Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2017

Supporting Information

A novel phosphorescent iridium(l11) complex bearing donor-
acceptor-type o—carboranylated ligand for endocellular
hypoxia imaging

Xiang Li,2 Yongheng Yin,? Pengli Gao,” Weijie Li,® Hong Yan,** Changsheng Lu,** and
Qiang Zhao*®

@ State Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing, Jiangsu 210023, China

b Key Laboratory for Organic Electronics and Information Displays & Institute of Advanced
Materials, National Jiangsu Syngerstic Innovation Center for Adavanced Materials, Nanjing
University of Posts and Telecommunications, Nanjing, Jiangsu 210023, China

CONTENTS

l. General methods

Il.  Syntheses

I1l. X-ray structure determination

IV. Quantum yields determination

V. Quantum chemical calculations
V1. Cytotoxicity test

VII. Confocal luminescence imaging and phosphorescence lifetime

imaging

VIIl. References



I. General methods

In this work, all the synthetic steps were carried out under an inert argon atmosphere using standard
Schlenk line and glovebox techniques unless otherwise noted. Commercial reagents were used
without any further purification after purchasing. Ether and toluene were distilled on sodium /
benzophenone. Acetonitrile, dichloromethane, and methanol were distilled on CaH,. All the
solvents are freshly distilled. Dimeric [(C*N)2Ir(u—Cl)]. complex,SH the precursors
5—bromo—2,2"-bipyridine (a),5% 5—0—carboranyl-2—bromopyridine,[53! 6—bromo—N,N—diphenyl

pyridin—3—amine (b),54 and N,N—diphenyl-6—(trimethylstannyl)pyridine—3—amine (c)(5? were
prepared by literature procedures. The intermediate compound B1oH12(EtS), was synthesized by a
modified method according to literature reports.[591 NMR spectra (*H—, ¥C—, and 'B—) were
recorded on Bruker DRX—500 and DRX—400 at ambient temperature. Chemical shifts are reported
relative to CHCI3 / CDCls (8 *H = 7.26 ppm, & 3C = 77.0 ppm), (CH3).CO / (CD3).CO (5 *H = 2.05
ppm, & ¥C = 205.0 ppm) and external Et;O-BF3 (5 1*B = 0 ppm), respectively. EI-MS (Micromass
GC-TOF (70 eV)) was used for all the ligands. ESI-MS (LCQ Fleet, Thermo Fisher Scientific) was
used to detect ionic iridium complexes. UV—vis absorption spectra were recorded with Shimadzu
UV-2550 spectrophotometers. PL spectra were recorded on a Hitachi F—4600 fluorescence
spectrophotometer. PL lifetime measurements were performed by employing an Edinburgh FLS 920
spectrophotometer equipped with laser impulse fluorometer of picosecond time resolution. Absolute
quantum yields were measured by using an integrating sphere. X—ray diffraction data were collected
on a Bruker Smart CCD Apex DUO diffractometer with graphite monochromated Mo Ka radiation

(L=0.71073 A) using the ®—26 scan mode.
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Scheme S1. Syntheses of the ancillary ligands: (i) Pd(dba)s, BINAP,
sodium—tert—butoxide, 130<C, toluene; (ii) n—BuLi, trimethylstannyl chloride, ether;
(iii) Pd(PPh3)s, xylenes, refluxing for 24h.

s @ 2: Amixture of 5—bromo—2,2'-bipyridine (a) (940 mg, 4.0 mmol) and
diphenylamine (811.2 mg, 4.8 mmol) was dissolved in toluene (40 mL).
Sodium—tert—butoxide (360 mg, 3.6 mmol), tri(dibenzylideneacetone)dipalladium(0)
(Pd2(dba)s, 48 mg, 0.052 mmol), and 2,2'-bis(diphenylphosphino)—1,1'—binaphthyl
(BINAP, 68 mg, 0.104 mmol) were added to the solution. The reaction mixture was
stirred at 130 <C for 24 h under argon. After cooling to room temperature, the reaction
was quenched by the addition of an aqueous solution of EDTA, and the product was
extracted with CH.Cl,. Crude product was purified by column chromatography on
silica gel (hexane / ether acetyl, 10/ 1) to afford light yellow solid of the final product,
800 mg in 62% yield. *H NMR (400 MHz, CDCls): 8.64 (d, J = 4.8 Hz, 1H), 8.41 (s,
1H), 8.28 (dd, J = 7.0, 8.4 Hz, 2H), 7.78 (m, 1H), 7.47 (dd, J = 8.7, 2.7 Hz, 1H), 7.31
(m, 4H), 7.10 (m, 7H). 3C NMR (100 MHz, CDCls): 155.86, 148.94, 146.48, 144.41,
143.36, 136.69, 130.54, 129.52, 129.31, 125.81, 124.66, 123.91, 123.60, 122.78, 121.11,



and 120.29. EI-MS (m / z): 323.12.

‘oo
@ 4: 6-bromo—N,N—diphenylpyridin-3-amine (b, 2.53 g, 7.8 mmol)
was charged into a flask, kept under vacuum for 20 min, and put under argon. Dry
diethyl ether (100 mL) was added from a syringe, and the solution was transferred to a
two—neck flask through a cannula. The solution was stirred and cooled to —78 <C.
n—BuLi (2.4 M in cyclohexane, 3.575 mL, 8.58 mmol) was added dropwise while the
color turned from yellow to orange and finally red during the addition. After stirring
for 1 h, the reaction mixture turned brown. Trimethylstannyl chloride (1 M in hexane,
10.1 mL, 10.14 mmol) was added dropwise from a syringe, and the solution was
allowed to warm to room temperature overnight. Diethyl ether and hexane were
evaporated directly from the reaction flask under reduced pressure. Dry hexane (50 mL)
was added through a syringe, and the slurry was stirred for 60 min at room temperature.
Yellow precipitate was filtered off through a frit under argon, and hexane was
evaporated from the filtrate under vacuum, leaving a brown viscous liquid c (2.4 g, 75%,
94% purity by *H NMR). Dry xylene was added, and the crude ¢ was used in the next
step.

5—o—carboranyl—2—bromopyridine (1.0 g, 3.35 mmol) was charged into a flask,
evacuated, and put under argon. The crude compound ¢ prepared above (2.4 g, 5.85
mmol) in dry xylene (35 mL) was added through a cannula, and argon gas was bubbled
through the solution for 2 h. Then, Pd(PPhs)s (200 mg, 0.173 mmol) was added from a
tip tube. The reaction mixture was stirred at 135 <C for 24 h and subsequently poured
into 2 M NaOH (50 mL, saturated with ETDA). Two layers were separated, and the
aqueous layer was extracted with diethyl ether (3 x50 mL). Combined organic layers
were dried over Na>SOys, and the solvents were evaporated under reduced pressure. The
crude product was chromatographed (alumina, 10:1 hexane / ethyl acetate) and 4 was
recovered as a yellowish powder: 0.87 g, 65%. *H NMR (CDCls): § 8.73 (d, J = 2.1 Hz,
1H), 8.37 (d, J = 2.7 Hz, 1H), 8.24 (dd, J = 15.2, 8.7 Hz, 2H), 7.84 (dd, J = 8.6, 2.6 Hz,



1H), 7.44 (dd, J = 8.7, 2.8 Hz, 1H), 7.33 (m, 4H), 7.14 (m, 6H) 3.98 (s, 1H,
carborane—CH), 3.20-1.71 (br, 10H, B-H). 3C NMR (CDCls): 5 157.16, 147.71,
146.72, 146.12, 145.13, 142.72, 135.93, 129.68, 128.21, 128.06, 125.08, 124.44,
121.57, 119.54, 74.01 (carborane—C) and 60.31 (carborane—C). *'B NMR (CDCls): &
~1.6 (2B), —3.6 (2B), -8.7 (2B), —10.8 (2B), —11.6 (2B). IR (KBr): (v cm™) 2588.
EI-MS (m / 2): 465.20.
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Figure.S1. The TH-NMR (400 MHz, CDCls) spectrum of ligand 2.
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Figure.S2. The ¥C-NMR (100 MHz, CDCl3) spectrum of ligand 2.
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Figure.S3. The EI-MS spectrum of ligand 2.
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Figure.S4. The 'TH-NMR (400 MHz, CDCls) spectrum of ligand 4.
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Figure.S5. The 13C—NMR (100 MHz, CDCls) spectrum of ligand 4.

b
o
i

i

869
_~10.80
1159

5 0 5
£1 (ppm)

Figure.S6. The 1'B-NMR (CDCls) spectrum of ligand 4.

CA063 23-Dec-2015 15:00:42
hy-li-x 182 (2.807) Cm (182-239) TOF MS El+

%00 4652 1.98e4
Y £
q pMiv = 468 /%:(
y /i
@ 466.2

4642
%
4632
4672
462.3
167.0 b 4682
440 770 2181 23262451 4612 4901
150 1 RS 245 1622 4382
5501040 11590 2852 o 3622 382

ekt -
S0 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575

Figure.S7. The EI-MS spectrum of ligand 4.
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Figure.S8. The TH-NMR (400 MHz, éd—acetone) spectrum of iridium complex II.
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Figure.S9. The 3C-NMR (100 MHz, éd—acetone) spectrum of iridium complex I1.
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Figure.S10. The ESI-MS spectrum of iridium complex I1.
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Figure.S12. The BC-NMR (100 MHz, éd—acetone) spectrum of iridium complex IV.
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Figure.S13. The *B—NMR (éd—acetone) spectrum of iridium complex V.
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Figure.S14. The ESI-MS spectrum of iridium complex IV.



I11. X—ray structure determination

The X-ray diffraction data were collected on a Bruker Smart CCD Apex DUO
diffractometer with graphite monochromated Mo Ko radiation (A = 0.71073 A) using
the ®—260 scan mode. The cell parameters were retrieved using SMART software and
refined using SAINT for all observed reflections. The data were collected using a
narrow-frame method with scan width of 0.3°in @ and an exposure time of 5 s per
frame. The redundant data sets were reduced using SAINT!®! and corrected for Lorentz
and polarization effects. The absorption corrections were applied using SADABS.I"l The
structure was solved and refined using SHELXLTL.®! Direct method yielded all non-
hydrogen atoms, which were refined using anisotropic thermal parameters. All
hydrogen atom positions were calculated geometrically and were set riding on their
respective atoms. The data were corrected for Lorenz and polarization effects.
Structures were solved by direct methods and refined on F? by full-matrix
least—squares methods using SHELXTL—-2016. All calculations and molecular graphics
were carried out on a computer using the SHELX-2016 program package and Mercury.
CCDC 1564537 (4), and 1564536 (11) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ,
UK fax: (+44) 1223-336—033; or deposit@ccdc.cam.ac.uk).

Table S1. Crystallographic Data for ligand 4, and complex I1.

Compound 4 I
chemical formula CasH16B10N; CaaHasNsF4IrPFg
formula weight 465.58 1040.89
crystal size (mm) 0.25 %0.20 x0.17 0.15 x0.14 x0.11
temperature (K) 296(2) 296(2)
radiation 0.71073 0.71073
crystal system Monoclinic Monoclinic
space group P21/c P2(1)/n
a(A) 11.738(2) 12.9043(10)
b(A) 7.3043(14) 25.937(2)
c(h) 29.418(6) 14.6262(11)
a(9 90 90
B9 94.827(4) 109.2430(10)

w9 90.00 90


mailto:deposit@ccdc.cam.ac.uk

V(A3 2513.4(8) 4621.9(6)

A 4 4

p(calc) (g/cm?) 1.230 1.496

F (000) 968 2040

absorp.coeff. (mm?) 0.065 2.999

0 range (deg) 2.3-26.0 2.0-27.9

refns collected 14736 32039

indep. reflns 4914 10938

Refns obs. [I>24(1)] 2940 6892

GOF 1.01 1.01
R1MWR2 [I1>20(1)] 0.052/0.130 0.040/0.085
R1/wR2 (all data) 0.053/0.1820 0.076/0.1019

V. Quantum yields determination

Absolute quantum yields of the iridium complexes in all organic solvents and in
solid-state were measured by employing an integrating sphere. Lifetime studies were
performed with an Edinburgh FL 920 photocounting system with a hydrogen—filled

lamp as the excitation source.
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Figure. S15. Absorption spectra of iridium(l11) complexes Il and IV in degassed CH,Cl; at
room temperature.

Table S2. Absorption spectra data of cationic iridium(l11) complexes in degassed CH,Cl, at room

temperature.
Complexes Aans® [nm] (Ige)

| 247(4.0), 303(3.8), 316(3.8), 362(3.1)




T 257(2.5), 313(3.7), 365(3.3), 392(2.5)
i 244(4.0), 296(3.7), 309(3.7), 364(2.9)
v 248(2.4), 314(3.8), 365(3.3), 415(2.4)
\V; 249(2.4), 311(3.7), 321(3.8), 364(3.3)

Table S3. Solution emission data of complexes in different degassed solvents at room temperature.

Complexes Solvents dem [NM] Dp_ T [ns]
1 toluene 596 0.08 377.3
CH:Cl; 601 0.03 382.3

CHCIs 601 0.11 406.2

CHsCN 601 0.04 289.8

ethanol 598 0.29 261.5

DMSO 603 0.14 145.0

v toluene 618 0.08 313.1
CHClI> 612 0.03 232.2

CHCI3 612 0.07 257.3

CHsCN 608 0.03 117.8

ethanol 613 0.13 201.2

DMSO 613 0.10 90.8

V. Quantum chemical calculations

Geometries of all the ligands and iridium(I11) complexes were optimized using density
functional theory (DFT) method. The electronic transition energies including electron
correlation effects were computed by TD—DFT method using B3LYP functional
(TD—B3LYP). LANL2DZ basis set was used to treat the heavy metal iridium atom,
whilst M06 functional with a basis set of 6-31G (d, p) for C, H, O, N and B atoms. All

calculations described here were performed by using Gaussian 09 program. 56!

V1. Cytotoxicity test

In vitro cytotoxicity was measured using a standard methyl thiazolyl tetrazolium (MTT,
Sigma Aldrich) assay in Hela cell lines. Briefly, cells growing in log phase were seeded
into 96—well cell culture plate at 1 x 10*/ well. Complex 1V was added to the wells of

the treatment group at concentrations of 5, 10, 50, 75 and 100 pmol/L. For the negative



control group, 1 uL./ well solvent was diluted in RPMI 1640 with the final concentration
of 1%. The cells were incubated for 48 h at 37 °C under 5% CO,. Combined MTT /
PBS solution was added to each well of the 96—well assay plate and incubated for an
additional 4 h. After removal of the culture solution, 200 phL DMSO was added to each
well, shaking for 10 min at shaking table. An enzyme—linked immunosorbent assay
(ELISA) reader was used to measure the OD570 (absorbance value) of each well
referenced at 490 nm. The following formula was used to calculate the viability of cell
growth: Viability (%) = (mean of absorbance value of treatment group / mean of

absorbance value of control) ><100.
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Figure. S16. In vitro viabilities of Hela cells incubated with complex IV at different concentrations
for 48 h.

VII. Confocal luminescence imaging and phosphorescence lifetime

Imaging:

Confocal luminescence imaging was carried out on an Olympus 1X81 laser scanning
confocal microscope equipped with a 40 immersion objective lens. A semiconductor
laser was served as excitation at 405 nm. One—photon emission was collected at
450-550 nm for Hela liver cancer cells. For imaging under a certain oxygen

concentration, the live cell station equipped with two flow counters which could



respectively control the flow of Oz and N2 was used. Complex 1V was added to RPMI
1640 to yield 10 uM solution, and Hela cells were incubated with the solution of 1V
under 21% or 2.5% O concentrations for 2 hours at 37 °C prior to confocal
luminescence imaging.

PLIM image setup is integrated with Olympus 1X81 laser scanning confocal
microscope. Phosphorescence signal was detected by the system of confocal
microscope and correlative calculation of the data was performed by professional
software which was provided by PicoQuant company. Light from the pulse diode laser
head (PicoQuant, PDL 800—D) with excitation wavelength of 405 nm and frequency of
0.5 MHz was focused on the sample with a 40x / NA 0.95 objective lens for
single—photon excitation. The emitted fluorescence signal was collected at 550—-650

nm.
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Figure. S17. Plots of Rig / R, as a function of oxygen pressure.
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