(2.036(4)-2.091(8) A) of all complexes are similar to those of the previously reported
cyclometalated Ir complexes.1%:19 Complex 32d’ crystallized with the formazanate
exclusively in the six-membered chelate “closed” form, whereas in 33d both isomers were
present, modeled as a two-part disorder with 71% of the “open” form (33d) and 29% of the
“closed” form (33d’). 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(5) A and are significantly longer than

those in other formazanate chelate complexes (1.809-2.090 A).515455:90.91.107.108 The (ifferent
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Table 3.2 Summary of crystallographic data of 32d’, 32c and 33a.

32d'-0.5CHCl,

320-CH2C|2

33a

CCDC

191336

191337

191338

Crystal data

Chemical formula

Caa50H3sCIIrN7

C45H33C|2|I'N8

Ca4H33F41rNgO

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)
z 4 2 8
w (mm) 3.70 3.55 3.70

Crystal size (mm)

0.25x0.12 x 0.05

0.25x0.10 x 0.08

0.39x0.14 x 0.12

Data collection

Tmin, Tmax

0.553, 0.746

0.602, 0.745

0.510, 0.746

No. of measured,
independent and
observed [l > 25(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 = (F2 +
where P = (Fo? + where P = (Fo? + 2FA)/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 3.3 Summary of crystallographic data of 33d, 33c and 33e.

33d

33c

33e

CCDC

191339

191340

191341

Crystal data

Chemical formula

CasHzoF4lrN7

CasH27F4lrNg

CagHasF4lrN7

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)

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

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

z 2 4 8

u (mm?) 3.69 3.73 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

Tmin. 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 /W) max (AY) 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)3] (0.0546P)?2 +
where P = (Fo? + where P = (Fo? + 83.6126P]
2FA)/3 2FA)/3 where P = (Fo? +

2FA)/3
APmax, Apmin (€ A?) 2.07,-0.93 0.95, -0.52 4.42, -3.37
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chelating modes of formazanates, however, impact the bond distances within the formazanate
core critically. For both cases of 32d’ and 33d’, which include the “closed” form of the
formazanate, full = delocalization within the 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 33c, 33e, 344, and 35a. In these cases, the N(3)-N(4) distances
exterior to the five-member chelate ring 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 x 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)-1r-N(6)), except 33d which has an abnormally small
chelate angle (70.50(15)°). The formazanate bite angles are larger for the Co-symmetric
isomers, observed to be 82.45(11)° in 32d’ and 94.5(3)° in 33d'. 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.>*>® The covalent radii of platinum and iridium
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are quite similar,%® so we don’t think the preference for a five-member chelate is because
iridium(111) is smaller than platinum(Il), 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 f-diketiminate complexes from
our group we noted a close stacking arrangement of the N-aryl groups and the cyclometalated
aryl groups,t1%11! which is avoided in 32d’ (“closed” isomer) by a buckling of the
formazanate backbond. In contrast, in all of the “open” form structures presented here, except
in 33d 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
crystallographic evidence suggests that it is steric effects that are likely responsible for the

“open” chelate conformation most of these complexes adopt.

3.2.3 UV-vis absorption spectroscopy

UV-vis absorption spectra of all cyclometalated iridium formazanate complexes were
recorded and Table 3.4 represents the summarized absorption data in tetrahydrofuran (THF)
with spectra of the selected complexes 33a—33f, 32b—32f shown in Figure 3.2. 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
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complexes. These iridium formazanate compounds display low-energy absorption bands

between 525-677 nm with extinction coefficients between 2200-13000 M tcm™ in the
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Figure 3.2 Overlaid UV-vis absoption spectra of selected formazanate iridium complexes,
recorded in THF solution at room temperature. Data was collected in intervals of 1 nm, and
symbols are included on each plot are to help distinguish the overlaid spectra.

visible range of the spectrum, which is assigned as a formazanate ligand-centered © — m*
transition primarily involving HOMO and LUMO orbitals. As shown in Table 3.4 these low-
energy absorption maxima are nearly identical for all of the triarylformazanate complexes
32a/32b, 33a/33b, 34a/34b and 35a, ranging from 628-639 nm for these complexes which
have electron-donating substituents at both the RY/R® and R® position of the formazanate
scaffold. Complex 32a is isolated as a mixture of “open” and “closed” isomers but no
significant spectral differences are observed by comparing this with the other Fza complexes
that exist exclusively in the “open” configuration. The position of the low-energy absorption
band depends 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 (Fzd) causes a hypsochromic shift of ~27-38 nm (715-989 cm™') in the low-energy

absorption maximum for complexes 32d’ and 33d relative to the respective Fza and Fzb
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complexes. In contrast, this low-energy absorption band is red-shifted for complexes 32c (677

nm) and 33c (655 nm), when the 4-cyanophenyl groups work as N-aryl substituents.

Table 3.4 Summary of UV-via absorption of formazanate iridium complexes, recorded in

THF at room temperature.

A/ nm (g x 10-3 / M-1cm-1)

32a/32a’
32b’
32c
32d’
32e
32f
33a
33b
33c
33d
33e
33f
34a
34b
34e
34f
35a

35f

265 (53), 480 (6.7), 633 (13)

261 (25), 463 (3.6), 630 (3.2)

270 (17), 3702 (6.8), 677 (4.6)

264 (71), 387 (42), 602 (8.7)

260 (30), 3804 (8.0), 476 (5.8), 554 (6.6)

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

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

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

260a (38), 3132 (23), 3602 (17), 655 (10)

251 (52), 390 (18), 601 (10)

250 (28), 300 (14), 4542 (4.2), 551 (6.5)

261 (15), 3534 (5.4), 532 (3.5)

320 (43), 4102 (11), 630 (12)

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

263 (34), 319 (36), 3822 (18), 4432 (14), 578 (2.2)
266 (38), 321 (36), 3842 (13), 443 (12), 596 (6.7)
293 (51), 3492 (29), 4352 (9.0), 638 (9.4)

285 (44), 343 (26), 403 (14), 443 (13), 5252 (10)

@ shouder peak

As shown in Table 3.4, replacing the aryl group at the R? position with a cyano group in

diarylformazanate (Fze and Fzf) complexes results in a significant blue-shift, with the low-

energy absorption maximum occurring between 520 nm (32f) and 578 nm (34e) in this subset
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of complexes. This significant blue-shift in the formazanate n—n* transition is likely a result

of the decreased conjugation in the diarylformazanate analogues.

Additionally, higher-energy absorption bands are observed in the near-UV and visible
regions which are 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. These bands typically overlap with other
high-energy absorption features, likely localized n—x* transitions, though in general Foppy-
ligated complexes 33a—33f display 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 formazanate with 4-cyanophenyl on R®
position display a distinct absorption at ~400 nm, which is 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 (34) and piq series (35), the high-energy absorption
features overlap with low-energy formazanate-centered bands, giving rise to panchromatic
visible absorption, as observed for previously reported pig-ligated platinum formazanate

compounds.>®

UV-vis spectra were also recorded in three solvents of varying polarity (toluene, THF, and
MeOH) and only slight 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—7* 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
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formazan scaffold as well as the cyclometalating ligand. Changing substituents at the RY/R®
and R? position of the formazanate ligand allows predictive control over the formazanate-
based low energy n—m* transition, which spans a relatively broad range of 520-677 nm in

this series of complexes.

3.2.4 Electrochemistry

33a
M 33d
33bH
3Bd”
33e qy 32d’

15 1.0 05 00 0510152025 05 00 05 10 15 20 25
(E vs Fc'IFe) 1V (E vs Fc'/Fe) 1V

Figure 3.3 Overlaid cyclic voltammograms of selected formazanate iridium complexes 33a—
33f (left) and comparison between 32d’ and 33d (right). CVs were recorded in CH2Cl> with
0.1 M NBu4PFs supporting electrolyte, using a glassy carbon working electrode and a scan

rate of 0.1 V/s. The arrows indicate the scan direction.

The electrochemical properties of complexes 32—-35 were investigated by cyclic
voltammetry (CV) experiments, and the results are summarized in Table 3.5 with the
voltammograms of selected complexes shown in Figure 3.3. The compounds display both
oxidation and reduction features in their cyclic voltammograms. Ligand-centered reductions

which occur at mild potentials are generally one of the most important features of coordinated
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formazanate complexes, and these features are discussed here along with the Ir'V/Ir'" oxidation

waves.

The first reduction wave for all complexes is assigned as a formazanate-centered one
electron reduction which occurs in the range of —1.22 to —1.98V. The F2ppy series (33a—33f)

provides the best insight into the effect of the formazanate structure on the redox properties,

Table 3.5 Summary of electrochemical data for all complexes.

E°x (V) Ered (V)
32a/32a’ -0.02 -1.96a
32b’ -0.10 -1.97a
32c +0.37 -1.41
32d’ +0.23 -195
32e +0.55 -1.61,-2.102
32f +0.86 -1.26,-1.70
33a +0.08 -1.83a
33b -0.02 -1.892
33c +0.51 -1.31,-1.78
33d +0.23 -1.792
33e +0.70 -1.50,-1.942
33f +1.15 -1.22,-1.71
34a +0.01 -1.98a
34b -0.06 -1.95a
34e +0.682 -1.72
34f +0.97 -1.29,-1.74
35a +0.01 -1.962
35f +0.832 -1.27,-1.68

a Irreversibe peaks. Epc or Epais reported

since this series includes all six formanazanate ligands studied here and all of them bidentate

exclusively in the five-member “open” form in these analogues. As the data in Figure 3.3 and
Table 3.5 shows, the redox potentials in 33a—33d follow the trend expected from the electron
donating/withdrawing attributes of the substituents, although the effects are modest. Moving

from 33a to 33b, where CHs is replaced by a more electron-donating OCHs on the N-aryl
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substituents, results in a cathodic (negative) shift of the reduction potential by 60 mV.
Similarly, comparing 33a to 33d, where the p-CsHs-OCH3 R? substituent is replaced with the
more electron-withdrawing p-cyanophenyl, we notice a 40 mV anodic (positive) shift in the
reduction potential. A much more dramatic change in potential occurs when electron-
withdrawing cyano substituents are added to the RY/R® position, with the potential in 33¢ more
positive than that of 33a by over 500 mV. Similarly, large effects are observed in 33e and 33f,
where the R® aryl substituent is replaced with a cyano group only, resulting in comparatively
mild formazanate-based reduction potentials, particularly in 33f (Ereq = —1.22 V). Similar
substituent effects are observed in the other members of the series with different

cyclometalating ligands.

Effects of the cyclometalating ligand on the reduction potentials are modest, and in general
the observed reduction potential is mainly determined by the substituent pattern on the
formazanate. Fluorination of the phenylpyridine ligand does an overall anodic shift (~100 mV
on average) for complexes 33a—33f if we compare them with the set 32a—32f, but complexes
with C~N = bt or piq have 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 (32b’ and 32d") or as a mixture of isomers (32a) are 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

chelating modes of the formazanate.

All of the complexes here (except 34e and 35f) also display a formal Ir'V/1r'" redox couple
which has slight dependence on the identity of the C*N ligand but highly sensitive to the
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identity of the formazanate ligands. Electron rich complexes 32a/32b’, 33a/33b, 34a/34b and
35a oxidize at similar potentials across the series, and again the isomeric form of the complex
does not appear to have a large effect on the observed potential (Table 3.5). The oxidation
potential of these seven complexes are very near the Fc*/Fc potential and again have a slight
dependence on the formazanate substituents, with the most electron-rich Fzb complexes being
easiest to oxidize. Addition of cyano substituents in the remaining complexes renders the
complexes more difficult to oxidize, with shifts in potential that are qualitatively similar to
those discussed above for the reduction potentials. The four Fzf complexes, where R'=R® =
R3 = CN, have the most positive oxidiation potentials (> 0.83 V), and the complexes where
only one of the RY/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 exert 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 does include significant Ir dr 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 minority contribution from the metal.
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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 Fzc, 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 t=—n* transition is
significantly blue-shifted in the iridium complexes, by at least 23 nm (767 cm™!) and as much
as 122 nm (3650 cm™') when comparing 32f to its platinum congener. In the cyclic
voltammograms, the formazanate-centered reduction potentials are 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 are
irrerversible, which makes these comparisons less quantatively meaningful, but even in cases
where both the platinum and iridium analogues have well-behaved, reversible reductions the
iridium complex is more difficult to reduce by a substantial margin. Although the
electrochemical oxidation of the platinum complexes tends 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 are in general easier to oxidize, although the oxidation potentials are not as
sensitive to the identity of the metal as the reduction potentials, in all cases differing by <200
mV. These observations indicate 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

62



with the formazanate in determining frontier orbital energies, an emerging theme in our work

on formazanate 5d metal complexes.

3.3 Conclusion

In this chapter, 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 chelating modes for the
formazanate, with the typical six-membered “closed” 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
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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 (TBAPFs) was
recrystallized from hot ethanol and ferrocene was sublimed at ambient pressure before use in
electrochemical experiments. CDCls and CD3CN for NMR spectroscopy were 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-tolyl-1,5-di-p-cyanophenylformazan (Fzc) and 3-p-
cyanophenyl-1,5-di-p-tolylformazan (Fzd) were prepared by the method of Hicks et al.1*® 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(1-Ch]2 (ppy = 2-phenylpyridine), [Ir(F2ppy)2(1-Ch]2 (F2ppy = 2-(2,4-
difluorophenyl)pyridine), [Ir(bt)2(u-Ch)]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, 17118

3.4.2 Physical methods.

NMR spectra were recorded at room temperature using a JEOL ECA-600, ECA-500, or
ECA-400 NMR spectrometer and are shown in appendix. 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 (CH2Cl,) with 0.1 M
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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.
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 of compounds

Complex 32a/32a’. [Ir(ppy)2(u-Ch]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, which showed
two green products of almost identical polarity, likely the “open” and “closed” isomers. The
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, and the combined products were recrystallized (THF / pentane) later to get dark
green solid. NMR analysis suggests a ca. 2:1 ratio of the “open” (32a) and “closed” (32a’)
isomers, which results in very similar integration values for the resonances associated with
each isomer. As such, a 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),
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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), 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, OCHs, both isomers
coincident), 2.12 (s, CHg), 2.10 (s, CHs), 2.04 (s, CH3). ®*C{*H} NMR (151 MHz, CDCls) &:
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 CasHssIrN6O: C, 61.52; H, 4.46; N, 9.78. Found: C, 61.69; H, 4.47; N,

9.76.

Complex 32b’. The title compound was prepared by the general method described above for
complex 32a/32a’, using [Ir(ppy)2(n-Cl)]2 (50 mg, 0.047 mmol) and Fzb (37 mg, 0.094
mmol). The product was isolated as a mixture of isomers and recrystallized later (CH2Cl/
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 in Figures S4 and S5 provide
evidence for bulk purity. The minor impurity peaks in the *H NMR spectrum arise from a
small amount of the “open” isomer 32b present in the isolated product. *H NMR (400 MHz,
CDCls) : 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,

OCHj3), 3.62 (s, 6H, OCHs3). *C{*H} NMR (151 MHz, CDCls) &: 168.5, 158.3, 156.8, 154.8,
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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.

Complex 32c. [Ir(ppy)2(u-Cl)]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 a 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 CHCl; solution. 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 (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=7.5, 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, CHa). *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 CaaHa1Nglr: C, 61.17, H, 3.62, N, 12.97. Found: C, 61.03, H, 3.68, N, 12.72.
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Complex 32d'. The title compound was prepared by the general method described above for
complex 32c, using [Ir(ppy)2(u-Cl)]2 (54 mg, 0.050 mmol) and Fzd (37 mg, 0.10
mmol).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, CHs). ®C{*H}
NMR (151 MHz, CDClz) 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.

Complex 32e. The title compound was prepared by the general method described above for
complex 32c, using [Ir(ppy)2(p-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 = 8.5 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, CH3).
BC{'H}NMR (151 MHz, CDCl3) &: 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,
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124.0, 123.9, 122.6, 122.3, 122.1, 121.9, 120.1, 120.1, 119.2, 119.2, 116.2, 21.0, 21.0. Anal.

Calcd for C3sHsoN7Ir: C, 58.75, H, 3.89, N, 12.62. Found: C, 58.90, H, 3.89, N, 12.42.

Complex 32f. The title compound was prepared by the general method described above for
complex 32c, 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, CD3CN) §: 8.40 (d, J = 5.6 Hz, 1H, ArH), 8.26 (d,
J=55Hz, 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 = 7.7 Hz, 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).
BCIHINMR (151 MHz, CD3CN) 8: 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 CsgH24Nolr: C, 57.13, H, 3.03, N, 15.78. Found: C, 57.30, H, 3.18, N, 15.56.

Complex 33a. The title compound was prepared by the general method described above for
complex 32c, using [Ir(F2ppy)2(u-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=45Hz, 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, 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 =
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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, OCHj3), 2.15 (s, 3H, CH3), 2.13 (s, 3H, CHa3). BC{*H}INMR (126 MHz, CD3sCN) &: 165.8
(d, Jcr = 5.3 Hz), 164.2 (d, Jcr = 5.5 Hz), 163.5 (d, Jor = 10.2 Hz), 163.3, 161.7 (d, Jcr = 9.8
Hz), 161.0 (d, Jcr = 7.7 Hz), 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, Jcr = 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, CDCls) 8: —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 C4sH33NsF4OlIr:

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

Complex 33b. The title compound was prepared by the general method described above for
complex 32c, using [Ir(F2ppy)2(p-Cl)]2 (61 mg, 0.050 mmol) and Fzb (39 mg, 0.10 mmol).
Yield: 53 mg (55%). *H NMR (500 MHz, CDsCN) &: 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, ArH), 3.77 (s, 3H, OCHj3), 3.62 (s, 3H, OCH3), 3.60
(s, 3H, OCHs). 3C {*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, Jer = 12.1 Hz), 161.6 (d, Jcr = 13.8 Hz), 161.5,
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159.7 (d, Jer = 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, Jer = 16.5 Hz), 113.1, 112.9,
112.8, 112.6, 97.31, 96.16, 55.0, 54.9, 54.8. 9F NMR (470 MHz, CDsCN) &: —109.5 (dd, J =
18.8,9.4 Hz, 1F), ~111.2 (q, J=9.5 Hz, 1F), 1117 (t, J = 11.8 Hz, 1F), ~111.8 (1, J = 11.8
Hz, 1F). Anal. Calcd for CasH33sNsF4Oslr: C, 54.94, H, 3.46, N, 8.74. Found: C, 54.76, H,

3.51, N, 8.57.

Complex 33c. The title compound was prepared by the general method described above for
complex 32c, using [Ir(F2ppy)2(u-Cl)]2 (61 mg, 0.050 mmol) and Fzc (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), 5.35-5.40 (m, 1H, ArH), 5.15-5.19
(m, 1H, ArH), 2.37 (s, 3H, CH3). BC{"H}NMR (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. 19F

NMR (470 MHz, CDCls) §: —105.8 (dd, J = 8.6, 10 Hz, 1F), ~107.0 (dd, J = 8.6, 10 Hz, 1F),
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~108.7 (t, T = 11 Hz, 1F), —109.2 (t, J = 10 Hz, 1F). Anal. Calcd for CasH27NgsF4lr: C, 56.46,

H, 2.91, N, 11.97. Found: C, 56.22, H, 3.13, N, 11.70.

Complex 33d. The title compound was prepared by the general method described above for
complex 32c, using [Ir(F2ppy)2(u-Cl)]2 (61 mg, 0.050 mmol) and Fzd (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 = 8.4 Hz, 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, CH3). BC{*H}NMR (151 MHz, CDCl3) &:
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, 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, Jer = 13.2 Hz), 113.4, 112.9 (d, Jcr = 13.9 Hz), 109.3, 97.99 (t, Jcr =
26 Hz), 96.41, 96.24, 21.0, 20.7. °F NMR (470 MHz, CDCl3) 8: —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 CasHzoN7F4lr: C, 57.13, H, 3.27, N, 10.60. Found: C, 57.14, H, 3.42, N,

10.46.

Complex 33e. The title compound was prepared by the general method described above for
complex 32c, using [Ir(F2ppy)2(n-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
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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, CHs), 2.13 (s, 3H, CH3). BC{'*H}NMR (151 MHz, CDCls) 8: 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
=6.5Hz), 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, = 11.6 Hz, 1F), -110.2 (t, J
=11.6 Hz, 1F). Anal. Calcd for C3sH2sN7F4lr: C, 53.77, H, 3.09, N, 11.55. Found: C, 53.75,

H, 3.26, N, 11.62.

Complex 33f. The title compound was prepared by the general method described above for
complex 32c, using [Ir(Fzppy)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=6.5Hz, 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 (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). BC{*H}NMR (151 MHz, CDsCN) 5: 163.8 (d, Jcr = 7.2 Hz), 163.3,
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162.3 (d, Jcr = 6.6 Hz), 161.6 (d, Jcr = 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, 124.5, 124.2, 123.8 (d, Jcr = 19.8 Hz), 123.6, 123.5 (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). 1F NMR (470 MHz, CD3CN) &: —107.8 (dd, J = 19.1, 9.2 Hz, 1F), ~109.4 (dd, J =
19.0, 9.4 Hz, 1F), —110.6 (t, J= 11.4 Hz, 1F), —110.7 (t, J = 11.6 Hz, 1F). Anal. Calcd for

CasH20NoF4lr: C, 52.41, H, 2.31, N, 14.48. Found: C, 52.34, H, 2.59, N, 14.23.

Complex 34a. The title compound was prepared by the general method described above for
complex 32a/32a’, 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 isomers 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, CDClz) &: 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, CHs), 2.09 (s 3H, CHs), 2.08 (s, 3H, CH3). *C{*H} NMR (101
MHz, CDCls3) 8: 181.5,179.8, 161.7, 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 C4gHs7IrN6OS>: C,

59.42: H, 3.84; N, 8.66. Found: C, 59.44; H, 3.84; N, 8.58.

Complex 34b. The title compound was prepared by the general method described above for
complex 32a/32a’, using [Ir(bt)2(u-Cl)]2 (50 mg, 0.039 mmol) and Fzb (32 mg, 0.81 mmol).
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The product was isolated as a mixture of isomers after column chromatography, and
recrystallization of the product from a THF/MeOH mixture afforded pure 34b as a dark green
solid. Yield: 39 mg (50%). *H NMR (400 MHz, CDCl3) &: 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, OCH3), 3.62 (s, 3H,
OCHs), 3.61 (s, 3H, OCHz). 3C{*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 CagHs7IrNeO3S2: C, 57.53; H, 3.72; N, 8.39. Found: C, 57.22; H, 3.57,

N, 7.91.

Complex 34e. The title compound was prepared by the general method described above for
complex 32c, using [Ir(bt)2(u-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 high percentages for C and H and a low percentage for N, but the NMR spectra in
Figures S36 and S37 indicate satisfactory bulk purity. 'H NMR (400 MHz, CDCls) &: 8.08 (d,
J=7.3Hz, 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, CH3), 2.24 (s, 3H, CHs). BC{*H} NMR (151 MHz, CDCls) §: 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,
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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 C42H30lrN7S2: C,

56.74; H, 3.40; N, 11.03. Found: C, 57.70; H, 3.93; N, 10.28.

Complex 34f. The title compound was prepared by the general method described above for
complex 32c, 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) 8: 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). 3C{*H} NMR (126 MHz, CDCl5) &: 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

Ca2H24IrNgS»2-0.25C4HsOz2: C, 55.35; H, 2.80; N, 13.51. Found: C, 55.49; H, 2.67; N, 13.52.

Complex 35a. The title compound was prepared by the general method described above for
complex 32a/32a’, using [Ir(pig)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:Cly/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
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(d, J=8.0 Hz, 1H, ArH), 3.78 (s, 3H, OCHj3), 2.06 (s, 3H, CH3), 2.02 (s, 3H, CH3). BC{*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

Cs2Ha41IrN6O: C, 65.18; H, 4.31; N, 8.77. Found: C, 65.15; H, 4.46; N, 8.50.

Complex 35f. The title compound was prepared by the general method described above for
complex 32c, using [Ir(piq)2(u-Ch]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, 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). BC{'H} NMR (151
MHz, CDCl3) 8: 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 CasH2sNolr: C, 61.46; H, 3.14; N, 14.02. Found: C,

60.99; H, 3.18; N, 14.04.

3.4.4 X-ray crystallography details.

Single crystals of 32c, 32d’, 33a, 33c, 33d, 33e, 34a, and 35a were grown by layering

concentrated CH2Cl solutions with pentane or diffusing pentane into concentrated ethyl
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acetate solution. Crystals were mounted on a Bruker Apex Il three-circle diffractometer using
MoKa radiation (AL = 0.71073 A), conducted by Prof.Teets. 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.
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4 Chapter Four Azo-triazolide Bis-cyclometalated Ir(I11) Complexes via

Cyclization of 3-Cyanodiarylformazanate Ligands

Reproduced from Ref. 58 with permission from the Royal Society of Chemistry.

4.1 Introduction

1,2,3-triazoles, a class of five-membered heterocyclic aromatic molecules containing three

consecutive nitrogen atoms, have been attractive units over the past few decades, and continue
to be developed further today.*'**?! The synthetic chemistry of these organic molecules has
been explored in considerable detail, with the well-known copper-catalyzed azide-alkyne
Huisgen cycloaddition,?? the most popular of all “click” reactions, being the most widespread
and enabling method for the construction of 1,2,3-triazole substructures. These compounds
have been applied in energetic materials'?!12312% and also work as the core structures in a
large variety of compounds with pharmaceutical applications,*?6** because of their high

resistance to metabolic degradation and ability to hydrogen bond with biomolecules.

The ease of synthesis of a wide range of 1,2,3-triazole-based compounds, as well as the
ability to include a variety of functional groups into the triazole core®®*-13 have led to a rich
metal coordination chemistry for triazoles.*33° The nitrogen-rich heterocycle can coordinate
to metals in a variety of ways, and chelating ligands can be accessed by appending another
donor group as a substituent. Deprotonation or C—H activation at the 5-position may allow
access to anionic triazolides,'“%!4! while alkylation at the N-3 position, followed by

deprotonation of this relatively acidic C—H bond, leads to the formation of abnormal
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mesoionic carbenes.!*>14 As representative examples of 1,2,3-triazolide metal complexes,
Straub and co-workers have isolated a copper triazolide complex which has been
crystallographically characterized,'*® Swager and co-workers have reported a method for the
one-pot synthesis of tris-cyclometalated iridium triazolide complexes,'*® and Gray’s group has
reported extensively on gold triazolides formed under similar conditions as the typical

Huisgen cycloaddition route. 47149

Despite the rich organic and coordination chemistry of 1,2,3-triazoles summarized above,
some challenges remain in further diversifying this class of ligands. Nitrogen substituents in
most click-derived 1,2,3-triazole ligands are limited to the N1 or N3 position,131:142150-152 g g
while there are successful synthetic routes for preparing 2-substituted 1,2,3-triazoles,128134153-
156 these structures remain rare in coordination compounds.*?%%" In addition, although arylazo
moieties are ubiquitous in many chelating redox-active ligands,>® the azo-triazole ligand class
has not been disclosed, presumably due to the incompatibility of copper-catalyzed Huisgen
cycloadditions with azo functionalities and the observation that the azo-substituted triazoles

that have been prepared are energetic materials, 121123150

These observations motivate continued pursuit of alternative methods for preparing N2-
substituted azo-1,2,3-triazole complexes, to access chelating ligands that are not available by
the typical click chemistry routes. Such an effort would require investigating alternative
precursors for these ligands and exploring new reaction conditions that could allow their
formation on a wider range of platforms. In this chapter, we show that 2-aryl-4-arylazo-1,2,3-
triazolide bis-cyclometalated Ir(I11) complexes, which were not accessible using Cu(l)-
catalyzed “click” reactions, can instead be prepared from 3-cyanodiarylformazan precursors.
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Formazanates, the monoanionic form of formazans, feature a NNCNN backbone and the two
more nitrogen atoms provide formazanates with more accessible redox properties and strong
absorption due to the more stabilized LUMOs compared with B-diketiminates. The
coordination chemistry of formazanates with many main group metals®*3740.7295.159 gn first-
and second-row transition metals?>#989%1 have been established, and we have expanded the
coordination chemistry of formazanates to third-row transition metals with a series of
heteroleptic platinum complexes and bis-cyclometalated iridium complexes.>**>°" Recent
work has also been progressed to characterize the chemical reactivity of formazans, where
reduction of formazanate complexes is sometimes accompanied by structural rearrangements
and we reported recently a suite of rare derivatives, homoleptic platinum azo-iminate
complexes via hydrogenative cleavage of formazans.*® The new mode of reactivity described
here, which involves templated, cyclization of 3-cyanodiarylformazanate to form 2-aryl-4-
arylazo-1,2,3-triazolide, an unprecedented isomer of formazanate, further highlights the redox
and chemical reactivity of formazanates and gives access to a new class of compounds. This
reaction is not general for diarylformazanates and the products in most cases are still
cyclometalated Ir(IIT) “open” form formazanate complexes, which is accord with the work we
reported in chapter three. However, with enhancement of steric effect from both
cyclometalated(C”~N) ligands and N-aryl substituents of formazanates, 2-aryl-4-arylazo-1,2,3-
triazolide Ir(I111) complexes are prepared. We prepared two 2-aryl-4-arylazo-1,2,3-triazolide
Ir(111) complexes and five relevant cyclometalated Ir(IIT) “open” form formazanate complexes
in this study. Both 2-aryl-4-arylazo-1,2,3-triazolide complexes and one formazanate

compound are structurally characterized by single-crystal X-ray diffraction and the rest are
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determined by Infrared spectroscopy. All the compounds are interrogated by cyclic
voltammetry and UV-vis absorption spectroscopy for their different molecular and electronic
structures. The cyclization of formazanates and the different coordination mode exhibits
similar ligand-centered reduction behaviors with formazanate complexes, which is influenced
mainly by substitution on formazanates/4-azo-1,2,3-triazolide and C*N ligands, but a strong
anodic shift on oxidation potentials and display a much larger ligand-center HOMO-LUMO
gap, which, in part, accounts for a significant blue shift of major peaks in absorption and

offers an insight into the inevitable electronic structure difference.
4.2 Results and discussion

4.2.1 Synthesis
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Scheme 4.1 General synthesis of complexes 37g—39g and 36h—-38h.

Scheme 4.1 depicts the reaction conditions used to prepare the compounds described in this
work. Compounds are numbered based on the identity of the cyclometalating ligand, with
letters representing the two different formazan structures. Our previous work on

cyclometalated iridium formazanate complexes®’ revealed two formazanate chelating modes
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on these complexes, one the typical six-member chelate involving the 1- and 5-positions of
the formazan core, the other a five-member chelate involving the 1- and 4-positions. With an
effort to further understand the structural preferences, we began investigating the more
sterically encumbered formazan Fzg, which has 2,6-dimethylphenyl groups as the N-aryl
substituents. Our hypothesis was that the increased steric bulk would result in exclusive
formation of the five-member chelate isomer, since that binding mode relieves steric

crowding between the N-aryl ring and the cyclometalated aryl.

We initially treated the chloro-bridged dimers [Ir(C*N)2(u-Cl)]2, where C*N is the
cyclometalating ligand 2-phenylpyridine (ppy) or 2-(2,4-difluorophenyl)pyridine (F2ppy),
with stoichiometric amounts of Fzg in refluxing ethanol with excess triethylamine. Both of
these reactions gave high yields of products with *H and 3{C} NMR spectra consistent with
Ci-symmetric complexes, but close inspection of the NMR spectra show some key
differences. Unlike product 369 (Figure S53 and S54), product 37g only has 3 CHs
resonances in its *H and *C{*H} NMR spectra (Figure S55 and S57), consistent with free
rotation of one of the 2,6-dimethylphenyl rings. In addition, the 3C{*H} NMR spectrum of
37g includes a downfield resonance at 179.0 ppm not present in 36g, and the characteristic
C=N stretching frequency in the IR spectrum, which occurs at 2206 cm™! in complex 36g, is
completely absent in complex 37g. As unequivocally established by X-ray crystallography
(see below), complex 369 is the usual five-member chelate iridium formazanate complex,
whereas 379 is a cyclized arylazo-triazolide complex. Cyclization in 37g (C*N = F2ppy) but
not in 36g (C*N = ppy) suggests electronic effects may be important. To investigate steric

effects in the cyclization reaction, we explored modifications to both the cyclometalating and
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formazanate ligands. First, the formazan Fzg was paired with two different cyclometalating
ligands, 2-phenylbenzothiazole (bt) and 2-phenylthiazole (pta), which on the basis of
electrochemistry are very similar, but sterically are quite different on account of the fused
benzo in bt, which “hangs over” the cleft where the formazanate ancillary ligand binds.
Spectroscopic and crystallographic analysis clearly indicate that cyclization of the
formazanate to the triazolide occurs in the more sterically encumbered complex 38g, but in
39g the formazanate does not cyclize, suggesting that cyclization is preferred in a more
crowded steric environment. Finally, the isomeric formazan Fzh, with 2,4-dimethylphenyl
substituents, was also subjected to the same reaction conditions. Fzh was partnered with the
three C~N ligands ppy, F2ppy, and bt, and in all cases only the formazanate products were
obtained, 36h—38h. All three of these products give a characteristic C=N stretching band in
their IR spectra (Table 4.1), and the downfield 2*C{*H} NMR signal attributed to the
triazolide is absent in each case. Thus, by relieving steric pressure in the formazan ligand,
only the uncyclized formazanate products were obtained. The related NMR data are shown in

Figure S51-S68 in appendix.

Table 4.1 IR spectra data of complexes.

Compound v(CN)/ cm-1 v(NH)/ cm-1 Other transitions, v cm-1
36g 2206 N.A. 1608(m), 1479, 1214
37g N.A. N.A. 1597(m), 1474(m), 1289(m)
38g N.A. N.A. 1582(m), 1434(m), 1295(m)
39g 2207 N.A. 1582, 1438, 1216
36h 2202 N.A. 1607(m), 1476, 1224(m)
37h 2213 N.A. 1738,1601(m), 1402, 1228(m)
38h 2205 N.A. 1581(m), 1406(m), 1223(m)
Fzg 2219(m) 3313 1525,1281(m)
Fzh 2222 3332 1527,1277(m)
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4.2.2 X-ray crystallography

The structures of complexes 369, 379 and 38g were confirmed by single-crystal X-ray
diffraction, and are shown in Figure 4.1. Bond lengths and bond angles of both azo-triazolide
complexes summarized in Table 4.2, with refinement data is summarized in Table 4.3. As is
usually the case for bis-cyclometalated iridium complexes, the nitrogen atoms of the two C*N
ligands are trans to one another, and all three complexes have very similar bond metrics
associated with the C”N ligands, namely the Ir—-Ccan and Ir-Ncan bond distances (2.012(5)—

2.086(2) A) as well as the C*N chelate angles, which span from 78.19(8)° to 80.01(13)°.
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Figure 4.1 X-ray crystal structure of complexes 369, 37g and 38g, with ellipsoids shown at
the 50% probability level and hydrogen atoms omitted. The bottom stick diagrams show bond
lengths in A, with esd values in parentheses.

Formazanate complex 364 has a structure reminiscent of several other “open” form
cyclometalated iridium complexes recently reported by our group.®” Like these previous
examples, for complex 369 the = electrons on the formazanate backbone are primarily

localized on the C1-N4 and N5-N6 bonds, significantly shorter than the C1-N5 and N3-N4
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bonds. Similarly, in complexes 37g and 38g, the N6-N7 azo bond distances (1.285(6) A and
1.286(2) A, respectively), suggest a non-radical azo group. In the 1,2,3-triazolide ring, the
C1-N3 (1.331(6) A and 1.348(3) A) and C2-N4 (1.350(6) A and 1.346(3) A) distances are
consistent with imine-like C=N double-bond character, whereas the N4—N5 distances are
closer to N-N single-bond distances, suggesting the 7 electrons are not fully delocalized over

the five-membered aromatic ring.

Table 4.2 Summary of crystallographic bond lengths (A) and angles (deg) for complex 37g
and 38g.

37g 38g
d (Ir-N6) 2.193(4) 2.206(17)
d (Ir-C2) 2.065(5) 2.050(2)
d (N6-N7) 1.285(6) 1.286(2)
d (N7-C1) 1.382(6) 1.379(3)
d (C1-C2) 1.432(7) 1.415(3)
d (C1-N3) 1.331(6) 1.348(3)
d (C2-N4) 1.350(6) 1.346(3)
d (N3-N5) 1.339(6) 1.320(2)
d (N4-N5) 1.380(6) 1.374(2)
£C2-1r-N6 75.53(17) 74.91(7)
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Table 4.3 Crystallographic summary of complexes 36g, 37g and 38g.

369-2CHCls

379

38g

Crystal data

Chemical formula

C42H36ClglrN7

CaoHzoF4lrN7

CasHz4IrN7S;

M

1043.68

876.91

917.10

Crystal system, space
group

Monoclinic, P2;/c

Triclinic, P 1

Monoclinic, P2:/n

a b, c(A) 16.837 (3), 17.611 (3), |9.724 (4), 12.386 (5), |15.0406 (11), 13.7393
14.610 (3) 15.409 (6) (10), 18.9988 (14)
o B,y (°) 90, 108.390 (2), 90 |83.506 (4), 86.618 (4), |90, 105.613 (1), 90
67.247 (3)
V (A% 4110.9 (14) 1700.2 (11) 3781.2 (5)
y 4 2 4
w (mmd) 3.68 3.99 3.68

Crystal size (mm)

0.40 x 0.28 x 0.10

0.23 x 0.16 x 0.07

0.37 x 0.29 x 0.15

Data collection

Tmin, Tmax

0.521, 0.746

0.416, 0.746

0.553, 0.746

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

25545, 9473, 8663

22822, 7662, 6820

23405, 8759, 7783

reflections

Rint 0.026 0.050 0.027

(Sin /W) max (AY) 0.651 0.648 0.652

Refinement

R[F? > 26(F?)], 0.031, 0.088, 1.05 0.039, 0.089, 1.05 0.021, 0.047, 1.05

wR(F?), S

No. of reflections 9473 7662 8759

No. of parameters 528 473 491

No. of restraints 78 0 0
w = 1/[c?(Fo?) + w = 1/[c?(Fo?) + w = 1/[c*(Fo?) +
(0.0481P)2 + 11.079P] (0.0202P)?]
10.8851P] where P = (Fo? + where P = (Fo? +
where P = (Fo? + 2FA)/3 2FA)/3
2FA)/3

AP max, Ap min (e A?) 2.07,-1.44 3.27,-2.97 0.67, -0.83
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4.2.3 UV-vis absorption spectroscopy
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Figure 4.2 Overlaid electronic absorption spectra of (a) triazolide complexes 37g and 38g, (b)
analogous Fzh complexes 37h and 38h, and (c) the remaining formazanate complexes 36g,
39g, and 36h. Spectra were recorded in tetrahydrofuran (THF) solution at room temperature.
Data was collected in intervals of 1 nm, and symbols are included on each plot are to help
distinguish the overlaid spectra.

The colors of the triazolide and formazanate complexes are visually distinguishable, with
triazolides 379 & 38g exhibiting a dark orange color in solution while the other formazanate
complexes are dark red or purple in solution, similar to the free formazans. UV-vis spectra for
the complexes are shown in Figure 4.2, with a summary of the data in Table 4.4. The plots in
Figure 4.2 are arranged to easily discern differences between the triazolide complexes and the
related formazanate complexes. Figure 4.2a shows the two triazolide complexes 37g and 38g,
and the analogous Fzh complexes 37h and 38h, which have the same C~N ligands, are shown
directly in the middle in Figure 4.2b. The spectra of the remaining three formazanate

complexes are overlaid in Figure 4.2c.

In addition to intense peaks in the UV (A <350 nm) attributed to localized n—m*
transitions of the aryl substituents from both C*N and formazanate/4-azo-1,2,3-triazolide
ligands, a notable absorption between 480 nm and 600 nm stands out among the 3-

cyanodiarylformazanate complexes, which is assigned as a n—7n* within formazanate
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framework with minimal Ir(d)—n* metal-to-ligand-charge transfer (MLCT), in accord with

the diarylformazanate Ir(111) complexes we reported recently.>” All formazanate complexes

Table 4.4 Summary of UV-vis absorption data recoeded in THF at room temperature.

A/ nm (e x 10-3 / M-1cm-1)

36g 305 (18), 434 (6.2)
37g 306 (20), 369 (sh) (8.9)

38g 321 (37), 430 (8.4)

39g 413 (4.4),509 (sh) (2.3)

36h 309 (sh) (12), 469 (5.0), 542 (sh) (4.2)
37h 306 (14), 439 (4.3), 536 (5.0)

38h 321 (29), 402 (sh) (10), 453 (8.9), 557 (5.4)

show significant visible absorption, and two overlapping visible absorption bands. That said,
in Fzh complexes the low-energy band (between 536 and 557 nm) is more pronounced and
has a discernible maximum, compared to Fzg complexes where the low-energy band is an ill-
defined shoulder. The differences in visible absorption profile between Fzg and Fzh
complexes may be due to the lager steric profile of Fzg, which hinders the rotation of the aryl
substituents and decreases the conjugation between the formazanate backbone and the aryl
rings. That said, while the absorption profiles are only subtly different for Fzg and Fzh
complexes, there are large differences observed for triazolide complexes 37g and 38g. In
these complexes there is comparatively little visible absorption, with multiple overlapping
bands blue and near-UV regions, 380-430 nm. The absorption profile of Foppy complex 37g
does tail to longer wavelengths than is often observed for other neutral bis-cyclometalated

iridium complexes with the same cyclometalating ligand,*%16! suggesting some visible
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absorption of the azo-triazolide ancillary ligand, but it is clear that the formazanates are much
stronger visible chromophores than their triazolide isomers. UV-vis spectra were also
recorded in three solvents of varying polarity (toluene, THF, and MeOH), and only small
spectral differences (<10 nm) are observed in the different solvents, which indicates very

minimal charge-transfer character in the UV-vis absorption bands.

4.2.4 Electrochemistry

The redox properties of all the complexes were evaluated by cyclic voltammetry, with
overlaid votammograms shown in Figure 4.3 and redox potentials summarized in Table 4.5.
Each complex shows one oxidation and one reduction feature within the accessible
electrochemical window. In all cases the reduction peaks are electrochemically reversible and
oxidation waves are mostly reversible, although in some cases the ratio of the cathodic return
current to the anodic current (ip,c/ip,a) is less than 1, indicating the features are not completely
reversible. This is most clearly apparent in 38g, where an additional cathodic wave is
observed on the return sweep after oxidation, and in 36g and 39g where the oxidation is
clearly not fully reversible. The potentials of all redox events are responsive to the
substitution pattern of C*N and formazanate/azo-triazolide ligands, such that complexes with
electron withdrawing groups are easier to reduce but harder to oxidize than the congeners
with electron donating groups. For example, replacing the ppy C”N ligand in 36h with a
Foppy ligand in 37h results in a 180 mV anodic shift of the reduction wave and a 220 mV

shift of the oxidation wave, owing to the electron-withdrawing effect of the fluorine atoms in

Foppy.
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Figure 4.3 Overlaid cyclic voltammograms of complexes 36g-39g, 36h—-38h. CVs were
recorded in CH2ClI> 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.

The separation between the reduction and oxidation potentials for the formazanate
complexes, i.e., the electrochemical HOMO-LUMO gap, does seem to depend on the
structure of the formazanate. Complexes of Fzg exhibit separations of 2.51 V (36g) and 2.49
V (39g), whereas those for Fzh complexes are significantly smaller and span a narrow range
of 2.28-2.33 V. Consistent with this observation, as noted above Fzh complexes have low-
energy absorption bands, likely HOMO—LUMO in nature, which are red-shifted compared to
the Fzg complexes. For triazolide complexes 37g and 38g the electrochemical features are not
drastically different than the formazanate complexes. The reduction potentials are quite
similar, whereas the oxidation potentials are slightly more positive than the potentials for the
respective Fzh complexes that have the same C~N ligands (37h and 38h). The
electrochemical HOMO-LUMO gaps in the triazolide complexes all fall in the range spanned
by the formazanate complexes, suggesting that the frontier orbital energies of the azo-
triazolide complexes are not substantially different from their formazanate relatives, even

though the UV-vis absorption spectra are markedly different (Figure 4.2).
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Table 4.5 Summary of electrochemical data of complexes 36g—39g, 36h—38h.

Eox Ered (V)
)
36g +0.66 -1.85

37g +084 -176
38g  +0.66 -182
39g  +0.61 -1.88
36h  +046 -1.82
37h  +0.68 -1.64
38h  +049 -1.84

Although the redox potentials of the complexes described here fall into a relatively narrow
range, owing to the rather similar substituent patterns of the formazanate and azo-triazolide
ligands, we can make tentative electrochemical assignments based on analogies with other
cyclometalated iridium complexes, with and without formazanate ancillary ligands. The
complexes described here have similar reduction potentials to cyclometalated iridium
formazanate complexes®” and are all significantly easier to reduce than bis-cyclometalated
iridium complexes where the LUMO resides on the C*N ligand, 62163 suggesting that the first
reduction occurs on the formazanate or azo-triazolide ancillary ligand. This observation
indicates that, like formazanates, the isomeric azo-triazolides introduced here are also redox-
active. Assignment of the oxidation waves is less clear from the data available here, and likely
involves a HOMO that is delocalized with mixed contribution from Ir, the C*N ligand, and
the formazanate/azo-triazolide ancillary ligand. We do note that in more electronically diverse
iridium formazanate complexes we prepared previously, the oxidation potential was quite
sensitive to the formazanate substitution, suggesting the HOMO has significant contribution
from the formazanate. That said, the potentials of the complexes described here are not

atypical for neutral bis-cyclometalated iridium complexes and are quite responsive to
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fluorination of the C”N ligand (see 37g and 37h in Table 4.5), so it is likely that the HOMO
in these compounds also includes significant Ir-aryl character, as is normal for cyclometalated
iridium complexes.!® We also characterized the redox behaviors of all the complexes in an
extended scan window. For all the complexes, additional irreversible oxidation peaks were
observed, and in most cases oxidation by >1 electron results in the first oxidation also
becoming irreversible. Additional reduction peaks were observed only in complexes 36h and
37h. For other complexes, no additional reduction peak was detected within the

dichloromethane solvent window.

4.2.5 DFT calculations

Molecular geometries for four compounds related to this study were optimized in the gas
phase, using the B3LYP-D3 functional with 6-311G(d,p) basis set for non-metal atoms and
SDD basis set for Ir. Chart 4.1 shows the structures of these four compounds. The computed
compounds are Ir(ppy)2(Fzg) (36g) and its unobserved triazolide analogue 36g’, and triazolide
compound 37g and the unobserved formazate analogue Ir(F2ppy)2(Fzg) (37g’). For 36g and
37g, the optimized geometries are a good match for the crystal structures, with very similar
bond lengths, bond angles, and ligand conformations observed. For unobserved products 369’
and 37¢’, the structural metrics are in line with the other characterized triazolide and
formazanate complexes. In the gas phase, DFT predicts that in both cases the uncyclized
formazanate isomer is the more stable species, by ~13 kcal/mol in each case. This result is
consistent with the outcome when C"N = ppy, where formazanate complex 369 is observed as
the exclusive product but is at odds with the outcome when C*N = F.ppy. Since DFT

optimizations were run in the gas phase we also did a single-point calculation with implicit
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EtOH solvation, the solvent used during synthesis, and the energy landscape was not
significantly altered. It is unclear why the identity of the cyclometalating ligand, in particular
when changing from ppy to Foppy, has such a dramatic effect on the selectivity for

formazanate versus triazolide forms.

Chart 4.1 Structures of compounds evaluated by DFT method

In spite of the lack of clarity with regards to product selectivity, DFT results give a clear
picture of the electronic structure and are consistent with the CV and UV-vis spectroscopic
measurements described above. Figure 4.4 summarizes some of the key DFT results, showing
frontier orbital energies for both 36g and 37g. In addition, TD-DFT, calculated using the TD-
MO06-2X functional with the same atomic basis sets, was used to compute the lowest-energy
UV-vis transition. TD-DFT results, showing the computed transition wavelengths and the
orbitals that constitute the major one-electron transition for each excited state, are also
summarized in Figure 4.4. CV results described above predicted rather similar frontier orbital
energies and HOMO-LUMO gaps for 36g and 37¢, trends that are reproduced well by DFT.
The experimentally determined HOMO-LUMO gaps for 37g is <0.1 eV larger than 36g, and
DFT calculations predict that the HOMO-LUMO gap for 27g is slightly smaller, by 0.02 eV.
The frontier orbitals for both 36g and 37g are primarily ligand-centered = and n* orbitals
residing on the formazanate or triazolide ligand.
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Figure 4.4 Summary of DFT results for complexes 36g and 37g. The chemical structures
show the orientation of the molecules in the orbital contour plots, with a “front-facing”
orientation of the formazanate or triazolide ligand. Frontier orbital energies are indicated, and
the red arrow shows the transition that is the major contributor to the lowest-energy singlet
state, with the computed wavelength and oscillator strength shown. The percent contribution
of that one-electron transition to the excited state is also shown, and contour plots (0.3 au)
depict the orbitals that are principally involved, HOMO and LUMO for 36g, HOMO-1 and
LUMO for 37g.

Both experiment and theory are consistent with the idea that 36g and 37g have very similar
HOMO-LUMO gaps, but in spite of this similarity the UV-vis spectra (Figure 4.2) are quite
different, with 36g having strong visible absorption and 37g absorbing primarily UV and blue
regions. This disparity is clearly explained by the TD-DFT results. In both compounds, the
lowest-energy electronic transition involves substantial configuration interaction, but for 369
the transition occurs in the visible region (A = 404 nm) that has 80% HOMO—LUMO
character, and thus is primarily an intraligand 7—=* transition. In contrast, for 379 the
lowest-energy transition occurs at much shorter wavelength (A = 335 nm) and has majority

(HOMO-1)—LUMO character, and only 5% contribution from the HOMO—LUMO
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transition. The (HOMO-1) orbital in 37g involves contributions from both the triazolide and
Foppy ligands, so the (HOMO—-1)—LUMO transition can be described as having mixed
intraligand and ligand-to-ligand charge transfer character. Thus, the frontier orbital energies
are very similar for 36g and 37g, but the UV-vis transitions for these two isomers involve

different frontier orbitals and thus occur in different parts of the spectrum.

4.3 Conclusion

In this work, we disclosed examples of 2-aryl-4-arylazo-2H-1,2,3-triazolide bis-
cyclometalated iridium complexes, formed by cyclization of 3-cyano-1,5,-diarylformazanates.
In most cases the typical reaction conditions left the formazanate ligand in its uncyclized
form, but steric effects on both the formazanate ligand and the cyclometalating ligand appear
to be important for driving the cyclization to the azo-triazolide. The two distinct ligand
structures are discernible spectroscopically and unequivocally established by single-crystal X-
ray diffraction. A systematic comparison of different C*N and formazanate/4-azo-1,2,3-
triazolide ligands reveals that the redox potentials are rather similar within the series of
compounds, although the UV-vis absorption profiles are distinct and the triazolide complexes
have much less pronounced visible absorption, due to the predominance of
(HOMO-1)—LUMO transitions in these complexes versus HOMO—LUMO transitions in
the formazanate isomer. In future work we aim to develop a more general route for this new
4-azo-1,2,3-triazolide ligand class and expand the coordination chemistry to other late

transition metals, like Ru and Re.
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4.4 Experimental section

4.4.1 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), methanol (MeOH), and
toluene for UV-vis spectroscopy, 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). Tetrabutylammonium hexafluorophosphate
(TBAPFs) was recrystallized from hot ethanol and ferrocene was sublimed at ambient
pressure before use in electrochemical experiments. CDClz and CD3CN for NMR
spectroscopy were stored over potassium carbonate and molecular sieves to remove acidic
impurities and moisture. The ligand 3-cyano-1,5-bis(2,6-dimethylphenyl)formazan (Fzg) was
prepared by following the literature procedures®® and 3-cyano-1,5-bis(2,4-
dimethylphenyl)formazan (Fzh) was prepared by a modified version described below. The
iridium precursors [Ir(ppy)2(n-Ch)]2 (ppy = 2-phenylpyridine), [Ir(F2ppy)2(u-Cl)]2 (F2ppy = 2-
(2,4-difluorophenyl)pyridine), [Ir(bt)2(u-Cl)]2 (bt = 2-phenylbenzothiazole), and [Ir(pta)2(p-
CD]2 (pta = 2-phenylthiazole) were prepared by a modified version of the well-known

Nonoyama procedure, "8

4.4.2 Physical methods

NMR spectra were recorded at room temperature using a JEOL ECA-600, ECA-500, or

ECA-400 NMR spectrometer and are shown in appendix. Infrared (IR) spectra were measured
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using a Thermo Nicolet Avatar FT-IR spectrometer with diamond ATR. 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
(CH2CI2) 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. The bulk
purity for all complexes is established by elemental analysis, performed by Atlantic Microlab,

Inc.

4.4.3 Synthesis of compounds

Ligand Fzh. The title compound was prepared by a modified version of the literature
procedures used for related formazanate ligands.» Sodium nitrite (3.0 g, 0.043 mol) was
added to a solution of 2,4-dimethylaniline (4.9 mL, 0.040 mmol), 12 M concentrated
hydrochloric acid (10 mL) and water (10 mL) at —5 °C in small portions over a 10 min period.
After 15 min of stirring, the mixture was added to a second solution containing cyanoacetic
acid (1.7 g, 0.020 mmol), sodium hydroxide (8.0 g, 0.20 mmol), and water (100 mL) at 0 °C
over a 30 min period. The reaction completion was confirmed by TLC. The resulting dark red
organic layer obtained after biphasic extraction from dichloromethane/water was dehydrEd by
MgSO4 and concentrated to dryness. The crude product was purified via column
chromatography (neutral alumina stationary phase and dichloromethane eluent), and the

eluate was concentrated in vacuo to afford Fzh as dark red solid. Yield: 1.3 g (21%). *H NMR
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(400 MHz, CDCls): § 12.22 (s, 1H, NH), 7.58 (d, J = 8.1 Hz, 2H, ArH), 7.10 (d, J = 8.8 Hz,
4H, ArH), 2.50 (s, 6H, CHs), 2.35 (s, 6H, CH3). *C NMR (151 MHz, CDCls): § 143.0, 139.4,
132.0, 131.7, 128.1, 126.5, 115.9, 114.6, 21.3, 17.7. FT-IR: 3332 (vnH), 2222 (ven), 1527,
1277(m) cm™!. Anal. Calcd for C1gH19Ns: C, 70.80, H, 6.27, N, 22.93. Found: C, 70.85, H,

6.13, N, 23.02.

Complex 36g. [Ir(ppy)2(u-Ch]2 (54 mg, 0.050 mmol) and Fzg (30 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. A red precipitate
was observed at the bottom of the flask after the reaction was completed. Solvent was
removed by filtration, and the solid was re-crystalized from CH2Cl, and pentane to purify the
product, which was crystallized again by vapor diffusion of pentane into a concentrated
CHCls solution. Yield: 65 mg (74%). 'H NMR (500 MHz, CDCl3): § 8.53 (d, ] = 4.7 Hz, 1H,
ArH), 8.39 (d, J = 4.7 Hz, 1H, ArH), 7.81 (t, J = 7.6 Hz, 1H, ArH), 7.75 (t, J = 7.5 Hz, 1H,
ArH), 7.68 (d, J = 8.1 Hz, 1H, ArH), 7.54 (d, J = 8.1 Hz, 1H, ArH), 7.13 (d, J = 6.6 Hz, 3H,
ArH), 6.96 (d, J = 7.4 Hz, 1H, ArH), 6.67 (t, J = 7.2 Hz, 1H, ArH), 6.61-6.52 (m, 2H, ArH),
6.52-6.43 (M, 2H, ArH), 6.43-6.34 (m, 3H, ArH), 6.29 (d, J = 7.2 Hz, 1H, ArH), 6.21 (d, J =
7.1 Hz, 1H, ArH), 5.85 (d, J = 7.5 Hz, 1H, ArH), 5.76 (d, J = 7.4 Hz, 1H, ArH), 2.14 (s, 3H,
CHs), 1.99 (s, 3H, CH3), 1.36 (s, 3H, CH3), 1.11 (s, 3H, CHs). 3C NMR (151 MHz, CDCls):
0 169.8, 167.8, 152.7, 152.6, 152.3, 149.6, 149.4, 146.7, 142.8, 142.4, 137.9, 137.7, 134.6,
132.8,131.7, 131.3, 130.4, 129.1, 128.6, 128.5, 128.4, 128.2, 127.6, 126.9, 126.3, 126.2,

125.7,124.3, 122.7, 122.1, 121.8, 121.5, 120.8, 119.3, 119.2, 116.2, 22.6, 20.0, 18.2, 16.9.
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FT-IR: 2206 (vcn), 1608(m), 1479, 1214 cm™!. Anal. Calcd for C4oHzsN7Ir: C, 59.68, H, 4.26,

N, 12.18. Found: C, 59.50, H, 4.37, N, 12.09.

Complex 37g. The title compound was prepared by the general method described above for
complex 36g, using [Ir(F2ppy)2(u-Cl)]2 (61 mg, 0.050 mmol) and Fzg (30 mg, 0.10 mmol),
being crystallized by vapor diffusion of pentane into concentrated ethyl acetate solution.
Yield: 70 mg (80%). H NMR (500 MHz, CDCls): & 8.44 (d, ] = 5.5 Hz, 1H, ArH), 8.25 (d, J
= 8.4 Hz, 1H, ArH), 7.98 (d, J = 8.3 Hz, 1H, ArH), 7.86 (d, J = 5.6 Hz, 1H, ArH), 7.71 (dd, J
=16.6, 8.3 Hz, 2H, ArH), 7.22 (t, J = 7.5 Hz, 1H, ArH), 7.09 (d, J = 7.5 Hz, 2H, ArH), 6.95-
6.87 (m, 2H, ArH), 6.85 (t, J = 6.5 Hz, 1H, ArH), 6.74 (d, J = 7.4 Hz, 1H, ArH), 6.65 (d, J =
7.2 Hz, 1H, ArH), 6.32 (t, J = 10.9 Hz, 1H, ArH), 6.19 (t, J = 10.7 Hz, 1H, ArH), 6.03 (d, J =
7.4 Hz, 1H, ArH), 5.57 (d, J = 9.3 Hz, 1H, ArH), 2.12 (s, 3H, CHs), 1.92 (s, 6H, CHs), 1.13 (s,
3H, CH3). °F NMR (470 MHz, CDCl3): § —108.6 (s, 1F), —109.5 (s, 1F), —110.6 (s, 1F),
~110.9 (s, 1F). 3C NMR (151 MHz, CDCls): & 179.0, 173.6, 172.7,170.0, 167.1, 164.3,
163.7,162.1, 162.0, 155.1, 153.8, 150.6, 150.3, 140.3, 138.0, 136.7, 135.5, 130.8, 130.1,
129.6, 128.4, 128.2, 128.2, 128.1, 127.8, 126.3, 123.2, 122.9, 122.7, 120.5, 115.1, 111.7, 97.8,
96.9, 21.3, 17.5, 16.9. FT-IR 1597(m), 1474(m), 1289(m) cm™". Anal. Calcd for

CaoHaoN7F4lr: C, 54.79, H, 3.45, N, 11.18. Found: C, 54.98, H, 3.61, N, 10.94.

Complex 38g. The title compound was prepared by the general method described above for
complex 36g, using [Ir(bt)2(u-Cl)]2 (65 mg, 0.050 mmol) and Fzg (30 mg, 0.10 mmol), being
crystallized by vapor diffusion of pentane into concentrated ethyl acetate solution. Yield: 70
mg (76%). 'H NMR (600 MHz, CDCls): & 7.78 (d, J = 7.9 Hz, 3H, ArH), 7.64 (d, ] = 7.6 Hz,
1H, ArH), 7.34 (t, J = 7.5 Hz, 1H, ArH), 7.25 (t, J = 7.5 Hz, 1H, ArH), 7.20-7.10 (m, 4H,

100



ArH), 7.02 (d, J = 7.7 Hz, 3H, ArH), 6.87 (t, J = 7.3 Hz, 1H, ArH), 6.82-6.71 (m, 5H, ArH),
6.52 (t,J = 7.5 Hz, 1H, ArH), 6.44 (d, J = 7.2 Hz, 1H, ArH), 6.13 (d, J = 7.8 Hz, 1H, ArH),
2.02 (s, 3H, CHs), 1.78 (s, 6H, CHs), 0.98 (s, 3H, CHs). 3C NMR (151 MHz, CDCls): §
183.2, 180.1, 178.4, 170.2, 169.7, 151.1, 150.5, 150.2, 149.9, 141.4, 140.4, 139.5, 138.4,
135.5, 134.3, 133.2, 131.5, 131.4, 131.0, 130.8, 130.5, 129.7, 129.4, 128.4, 128.2, 128.0,
127.8,127.2,126.22, 126.18, 125.6, 124.9, 124.1, 122.5, 122.2, 121.9, 120.7, 120.5, 23.2,
17.2,17.0. FT-IR: 1582(m), 1434(m), 1295(m) cm™!. Anal. Calcd for CasH34N7S2lIr: C, 57.62,

H, 3.74, N, 10.69. Found: C, 57.72, H, 3.87, N, 10.44.

Complex 39g. The title compound was prepared by the general method described above for
complex 36g, using [Ir(pta)2(u-Cl)]2 (55 mg, 0.050 mmol) and Fzg (30 mg, 0.10 mmol).
Yield: 56 mg (69%). *H NMR (500 MHz, CDCls): & 7.74 (d, J = 3.3 Hz, 1H, ArH), 7.63 (d, J
= 3.4 Hz, 1H, ArH), 7.38 (dd, J = 10.0, 3.3 Hz, 2H, ArH), 7.01 (d, J = 7.3 Hz, 1H, ArH), 6.97
(d,J=7.6 Hz, 1H, ArH), 6.72 (t, J = 7.4 Hz, 1H, ArH), 6.67 (d, J = 7.4 Hz, 1H, ArH), 6.57 (t,
J=7.3 Hz, 1H, ArH), 6.54-6.42 (m, 5H, ArH), 6.39 (t, J =7.5 Hz, 1H, ArH), 6.17 (d,J=7.4
Hz, 1H, ArH), 5.91 (d, J = 7.6 Hz, 1H, ArH), 5.81 (d, J = 7.0 Hz, 1H, ArH), 2.10 (s, 3H,
CHa), 2.09 (s, 3H, CH3), 1.45 (s, 3H, CHs), 1.39 (s, 3H, CHs). 3C NMR (126 MHz, CDCl3):
0 181.5,179.4,151.0, 149.4, 149.3, 145.7, 142.3, 142.2, 138.9, 138.7, 135.1, 132.6, 131.7,
131.5,130.8, 129.3, 129.2, 128.5, 128.3, 128.1, 127.5, 126.9, 126.7, 126.5, 125.8, 124.7,
123.3,122.1,121.1, 117.3, 116.8, 115.9, 22.0, 19.8, 17.9, 17.2. FT-IR: 2207 (vcn), 1582,
1438, 1216. Anal. Calcd for C3gH3zoN7S2Ir: C, 52.92, H, 3.70, N, 12.00. Found: C, 52.87, H,

3.91, N, 11.93.
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Complex 36h. [Ir(ppy)2(u-ChH]2 (54 mg, 0.050 mmol) and Fzh (30 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 dark red to purple. The reaction completion was confirmed by TLC. Solvent
was removed using rotary evaporation, and the product was re-dissolved in a minimum
amount of ethyl acetate. After that column chromatography (hexane / ethyl acetate gradient
eluent, neutral alumina) was performed to purify the product. Yield: 65 mg (74%). *H NMR
(500 MHz, CDCls): & 8.50 (d, J = 5.6 Hz, 1H, ArH), 8.41 (d, ] = 5.6 Hz, 1H, ArH), 7.79 (t, ] =
7.7Hz, 1H, ArH), 7.73 (dd, J = 14.4, 7.8 Hz, 2H, ArH), 7.58 (d, J = 8.1 Hz, 1H, ArH), 7.13
(td, J = 13.2, 6.5 Hz, 3H, ArH), 7.06 (d, J = 7.3 Hz, 1H, ArH), 6.58 (dt, J = 14.8, 7.6 Hz, 4H,
ArH), 6.43-6.35 (m, 3H, ArH), 6.32 (d, J = 8.1 Hz, 1H, ArH), 6.02 (d, J = 7.7 Hz, 1H, ArH),
5.91 (d, J = 7.8 Hz, 1H, ArH), 5.88 (d, J = 7.2 Hz, 1H, ArH), 5.81 (d, J = 7.6 Hz, 1H, ArH),
2.06 (s, 3H, CHa), 1.99 (s, 3H, CHs3), 1.74 (s, 3H, CHa), 1.60 (s, 3H, CH3). 3C NMR (151
MHz, CDCl3) 6 169.1, 167.6, 155.4, 151.09, 151.06, 150.5, 148.9, 148.3, 148.0, 143.0, 142.2,
137.5,137.3, 136.6, 134.8, 132.2, 131.2, 130.9, 130.8, 130.5, 129.5, 129.4, 129.2, 126.2,
125.3,124.5,124.1, 123.5, 122.5, 122.2, 121.6, 119.9, 119.2, 119.1, 118.5, 116.5, 29.8, 18.2,
17.3, 17.3. FT-IR: 2202 (vcn), 1607(m), 1476, 1224(m) cm™". Anal. Calcd for CaHasN-Ir: C,

59.68, H, 4.26, N, 12.18. Found: C, 59.64, H, 4.27, N, 11.99.

Complex 37h. The title compound was prepared by the general method described above for
complex 36h, using [Ir(F2ppy)2(n-Cl)]2 (61 mg, 0.050 mmol) and Fzh (30 mg, 0.10 mmol).
Yield: 60 mg (68%). *H NMR (500 MHz, CDCls): § 8.47 (d, J = 5.3 Hz, 1H, ArH), 8.39 (d, J

= 5.4 Hz, 1H, ArH), 8.12 (d, J = 8.3 Hz, 1H, ArH), 7.99 (d, J = 8.3 Hz, 1H, ArH), 7.88 (t, J =
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7.9 Hz, 1H, ArH), 7.82 (t, J = 7.9 Hz, 1H, ArH), 7.2 (dt, J = 23.0, 6.3 Hz, 2H, ArH), 6.64 (s,
1H, ArH), 6.55 (s, 1H, ArH), 6.41 (d, J = 8.0 Hz, 1H, ArH), 6.38 (d, J = 8.1 Hz, 1H, ArH),
6.21 (d, J = 7.7 Hz, 1H, ArH), 6.18-6.06 (m, 2H, ArH), 5.89 (d, J = 7.7 Hz, 1H, ArH), 5.30
(d, J =8.5Hz, 1H, ArH), 5.25 (d, J = 8.5 Hz, 1H, ArH), 2.11 (s, 3H, CHs), 2.08 (s, 3H, CHs),
1.67 (s, 3H, CHs), 1.53 (s, 3H, CHs). *°F NMR (470 MHz, CDCls): § —107.2 (g, J =9.3 Hz,
1F), —108.7 (q, J =9.3 Hz, 1F), —109.9 (t,J = 11.5 Hz, 1F), —110.2 (t, J = 11.4 Hz, 1F). 13C
NMR (151 MHz, CDCls): § 165.5, .1, 163.6, 163.4, 161.9, 161.7, 161.3, 160.1, 159.6, 159.1,
152.1, 151.1, 150.5, 149.0, 147.4, 138.7, 138.5, 137.3, 135.6, 134.5, 131.5, 130.8, 129.6,
126.9, 125.8, 125.4, 124.0, 123.4, 123.3, 123.0, 122.7, 118.5, 115.7, 114.2, 113.1, 98.1, 96.4,
20.9, 20.7,17.9, 17.2. FT-IR: 2213 (ven), 1738, 1601(m), 1402, 1228(m) cm™'. Anal. Calcd

for CaoHsoN7F4lr: C, 54.79, H, 3.45, N, 11.18. Found: C, 54.93, H, 3.40, N, 11.02.

Complex 38h. The title compound was prepared by the general method described above for
complex 36h, using [Ir(bt)2(u-Cl)]2 (65 mg, 0.050 mmol) and Fzh (30 mg, 0.10 mmol). Yield:
40 mg (44%). 'H NMR (500 MHz, CDCl3): § 7.92 (d, ] = 8.0 Hz, 1H, ArH), 7.88 (t, ] = 8.2
Hz, 2H, ArH), 7.73 (d, J = 8.1 Hz, 1H, ArH), 7.63 (t, J = 7.7 Hz, 1H, ArH), 7.54 (t, = 7.6
Hz, 1H, ArH), 7.49-7.41 (m, 2H, ArH), 7.12 (d, J = 7.6 Hz, 1H, ArH), 7.05 (d, J = 7.6 Hz,
1H, ArH), 6.64 (g, J = 7.0 Hz, 2H, ArH), 6.56 (dd, J = 14.0, 6.0 Hz, 2H, ArH), 6.54-6.49 (m,
2H, ArH), 6.44 (d, J = 7.9 Hz, 1H, ArH), 6.37 (d, J = 8.1 Hz, 1H, ArH), 6.19 (d, J = 8.1 Hz,
1H, ArH), 6.09 (d, J = 7.7 Hz, 1H, ArH), 6.03 (d, J = 7.7 Hz, 1H, ArH), 5.86 (d, J = 7.9 Hz,
1H, ArH), 2.06 (s, 3H, CHs), 2.03 (s, 3H, CHs), 1.43 (s, 3H, CHs), 1.33 (s, 3H, CHa). °C
NMR (151 MHz, CDClz): 6 181.8, 180.3, 158.2, 149.5, 149.5, 148.8, 147.3, 147.0, 139.2,

138.9, 136.8, 136.1, 134.7, 133.1, 131.7, 131.6, 131.3, 131.2, 131.1, 131.0, 130.8, 130.6,
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129.1, 128.6, 128.4, 126.2, 126.1, 126.0, 125.6, 125.5, 125.24, 125.20, 123.1, 122.6, 122.2,
120.4,120.3, 119.9, 118.4, 116.2, 21.0, 20.9, 17.7, 17.0. FT-IR: 2205 (vcn), 1581(m),
1406(m), 1223(m) cm™'. Anal. Calcd for CasHaaN7SzIr: C, 57.62, H, 3.74, N, 10.69. Found: C,

57.78,H, 3.72, N, 10.60.

4.4.4 X-ray Crystallography Details.

Single crystals of 369, 379, and 38g were grown by diffusing pentane into concentrated
chloroform, dichloromethane, or ethyl acetate (EA) solutions. Crystals were mounted on a
Bruker Apex Il three-circle diffractometer using MoK radiation (A = 0.71073 A), conducted
by Prof.Teets. 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. In the structure of 36g, one of the two
chloroform solvate molecules was modeled as a two-part disorder. Distance restraints were
used to affix the 1,2 and 1,3, distances in the disordered parts, and rigid bond restraints

(SIMU and DELU) were used for the thermal ellipsoid parameters.
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5 Chapter Five Dinuclear Complexes of Flexidentate Pyridine-

Substituted Formazanate Ligands

Reprinted with permission from Mu, G.; Jiang, C.; Teets, T. S. Chem. Eur. J.

10.1002/chem.202002351. Copyright 2020 WILEY-VCH Verlag GmbH & Co.

5.1 Introduction

Formazanates, the monoanionic form of formazans with a 1,2,4,5-tetraazapentadienyl
(NNCNN) core, have become a well-known N-chelating ligand class in recent years. They are
structurally related to B-diketiminates, but the two additional nitrogen atoms in the backbone
provide formazanates with more accessible redox properties and stronger visible absorption,
due to their more stabilized LUMOs.?® Formazanates have garnered considerable attention in
coordination chemistry due to their ligand-based redox processes, which may facilitate
multielectron redox transformations,” bond activations,® and excited-state charge separation.®
A variety of formazanate complexes of many main group metals3#37.38.4094.95159,164 g first-
and second-row transition metals?>468%-91107 have been described, highlighting the versatile
coordination chemistry of formazanate ligands and providing many examples of and much
insight into the intense visible absorption and accessible redox states of formazanates. Some
copper complexes can also mediate oxygen activation,*®° certain cobalt and iron complexes
exhibit unique magnetic characteristics,?>% and boron complexes in many cases feature not
only the tunable redox properties but also visible to near-infrared photoluminescence,3*37:949

finding applications as cell-imaging agents®**! and electrochemiluminescence emitters.%*
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Compared to the numerous formazanate complexes where a single metal atom is chelated
within the NNCNN framework, polynuclear compounds involving formazanates remain rare.
Access to complex polynuclear formazanate complexes is desirable for a number of reasons;
in addition to greatly expanding the fundamental coordination chemistry of formazanates,
there is the possibility of designing compounds with enhanced or unusual redox, magnetic, or
photophysical properties, enabled by electronic communication between the building blocks
mediated by the redox-active formazanate. In addition, compared to the rigid polypyridyl-
based bridging ligands that are ubiquitous in coordination chemistry, formazanates offer the
advantage of greater coordination flexibility and redox potentials that can be more easily
tuned over a wide range. There are a few existing categories of polynuclear complexes
involving formazanates, with representative examples shown in Chart 5.1. In some cases, the
formazanate binds in a normal chelating mode, with other bridging moieties, either covalently
attached to the formazanate periphery or added in as exogenous ligands, templating the
polynuclear structure. This type of assembly was reported in two different works by the
Gilroy group, one where boron difluoride formazanates are conjugated to platinum acetylide
complexes, via aryl acetylene groups on the formazanate periphery,® and another involving a
cyclic trimeric boroxine compound, with the three boron atoms are linked by oxo bridges. %
In other cases, the formazanate itself is the polynucleating ligand and binds multiple metals at
once. The Holland group isolated dimeric iron formazanate complexes which formed
following alkali metal reduction of a mononuclear iron formazanate precursor; the alkali
metal cation templates the formation of the dimer, and the formazanate coordinates via a

hybrid binding mode, chelating the iron through N1 and N4, with N5 bridging to the adjacent
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iron center.“® In another recent effort from the Gilroy group, formazanates substituted with a
2-pyridyl group were shown to be able to simultaneously bind BF." and divalent nickel.*’
With these few recent precedents in mind, we reasoned that the flexidentate pyridyl-
substituted ligands introduced by Gilroy’s group, and other related derivatives, could serve as
versatile polynucleating ligands for a wide range of structures.
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Chart 5.1 Some previously reported polynuclear formazanate complexes

Having extensively studied the coordination chemistry of formazanates with Ir(111)°”>8 and
Pt(11),°*°° our initial effort presented herein includes a series of complexes containing
different combinations of these two metals bridged by pyridyl-substituted formazanates. We
elaborate the coordination chemistry of formazans with either 4- and 2-pyridyl substituents as
the central aryl ring. The pyridyl substituents offer one additional coordination site, and we
show in this work the diversity of coordination modes possible with these ligands. The
dinuclear complexes that are presented in this study are generally assembled in a stepwise
fashion, adding one metal at a time to structure, which allows for the rational and modular
preparation of the complexes. A total of nine new formazanate complexes are introduced,

with four mononuclear and four dinuclear complexes structurally characterized by single-
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crystal X-ray diffraction. All the compounds are interrogated by cyclic voltammetry and UV-
vis absorption spectroscopy, revealing the effects of the coordination modes and complex

structures on the formazanate-centered frontier orbitals and visible absorption transitions.
5.2 Results and discussion

5.2.1 Synthesis and related structural characterization
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Scheme 5.1 Synthesis of Complex 40
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Figure 5.1 Molecular structure of complex 40, determined by single-crystal X-ray diffraction.
Ellipsoids are shown at 50% probability level with solvent molecules and carbon-bound
hydrogen atoms omitted.

In this work, we prepared 9 Ir(I11)/Pt(I1) pyridylformazanate complexes in total, which
include mononuclear building blocks and dinuclear assemblies. We began our efforts with the
new formazan 1,5-bis(p-tolyl)-3-(4-pyridyl)formazan (Fzi); closely related derivatives with

1,5-diphenyl substitution have been described,®® but their coordination chemistry has only
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been described in one isolated report on homoleptic nickel bis-formazanate complexes.®’
Scheme 5.1 depicts the synthetic route of a mononuclear cyclometalated Ir(111) complex of
Fzi. Initially we used reaction conditions identical to those outlined in our previous report on
cyclometalated iridium formazanate complexes,®” so our hypothesis was that Fzi would
chelate the iridium center through the formazanate backbone. We treated the chloro-bridged
dimer [Ir(F2ppy)2(p-Ch)]2 (F2ppy is 2-(2,4-difluorophenyl)pyridine) with a stoichiometric
amount of Fzi in refluxing ethanol with excess triethylamine present. NMR spectroscopy
confirmed isolation of a single product, but the *H NMR spectrum shows a downfield
resonance at 15.79 ppm, consistent with the N—H proton of the formazanate (Figure S71). We
thus concluded that Fzi binds to the Ir(111) center in a monodentate fashion through the
nitrogen of the pyridyl substituent, with the chloride ligand still attached and an empty
formazan backbone. The structure was unambiguously assigned by the crystal structure
shown in Figure 5.1, which clearly shows the «! coordination through pyridine. In addition,
the N—H hydrogen atom was located in the difference map, further confirming that the
formazan core is intact during this reaction. Recognizing that no deprotonation occurs during
the formation of 40, as shown in Scheme 5.1, we removed triethylamine and performed the
reaction without any base present, and the product was still formed in nearly identical isolated

yield.
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Figure 5.2 Molecular structure of complex 41, determined by single-crystal X-ray diffraction.
Ellipsoids are shown at 50% probability level with solvent molecules and carbon-bound
hydrogen atoms omitted.

We then investigated complex 40 as a precursor for subsequent reactions targeting
polynuclear complexes. Scheme 5.2 displays the synthetic route of the bimetallic
cyclometalated Ir(I11) complex 41, bridged by Fzi. To install the second bis-cyclometalated
iridium fragment, complex 40 was treated with a stoichiometric amount of [Ir(F2ppy)2(n-Cl)]2
in refluxing ethanol with excess triethylamine. Following column chromatography, bimetallic
complex 41 was isolated in moderate yield, 32%. Formation of the bimetallic structure was
evident from NMR spectroscopy (Figure S74-S76). The characteristic downfield N-H
resonance, observed at 15.79 ppm in 40, is no longer present. In addition, the *H and °F

NMR spectra of 41 display two sets of resonances for the Foppy ligands; in one set there are
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two chemically equivalent Foppy ligands, and in the other the two Foppy ligands are
chemically inequivalent. This observation suggests that one of the bis-cyclometalated iridium
centers has local C1 symmetry, as is the case in precursor complex 40, whereas the other has
local C> symmetry. The structure of complex 41 thus includes the second [Ir(Fzppy)2]*
fragment being chelated by N1 and N5 of the formazanate core, which is often typical
“closed” form of the formazanate.®” This binding mode was confirmed by X-ray
crystallography, with the structure shown in Figure 5.2. The flexidentate ligand Fzi exhibits a
dual coordination mode in the structure of 41, with the formazanate core chelating one metal
center and the 4-pyridyl ring bound to the other. This confirms that the overall outcome of the
reaction shown in Scheme 5.2 is to use complex 40 as a “metalloligand” to chelate a second

iridium fragment.
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Scheme 5.3 Synthesis of complex 42 and 43.
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Figure 5.3 Molecular structure of complex 43, determined by single-crystal X-ray diffraction.
Ellipsoids are shown at 50% probability level with solvent molecules and carbon-bound
hydrogen atoms omitted.

The same binding mode of Fzi observed in complex 41 was also observed with
cyclometalated platinum. Whereas no reaction is observed between Fzi and Pt(N~N)CI;
precursors ((N”N is 2,2'-bipyridine (bpy) or 4,4'-di-tert-butyl-2,2’-bipyridine (tbbpy)) in the
presence of base, Fzi does react with the chloro-bridged dimer [Pt(ppy)(u-Cl)]2, as shown in
Scheme 5.3. A 1:2 reaction between [Pt(ppy)(u-Cl)]2 and Fzi in refluxing ethanol with excess
triethylamine produces two products, a bimetallic complex 42 (major product) and chelated
monoplatinum complex 43 (minor product). Crude NMR spectra indicate a ca. 3:1 ratio of the
two products, and upon chromatographic separation complex 42 is obtained in 64% yield
(based on the platinum precursor), whereas 43 is obtained in 12% yield. The formation of
both products during the same reaction suggests that monoplatinum complex 43 may be an
intermediate in the formation of diplatinum complex 42. In addition, comparing the reaction
with cyclometalated platinum shown in Scheme 5.3 to the reaction with iridium in Scheme
5.2 shows that Fzi backbone more readily chelates Pt(ll) than Ir(I11) and does not form
products with platinum that are exclusively bound through the pyridine. The structure of

complex 43 was verified by X-ray crystallography (Figure 5.3), and is very similar to several
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other structurally characterized Pt(C"N)(formazanate) complexes from our group.>*>> We
were unable to obtain single crystals of diplatinum complex 42, but NMR spectroscopy and
mass spectrometry are all consistent with the proposed structure (Figure S77 & S78). In
particular, the *H NMR spectrum of 42 shows two sets of resonances for the ppy ligands,
indicating two chemically inequivalent [Pt(ppy)]* fragments, and one set of resonances
attributed to Fzi. All of these observations are consistent with the same binding mode for Fzi
in diplatinum complex 42 as is observed in diiridium complex 41 (Scheme 5.2 and Figure

5.2).
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Figure 5.4 Molecular structure of complex 44, determined by single-crystal X-ray diffraction.
Ellipsoids are shown at 50% probability level with solvent molecules and carbon-bound
hydrogen atoms omitted.
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We also found that 4-pyridyl-substituted Fzi can support a heterobimetallic complex, in this
case prepared by a one-pot self-assembly. Recognizing that Fzi has two different preferred
binding modes with iridium and platinum (Schemes 5.1 and 5.3) we treated equimolar
amounts of [Ir(Fz2ppy)2(u-Cl)]2 and [Pt(ppy)(u-Cl)]2 with two equivalents of Fzi, in the
presence of triethylamine in refluxing ethanol (Scheme 5.4). Clean self-assembly of the
heterobimetallic complex 44 was observed, and following recrystallization the product was
isolated in good yield (72%). °F NMR spectroscopy evinces local C1 symmetry at the iridium
center, with four distinct resonances for the Foppy fluorine atoms, and the *H NMR spectrum,
while complex in the aromatic region, shows the expected number of peaks and integration
values for the proposed structure (Figure S81 & S82). Single crystals of complex 44 were
obtained, with the structure determined by X-ray diffraction depicted in Figure 5.4. The
binding mode of Fzi is clearly confirmed in the structure, with chelation to the cyclometalated
platinum fragment and «* binding through pyridine at the iridium site. As observed in
complex 43 and many other platinum formazanate complexes from our group,>**° the
formazanate in complex 44 binds to the platinum in a “dragonfly” conformation, where the
backbone carbon and 4-pyridyl substituent in the formazanate are splayed out of the platinum
coordination plane. Looking at select bond distances, we note that the Ir—N(pyridyl) bond
distance in 44, 2.165(8) A, is very similar to, but slightly shorter than, the analogous distance
in complex 40, which averages 2.184(11) A for two crystallographically independent
molecules. This observation suggests that the electronic nature of the pyridine is minimally

altered when Fzi coordinates to a metal. Similarly, the formazanate Pt—N distances, 2.037(2)
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A and 2.088(2) A in monoplatinum complex 43, are only slightly shifted in bimetallic

complex 44, where the same distances are 2.000(9) A and 2.107(10) A.
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Figure 5.5 Molecular structure of complex 45 and 46, determined by single-crystal X-ray
diffraction. Ellipsoids are shown at 50% probability level with solvent molecules and carbon-
bound hydrogen atoms omitted.

The 2-pyridyl isomer Fzj does not react cleanly with cyclometalated iridium precursors, but
we were able to construct diplatinum complexes with this ligand, exhibiting two distinct
binding modes. Two monoplatinum precursor compounds 45 and 46 with a chelated Fzj were
prepared as described in Scheme 5.5, and their structures were confirmed by NMR

spectroscopy (Figure S84-S87) and single-crystal X-ray diffraction (Figure 5.5). Of note,
115



complex 45 represents a new structure type in platinum formazanate chemistry, with the
neutral tbbpy and monoanionic Fzj supporting a cationic Pt(1l) complex with an outer-sphere
chloride anion.
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Scheme 5.6 Synthesis of complex 47

We reasoned that complexes 45 and 46 could serve as chelating metalloligands, using the
2-pyridyl and an adjacent nitrogen atom in the formazanate core to chelate the second metal,
in the same manner observed by Gilroy’s group previously (see Chart 5.1).3” We first
introduced the labile platinum precursor Pt(DMSO)2Cl> to complex 45, anticipating the

formation of a complex with PtCl chelated by the 2-pyridyl and an adjacent formazanate
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Figure 5.6 Molecular structure of complex 47, determined by single-crystal X-ray diffraction.
Ellipsoids are shown at 50% probability level with solvent molecules and hydrogen atoms
omitted.

nitrogen, as shown in Scheme 5.6. The *H NMR spectrum of the resulting product was
consistent with the formation of a more rigid product with the pyridine locked into a single
conformation by virtue of coordination (Figure S88). Specifically, the formazanate CH3
resonances, which are chemically equivalent in 45 by virtue of free rotation of the 2-pyridyl
ring, split substantially in the product, separated by 0.2 ppm. In addition, the tert-butyl *H
resonances likewise occur at different chemical shifts, albeit minimally split. However, the
crystal structure of complex 47, displayed in Figure 5.6, reveals that a rearrangement occurs
during the reaction, whereby the chloride counterion opens up the chelated formazanate at the
[Pt(bpy)]” site, and the formazanate splays open to bind the PtCl, through the 2-pyridyl
moiety and N1 of the formazanate core, forming a 6-membered chelate ring. The structure of
47 represents a new and unexpected binding mode for the flexidentate formazan Fzj, but

nonetheless does show that this ligand can template dinuclear transition metal complexes.

Applying the same reaction conditions with neutral cyclometalated complex 46, we
presumed that binding of PtCl, would also occur, possibly via the same binding mode as in

complex 47, but likely avoiding opening of the platinum-formazanate since there is not an
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Figure 5.7 Molecular structure of complex 48, determined by single-crystal X-ray diffraction.
Ellipsoids are shown at 50% probability level with solvent molecules and hydrogen atoms
omitted. The right structure more clearly shows the coordination environment and bimetallic
core, eliminating the p-toyl substituents except for the carbon atoms bound to the formazanate
nitrogen atoms.

additional equivalent of CI- present in the reaction. Treating complex 46 with Pt(DMSQO).Cl;
resulted in the formation of a new product, but the *H NMR spectrum did not match the
expected product that would form from binding PtCl, (Figure S90). In particular, the *H NMR
spectrum of the product has fewer aromatic resonances than the starting material (46), and one
resonance occurs very far downfield, at 13.70 ppm. We determined by single-crystal X-ray
diffraction that the product that formed (Figure 5.7) is a Co-symmetric neutral diplatinum
formazanate complex of the formula Pt2(Fzb)2Cl2 (48), where each Fzj ligand chelates one
platinum center and bridges to the other with the 2-pyridyl group. Thus the coordination
geometry of each platinum includes the two nitrogen atoms from a chelating formazanate, a
pyridyl nitrogen from the neighboring formazanate, and a terminal chloride. The fate of the
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Table 5.1 Summary of crystallographic bond lengths (A) and angles (deg) for dinuclear
compounds 41, 44, 47 and 48.

41 44 47 48

Bond Distances (A)

2.133(7) 1.990(8) 2.023(7) 2.009(4)

M-N (Formazanate)
2.170(7) 2.104(8) 1.995(7) 2.003(4)
M-N (pyridyl) 2.182(8) 2.173(7) 2.015(8) 2.056(5)
1.287(10) 1.300(10) 1.305(11) 1.299(6)

N-N (Formazanate)
1.293(10) 1.291(10) 1.288(9) 1.286(6)
1.351(11) 1.349(11) 1.322(11) 1.350(7)

N-C (Formazanate)
1.351(12) 1.346(11) 1.372(10) 1.353(7)

2.3083(19)
M-Cl 2.527(3) 2.463(2) 2.303(2) 2.307(14)
2.294(2)
Formazanate Bond Angles (°)

N-M-N 82.8(3) 81.2(3) N/A 85.23(18)
M-N-N 127.2(6) 124.6(6) 126.8(5) 121.6(3)
122.5(6) 122.7(6) 122.5(5) 121.8(4)
N-N-C 120.9(7) 121.0(8) 119.8(7) 120.4(4)
120.9(7) 120.8(8) 119.2(7) 120.9(5)
N-C-N 129.4(8) 126.2(8) 120.8(8) 127.5(5)

[Pt(ppy)]" fragment that is lost during this reaction is not known, but we did find, as depicted
in Scheme 5.7, that product 48 could be prepared rationally and much more efficiently by
simply treating Pt(DMSO)2Cl> with equimolar Fzj in refluxing acetonitrile, allowing the
diplatinum complex to be isolated in 64% yield. Examining the structure in Figure 5.7, we
note that the platinum centers are separated by a large distance, 4.78 A, indicating they are
non-interacting, and we presume that the very downfield chemical shift in the *H NMR
spectrum (13.70 ppm) is attributed to the protons at the 6-position of the 2-pyridyl rings,
which are in a locked position that result in close approach (2.53 A) to N(3) and N(3A). Bond
distances and angles of dinuclear compounds are listed in Table 5.1 with refinement details

collected in Tables 5.2 and 5.3. Related NMR data are shown in Figure S69-S91 in appendix.
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Table 5.2 Summary of crystallographic data for mononuclear complexes 40, 43, 45, and 46.

40-1.5EtOAc 43 45-1.25CH2Cl: 46
-0.5MeOAc
CCDC 1985158 1985160 1985162 1985163
Crystal data
Chemical formula C49.50H46CIF4IrN704 C31H26Ne6Pt C39.25Ha4.50Cl3.50N7Pt C31H26N6Pt
M 1106.58 677.67 933.48 677.67

Crystal system, space group

Monoclinic, P21

Monoclinic, C2/c

Monoclinic, C2/c

Monoclinic, P21/c

a, b, c(R) 8.4851 (6),29.971 | 25.091 (4),14.391 | 43.514 (2),16.9264 | 9.5091 (14), 24.500
(2),18.2966 (13) (2),14.736 (2) (8),31.006 (3) (4),11.1488 (16)
o, By (%) 90,91.335(1),90 | 90,104.506 (2),90 | 90,134.348 (1),90 | 90,96.017 (3), 90
v (A3) 4651.7 (6) 5151.3 (13) 16330.9 (18) 2583.0 (7)
z 4 8 16 4
i (mm-1) 3.00 548 3.70 5.47

Crystal size (mm)

0.44 x 0.13 x 0.01

0.55x 0.50 x 0.50

0.41x0.19x0.18

0.29x0.21x0.11

Data collection

Tmin, Tmax

0.548,0.745

0.509, 0.746

0.540,0.746

0.417,0.746

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

47166,19483, 17827

15772,5912,5609

50780, 18787,16270

32009, 5985, 5568

reflections
Rint 0.047 0.022 0.027 0.038
(sin 8/0)max (A1) 0.631 0.650 0.651 0.653
Refinement

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

0.051, 0.114, 1.16

0.019, 0.048, 1.06

0.029, 0.088, 1.08

0.035, 0.077, 1.49

No. of reflections 19483 5912 18787 5985
No. of parameters 1193 373 969 339
No. of restraints 1171 154 100 0

w=1/[c%(Fo2) +

w=1/[c%(Fo2) +

w=1/[c2(Fo2) +

w=1/[c2(Fo2) +

(0.0474P)2 + (0.0224P)2 + (0.0461P)2 + (0.0016P)2 +
10.3822P] 10.7064P] 46.8527P] 10.9925P]
where P = (Fo? + where P = (Fo? + where P = (Fo2 + where P = (Fo? +
2F2)/3 2F2)/3 2F2)/3 2F2)/3
Apmax, Apmin (€ A-3) 3.06,-3.44 0.93,-1.76 1.94,-0.95 1.89,-1.33
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Table 5.3 Summary of crystallographic data for dinuclear complexes 41, 44, 47, and 48.

41-CsHy2

44.CsH12

47-1.5CsH12

48-CH,Cl,

CCDC

1985159

1985161

1985164

1985165

Crystal data

Chemical formula

C59H54C|F8|r2N9

CssHsoCIF4IrNgPt

Cas50Hs0CIzN7Pt,

C20.50H19CI2NsPt

M

1581.06

1357.80

1201.53

601.40

Crystal system, space group

Triclinic, PT

Triclinic, PT

Tetragonal, 141/a

Triclinic, PT

a b, c(A) 12.009 (2), 16.242 |12.049 (6), 14.088 |30.570 (5), 30.570 |7.511 (2), 11.577
(3), 17.642 (3) (7), 18.227 (9) (5), 20.173 (4) (4), 12.304 (4)

o B,y () 92.054 (2), 109.382 |89.082 (6), 70.887 |90, 90, 90 96.758 (4), 103.618
(2), 99.074 (2) (6), 74.845 (6) (4), 97.405 (4)

V (A% 3190.9 (10) 2813 (2) 18853 (7) 1019.0 (6)

y 2 2 16 2

w (mmd) 4.28 4.95 6.14 7.17

Crystal size (mm)

0.53 x 0.17 x 0.05

0.17 x 0.09 x 0.04

0.47 x0.43 x0.20

0.34 x 0.28 x 0.05

Data collection

Trmin, Tmax 0.377,0.746 0.601, 0.746 0.512, 0.746 0.376, 0.746

No. of measured, 64985, 14077, 32409, 9906, 6779 |52362, 10399, 7897 |6020, 4252, 4054
independent and 11225

observed [l > 2o(1)]

reflections

Rint 0.057 0.075 0.051 0.027

(sin 0/A)max (AY) 0.641 0.595 0.641 0.633
Refinement

R[F? > 26(F2)], WR(F?), S

0.069, 0.180, 1.06

0.048, 0.127, 1.02

0.048, 0.149, 1.09

0.036, 0.095, 1.04

where P = (Fo? +
2F2)/3

where P = (Fo? +
2F2)/3

where P = (Fo? +
2F )13

No. of reflections 14077 9906 10399 4252

No. of parameters 804 661 527 264

No. of restraints 834 40 77 13
w = 1/[c*(Fo?) + w = 1/[c*(Fo?) + w = 1/[c*(Fo?) + w = 1/[c%(Fo?) +
(0.0561P)? + (0.0579P)? + (0.0722P)% + (0.0635P)?2 +
91.9469P] 5.7177P] 411.9535P] 1.9936P]

where P = (Fo? +
2F2)I3

Apmax, Apmin (e Aa)

14.41, -7.56

2.15,-1.72

4.40,-1.38

2.64,-2.82
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5.2.2 UV-vis absorption spectroscopy
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Figure 5.8 Overlaid electronic absorption spectra of (a) Fzi complexes, (b) Fzj complexes,
and (c) free formazans Fzi and Fzj. Spectra were recorded in tetrahydrofuran (THF) solution
at room temperature. Data was collected in intervals of 1 nm, and symbols are included on
each plot are to help distinguish the overlaid spectra.

Recognizing that formazanates are well-known for their redox and optical properties, this
study provides an opportunity to assess how the binding mode of flexidentate formazanates
influences the frontier orbitals and excited states. The absorption spectra and the
corresponding visual color of the complexes depend strongly on the binding mode. UV-vis
spectra for the complexes are shown in Figure 5.8, with a summary of the data in Table 5.4.
The plots in Figure 5.8 are arranged by the nuclearity of the respective complex. Figure 5.8a
shows the five complexes involving Fzi (40, 41, 42, 43, and 44) with rest with Fzj (45, 46,
47, and 48) shown directly in the middle in Figure 5.8b, and the spectra of the free formazans

are included in Figure 5.8c.

Apart from intense peaks in the UV (A <350 nm) attributed to localized n—n* transitions
of the aryl substituents from both C*N and formazanate, a notable absorption between 460 nm
and 700 nm stands out among all compounds, which is assigned as a t—n* within the

formazanate framework. The free formazans have similar UV-vis absorption wavelengths,
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with the low-energy transition occurring 482 nm in Fzi and 466 nm in Fzj. Coordination
through the 4-pyridyl substituent of Fzi, as observed in complex 40, has a minimal effect on
the absorption wavelength, which occurs at nearly identical wavelength (483 nm) in this
complex. When the formazanate chelates the metal center, as observed in most other
complexes, we observe a sizeable red-shift of the n—n* transition, as we have previously
noted in studying many other Pt and Ir formazanates.>*°>°" The magnitude of this shift
depends on the metal that is chelated; in dinuclear complex 41, the only member of the series
where the formazanate chelates to iridium, the low-energy absorption shifts to 571 nm. In the
Fzi complexes where Pt is chelated (42—44), the corresponding absorption maxima span 635—
640 nm. Comparison of the mononuclear complex Pt(ppy)(Fzi) (43) (Amax = 640 nm) to
dincuclear complexes 42 and 44, where the 4-pyridyl is coordinated to a secondary metal

center, again shows minimal impact of 4-pyridyl coordination on the absorption wavelength.

Table 5.4 Summary of UV-vis absorption spectra of complexes 40-48.

A/nm (ex10-3/M-1cm-3)

Fzi 319 (31), 482 (27), 535(sh) (19)

Fzj 313 (8.5), 466 (8.6)

40 343 (21), 483 (12), 530(sh) (8.9)

41 384 (17), 571 (3.4)

42 325(sh)(9.4), 367(9.2), 442(13), 635(5.0)
43 328 (14), 346 (14), 424 (11), 640 (9.0)
44 364(sh) (19), 440 (22), 636 (9.5)

45 320 (7.5), 336(sh) (6.6), 626 (3.6)

46 328 (11), 341(sh) (11), 428 (6.6), 634 (7.2)
47 319 (16), 436 (13), 664 (13)

48 306 (18), 349(sh) (14), 384(sh) (18), 404 (22),

430(sh) (15),
511 (15), 548(sh) (12), 649(sh) (9.6), 682 (12)
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In the Fzj series, mononuclear precursors 45 and 46 behave similarly to the other Pt
chelates. The m=—n* transition in Fzj occurs at 466 nm, and shifts to 626 nm in
[Pt(tbbpy)(Fzj)](CI) (45) and 634 nm in Pt(ppy)(Fzj) (46), indicating a small effect of the
secondary ligand on the absorption energy. When complex 45 binds an equivalent of PtCl to
form complex 47, which involves a rearrangement of the formazanate binding mode (Scheme
5.6), the low-energy absorption band shifts significantly from 626 nm to 664 nm, indicating
that the m—m* gap is sensitive to the ligand conformation and/or to the coordination of a
second metal ion to the formazanate. Finally, diplatinum complex 48 has the most distinct
UV-vis absorption spectrum in the series. The lowest-energy maximum in 48 occurs at the
longest wavelength in the series, 682 nm, and involves a high-energy shoulder at 649 nm.
Moreover, complex 48 has a second set of overlapped, intense visible bands, at 511 and 548
nm, in a region of the spectrum where the other complexes are transparent. The origin of this
second visible band is not immediately obvious from the available data, but we propose the
most likely explanation for the appearance of the absorption spectrum in 48 is that each
formazanate has a t—n™* excited state, and the two states mix through configuration
interaction to produce two state that give rise to the two intense visible absorption bands. UV-
vis spectra were also recorded in three solvents of varying polarity (toluene, THF, and
MeOH) and the low-energy absorption bands of most complexes exhibit small but
measureable solvatochromism, indicating some amount of charge-transfer character in the
excited state. For complexes with a chelated formazanate the solvatochromism is typically

larger for Pt complexes vs. Ir, in line with what we have previously reported.>>->’
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5.2.3 Electrochemistry
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Figure 5.9 Overlaid cyclic voltammograms of complexes 40-48. 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.

Table 5.5 Summary of electrochemical data of complexes 40—48.

Eox(V) Ered(V)
40 0.88 -1.45
41 0.52a -1.79
42 0.56 -1.46
43 0.34 -1.55
44 0.47 -1.48
45 0.592 -1.22
46 031 -1.58
47 0.53 -1.300
48 0.49: -1.33a

airreversible waves. Epa or Epcis reported.

The redox properties of all complexes were evaluated by cyclic voltammetry, to determine

the effect of formazanate binding mode on the redox potentials and frontier orbitals. Overlaid

voltammograms shown in Figure 5.9 and redox potentials are summarized in Table 5.5. Each

complex shows one oxidation and one reduction feature within the accessible electrochemical

window. We notice that complex 40, which contains a neutral formazan coordinated to
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iridium through the pyridine, is the most difficult to oxidize in the series, whereas in the rest
of the compounds, with formally monoanionic metal-bound formazanate cores the oxidation
waves are cathodically shifted. In most cases other than complexes 47 and 48, the reduction
waves are electrochemically reversible ranging from —1.22 to —1.79 V. This reduction is
assigned to a formazanate-centered reduction, and some trends emerge from examining this
series. First, we note that complex 41, which has a chelated Ir(I1l) center, is significantly more
difficult to reduce than any of the Pt(1l) chelates, a trend we previously observed in many
mononuclear formazanate complexes.>>>’ Other insights come from comparing mononuclear
Pt(11) complex 43 to the two dinuclear complexes which contain this building block, 42 and
44. The reduction potential in 43 is —1.55 V, which shift anodically to —1.46 V when the
pyridine is capped with another Pt(I1) unit in 42, and similarly to —1.48 V when Ir(III) binds
to the pyridine in 44. Likewise, the one-electron oxidation couples are influenced to a small
extent, with 42 and 44 more difficult to oxidize by ~0.1-0.2 V. This observation suggests that
when the pyridine coordinates to another Lewis-acidic metal center, the formazanate-centered
frontier orbitals are stabilized by a small amount, indicating that dincuclear assembly can
influence formazanate-based orbital energies. In the Fzj series, we see that the mononuclear
precursors 45 and 46 differ significantly in their reduction potentials. In cationic complex 45
the reduction is anodically shifted to —1.22 V, compared to —1.58 V in neutral cyclometalated
complex 46, indicating that the secondary ligand, tbbpy or ppy, couples electronically with
the formazanate 7 system. Relatedly, cationic complex 45 has a formal oxidation couple that
is ~0.3 V more positive than neutral complex 46. When complex 45 binds PtCl, and

rearranges to complex 47, the reduction becomes irreversible and undergoes a slight cathodic
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shift, whereas the oxidation is minimally perturbed. In the other dinuclear Fzj complex, 48,
the reduction is also irreversible, and we propose that it is a concerted two-electron reduction
of both formazanates, given the larger observed current compared to the oxidation wave. All
that said, in the compounds that have the formazanate core chelated to platinum (42—46 and
48) or bridging two platinum centers (47), the oxidation and reduction potentials are separated
by a similar amount, ~1.8 V in most cases and no larger than 2.0 V (42), indicating HOMO-
LUMO gaps that are all quite similar. Consistent with this, in the UV-vis spectra described
above, all of these Pt(Il) complexes have very similar low-energy absorption maxima,

ascribed to the formazanate-centered HOMO—LUMO (n—7*) transition.

5.3 Conclusion

In this chapter, we show that flexidentate, redox-active pyridine-substituted formazanates
can template the assembly of a variety of dinuclear assemblies. The formazanates exhibit
three distinct binding modes in the five dinuclear complexes, which include diiridium,
diplatinum, and mixed platinum-iridium constructs. The redox and optical properties are
dominated by the formazanate dinucleating ligand, and they do depend on the nuclearity of
the complex, the binding mode of the formazanate, as well as the metals that are coordinated.
This work shows that these types of formazanates are versatile ligands for the facile assembly
of complex structures, where the frontier orbitals of the formazanate can play a large role in
determining the electronic structure, redox potentials, and excited-state chemistry of the
resulting assemblies. We believe that the two flexidentate formazanates described here, as
well as related derivatives, will emerge as ideal scaffolds for the assembly of polynuclear

coordination complexes with desirable properties.
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5.4 Experimental section

5.4.1 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), methanol (MeOH), and
toluene for UV-vis spectroscopy, 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). Tetrabutylammonium hexafluorophosphate
(TBAPFs) was recrystallized from hot ethanol and ferrocene was sublimed at ambient
pressure before use in electrochemical experiments. CD2Cl,, CDCl3, and CD3CN for NMR
spectroscopy were stored over potassium carbonate and molecular sieves to remove acidic
impurities and moisture. The ligand 3-(2-pyridyl)-1,5-bis(4-methylphenyl)formazan (Fzj) was
prepared by following the literature procedure®” and 3-(4-pyridyl)-1,5-bis(4-
methylphenyl)formazan (Fzi) was prepared by a modified version described below. The
iridium precursor [Ir(Fz2ppy)2(u-Cl)]2 (Foppy = 2-(2,4-difluorophenyl)pyridine), and platinum
precursors [Pt(ppy)(u-Cl)]2 (ppy = 2-phenylpyridine) and Pt(tbbpy)Cla(tbbpy =4,4’-di-tert-
butyl-2,2’-dipyridine), were prepared by a modified version of well-known

procedures 117,118,168-170

5.4.2 Physical methods.

NMR spectra were recorded at room temperature using a JEOL ECA-600 or ECA-500

NMR spectrometer and ar shown in appendix. UV-vis absorption spectra were recorded in
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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
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. The static nanoESI-MS
experiments were carried out using a Thermo Exactive mass spectrometer and operated in

positive ionization mode, with a spray voltage of 1.5 kV.

5.4.3 Synthesis of compounds

Ligand Fzi. The title compound was prepared by a modified version of the literature
procedure used for Fzb. 4-pyridinecarboxaldehyde (1.76g, 16.4 mmol) was dissolved in
ethanol (50 mL) with p-tolylhydrazine hydrochloride (2.62 g, 16.5 mmol). After stirring for 2
h, a dark red precipitate had formed. The mixture was treated with Na.COs (8.25g, 77.8
mmol), tetrabutylammonium bromide (0.630 g, 1.95 mmol), water (50 mL), and
dichloromethane (100 mL) before being stirred at 0 °C for 1 h and the color turned yellow. In
a separate flask, p-toluidine (2.03g, 18.9 mmol) and 12 M concentrated hydrochloric acid
(10.0 mL) were mixed in deionized H.O (10 mL) and cooled in an ice bath. A cooled solution
of sodium nitrite (1.60 g, 23.2 mmol) was added slowly to the amine solution over a 5 min
period and this mixture was stirred at 0°C for 30 min, after which time it was added dropwise
to the biphasic reaction mixture described above over a 10 min period. The resulting solution

was stirred for overnight, gradually turning dark red over this time. The reaction completion
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was confirmed by TLC. The resulting dark red organic layer obtained after biphasic extraction
from dichloromethane/water was dehydrated by MgSO4 and concentrated to dryness. The
crude product was purified via column chromatography (neutral alumina stationary phase and
hexane / ethyl acetate gradient eluent), and the eluate was concentrated in vacuo to afford Fzi
as dark red solid. Yield: 4.80 g (89%). *H NMR (500 MHz, CDCl3): § 15.71 (s, 1H, NH),
8.59 (d, J = 4.9 Hz, 2H, ArH), 7.92 (d, J = 5.0 Hz, 2H, ArH), 7.49 (d, J = 7.9 Hz , 4H, ArH),
7.22 (d, J=7.9 Hz, 4H, ArH), 2.36 (s, 6H, CH3). *C{*H} NMR (126 MHz, CDCls): § 149.9,
145.4, 145.3, 138.5, 138.3, 130.3, 119.7, 119.0, 21.4 (CH3). HRMS-ESI (m/z): [M+H]* calcd
for C2oH19Ns: 330.16405; found: 330.17062. Anal. Calcd for C2oH19Ns: C, 72.92, H, 5.81, N,

21.26. Found: C, 73.10, H, 5.68, N, 21.38.

Complex 40. [Ir(F2ppy)2(u-Ch]2 (61 mg, 0.050 mmol) and Fzi (33 mg, 0.10 mmol) were
combined in ethanol (10 mL), and the mixture was deoxygenated under the protection of N>
and refluxed for 24 h. A red precipitate was observed at the bottom of the flask after the
reaction was completed. The solvent was removed by filtration, and the solid was re-
crystalized from ethyl acetate by vapour diffusion of pentane. Yield: 50 mg (53%). *H NMR
(600 MHz, CD2Cl,): & 15.79 (s, 1H, NH), 9.89 (d, J = 5.5 Hz, 1H, ArH), 8.29 (d, J = 8.4 Hz,
1H, ArH), 8.17 (d, J = 5.7 Hz, 1H, ArH), 8.12 (d, J = 8.3 Hz, 1H, ArH), 7.93 (s, 2H, ArH),
7.81 (t, J = 7.8 Hz, 1H, ArH), 7.75 (t, J = 7.8 Hz, 1H, ArH), 7.54 (d, J = 8.2 Hz, 5H, ArH),
7.29-7.24 (m, 6H, ArH), 7.11 (t, = 6.5 Hz, 1H, ArH), 6.42 (t, J = 11.5 Hz, 1H, ArH), 6.35 (t,
J=11.7 Hz, 1H, ArH), 5.84 (dd, J = 8.6, 2.0 Hz, 1H, ArH), 5.63 (dd, J = 8.7, 1.9 Hz, 1H,
ArH), 2.37 (s, 6H, CHa). 1°F NMR (470 MHz, CDCl3) § —107.2 (dd, J = 18.8, 9.3 Hz, 1F),

~108.3 (dd, J = 18.7, 9.3 Hz, 1F), —109.7 (t, J = 11.3 Hz, 1F), ~110.7 (t, J = 11.4 Hz, 1F).
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13C{*H} NMR (151 MHz, CDCls): § 166.4 (d, Jcr = 6.9 Hz), 164.7 (d, Jcr = 6.8 Hz), 164.5
(d, Jcr=12.3 Hz), 163.7 (d, Jcr = 12.2 Hz), 162.9 (d, Jcr = 12.8 Hz), 162.0 (t, Jcr = 13.3 Hz),
161.7 (d, Jcr = 13.1 Hz), 160.2 (d, Jcr = 12.9 Hz), 160.0 (d, Jcr= 12.9 Hz), 154.8 (d, Jcr = 6.2
Hz), 152.5, 151.1, 149.2, 146.5, 145.0, 139.1, 138.0, 137.7, 137.3, 130.3, 128.0 (d, Jcr = 11.2
Hz), 1235 (d, Jcr = 19.7 Hz), 122.5, 122.4, 122.1, 121.1, 119.1, 114.2 (d, Jcr = 17.9 Hz),
113.6 (d, Jcr = 16.6 Hz), 97.8 (td, Jcr = 26.9, 8.1 Hz), 21.4 (CH3). HRMS-ESI (m/z): [M—CI]*
calcd for C42H31N7CIF4lr: 902.22063; found: 902.21997. Anal. Calcd for C42Hz1N7CIF4lr: C,

53.81, H, 3.33, N, 10.46. Found: C, 53.58, H, 3.56, N, 10.22.

Complex 41. [Ir(F2ppy)2(u-Ch)]2 (61 mg, 0.050 mmol) and complex 40 (94 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 and refluxed for 24 h. During the reaction the color
changed from dark red to purple. The reaction completion was confirmed by TLC. Solvent
was removed using rotary evaporation, and the product was re-dissolved in a 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 concentrated ethyl acetate solution. Yield: 48 mg (32%). *H NMR
(600 MHz, CDCls): 6 9.98-9.82 (m, 2H, ArH), 8.61 (d, J = 5.6 Hz, 2H, ArH), 8.29 (d, J =8.5
Hz, 1H, ArH), 8.18 (d, J = 5.3 Hz, 1H, ArH), 8.16-8.07 (m, 2H, ArH), 8.04 (d, J = 8.2 Hz,
2H, ArH), 7.81 (t, J = 7.9 Hz, 2H, ArH), 7.78-7.67 (m, 2H, ArH), 7.62 (s, 2H, ArH), 7.19 (t, J
= 6.3 Hz, 1H, ArH), 7.13 (t, J = 6.4 Hz, 2H, ArH), 7.07-6.98 (m, 1H, ArH), 6.60 (d, J = 8.0
Hz, 4H, ArH), 6.39-6.27 (m, 2H, ArH), 6.25 (d, J = 8.1 Hz, 4H, ArH), 6.14 (t, J = 10.7 Hz,

2H, ArH), 5.72 (t, J = 7.8 Hz, 1H, ArH), 5.66-5.53 (m, 3H, ArH), 2.15 (s, 6H, CHa). °F
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NMR (470 MHz, CDCl3) § —107.5 (dt, J = 37.8, 18.0 Hz, 1F), —108.5 (g, J = 19.8 Hz, 1F),
—108.6 (dd, J=37.8, 19.8 Hz, 2F), —110.0 (dd, J = 76.5, 20.7 Hz, 1F), —110.2 (d, J = 45.0 Hz,
2F), —110.8 (dd, J = 45.9, 24.3 Hz, 1F). BC{*H} NMR (151 MHz, CDCl3): & 165.5 (d, JcF =
7.7 Hz), 165.0, 164.7 (d, Jcr = 6.6 Hz), 163.5 (d, Jcr = 10.8 Hz), 161.8, 161.7, 160.1, 157.6,
155.1,153.1, 151.2, 151.1, 150.2, 149.8, 149.5, 149.2, 144 .5, 138.4, 137.7, 137.5, 136.1,
128.7, 128.4, 128.0, 127.8, 127.5, 123.4, 123.3, 122.6, 122.4, 122.3, 121.9, 119.6, 115.5 (d,
Jer = 16.1 Hz), 114.3 (d, Jcr = 15.6 Hz), 113.5 (d, Jcr = 16.1 Hz), 97.7, 97.6, 97.5, 97.4, 97.2,
20.9 (CH3). HRMS-ESI (m/z): [M+H]" calcd for CesH42NoClIFslr2: 1510.24607; found:
1510.24463. Anal. Calcd for CesH42NoClIFslr2: C, 50.94, H, 2.81, N, 8.35. Found: C, 50.67, H,

2.75, N, 8.26.

Complexes 42 and 43. [Pt(ppy)(un-Ch)]2 (38 mg, 0.050 mmol) and Fzi (33 mg, 0.10 mmol)
were added to ethanol (10 mL) with excess triethylamine (0.1 mL), and the mixture was
deoxygenated under the protection of N2 and refluxed for 24 h during which the color
changed from red to dark green. The reaction completion was confirmed by TLC. Solvent was
removed using rotary evaporation, and the product was re-dissolved in a minimum amount of
dichloromethane. After that column chromatography (hexane/ethyl acetate gradient eluent,

neutral alumina) was performed to separate and purify both green products.

42. Yield: 34 mg (64%). *H NMR (600 MHz, CDCls): § 9.75 (d, J = 5.5 Hz, 1H, ArH), 8.88
(d, J = 6.1 Hz, 2H, ArH), 8.16 (d, J = 8.0 Hz, 2H, ArH), 8.11 (d, J = 8.1 Hz, 2H, ArH), 7.99
(d, J = 6.2 Hz, 2H, ArH), 7.96 (d, J = 5.6 Hz, 1H, ArH), 7.81 (t, J = 7.7 Hz, 1H, ArH), 7.67
(dd, J = 16.8, 8.1 Hz, 2H, ArH), 7.62 (d, J = 8.1 Hz, 1H, ArH), 7.47 (d, J = 7.6 Hz, 1H, ArH),
7.41(d, J = 7.6 Hz, 1H, ArH), 7.22 (d, J = 8.0 Hz, 2H, ArH), 7.15 (d, J = 7.8 Hz, 3H, ArH),
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7.09 (t, J = 7.4 Hz, 1H, ArH), 6.98 (dt, J = 14.6, 7.5 Hz, 2H, ArH), 6.78 (t, J = 7.4 Hz, 1H,
ArH), 6.66 (t, J = 6.5 Hz, 1H, ArH), 6.59 (d, J = 7.7 Hz, 1H, ArH), 6.52 (d, J = 7.7 Hz, 1H,
ArH), 2.41 (s, 6H, CHa). 3C{*H} NMR (151 MHz, CDCls): 5 152.8, 151.5, 151.4, 150.8,
150.7, 150.0, 149.9, 146.8, 146.2, 145.9, 142.2, 142.1, 138.8, 138.7, 138.4, 138.3, 136.7,
131.3, 130.3, 130.1, 129.3, 126.0, 125.92, 125.87, 124.8, 124.1, 123.6, 123.5, 123.0, 121.9,
121.1, 120.4, 118.6, 118.2, 21.31 (CHs), 21.26 (CH3). HRMS-ESI (m/z): [M—CI]* calcd for
CazHaaN7CIPt2: 1026.21712; found: 1026.21606. Anal. Calcd for CazHaaN-CIPtz: C, 47.48, H,

3.23, N, 9.23. Found: C, 47.37, H, 3.44, N, 9.25.

43. Yield: 8 mg (12%). *H NMR (600 MHz, CDCls): § 8.62 (d, J = 5.4 Hz, 2H, ArH), 8.18 (d,
J=8.2 Hz, 2H, ArH), 8.13 (d, J = 8.2 Hz, 2H, ArH), 8.02 (d, J = 5.8 Hz, 1H, ArH), 7.92 (d, J
=5.6 Hz, 2H, ArH), 7.65 (t, J = 7.4 Hz, 1H, ArH), 7.60 (d, J = 7.9 Hz, 1H, ArH), 7.42 (d, J =
7.6 Hz, 1H, ArH), 7.19 (d, J = 8.1 Hz, 2H, ArH), 7.14 (d, J = 8.2 Hz, 2H, ArH), 6.95 (t, J =
7.4 Hz, 1H, ArH), 6.78 (t, J = 7.5 Hz, 1H, ArH), 6.66 (t, J = 6.7 Hz, 1H, ArH), 6.63 (d, J =
7.7 Hz, 1H, ArH), 2.40 (s, 6H, CHs). 3C{*H} NMR (151 MHz, CDCls): § 168.3, 151.1,
150.7, 150.6, 150.0, 149.3, 147.1, 146.7, 145.6, 144.8, 138.4, 137.5, 137.3, 136.5, 129.7,
128.9,125.7, 124.5, 123.7, 122.7, 120.8, 118.8, 118.3, 21.03 (CHs3), 20.99 (CH3). HRMS-ESI
(m/z): [M+H]" calcd for C31H26NePt: 678.19449; found: 678.19379. Anal. Calcd for

Ca1H26NePt: C, 54.94, H, 3.87, N, 12.40. Found: C, 54.85, H, 3.98, N, 12.16.

Complex 44. [Ir(F2ppy)2(u-Ch]2 (61 mg, 0.050 mmol), [Pt(ppy)(u-Ch)]2 (38 mg, 0.050 mmol)
and Fzi (33 mg, 0.10 mmol) were added to ethanol (10 mL) with excess triethylamine (0.1

mL), and the mixture was deoxygenated under the protection of N2 and refluxed for 24 h. A
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green precipitate was observed at the bottom of the flask after the reaction was completed.
Solvent was removed by filtration, and the solid was re-crystalized from ethyl acetate and
pentane to purify the product, which was crystallized again by vapor diffusion of pentane into
concentrated ethyl acetate solution. Yield: 92 mg (72%). *H NMR (600 MHz, CDCls): § 9.93
(d, J=5.4 Hz, 1H, ArH), 8.30 (d, J = 8.4 Hz, 1H, ArH), 8.16 (d, J = 5.5 Hz, 1H, ArH), 8.11
(d, J = 8.3 Hz, 1H, ArH), 8.08 (d, J = 8.1 Hz, 2H, ArH), 8.03 (d, J = 8.1 Hz, 2H, ArH), 7.90
(d, J =5.5 Hz, 1H, ArH), 7.82 (s, 2H, ArH), 7.75 (t, J = 7.7 Hz, 1H, ArH), 7.70 (t, J = 7.7 Hz,
1H, ArH), 7.64 (t, J = 7.7 Hz, 1H, ArH), 7.58 (d, J = 7.9 Hz, 2H, ArH), 7.38 (d, J = 7.6 Hz,
2H, ArH), 7.22 (t, J = 6.6 Hz, 1H, ArH), 7.17 (d, J = 8.0 Hz, 2H, ArH), 7.11 (d, J = 8.1 Hz,
2H, ArH), 7.05 (t, J = 6.5 Hz, 1H, ArH), 6.93 (t, J = 7.4 Hz, 1H, ArH), 6.74 (t, J = 7.4 Hz,
1H, ArH), 6.63 (t, J = 6.4 Hz, 1H, ArH), 6.52 (d, J = 7.6 Hz, 1H, ArH), 6.41 (t, J = 10.1 Hz,
1H, ArH), 6.32 (t, J = 10.8 Hz, 1H, ArH), 5.79 (d, J = 8.3 Hz, 1H, ArH), 5.65 (d, J = 10.2 Hz,
1H, ArH), 2.38 (s, 6H, CH3). 9F NMR (470 MHz, CDCls) § —107.3 (dd, J = 17.8, 8.8 Hz,
1F), —108.5 (dd, J = 17.4, 8.5 Hz, 1F), —109.8 (t, J = 10.8 Hz, 1F), —110.8 (t, J = 10.7 Hz,
1F). BC{*H} NMR (151 MHz, CDCls): & 168.5, 165.4(d, Jcr = 6.4 Hz), 164.65, 164.55,
163.8(d, Jcr = 12.3 Hz), 162.8 (d, Jcr = 12.8 Hz), 162.0 (t, Jcr = 14.2 Hz), 161.7 (d, Jcr =
12.8 Hz), 160.7, 160.3, 160.1, 154.8 (d, Jcr = 6.4 Hz), 152.8 (d, Jcr = 6.9 Hz), 151.1, 150.7,
150.2, 149.9, 149.3, 146.3, 146.2, 145.8, 138.8, 138.3, 138.2, 137.9, 137.6, 136.6, 130.1,
129.2, 128.0, 125.8, 124.7, 124.1, 123.4, 123.3(d, Jcr = 19.7 Hz), 123.0, 122.50, 122.46,
122.4,122.1,121.1, 120.2, 118.7, 114.2 (d, Jcr = 17.5 Hz), 113.5 (d, Jcr = 16.5 Hz), 97.73 (t,

Jor = 26.8 Hz), 97.66 (t, Jcr = 26.8 Hz), 21.3 (CHs3), 21.2 (CHs). HRMS-ESI (m/z): [M—CI]*
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calcd for Cs3HssNgF4ClIrPt:1250.24325; found: 1250.23779. Anal. Calcd for

CssHasNsF4ClIrPt: C, 49.51, H, 2.98, N, 8.72. Found: C, 49.27, H, 2.88, N, 8.69.

Complex 45. The title compound was prepared by the general method described above for
complex 43, using Pt(tbbpy)Cl2 (53 mg, 0.10 mmol) and Fzj (33 mg, 0.10 mmol). Yield: 58
mg (70%). *H NMR (600 MHz, CD3sCN): 5 8.62 (d, J = 4.5 Hz, 1H, ArH), 8.26 (s, 2H, ArH),
8.14 (d, J = 8.1 Hz, 4H, ArH), 8.08 (d, J = 8.0 Hz, 1H, ArH), 7.86 (t, J = 7.7 Hz, 1H, ArH),
7.59 (d, J = 6.2 Hz, 2H, ArH), 7.39 (dd, J = 7.2, 4.9 Hz, 1H, ArH), 7.25 (d, J = 8.1 Hz, 4H,
ArH), 7.13 (d, J = 6.1 Hz, 2H, ArH), 2.40 (s, 6H, CHs), 1.33 (s, 18H, CH3). *C{*H} NMR
(151 MHz, CDCls): 6 168.2, 157.1, 155.1, 153.0, 149.7, 149.4, 147.4, 139.8, 136.6, 134.1,
130.4, 125.3, 124.9, 123.8, 122.9, 121.3, 36.8 (C(CH3)3), 30.5 (C(CH3)s), 21.4 (CH3). HRMS-
ESI (m/z): [M—CI]" calcd for C3gHa1N7CIPt: 791.31494; found: 791.31396. Anal. Calcd for

CasH41N7CIPt: C, 55.23, H, 5.00, N, 11.87. Found: C, 55.26, H, 5.18, N, 11.93.

Complex 46. The title compound was prepared by the general method described above for
complex 43, using [Pt(ppy)(n-Cl)]2 (38 mg, 0.050 mmol) and Fzj (33 mg, 0.10 mmol). Yield:
46 mg (68%). 'H NMR (600 MHz, CDCl3): § 8.71 (d, J = 4.4 Hz, 1H, ArH), 8.26 (d, J = 8.0
Hz, 2H, ArH), 8.17 (d, J = 8.0 Hz, 2H, ArH), 8.10 (d, J = 8.3 Hz, 2H, ArH), 7.74 (t, J = 7.6
Hz, 1H, ArH), 7.63 (t, J = 7.6 Hz, 1H, ArH), 7.57 (d, J = 8.0 Hz, 1H, ArH), 7.40 (d, J = 7.6
Hz, 1H, ArH), 7.23 — 7.18 (m, 1H, ArH), 7.16 (d, J = 8.0 Hz, 2H, ArH), 7.13 (d, J = 8.0 Hz,
2H, ArH), 6.94 (t, J = 7.4 Hz, 1H, ArH), 6.77 (t, J = 7.4 Hz, 1H, ArH), 6.68 (d, J = 7.7 Hz,
1H, ArH), 6.63 (t, J = 6.5 Hz, 1H, ArH), 2.38 (s, 3H, CHs), 2.37 (s, 3H, CH3). BC{*H} NMR
(151 MHz, CDCls): 6 168.4, 155.0, 153.8, 151.0, 150.8, 150.1, 149.4, 147.5, 145.9, 138.5,
137.4,137.2, 136.9, 136.1, 129.8, 129.13, 129.09, 125.9, 124.9, 123.7, 122.9, 122.5, 121.0,
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120.8, 118.5, 21.3 (CH3), 21.2 (CH3). HRMS-ESI (m/z): [M+H]" calcd for CaiHasN6Pt:
678.19449; found: 678.19391. Anal. Calcd for CaiH2sNsPt: C, 54.94, H, 3.87, N, 12.40.

Found: C, 54.99, H, 3.79, N, 12.62.

Complex 47. Complex 45 (40 mg, 0.048 mmol) was treated with Pt(DMSOQ).Cl> (21 mg,
0.050 mmol) in a degassed solution of acetonitrile (10 mL). The mixture was deoxygenated
under the protection of N2 and refluxed for 24 h and then it was cooled down to 0 °C. The
color changed from blue to green. The reaction completion was confirmed by TLC. Solvent
was removed using rotary evaporation, and the product was re-dissolved in a minimum
amount of ethyl acetate. After that column chromatography (hexane/ethyl acetate gradient
eluent, neutral alumina) was performed to purify the product. Yield: 32 mg (59%). *H NMR
(600 MHz, CD3CN): § 9.52 (d, J = 6.2 Hz, 1H, ArH), 8.81 (s, 1H, ArH), 8.36 (d, J = 8.4 Hz,
2H, ArH), 8.32 (d, J = 6.3 Hz, 1H, ArH), 8.29 (d, J = 8.4 Hz, 2H, ArH), 8.26 (d, J = 8.2 Hz,
1H, ArH), 8.04 (d, J = 1.8 Hz, 1H, ArH), 7.97 (d, J = 1.8 Hz, 1H, ArH), 7.88 (s, 1H, ArH),
7.68 (dd, J = 6.2, 2.0 Hz, 1H, ArH), 7.45 (dd, J = 6.2, 1.9 Hz, 1H, ArH), 7.22 (d, J = 8.3 Hz,
2H, ArH), 7.18 — 7.12 (m, 1H, ArH), 6.85 (d, J = 8.4 Hz, 2H, ArH), 2.34 (s, 3H, CH3), 2.16
(s, 3H, CHa), 1.32 (s, 9H, CHs), 1.31 (s, 9H, CHs). ¥C{*H} NMR (151 MHz, CD3CN): §
165.4, 165.3, 157.2, 155.6, 152.4, 150.8, 149.7, 149.6, 149.5, 148.4, 145.7, 138.8, 138.2,
137.2,129.3,127.9, 125.9, 125.4, 124.0, 123.5, 123.3, 122.5, 121.4, 120.7, 35.8 (C(CHa)3),
35.7 (C(CHa)3), 29.34 (C(CHs3)3), 29.30 (C(CH3)3), 20.2 (CHs), 20.1 (CHs). HRMS-ESI
(m/z): [M+H]" calcd for C3sHa2N7ClsPtz: 1094.19410; found: 1094.19067. Anal. Calcd for

CasH42N7ClsPt2: C, 41.75, H, 3.87, N, 8.97. Found: C, 41.58, H, 3.91, N, 9.25.
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Complex 48. Fzj (33 mg, 0.10 mmol) was treated with Pt(DMSO).Cl (42 mg, 0.10 mmol) in
a degassed solution of acetonitrile (10 mL). The mixture was deoxygenated under the
protection of N2 and refluxed for 24 h and then it was cooled down to 0 °C. The color
changed from red to purple. The reaction completion was confirmed by TLC. Solvent was
removed using rotary evaporation, and the product was re-dissolved in a minimum amount of
ethyl acetate. After that column chromatography (hexane/ethyl acetate gradient eluent, neutral
alumina) was performed to purify the product. Yield: 36 mg (64%). *H NMR (600 MHz,
CDCls): & 13.70 (s, 2H, ArH), 8.89 (s, 2H, ArH), 8.00 (dt, J = 15.4, 7.8 Hz, 4H, ArH), 7.62
(d, J=7.2 Hz, 2H, ArH), 7.54 (s, 2H, ArH), 7.43 (s, 2H, ArH), 7.33 (d, J = 7.6 Hz, 4H, ArH),
7.22 (d, J = 7.7 Hz, 4H, ArH), 6.93 (d, J = 7.7 Hz, 2H, ArH), 2.35 (s, 6H, CH3), 2.31 (s, 6H,
CHs). BC{*H} NMR (151 MHz, CDCls): § 164.1, 156.9, 147.1, 146.6, 145.4, 139.6, 139.4,
137.8, 135.1, 134.9, 130.5, 127.9, 126.2, 124.5, 121.8, 115.5, 22.9 (CH3), 21.2 (CHs). HRMS-
ESI (m/z): [M—CI]" calcd for CaoH3sN10Cl2Pto: 1082.21084; found: 1082.21008. Anal. Calcd

for CaoH3sN10CloPt2: C, 42.98, H, 3.25, N, 12.53. Found: C, 42.97 , H, 3.14, N, 12.40.

5.4.4 X-ray Crystallography Details.

Single crystals of 40, 41, 43, 44, 45, 46, 47, and 48 were grown by diffusing pentane into
concentrated chloroform, dichloromethane, or ethyl acetate (EA) solutions. Crystals were
mounted on a Bruker Apex Il three-circle diffractometer using MoKa radiation (A = 0.71073
A), conducted by Prof. Teets. The data were collected at 123(2) K and processed and refined
within the APEXII software. Structures were solved by intrinsic phasing methods in SHELXT

and refined by standard difference Fourier techniques in the program SHELXL.’® The most
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disagreeable reflections, identified from the .Ist file, were omitted from refinement. Carbon-
bound hydrogen atoms were placed in calculated positions using the standard riding model
and refined isotropically. The N-H hydrogen atoms in 40 were located in the difference map,
constrained to a distance of 0.88 A, and refined isotropically. For one of the two
crystallographically independent molecules, an additional restraint (FLAT) was used to ensure
the N-bound hydrogen atom remained coplanar with the formazanate core. All non-hydrogen
atoms were refined anisotropically. In the structure of 43, the 4-pyridyl ring was modelled as
a 2-part rotational disorder, and the structures of 45 and 48 each included a disordered
dichloromethane solvate. The 1,2 and 1,3 distances were restrained (SADI), and rigid bond
restraints (SIMU and DELU) were used on ellipsoid parameters. The structures of 41 and 44
included electron density attributed to heavily disordered solvent that could not be modelled,
necessitating the use of the SQUEEZE function in PLATON.!"* Complexes 40, 41, and 44
crystallized as thin plates, which led to some minor issues with absorption correction that
resulted in level A checkCIF errors for residual electron density near the metal centers. We

don’t believe these checkCIF errors indicate any significant problems with the model.
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A. NMR data
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Figure S1. Room-temperature *H NMR spectrum of complex 31a, recorded in CDCls at 600
MHz.
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Figure S2. Room-temperature *C{*H} NMR spectrum of complex 31a, recorded in CDCl; at
151 MHz.
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Figure S3. Room-temperature *H NMR spectrum of complex 31b, recorded in CDCls at 500
MHz.
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Figure S4. Room-temperature *C{*H} NMR spectrum of complex 31b , recorded in CDCl3
at 151 MHz.
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Figure S5. Room-temperature *H NMR spectrum of complex 31c, recorded in DMF-d7 at 600
MHz.
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Figure S6. Room-temperature 3C{*H} NMR spectrum of complex 31c , recorded in DMF-d;
at 151 MHz.
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Figure S7. Room-temperature *H NMR spectrum of complex 31d, recorded in CDCls at 500
MHz.
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Figure S8. Room-temperature *C{*H} NMR spectrum of complex 31d, recorded in CDClIs at
151 MHz.
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Figure S11. *H NMR spectrum of Ir(ppy)z(Fzb) (32b’), recorded at 400 MHz in CDCls.
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Figure S12. BC{*H} NMR spectrum of Ir(ppy)2(Fzb) (32b’), recorded at 151 MHz in CDCls.
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Figure S14. BC{*H} NMR spectrum of Ir(ppy)2(Fzc) (32c), recorded at 151 MHz in CDCls.
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Figure S16. 3C{*H} NMR spectrum of Ir(ppy)2(Fzd) (32d°), recorded at 151 MHz in CDCls.
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Figure S20. 3C{*H} NMR spectrum of Ir(ppy)2(Fzf) (32f), recorded at 151 MHz in CDsCN.
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Figure S21. *H NM

R spectrum of Ir(F2ppy)2(Fza) (33a), recorded at 500 MHz in CDCls.
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Ir(F2ppy)2(Fza) (33a), recorded at 126 MHz in
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Figure S23. F NMR spectrum of Ir(F2ppy)2(Fza) (33a), recorded at 470 MHz in CDCls.
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Figure S24. 'H NMR spectrum of Ir(F2ppy)2(Fzb) (33b), recorded at 500 MHz in CDsCN.
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Figure S25. BC{*H} NMR spectrum of Ir(F2ppy)2(Fzb) (33b), recorded at 126 MHz in
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Figure S26. F NMR spectrum of Ir(F2ppy)2(Fzb) (33b), recorded at 470 MHz in CDsCN.
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Figure S29. F NMR spectrum of Ir(F2ppy)2(Fzc) (33c), recorded at 470 MHz in CDCls.
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Figure S31. BC{*H} NMR spectrum of Ir(F.ppy)2(Fzd) (33d), recorded at 151 MHz in
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Figure S32. F NMR spectrum of Ir(F2ppy)2(Fzd) (33d), recorded at 470 MHz in CDCls.
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Figure S33. 'H NMR spectrum of Ir(Foppy)2(Fze) (33e), recorded at 400 MHz in CDCls.
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Figure S34. BC{*H} NMR spectrum of Ir(Fzppy)2(Fze) (33e), recorded at 151 MHz in
CDCls.
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Figure S35. 1F NMR spectrum of Ir(F2ppy)2(Fze) (33e), recorded at 470 MHz in CDCls.
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Figure S36. 'H NMR spectrum of Ir(F2ppy)2(Fzf) (33f), recorded at 400 MHz in CDsCN.
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Figure S37. BC{*H} NMR spectrum of Ir(Fzppy)2(Fzf) (33f), recorded at 151 MHz in
CD3CN.
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Figure S38. F NMR spectrum of Ir(Fzppy)2(Fzf) (33f), recorded at 470 MHz in CD3CN.
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spectrum of Ir(bt)2(Fza) (34a), recorded at 151 MHz in CDCls.
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Figure S42. BC{*H} NMR spectrum of Ir(bt)2(Fzb) (34b), recorded at 151 MHz in CDCls.

171



"‘-I_--/'-'. ..r ."
[T
e | (&
|! -
|| (38
i by
! 1' e CHLCT, I Hexane
LWL YT L'\—rlll-: S .-1- S — .--r"l"*-—.-.-.---l'-. .—!"\—.-.-J{ S
A ! L0

L |

iy [

2627

Lal

0804 .

2
z

1200 -

-
I
=

i}

at 400 MHz in CDCls.

1900 1500 170.0 1600 1500 140.0 1300 1200 1100 1000 S0  $00 700 600 SO0 400 300 200 100 o

] I| "l, .-'I'- /I'!"\ ||:_ |:. 1 _,fz'-l. l.Hl_'!__L,:____:‘-‘ ; 1
[ Y I T - ", \
e 0 O e MO W g}
§.---|- o O riow oo e = i -
2T ER S22 EGS ] e
HEEEE ERESSR = =) nn

Figure S44. BC{*H} NMR spectrum of Ir(bt)2(Fze) (34e), recorded at 151 MHz in CDCls.
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Figure S46. 3C{*H} NMR spectrum of Ir(bt)2(Fzf) (34f), recorded at 151 MHz in CDCls.
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Figure S48. BC{*H} NMR spectrum of Ir(piq)2(Fza) (35a), recorded at 151 MHz in CDCls.
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Figure S50. BC{*H} NMR spectrum of Ir(piq)2(Fzf) (35f), recorded at 151 MHz in CDCls.
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Figure S51. *H NMR spectrum of Fzh, recorded at 400 MHz in CDCls.
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Figure S52. 3C{*H} NMR spectrum of Fzh, recorded at 151 MHz in CDCls.
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Figure S53. *H NMR spectrum of 36g, recorded at 500 MHz in CDCls.
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Figure S54. Room-temperature 3C{*H} NMR spectrum of 36g, recorded at 151 MHz in
CDCls.
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Figure S55. *H NMR spectrum of 37¢, recorded at 500 MHz in CDCls.
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Figure S56. °F NMR spectrum of 37g, recorded at 470 MHz in CDCls.
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Figure S57. BC{*H} NMR spectrum of 2a, recorded at 151 MHz in CDCls.
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Figure S58. *H NMR spectrum of 38g, recorded at 600 MHz in CDCls.
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Figure S60. *H NMR spectrum of 39g, recorded at 500 MHz in CDCls.
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Figure S61. *C{*H} NMR spectrum of 39g, recorded at 126 MHz in CDCls.
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Figure S62. 'H NMR spectrum of 36h, recorded at 500 MHz in CDCls.

181



ethyl acetate

!

pamiimn L

ethyl acetate

ethyl acetate

‘L n-pentane

el | o .
T T T T T T T T T T T T T T T T ‘1'- T
190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.00 R80.0 700 60.0 500 400 300 200 10.0 0
AREZAR—— s AN /N

€2 ZEEILESASTZTEESEELREZEE =S = 3 ToF

S SE=as o %+ - == = =m8

EE CREIIIACARRSKHAANNNSZ = REE & =EE

X : parts per Million : Carbon13

Figure S63. 3C{*H} NMR spectrum of 36h, recorded at 151 MHz in CDCls.

303
3.07

3.003,11

@Z
=z
2.04

4

-

T T
10.0 9.0

X : parts per Million : Proton

Figure S64. 'H NMR spectrum of 37h, recorded at 500 MHz in CDCls.
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Figure S65. °F NMR spectrum of 37h, recorded at 470 MHz in CDCls.
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Figure S66. *C{*H} NMR spectrum of 37h, recorded at 151 MHz in CDCls.
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Figure S67. *H NMR spectrum of 38h, recorded at 500 MHz in CDCls.
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Figure S68. C{*H} NMR spectrum of 38h, recorded at 151 MHz in CDCls.
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Figure S69. *H NMR spectrum of Fzi, recorded at 500 MHz in CDCla.
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Figure S70. *C{*H} NMR spectrum of Fzi, recorded at 126 MHz in CDCls.
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Figure S71. *H NMR spectrum of complex 40, recorded at 600 MHz in CD,Cl..
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Figure S72. *F NMR spectrum of complex 40, recorded at 470 MHz in CDCls.
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Figure S75.1°F NMR spectrum of complex 41, recorded at 470 MHz in CDCls.
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Figure S76. *C{*H} NMR spectrum of complex 41, recorded at 151 MHz in CDCls.
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Figure S77. *H NMR spectrum of complex 42, recorded at 600 MHz in CDCla.
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Figure S78. 3C{*H} NMR spectrum of complex 42, recorded at 151 MHz in CDCls.
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Figure S80. *C{*H} NMR spectrum of complex 43, recorded at 151 MHz in CDCls.
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Figure S81. *H NMR spectrum of complex 44, recorded at 600 MHz in CDCls.
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Figure S82. F NMR spectrum of complex 44, recorded at 470 MHz in CDCls.
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Figure S84. *H NMR spectrum of complex 45, recorded at 600 MHz in CDsCN.
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Figure S85. 3C{*H} NMR spectrum of complex 45, recorded at 151 MHz in CDCls.
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Figure S86. *H NMR spectrum of complex 46, recorded at 600 MHz in CDCls.
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Figure S87. *3C{*H} NMR spectrum of complex 46, recorded at 151 MHz in CDCls.
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Figure S88. *H NMR spectrum of complex 47, recorded at 600 MHz in CDsCN.
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Figure S89. 3C{*H} NMR spectrum of complex 47, recorded at 151 MHz in CDsCN.
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Figure S90. *H NMR spectrum of complex 48, recorded at 600 MHz in CDCls.
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Figure S91. 3C{*H} NMR spectrum of complex 48, recorded at 151 MHz in CDCls.
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