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ABSTRACT ARTICLE HISTORY
Reaction of tetrakis(2-phenylpyridinato-C?,N')(u-dichloro)di-iridium with Received 12 January 2016
3-(pyridin-2-yl)-4H-benzole][1,2,4]thiadiazine (L1) under neutral and basic ~ Accepted 25 February 2016
media afforded the charged and neutral I-complexes, 1 and 2, respectively, in KEYWORDS

good yields (63-79%). Single-crystal XRD analysis confirms that the ancillary Ir-complex; benzothiadiazine
ligands in both 1 and 2 bind to the iridium via coordination of N, of the ligand; electrochemistry;
benzolel[1,2,4]thiadiazine. Upon isolation of the neutral complex, the sulfur photophysics; XRD analysis;
rapidly oxidizes to form 2. The UV-vis absorption spectra of the complexes DFT studies

exhibit both ligand-centered and mixed metal-to-ligand and ligand-to-

ligand charge transfer transitions that are typical of many heteroleptic

iridium complexes. Complexes 1 and 2 were emissive at room temperature in

the green and yellow region of the electromagnetic spectrum, respectively,

albeit with poor photoluminescence quantum yield (O, =1.1-2.5%).

1. Introduction

Since the pivotal work by Watts and co-workers [1], interest in the photophysical and electrochemi-
cal properties of cationic heteroleptic iridium complexes of the form [Ir(ppy),(bpy)]*, where ppyH is
2-phenylpyridine and bpy is 2,2"-bipyridine, has increased tremendously [2]. Cationic Ir(lll) complexes,
which have found wide use as emitters in electroluminescent devices [3], as photocatalysts [4] and in
biolabeling [5], have been derivatized mostly by incorporation of electron donating or withdrawing
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groups onto either the cyclometallating or ancillary ligands [6, 7]. Though several pyridylazole ancillary
ligands have been explored as ancillary ligands, the overall structural diversity of heterocycles employed
remains relatively poor.

The family of benzo[e][1,2,4]thiadiazine with sulfur in various oxidation states has attracted atten-
tion for both materials and pharmaceutical applications [8]. While there are a number of synthetic
methodologies to access specific derivatives of fused aryl-1,2,4-thiadiazines depending on the fused
substituent [8-10], to the best of our knowledge, until now there is only one report of using 3-(pyri-
din-2-yl)-4H-benzole][1,2,4]thiadiazine (L1) as a bidentate N,N'-chelating ligand, and this with respect
to complexation with first row transition metals [11]. We thus became interested to attach L1 to the
[Ir(ppy),]* core and study the structure—property relationship of the resulting complexes.

Herein, we report synthesis and characterization of a charged (1) and a neutral (2) Ir(lll) complex,
obtained under neutral and basic complexation conditions with L1, respectively. The optoelectronic
properties of these complexes are discussed in the context of combined experimental and density
functional theory (DFT) studies.

2. Experimental
2.1. Chemical and starting materials

All reagents and solvents were of reagent grade and used as supplied. The iridium(lll) dimer,
tetrakis(2-phenylpyridinato-C?N')(u-dichloro)diiridium, [Ir(ppy),(u-Cl)1, (where ppy=2-phenylpyridi-
nato or 2-phenylpyridine-C%N’), was prepared according to the procedure described by Nonoyama
[12]. Ligand 3-(pyridin-2-yl)-4H-benzo[e][1,2,4]thiadiazine (L1) was prepared following the literature
procedure [10].

2.2. Instrumentation

2.2.1. For purification, NMR spectroscopy, melting point determination and mass spectrometry
All reactions were performed using standard Schlenk techniques under an inert (N,) atmosphere with
reagent grade solvents. Flash column chromatography was performed using silica gel (Silia-P from
Silicycle, 60 A, 40-63 mm). Analytical thin layer chromatography was performed with silica plates with
aluminum backings (250 mm with indicator F-254). Compounds were visualized under UV light. '"H and
13C NMR spectra were recorded on a Bruker Avance spectrometer at 500 and 126 MHz, respectively.
Deuterated chloroform (CDCI3) and deuterated acetonitrile (CD3CN) were used as solvents of record
and TMS was used as an internal standard. Melting points (Mps) were recorded using open-ended
capillaries on an electrothermal melting point apparatus and are uncorrected. For high-resolution mass
spectrometry the compounds were dissolved in DCM before being diluted in MeOH with NH,OAc for
analysis on the Thermo Scientific LTQ Orbitrap XL in positive nano-electrospray ionization mode. The
instrument was calibrated with a mixture of caffeine, UltraMark and MRFA.

2.2.2. For cyclic voltammetry

Electrochemical measurements were carried out in N,-purged purified MeCN at 25 °C with a Potentiostat
CH620E instrument. The working electrode was glassy carbon, the counter electrode was a Pt wire, and
the pseudo-reference electrode was a Ag wire. The reference was an internal 1 mM solution of ferro-
cene/ferrocinium (380 mV versus SCE in MeCN) [13]. The concentration of the compounds analyzed was
1 mM. Tetra-n-butylammonium hexafluorophosphate was used as the supporting electrolyte (0.10 M).
Cyclic voltammograms of 1 and 2 were obtained at a scan rate of 100 mV s~'. The criteria for reversibility
were (a) a separation of 60 mV between cathodic and anodic peaks, (b) a ratio of the intensities of the
cathodic and anodic currents > 0.9, and (c) the lack of dependency of the peak potential on scan rate.
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2.2.3. For UV-vis absorption spectroscopy

Electronic spectra were recorded using a Shimadzu UV-1800 double beam spectrophotometer with
a 1 cm quartz cell from 200-1000 nm at room temperature. All samples were prepared in HPLC grade
acetonitrile with varying concentrations in the order of mM. Molar absorptivity determination was
verified by linear least-squares fit of values obtained from at least four independent solutions at varying
concentrations with absorbance ranging from 8.08 x 10~ to 8.99 x 107° M. Broad peaks are marked
as shoulder, “sh”.

2.2.4. For steady-state and time-resolved emission spectroscopy

Steady-state emission and excitation spectra and time-resolved emission spectra were recorded at 298 K
using an Edinburgh Instruments F980. The sample solutions for the emission spectra were prepared
in HPLC-grade acetonitrile and degassed via three freeze-pump-thaw cycles. Luminescence lifetimes
were determined by time-correlated single-photon counting with an Edinburgh EPL-378 spectrometer
(nanosecond-pulse diode laser at 378 nm). All samples for steady-state measurements were excited at
360 nm while samples for time-resolved measurements were excited at 378 nm.

2.2.5. For determination of photoluminescence quantum yield

Photoluminescence quantum yields (O, ) were determined using the optically dilute method [14, 15].
A stock solution with absorbance of ca. 0.5 was prepared and then four dilutions were prepared with
dilution factors of 5, 6.6, 10, and 20 to obtain solutions with absorbances of ca. 0.1,0.075, 0.05 and 0.025,
respectively. The Beer-Lambert law was found to be linear at the concentrations of the solutions. The
emission spectra were then measured after the solutions were rigorously degassed via three freeze—
pump-thaw cycles prior to spectrum acquisition. For each sample, linearity between absorption and
emission intensity was verified through linear regression analysis and additional measurements were
acquired until the Pearson regression factor (R?) for the linear fit of the data-set surpassed 0.9. Individual
relative quantum yield values were calculated for each solution and the values reported represent the
slope value. The equation ® = ® (A /A)(I/I)(n/n )* was used to calculate the relative quantum yield of
each of the samples, where @ _is the absolute quantum yield of the reference, n is the refractive index
of the solvent, A is the absorbance at the excitation wavelength, and I is the integrated area under
the corrected emission curve. The subscripts s and r refer to the sample and reference, respectively. A
solution of quinine sulfate in 0.5 M H,S0, (®, = 54.6%) was used as the external reference [16].

2.3. X-ray crystallography

X-ray diffraction data for 1 and 2 were collected at 173 K using a Rigaku FR-X Ultrahigh brilliance
Microfocus RA generator/confocal optics and Rigaku XtaLAB P200 system, with Mo Ka radiation
(A =0.71075 A). Intensity data were collected using w steps accumulating area detector images span-
ning at least a hemisphere of reciprocal space. All data were corrected for Lorentz polarization effects.
A multiscan absorption correction was applied by using CrystalClear [17]. Structures were solved by
Patterson (PATTY [18]) methods and refined by full-matrix least-squares against F? (SHELXL-2013 [19]).
Non-hydrogen atoms were refined anisotropically and hydrogens were refined using a riding model.
All calculations were performed using the CrystalStructure [20] interface. Crystallographic data are
summarized in table 1.

2.4. Syntheses of complexes

2.4.1. Synthesis of bis(2-phenylpyridinato-C?,N')(3-(pyridin-2-yl)-4H-benzole][1,2,4]thiadiazine)
iridium(lll) hexafluorophosphate, 1

A 100 mL round-bottomed flask was charged with [Ir(ppy),(u-Cl)1, (0.100 g, 0.093 mmol, 1 equiv.) and
3-(pyridin-2-yl)-4H-benzolel[1,2,4]thiadiazine (0.041 g, 0.193 mmol, 2.07 equiv.), L1. An aliquot of a
mixture of dichloromethane and methanol (40 mL, 1:1, v/v) was added to the flask and the solution



Table 1. Crystallographic data for 1 and 2.
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Compound 1 2
CCbC 1445661 1445662
Formula [Cy,H, N SIFI[PF ] [C,,H,,N.OSIr]-CH,Cl,
Mw (g mol™) 872.82 27.77
d,.(cm™) 1.830 1.782
F(000) 1704 1624
Crystal system Monoclinic Monoclinic
Space group P,1/n P,1/c
a(A) 9.6076(14) 18.0512(12)
bA) 14.0382(19) 9.4690(6)
c(d) 23.582(4) 19.5919(15)
B 95.079(4) 112.8760(17)
V(A3 3168.1(8) 3085.4(4)
V4 4 4

B range (°) 1.69-25.388 2.108-25.376
Completeness 0.990 0.996
Reflections collected 26786 36797
Independent reflections (R, ) 3558(0.1127) 5325 (0.0208)
u(mm™) 4.401 4.607

R12 0.0657 0.0140
wR2? 0.1730 0.0358
GoF? 1.077 1.056
Residual electron density: max., min. 2.328,-0.806 0.845, -0.641

2R1 based on observed reflections with / > 2a(/) for 1, and 2; wR2 and GoF based on all data for all compounds.

was degassed with nitrogen. The solution was heated to reflux under nitrogen, for 20 h, after which the
solution was cooled to room temperature and the solvent was evaporated to dryness under reduced
pressure to afford a red solid. Purification by flash column chromatography (silica, dichloromethane/
methanol, 97:3, v/v) and subsequent anion metathesis by addition of an aliquot of saturated solution of
KPF, in water afforded 1 as a red solid. Crystals of suitable X-ray quality were grown by slow diffusion of
diethyl ether into a concentrated solution of 1 in dichloromethane. Yield: 0.131 g, 79%. R 0.45 (dichlo-
romethane/methanol, 97:3, v/v on silica). M.p.: 328-330 °C (dec.). 'H NMR (500 MHz, CD,CN) 6 (ppm):
6.18 (dt, J=7.69, 1.28 Hz, 2 H), 6.47 (d, J = 7.69 Hz, 1 H), 6.81-6.89 (m, 3 H), 6.94 (td, J = 7.69, 1.28 Hz,
1 H), 6.97-7.08 (m, 3 H), 7.17 (ddd, J = 7.43, 5.82, 1.50 Hz, 1 H), 7.30 (ddd, J = 7.43, 5.82, 1.50 Hz, 1 H),
7.51-7.57 (m,2H),7.76 (ddd, J=7.75,3.15, 1.28 Hz, 2 H), 7.86-7.92 (m, 2 H), 7.95 (td, /= 7.85, 1.60 Hz, 1
H), 8.03 (d,J=7.91 Hz,1H),8.10(d, J=7.91 Hz, 1 H),8.13-8.18 (m, 2 H), 8.48 (s, 1 H), 8.67-8.72 (m, 1 H).
13CNMR (126 MHz, CD,CN) 6 (ppm): 167.75,167.09, 161.05, 150.59, 150.23, 149.58, 149.37, 149.04, 148.02,
144.53, 144.16, 138.78, 138.57, 138.45, 137.38, 135.01, 132.07, 131.34, 130.22, 129.76, 129.34, 128.61,
126.74,126.32, 124.79, 124.43, 123.82, 123.55, 122.50, 122.42, 122.37, 119.66, 119.35, 118.37. HR NSI*
MS: [M + O-PF,]* Calculated: 744.1409 (C,,H,.N.OSIr); Found: 744.1388. Anal. Calcd forC, H,.N SIrPF,

350 1255 34' 125
(%): C, 46.79; H, 2.89; N, 8.02. Found: C, 47.30; H, 3.01; N, 7.80.

5

2.4.2. Synthesis of bis(2-phenylpyridinato-C? N')(3-(pyridin-2-yl)-2A>-benzo[e][1,2,4]
thiadiazine-1-oxide)iridium(lll), 2

A 100 mL round-bottomed flask was charged with 3-(pyridin-2-yl)-4H-benzole][1,2,4]thiadiazine, L1
(0.041 g, 0.193 mmol, 2.07 equiv. with respect to Ir-dimer), and anhydrous K,CO, (0.270 g, 1.93 mmol,
10 equiv. with respect to L1). Methanol (30 mL) was added to the flask and the solution was degassed
with nitrogen. The solution was heated to reflux under nitrogen for 30 min, after which the clear yel-
low solution was cooled to room temperature. To this solution was added a solution of [Ir(ppy),(u-CI1,
(0.100 g, 0.093 mmol, 1 equiv.) in dichloromethane (20 mL), and an immediate color change to dark
brown was observed. The mixture of solutions was degassed with N, and then heated to reflux for
20 h under N, After 20 h, the solution was cooled to room temperature, then filtered through a fine
glass frit. The residue was washed with MeOH (5 mL) and the filtrate and washings were combined
and evaporated to dryness under reduced pressure to afford a brownish-yellow solid. Purification of
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this product by flash column chromatography (30 cm long) (silica, 0.5-1% MeOH in DCM) afforded the
S-oxidized S(IV) 2 as a yellow solid. Crystals of suitable X-ray quality were grown by slow diffusion of
diethyl ether into a concentrated solution of 2 in dichloromethane. Yield: 0.086 g, 63%. R:0.52 (1%
MeOH in DCM on silica). M.p.: 368-372 °C (dec.). "H NMR (500 MHz, CD,CN) 6 (ppm): 6.25 (d, J = 7.69 Hz,
1H),6.46 (d,J=7.48Hz, 1 H), 6.83 (td, J=7.32,4.17 Hz, 2 H), 6.92-7.00 (m, 3 H), 7.10 (t, /= 6.62 Hz, 1 H),
7.20(t,J=737Hz,1H),7.24(d,J=7.27 Hz, 1 H), 7.34 (t, J=6.52 Hz, 1 H), 7.40-7.44 (m, 1 H), 7.47-7.52
(m, 1H),7.67 (d,J=5.56Hz, 1 H), 7.70-7.82 (m, 5 H), 7.96-8.03 (m, 3 H), 8.73 (d, J=7.91 Hz, 1 H), 9.40
(d,J=5.98 Hz, 1 H). '"H NMR (500 MHz, CDCI3) 6 (ppm): 6.28 (dd, J=7.48,0.85 Hz, 1 H), 6.62 (dd, J=7.48,
0.85 Hz, 1 H), 6.78-6.84 (m, 2 H) 6.90 (td, J=7.43,1.39 Hz, 1 H), 6.97 (tdd, J=7.51,7.51,2.51, 1.28 Hz, 2
H), 7.05-7.09 (m, 1 H) 7.15-7.22 (m, 2 H) 7.38 (dt, /= 7.59, 1.02 Hz, 1 H), 7.43-7.46 (m, 2 H), 7.52-7.56
(m, 1 H),7.58-7.70 (m, 4 H), 7.72-7.75 (m, 1 H), 7.81-7.88 (m, 3 H), 8.79-8.83 (m, 1 H), 9.61 (dd, J=5.98,
0.85 Hz, 1 H). ®*CNMR (126 MHz, CDCI3) 6 (ppm): 168.78, 167.63, 159.43, 156.41, 153.13, 153.00, 150.80,
148.69, 148.44,144.95,1143.57,140.43,137.02, 136.99, 136.85, 133.19, 132.04, 131.06, 130.42, 130.06,
127.33,127.10, 126.88, 126.75, 125.58, 125.45, 124.32, 124.11, 122.98, 122.19, 121.72, 121.48, 119.06,
118.34. HR NSI* MS: [M + H]* Calculated: 744.1409 (C, H..N_OSIr); Found: 744.1405. Anal. Calcd for

34772575

C,,H,,N,OSIFCH,CL, (%): C, 50.78; H, 3.17; N, 8.46. Found: C, 50.75; H, 3.08; N, 8.57.

2.5. DFT studies

All calculations were performed with the Gaussian 03 [21] suite of programs employing the DFT method,
the Becke three-parameter hybrid functional [22] and Lee-Yang-Parr’s gradient-corrected correlation
functional (B3LYP) [23]. Singlet ground-state geometry optimizations for [1]* (1 without associated
anion) and neutral [2] were carried out at the (R)B3LYP level in the gas phase, using the structures of
1 and 2 determined by X-ray crystallography as starting points. All elements except Ir were assigned
the 6-31G(d,p) basis set [24]. The double-{ quality LANL2DZ ECP basis set [25] with an effective core
potential and one additional f-type polarization functional was employed for Ir. Vertical electronic
excitations based on (R)B3LYP-optimized geometries were computed for [1]*, [2] and a model com-
plex, [Ir(ppy),(bpy)l* using the TD-DFT formalism [26, 27] in MeCN using the conductor-like polarizable
continuum model [28-30]. Vibrational frequency calculations were performed to ensure that the opti-
mized geometries represent the local minima, and there are only positive eigenvalues. The electronic
distribution and localization of the singlet excited states were visualized using the electron density
difference maps. GaussSum 2.2 [31] and Chemissian [32] were employed to visualize the absorption spec-
tra (simulated with Gaussian distribution with a full-width at half maximum (fwhm) set to 3000 cm™")
and to calculate the fractional contributions of various groups to each molecular orbital. All calculated
structures and Kohn-Sham orbitals were visualized with ChemCraft [33].

3. Results and discussion
3.1. Synthesis and characterization of the complexes

The Ir(lll)-complexes 1 and 2 were synthesized involving a protocol that proceeds via isolation of the
p-dichloro-bridged Ir(lll)-dimer described by Nonoyama'? followed by its cleavage with 2.1 equiv. of
ancillary L1 (scheme 1). The charged 1 was synthesized by reaction of [Ir(ppy),Cll, with L1 in a N,-
degassed dichloromethane-methanol solution, whereas the synthesis of the neutral 2 requires a prior
deprotonation of L1 with 10 equiv. of anhydrous K,CO, in N,-degassed methanol followed by its addition
to a N,-degassed dichloromethane solution of the Ir-dimer. Despite maintaining the N,-atmosphere,
the neutral complex was isolated as the S(IV) complex, 2. The facile oxidation of ligand L1 is indicative
of the electron-rich benzothiadiazinate heterocycle, which has been previously observed by Rawson
et al., where L1 undergoes facile Cu(ll)-promoted aerial oxidation to give access to the benzothiadi-
azine-S-oxide heterocycle [34].



JOURNAL OF COORDINATION CHEMISTRY 1929

| PFs

s
N« _NH  DCM:MeOH (1:1, viv)

N7 reflux,19 h, N, atm
I aq. KPFg, 79%

[Ir(ppy)2(u-Chl2, 1 equiv

Scheme 1. Syntheses of charged and neutral Ir(lll)-complexes, 1 and 2, respectively, using 3-(pyridin-2-yl)-4H-benzo[e][1,2,4]
thiadiazine, L1, as an ancillary ligand.

Complexes 1 and 2 were characterized by 'H and '*C NMR spectroscopy, melting point determi-
nation, HR ESI-MS, elemental analysis and single-crystal XRD analysis. Incorporation of L1 onto the
iridium renders an unsymmetrical coordination environment of the [Ir(ppy),]-moiety as demonstrated
by the stacked "H NMR spectra of 1 and 2 (figure 1). The HR ESI-MS spectra show the molecular ion
for 1, where the S-atom is oxidized under the mass spectrometric conditions as [M + O—PF6]+, and a
protonated analog for 2, [M + H]*.

(a)

o

(b)

*

A JK LJ‘I | UJJ LJI‘J. UL MLJ Mlh_

9.5 9.0 8.5 8.0 75 7.0 6.5 6.0
f1 (ppm)

Figure 1. Stacked "H NMR spectra of (a) 1 and (b) 2 at room temperature in CD,CN at 500 MHz (the singlet peak, marked with a star
at7.58 ppm in the spectrum of 2, is due to contamination of CHCI, in CD,CN).
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Table 2. Comparison of observed bond distances and angles in 1 and 2 with values calculated for 1 and 2.

Compound Bond lengths (A) Angles (°)
1 Obs. (X-ray) Calcd (DFT) Obs. (X-ray) Calcd (DFT)
Ir1-N1 2.058(9) 2.08508 N1-1r1-C8 80.7(4) 80.057
Ir1-N13 2.051(9) 2.08354 N13-1r1-C20 80.0(5) 80.053
Ir1-N25 2.139(9) 2.23065 N25-1r1-N32 74.9(3) 73414
Ir1-N32 2.148(9) 2.21953 N32-C31-N40 124.9(10) 123.725
Ir1-C8 2.016(10) 2.01846
Ir1-C20 2.005(12) 2.02118
C31-N32 1.288(14) 1.30269
C31-N40 1.355(14) 1.37633
N32-S33 1.715(9) 1.73725
2 Ir1-N1 2.0573(17) 2.08768 N1-1r1-C8 80.10(8) 79.949
Ir1-N13 2.0390(17) 2.07360 N13-1r1-C20 80.02(8) 80.046
Ir1-N25 2.1424(17) 2.21791 N25-Ir1-N32 75.61(7) 74.874
Ir1-N32 2.1650(17) 2.20919 N32-C31-N40 130.21(19) 129.994
Ir1-C8 2.017(2) 2.02430
Ir1-C20 2.013(2) 2.01864
C31-N32 1.359(3) 1.35920
C31-N40 1.314(3) 1.31238
N32-S33 1.6693(18) 1.71308

3.2. Solid-state structures

Crystals suitable for analysis by X-ray diffraction were grown by slow vapor diffusion of diisopropyl
ether into an acetonitrile solution of 1, or of diethyl ether into a solution of 2 in dichloromethane (CCDC
1445661 and 1445662). Specific crystallographic parameters in comparison to those obtained from DFT
calculations are summarized in table 2. Both structures reveal coordinatively saturated Ir(lll) in a distorted
octahedral geometry, where in both complexes L1 binds to Ir(lll) in an N,N'-chelate fashion (figure 2).
The Ir—Nppy and Ir-C,,, bond lengths and Cppy—lr—Nppy and N ,-Ir-N,, bite angles were similar in both
complexes and fall in close agreement with those calculated by DFT. Noticeable differences in bond
lengths and angles are observed in the N32-C31-N40 fragments of the neutral and anionic versions of
L1in 1 and 2, respectively.In 1, the shorter C31-N32 bond length compared to that of C31-N40 indicates
localized double- and single-bond characters for C31-N32 and C31-N40, respectively. In 2, due to the
anionic nature of L1, there is a delocalized double bond character throughout the N32-C31-N40 core.
Similarly, there is a more defined sp? character to C31 of the N32 = C31-N40 core in 1 compared to
relatively less defined sp? character of the same core in 2, as judged by the deviation of N32-C31-N40
angle from the ideal sp? bond angle of 120°. The decrease in N32-533 bond length in 2 compared to
thatin 1 is presumably due to extended delocalization of the N40-C31-N32-533-033 moiety in 2.

3.3. UV-vis absorption properties of 1 and 2

The UV-visible absorption spectra of L1, 1 and 2 were recorded in MeCN solutions at room temperature
(figure 3) and data are summarized in table 3. Overlays of experimental absorption spectra of 1 and 2
with their predicted singlet transitions calculated by time-dependent DFT (TD-DFT) are shown in figure
4. At higher energy (< 290 nm), ligand-centered (LC) 7 —» 7 transitions are observed for both complexes.
In the case of 1, the transitions at 374 and 413 nm are predominantly due to singlet ligand-to-ligand
charge transfer ('LLCT), transitions, originating from ppy-to-L1 with a minor contribution of singlet
metal-to-ligand charge transfer ("MLCT) transition involving Ir(dm) — L1(77%), as predicted by TD-DFT
(table 4). In the case of 2, the contribution from the metal center comes into play at much higher ener-
gies as in the transition at 292 nm (table 5). The transitions at 368, 390 and 444 nm are all composed of
a predominant 'LLCT character along with a minor component of "MLCT transition. The tailing of the
lowest energy 'CT transition of 1 at 413 nm up to ~560 nm compared to that of 2 (A__ =444 nm) and
that of the prototype [Ir(ppy),(bpy)I* (A__ =465 nm)isin agreement with the trends revealed from the

max
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Figure 2. Thermal ellipsoid plots of (a) 1 and (b) 2. Thermal ellipsoids are drawn at a 50% probability level. Hydrogens, PF.~ and
dichloromethane molecules have been omitted for clarity.

DFT-calculated HOMO-LUMO energy gaps: 1 (IAE
[r(ppy),(bpY)I* (IAE, u0-romo! = 3-22 eV) (figure 5).

| =3.06 eV); 2 (IAE? | =3.47eV);

LUMO-HOMO LUMO-HOMO

3.4. Electrochemical properties of 1 and 2

The redox behaviors of L1, 1 and 2 in dry degassed MeCN were assessed by cyclic voltammetry at room
temperature (table 6). L1 exhibited two quasi-reversible oxidations at 0.66 and 0.95 V, whereas two
irreversible reductions were also observed at sufficiently high negative potentials (>—1.80 V). The rela-
tively easy oxidation of L1 is indicative of its electron richness and is associated with a proton-coupled
1e-oxidation to form the benzothiadiazinyl radical. At positive potentials, 1 exhibited two irreversible

—| 1

—

Molar absorptivity (¢ x 10* Mtcm?)
=y

200 300 400 500 600 700 800
A(nm)

Figure 3. UV-vis absorption spectra of L1, 1, and 2 at room temperature in acetonitrile.
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Table 3. Absorption data of L1, 1, and 2 and the benchmark complex [Ir(ppy),(bpy)IPF, in acetonitrile at room temperature.

Compound As (NM) (X 103 M~ cm™)

L1 215(13.0), 231 (11.6), 270 (18.5), 318 (2.7), 412 (6.2)

1 258 (56.8), 292 sh (41.8), 374 sh (7.8), 413 sh (4.2)

2 256 (43.3),292 (22.7), 368 (11.5), 390 sh (10.5), 444 sh (3.1)

[Ir(ppy)z(bpy)]PFsa 255 (45.2), 265 sh (43.5), 274 sh (37.4), 311 sh (19.4), 337 sh (8.6), 376 sh (5.6), 411 sh (3.3), 465 sh (0.67)

2From Ref. [35].
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Figure 4. Overlay of experimental UV-vis absorption spectra of 1 (left) and 2 (right) with their predicted transitions calculated by
singlet TD-DFT at room temperature in acetonitrile.

Table 4. Selected transitions from TD-DFT calculations of [1]* in the singlet ground state (B3LYP/LANL2DZ(f)[Ir]6-31G**[C,H,N,S],
CPCM (MeCN)).

A, (NM) (ex10° M~ cm™)

State Ay (NM) (TD-DFT) [expt.] f (TD-DFT) Major transition(s) Character
45 261 258 (56.8) 0.1841 H-8 - L (10%), ppy(m) to
H-4 - L+4(15%), ppy(m™) + ppy(m)
H-2 > L+5(10%), to L1(m*) + L1(mm) to
H-L+8(13%) L1(m™)
29 290 292 (41.8) 0.1223 H-5->L+1(43%), ppy(m) to
H-3->L+1(10%), ppy(m*) + ppy(m) to
H-3—>L+3(14%) L1(r*)
7 370 374(7.8) 0.0832 H-4 - L (71%) ppy(m) to L1(*) (Ma-
jor) + Ir(dm) to L1(7*)
(minor)
4 398 413 (4.2) 0.0358 H-3 > L (30%), ppy(m) to ppy(*) and
H-L+1(55%) L1(r*) (Major) + Ir(dm)
to L1(m*) and ppy(*)
(minor)
1 527 - 0.0008 H - L (98%) ppy(m) to L1(m*) (Ma-
jor) + Ir(dm) to L1(7r*)
(minor)

oxidations at 1.04 and 1.32 V. The first oxidation wave is assigned to oxidation of an admixture of both
metal- and ligand-based orbitals as the HOMO is constituted with almost equal metal and ppy based
orbitals (figure 5). This oxidation is significantly cathodically shifted compared to that of [Ir(ppy),(bpy)]
PF,where E_ =1.27V [36]. At negative potentials, two irreversible reductions at —1.19and -1.64Vand a
quasi-reversible reduction at —1.99V are observed, the first of which is assigned to L1-based reduction as
inferred by DFT calculations. The second and third reductions are localized almost exclusively on the ppy
ligands.The last reduction at —1.99V, which is associated with ppy, has a peak separation of 30 mV and
is thus linked to a two-electron process. The irreversible reduction of L1 is in contrast to the reversible
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Table 5. Selected transitions from TD-DFT calculations of [2] in the singlet ground state (B3LYP/LANL2DZ(f)[Ir]6-31G**[C,H,N,0,S],
CPCM (MeCN)).2

Ayps (NM) (X103 M~ cm™)

State Ay (NnM) (TD-DFT) ® [expt.] f (TD-DFT) Major transition(s)  Character
44 261 256 (43.3) 0.1248 H-4 - L+4(22%), ppy(m) to
H-2-L+5(13%),  ppy(m) + ppy(m) to
H->L+7(21%), aL1(m*) +aL1(m) to
H-L+8(18%) al1(m*)
29 286 292 (22.7) 0.1011 H-5->L+1(23%),  ppy(n) to ppy(r™*) (ma-
H-3->L+3(33%) jor) + Ir(dm) to aL1(r*)
(minor)
6 356 368 (11.5) 0.0304 H-1->L+2(81%) aL1(m) to ppy(*) (Ma-
jor) + Ir(dm) to ppy (™)
(minor)
3 397 390(10.5) 0.1662 H-1 - L (79%), aL1(m) to aL1(7*) (Ma-
H-L+2(10%) jor) + Ir(dm) to aL1(r*)
(minor)
1 441 444 (3.1) 0.0023 H - L (98%) ppy(m) to aL1(*) (Ma-
jor) + Ir(dm) to aL1(7r*)
(minor)

Anionic form of L1 is abbreviated as aL1 (where aL1 = 3-(pyridin-2-yl)benzo[e][1,2,4]thiadiazin-2-ide-1-oxide).
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Color codes in bars: I, ppy, bpy, 3-(pyridin-2-yl)-4H-benzo[e][1,2,4]thiadiazine,
3-(pyridin-2-yl)benzo[e][1,2,4]thiadiazin-2-ide-1-oxide

Figure 5. Calculated frontier MO energies of [1]*, 2 and [Ir(ppy),(bpy)]*, obtained from TD-DFT [(B3LYP/LANL2DZ(f) for Ir(lll)) and
(6-31 g** for C,H,N,(0),S)] with CPCM(CH,CN) and 0.5 eV threshold of degeneracy. Kohn-Sham MOs of [11*, 2 and [Ir(ppy),(bpy)]*
are also shown.

reduction of bpy observed for [Ir(ppy),(bpy)IPF, [36], and points to a first reduction in 1 localized on
the benzothiadiazine. Complex 2 displayed a (metal + ppy)-based irreversible oxidation at 1.03 V in the
anodic region followed by a monoelectronic quasi-reversible oxidation at 1.23 V. Three monoelectronic
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Figure 6. Normalized emission spectra of L1, 1, and 2 at room temperature in degassed acetonitrile (A__= 360 nm).

exc

quasi-reversible and one irreversible ligand-based reduction waves, assigned by DFT, are observed for
2. For this complex, the irreversible peak at —2.11 V is due to adsorption on the primary glassy carbon
electrode, and the transfer of electrons associated with these peaks could not be determined unambig-
uously. As expected, due to the anionic nature of L1 in 2, the oxidation and reduction potentials of 2
are more cathodically shifted compared to those of 1. The higher energy calculated for the HOMO of 2
(E om0 = —5-26 eV) compared with those of [Ir(ppy), (bpy)l* (E, oo =—5-54€V)and 1 (E,,, o =—5.53 eV)
is in agreement with the lower oxidation potential of 1 compared to that of [Ir(ppy),(bpy)]* and 2, thus
confirming the enhanced electron-richness found in 2, relative to the behavior of [Ir(ppy),(bpy)I* and 1.

3.5. Emission properties of 1 and 2

The emission spectra of 1 and 2 in degassed MeCN at room temperature are shown in figure 6. Upon
excitation at 360 nm, L1, 1, and 2 were all found to be poorly emissive with emission maxima, A,
at 540, 541, and 590 nm, respectively. Similar to [Ir(ppy),(bpy)IPF, [36], the emission spectra for 1
and 2 are broad and featureless, indicative of mixed 3CT emission. The CT emissions are the result of
mixed LLCT and MLCT transitions that is mostly LLCT in nature and involves the pyridine moieties of L1
and aL1 (where aL1 = 3-(pyridin-2-yl)benzol[e][1,2,4]1thiadiazin-2-ide-1-oxide) in 1 and 2, respectively.
Both complexes exhibited two-component emission decay kinetics and the associated lifetimes (z,)

Table 7. Solution state emission data® of L1, 1, 2 and [Ir(ppy),(bpy)IPF in acetonitrile at room temperature.

Compound Ay (NM) 7, (ns) O, (%)
L1 540 - -
1 541 5.3 (4.4%), 395.3 (95.6%) 1.1
2 590 47.8 (47.5%), 129.3 (52.5%) 25
[Ir(ppy),(bpy)IPF, ° 602 275 9.3

2Using quinine sulfate as quantum yield standard (A, = 450 nm in MeCN, ®, = 54.6% in 0.5 M H,SO, as found in Ref. [16]).
bFrom Ref. [36].
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are summarized in table 7. The major decay components of both the complexes fall in submicrosecond
regime, similar to that of [Ir(ppy)z(bpy)]PF6 [36], indicating phosphorescence emission profiles. The pho-
toluminescence quantumyyields, ©,, of 1and 2 were very low at 1.1 and 2.5%, respectively. Consistent
with the electrochemical data, the emission maximum of 1 was blue-shifted by 61 nm (1873 cm™") rela-
tive to that of [Ir(ppy)z(bpy)]PF6 ()\em =602 nm). This trend in emission is consistent with that observed
in absorption where the "MLCT maximum of 1 is also blue-shifted by ~50 nm (2708 cm~") with respect
to that of [Ir(ppy),(bpy)IPF, (table 3). Concomitant to the larger predicted HOMO-LUMO gap of 2
compared to that of [Ir(ppy),(bpy)IPF, (figure 5), and the absorption profiles of 2 and [Ir(ppy),(bpy)IPF,
(DA, towest energy = 21 1M, 1017.15 cm™), the emission maximum of [Ir(ppy),(bpy)IPF, was red-shifted
compared to that of 2 (AA, = 12 nm, 338 cm™Y). The trends in emission maxima of 1 and 2 differ
unusually from the trends in their respective HOMO-LUMO gaps, calculated by singlet TD-DFT, which
indicates that the triplet excited state of 2 is more stabilized compared to that of 1.

4. Conclusion

Two new Ir(lll) complexes, 1 and 2, bearing the unusual ancillary ligand, 3-(pyridin-2-yl)-4H-benzole]
[1,2,4]thiadiazine L1, have been synthesized and characterized by various analytical techniques. L1
coordinates to Ir(lll) as both neutral and anionic forms depending on the reaction conditions used. In
the solid-state structures of these complexes, the fused phenylene ring of L1 was spatially away from
the ppy moiety to overcome steric hindrance. In 2, L1 underwent oxidation to the S-oxide analog. Both
complexes exhibit mixed ligand-centered and charge-transfer transitions at energies lower than 300 nm,
with the absorption in 1 trailing further into the visible region. The complexes exhibit facile oxidation
of both the metal and the cyclometallating ligand centers and reduction of the ancillary ligand. Both
complexes were poorly emissive with the emission of 1 blue-shifted compared to that of 2.

Supplementary material
CCDC 1445661 and 1445662 contain the supplementary crystallographic data for [C,,H, NIl [PF] (1) and

34772575

[C;,H,,N,OSIrl-CH,CL, (2). These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.

html, or from the Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (+44) 1223-336-
033; or E-mail: deposit@ccdc.cam.ac.uk. The research data supporting this publication can be accessed at http://dx.doi.
org/10.17630/f6bed3a1-bc10-464a-83fa-5fabac8a9c4b.
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