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Abstract

Electrogenerated Chemiluminescent Probes for
Sulfide Based on Cyclometalated Ir(lll)

Complexes

SecYeonKim

Major in Organic Chemistry
Department of Chemistry
Graduate School

SeoulNational University

A variety of chemosensorsave been developed for the detectdn
H.S. However, most conventional method require bulky equipmentand
complicated operati@during theiranlaysis procegs preventing their use for

simple detectiosfor clinical applications.

Electrogenerated chemluminsecnece (EG&3ed chemosensors
provide severahdvantages ovezxisting analytical techniquesncluding no
background signal, high sensitivity, and eastl timeefficient analysis with
simple sensig tools. These features enablECL systems to be powerful

candidates for poirtf-care (POC) detectiaimols



In this study, wealesigned and synthesiztvdo ECL chemosenso(§,
2) for sulfide anion basedn Ir(lll) complexesThe dinitrophenyl (DNPyroup
was introduced to the(lil) complex as a photmduced electron transfer (PET)
quenchems wellas a reaction site with sulfide. In the presence of sulfide, the
DNP group was cleaved through nucleophilic aromatic substitutigAr)S
inducing a grat enhancement of phosphorescence and ECL. Hrainel 2
increasedhe ECL signals with dinear correlation in the range of 0 to 8 equiv
of sulfide,andthe limit of detectior{LOD) was calculated to be a low valune
bothcasesIn addition, probd and2 exhibitedhighly selective ECL responses

toward sulfide ovevariousanions and biothiols

Keywords: Electrogeneratechemiluminescence (ECL), Cyclometalatedl lly(
complex, Chemosensor, Chemodosimeter, Rmatoced electron transfer

(PET), Silfide.

Student number: 201520373
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A. Background

A.1 The Fundamentals of ECL analysis

Electraenerated Chemiluminescence (E@&fers to a lightemitting
process caused by the electtoansfer reaction between electrochemically
generated radical species thte electrode$. ECL luminophores such as
Ru(bpy)?*, Ir(1ll) complexesand quantum dot generate lighthission at the

electrodewith a voltage application.

The ECL methoddiffers from conventional analytical methods
because ECL requires eatra light sources, allowingimple and miniaturized
detectiondevices' 2 Moreover, the electrochemical approatiows control of
the time and positions of light emission and provides high sensitivityde
linear detectiorrange and no backgroundignals. For these reasons, EC
based assays have been usedtHerdetection of biomoleculea food and
water® “and have been appliéd detect various clinically important analytes

with high sensitivity:

The early ECL studiesriginated withannihilation® ® This method
involves electrontransfer reactions between electrochemically generated
speciesat the working electrodéy the alternate pulsing of the potential
Emission is possible if the ECL emitter (A) produces sufficiently stableabdi
ions, including both an oxidized {Aand a reduced (A form of the emitting
molecules in electrochemical conditidrne general mechanism of annihilation

is outlined below



I 'Q O & 2(Reduction at electrode) (1)
I Q O § 2 (Oxidation at electrode) (2)
6°2 020 08 ! %OABRMMDOI AMOETTTEEEBAOET I
0° 0 I " (Lightemission) (4)

In addition toannilhilation ECL, it is also possible to generate ECL
with one directional potential scanning at an electindesolution containing
luminophore species and coreactahtA coreactant is a compound that
produces a shing reducing or oxidizing agent that can produce excited states
of ECL luminophoreghrough anelectrochemical electron transfer reaction.
Thusfar, tri-n-propylamine (TPA) ishe most efficient coreactant for oxidative
reduction ECL procesS$.There isa commercially important eraple using
TPA as a coreactamvolving the Ru(bpy¥*/TPA systent? Upon oxiddion,

TPA initially produces ahortlived TPA radical cation (TPA} which rapidly

deprotonates to form a strongly reducing radical speciedTPA
40! QO YD &(5
"YO 80 "YOD O (6)

The proposedECL generatingmechanisms of Ru(bpyJ/TPA systems are
shown in Figure 1° These principles can be extended to ECL systems that use
other metal complexes as a luminophore or alternative aliphatic amines as a

coreactant.
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Figure 1 The mechanisms of coreactant ECL for Ru(bty}) PA system

The key reaction steps for general coreactant ECL systems with TPA is as

follows. M represents emitter species.
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A.2 ECL luminophores

In the past several years, large number of electregerated
luminescent species have bedgveloped andheir luminescenc@roperties
investigatedThe studies aimed find new ECL emitters witkelectrochemical
stability and high ECL efficiency.uminophoresavealsobeen studied for bio

applicatiors by modifying a moiety otheluminophores in various ways.

The organicECL luminophoresvere developed in the early stage of
the studies involving polycydic aromatic hydrocarbons (PAHs) such as
anthracene and rubretelhe ECL emission of PAHs were generatedprotic
media through eithethe annihilation or coreactantaethod.However, PAHs
are Imited for practical applicationdue to their poor solubility and the
requirementof an additional purificatiorprocedure.Non-PAHs including
perylene diimidée? fluoresceinand BODIPY (boron dipyrromethenéf have
also been studied. Specifically completly substituted BODIPY dyes are
considerably stable in electrochemical conditjaih®y induce quite intense
ECL emissions by both annihilation and oxidatreeluction coreactant

mechanisms.

QO
2006
YAS

Rubrene Perylene diimide BODIPY

Figure 2 ECL-activeluminophoresdrganicsystemy



Inorganic systems containivg, Al, Au, Cd, Cr, Cu, Eu, Hg, Ir, Mo,
W, Os, Pd, Pt, Re, Ru, Si, Th, and fidvebeen studiedbr ECL luminophores
due to their excellent photophysical properties and electrochemical stability.
Among them,lte first report ofininorganic complex ECL involved Ru(bpy),
which shows high luminescence, goesdlubility in various solventsand
reversible electrontransfer atmild potentials. For example, Bard group
discovered that the ECL efficiency of Ru(bg)s 0.0500 andhatan emitting
excited state can brealizedwith nearly 100% efficiency vian annihilation
reaction’> The ECL of Ru(bpyf* with coreatant such as alate ion
(C204?),6 peroxydisulfate(S,0s%)*" and trin-propylamine (TPAY was also
studied.

In particular cyclometdated Ir(ll) complexes have been widely
studied for ECL lumiophores due to their high ECL efficiencies aasly
tunability of emissioncolor by a ligand modificationapproachAlthough the
initial study of Ir(ppy} ECL showedow intensity via annihilationtherehave
been manyefforts toimprove the ECL performance ahe Ir(lll) complex,
startingwith the oxidativereduction ECL study by Richter, M. M. et’diSince
then,several reeemitting Ir(ll) complexessuch as (pg)r(tmd), (pgrlr(acac),

and (pig)Ir(acac) have beemeported showinghigher ECL efficienzsthan

Ir(ppy); Ru(bpy),**

Figure 3 ECL-active luminophoresrforganic systems)



that of Ru(bpy¥*.2° A blue-emitting Ir(1l) complex, [Ir(df-ppy)(ptb)]", was
alsoreported by Francis et al.dkhibited a strong bluECL signal withcontrol

of the HOMO/LUMO energy levels.

In 2005, Kim,H. and Lee, 3K. et al. reported diverse I) complex
ECL systemswhich producehigh ECL signak with TPA as a coreactafft.
Among them, (pgJr(acac) and (pa)r(tmd) with TPA showed very high ECL

emissiors compared to a Ru(bpyJ/TPA system.

r3.. ©/(EI+ O ,,,,,,, 3'/0 +/O_
W[ PFG

[Ppyzir(bpy)l* [ppylir(phen)* (pg)lr(acac) {pa);lr{tmd)

—— (pq),Ir(acac)
—— (pq),Ir(tmd)
—— (ppy),Ir(phen)’
—— (ppy), Ir(bpy)+

ECL Intensity (arb. units)

ECL Intensity (arb. units)

Wavelength (nm)

Figure 4 The structures and ECL spectra of Ir(lll) complexes

They suggesthree ideal conditions for efficient ECL using diverse
Ir(1l1') compgexes.In the equationbelow the electrortransfer reactiong3, 5,
and 7)shouldbe effectiveenoughto generate high ECL emiss®iGiven that
thedirect oxidation of TPA oanelectrode (reaction 2) occurs relatively shaw
whereasanemitter (reaction 1¢anbe oxidizedelativelyrapidly, the oxidation
potential of the emitter shoultie sufficiently positive for the effective

generation of TPA



- Qo b 21
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Reactions which fornexcited states (reaction 5 and 7) are also
important stepso emit intense ECL. The reducing power of TRAs reported
by the Bard groupin ECL quenching experiments "0 & * p&w.
The LUMO of the cation radical ofthe emitter should be lower than the
potential of TPAfor the efficient generation of M ECL canalsobe generated
by an additional emitting pathway in a process knowmmshilation. If the
potentialof TPA%is more negativeéhan thereduction potential ofn anion

radical emitter, equation 6 becomeigective, thusallowing the emission via

annihilation.
() E*"+TPA (i) E*+TPA* E + TPA*
— E + TPA* — E*+TPA’ — TPA’ +E—
'/\—L— 'A—k
L4 + #
E* TPA E** TPA" E TPA®

Figure 5 Postulated efficient ECL route



A.3 ECL Chemosensors Based o@yclometalated Ir(lIl)

Complexes

Although various Ir{ll) complexes have been reported as ECL
luminophores, only a few ECL chemosensors based on cyclometaldtigd Ir(
complexes have been developed. Most of existing ECL proledsaaed on
ruthenium compex derivatives due to their wedtudied optical and electrical

properties, good solubilitand high ECL efficiency.

The Schmittel group has publishedveralstudies of ECL probes
based ora cyclometalated It{(l) complex. In 2010, they reportech iridum
complex as a dualhannel labon-a-molecule for anion sensirfg.Iridium
dimer A-1 did not show any PL and ECL emissidmwever, it showda PL
signal in the presence of cyanide amECL signal in the presence of acetate,

respectively.

Figure 6 Iridium chloro-bridge dimer for anion sensing by PL and ECL dual channel.

A similar type of tiple-channel probe was also reported the
Schmittel group in 201% They developed an Ii{) complexA-2 as a triple
channel labon-a-molecule for amino acid detectionCysteine and
homocysteine reaetlwith an aldehyde group dhe ancillary ligand, leading
to thiazolidine and thiazinane unjtsovided The formatim of ring strictures

8



induced aJV-vis absobance change and PL enhancement. In the ECL channel,
the electrorrich amino acid tryptophan can be oxidized more easily 2n
andcanthus quench the ECL emission Af2 by disturbing the formation of

excited state

Emission
quenching

=N N=
<\ i é />

HN.__N

e
2xPFg

H (=] —

Figure 7 Ir(lll) complex 1 as a lalmn-a-molecule for cysteine, homocysteine, and tryptophan.
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B. Electrogenerated Chemiluminescene Probes for

Sulfide Based on Cyclometalated Ir(l111) Complexes

B.1 Introduction

Hydrogensulfide (HS), a wellknown toxic gas, has recently been
recognized as an important gaseous signalling moléct:S is generated
endogenously fromc y st ei ne by sever al enzymes S
lyase (CSEf,c y st at ksynthase (EBS)abd3-mercaptopyruvate sulfur
transferase (B1ST).> As a gasotransmitter, 8 regulates various biological
processes in cardiovascutargntral nervous,immune® and gastrointestinal
systems. In blood plasma, -100 nM of sulfide is considered the normal
level1® *However, an abnormal level o%8lis associated with some diseases,
including Al zhAPowerd9ds symnderedandiverdi abet e:
cirrhosis'* Therefore, simple methods for selective detection e® ldre
required in order to diagnosarious diseases that increase the plasa# H

concentration to abnormal levels.

So far, various approaches have been studied for the detectie®,of H
such as electrochemical analySigias chromatography,16 and colorimétric
and fluoresceAt assays. Inparticular, a large number of fluorescent
chemodosimeters for43 were developed based on the strong redtfeffigr
nucleophilié! 22 properties of sulfide anions. However, fluorescent assays
cannot be used for poiaff-care (POC) detection due to tleguirement of an

additional optical source and bulky equipment.

Electraenerated chemiluminescence (ECL) is a lighimitting
process caused by the electtoansfer reaction between electrochemically
generated radical species at the electrétiEsscomparison with conventional

11



fluorescent methods, the ECL method has many advantages, including no
background optical signal, high sensitivity and no need of extra light sources,
providing simple and miniaturized sensing to8I$* These features afford
strang benefits in the development of POC detection sensors. ECL
luminophores were developed using various phosphorescent -hnedaly
complexes such as Ru(f)Os(I1),26 Eu(lll),?” Re(1) 28 Pt(11),2° and Ir(111).3032
Among them, Ir(lll) complexes have atttad increasing attention because they
exhibit high luminescence efficiency, good electrochemical stability, and easy

tunability of the luminescent colour by modulating the substitution of lig&nhds.

32

12



B.2 Results and Discussion

Design of Probes

We designed two ECL chemodosimetric probes for the sulfide anion
based on Ir(lll) complexes (Scheme 1). We selected (piq)2Ir(pic) (pig = 1
phenylisoquinoline, pic = picolinate) as a luminophB@nd the dinitrophenyl
(DNP) group as a phofoduced electrortransfer (PET) quench&rand a
reaction sité**¢ providing bright emission after the nucleophilic aromatic
substitution (8Ar) by the sulfide anion. Prob& has aDNP group on the
ancillary ligand, while prob& has an additional quencher group on trem
ligands that would further reduce the phosphorescent intensity of the probe

itself and thus produce a high tuwwn ratio in response to sulfide anions.

Synthetic procedures of probé&sand 2 are described in the supplementary

32 @

1-S8*

material

NO,

C O Q
~N N o]
4 NO: .
S1R

O
L,
O,N NO.

2
2 2-82-
No ECL turn-on Red ECL

Schemel Electrogenerated chemiluminescent sensing mechanism of fdrane®
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Photoluminescence properties

We examined the phosphorescence spectra of prblzasl 2. As
shown in Fig. 1a, the phosphorescence intensitygohduallyincreased at 606
nm ( e = 460 nm) untill0 equiv of sulfide anion (106M) was added. The
phosphorescence intensity @fncreased more dramatically tharat 601 nm
(Fig. 1b). Probe required a larger amount of sulfide anion (20 15 equiv.)

than1 for saturation because the former has more reaction sites for sulfide. The

(a)150, e
—_ .
5 120 g
8 Z-
> 90 2
2
g
S 60
2
£
7 304
o Saee ¥ 4 :
N . | e
550 600 650 700 750 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
(C) 20| -pr::be only (d) —2_:?n\y
s 064 g

@
15 Q =
o 04— 2 _,.5!,
s 55
=10 5
202
5 <

0 ; . - )
300 400 500 600 700
1 2 Wavelength (nm)

Figure 8 (a) Phosphorescent emission spectrd ¢£0 nM) in the presence of-000 nM of
sulfide in CHCN (inset: Changes in phosphorescence intensityap606 nm upon the addition
of sulfide) (b) Phosphorescent emission spectra @0 nM) in the presence of-050 MM of
sulfide in CHCN (inset: Changes in phosphorescent intensi8/ gfon the additiof sulfide)
(c) Turnron ratio ofl and2 in the absence (black bar) and presence (red bar) afiliGulfide
in CH3CN (d) U\tvis absorption of (10 mM) before and after addition of sulfide (1681) in
CHsCN.
14



estimated limit of detection (LOD) was calctdd to be 1.9M for 1 and 0.2

mM for 2 (signatto-noise (S/N) ratio = 3). Then, we compared the
phosphorescence tuom ratios ofl and2 in the presence of 10fM of sulfide

anion (Fig. 1c¢). The turon ratio of2 was greater thah, as we expected. UV

vis absorption spectra were also investigated (Fig. 1d). In the presence of
sulfide (10 equiv.), the absorption peak around 457 nm increased significantly.
Probe?2 solution showedhe correponding color change from caless to

yellow, enabling colorimetric detection through the naked eye.

Theoretical calculations

Density functional theory (DFT) calculations supported the PET
sensingnechanism of the probes (Fig. Zhe HOMOs ofl and2 were mainy
localized on the Ir(lll) centaand phenyl ring of pig and the LUMO is localized

Probe 1

. 9
oV e’ Y
o o @ 9
HOMO s
9 .‘
N ;j
e ¥ =

9 9 g
e e I “t
3 B
9
8 O,
o

Figure 9 Electronic distributions of probdsand2 from DFT calculations.
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on the DNP, whereas the LUMO of Ir(lll) complexes is generally localized on
the isoquinoline of the main ligands. Hence, we expected that ptcdres2
were able t-on&d hewi afni dmfdi gnal in respo
the PET modulation. We as conducted cyclic voltammetry (CV)
measurements and compared the HOMO/LUMO energy levels of
luminophores 1-S* and 2-S*) with the LUMO of a quencher {dhloro-2,4-
dinitrobenzene) to confirm the PET mechanism experimentally @FigAs
expected, the LUMO-4.36 eV) of the quencher is located between the HOMO
(-5.35 eV) and LUMO3.08 eV) ofl-S* as well as the HOMO%.19 eV) and
LUMO (-2.87 eV) of2-S*. Therefore, the phosphorescence signal of the probes
was quenched by the PBTocess before the cleavage of the DNP moiety from

Ir(111) complexes upon the addition of sulfide.

2-
A0 o
o . t 9,,@
-3 " o ads
3 "? Basy 3_:_08 v -2.87 eV é %
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1-S% DNP 2-S*

Figure 10 HOMO/LUMO energy levels calculated from CV measurements and electronic

distributions ofl-S* and2-S* and photeinduced electron transfer pathway.
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PL selectivity test

We performedPL selectivity test by adding 100vM of each anion to
10 nM of probel and 2, respectively. As expected, only sulfide induced
significant phosphorescence intensitylait 606nm (Fig.4). Various anions
including F, CI, Br, I, HCOs, COs?, C:04%, SQ?, NOs, N3, AcO, SCN and
CN and biothiols such as cysteine (Cys), homocysteine (Hcy) and glutathione
(GSH)could not show phosphorescence change under theceardigionwith
1 (Fig. 4). Probe?2 also exhibited a dramatic increase upon the addition of
sulfide, whereas other analytasuld not induce any remaakle responses (Fig.

5).

| [

=y
o

1+sulfide

I”1+su|ﬁde
o o
» [+-]
1 1

o
'S
1

e
N
1

abcde fghijk I mnopaqgr

Figure 4 PL responses df (10 mM) in the presence of varioasalytes (10@iV) in CH:CN. (25
mM TPA, and 0.1 M TBAPEas the supporting electrolyté) probe only, (b) +(c) Cf, (d) Br,
(e) I, (f) HCOs, (g) CQZ, (h) G042, (i) SOZ, (j) NOs, (k) Nz, (I) AcO, (m) SCN, (n) CN,
(0) Cys, (p) Hey, (q) GSH, (%S
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Figure 5 PL responses dt (10 mM) in the presence of various analytes (1) in CHsCN.
(25 mM TPA, and 0.1 M TBAP#as the supporting electrolyte) (a) probe only, (bjdj CI, (d)
Br, (e) I, (f) HCOs, (g) CQ?, (h) GO4Z, (i) SO:2, (j) NOs, (k) N3, (I) AcO, (m) SCN, (n)
CN;, (0) Cys, (p) Hey, () GSH, (r’S

ElectrogeneratedChemiluminescenceproperties

The ECL measurements were performed during the CV process. Probe
litself showed the initial ECL intensity at around 1.4 V, but further increase in
the ECL intensity ofl was observed in the presence of sulfide (ba). A
titration curve ofl was obtained against various concentrations of the sulfide
anion (Fig.6b). Alinear relationship between the ECL intensity and the sulfide
concentrdon was observed from 0 to 8M of sulfide. The estimated LOD
was calculated to be 27 nM, significantly lower than the LOD of
phosphorescence. Hendecan be used as a highly seivaitECL sensor to

detect abnormal levels of.8.

A similar turnon ECL of2 was observed in thpresence of sulfide

(Fig. 6¢). Probe2 showed 3fold enhancement of the ECL intensity at around

18



1.6 V in the presence of 15 equiv. of sulfide (1B@). The emission signal
increased greatly when the sulfide concentration was iratige of ©100nM
(Fig. 6d). Although the ECL turon ratio of2 was greater than that &f the
absolute ECL intensity df was low even aftesaturation with sulfide (Fig.)7
The maximum signal d@ was only 5.7% ot in the presence of sulfide (8,

8 equiv.). The low ECL intensity & caused low sensitivity toward the sulfide
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Figure 6 (a) ECL intensity oflL (10 M) upon the addition of sulfide (8@M) in CHsCN (25 mM
TPA, and 0.1 M TBAPFas the supporting electrolyte) (b) ECL titration curvé f0ni) upon
the addition of sulfide in C4#CN (10 mM TPA, and 0.1 M TBARfas the supporting electrolyte)
(c) ECL intensity o2 (10 mM) upon the addition of sulfide (156M) in CHsCN (25 mM TPA,
and 0.1 M TBAPEK as the supporting electrolyte)) (ECL titration curve o (10 nM) upon the
addition of sulfide in CECN (10 mM TPA, 0.1 M TBAPEas the supporting electrolyte) (The

potential is swept at a Pt disk electrode (diameter: 2 mm) vs Agsagn rate: 0.1 V/s)
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Figure 7 ECL intensity of 10M 1 and2 upon the addition of sulfide in GEBN (10 mM TPA,
0.1 M TBAPFs as the supporting electrolyte, and the potential is swept at a Pt disk electrode
(diameter: 2 mm) vs Ag/Ag scan rate: 0.1 V/s)

anion, and the estimated LOD &fwas calculated to be 0r8M, which is

relatively high compared to that bf

Electrochemicd studies for ECL mechanism

The low ECL intensity o2 can be explaingby the CV measurements
(Fig. 8. We compared the HOMO/LUMO energy levels 188 and 2-S*
calculated from CV measurements with the HOMO efipropylamine (TPA).
One of theconditions for the efficient ECL emission is that the HOMO of the
emitter should be lower than that of TPA for an efficient generation of #PA
The HOMO energy level df-S* (-5.35 eV) is relatively well matched with that
of TPA (-5.38 eV), so that 1am emit a strong ECL in response to the sulfide
anion through the relatively smooth electron transfer from TPA HOMIESo
HOMO. In contrast, the HOMO energy level®dE> (-5.19 eV) is quitdnigher

than that of TPA because the hydroxyl groupshenman ligands destabilized
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Figure 8 HOMO/LUMO energy levels calculated from CV measurements and
generation of TPA through the catalytic pathway.

the HOMO level. Thus, the electron transfer from TP2-& hardly occurred,
causing a weak ECL emission. The CV studies rationalizedotheECL
intensity of2. Furthermore, the energy level of the TPA radical is higher than
that of the LUMO of {-S*)*%or (2-S*)* Aso that the excited state Gf&>)**or
(2-S*)* tan be easily formed to generate the BEL.

ECL selectivity test

The selectivity of was tested by adding 1081 of each anion to 10
nmM of probe2 (Fig. 9. Only the sulfide anion induced a significant increase in
the ECL intensity, whereammost no ECL changes were observed upon the
addition of other anions. In particular, Cihd biothiols such as Cyidcy, and
GSH which are difficult to be distinguished from sulfide, could not increase
the emission intensity. These results suggest ttude is a highly selective
probe for HS over other analytes and can be used for biological applications

based on ECL analysis.
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Figure 11 ECL responses ¢f (10 mM) in the presence of various analytes (b@) in CHsCN.
(25nM TPA, and 0.1 M TBAPFas the supporting electrolyte) (a) probe only, (b)¢) Ct, (d)
Br, (e) I, (f) HCOs, (g) CQ?, (h) G042, (i) SOZ, (j) NOg, (k) Nz, (I) AcO, (m) SCN, (n)
CN;, (0) Cys, (p) Hey, (q) GSH, ()>S

B.3 Conclusion

Wedesi gnedonoawoc Meorhddosi metriSc ECL pi
based on cyclometalated Ir(lll) complexes. In the presence of sulfide anions,
the ECL intensity of prob2 increased greatly due to the blocking of the PET
guenching process. Furthermore, the prsebewed a high turon ratio with
H2S only. We expect that our rational sensing approach will pave the way for

the development of various E€lased sensing tools for small biomolecules.
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B.4 Experimental Section

B.4.1Instrumentation and materials

All the chemicals were purchased from Sigidrich (Sigma
Aldrich Corp., MO, USA), TCI (Tokyo Chemical Industry, Tokyo, Japan) or
Alfa (Alfa Aesar, MA, USA) and used without any further purification. Thin
layer chromatography was performed using Merck silica G§#+254 on
aluminum foil. SiliaFlash P60 (236400 mesh) from SILICYCLE was used
for stationary phase in chromatographic separation. Altthand*C NMR
spectra were obtained from Bruker Advance B®00. Chemical shiftsdj
were reported as ppm (in CRQIr DMSQO). GCMS (Gas Chromatography
Mass Spectrometer) was performed on JMS 6890 Series, wiibskHive mode.
Absorption spectra were measured on a DU 800 Series. Fluorescence emission
spectra were obtained on a JASCO@9P0 spectrometer and the gliith was
5 nm for excitation and emission. The probend 2 solution for all the
photophysical experiment were prepared from 2 mM stock solution in DMSO,
diluted with acetonitrile and stored in a refrigerator for use. TheSNa
generating sulfide anion walissolved in CECN containing 10 % of HEPES.
(DMSO = dimethyl sulfoxide)
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B.4.2 Synthesis of compounds

Z-N ©/ ‘OH |r
J
_ NO.
. .,»go@
\o (o) NO,

‘2"%? z

Scheme2 a) K2COs, PA(PPB)4, H20, THF, reflux; b) IrC-xH20, 2-ethoxyethanol, kD, reflux;

¢) 3-hydroxypicolinic acid, NgCOs, 2-ethoxyethanol, 50 °C; d)-thloro-2,4-dinitrobenzene,
K2CQs, DMF, reflux. (THF = tetrahydrofuran, DMF = dimethyl formamide)

Synthesis of 3

1-Chloroisoquinoline (1000 mg,.5 mmol), phenylboronic acid (97énhg, 7.9
mmol), KzCOs; (2500 mg, 18nmol) and Pd(PR (140mg, 0.12 mmol) were
dissolved in a mixture of THF (30 mL) and® (30 mL). After stirring
overnight at 80°C, the reaction mixture was cooled down to room temperature
and extacted with CHCI, and water. The organic layer was dried over
anhydrous Ng5Q,, filtered, concentrated, and the residue was purified by silica
gel column chromatography with hexane/ethyl acetatev(v) as the eluent to
give compound (940mg, 4.6 mmal 75 %):*H NMR (300 MHz, CDCJ) d
7.507.59 (4H, m), 7.65.75 (4H, m), 7.90 (1H, d, J=8.2Hz), 8.13 (1H, d,
J=8.5Hz), 8.64 (1H, d, J=5.7Hz).
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Synthesis of 5

' ridi um( ) c hl»ddeQ (H7émgh0y dnmal) tared cdmpoTGrid
(300mg, 1.5 mmol) were dissolved in a mixture eéthoxyethanol (15 mL)

and HO (5 mL). The mixture as the heated at reflux for 24h. The solution was
cooled to room temperature, and water (100 mL) added. The red precipitate was
filtered, washed with waternd the dried under IR lamp. The dimeric precursor
was isolated as a red powdet@2ng, 0.16 mmol, 55 %). Dimer(41mg, 0.03
mmd), 3-hydroxypicolinic acid (2Ing, 0.15mmol) and NaCOs (16 mg, 0.15
mmol) were dissolved in-8thoxyethanol (3 mL) and heatat 50°C for 45 min.

After cooling down, the solvent was evaporated under reduced pressure. The
residue was rdissolved in CHCIl, and washed with water. The crude
compound was purified by silica gel column chromatography with
CHCl>/methyl alcohol (50:¥/v) as the eluent to afford compousd41 mg,

0.055 mmol, @ %):*H NMR (300 MHz, CDC{) d 6.24 (1H, d, J=7.5Hz), 6.50

(1H, d, J=7.6Hz), 6.73 (1H, t, J=7.3Hz), 6.80 (1H, t, J=7.4Hz), 6.96 (1H, t,
J=7.3Hz), 7.03 (1H, t, J=7.4Hz), 7.46 (1H, d, J=6.4RA3 (1H, d, J=6.4Hz),
7.737.77 (4H, m), 7.88.97 (2H, m), 8.21 (1H, d, J=8.0Hz), 8.27 (1H, d,
J=8.0Hz), 8.66 (1H, d, J=6.4Hz), 8:869 (2H, m), 13.8 (1H, s)

Synthesis of 1

Compounds (57 mg, 0.076 mmol), thloro-2,4-dinitrobenzene (4éng, 0.23
mmol) and K:CG; (32 mg, 0.23 mmol) were dissolved in 3 mL of DMF, and
the mixture was heated to reflux for 1 h 30 min. The reaction mixture was
cooled at room temperature, concentrated in vacuo to remove all volatiles,
diluted with CHCI,;, added HO, and extraed with CHCI. twice. The

combined organic extracts were dried ovepdNa, filtered, and evaporated.
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The crude compound was purified by silica gel column chromatography with
CHCly/acetone (15:1 v/v) as the eluent to give a desired product (53 g, 0.0
mmol, 77 %)*H NMR (300 MHz, CDCI3)d 6.14 (1H, d, J=7.6Hz), 6.56 (1H,

d, J=7.5Hz), 6.70 (1H, t, 7.3Hz), 6.76 (1H, d, J=9.2Hz), 6.83 (1H, t, J=7.2Hz),
6.94 (1H, t, J=7.3Hz), 7.06 (1H, t, J=7.2Hz), 7.36 (1H, d, J=6.4Hz); 77148

(2H, m), 7.55 (1H, d, B:4Hz), 7.687.80 (6H, m), 7.98.01 (2H, m), 8.18 (1H,

d, J=8.0Hz), 8.24 (1H, dd, J=9.2Hz, 2.7Hz), 8.30 (1H, d, J=8.0Hz), 8.68 (1H,
d, J=6.4Hz), 8.90 (1H, d, J=2.6Hz), 8932 (2H, m). GEMS (FAB")
[M=C42H26lrNsO7], calculated 905.1462, found 905.1464.

Scheme 3 a) Pd(PPB)4, N&COs, toluene, HO, ethyl alcohol, reflux; b) IrGIxH20, 2
ethoxyethanol, kD, reflux; c) BBs, DCM, 0 °CY 1, d) $-hydroxypicolinic acid, NgCQs, 2-
ethoxyethanol, 50 °C; e) -@hloro-2,4-dinitrobenzene, KCOs;, DMF, reflux. (DCM =

dichloromethane)

Synthesis of 6

A two-neck round bottom flask was charged with-ehloroisoquinoline (200
mg, 1.2 mmol)4-methoxyphenylboronic acid (24@g, 1.6 mmol, N&COs
(910 mg, 8.5 mmol) and Pd(PBh (42 mg, 0.04 mmol), and toluene (5 mL),
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