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ABSTRACT: The synthesis of metal macrocycle complexes holds x| x|
paramount importance in coordination and supramolecular | _ | /
chemistry. Toward this end, we report a new, mild, and efficient N N

complexes: [Ir(L1)](PFg) (1), [Ir(L2)](PFy) (2), and [Ir(L3)]-

C O
Ir —2>< ~
EtOH ~.H
(PFg) (3), where L1 presents 10,17-dioxa-3,6-diaza-2(2,8),7(8,2)- © O | N, o O | N
diquinolina-1,8(1,4)-dibenzenacyclooctadecaphane, L2 is N Ny
10,13,16,19,22,25-hexaoxa-3,6-diaza-2(2,8),7(8,2)-diquinolina-1,8- | P e I P O

(1,4)-dibenzenacyclohexacosaphane, and L3 is 4-methyl-
10,13,16,19,22,25-hexaoxa-3,6-diaza-2(2,8),7(8,2)-diquinolina-1,8-

(1,4)-dibenzenacyclohexacosaphane. This synthesis involves the preassembly of two symmetric 2-phenylquinoline arms into C-shape
complexes, followed by cyclization with diamine via in situ interligand C—N cross-coupling, employing a metal ion as a template.
Moreover, the synthetic yield of these cyclometalated Ir(III) complexes, tethered by an 18-crown-6 ether-like chain, is significantly
enhanced in the presence of K* ion as a template. The resultant cyclometalated macrocycle Ir(III) complexes exhibit high stability,
efficient singlet oxygen generation, and superior catalytic activity for the aerobic selective oxidation of sulfides into sulfoxides under
visible light irradiation in aqueous media at room temperature. The photocatalyst 2 demonstrates recyclability and can be reused at
least 10 times without a significant loss of catalytic activity. These results unveil a new and complementary approach to the design
and in situ synthesis of cyclometalated macrocycle Ir(III) complexes via a mild interligand-coupling strategy.

protocol for the synthesis of cyclometalated macrocycle Ir(III) CO

B INTRODUCTION phosphorescence efficiency by connecting ortho-carboranes to
the S positions of Ir(Ill) ppy complexes (see Scheme 1A,
where ppy is 2-phenylpyridine).”® Utilizing a naphthalene
linker to connect bis-ppy ligands, they explored its application
in white-light emission (see Scheme 1B).6b Remarkedly, an
Ir(IlI) complex featuring a C,C,C,C-tetradentate ligand,
bridging two bis(1-phenylimidazolium) ligands with a butylene
bridge, exhibited blue-green emissions with a high quantum
yield of 0.96 (see Scheme 1C).°° Additionally, the develop-
ment of tripodal and cage ligands has further advanced the
photophysical properties of Ir(III) emitters.”® In these
structures, the metal ion is fully encapsulated by organic
ligands, providing enhanced protection from the quenchers.
The emission behavior and maximum wavelength of the
tripodal Ir(IIT) complex D (see Scheme 1D) were solvent-
independent.7d The cage Ir(III) complex E (see Scheme 1E)
demonstrated an 80% reduction in oxygen quenching

Cyclometalated Ir(III) complexes are extensively utilized in
photophysical applications, including organometallic light-
emitting diodes (OLEDs) for light harvesting and energy
transfer,' as luminescent sensors for metal ions and biological
labels,” and as photocatalysts for electron and energy transfer
in catalytic synthesis.” Their widespread adoption is attributed
to a high phosphorescence quantum yield, large Stoke shifts,
and robust chemical and thermal photostability. Traditionally,
modulating the emission color and phosphorescence lifetime
of Ir(Ill) emitters has primarily involved structural modifica-
tions of the ligands. These modifications encompass alterations
in conjugation degree and the incorporation of the electron-
donating and electron-withdrawing groups.1_3 Nevertheless,
insights into the influence of ligand topology on the
photophysical and photochemical properties of these chromo-
phores remain limited,* possibly due to synthetic challenges in
fabricating topologically complex cyclometalated iridium
complexes. Moreover, polydentate ligands have been exten-
sively harnessed to enhance the phosphorescence properties of
metal complexes by bolstering metal—ligand binding strength
and enabling thermally accessible metal-centered d—d
transitions.” A notable strategy is linking two ligands via a
bridge. For instance, Lee’s group reported a marked increase in
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Scheme 1. Diagrams for the Selected Tetradentate (A, B,
and C), Tripodal (D), Cage (E), and Macrocycle (F and G)
Ir(III) Cycolmetalated Complexes
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compared to the prototypical Ir(ppy);.*® However, the
observation of nonplanar cyclometalated macrocycle complex
is still scarce.” The cyclometalated macrocycle Ir(III)
complexes F based on the CNC pincer ligand linking by a
flexible dodecamethylene chain (see Scheme 1F)” and G
coordinated with the PCP pincer ligand tetherlng by a
tetradecamethylene linker (see Scheme 1G)’° have been
synthesized and used for catalytic reactions. Remarkable,
Wang’s group reported the first cyclometalated tetradentate
macrocyclic Pt(II) complex, which displays a higher thermal
stability and emission quantum efficiency (95% in 10% PMMA
film) than the correspondlng nonmacrocyclic tetradentate
Pt(1I) analogues Moreover, tetradentate NHC macrocycle
Pt(11), Pd(1I), Ni(I), and Ru(1I) complexes have been also
prepared and used as catalysts.”* ™"

Synthetic macrocycles represent an expanding category of
compounds in the realms of supramolecular, material, and
biomedical chemistry because of their notable stability.'’
Nonetheless, the development of an efficient and universally
applicable methodology for the synthesis of macrocycles
remains an enduring challenge, primarily due to the entroplc
barriers encountered in macrocyclization reactions.'’ The
introduction of metal-template synthesis six decades ago,
which has proven to be an exceptionally efficacious approach
for craftlng crown ethers and polyamine macrocycle com-
plexes,'”"® prompts an inquiry into whether this template-
directed methodology could be extended to the synthesis of
cyclometalated macrocycle complexes.

Prior investigations from our group have established a robust
protocol for the amination of coordinated 2-phenylquinoline
(pq) complexes at the C8 position through in situ interligand
C—N cross-coupling under visible light irradiation in an
oxygen-rich environment.'*"> Mechanistic explorations re-
vealed that metal aminyl radicals play a pivotal role in forming
new C—N bond.'*"*" These findings offer a new pathway for
the in situ generation of new multidentate complexes. The
efficacy and mildness of the reaction conditions for this in situ
interligand cross-coupling prompted us to extend this method-
ology to the synthesis of cyclometalated macrocycle complexes.
In the context of our ongoing research, we present the
synthesis of three innovative cyclometalated macrocycle Ir(III)
complexes: [Ir(L1)](PF) (1), [Ir(L2)](PFs) (2), and [Ir-
(L3)](PF¢) (3), as depicted in Scheme 1. Here, L1 is defined
as 10,17-dioxa-3,6-diaza-2(2,8),7(8,2)-diquinolina-1,8(1,4)-di-
benzenacyclooctadecaphane; L2 as 10,13,16,19,22,25-hexaoxa-
3,6-diaza-2(2,8),7(8,2)-diquinolina-1,8(1,4)-dibenzenacyclo-

hexacosaphane; and L3 as 4-methyl-10,13,16,19,22,25-hex-
aoxa-3,6-diaza-2(2,8),7(8,2)-diquinolina-1,8(1,4)-dibenzenacy-
clohexacosaphane. These complexes were synthesized through
in situ interligand C—N cross-coupling under benign
conditions and served as a locking fragment. This approach
provides a facile and complementary protocol for the in situ
construction of metal macrocycle complexes via a postcoordi-
nation interligand-coupling strategy under mild conditions.
Subsequently, we conducted selective photooxidations of
sulfide into sulfoxide using these Ir(III) macrocycle complexes
as photosensitizers under blue-light irradiation in an O,
atmosphere at room temperature in aqueous media. For
comparison, acyclic complexes [Ir(L4a),(en)](PF,) (where
L4a is 2-(4-(ethoxymethyl)phenyl)quinoline, en is 1,2-ethyl-
enediamine) and [Ir(L4)](PF) (where L4 is N,N’-bis(2-(4-
(ethoxymethyl)phenyl)quinolin-8-yl)ethane-1,2-diamine) were
also synthesized, and their catalytic properties were evaluated.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents used in this
investigation were commercially available and used without
further purification, unless specified otherwise. Detailed
synthetic procedures for ligands 1,6-bis((4-(quinolin-2-yl)-
benzyl)oxy)hexane (Lla) and 1,18-bis(4-(quinolin-2-yl)-
phenyl)-2,5,8,11,14,17-hexaoxaoctadecane (L2a) are provided
in the Supporting Information. The synthesis of ligand L4a was
executed following previously published protocols.'® Column
chromatography was performed using 300—400 mesh silica gel,
with precautions taken to minimize light exposure. Elemental
analysis (C, H, and N) was carried out using an Elementar
Vario EL analyzer. 'H and "C nuclear magnetic resonance
(NMR) spectra were acquired on a Bruker AV 600 MHz
spectrometer, utilizing TMS as internal standards. High-
resolution mass spectrometry (HRMS) spectra were recorded
on a Thermo Scientific LTQ-XL ion trap mass spectrometer.
UV-—visible spectra were obtained by using a PerkinElmer
Lambda 950 spectrophotometer. Steady-state photolumines-
cence spectra were recorded on an Edinburgh Instruments FLS
980 Photoluminescence Spectrometer. Fluorescence lifetimes
were ascertained using an IBH 5000F coaxial nanosecond flash
lamp. Fluorescence quantum yields were quantified employing
the Edinburgh Instruments FLS 1000 Quantum Yield
Integrating Sphere Measurement System with PMT980
Detector. Photo-oxidation experiments were performed using
a blue-light-emitting diode (LED) corn lamp (4 = 450—470
nm, 80 W) sourced from Shenzhen Nuoguan Technology Co.,
Ltd. as a light source.

Singlet Oxygen Quantum Yields. The quantum yield
®, for 'O, generation in air-saturated MeOH was quantified
by monitoring the photo-oxidation of 1,3-diphenylisobenzofur-
an (DPBF) sensitized by the Ir(III) complex. The absorbance
of DPBF was adjusted to approximately 1.0 at 410 nm in a
mixture of air-saturated MeCN/MeOH. The photo-oxidation
of DPBF was recorded at 5-s intervals. The quantum yields of
singlet oxygen generation (®,) were calculated by a relative
method using Rose Bengal (RB, @, = 0.76 in air-saturated
MeOH) as the reference. The quantum yield ®, was
calculated by the following equation:

munsztd
q)znk — q)stdm
m F

https://doi.org/10.1021/acsomega.4c01111
ACS Omega 2024, 9, 24654—24664


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01111/suppl_file/ao4c01111_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01111?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01111?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Here, superscripts unk and std designate Ir complexes and RB,
respectively; m is the slope of a plot of the difference in change
in absorbance of DPBF (at 414 nm) with the irradiation time,
and F is the absorption correction factor, which is given by F =
1—-10* (absorbance at the irradiation wavelength). Exper-
imental error for the reported quantum yield was about 15%.

General Procedure for the Synthesis of [Ir(La)-
(MeCN),](PF;) Complexes (La = L1a, L2a or (L4a),).
Ligands L1a, L2a (1.25 mmol), or L4a (2.50 mmol), IrCl; (1
mmol), and KCI (2 mmol) were combined in a solution of 2-
ethoxyethanol (15 mL) and H,O (S mL). Then, this reaction
mixture was stirred at 120 °C for a prescribed duration under a
N, atmosphere. Upon cooling to room temperature, the
reaction mixture was diluted with 30 mL of water, and the
resultant product was extracted by CH,Cl, thrice (3 X 15 mL).
The organic phase was consecutively washed with water and
brine and then dried over anhydrous Na,SO,. The filtrate was
evaporated under reduced pressure and subjected to column
chromatography on silica gel, using a CH,Cl,/CH;O0H
mixture (100/3, v/v) as the eluent, to isolate the red products
[Ir(La)Cl],. Subsequently, the [Ir(La)Cl], was dissolved in 20
mL of CH;CN and stirred at 80 °C overnight. After cooling to
room temperature, 20 mL of CH,Cl, was added, and the
solution was washed with a saturated KPF solution (3 X 15
mL). The organic phase was dried in anhydrous Na,SO, and
filtered. The filtrate was evaporated to yield [Ir(La)(MeCN),]-
(PEy).

[Ir(L1a)(MeCN),](PFy). Yield 35% for 24 h. HRMS Calcd.
[CysHyItN,0,]%, m/z = 743.22440. Found: 743.22504 [M-
2MeCN-PF¢]*. "H NMR (600 MHz, DMSO-d,) 6 8.96 (d, ] =
8.9 Hz, 2H), 8.73—8.68 (m, 2H), 8.50 (d, ] = 8.8 Hz, 2H),
8.17 (d,J = 7.9 Hz, 2H), 7.99 (d, ] = 7.9 Hz, 2H), 7.86 (t, ] =
7.5 Hz, 2H), 7.76—7.70 (m, 2H), 6.90—6.86 (m, 2H), 5.96 (s,
2H), 4.16 (d, ] = 12.2 Hz, 2H), 3.60—3.57 (m, 2H), 2.97—2.92
(m, 2H), 2.66—2.61 (m, 2H), 1.24 (s, 6H), 0.94—0.90 (m,
2H), 0.81—0.77 (m, 2H), 0.46 (d, ] = 12.5 Hz, 2H), 0.42—0.37
(m, 2H). BC NMR (151 MHz, DMSO) & 170.12, 170.12,
148.85, 148.85, 146.47, 146.47, 142.04, 142.04, 140.85, 140.85,
139.85, 139.85, 135.59, 135.59, 131.73, 131.73, 130.10, 130.10,
129.18, 129.18, 127.96, 127.96, 127.27, 127.27, 126.78, 126.78,
126.67, 126.67, 123.79, 123.79, 117.75, 117.75, 72.49, 72.49,
67.04, 67.04, 29.48, 29.48, 29.14, 29.14, 24.15, 24.15.

[Ir(L2a)(MeCN),](PF4). Yield 85% for 6 h. HRMS Calcd. for
[CuH,ItN,O,]%, m/z = 863.26666. Found: 863.26678 [M-
2MeCN-PF,]*. 'H NMR (600 MHz, DMSO-d,) & 9.07—9.04
(m, 2H), 8.69 (d, ] = 8.6 Hz, 2H), 8.48—8.43 (m, 2H), 8.17
(d,]=7.8 Hz, 2H), 7.96 (d, ] = 7.9 Hz, 2H), 7.86 (t, 2H), 7.73
(t, 2H), 6.92—6.88 (m, 2H), 6.02 (s, 2H), 4.14—4.11 (m, 2H),
3.95 (d, J = 12.5 Hz, 2H), 3.36—3.34 (m, 10H), 3.25—3.20 (m,
10H), 1.24 (s, 6H).*C NMR (151 MHz, DMSO-d,) & 170.15,
170.15, 148.88, 148.88, 146.21, 146.21, 141.66, 141.66, 140.76,
140.76, 140.24, 140.24, 133.23, 133.23, 131.69, 131.69, 129.17,
129.17, 128.05, 128.05, 127.22, 127.22, 126.94, 126.94, 126.77,
126.77, 121.89,121.89, 117.72, 117.72, 116.72, 116.72, 72.06,
72.06, 70.23, 70.23, 70.23, 70.23, 70.23, 70.23, 69.95, 69.95,
69.27, 69.27, 29.34, 29.34.

[Ir(L4a),(MeCN),](PFg). Yield, 80% for 24 h. HRMS Calcd.
for [Cy6H;,IrN,0,]Y, m/z = 717.20875. Found: 717.20911
[M-2MeCN-PF,]*. "H NMR (600 MHz, DMSO-d,) 6 9.10 (d,
J = 87 Hz, 2H), 8.71-8.69 (m, 2H), 8.47—8.45 (m, 2H),
8.18-8.16 (m, 2H), 7.95 (d, J = 8.0 Hz, 2H), 7.87 (s, 2H),
7.74 (t, 2H), 6.79 (d, ] = 7.8 Hz, 2H), 6.08 (s, 2H), 4.05 (d, J
=21.8 Hz, 4H), 3.04 (s, 2H), 2.99 (d, ] = 9.0 Hz, 2H), 0.70 (t,

12H).®C NMR (151 MHz, DMSO-d;) 6 170.09, 170.09,
148.92, 148.92, 146.12, 146.12, 141.79, 141.79, 140.81, 140.81,
140.49, 140.49, 132.74, 132.74, 132.74, 132.74, 131.70, 131.70,
129.14, 129.14, 128.15, 128.15, 127.22, 127.22, 126.89, 126.89,
126.81, 126.81, 121.35, 121.35, 117.68, 117.68, 71.32, 71.32,
64.97, 64.97, 15.16, 15.16, 15.16, 15.16.

General Procedure for the Synthesis of [Ir(La)(en)]-
(PF¢) Complexes. To synthesize [Ir(La)(en)](PFs) com-
plexes, [Ir(La)(MeCN),](PF;) (0.05 mmol) was introduced
into a 10-mL CH,Cl, solution containing either en or N-
methyl-1,2-ethylenediamine (men) (0.12 mmol). The solution
was stirred at room temperature under a N, atmosphere for 6
h. Subsequently, an additional 20 mL of CH,Cl, was added,
followed by washing with a saturated KPFy solution (3 X 15
mL). The organic layer was then dried in anhydrous Na,SO,
and filtered. The resulting filtrate was concentrated under
reduced pressure and subjected to column chromatography on
silica gel, using a CH,Cl,/CH;OH/Et;N (100/2/0.005, v/v/
v) mixture as the eluent. This process yielded the desired
Ir(IlI) diamine complexes as pale red powder.

[Ir(L1a)(en)](PFs) (1a). Yield: 96%. Anal. Calcd. for
CoH,,FIrN,0,P:C 50.68, H 4.47, N 5.91. Found: C 50.36,
H 4.74, N 5.69. HRMS Calcd. for [C,H,IrN,O,]%, m/z =
803.29263. Found: 803.29425 [M-PF,]*. 'H NMR (600 MHz,
CD,CN) 5 8.51 (d, J = 8.8 Hz, 2H), 8.31 (d, ] = 8.8 Hz, 2H),
8.07 (d, ] = 9.1 Hz, 2H), 7.95 (d, ] = 8.0 Hz, 2H), 7.75 (4, ] =
8.4 Hz, 2H), 7.68—7.62 (m, 4H), 7.03 (d, ] = 9.2 Hz, 2H),
6.54 (s, 2H), 4.16 (d, ] = 12.2 Hz, 2H), 3.91-3.83 (m, 4H),
2.99-2.95 (m, 2H), 2.90—2.84 (m, 2H), 2.52 (s, 2H), 2.48—
242 (m, 2H), 1.82 (t, 2H), 1.01—-0.94 (m, 4H), 0.66 (d, ] =
8.4 Hz, 2H), 0.56 (dd, J = 13.7, 7.1 Hz, 2H). *C NMR (151
MHz, CD,CN) § 171.20, 171.20, 151.26, 151.26, 148.39,
148.39, 146.11, 146.11, 140.07, 140.07, 139.77, 139.77, 136.24,
136.24, 131.76, 131.76, 129.42, 129.42, 128.14, 128.14, 126.65,
126.65, 125.96, 125.96, 124.33, 124.33, 123.25, 123.25, 117.66,
117.66, 72.50, 72.50, 67.81, 67.81, 43.47, 43.47, 28.87, 28.87,
24.25, 24.2S.

[Ir(L2a)(en)](PFs) (2a). Yield: 94%. Anal. Calcd. for
CyHyFGtN,OP: C 49.48, H 472, N 525. Found: C
49.34, H 5.18, N 5.55. HRMS Calcd. for [C,HIrN,O4]*, m/
z = 923.33541. Found: 923.33495 [M-PF,]*. "H NMR (600
MHz, CD,CN) 6 8.51 (d, ] = 8.8 Hz, 2H), 8.30 (d, ] = 8.8 Hz,
2H), 8.08 (d, ] = 8.6 Hz, 2H), 7.97 (d, ] = 8.1 Hz, 2H), 7.78
(d, ] = 8.3 Hz, 2H), 7.68—7.63 (m, 4H), 7.06 (d, ] = 8.0 Hz,
2H), 6.62 (s, 2H), 4.24 (d, ] = 11.8 Hz, 2H), 4.03 (d, ] = 11.8
Hz, 2H), 3.87 (d, ] = 12.4 Hz, 2H), 3.38—3.25 (m, 20H), 2.55
(s, 2H), 2.47 (s, 2H), 1.87 (t, 2H). *C NMR (151 MHz,
CD,CN) 6 171.28, 171.28, 150.63, 150.63, 148.30, 148.30,
145.95, 145.95, 140.16, 140.16, 139.75, 139.75, 134.68, 134.68,
131.71, 131.71, 129.41, 129.41, 128.26, 128.26, 126.66, 126.66,
126.37, 126.37, 124.56, 124.56, 121.87, 121.87, 117.72, 117.72,
72.48, 72.48, 70.15, 70.15, 70.13, 70.13, 70.10, 70.10, 70.00,
70.00, 69.50, 69.50, 43.44, 43.44.

[Ir(L2a)(men)](PFg) (3a). Yield, 90%. Anal. Calcd. for
CysHyFgIrN,O(P:C 49.95, H 4.84, N 5.18. Found: C 50.16,
H 4.64, N 5.39. HRMS Calcd. for [C4Hs,IrN,O¢]*, m/z =
937.35106. Found: 937.35034 [M-PF,]*. 'H NMR (600 MHz,
CD,CN) 6 8.51 (d, J = 8.7 Hz, 2H), 8.33—8.29 (m, 2H),
8.10—8.07 (m, 2H), 8.00—7.94 (m, 2H), 7.83 (d, ] = 8.3 Hz,
1H), 7.77 (d, ] = 8.3 Hz, 1H), 7.70—7.64 (m, 4H), 7.09—7.03
(m, 2H), 6.61 (s, 1H), 6.55 (s, 1H), 4.28—4.21 (m, 2H),
4.07-3.98 (m, 3H), 3.86 (d, J = 11.7 Hz, 1H), 3.39—-3.30 (m,
16H), 3.11-3.07 (m, 4H), 2.70—2.53 (m, 2H), 2.27 (d, ] =
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12.3 Hz, 2H), 1.73—1.52 (m, 1H), 0.85 (d, J = 6.1 Hz, 3H)."*C
NMR (151 MHz, CD,CN) § 171.35, 171.27, 151.06, 150.59,
148.29, 148.19, 146.02, 145.92, 140.17, 139.98, 139.92, 139.84,
134.71, 134.51, 131.74, 131.61, 129.50, 129.47, 128.41, 128.31,
126.75, 126.69, 126.43, 126.31, 124.66, 124.44, 121.93, 121.89,
117.78, 117.75, 72.53, 72.52, 70.12, 70.12, 70.10, 70.10, 70.0S,
70.05, 69.97, 69.97, 69.48, 69.48, 51.58, 48.90, 17.36.

[Ir(L4a),(en)](PFs) (4a). Yield: 98%. Anal. Calcd. for
CysH,oF6ItN,O,P: C 49.51, H 437, N 6.08. Found: C
49.64, H 4.68, N 6.29. HRMS Calcd. for [C33H,0IrN,O,]*, m/
z = 777.27750. Found: 777.27601 [M-PF¢]*. '"H NMR (600
MHz, CD,CN) 6 8.50 (d, J = 8.3 Hz, 2H), 8.28 (d, ] = 8.5 Hz,
2H), 8.07 (d, ] = 6.6 Hz, 2H), 7.93 (d, ] = 7.6 Hz, 2H), 7.81
(d, ] = 7.5 Hz, 2H), 7.67 (s, 4H), 6.97 (d, ] = 7.3 Hz, 2H),
6.62 (s, 2H), 4.10 (s, 4H), 3.97—3.84 (m, 2H), 3.15 (d, J =
30.9 Hz, 4H), 2.58 (s, 2H), 2.50 (s, 2H), 1.90 (s, 2H), 0.80 (s,
6H). 3C NMR (151 MHz, CD,CN) 6§ 171.27, 171.27, 150.50,
150.50, 148.30, 148.30, 145.80, 145.80, 140.61, 140.61, 139.81,
139.81, 134.18, 134.18, 131.79, 131.79, 129.41, 129.41, 128.29,
128.29, 126.69, 126.69, 126.34, 126.34, 124.69, 124.69, 121.44,
121.44, 117.63, 117.63, 71.66, 71.66, 64.96, 64.96, 43.48,
4348, 1427, 14.27.

General Procedure for the Synthesis of Macrocycle
Complexes via In Situ C—N Coupling as a Locking
Fragment. To synthesize a metallocycle complex, the diamine
complex (0.0S mmol) was dispersed in 40 mL of ethanol
within a 50-mL glass vessel equipped with an O, balloon. The
solution was stirred at 60 °C and irradiated with an 80 W blue
LED for 3 days. Upon removal of the solvent, the crude
product underwent purification through silica gel column
chromatography using a CH,Cl,/MeOH mixture (100/0 to
100/2 v/v) as the eluent, to isolate the desired macrocycle
complex.

[Ir(L1)](PFg) (1). Yield, 90%. Anal. Calcd. for
CuoHsgFIrN,O,P: C 50.90, H 4.06, N 5.94. Found: C
50.54, H 4.33, N 5.42. HRMS Calcd. for [C,oH;3IrN,O,]*, m/
z = 799.26295. Found: 799.26251 [M-PF.]*. '"H NMR (600
MHz, CD,CN) 6 8.50 (d, J = 9.0 Hz, 2H), 8.29 (d, ] = 9.0 Hz,
2H), 8.11 (d, ] = 9.0 Hz, 2H), 7.91 (d, ] = 7.9 Hz, 2H), 7.87
(d, ] = 7.3 Hz, 2H), 7.77—7.74 (m, 2H), 6.93 (d, ] = 9.0 Hz,
2H), 6.48 (s, 2H), 5.81 (s, 2H), 4.27 (d, ] = 12.2 Hz, 2H), 3.65
(d,] = 12.2 Hz, 2H), 3.32 (d, ] = 10.2 Hz, 2H), 3.06—3.00 (m,
4H), 2.67—2.62 (m, 2H), 1.56 (s, 2H), 1.09 (s, 2H), 0.62—
0.55 (m, 2H), 0.53—0.48 (m, 2H). *C NMR (151 MHz,
CD,CN) & 163.58, 163.58, 147.73, 147.73, 146.17, 146.17,
145.13, 145.13, 143.44, 143.44, 140.36, 140.36, 135.52, 135.52,
132.59, 132.59, 129.45, 129.45, 128.57, 128.57, 128.0S, 128.0S,
126.29, 126.29, 12291, 12291, 118.33, 118.33, 72.30, 72.30,
66.74, 66.74, 53.63, 53.63, 28.82, 28.82, 26.62, 26.62, 23.86,
23.86.

[Ir(L2)](PFs) (2). Yield: 98%. Anal. Calcd. for
CuH,FtN,OP: C 49.67, H 436, N 527. Found: C
49.44, H 4.78, N 5.39. HRMS Calcd. for [C,,H,,IrN,Og]*, m/
z = 919.30411. Found: 919.30286 [M-PF,]*. 'H NMR (600
MHz, CD,CN) 6 8.50 (d, J = 8.9 Hz, 2H), 8.28 (d, J = 9.0 Hz,
2H), 8.12 (d, ] = 8.0 Hz, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.88—
7.85 (m, 2H), 7.76 (t, 2H), 6.97 (d, ] = 7.9 Hz, 2H), 6.45 (s,
2H), 5.90 (s, 2H), 4.22 (d, J = 12.0 Hz, 2H), 4.05 (d, J = 12.0
Hz, 2H), 3.50—3.30 (m, 20H), 3.18—3.12 (m, 2H), 3.02 (d, J
= 11.0 Hz, 2H). *C NMR (151 MHz, CD,CN) & 163.48,
163.48, 147.63, 147.63, 146.10, 146.10, 145.32, 145.32, 143.42,
143.42, 140.57, 140.57, 135.46, 135.46, 130.47, 130.47, 129.53,
129.53, 128.63, 128.63, 128.27, 128.27, 128.07, 128.07, 126.57,

126.57, 121.29, 121.29, 118.42, 118.42, 72.40, 72.40, 70.18,
70.18, 70.15, 70.15, 70.12, 70.12, 69.95, 69.95, 69.47, 69.47,
53.74, 53.74.

[Ir(L3)](PFs) (3). Yield: 88%. Anal. Calcd. for
C,sHygFIrN,O4P: C 50.13, H 449, N 5.20; Found: C
49.89, H 4.76, N 5.42. HRMS Calcd. for [C,sH,sIrN,O4]*, m/
z = 933.31976. Found: 933.31946 [M-PF,]*. '"H NMR (600
MHz, CD,CN) & 8.52—8.47 (m, 2H), 8.31-8.25 (m, 2H),
8.13—8.09 (m, 2H), 7.96—7.84 (m, 4H), 7.77—7.73 (m, 2H),
7.00—6.94 (m, 2H), 6.49 (s, 2H), 5.89 (s, 1H), 5.69 (s, 1H),
426-4.16 (m, 2H), 4.07—4.01 (m, 2H), 3.79-3.72 (m, 1H),
3.49-3.28 (m, 21H), 3.20—-3.16 (m, 1H), 0.58 (d, J = 7.1 Hz,
3H). BC NMR (151 MHz, CD,CN) & 163.47, 163.32, 148.16,
146.88, 146.19, 145.83, 145.69, 145.11, 145.04, 144.54, 140.79,
140.72, 135.43, 135.38, 130.45, 129.80, 129.27, 128.97, 128.66,
128.60, 128.35, 128.29, 127.97, 127.88, 126.71, 126.51, 121.36,
121.32, 118.57, 118.37, 72.35, 72.35, 70.28, 70.28, 70.28,
70.28, 70.27, 70.27, 70.04, 70.04, 69.55, 69.48, 66.12, 58.80,
18.00.

[Ir(L4)](PFs) (4). Yield: 98%. Anal. Calcd. for
CyeHyF(IIN,O,P: C 49.72, H 395, N 6.10. Found: C
49.50, H 3.47, N 6.36. HRMS Caled. for [CagH,(IiN,0,]", m/
z = 773.24620. Found: 773.24546 [M-PF¢]*. '"H NMR (600
MHz, CD;CN) & 8.49 (d, ] = 8.9 Hz, 2H), 8.26 (d, ] = 9.0 Hz,
2H), 8.12 (d, ] = 8.2 Hz, 2H), 7.90 (d, ] = 7.9 Hz, 2H), 7.85
(d, J = 7.4 Hz, 2H), 7.76 (t, 2H), 6.89 (d, ] = 7.8 Hz, 2H), 6.46
(s, 2H), 5.90 (s, 2H), 4.10 (d, ] = 4.3 Hz, 4H), 3.30 (d, ] = 9.8
Hz, 2H), 324 (d, ] = 7.0 Hz, 4H), 3.01 (d, ] = 10.6 Hz, 2H),
0.94 (t, 6H). 3C NMR (151 MHz, CD;CN) & 163.42, 163.42,
147.77, 147.77, 146.10, 146.10, 145.24, 145.24, 143.42, 143.42,
141.01, 141.01, 135.40, 135.40, 130.08, 130.08, 129.57, 129.57,
128.63, 128.63, 128.28, 128.28, 128.04, 128.04, 126.47, 126.47,
120.93, 120.93, 11841, 118.41, 71.73, 71.73, 65.32, 65.32,
53.77, 53.77, 14.33, 14.33.

General Procedure for Photooxidation of Sulfide into
Sulfoxide. For the transformation of sulfide into sulfoxide, the
sulfide (0.1 mmol) and photocatalyst (1 mol %) were
dispersed in 20 mL of distilled water within a 25-mL quartz
tube, which was outfitted with an O, balloon. The reaction
mixture was subjected to irradiation from an 80 W blue LED at
ambient temperature for 12 h. The reaction mixture was then
extracted using CH,Cl, three times (3 X 15 mL). The CH,Cl,
layer was collected, sequentially washed with water and brine,
and dried over anhydrous Na,SO,. The organic layer was then
concentrated for NMR analysis. To further purify the product,
the crude product underwent silica gel column chromatog-
raphy, employing a hexane/ethyl acetate (10:1, V/V) mixture
as the eluent to yield the desired sulfoxide.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Ir(lll)
Macrocycle Complexes. Metal-template synthesis plays an
important role in macrocycle and supramolecular chemistry. A
prototypical instance is the synthesis of tetraaza macrocycle
1,4,8,11-tetraazacyclotetradecane (cyclam), which is typically
synthesized via Schiff base condensation of glyoxal with a long
chain tetraamine, using Ni(II) as a template. This process
yields high product concentrations under benign conditions
and is followed by hydrogenation by NaBH,, as depicted in
Scheme 2.7 Inspired by this seminal work, we aimed to
establish a new methodology for the synthesis of cyclo-
metalated macrocycle complexes. This new approach is based
on our previously developed protocol for the amination of the
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Scheme 2. Template Synthesis of Macrocycle Complexes
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coordinated pq complexes through in situ interligand C—N
cross-coupling under visible light irradiation,' #'® serving as a
locking fragment, as illustrated in Scheme 2. Consequently, we
designed and synthesized C-shape ligands L1a and L2a, which
bridge two symmetric pq arms via a flexible chain, for further
cyclization with diamine in the presence of a metal ion as a
template under mild conditions (for further details, see the
Supporting Information).

The synthesis of ligand L1a started with the reaction of long-
chain diols and p-bromobenzyl bromide in the presence of
NaH in THF solution, according to the reported procedures.'®
This reaction achieved a high yield of 90%, as shown in
Scheme 3. Subsequently, a two-step Miyaura—Suzuki reaction

Scheme 3. Summary of the Synthesis of Macrocycle
Complexes
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involving bis(pinacolato)diboron and 2-bromoquinline, in the
presence of Pd catalysts, yielded the long chain linked bis-pq
ligand Lla with an isolated yield of 84%."” The base peak in
the HRMS analysis (m/z = 553.28476) corresponded to the
[M + H]* ion. Both '"H and *C NMR spectra corroborated
the symmetrical structure of L1a, as illustrated in Scheme 3.

Subsequently, ligand Lla was used to synthesize dimeric
complex [Ir,(L1a),(u-Cl),] to ensure that the two pq sites
from a single Lla ligand underwent cyclometalation at one
Ir(III) center, according to the published procedure.”’ Indeed,
treatment of 2-methoxyethanol suspensions of iridium(III)
trichloride with 1.25 equiv of L1la ligand at 120 °C for 24 h
produced a precipitation of the dimer [Ir,(L1a),(u-Cl),] as a
pale red solid, which was sequentially converted into the high
reactive mononuclear precursor [Ir(L1a)(MeCN),](PF,) by
treatment with MeCN at 80 °C. Its structure and composition
were confirmed by HRMS and NMR spectroscopy. As
expected, the [Ir(L1a)(MeCN),](PF;) complex exhibited a
symmetrical fashion in NMR spectra. However, in contrast to
previous studies on nonchain bidentate ligands such as ppy and
pq-Ir(III) complexes,”® the synthesis yield of [Ir(Lla)-
(MeCN),](PFs) was comparatively lower at 35%, akin to
that of complex B at 33.4% (refer to Scheme 1).°® This
reduced yield can be attributed to the flexible nature of the two
pq arms in the Lla ligand, which is spatially distant and
exhibits significant thermodynamic oscillation that is not
conducive to the formation of mononuclear complexes.*”*'

To address the issue of low yield, ligand L2a, featuring an
18-crown-6 ether scaffold, was designed and synthesized with a
high yield following the same procedure as Lla (see the
Supporting Information for details). We hypothesized that the
template effect of the 18-crown-6 ether-like in conjunction
with the K* cation would effectively draw the pq groups of the
two arms into closer proximity,” facilitating the coordination
of both pq arms from a single L2a ligand to one Ir(III) center,
thus leading to the formation of the dimeric [Ir,(L2a),(u-
Cl),] complex. This dimeric precursor was then transformed
into the mononuclear [Ir(L2a)(MeCN),](PF;) complex.
Remarkably, the addition of 2 equiv. of KCl to the L2a
reaction solution at 120 °C increased the yield of [Ir(L2a)-
(MeCN),](PFy) from 30% to 85% and reduced the reaction
time to 6 h, suggesting a substantial enhancement in the
formation of the dimeric precursor due to the K' ion.
Conversely, the addition of KCl to the Lla reaction solution
did not exhibit a significant effect on the synthesis of
[Ir(L1a)(MeCN),](PF;) complex. The influence of the Na*
cation as a template was also explored; replacing KCI with
NaCl under identical conditions increased the reaction yield to
60%, though this was less effective than the 85% yield achieved
with K'. Moreover, altering the linker position from the para-
phenyl to the meta-phenyl on the pq ligand did not yield the
desired dimeric Ir(III) complex under the same synthetic
conditions, indicating the crucial role of the pq arm connection
site in forming the C-shape Ir(III) complex. To further
investigate the template effect of the K' cation, MS and
fluorescence techniques were employed. Early in the reaction,
HRMS analysis of the reaction solution identified a prominent
peak at m/z = 711.28204 (see Figure SI in the Supporting
Information), aligning with the calculated isotope pattern for
[L2a+K]* (m/z = 711.28310), confirming the formation of the
[KL2a] complex. Additionally, an increase in fluorescence
emission of L2a in the presence of K* ion was observed (see
Figure S1 in the Supporting Information), attributable to the
augmented rigidity of the L2a ligand upon K* ion binding.*
These findings elucidate that the K" jon initially coordinates to
the 18 crown-6 ether segment of the L2a ligand, positioning
the pq arms suitably for chelation to an Ir(Ill) ion and
facilitating the dimeric [Ir,(L2a),(u-Cl),] complex formation.
Therefore, employing a polyether chain as a template with a K
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ion emerges as a viable and effective strategy for synthesizing
tetradentate CAO long-chain linked cyclometal Ir(III)
complexes.

With the highly reactive precursor at our disposal, a suite of
diamine Ir(III) complexes la—4a were synthesized by the
reaction of [Ir(La)(MeCN),]PF, with the corresponding
diamine ligand under mild conditions, achieving nearly
quantitative yield, as shown in Scheme 3. The structural
integrity and compositional accuracy of these complexes were
validated by elemental analysis, NMR, and HRMS spectrom-
etry, with detailed data available in the experimental section
and Supporting Information. The 'H NMR spectra of the
coordinated en displayed two sect of resonance peaks around
3.87 and 2.55 ppm (attributed to the NH, group) and another
two sets around 2.47 and 1.87 ppm (assigned to the CH,
group). Additionally, the *C NMR spectra revealed resonance
peaks at 43.47, 43.44, 48.90, and 51.58, and 43.48 ppm for
complexes 1a, 2a, 3a, and 4a, respectively. These findings are
in agreement with previous observations reported for [Ir-
(pq)2(en)](PFs) complex."

To further substantiate the structural configuration, the
single-crystal structure of la was determined by X-ray
diffraction (see Table S1). The complex crystallized in the
P2,/c space group. As anticipated, the Ir(III) ion in each
molecule is coordinated by an en ligand and two pq units from
an Lla ligand, adopting a distorted octahedral geometry, as
illustrated in Figure 1. Notably, the Ir—N bond lengths in the

Figure 1. Crystal structures of 1a (a) and 1 (b) with 50% probability
of ellipsoids. H atoms and anion are omitted for clarity. Selected bond
lengths (A) and angles (deg) for 1a and 1 (in parentheses): Ir1-N1 =
2.068(10) (1.951(10)), Ir1—N2 = 2.080(11) (1.951(10)), Ir1—N3 =
2.233(10) (2.218(7)), Ir1—N4 = 2.237(20) (2.218(7)), Ir1-C15 =
1.980(11) (2.012(8)), Ir1—C30 = 2.015(13) (2.012(8)), C31-N3=
1.472(16) (1.521(12)), C32—N4= 1.452(15) (1.521(12)), N3—C8 =
(1.492(15)), N4—C23 = (1.492(15)); «N3—Ir1-N4 = 75.5(4)
(80.2(4)), £N1-Ir1-N2 = 173.5(4) (176.4(4)).

en ligand (2.233(10) and 2.237(10) A) are significantly
elongated compared with those in the pq units (2.068(10) and
2.080(11) A), a phenomenon likely stemming from the trans
effect of the Ir—C bond. The two symmetric pq units are
interconnected by a long chain featuring C—O and C—C single
bonds. Each L1a ligand anchors to an Ir(III) ion in a C-shape
conformation, with the quinoline arms positioned trans to each
other, denoted by a bond angle of N1—Ir1—N2 at 173.5(4)°.
Other details align with those reported in previous studies."’

The cyclization of [Ir(La)(en)](PF;) complexes was
conducted leveraging our previously developed in situ
interligand C—N cross-coupling under visible light irradi-
ation, ”"* as depicted in Scheme 3. Complex 1a served as a
prototype to refine the photoreaction conditions and analyze
spectral changes. When an ethanol solution of la was

irradiated with visible light at 60 °C for 3 days in an oxygen-
rich atmosphere, new C—N coupling macrocyclic product 1
was obtained in an excellent yield of 90% after purification.
HRMS analysis of 1 revealed a molecular ion peak at m/z
799.26251, consistent with the theoretical isotope pattern for
CuoHisliN,O, (m/z = 799.26295, [M-PE,]*), which is four
units less than that of la (m/z = 803.29425, [M-PF,]"),
indicative of the loss of four hydrogen atoms and the formation
of two C—N bonds during the photoreaction. A comparative
analysis of the '"H NMR spectra between 1a and 1 revealed the
disappearance of the characteristic resonance peak of H8 of the
quinoline ring at 7.75 ppm in 1a. As illustrated in Figure 2, the
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Figure 2. '"H NMR spectra of complexes 1 and 1a in CD;CN.

resonances of the NH, (3.87 and 2.52 ppm) and the CH,
(2.74 and 1.87 ppm) groups of the en ligand in 1a shifted to
6.45 and 3.31 and 3.02 ppm in 1, respectively. The *C NMR
spectra of 1 displayed a shift in the characteristic peak of the en
ligand from 43.47 to 53.74 ppm (refer to the Supporting
Information). These results collectively suggest that the en
ligand in 1a underwent in situ C—N cross-coupling with the pq
units of the L1a ligand under visible light irradiation, resulting
in the formation of macrocycle ligand L1. Notably, this
method represents the inaugural instance of employing in situ
C—N cross-coupling for the synthesis of cyclometalated
macrocycle complexes. Additionally, this cyclization protocol
was successfully replicated to synthesize cyclometalated
macrocycle complexes 2 and 3, using 2a and 3a as substrates,
under identical conditions in excellent yields of 98 and 88%,
respectively. The structural integrity and compositional
accuracy of these complexes were corroborated by elemental
analysis, HRMS, and NMR spectroscopy. This strategy offers a
feasible and rational protocol for the synthesis of cyclo-
metalated macrocycle Ir(III) complexes via in situ postcoordi-
nated interligand C—N cross-coupling reaction under benign
conditions, resulting in exceptional yields.

To further confirm the structure of the cyclometalated
macrocycle complex, the single-crystal structure of 1 was
elucidated by X-ray diffraction, with details provided in Table
S1 in the Supporting Information. The complex crystallized in
the P4/nnc space group, exhibiting higher symmetry compared
to that of 1a in the P2;/c. In line with expectations, two new
C8—N3 (1.492(15) A) and C23—N4 (1.492(15) A) bonds
were indeed formed through interligand C—N coupling
between the two pq units and the en ligand, resulting in the
formation of new macrocycle ligand L1. The Ir(IIl) ion in 1 is
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Table 1. Photophysical Data for Complexes 1—4, 2a, and 4a“

complex Aws (nm) (e[x10° M~ cm™']) Ao (nm) 7, (ns)?
la 272 (30.1), 342 (14.6), 456 (3.1) 583 392.3
1 263 (21.4), 348 (6.8), 457 (2.1) 591, 635 (sh) 873.2
2a 265 (29.5), 339 (12.9), 457 (2.3) 594 674.5
2 263 (19.7), 348 (6.1), 457 (2.2) 593, 635 (sh) 917.4
3 272 (20.1), 348 (8.1), 457 (2.8) 592, 633 (sh) 1080.1
4a 272 (32.2), 341 (15.5), 456 (3.1) 596 385.3
4 271 (25.7), 348 (10.6), 457 (3.5) 589, 632 (sh) 924.8

7, (ns)? @ (%)  k (x10°sH?  k, (x10% s7H)? D,°
320.1 27.4 8.6 2.7 32.1
285.9 16.5 19 9.6 54.4
161.0 17.7 2.6 122 24.1
207.5 16.5 1.8 9.1 53.1
251.5 14.1 13 7.9 56.7
150.8 29.0 7.5 18.4 28.5
217.8 9.2 1.0 9.8 49.5

“All photophysical data were measured in the methanol solvent at room temperature. bExcitation at 405 nm. 7, is the fluorescence lifetime in N,-
saturated methanol, and 7, is the fluorescence lifetime in O,-saturated methanol. “Excitation at 347 nm. ¢ is the quantum yield in Ar-saturated
methanol. “Calculated according to the equations k, = ®/7; and k,,, = (1 — @) /7, where k, is the radiative rate constant, k,, is the nonradiative rate
constant. ‘@, is the 'O, generation quantum yield in air-saturated methanol.

coordinated by two carbons and four nitrogens from a
hexadentate macrocycle ligand L1, assuming a distorted
octahedral geometry, as depicted in Figure 1. A structural
comparison between 1 and 1a reveals enlargement in the bite
angle of N3—Ir1—N4 in 1 to 80.2(4)°, up from 75.5(4)° in 1a,
with other parameters showing similarity.

Photophysical Properties of Cyclometalated Macro-
cycle Ir(lll) Complexes. The UV—vis absorption spectra of
the cyclometalated macrocyle Ir(III) complexes 1, 2, and 3, as
well as the acyclic counterparts 1a, 2a, 4a, and 4, were acquired
in MeOH solutions and are detailed in Table 1 and Figure S2.
In accordance with previous studies on related Ir(IIl)—pq
complexes,”* the intense absorption bands observed at 263—
272 nm in these complexes are attributable to spin-allowed
m—n* ligand-centered (LC) transitions within the pq seg-
ments. Additionally, the moderately intense band occurring at
339—348 nm is ascribed to spin-allowed metal-to-ligand charge
transfer ("MLCT), while the less pronounced band around 457
nm is primarily due to spin-forbidden *MLCT transitions.
Notably, there is no significant difference in the absorption
characteristics between the macrocyclic Ir(III)—pq complexes
and their acyclic equivalents.

The emission spectra and lifetimes as well as quantum yields
of the complexes were measured in MeOH solution at room
temperature and are summarized in Table 1 and Figures S3—
S8. Complexes show an orange-red emission with a maximum
emission band at about 590 nm and a shoulder at 632 nm,
which can be assigned to a ’LC (z—z*) and *MLCT
transitions.”* The emission wavelengths had no noticeable
change between the cyclic and acyclic complexes, but the
lifetime significantly increased from 392 ns for 1a, 674 ns for
2a, and 385 ns for 4a to 873 ns for 1, 917 ns for 2, 1080 ns for
3, and 924 ns for 4 in N,-saturated methanol solution. This can
be attributed to the robust rigidity of the macrocycle
complexes.

For comparative analysis, the emission spectra and lifetimes
of the complexes were also recorded in an O,-saturated MeOH
solution at room temperature. In O,-saturated MeOH, a
decrease in emission intensity was observed, and the lifetimes
were reduced to 320 ns for 1a, 285 ns for 1, 161 ns for 2a, 207
ns for 2, 251 ns for 3, 150 ns for 4a, and 217 ns for 4. These
results, presented in Figure 3 and the Supporting Information,
suggest that these complexes are susceptible to O, quenching.
The quantum yields of the cyclometalated complexes were
quantified as ranging from 9.2% to 29% using an absolute
measurement method with an integrating sphere in Ar-
saturated methanol at room temperature.

24660

1 «em in N,-Saturated MeOH
em in O -Saturated MeOH

em in N,-saturated MeOH

~——fit of em in N -saturated MeOH
em in O,-saturated MeOH

~—— fit of em in O,-saturated MeOH

PL intensity
Counts

7, =873.2ns  7,=285.9ns

R*=0.99941 R'=0.99948

500 600 700 800 ] 2000
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Figure 3. (a) PL spectra of 1 in N,-saturated (red) and O,-saturated
(dark cyan) MeOH at room temperature. (b) Single-wavelength
decay traces for 1 in N,-saturated (red) and O,-saturated (dark cyan)
MeOH at room temperature.

The experimental results demonstrate that these Ir(IIl)
complexes exhibit sensitivity to O, and maintain structural
integrity under light irradiation, suggesting their potential as
effective photosensitizers and photocatalysts for photoreaction.
Consequently, we evaluated the efficiency of 'O, generation
(®,), a primary reactive oxygen species (ROS) in photo-
reaction under O, atmosphere. @, is correlated with the triplet
excited state energy, lifetime, and quantum yield and was
determined in air-saturated MeOH using Rose Bengal as a
reference and DPBF as a trapping agent, as detailed in Figure
S9 in the Supporting Information.”® Table 1 illustrates that the
@, values for the cyclometalated macrocycle complexes 1
(54%), 2 (53%), and 3 (56%) are substantially higher than
those of the acyclic complexes la (32%) and 2a (24%).
Notably, the @, for the tetradentate Ir(IIl) complex 4 (49%)
shows a marked increase compared to the bidentate Ir(III)
complex 4a (28%). These findings indicate that the cyclo-
metalated macrocycle compounds possess stable and efficient
singlet oxygen generation abilities under blue light radiation
and exhibit significant distinctions from cage Ir(III) complexes
(where the metal ion is enveloped and shielded from O,
quenchers),® thereby underscoring that the ligand topology
profoundly influences the photophysical and photochemical
properties of cyclometalated Ir(III) complexes.

Photo-Oxidation of Sulfide into Sulfoxide. Sulfoxides,
integral in organic synthesis and the pharmaceutical industry,”°
have garnered significant interest for aerobic photo-oxidation
of sulfides, viewed as a straightforward and eco-friendly route
utilizing visible light as an energy source and oxygen as an
oxidant.”” However, challenges persist in sustainability and
efficiency, primarily due to the degradation of photosensitizers
under light irradiation. Thus, the development of a robust
photosensitizer is essential. Additionally, water is an ideal green
solvent,”” yet catalytic oxidation of sulfide into sulfoxide in
aqueous media remains challenging because of poor catalyst
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solubility and sulfide incompatibility.”” Inspired by the
outstanding stability and efficient 'O, generation of cyclo-
metalated Ir(III) complexes, we explored their 3photocatalytic
reactivity in oxidizing sulfide into sulfoxide.”” Methyl 4-
methoxyphenyl sulfide (Sa) was chosen as a model substrate to
optimize reaction conditions using the synthesized Ir(III)
complexes (1 mol %) as photocatalysts in an O, atmosphere in
water under blue light irradiation at room temperature for 12
h. Gratifyingly, the photocatalytic reactions proceeded
smoothly, yielding methyl 4-methoxyphenyl sulfoxide (6a) in
excellent yields of 98%, 100%, and 96% with cyclometalated
macrocycle Ir(III) complexes 1, 2, and 3 as catalysts,
respectively (refer to entries 1—3 in Table 2). Furthermore,

Table 2. Photo-Oxidation of Sulfides”

s 0, ballon 0
/O/ ~ 20 mLH,0,RT S
~o 80 W Blue LED \OQ/
5a 6a
entry catalyst DFSC yield (%)°

1 1 98
2 2 100
3 3 96
4 4 92
5 1a 86
6 2a 88
7 4a 66
8 0
9 2 N, 0
10 2 dark 0
11 2 2 eq. G-SH 15
12 2 2 eq. DABCO 24
13 2 2 eq. 'PrOH 99
14 2 2 eq. BQ 96
15 2 2 eq. DMB 98

“Reaction conditions: Sa (0.1 mmol) and catalyst (1 mol %) in 20
mL H,O with an O, balloon under an 80 W blue LED at RT for 12 h.
PDFSC is the deviation from standard conditions. “Determined by 'H
NMR. G-SH is glutathione; DABCO is diazabicyclo[2.2.2]octane; BQ
is benzoquinone; DMB is 1,4-dimethoxybenzene.

the photocatalytic reactions exhibited high chemoselectivity
with no detectable byproducts. For comparative purpose,
acyclic Ir(III) complexes 1a, 2a, 4, and 4a were also tested
under identical conditions (see entries 4—7 in Table 2),
yielding 6a from 66% to 92%, albeit slightly lower than the
macrocyclic counterparts. This is in line with the enhanced 'O,
generation by the cyclometalated macrocycle Ir(III) com-
plexes. Additionally, the recyclability of photocatalyst 2 was
assessed by using S5a as a model substrate under the same
conditions. Postreaction, the reaction mixture was extracted by
toluene three times (3 X 10 mL) to remove the product
sulfoxide and unreacted substrate sulfide, followed by
extraction of the aqueous layer with CH,Cl, three times (3
X 10 mL). The recovered catalyst 2 was then reused in
subsequent cycles, maintaining its catalytic efficiency for at
least 10 cycles without significant activity loss, as depicted in
Figure $65. The 'H NMR spectra of recovered 2 showed that
its structure was still maintained after 10 cycle reactions (see
Figure S65Sb in the Supporting Information). These findings

underscore the long-term stability and exceptional photo-
catalytic prowess of the macrocycle Ir(III) complexes.

To gain insight into the photocatalytic reaction mechanism,
control experiments were performed using Sa as a model under
identical conditions. Initially, these experiments confirmed that
the photocatalyst, light, and oxygen are indispensable for the
oxidation of sulfide into sulfoxide (see entries 8—10 in Table
2). Consequently, identifying the ROS involved in the
photocatalytic process became paramount. Typically, two
types of ROS intermediates such as 'O, and O, have been
proposed in photocatalytic oxidation processes in the presence
of 0,°' To probe this, 2 equiv of inhibitors 1,4-
diazabicyclo[2.2.2]octane (DABCO) and glutathione (G-SH)
were introduced into the reaction mixture as scavengers of 'O,.
A notable reduction in the reaction yield to 15% and 24%,
respectively (see entries 11 and 12 in Table 2), indicated the
pivotal role of 'O,. In contrast, the addition of 2 equiv. of
benzoquinone (BQ), isopropyl alcohol (‘PrOH), and 1,4-
dimethoxybenzene (DMB) as scavengers for superoxide
radical, ‘OH, and sulfide radical cation, respectively, had
negligible impact on sulfoxide formation. These results
strongly suggest 'O, as the primary ROS in the photo-
oxidation process. Based on these observations, a reaction
mechanism for sulfide photo-oxidation involving 'O, is
proposed in Scheme 4: under blue light irradiation, the Ir(III)

Scheme 4. Proposed Mechanism of Photo-Oxidation of
Sulfides

\ 0 -
[ir(1)] 30, 2 O@S\\\ g
(o]

\O@ /O\

S~0

/

[r(n] '0,

complex transitions to a high-energy excited singlet state
"Tr(1I1)*, which rapidly undergoes intersystem crossing to a
triplet *Ir(II1)*, facilitated by efficient spin—orbit coupling in
the Ir(I1) complex. The *Ir(IIT)* then transfers energy to the
ground-state >0, to generate 'O,. The 'O, thus reacts with
sulfide to create a peroxy-sulfoxide intermediate, which
immediately rearranges to a 3-membered ring thiadioxirane
intermediate. The thiadioxirane intermediate facilely reacts
with another sulfide molecule to yield two sulfoxide
molecules.”

With optimal conditions established, we explored the
broader applicability of our protocol for aerobic photo-
oxidation of sulfide into sulfoxide. Initially, methylphenyl
sulfide and aromatic sulfides with a para-methyl group were
utilized as substrates in place of Sa, under identical conditions.
To our delight, the corresponding sulfoxide products 6b and
6c were efficiently synthesized, yielding isolated results of 98%
in 8 h and 96% in 10 h, respectively, as presented in Table 3.
Substituting methoxyphenyl with naphthyl gave a yield of 75%
for 6d over 3 days. Further, substitutions with an electron-
withdrawing cyano group at para and Cl at ortho positions led
to significantly reduced yields of the corresponding sulfoxides
6d and 6f, at 40% in 10 days and 58% in 15d, respectively. This
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Table 3. Scope of the Photooxidation of Sulfides
Q
S.
. N S\R1 cat. 2 (1% eq.) R2©/ Ry
20~ H,0, 05, RT Z
80 W LED
5 6

(e} (o}

o) (¢]
n I
SO SO "
o

6d, 3d, 75%”

6a,12 h, 98%? 6b, 8 h, 98%? 6c, 10 h, 96%?

[0}

(o} (e} [0}
ok ; : s
/©/ ©: ~ ©/ \/\OH
NZ cl

6e, 10 d, 40%°  6f, 15 d, 58%" 69, 20 h, 98% 6h, 4 d, 70%"

“Isolated yield. “Determined by 'H NMR.

suggests that electron-withdrawing group on the phenyl ring
can effectively inhibit sulfide oxidation. Steris effects were also
observed with substituted phenyl sulfide using 2-(phenylthio)-
ethanol in place of methyl sulfide yielded sulfoxide 6g with
98% efliciency over 20 h. Conversely, replacing methyl sulfide
in Sa with a benzyl group slowed the reaction, resulting in 70%
of 6h over 4 d. These experiments underscore the potential of
this approach for synthesizing sulfoxide compounds via a green
pathway.

B CONCLUSIONS

In summary, we have successfully developed a mild and
efficient protocol for synthesizing cyclometalated macrocycle
Ir(III) complexes. This approach involves the preassembly of
two symmetric pq arms into C-shaped complexes followed by
cyclization with diamine via in situ interligand C—N cross-
coupling, utilizing a metal jon as a template. This strategy
offers a new and complementary protocol for in situ synthesis
of metal macrocycle complexes employing a postcoordinated
interligand-coupling approach under mild conditions. More-
over, our research demonstrated that the use of 18-crown-6
ether scaffold in conjunction with K* ions is a viable and
effective method for constructing CAO chain-linked cyclo-
metalated Ir(III) complexes. We have also discovered that the
ligand topology significantly influences the photophysical and
photochemical properties of cyclometalated Ir(III) complexes.
Notably, the macrocycle Ir(III) complexes exhibit exceptional
stability and proficient singlet oxygen generation under blue
light radiation. The synthesized cyclometalated macrocycle
Ir(III) complexes displayed high photocatalytic activity and
chemoselectivity in the aerobic oxidation of sulfide into
sulfoxide in water at room temperature. These insights pave
the way for an innovative strategy in designing and
synthesizing macrocycle Ir(III) complexes as efficient photo-
catalysts. The photocatalytic reactions using the synthesized
macrocycle complexes as catalysts in aqueous media are
currently underway in our group.
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