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Abstract Cyclometalated Ir(III) complexes have attracted significant attention in the field of two-photon photodynamic
therapy (PDT) sensitizers due to their excellent luminescence property and good phototoxicity. Polypyridine derivatives are
commonly chosen as ligands for iridium complexes. Considering that the introduction of thymine moiety not only enhances
biocompatibility but also provides two easily modifiable amide-N groups, herein the 2,2":6',2"-terpyridine group was con-
nected with thymine to prepare a novel polypyridine ligand (ttpy), and subsequently a binuclear iridium complex (Ir2ttpy) was
obtained, which containing divalent coordinating cation. Irttpy exhibited a strong intramolecular ligand to ligand charge
transfer (ILCT) absorption peak between 250~350 nm. Due to strong spin-orbit coupling effect of Ir(Ill) center, the high-
er-energy excited singlet state undergo intersystem crossing to the lower-energy excited triplet state, and thus Irttpy dis-
played a very weak metal to ligand charge transfer (MLCT) band at 400~550 nm. Ir:ttpy showed dual fluorescence peaks,
with the emission at 350 nm originating from the *LC excited state of the terpyridine group, while the emission at 600 nm
coming from the *MLCT excited state of the Ir(III) coordination cores. Since the introduction of thymine did not increase the
conjugated system of the ligand ttpy and there was no weak interaction between the two Ir(IIl) centers in Ir:ttpy, the fluores-
cence quantum yield and excited state lifetime of Ir:ttpy were negligible (<<1%, 100 ns), comparing with numerous reported
long-lived and high-quantum-yield iridium complexes. When excited by a femtosecond laser at 650~1000 nm, the maximum
two-photon absorption (TPA) cross-section of Irttpy was 24 GM (680 nm). Meanwhile, the two-photon excited fluorescence
(TPEF) peak of Ir:ttpy was located at 600 nm, which may also originate from the *MLCT state. Ir2ttpy showed certain photo-

* E-mail: jianggin@jou.edu.cn; rbwei@jou.edu.cn; shipf@jou.edu.cn
Received December 25, 2024; published March 28, 2025.
Supporting information for this article is available free of charge via the Internet at http://sioc-journal.cn.
Project supported by the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD) and the Key Science and Technology
Project from the Lianyungang City (No. CGJBGS2303).
I SEIT 3548 LR 35 2 R B L RO% 75 W T HLASRHE SR (No. CGIBGS2303) % ).

Acta Chim. Sinica 2025, 83, 579—587 © 2025 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 579



o F 5 R

toxicity against 4T1 tumor cells with phototoxicity index (PI) value up to 18. UV-Vis titration experiments indicated that
Insttpy interacted with DNA to a certain extent. Autodock simulations showed that Ir:ttpy was embedded into the major
groove of DNA and binded to the bases DA-17 and DC-9 through hydrogen bonds. Extracellular tests indicated that singlet
oxygen and superoxide anion counld be generated in the presence of Ir:ttpy under visible light irradiation, and showed obvi-
ous catalytic oxidation effect on NADH. Confocal imaging results indicated that Ir:ttpy could also generate reactive oxygen
species (ROS) intracellularly. The antitumor activity of Irttpy is related to its induction of ROS generation and its interaction
with DNA, and they act synergistically to cause tumor cell death. Due to the weak fluorescence of Ir:ttpy in cells, co-staining
with fluorescent reagents for mitochondria or lysosomes failed to clarify the localization selectivity of Ir:ttpy for mitochon-
dria or lysosomes. Although the potential of the complex Ir:ttpy as a PDT photosensitizer is not ideal, the data in this paper
provide certain theoretical base for the future development of novel photosensitizers.

Keywords thymine; binuclear Ir(III) complex; antitumor; reactive oxygen species (ROS); DNA
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Figure 1 Molecular digrams for ligand ttpy and its Ir(Ill) complex Ir,ttpy
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Figure 2 Molecular structure optimized for minimum energy using
Gaussian 09 software package (a for ttpy and b for Ir,ttpy. All H atoms
and PFs  anions were omitted for clarity)

22 BEHFRKECEMIRBELTFRIES L 5H1ERE

2 8 BKTE 5 0 [1r(ppy)a(bpy)] T Ie(1ID) ARG i
M b PUBHC AT A BE do M), HEES Lk
A BRAMAT LIRSOE I R LC BRIE A BRI EE IR R
RE; HT&BEEA QA=A mE B EPE RS
(SOC), RERE M MK LA T LAE R [H] 8 ER(ISC) F
Re BRI =264, W0 SMLCT, [T a] W6 X kA7)
AT CAVLEE 2 (AR 8 55 IR AE IR A 12324,

I s v ks (A1 7 28 AP X P e KRS U462 T~ 254 nm.
LH A 455226 2" = BRI B AR R, 2
A 58 Z ILCT W g A7 T 283 nm(B 3). 5 K HI =
BRI e T A, ttpy R 2,26',2"- = Bt e I ] (1)
o RIS AT R AE RS, 7R UV-Vis BRISEE 2300 H
R, B K KA T 331 nm. AL &4 Inttpy H i E
i e i DA PR RSO AR AR T BCAR )RS 10 nm, W)
WA U 1 i N S5, R R MR R 9.8 X 10% Le

Acta Chim. Sinica 2025, 83, 579—587

© 2025 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

mol 'eem L =R E JE AR B (NN OB A A, H
IR T RCR B E A, ORI KA T
383 nm. Insttpy FHAIECAL BT 5 [Ir(ppy)2(bpy) I A AL,
R SMLCT 53 fE 14555, S5UbFE, SRIET tpy ik
DA RERA R BE ) TLC BRIE RIS AR S bpy 1) 58,
453 SMLCT ZEW Ui 1 (400~550 nm 5 FE )R B AL
ANAT WL, WEAE AT 479 nm. X — B RAEHALEH
e A 35 A R BRI A5 4 R A SR BT,

- — - I ftpysrig
I ttpy

— _ - ttpysrik
— ttpy

1.0

N o S
~ o o
’

Absorbance/a.u.

.
N

250 300 350 400 450 500 550
Wavelength/nm

B3 WA ttpy SHECEY Inttpy B9 4h-1T WIRIOE B (i 2o A Bt 73
HUELES)

Figure 3 UV-Vis spectra of ligand ttpy and complex Inttpy (the simu-
lated peak splitting results indicated by dashed lines)
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Figure 4 Assignment for the UV-vis spectra of ligand ttpy and complex
In,ttpy (Molecular orbitals for ttpy and Inttpy were optimized from
TD-DFT calculations. Transition energies were calculated using the
TD-B3LYP method with 6-31G(d) basis sets, eV)
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Figure 5 Fluorescence spectra of ligand ttpy and complex In,ttpy
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Figure 6 Open-aperture Z-scan experimental data and fitting curve for
complex Irttpy under a 680 nm femtosecond laser beam
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Figure 7 Two-photon excited fluorescence spectra of ligand ttpy and
complex Irttpy under a 680 nm laser beam
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Figure 8 UV absorption spectra of ttpy (a) and Inttpy (b) solution with
increasing concentration of CT-DNA [buffer=35 mmol/L tris, 50 mmol/L
NaCl, pH=7.42. The concentration of ttpy (or Inttpy) is 2.0X103
mol/L, r=[CT-DNA]/[ttpy/or In,ttpy]=0~1.0]
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Figure 9 Docking interactions between the ligand ttpy (a) and complex
Ir,ttpy (b) with DNA molecules, simulated by Autodock
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Figure 10 UV-Vis absorption spectra of ABDA in dimethyl sulfoxide
(DMSO) solution changed with increasing concentration of Ir,ttpy
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Figure 11 Fluorescence spectra of DHR123 sensitized by Inttpy in
DMSO solution
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Figure 12 UV-vis absorption spectra of NADH during the photocata-
lytic oxidation by complex Ir,ttpy

KH CellROX™RWEMANE A ROS FIZE ALK L.
CellRox™gE (Al 2 —FH T ROS BT B AR w
78, 24 HeLa ZHHAV Y Inttpy B CellROX™EZE 5|
PEE I, A E 65 5 (B 13 e 1 4RIEE 2 4H).
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2 p2b N
o F F R i
CellRoxs Green Reagent
CellRoxs Green Reagent  CellRoxs Green Reagent +Ir2ttpy
+ + +Li
CellRoxs Green Reagent Irattpy Irattpy Light
Ir2ttpy CellRoxs Green Reagent +NAC +Light +NAC

+Ir2ttpy

B 13 ARAEME 5 mmol/L ) CellRoxs TiAL# 30 min ¥ HeLa 41/ ff) L A& 4.
Figure 13 Confocal images of HeLa cells pretreated without or with 5 mmol/L of CellRoxs for 30 min

MR ER TR R TN Tnottpy AT CellROX™/S, H
LT AT R R G, X R RIS B KT, A7
7E Insttpy IS 4HA A ROS 7K F 2T s (B 13 H s 3
H). EAERME, FEA(1 min) )RS Z g 7%
e, X—4EREH THAEMAMMBEAN ROS X
CellROX™ S AAE (R B RIS S 4H). thah, 4
N- 2B -L- ¥ R B (NAC, — Fh Pt S Ak 751 ) 791 Ak 2 1) &1
i, FEAR TR R ST 13 H AR 4 LHANEE 6 41).
2.8 FELAYIRBERI AT EENIE

TEAIA S, HKECAYOEIE S P74 ROS BLK
5 DNA HIAHEAE R LA sEma 40 i amis. SRS P7E
WOR R ROS BA my a1, Be% 5 B0 Ak
PR DL J. DNA B SE 2 fow Ui f, ™ E
Wi DNA (1) 56 8 Al e e M. ROS i i ) DNA #4545 8
YR E B B RE 1, Sl AN R T A
— RGN s W12,

BRI AYE DNA H4s& nlgeidt—2 4 DNA M
KAEYISFE, Wi H), e, A
SYMET:. KEEESYS DNA [4EE4 &Y
W RERIBCR UL R BRI 75 Ay, X PR 44 1T e il
GVE B RAASE, mae i 2, AT ROS
(2R i, 4520 ROS AR R AR FI A

H AT TR A 00675 5728 ROS DL H 5 DNA
M HEAERET I, ERIMEAR FAAAE— g JRRE, XL
SEINF . JRALHURS T I ROS AR KBS UL AR &)
7f DNA EIZE A0 A4k,

3 e

] A 77 I T ik s g = B kL e T A ) XU A &2 )R
HECEY) Inttpy, FHO6FRISGE H 230 H 3% ILCT
55 MLCT WRie U, 51 R S0 mh 1) 0 5% e RS 0 2
AR H SLC M MLCT BUR A, WRAZFZI4 101 ns,
ETERNT 1%, mARKXOET KT Z 8 24 GM,
BT K ESHER T 600 nm, Y E SMLCT KA.
e &40 Tnsttpy &1 5 4T1 FLARIE A0 AR R B H — 2 WO F 1,
PI (X% 18. BLEY Inttpy 7] LR DNA K4 IX, A
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SEME BRG] /15 DNA RAEMBSEEER. IEY
Inottpy 75 7] WL RS R Ae 6 28 s SR 2R A8 E A A
T, % NADH A ¥ & FEALEAL N, BE &) Inttpy H)
YU IS M 5 2% S 4 s ROS LU 5 DNA M H.454
K, A EAE TS BUR R AR AE T

4 SKIGERSY
41 UERE5EE

AR S48 B 110 0 2% ot SR R T R SR B A
Fi. CT-DNA M Sigma-Aldrich A &L, FT A &tk
B B T8 (CaSOy) T 15 5 PR AT 45 M R AL
'H NMR H 500 MHz Bruker DMX %341, TMS 1 P .
ESI-MS ##& ] Agilent 1290-6545 LC/MS K4E, JTCHR %)
HrEH F Heraeus CHN-O PUIg /BT 0CRSE. L4717 I
WL B PerkinElmer LAMBDA®365 3%, %6t
W H Hitachi F-7000 id3%. 967 fl & 17 R K A
HORIBA FLUOROLOG-3-11 #E47ill &, CT-DNA fIiK &
FH R A 68 5 % (2600 = 6600 Lemol 'ecm '), 7E Tris-
HCI 25 Mt (pH=7.42), 260 F1 280 nm Kb 4M%
JCEEMIELIE A 1.87, £W] DNA HH e e kBT EAR
42 EYIHNERSFRIE
42.1 BUAK ttpy 894 A%

#0.126 g MOARI%EIE(] mmol)iA T 8 mL J/K N,N-
T HEH B (DME) J5, @A Ny [FIRR R 2
40 C, B 0.048 g NaH (2 mmol), 785 ##E M 1 h.
4 0.804 g (2 mmol) 4'-p-JR IV H FERHE-2.2"6',2"- kI
BEH T 20 mL DMF J&, PRI LR,
TERARY NI 24 h. JE ZEBRIAT, 733155
f&. FiH 100 mL CREREAT HE A5 AL, 153 F 0 44
256 mg, 7% 27.5%. '"H NMR (DMSO-ds, 500 MHz) §:
8.78 (d, J=4.0 Hz, 4H), 8.69 (g, J=8.0 Hz, 8H), 8.04 (t,
J=17.5 Hz, 4H), 7.97~7.95 (m, 3H), 7.91 (d, J=8.5 Hz,
2H), 7.57~7.51 (m, 8H), 5.15 (s, 2H), 5.07 (s, 2H), 1.90
(s, 3H); HRMS (ESI) calcd for C4H36NgO2Na 791.2853,
found 791.2855.
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o F 5 R

422 EA Inttpy ¥946 &

# 100 mg (0.09 mmol) Irx(bpy)+Cl, F1 60 mg (0.08
mmol) ttpy T 30 mL S BEA T EETR SV -
V=1:DH, £ 65 CTFINFAMFL 24 h, 22 No {47 A
WESEALBE . 2 B 45 S Uk R 25 BRIA ), 49 B0 € T A
W18 L AT 50 mL /K5 DMSO FRE IRV © V=
4 DH, I 150 mg NH4PFg [E 44, 4k2:84 30 min,
PRI A YTEY), K20 mLX3). LEE(10X3
mL)FT Z B (10 mL)BE%, B2 TEGEEEH K 92 mg,
P % 57.5%. '"H NMR (acetone-ds, 500 MHz) o: 9.12 (t,
J=8.0 Hz, 6H), 8.82 (s, 1H), 8.77 (q, J=8.0 Hz, 2H), 8.33
(t, J=8.5 Hz, 2H), 8.28~8.25 (m, 2H), 8.20 (t, J=8.0 Hz,
2H), 8.11 (d, J=8.0 Hz, 4H), 8.01 (t, J=8.0 Hz, 4H), 7.91
(t, J=8.0 Hz, 4H), 7.81 (d, J=7.5 Hz, 2H), 7.76 (d, J=6.0
Hz, 2H), 7.68~7.62 (m, 6H), 7.50 (d, J=8.0 Hz, 2H),
7.32 (t, J=17.5 Hz, 2H), 7.26 (t, J=7.5 Hz, 2H), 7.08 (t,
J=6.0 Hz, 2H), 7.04 (t, J=6.0 Hz, 2H), 6.95 (t, J=7.5
Hz, 2H), 6.87 (d, J=7.5 Hz, 2H), 6.76 (t, J=7.5 Hz, 2H),
6.60 (t, J=7.5 Hz, 2H), 6.31 (t, J=7.5 Hz, 2H), 5.96 (d,
J=17.5 Hz, 2H), 5.53 (d, J=7.5 Hz, 2H), 5.21 (d, J=14.5
Hz, 2H), 5.14 (d, J=14.5 Hz, 2H), 1.90 (3, 3H); HRMS
(ESI) m/z caled for Cg3H68N1202h'2rr 885.0415, found
885.2489.

43 AR EFIHERERR

TETFHFL Z FAfdE B B X6 7R IR 8. AT
e 2 B0 A2 A5 P ko 35 2B (8] S 140 fs. R IR
A 80 MHz ) ¥R BOLHEAT . (R 1 kHz MMk
W BRBEOERKHT Te(IDEC S I #HGEN. 7EFFFL A& AT
FUPALAEZR P, AR DL 5 R I A 1 S A6 i
ITHA.

T(z)zm [ In[l4g(2)]exp(— £)d7

KA B R 3 1 R R BB R = A EOE #8
(Coherent Mira900F, 200 fs, 76 MHz){E AR IR, K
FH A3 46 S0Pl (Hamamastu C5680-01)KH#E47 63
. BESET H,O/DMSO (V2 V=1 1)IBEEW, WRE
1.0X 1073 mol*L.

4.4 FEZRIEISOFT)IHE

FC AR AN &40/ DFT 11 %K% H Gaussian 09 27 £
BT, FIAH B3LYP %R KB N  F Sk T T8
b, TEFES TR ASIACHIIERE T, N 5 i 235 V2 bR
(TDDFT) /7 VAW 58 T WOR S 7. /iR
W, AR R PR 6-31g(d)FE4d, B &Pk T
6-31g(d)(IE4 )8 ¥ )/LANL2DZ (Ir Jii T )R &34, 1
gERIA I FRE R, SR T Gaussian 09 277 1R ERIAUALSEL
FrufE, BIREENSURIHEN 1.0X107¢ Hartree, % KUK
SUbRMESN 3.0X 107* Hartree/Boh, 77 77U ShrviE N
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1.0X10"* Hartree/Bohr, fx KALFISFRAEA 1.2X1073
Bohr, 377 MR # Y S bR #E Y 8.0 X 1074 Bohr.
45 5 DNA HBEERAD TR

K Autodock &7 X &4 DNA Z 8] i AH H.45
AT, Ir(UD A &P 45 #4938 1 DFT (B3LYP) /7 ¥2:
46155, DNA (PDB ID 1BNA) 71454 W E A 7 5
P A 3K 45 (http://www.resb.org/pdb). {E &, DNA-
Inttpy HIPIRS & K/NA 6.8 nmX 7.6 nm X 12.6 nm, Pk
[EEE N 0.0375 nm. iz i AL HIL(LGA) T 5 45
4176 DNA L1 Insttpy AT REHIILIRI %, #ET 100 X GA
BH, HASHEHERNE. FIH Pymol BAFoiTss&
H HH A s AR SR AL
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