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Abstract: The aerobic photooxidation of sulfides into sulfoxides in eco-friendly solvents, notably
water, at room temperature, represents a significant interest in the domain of synthetic chemistry.
This study introduces four highly stable hexadentate Ir(Ill) complexes: [Ir(fpqen)](PFs) (1),
[Ir(btgen)](PFe) (2), [Ir(bmpgen)](PFs) (3), and [Ir(bngen](PFs) (4) (where bfpgen is N,N'-bis(2-(4-
fluorophenyl)quinolin-8-yl)ethane-1,2-diamine, btqen is N,N'-bis(2-(4-tolyl)quinolin-8-yl)ethane-
1,2-diamine, bmpgen is N,N'-bis(2-(4-methoxyphenyl)quinolin-8-yl)ethane-1,2-diamine, and bngen
is N,N'-bis(2-naphthylquinolin-8-yl)ethane-1,2-diamine). These complexes were synthesized utiliz-
ing an in situ inter-ligand C-N cross-coupling photoreaction of the precursors [Ir(L)2(en)](PFe) (L is
2-(4-fluorophenyl)quinoline, (2-(4-tolyl)quinoline, 2-(4-methoxyphenyl)quinoline or 2-naph-
thylquinoline, and en is 1,2-diamine) under benign conditions. This methodology furnishes a valu-
able and complementary approach for the in situ generation of multidentate complexes through a
post-coordination inter-ligand-coupling strategy under mild conditions. Moreover, these hexaden-
tate Ir(III) complexes exhibit pronounced catalytic activity and chemo-selectivity toward the aerobic
photooxidations of sulfides into sulfoxides in aqueous media at room temperature, offering a new

avenue for the sustainable synthesis of sulfoxides.
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1. Introduction

Cyclometalated Ir(III) complexes have emerged as pivotal components in optoelec-
tronic devices, photocatalysts, luminescent sensors for metal ions, and biological labels.
They provide exceptional phosphorescence quantum yield, substantial Stoke shifts, and
formidable chemical and thermal photostability [1-3]. Moreover, the employment of mul-
tidentate ligands has significantly augmented the phosphorescence properties of Ir(III)
complexes by reinforcing metal-ligand bond strength and facilitating thermally accessible
metal-centered d-d transitions [4,5]. A prominent synthesis strategy for multidentate lig-
ands involves the conjugation of two bidentate ligands through a bridging entity. Nota-
bly, Lee et al. reported an enhancement in phosphorescence efficiency upon integrating
ortho-carboranes at the 5 positions of Ir(Ill) ppy complexes (where ppy is 2-phenylpyri-
dine) [6]. In a remarkable instance, an Ir(Ill) complex endowed with a C,C,C,C-tetraden-
tate ligand, bridging two bis(1-phenylimidazolium) ligands via a butylene bridge, show-
cased blue-green emissions with a quantum yield of 0.96 [7]. Nonetheless, the synthesis
of multidentate ligand entails a complex and extended procedure. Recently, in situ syn-
thesis in the presence of a metal ion template has gained considerable attention [8-10],
where ligands, upon coordination to the metal ion, undergo activation, facilitating mutual
cross-coupling [11-13]. This coordination-induced pre-arrangement of ligands around the

Inorganics 2024, 12, 73. https://doi.org/10.3390/inorganics12030073

www.mdpi.com/journal/inorganics



Inorganics 2024, 12, 73

2 of 13

metal center benefits the subsequent coupling reaction in terms of regio- and stereoselec-
tivity [14,15], thus presenting in situ synthesis as a viable route for crafting new multiden-
tate complexes post-coordination.

Sulfoxide compounds hold critical importance in organic synthesis and the pharma-
ceutical industry [16,17]. The pursuit of green synthetic routes for sulfoxides has intensi-
fied, with aerobic photooxidation of sulfides to sulfoxides employing visible light and ox-
ygen emerging as a particularly eco-friendly methodology [18,19]. However, the sustain-
ability and efficiency of this process are hampered by the photodegradation of photosen-
sitizers. Thus, the development of a durable and recyclable photosensitizer is crucial.
Moreover, although water is an ideal solvent for green chemistry, catalytic oxidation of
sulfides into sulfoxides in aqueous media faces challenges due to poor catalyst solubility
and sulfide reactivity issues [20-23].

Building on our group’s previous work, we have established a robust protocol for the
amination of coordinated 2-phenylquinoline (pq) complexes at the C8 position via in situ
inter-ligand C-N cross-coupling in the presence of O: under visible light irradiation
[24,25]. Mechanistic studies suggest that metal aminyl radicals are instrumental in new C-
N bond formation [26,27], paving the way for the in situ synthesis of new multidentate
complexes and inspiring the development of new stable Ir(Ill) photosensitizers under
mild conditions. In this paper, we report the synthesis of four new hexadentate cyclomet-
alated Ir(IIT) complexes [Ir(bfpgen)](PFs) (1), [Ir(btgen)](PFs) (2), [Ir(bmpgen)](PFe) (3), and
[Ir(bngen)](PFe) (4) (where bfpgen is N,N'-bis(2-(4-fluorophenyl)quinolin-8-yl)ethane-1,2-
diamine, btqen is N,N'-bis(2-(4-tolyl)quinolin-8-yl)ethane-1,2-diamine, bmpgen is N,N'-
bis(2-(4-methoxyphenyl)quinolin-8-yl)ethane-1,2-diamine, and bngen is N,N’-bis(2-naph-
thylquinolin-8-yl)ethane-1,2-diamine) through in situ inter-ligand C-N cross-coupling un-
der benign conditions. This method provides a straightforward and complementary ap-
proach for the in situ generation of hexadentate complexes via a post-coordination inter-
ligand-coupling strategy. Additionally, we explored the selective photooxidations of sul-
fides into sulfoxides using these complexes as photosensitizers under blue-light irradia-
tion in an Oz atmosphere at room temperature in aqueous media.

2. Results and Discussion
2.1. Synthesis of Hexadentate Ir(111) Complexes

The synthesis pathway of the hexadentate Ir(III) complexes is summarized in Scheme
1. Initially, the 2-phenylquinoline (pq) ligands were prepared through the Suzuki-
Miyaura cross-coupling reaction, employing phenylboronic acid and 2-bromoquinoline as
reactants in the presence of Pd catalysts. This step was followed by the formation of
dimeric Ir(Ill) complexes, achieving by reacting the pq ligands with IrCls in 2-
methoxyethanol solution at 120 °C for 24 h, adhering to a previously published protocol
[28,29]. The precursors [Ir(fpq)z(en)](PFs) (1a) (fpq is 2-(4-fluorophenyl)quinoline and en
is 1,2-diamine), [Ir(tq)2(en)](PFe) (2a) (tq is 2-(4-tolyl)quinoline), [Ir(mpq)z(en)](PFs) (3a)
(mpq is 2-(4-methoxyphenyl)quinoline), and [Ir(nq)z(en)](PFs) (4a) (nq is 2-
naphthylquinoline) were synthesized from these dimeric complexes upon the
introduction of the diamine ligand under mild conditions, yielding good to excellent
yields.

The structural and compositional integrity of these complexes was thoroughly
confirmed through elemental analysis, NMR, and high-resolution mass spectrometry
(HRMS) spectrometry. Detailed spectroscopic data are presented in the Supporting
Information. The "H NMR spectra showcased distinct resonance peaks associated with the
coordinated en, specifically between 3.8~4.1 ppm and 2.52~2.7 ppm (attributed to the NH2
group), alongside another set of peaks between 2.4~2.57 ppm and 1.7~1.98 ppm (assigned
to the CH2 group). Furthermore, the 3C NMR spectra revealed resonance peaks at 43.45,
43.41, 43.45, and 43.50 ppm for the complexes 1a, 2a, 3a, and 4a, respectively, which is
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consistent with the spectral characteristics previously reported for the [Ir(pq)2(en)](PFs)
complex [26].
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Scheme 1. Diagram of the synthesis of hexadentate Ir(IIT) complexes.

To elucidate the structural configuration, single-crystal X-ray diffraction analyses
were performed on 1a and 3a, with detailed crystallographic data. Figure 1 illustrates the
molecular structures, where each Ir(Ill) ion is coordinated by an en ligand alongside two
pq ligands, culminating in a distorted octahedral geometry. A notable observation is the
elongation of the Ir-N bond lengths within the en ligand, ranging from 2.217(4) A to
2.240(4) A, in contrast to the more compact Ir-N bond lengths observed in the pq units,
which span from 2.078(3) A to 2.097(3) A. This elongation is attributed to the trans
influence exerted by the Ir-C bonds. These structural findings align closely with those
previously reported for the [Ir(pq)z(en)](PFs) complex [26].

Figure 1. Crystal structures of 1a (left) and 3a (right) with 50% probability ellipsoids. H atoms and
anion are omitted for clarity. Selected bond lengths (A) and angles (°) for 1a and 3a (in parentheses):
Ir1-N1 = 2.082(3) (2.087(3)), Ir1-N2 = 2.097(3) (2.078(3)), Ir1-N3 = 2.240(4) (2.220(3)), Ir1-N4 = 2.217(4)
(2.236(3)), Ir1-C11 = 2.010(4) (2.002(4)), Ir1-C26 = 1.995(5) (1.994(4)), N4-Ir1-N3 = 76.65(15) (77.45(13)),
N1-Ir1-N2 = 170.87(15) (173.98(12)).

The photocatalytic reactions of the diamine Ir(Ill) complexes were carried out
employing our established in situ inter-ligand C-N cross-coupling protocol under visible
light irradiation [24,25], as delineated in Scheme 1. Complex 1la was utilized as a
benchmark to refine the photocatalytic conditions and monitor spectral transformations.
Upon irradiating an ethanol solution of 1a with visible light at 60 °C for 85 h in an oxygen
environment, complete consumption of the starting material 1a was observed, leading to
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the formation of a new C-N coupling hexadentate product 1, isolated in an impressive
yield of 92% post-purification. HRMS of product 1 exhibited a molecular ion peak at m/z
693.14117, congruent with the expected isotope pattern for Cs2Hz2F2IrNs (m/z = 693.14363,
[M-PFe]*), signifying a reduction of four hydrogen atoms relative to 1a (m/z = 697.17149,
[M-PF¢]*), thus indicating the formation of two new C-N bonds during the photoreaction.
Further spectral analysis revealed significant shifts in the 'H NMR spectra as shown in
Figure 2. Notably, the characteristic resonance of H8 proton of the fpq ligand at 7.77 ppm
in 1a vanished in 1. Additionally, resonances attributed to the NH: (originally at 3.99 and
2.66 ppm) and CH:z (2.50 and 1.90 ppm) groups in the en ligand of 1a shifted to 6.61 ppm
and 3.31 and 3.02 ppm in 1, respectively. The 3C NMR spectra of 1 showed a notable peak
shift from 43.45 ppm in 1a to 53.94 ppm in 1, underscoring the transformation of the en
ligand (detailed spectroscopic data available in the Supporting Information). These find-
ings collectively underscore the in situ C-N cross-coupling of the en ligand with the fpq
ligands under visible light irradiation, culminating in the formation of the hexadentate
ligand bfpgen. Notably, this method represents the inaugural instance of employing in
situ C-N cross-coupling for the synthesis of hexadentate cyclometalated complexes. Fol-
lowing this protocol, complexes 2, 3, and 4 were synthesized from substrates 2a, 3a, and
4a, respectively, under identical conditions, yielding satisfactory results of 88%, 92%, and
85%, respectively. The structural and compositional veracity of these complexes was rig-
orously confirmed by elemental analysis, HRMS, and NMR spectroscopy, as documented
in the Supporting Information. This strategy delineates a practical and methodical proto-
col for the generation of hexadentate cyclometalated Ir(IlI) complexes via in situ post-co-
ordinated inter-ligand C-N cross-coupling reactions under benign conditions.
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Figure 2. '"H-NMR spectra of 1a and 1 in CDsCN.

The molecular structure of the photoreaction product 3 was definitively character-
ized through X-ray diffraction analysis, with crystallographic details. The complex was
determined to crystallize in the P21/n space group. As depicted in Figure 3, the Ir(Ill) ion
in 3 is coordinated by a hexadentate ligand comprising four nitrogen atoms and two car-
bon atoms, arranging in a distorted octahedral geometry. This arrangement confirms the
formation of two new C-N bonds, C2-N3 (1.469(7) A) and N4-C17 (1.480(7) A), through
inter-ligand C-N coupling between mpq and en ligands, successfully synthesizing the
hexadentate ligand bmpgen. A comparative analysis of the structural parameters between
3 and its precursor 3a highlighted notable changes in the coordination geometry.
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Specifically, the angles N3-Ir1-N4 and N1-Irl-N2 in 3 expanded to 79.63(18)° and
177.65(19)°, respectively, from the 77.45(13)° and 173.98(12)° observed in 3a. These modi-
fications in bond angles reflect the structural adjustments ensuing from the formation of
the hexadentate ligand bmpgen, with other geometric parameters remaining largely con-
sistent.

Figure 3. Crystal structure of 3 with 50% probability ellipsoids. H atoms and anion are omitted for
clarity. Selected bond lengths (A) and angles (°): Ir1-N1 = 2.000(4), Ir1-N2 = 1.999(5), Ir1-N3 =
2.240(5), Ir1-N4 = 2.238(5), Ir1-C11 = 2.016(5), Ir1-C26 = 2.025(5), N3-C2 = 1.469(7), N4-C17=1.480(7),
N3-C33 = 1.503(8), N4-C34 = 1.492(7); N4-Ir1-N3 = 79.63(18), N1-Ir1-N2 = 177.65(19).

The absorption spectra of the cyclometalated Ir(III) complexes 1, 2, 3, and 4 were in-
vestigated in MeOH solutions, corroborating with prior studies on analogous Ir(Ill)-pq
complexes [30]. Detailed emission spectra, lifetimes, and quantum yields of these com-
plexes were also determined in a MeOH solution at room temperature (see the Supporting
Information). Figure 4 delineates that complex 2 exhibits an orange-red emission, with a
principal emission peak at approximately 592 nm, accompanied by a shoulder at 634 nm.
This emission profile mirrors that of the [Ir(bpgen)](PFs) complex (bpgen is N,N'-bis(2-
phenylquinolin-8-yl)ethane-1,2-diamine), attributable to a SLC (n—m*) and SMLCT transi-
tions [31,32], underscoring that the methyl substitution does not alter the maximum emis-
sion wavelength. Contrastingly, the introduction of electron-withdrawing fluorine and
electron-donating methoxy groups resulted in blue shifts of the emission maximum to 572
and 582 nm, respectively, indicative of the strong electronic effect of these substituents.
Conversely, incorporation of the naphthyl group, in lieu of a phenyl ring, significantly
red-shifted the emission peak to 630 nm, with an additional shoulder at 680 nm. This shift
is attributed to the conjugate effect of the naphthyl group, enhancing 7 electrons delocal-
ization. These results indicate that changing the substituent in phenyl is an important
strategy to regulate the fluorescence and photoelectric properties of molecules. A notable
increase in photoluminescence lifetimes was observed for the hexadentate complexes,
with values of 798 ns for 1, 513 ns for 2, 476 ns for 3, and 420 ns for 4, significantly surpas-
sing those of their precursors (575 ns, 269 ns, 327 ns, and 362 ns, respectively) in argon-
saturated methanol. This enhancement is likely due to the increased rigidity conferred by
the hexadentate coordination sphere. Additionally, the photoluminescence quantum
yields of the complexes 1, 2, 3, and 4 were measured at 9.4%, 5.0%, 8.1%, and 4.6%, respec-
tively, employing an absolute measurement method with an integrating sphere in argon-
saturated methanol at room temperature.
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Figure 4. Normalized emission spectra of 1, 2, 3, and 4 in air-saturated MeOH solution (10~ M) at
room temperature (left). Single-wavelength decay traces for 1 and 1a in Ar-saturated MeOH at room
temperature (right).

2.2. Photocatalysts for the Oxidation of Sulfides into Sulfoxides

Leveraging the robust stability of hexadentate cyclometalated Ir(IIl) complexes, we
explored their efficacy as photosensitizers in the photooxidation of sulfide into sulfoxide.
Methyl phenyl sulfide (5a) served as the model substrate for optimizing the reaction con-
ditions, which included an Oz atmosphere, water as the solvent, and blue-light irradiation
at ambient temperature over 14 h. The photocatalytic reactions proceeded with remarka-
ble efficiency, yielding methyl phenyl sulfoxide (6a) in excellent yields of 97%, 92%, and
100% for complexes 1, 3, and 4 as catalysts (1 mol%), respectively (see entries 1-3 in Table
1). Notably, the photooxidation reactions exhibited high chemo-selectivity without the
detection of by-products. For comparative analysis, complex 4a, under identical condi-
tions, produced 6a with a yield of 79% (entry 4 in Table 1), underscoring the superior sta-
bility and reactivity of the hexadentate structure. To elucidate the underlying photooxi-
dation mechanism, control experiments with 5a and catalyst 4 were conducted, confirm-
ing the indispensability of the photocatalyst, light, and oxygen for successful sulfide to
sulfoxide conversion (entries 5-7 in Table 1). The involvement of reactive oxygen species
(ROS) was investigated to determine the dominant oxidative intermediates. The addition
of 2 equiv of 1,4-diazabicyclo [2.2.2]octane (DABCO), a known 'O2 scavenger, significantly
reduced the yield to 24%, implicating 'Oz as the primary ROS. Conversely, the presence
of benzoquinone (BQ), isopropyl alcohol (PrOH), and 1,4-dimethoxybenzene (DMB),
scavengers for O2*-, *OH, and sulfide radical cation, respectively, had minimal effects on
the yield, reinforcing the critical role of 'Oz in the oxidation process. Based on these find-
ings, we propose a photooxidation mechanism wherein the Ir(IlI) complex is photoexcited
to a high-energy singlet state ('Ir(IlI)*), which then undergoes intersystem crossing to a
triplet state (*Ir(Ill)*). The *Ir(Ill)* then facilitates the energy transfer to ground-state Oz,
generating 'Oz, which reacts with sulfide to form a per-sulfoxide intermediate. This inter-
mediate further reacts with a sulfide molecule to yield two molecules of sulfoxide [33-35].
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Table 1. Photooxidation of Sulfides *

O, ballon

©/ S\ H,0, RT S
80 W Blue LED ©/
5a 6a

Entry Catalyst DFSC Yield (%) ¢
1 1 - 97
2 3 - 92
3 4 - 100
4 4a - 79
5 4 N2 0
6 4 dark 0
7 ; - 0
8 4 2 eq. DABCO 24
9 4 2 eq. BQ 81
10 4 2 eq. DMB 90
11 4 2 eq. 'PrOH 98

“Reaction conditions: 5a (0.1 mmol) and catalyst (1 mol %) in 8 mL H20 with an Oz balloon under
an 80 W blue LED at RT for 14 h. ?* DFSC is the deviation from standard conditions. ¢ Determined by
H NMR. DABCO is diazabicyclo[2.2.2]octane; BQ is benzoquinone; DMB is 1,4-dimethoxybenzene.

Armed with optimized reaction conditions, we extended our investigation to assess
the protocol’s versatility in synthesizing sulfoxides from various sulfides in water under
aerobic conditions and blue-light irradiation. Employing para-methylphenyl and para-
methoxyphenyl sulfides as substrates yielded the sulfoxides 6b and 6c with excellent effi-
ciencies of 98% in 18 h and 25 h, respectively (Scheme 2). Conversely, introducing an elec-
tron-withdrawing chloro group at the para position markedly extended the reaction time
to 52 h, albeit still achieving a high yield of 98% for sulfoxide 6d. This observation high-
lights the impact of electron-withdrawing groups on retarding the oxidation process, sug-
gesting a nuanced interaction between the sulfide substrate’s electronic properties and the
photo-oxidative reactivity. Furthermore, the protocol demonstrated significant versatility
in accommodating steric demands. For instance, replacing methyl sulfide with 2-(phenyl-
thio)ethanol led to the formation of sulfoxide 6e with a yield of 97% over a period of 3
days. This experiment not only confirms the method’s robustness across different sulfide
classes but also its potential for synthesizing a wide array of sulfoxide compounds
through an environmentally benign pathway.
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Scheme 2. Photooxidation of Sulfides (Isolated yield).

3. Materials and Methods

Unless specified otherwise, all reagents were procured from commercial sources and
utilized as received without further purification. The ligands 2-(4-fluorophenyl) quinoline
(fpq), 2-(p-tolyl) quinoline (tq), 2-(4-methoxyphenyl) quinoline (mpq), and 2-(naphthyl-1)
quinoline (nq) were prepared using the Suzuki reaction. [36-38]. The complexes
[Ir(nyq)2Cl]2, [Ir(ptq)2Cl]z, [Ir(mpq)2Cl]z, and [Ir(fpq)2Cl]2 were synthesized according to
the literature [28,29]. Photocatalytic experiments employed a blue light-emitting diode
(LED) UV lamp (A = 450470 nm, 10 W, Shenzhen Nuoguan Technology Co., shenzhen,
China.) as the light source. For chromatographic separations, silica gel (300-400 mesh) was
used. Electrospray ionization mass spectrometry (ESI-MS) analyses were conducted on a
Thermo LCQ DECA XP mass spectrometer, while HRMS data were acquired using a
Thermo Fisher Scientific Q Exactive mass spectrometer (Schwerte, Germany). Elemental
(C, H and N) analysis was performed on the Elementar Vario EL analyzer (Schwerte, Ger-
many). Using TMS as the internal standard, 'H and *C NMR spectra were recorded with
Bruker AV 400 and Bruker AV 600 spectrometers (Féllanden, Switzerland). Absorption
spectra of the complexes were measured using a Perkin Elmer Lambda 950 UV-VIS spec-
trophotometer (Beaconsfiel, UK) in MeOH solution at room temperature. Steady-state
photoluminescence spectra were recorded on an Edinburgh Instruments FLS 980 Photo-
luminescence Spectrometer(Edinburgh, UK). Fluorescence lifetimes were ascertained us-
ing an IBH 5000F coaxial nanosecond flash lamp (Atlanta, GA, USA). Fluorescence Quan-
tum yields were quantified employing the Edinburgh Instruments FLS 1000 Quantum
Yield Integrating Sphere Measurement System with PMT980 Detector.

3.1. Single-Crystal X-ray Crystallography

The crystal structures of complexes [Ir(fpq)2(en)](PFs) (1a), [Ir(mpq)z(en)](PFe) (3a),
and [Ir(bmpgen)](PFs) (3) were determined using an Agilent SuperNova, Dual, Cu at
home/near, AtlasS2 four-circle diffractometer, equipped with mirror-monochromated Cu
Ka radiation (A = 1.54184 A). Absorption corrections were applied to all datasets using the
multi-scan technique to account for absorption effects. The initial structural solutions were
obtained through direct methods using olex2.solve [39], with subsequent refinements per-
formed via iterative cycles of least-squares refinement on F2, complemented by difference
Fourier synthesis [40]. Anisotropic refinement was applied to all non-hydrogen atoms.
Hydrogen atoms were treated using a riding model, positioned at geometrically idealized
locations with fixed isotropic displacement parameters. To address the presence of disor-
dered solvent molecules within the crystal lattice, the Solvent Mask feature in Olex2 (an
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implementation of the BYPASS method, also known as SQUEEZE) [41] was employed.
This approach allowed for the refinement of the disordered solvent molecules without
explicitly modeling their positions, ensuring accurate structural parameters for the com-
plexes. Detailed crystallographic information, data collection, and refinement statistics for
each complex are presented in Table 2.

Table 2. Crystallographic data for Ir(III) complexes.

Complex la 3a 3
Molecular formula Cs2Ha6FsIrN4P Cs4H32FeIrN4O2P Cs4H2sF6IrN4O2P
Temp/K 150 150 150

M: 841.74 865.80 861.77

Crystal system triclinic triclinic monoclinic
Space group P-1 P-1 P2i/n

a/A 8.3615(3) 10.6791(3) 10.58160(10)
b/A 10.6980(5) 12.5175(4) 18.5399(2)

/A 19.2560(7) 13.8170(4) 17.3118(2)

al® 76.136(4) 81.202(2) 90

B/° 84.487(3) 84.247(2) 90.3740(10)

v/° 77.048(3) 82.229(2) 90

V/A3 1628.11(12) 1802.52(9) 3396.19(6)

4 2 2 4

Dc(g cm™) 1.717 1.595 1.685

M (mm) 9.072 8.171 8.674

aRi[I > 20(1)] 0.0365 0.0329 0.0392

bwR2 (all data) 0.0930 0.0807 0.1009

GOF 1.055 1.039 1.062

CCDC No. 2291984 2291986 2291985

3.2. Synthesis and Characterization of Complexes

General procedure for the synthesis of Ir(III)-diamine complexes. To a stirred so-
lution of the corresponding cyclometalated Ir(Ill) complex ([Ir(nyq)2Cl]2, [Ir(ptq)2Cl],
[Ir(mpq)2Cl]2, or [Ir(fpq)2Cl]2; 0.05 mmol) in 10 mL of methanol, ethylenediamine (0.12
mmol) was added. The reaction mixture was then stirred at 50 °C under a nitrogen atmos-
phere for 8 h. Following this, the solvent was removed under reduced pressure via vac-
uum distillation. To the resultant residue, 30 mL of dichloromethane was added. The or-
ganic layer was subsequently washed with saturated KPFs solution (3 x 20 mL) to ensure
the complete conversion of the chloride to the PFs counterion. The organic phase was then
dried over anhydrous Na:SO: and filtered to remove the drying agent. Finally, the solvent
was evaporated under reduced pressure to afford the desired Ir(Ill)-diamine complex as
the target product.

For 1a. Yield, 96%. Anal. Calcd. for Cs2HaeFsIrN4P: C 45.66, H 3.11, N 6.66. Found: C
4553, H 3.24, N 6.52. HRMS: Calcd. m/z = 697.17493 [M — PFs]*; Found: 697.17149 [M -
PFe]*. '"H NMR (600 MHz, CDsCN): 0 8.53 (d, ] = 8.8 Hz, 1H), 8.26 (d, ] =8.7 Hz, 1H), 8.10
(dd,J=6.2,3.4Hz, 1H), 8.03 (dd, ] =8.7, 5.6 Hz, 1H), 7.79-7.75 (m, 1H), 7.71 (dd, ] = 6.6, 3.2
Hz, 2H), 6.82-6.85 (m, 1H), 6.29 (dd, ] =9.9, 2.6 Hz, 1H), 3.99 (d, ] = 12.8 Hz, 1H), 2.72-2.60
(m, 1H), 2.50-2.52(m, 1H), 1.93-1.84 (m, 1H). ®C NMR (151 MHz, CDsCN): 8 170.57, 163.14
(d, J=252.17 Hz), 153.36 (d, ] = 7.55 Hz), 148.04, 143.24, 140.26, 132.00, 129.62, 128.71 (d, ]
=10.57 Hz), 128.37, 126.89, 124.34, 120.71 (d, ] = 16.61 Hz), 117.82, 109.36 (d, ] = 24.16 Hz),
43.45.

For 2a. Yield, 88%. Anal. Calcd. for CasHaFeIrN4P: C 48.98, H 3.87, N 6.72. Found: C
49.00, H3.92, N 6.42. HRMS: Calcd. m/z=689.22507 [M — PFs]*; Found: 689.22528 [M~- PFs]*.
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H NMR (400 MHz, CDsCN): o 8.47 (d, ] = 8.8 Hz, 1H), 8.25 (d, ] = 8.8 Hz, 1H), 8.09-8.03
(m, 1H), 7.86 (d, | = 8.0 Hz, 1H), 7.80-7.74 (m, 1H), 7.70-7.62 (m, 2H), 6.88 (dd, /=8.1, 1.7
Hz, 1H), 6.48 (s, 1H), 3.84 (d, ] = 12.3 Hz, 1H), 2.61-2.42 (m, 2H), 2.19 (s, 3H), 1.91-1.82 (m,
1H). 3C NMR (151 MHz, CDsCN): 6 171.50, 150.75, 148.28, 144.02, 140.00, 139.57, 135.98,
131.58, 129.38, 128.17, 126.46, 126.38, 124.81, 124.54, 123.05, 43.41, 20.45.

For 3a. Yield, 92%. Anal. Calcd. for CsaHsFslrN1O2P: C 47.17, H 3.73, N 6.47. Found:
C 47.23, H 3.64, N 6.51. HRMS: Calcd. m/z = 721.21490 [M — PFe]*; Found: 721.21290 [M-
PFe]*. 'TH NMR (600 MHz, CDsCN): 6 8.39 (d, ] = 8.8 Hz, 1H), 8.14 (d, ] = 8.9 Hz, 1H), 8.00
(dd, J=7.2,2.3 Hz 1H), 7.88 (d, ] =8.7 Hz, 1H), 7.74 (d, ] = 8.3 Hz, 1H), 7.59-7.64 (m, 2H),
6.62 (dd, ] =8.7, 2.6 Hz, 1H), 6.06 (d, ] =2.5 Hz, 1H), 3.88 (d, ] = 12.8 Hz, 1H), 3.34 (s, 3H),
2.61 (s, 1H), 2.52-2.45 (m, 1H), 1.27 (s, 1H). 3C NMR (151 MHz, CDsCN) 6 171.21, 160.70,
152.79, 148.12, 139.57, 139.43, 131.47, 129.39, 128.29, 127.87, 126.19, 124.48, 119.70, 117.49,
108.30, 54.37, 43.45.

For 4a. Yield, 85%. Anal. Calcd. for Cs«oHs:FsIrN4P: C 53.03, H 3.56, N 6.18. Found: C
52.88, H3.35, N 6.02. HRMS: Calcd. m/z="761.22507 [M — PFs]*; Found: 761.22183 [M~- PFs]*.
H NMR (400 MHz, CDsCN): 0 8.85 (d, ] =9.0 Hz, 1H), 8.78 (d, ] =8.7 Hz, 1H), 8.57 (d, ] =
9.1 Hz, 1H), 8.11 (dd, J=8.1, 1.6 Hz, 1H), 7.79-7.72 (m, 2H), 7.70-7.63 (m, 2H), 7.59 (m, 1H),
744 (t,]=7.4Hz 1H), 7.15(d, ] =8.4 Hz, 1H), 6.83 (d, ] = 8.4 Hz, 1H), 3.95 (d, ] = 12.0 Hz,
1H), 2.60-2.65 (m, 1H), 2.47-2.50 (m, 1H), 1.88-1.81 (m, 1H). *C NMR (151 MHz, CDsCN):
0172.39, 158.94, 148.71, 140.01, 139.24, 134.12, 132.27, 131.75, 131.47, 129.72, 129.31, 129.29,
127.35, 127.20, 126.52, 124.20, 123.48, 121.75, 121.47, 43.50.

General procedure for the synthesis of hexadentate Ir(III) complexes. The synthesis
commenced with the addition of an Ir(IlI)-diamine complex (0.05 mmol) to a reaction mix-
ture consisting of 100 mL ethanol under an oxygen atmosphere facilitated by an oxygen
balloon. This mixture was subjected to stirring at an appropriate rate and irradiated with
a 10 W blue light LED lamp at a temperature of 60 °C. The progress of the reaction was
monitored via 'H NMR spectroscopy to ensure completeness. Upon completion, the eth-
anol solvent was removed under reduced pressure through vacuum distillation. The re-
sulting crude product underwent purification via silica gel column chromatography, em-
ploying a gradient elution with a dichloromethane/methanol mixture, varying the com-
position from 100/0.5 to 100/5 (v/v), to isolate the carbon-nitrogen coupling product.

For 1. Yield, 92% for 85 h. Anal. Calcd. Cs2H2FsIrN4P: C 45.88, H 2.65, N 6.69. Found:
C 45.63, H 2.86, N 6.74. HRMS: Calcd. m/z = 693.14363 [M - PFe]*; Found: 693.14117 [M-
PFe]*. '"H NMR (600 MHz, CDsCN): 0 8.52 (d, ] =8.9 Hz, 1H), 8.25 (d, ] = 8.9 Hz, 1H), 8.12
(d, J=8.2Hz, 1H), 8.00 (dd, ] =8.6, 5.7 Hz, 1H), 7.88 (d, ] =7.5 Hz, 1H), 7.78 (t, ] = 7.9 Hz,
1H), 6.71-6.74 (m, 1H), 6.62 (s, 1H), 5.59 (dd, ] =9.4, 2.6 Hz, 1H), 3.31 (d, ] = 10.3 Hz, 1H),
3.05-3.00 (m, 1H). ®*C NMR (151 MHz, CDsCN):  164.21, 162.57(d, ] = 13.59 Hz), 151.12(d,
J = 6.04 Hz), 145.94, 143.31, 142.69, 135.97, 129.74, 128.76, 128.68(d, ] = 10.57 Hz), 128.25,
128.17, 118.47,117 46, 108.64(d, ] = 22.65 Hz), 53.94.

For 2. Yield, 80% for 88 h. Anal. Calcd. CssH2sFeIrN4P: C 49.21, H 3.40, N 6.75. Found:
C 49.03, H 3.55, N 6.78. HRMS: Calcd. m/z = 685.19377 [M — PFs]*; Found: 685.19434 [M —
PFe]*. 'TH NMR (400 MHz, CDsCN): 6 8.46 (d, ] =9.0 Hz, 1H), 8.22 (d, ] =9.0 Hz, 1H), 8.10
(d,J=81Hz 1H), 7.84 (dd, ] =12.8, 7.7 Hz, 2H), 7.74 (t, ] = 7.9 Hz, 1H), 6.78 (d, ] = 7.9 Hz,
1H), 6.45 (s, 1H), 5.78 (s, 1H), 3.29 (d, ] = 10.0 Hz, 1H), 3.04-2.97 (m, 1H), 2.18 (s, 3H). °C
NMR (151 MHz, CDsCN): 6 163.62, 147.92, 146.10, 143.51, 143.37, 140.45, 135.26, 132.22,
129.44, 128.41, 128.14, 128.01, 126.53, 122.55, 118.25, 53.77, 20.60.

For 3. Yield, 90% for 92 h. Anal. Calcd. CsaHa2sFsIrN:sO2P: C 47.39, H 3.27, N 6.50.
Found: C 47.53, H 3.35, N 6.38. HRMS: Calcd. m/z =717.18360 [M~- PFs]*; Found: 717.18372
[M - PFs]*. 'TH NMR (400 MHz, CD3CN): 0 8.42 (d, ] =9.0 Hz, 1H), 8.15 (d, ] =9.0 Hz, 1H),
8.06 (d, ] =8.1 Hz, 1H), 7.88 (d, ] = 8.6 Hz, 1H), 7.83 (d, ] = 7.5 Hz, 1H), 7.71 (t, ] = 7.9 Hz,
1H), 6.55 (dd, ] = 8.6, 2.6 Hz, 1H), 6.47 (s, 1H), 5.34 (d, ] = 2.6 Hz, 1H), 3.48 (s, 3H), 3.31 (d,
J=10.1 Hz, 1H), 3.05-2.99 (m, 1H). *C NMR (151 MHz, CDsCN): 6 163.17, 161.07, 150.08,
146.14, 143.17, 138.98, 135.22, 129.42, 128.40, 128.04, 127.99, 127.73, 118.07, 117.01, 106.20,
54.37, 53.84.



Inorganics 2024, 12, 73

11 of 13

For 4. Yield, 70% for 96 h. Anal. Calcd. CaoH2sFsIrN4P: C 53.27, H 3.13, N 6.21. Found:
C 53.11, H 3.25, N 6.38. HRMS: Calcd. m/z = 757.19377 [M- PFs]*; Found: 757.19014 [M -
PFs]*. 'TH NMR (400 MHz, CDsCN): 9 9.00 (d, J = 9.3 Hz, 1H), 8.87 (d, ] = 8.8 Hz, 1H), 8.61
(d,J=9.3 Hz, 1H), 8.17 (d, ] =8.0 Hz, 1H), 7.85 (d, ] = 7.5 Hz, 1H), 7.77 (t, ] = 7.8 Hz, 1H),
7.68 (d, J=8.1 Hz, 1H), 7.63 (m, 1H), 7.38 (m, 1H), 7.14 (d, ] = 8.3 Hz, 1H), 6.60 (s, 1H), 6.10
(d,J=8.3Hz, 1H), 3.35(d, ] =10.1 Hz, 1H), 3.14-3.06 (m, 1H). 3C NMR (151 MHz, CDsCN):
0 164.56, 157.40, 146.74, 143.05, 138.77, 135.45, 133.28, 130.90, 130.34, 130.22, 129.91, 129.82,
129.70, 128.61, 127.89, 127.47, 123.18, 122.67, 121.32, 53.62.

3.3. Procedure for Photooxidation of Sulfide into Sulfoxide

In a typical procedure, the sulfide substrate (0.1 mmol) and photocatalyst (1 mol %)
were combined in 8 mL of distilled water in a 10 mL quartz reaction tube, sealed with an
Oz balloon to maintain an oxygen-rich environment. The assembled reaction setup was
then exposed to irradiation from an 80 W blue LED lamp, operating at room temperature
for a duration determined by preliminary studies or until completion as indicated by an-
alytical methods. Post-irradiation, the reaction mixture was subjected to extraction with
CH:Cl: in three portions (3 x 6 mL) to recover the reaction products from the aqueous
phase. The combined CH2Cl: extracts were then sequentially washed with water and brine
to remove any remaining water-soluble impurities and salts. The organic layer was dried
over anhydrous Na250s to remove residual water, followed by the removal of CH2Cl2 un-
der reduced pressure. The crude product was further purified through silica gel column
chromatography, employing a hexane:ethyl acetate (10:1, v/v) mixture as the elution sol-
vent to afford the desired sulfoxide product.

4. Conclusions

We have devised a novel, mild, and efficient methodology for the synthesis of hexa-
dentate cyclometalated Ir(Ill) complexes through an in situ inter-ligand C-N cross-cou-
pling photoreaction, leveraging quinoline and diamine in the presence of an Ir(Ill) ion
template. This approach introduces a versatile and complementary strategy for the in situ
fabrication of multidentate complexes via post-coordination inter-ligand coupling under
benign conditions. Furthermore, our study reveals that these newly synthesized hexaden-
tate cyclometalated Ir(Ill) complexes exhibit remarkable photocatalytic efficiency and
chemo-selectivity in facilitating the aerobic oxidation of sulfides to sulfoxides in aqueous
media at ambient temperature. These findings contribute significantly to the development
of innovative strategies for the design and application of multidentate cyclometalated
Ir(Ill) complexes as potent photocatalysts, marking a significant advancement in the field
of sustainable and green chemistry.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/inorganics12030073/s1, Figure S1: 'TH-NMR spectra of fpq in
CDCls; Figure S2: 'H-NMR spectra of [Ir(fpq)2Cl]2 in DMSO-ds; Figure S3. ®*C-NMR spectra of
[Ir(fpq)2Cl]2 in DMSO-ds; Figure S4. "TH-NMR spectra of [Ir(fpq)z(en)](PFs) (1a) in CDsCN; Figure S5.
BC-NMR spectra of [Ir(fpq)z(en)](PFs) (1a) in CDsCN; Figure S6. HRMS of [Ir(fpq)2(en)](PFs) (up)
and calculated for [Ir(fpqg)z(en)]* (down); Figure S7. 'TH-NMR spectra of [Ir(bfpgen)](PFs) (1) in
CDsCN; Figure S8. BC-NMR spectra of [Ir(bfpgen)](PFe) (1) in CDsCN; Figure S9. HRMS of
[Ir(bfpgen)](PFs) (up) and calculated for [Ir(bfpgen)]* (down); Figure S10. "H-NMR spectra of tq in
CDCls; Figure S11."H-NMR spectra of [Ir(tq)2(en)](PFs) (2a) in CDsCN; Figure S12. *C-NMR spectra
of [Ir(tq)2(en)](PFe) (2a) in CDsCN; Figure S13. HRMS of [Ir(tq)z(en)](PFs) (up) and calculated for
[Ir(tq)2(en)]* (down); Figure S14. 'TH-NMR spectra of [Ir(btgen)](PFs) (2) in CDsCN; Figure S15.3C-
NMR spectra of [Ir(btqen)](PFs) (2) in CDsCN; Figure S16. HRMS of [Ir(btqen)](PFs) (up) and calcu-
lated for [Ir(btgen)]* (down); Figure S17. 'TH-NMR spectra of mpq in CDCls; Figure S18. '"H-NMR
spectra of [Ir(mpq)2Cl]2 in DMSO-ds; Figure S19. 3C-NMR spectra of [Ir(mpq)2Cl]2 in DMSO-ds; Fig-
ure S20. 'H-NMR spectra of [Ir(mpq)z(en)](PFs) (3a) in CDsCN; Figure S21. 3C-NMR spectra of
[Ir(mpq)2(en)](PFs) (3a) in CD3CN; Figure S22. HRMS of [Ir(mpq)2(en)](PFs) (up) and calculated for
[Ir(mpq)2(en)]* (down); Figure S23. "H-NMR spectra of [Ir(bmpgen)](PFs) (3) in CDsCN; Figure S24.
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BC-NMR spectra of [Ir(bmpgen)](PFs) (3) in CDsCN; Figure 525. HRMS of [Ir(bmpqgen)](PFs) (up)
and calculated for [Ir(bmpgen)]* (down); Figure 526. 'H-NMR spectra of nq in CDCls; Figure S27.
I3C-NMR spectra of nq in CDCls; Figure S28. 'H-NMR spectra of [Ir(nq)2Cl]2 in DMSO-de; Figure
529. BC-NMR spectra of [Ir(nq)2Cl]2 in DMSO-ds; Figure S30. '"H-NMR spectra of [Ir(nq)2(en)](PFe)
(4a) in CDsCN; Figure S31. BC-NMR spectra of [Ir(nq)z(en)](PFs) in CDsCN; Figure S32. HRMS of
[Ir(ng)2(en)](PFe) (up) and calculated for [Ir(nq)z(en)]* (down); Figure S33. 'H-NMR spectra of
[Ir(bngen)](PFs) (4) in CDsCN; Figure S34. 1®*C-NMR spectra of [Ir(bngen)](PFs) (4) in CDsCN; Figure
535. HRMS of [Ir(bngen)](PFs) (up) and calculated for [Ir(bngen)]* (down); Figure S36. Single-wave-
length decay traces for 1a (left) and 1 (right) in Ar-saturated MeOH at room temperature; Figure
S37. Single-wavelength decay traces for 2a (left) and 2 (right) in Ar-saturated MeOH at room tem-
perature; Figure S38. Single-wavelength decay traces for 3a (left) and 3 (right) in Ar-saturated MeOH
at room temperature; Figure S39. Single-wavelength decay traces for 4a (left) and 4 (right) in Ar-
saturated MeOH at room temperature; Figure S40. '"H-NMR spectra of methyl phenyl sulfoxide (6a)
in CDCls; Figure S41. '"H-NMR spectra of methyl 4-methylphenyl sulfoxide (6b) in CDCls; Figure
542. "H-NMR spectra of methyl 4-methoxyphenyl sulfoxide (6¢) in CDCls; Figure 543. "H-NMR spec-
tra of methyl 4-chloro-phenyl sulfoxide (6d) in CDCls; Figure S44. 'H-NMR spectrum of 2-
(phenylsulfinyl)ethan-1-ol (6e) in CDCls.
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