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Abstract

Three novel luminescent iridium(l11) dyes functionalized with a tryptophan amino acid and bearing
two cyclometalated 2-phenylpyridines, 2-(2,4-difluorophenyl)pyridines or 2-phenylquinolines have
been prepared and well characterized. They emit at 522-561 nm with a luminescence quantum vyield
in the range 0.33-0.98. All the dyes are able to stain neuronal cells in rat cerebellum tissue, as
evidenced by fluorescence microscopy, showing affinity for granule neurons. The complexes
bearing cyclometalated 2-(2,4-difluorophenyl)pyridines or 2-phenylquinolines also have a good
affinity for brain white matter. The dye with two cyclometalated 2-phenylquinolines is

characterized by the best luminescence quantum yield (0.98). Besides, giving the greatest image



contrast, the dye with two cyclometalated 2-phenylquinolines shows the strongest affinity for a
distinct subtype of neurons found in cerebellum tissue, the purkinje neurons (as evidenced with

fluorescence microscopy).
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1. Introduction

Bis-cyclometalated phenylpyridine iridium(I1l) complexes are fascinating for their two-photon
absorption activity [1-8] and for their second-order nonlinear optical [9-17] and luminescent [18-19]
properties. In the last two decades, a lot of work has been devoted to the synthesis of various neutral
and cationic bis-cyclometalated phenylpyridine iridium(I1l) complexes for many applications such
as emissive materials for organic light emitting diodes (OLED) [20-27] and organic light-emitting
electrochemical cells (OLEC) devices [20, 28-34], photoredox catalysis for visible light activated
organic reactions [35-36] and polymerization processes [37-38], dye-sensitized solar cells [39-42],
and luminescent solar concentrators [43]. Today, a field of increasing interest is their application as
luminescent labels for bio-imaging and bio-sensing [44-48], and as tool in modern medicine and

particularly in photodynamic therapy [46-48].

A key reason for the use of a heavy metal-containing compound as luminescent probe is that its
emission decay lifetime is usually much longer than typical emission lifetimes of fluorescent
organic molecules. Owing to the heavy metal atom, high spin-orbit coupling increases the rate of
intersystem crossing, allowing the efficient population of excited triplet states and facilitating
phosphorescence, thus expanding the emission lifetime scale towards the microseconds.

Luminescent cyclometalated iridium(l1l) complexes have many advantages over the currently



available bio-imaging agents [46-48]. These include a good photochemical and chemical stability
within the cellular environment, permeability, minimization of self-quenching due to the significant
Stokes’ shift, long-lived triplet excited state (t ~ us) compared to organic dyes (t ~ ns) that helps to
eliminate the short-lived autofluorescence of biological samples, and microenvironment-sensitive
emission characteristics which are less damaging to cellular components. The high photostability of
these complexes allows the continuous monitoring of biological events by fluorescence
spectroscopy and microscopy [46-48]. While a lot of effort has been devoted to the study of heavy
metal complexes as cellular labels [49-52], the use of these complexes for the staining of tissue has

comparatively received little attention.

A few years ago, it was reported that the bis-cyclometalated phenylpyridine iridium(lll) complex
bearing a (1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)benzene ligand is characterized by a good
luminescence quantum yield (56%) and a long lifetime (0.66 ps) [53]. Following this work, we
prepared and investigated related complexes functionalized with a tryptophan amino acid; the
complexes present structural variations, in view of assessing how the modification would affect
imaging properties (Chart 1). Tryptophan is the precursor of two significant biomolecules: serotonin
and L-kynurenine [54] whose biosynthesis takes place in the brain, implying that tryptophan
penetrates in the blood-brain-barrier (BBB) [55]. For this reason, we speculated the newly prepared

complexes would be good candidates to investigate in brain tissue.
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Chart 1. Structure of the investigated complexes.

2. Materials and Methods
2.1 General information

All the commercially available reagents were used as purchased without further treatments.
Anhydrous solvents (MeOH, DMF) were subjected to prior distillation following the proper
procedure reported in literature. Air- and water-sensitive reactions were performed in flame-dried
glassware under argon atmosphere. Oxygen sensitive reaction were carried out vigorously bubbling
argon into the solvent. *tH NMR (300, 400 or 500 MHz), ¥*C NMR (75, 101 or 126 MHz) and °F
(376 MHz) spectra were recorded on Bruker AC 300 and AC 400 spectrometers. Chemical shifts
are given in ppm and coupling constants J in Hz. Multiplicities are reported as indicated: s = singlet,
d = doublet, t = triplet, g = quartet, m = multiplet, br = broad. High-resolution mass spectra
(HRMS) were recorded, either on a Bruker MaXis 4G, an Agilent 6510, or a Thermo Fisher Q-
Exactive spectrometer (Centre Régional de Mesures Physiques de 1’Ouest, Rennes) using positive
or negative ion Electron-Spray ionization techniques (respectively ESI+, ESI-). Purifications by

silica gel chromatography were carried out on silica 0.060-0.200 mm, 60 A. Flash chromatography



were performed on a Grace Reveleris™ apparatus. Analytical thin layer chromatography was
performed on Merck Silica Gel 60 F254 plates. Elemental analyses were performed by the
Department of Chemistry of the University of Milan. NMR spectra are in the Supplementary

material.
2.2 Synthesis of cyclometalated iridium complexes

2.2.1 Synthesis of (R)-4-(1H-imidazo[4,5-f][1,10] phenanthrolin-2-yl)benzyl 2-((tert-

butoxycarbonyl)amino)-3-(1H-indol-3-yl)propanoate (L-trp)

The tryptophan functionalized phenanthroline ligand (L-trp) was prepared in two steps: (i)
synthesis  of  (4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl)methanol and (i)

functionalization with the tryptophan moiety.

2.2.1.1  Synthesis of the intermediate  (4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-

yl)phenyl)methanol

Under inert atmosphere, 1,10-phenanthroline-5,6-dione (0.24 g, 1.1 mmol), 4-(4-
hydroxymethyl)benzaldehyde (0.18 g, 1.3 mmol), ammonium acetate (1.74 g, 22.5 mmol) and
glacial acetic acid (4 mL) were placed in a Schlenk tube fitted with a condenser. The vessel was
then sealed and heated under reflux for four hours. The mixture was cooled to room temperature
and neutralized with aqueous ammonia. The lacquer deposited on the glassware was isolated and
washed pouring water (10 mL) under sonication. A suspension was thus obtained. The yellow solid
was filtered, washed with diethyl ether (15 mL) and dried under vacuum. The *H NMR spectrum
exhibited the coexistence of (4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl)methanol and

the related acetic ester.

The yellow powder (388 mg) was thus solubilized in 5 mL of dry MeOH under Ar, subsequently
adding 3 mL of a 30% solution of MeONa in MeOH in a dropwise manner. The mixture was let stir

for three hours at room temperature. In the end, 1 mL of a saturated solution of NH4Cl allowed the



precipitation of the desired product, which was isolated through filtration. The isolated yellow solid
was washed with 5 mL of water, 10 mL of diethyl ether and dried under vacuum (200 mg). Yield:
54%. 'H-NMR (400 MHz, DMSO, §): 9.04 (d, J = 3.8 Hz, 2H), 8.94 (d, J = 7.9 Hz, 2H), 8.27 (d, J
= 8.0 Hz, 2H), 7.80-7.89 (m, 2H), 7.57 (d, J = 8.0 Hz, 2H), 5.34 (t, J = 5.6 Hz, 1H), 4.63 (d, J =

5.3 Hz, 2H).

2.2.1.2 (R)-4-(1H-imidazo[4,5-f] [1,10] phenanthrolin-2-yl)benzyl 2-((tert-butoxycarbonyl)amino)-3-

(1H-indol-3-yl)propanoate (L-Trp)

In a Schlenk tube filled with Ar, Boc-protected tryptophan (0.47 ¢, 1.5 mmol),
hydroxybenzotriazole (HOBt, 0.21 g, 1.5 mmol) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, 0.30 g, 1.5 mmol) were dissolved in 8 mL of dry DMF
amine free at 0°C. The mixture was let stir for one hour after the addition of EtsN (0.21 mL, 1.5
mmol). In the end, (4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl)methanol (0.20 g, 0.6
mmol) was introduced before sealing the vessel and heating at 70°C for 72h. The solution was then
cooled to room temperature and concentrated in vacuo. The crude product was purified through
silica gel flash chromatography, using a mixture of dichloromethane:methanol, 19:1, v/v, as the
eluent. The desired compound, L-trp, was obtained as a yellow solid (266 mg). Yield: 69% . H-
NMR (300 MHz, MeOD, §): 8.63 (dd, J = 4.3, 1.5 Hz, 2H), 8.20-8.33 (m, 2H), 7.70 (d, J = 8.0 Hz,
2H), 7.54 (d, J = 7.8 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.24-7.32 (m, 2H), 6.98-7.15 (m, 6H), 4.99
(s, 2H), 4.55 (t, J = 6.9 Hz, 1H), 3.14-3.30 (m, 2H), 1.42 (s, 9H). 3.C-NMR (75.48 MHz, MeOD,
8): 172.8, 156.4, 150.3, 147.0, 142.6, 137.2, 136.7, 129.3, 128.8, 127.9, 127.4, 126.0, 123.2, 122.7,
121.1, 118.5, 117.9, 111.1, 109.3, 79.3, 65.9, 55.0, 53.4, 27.5. HRMS (ESI+): (M+Na)* calcd for

C3sH32Ns04Na, 635.2377; found: 635.2384.
2.2.2 Synthesis of the cyclometalated iridium(I11) complexes (Ir-1, Ir-2, Ir-3)

The p-dichloro cyclometalated iridium dimer intermediates were prepared by heating at reflux, in a

2-ethoxyethanol: H20 3:1 mixture for 24 h, IrClsexH20 with either 2-phenylpyridine (ppy), 2-(2,4-



difluorophenyl)pyridine (diFppy) or 2-phenylquinoline (pq) as previously reported [8, 56]. Then, in
a Schlenk tube, the suitable u-dichloro cyclometalated iridium dimer and L-trp were dissolved in a
methanol:dichloromethane mixture (1:1, v/v) under inert atmosphere. The vessel was sealed and
the mixture heated at 50°C overnight. Upon cooling to ambient temperature, a 6-fold excess of
KPFe was added and the suspension was let stir for 1.5 h. The insoluble salts were thus removed
through filtration and the solvent concentrated under reduced pressure to obtain an oily residue.
Either silica gel chromatography or precipitation were performed to achieve the desired Ir(I1l)

complexes as pure compounds.

Ir-1. Reagents: [Ir2(ppy)s(u—Cl2)] (ppy = 2-phenylpyridine; 0.09 g, 0.08 mmol), L-trp (0.10 g, 0.16
mmol). Solvents: dichloromethane (5 mL), methanol (5 mL). The crude product was purified
through silica gel chromatography (dichloromethane: methanol 19:1, v/v) to obtain an orange solid
(118 mg). Yield: 57%. 'H-NMR (300 MHz, CDCls, 8): 9.29 (dd, J = 7.9, 2.5 Hz, 2H), 9.08 (s, 1H),
8.46 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 4.9 Hz, 2H), 7.92 (d, J = 8.1 Hz, 2H), 7.79 — 7.50 (m, 7H),
7.42 (d, 3 = 5.7 Hz, 2H), 7.36 (d, J = 7.8 Hz, 3H), 7.04-7.17 (m, 4H), 6.98 (t, J = 7.4 Hz, 2H), 6.79
(t, J = 6.6 Hz, 2H), 6.46 (d, J = 7.5 Hz, 2H), 6.29 (s, 1H), 4.96-5.19 (m, 2H), 4.74 (m, 1H), 3.27 (d,
J=4.2 Hz, 2H), 1.47 (s, 9H). 3C-NMR (75.48 MHz, CDCls, 6): 168.2, 151.8, 148.7, 145.4, 143.8,
143.1, 137.6, 132.2, 131.8, 130.6, 129.3, 127.3, 124.7, 124.4, 123.7, 122.7, 122.3, 119.3, 119.1,
28.5. HRMS (ESI+): (M)* calcd for CsgHagNsO4*3Ir, 1113.3422; found: 1113.3425. Elem. Anal.

calcd. for CsgHagNgO4%Ir: C, 55.50; H, 3.61; N, 8.93: found: C, 55.77; H, 3.62; N, 8.97.

Ir-2. Reagents: [Ir2(diFppy)s(u—Cl2)] (diFppy = 2-(2,4-difluorophenyl)pyridine; 0.09 g, 0.07
mmol), L-trp (0.09 g, 0.14 mmol). Solvents: dichloromethane (8 mL), methanol (8 mL). The crude
product was purified through precipitation with a mixture of dichloromethane:diethyl ether to obtain
a yellow solid (60 mg). Yield: 31%. H-NMR (300 MHz, CDCls, 3): 8.32-8.48 (m, 5H), 8.21 (d, J
= 4.9 Hz, 2H), 7.76-7.94 (m, 5H), 7.56 -7.64 (m, 2H), 7.35 (d, J = 5.6 Hz, 2H), 7.02-7.14 (m, 3H),

6.88-6.96 (m, 3H), 6.61-6.73 (m, 4H), 5.83 (d, J = 7.9 Hz, 3H), 4.97-5.28 (m, 3H), 4.81 (s, 1H),



3.20-3.41 (m, 1H), 1.50 (s, 9H). °F-NMR (282.36 MHz, CDCls, &): -106.52 (d, J = 967.4 Hz, 2F),
-71.07 (d, J = 717.7 Hz, 2F). 3C-NMR (126 MHz, CDCls, 3): 164.9, 164.4, 162.9, 160.6, 155.2,
153.7, 148.5, 148.0, 139.1, 136.6, 128.4, 127.6, 127.5, 124.0, 123.8, 123.5, 121.7, 119.0, 118.5,
114.2,114.1, 112.0, 99.5 (t, J = 27.0 Hz), 66.1, 65.7, 54.8, 53.4, 31.0, 28.4. HRMS (ESI+): (M)*
calcd for CsgHasNgFs04*®Ir, 1185.3046; found: 1185.3044. Elem. Anal. calcd. for
CssHaaNgOaF4*Ir: C, 62.13; H, 3.96; N, 9.99; found: C, 62.31; H, 3.98; N, 10.03.

Ir-3. Reagents: [Ir2(pg)4(u—Cl2)] (pg = 2-phenylquinoline; 0.09 g, 0.07 mmol), L-trp (0.09 g, 0.14
mmol). Solvents: dichloromethane (10 mL), methanol (10 mL). The crude product was purified
through precipitation with a mixture of dichloromethane:diethyl ether to obtain an orange solid (70
mg). Yield: 35%. 'H-NMR (300 MHz, CDCls, 8): 9.10 (d, J = 8.0 Hz, 1H), 8.34-8.49 (m, 2H),
8.06-8.32 (m, 8H), 7.71-7.87 (m, 2H), 7.52-7.66 (m, 4H), 6.63-7.27 (m, 20H), 4.91-5.29 (m, 3H),
4.76 (s, 1H), 3.14-3.43 (m, 1H), 1.48 (s, 9H). ¥C-NMR (126 MHz, CDCls, 8): 172.3, 170.1, 155.3,
153.8, 151.4, 147.9, 145.6, 145.5, 139.9, 136.6, 135.0, 130.9, 127.4, 127.0, 124.1, 123.7, 123.1,
1215, 119.1, 118.3, 117.4, 112.1, 108.5, 66.0, 54.7, 30.8, 28.6. HRMS (ESI+): (M)* calcd for
CesHs2NgO4'*Ir, 1213.3735; found: 1213.3736. Elem. Anal. calcd. for CesHs2NsO4*®Ir: C, 65.33;

H, 4.32; N, 9.23; found: C, 65.57; H, 4.34; N, 9.27.
2.3 Photophysical characterization

Electronic absorption spectra were obtained at room temperature in dichloromethane, by means of a
Shimadzu UV3600 spectrophotometer and quartz cuvettes with 1 cm optical path length. Absolute
photoluminescence quantum yields, ®, were measured using a C11347 Quantaurus Hamamatsu
Photonics K.K spectrometer, equipped with a 150 W Xenon lamp, an integrating sphere and a
multichannel detector. Steady state and time-resolved fluorescence data were recorded with a

FLS980 spectrofluorimeter (Edinburg Instrument Ltd). See details in Supplementary material.



2.4 Brain tissue staining and imaging

Brain tissue for this study was generated from 10-12-week-old male Sprague-Dawley rats that were
excess from previous studies. Using a cryomicrotome 10 pm thick coronal cerebellum tissue
sections were cut -18°C and melted onto glass microscope slides. Slides were then air dried at room
temperature. Prior to staining, tissue sections were fixed in 4% formalin in phosphate-buffered
saline (PBS) for 10 min and then rinsed with PBS for a further 10 min. Tissue sections were then
stained with probe solution (10 pg mL-1 in DMSO, 200 pL per tissue section) and incubated for 30
min at room temperature and in the dark. Probe solution was then rinsed off with deionized water
followed by rinsing with PBS for a further 10 minutes. Samples were then allowed to dry at room
temperature before immediately imaging with an epifluorescence microscope (Nikon eclipse Ti2-U
inverted microscope fitted with LED illumination and Nikon DS-Qi2 camera, NIS Elements
standard software). Blank experiments were also prepared from serial tissue sections. A true blank
was generated with no fixation or staining, and procedural blanks were generated using all reagents
apart from the probe solution (instead using neat DMSQO). For nuclear staining comparison, Ir-3 was

counterstained with DAPI using ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher).

3. Results and discussion

3.1 Preparation of the new pro-ligand L-trp and related cyclometalated iridium(l11) complexes

The new pro-ligand L-trp is readily prepared by reaction of 1,10-phenanthroline-5,6-dione with 4-
(4-hydroxymethyl)benzaldehyde to give (4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-
yl)phenyl)methanol followed by functionalization with tryptophan as shown in Scheme 1. Reaction
of the suitable p-dichloro cyclometalated iridium dimer with L-trp , followed by addition of KPFe,
affords [Ir(ppy)2(L-trp)][PFe] (ppy = cyclometalated 2-phenylpyridine; Ir-1), [lr(diFppy)2(L-
trp)][PFe]  (diFppy = cyclometalated 2-(2,4-difluorophenyl)pyridine; Ir-2) and [Ir(pg)2(L-
trp)][PFe] (pq = cyclometalated 2-phenylquinoline; Ir-3); see details in section 2 “Materials and

Methods”.
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Scheme 1. Synthesis of the investigated cyclometalated iridium(l11) complexes.

3.2 Photophysical properties

The absorption spectrum of the tryptophan-functionalized imidazo-phenanthroline ligand (L-trp) in
dichloromethane solution at 1-10° M is shown in Figure 1 and Figure S28. It exhibits a strong
absorption in the UV region having maxima at A = 279 and 325 nm, with an associated molar
extinction coefficient (g) of 4.2-10* and 2.6-:10* Mt cm™, respectively. Upon excitation at 325 nm,
the L-trp in aerated dichloromethane solution at 1-10° M gives rise to a broad emission spectrum
with a maximum at A = 408 nm (Figure S29), an absolute quantum yield (®em) of 12 % and a
measured lifetime (t) of the excited state of 3.76 ns (Figure S30). These photophysical values are
quite similar to those observed by Zhao et al. [53] for an analogous phenanthroline based ligand
bearing a simple phenyl group instead of the benzyl 2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-

yl)propanoate moiety.



The absorption spectra of complexes Ir-1, Ir-2 and Ir-3 dissolved in dichloromethane at 1-10° M
are shown in Figure 1 and relevant values are given in Table 1. All three complexes show intense
absorption bands at 250-350 nm which can be attributed to n—n* ligand centered transitions (*LC)
from the 2-phenylpyridine to the phenanthroline moiety by analogy with related Ir(111) complexes
[56-57]. As expected, weaker bands are observed at wavelengths A > 370 nm: the low-energy
absorption shoulders at ca. 380-450 nm are associated to a mixture of spin-allowed ligand-to-ligand
charge transfer (:LLCT) (n(ppy) = n*(phen)) and a metal-to-ligand charge-transfer (*MLCT) (dn
—>7n*(phen)) while the transitions centered around 460 nm are attributed to a mixture of spin-
forbidden metal-to-ligand charge transfer (*MLCT) and ligand-to-ligand charge transfer (°LLCT)

transitions [56-58].

1.0 T T T T T T

Absorbance

T T T T T T T T T T T T T
250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 1. Absorption spectra of ligand L-trp and complexes Ir-1, Ir-2 and Ir-3 in dichloromethane

solution at 1-10° M.



Table 1. Photophysical parameters at 298 K in degassed CH.Cl?

D,/ %
Amaxabs/ M Amax.em/ NMP Lifetime
Complex degassed ke /st Knr /871
[e/ M1cm™] T
[aerated]
302 [7.1-10%]
561 51.2
[Ir-1] 342 [4.8-10%] 0.99 us 5.2-10° 4.9-10°
[5.2]
474 [3.9:10%]
281 [7.2:10%]
522 33.3
[1r-2] 320 [3.9:10%] 4.12 ps 8.1-104 1.6-10°
[6.6]
413 [5.2:10%]
283 [1.0-109]
556 98.1
[1r-3] 330 [4.6-10%] 2.76 ps 2.6-10° 5.3-10°8
[43.0]
414 [8.8-10%]
279 [4.2-10%]°
[L-trp] 408¢ 12.0¢ 3.76 ns® 3.2:107 2.3-108

325 [2.6-10°°

aAt 2-10% M. PExcitation at 400 nm. At 1105 M.

Complexes Ir-1, Ir-2 and Ir-3 are phosphorescent in deaerated dichloromethane solution (see
Figure 2) with an absolute phosphorescent quantum yield (®p) and emission lifetime (t) in the range
of 33.3-98.1 % and 0.99 — 4.12 ps, respectively (see Table 1). The exceptional value of 98.1 % for
complex Ir-3, similar to that reached for some neutral cyclometalated iridium(I11) complexes [47],

is much higher than that reported for various cationic cyclometalated iridium(lI1) complexes

bearing a 1,10-phenanthroline based ligand [53, 56].
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Figure 2. Emission spectra of the Ir-1, Ir-2 and Ir-3 complexes in deaerated dichloromethane

solution at 1-10 M, excitation wavelength around 400 nm.

According to previous works [56-57], the phosphorescence for the three complexes is attributed to a
mixture of 3LLCT and 3MLCT transitions. It is worth pointing out that the comparison of the
spectra shows a blue-shifted emission of Ir-2 (Amax = 522 nm) with respect to Ir-1 and Ir-3, with
maxima at 561 and 556 nm, respectively. This evidence finds explanation considering the HOMO-
stabilizing effect brought about by the introduction of the fluorine atoms on the cyclometalated

phenyl rings.

Usually the replacement of the phenylpyridine ligand with a phenylquinoline in Iridium(IlI)
complexes leads to a red shift of the emission [59, 60]; nevertheless, in some cases this structural
modification brings about a different behavior [61] for the proposed family of complexes, since a
blue shift of the emission (from 561 nm to 556 nm) is observed, this being quite similar to

previously reported phenylquinoline-Ir(III) derivatives [62]”.

The radiative and non-radiative rate constants, kr and kxr, for the three complexes can be determined
from the phosphorescence quantum yield and the emission lifetime, according to the following

equations:



%= use (35)
p ISC kr+km-

1
-
where @4 is the intersystem crossing yield (see Table 1 and Table S4). For iridium complexes,
d,s- can be assumed to be 1.0 because of the strong spin-orbit interaction caused by the heavy
atom [63]; moreover, no fluorescence is detected for any complex. The calculated radiative and
non-radiative rate constants are similar to those observed for other cyclometalated iridium(lll)

complexes bearing a 1,10-phenanthroline ligand [56].

The three complexes in dilute dichloromethane solution are efficiently quenched by oxygen: the
quantum vyields of Ir-1, Ir-2 and Ir-3 are 10, 5 and 2 times lower in air-equilibrated
dichloromethane, respectively (Table 1). Given the efficacy of oxygen quenching, efficient
production of singlet oxygen - the Ag state of O2 - can be anticipated, in agreement with previous
reports on cyclometalated iridium(l1l) complexes as efficient photosensitizers for photodynamic

therapy [12].

When the concentration of the three complexes in deaerated dichloromethane solution is increased
up to 2.0-10* M, a new emission band is observed at 620 and 537 nm for Ir-1 and Ir-2,

respectively, while no change in the emission spectrum is noted for Ir-3 (Figure 3).
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Figure 3. Emission and excitation spectra of complexes Ir-1, Ir-2 and Ir-3 in deaerated

dichloromethane solution at different concentrations.



It is interesting to point out that these red shifts change by varying the excitation wavelength
(Figures S8 and S16) and, in addition, the excitation spectra collected at 620 and 537 nm have a
shape which is quite different with respect to those detected at lower concentration (see Figure 3).
Therefore, these new emission bands of Ir-1 and Ir-2 can be safely ascribed to the emission from

aggregate complexes rather than excimers.

As the concentration of Ir-1, Ir-2 and Ir-3 increases up to 2.0-10 M, the phosphorescent quantum
yield decreases reaching a value of 3.2, 3.4 and 71.4 %, respectively (see Tables S1, S2 and S3).
The lifetime measurements display a bi-exponential decay for Ir-1 and Ir-2, and a mono-
exponential decay for Ir-3 (see Figures S9-S10, S17-S18 and S26-S27). The observed behavior for
Ir-1 and Ir-2 is a clear and direct consequence of the formation of aggregates, which causes a
strong quenching of the emission quantum yield. Analogously, also for complex Ir-3 it is
reasonable to expect that the quenching of the quantum yield of about 27 % and the decreasing of
the lifetime from 2.76 us to 2.58 us (Figures S21 and S26) are due to the presence of aggregates.
However it should be noted that, at a concentration of 2.0-10*M, the emission arising from the
aggregates is very weak compared to that of the Ir-3 monomer, as also highlighted in Figure 3, in

which the aggregates are not discernible.
3.3 Staining

Fluorescence microscopy reveals capability of Ir-1, Ir-2 and Ir-3 complexes to stain neuronal cells
in ex vivo thin sections of rat cerebellum tissue (Figure 4). All three compounds displayed affinity
for specific cell structures in the cerebellum tissue, with greatest image contrast observed for Ir-3,
as seen when fluorescence images are set to a constant min-max fluorescence intensity scale (Figure
4A-C). The stronger fluorescence intensity observed for tissues stained with Ir-3 may be the result
of the stronger affinity of this compound for the tissue and/or the stronger emission intensity of this
compound. Closer inspection of the images reveals affinity of Ir-2 and Ir-3 for axons (white matter

layer indicated by o), but not Ir-1 (Figure 4D-F). Ir-3 produced brightly stained soma of purkinje



and granule neurons in the cerebellum tissue (Figure 4F). In general, staining was most intense at
the periphery of the granule and purkinje neurons, with visible reduced intensity toward the centre
of the cell (i.e., where the nucleus is), which suggests cytoplasmic localization. At this stage the
specific cell structures being stained and the molecular origin of the staining remain unknown,
however staining of sub-cellular organelles within the cytoplasm such as endoplasmic reticulum,
mitochondria, Golgi apparatus, lysosomes are all possibilities. Some small affinity for purkinje
neurons was observed for Ir-1 (Figure 4D), but not Ir-2 (Figure 4E). All three compounds showed
some affinity for granule neurons, which is indicated by y symbol located to top left of neuronal cell
body (Figure 4G-1), however affinity (and therefore image contrast) was greatest for Ir-3, which
enabled simple visualization of the granule neurons (). Panels D-I in Figure 4 have been set on
individual min-max intensity scales, each optimized for maximum contrast. All compounds
displayed greater fluorescence intensity in stained tissues, relative to endogenous tissue
autofluorescence observed from staining with the ligand only (Figure 4J), or DMSO (Figure 4K).
Panels J and K in Figure 4 are set to the same min-max intensity scale as panels A-C. The
compounds could also be used in combination with DAPI nuclear stain, as shown for Ir-3 (Figure

4L).
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Figure 4. Fluorescence microscopy study of ex vivo brain tissue sections (rat cerebellum) stained

with the three iridium complexes.

4. Conclusions

In conclusion, we have synthesized and well characterized three novel luminescent iridium(I11) dyes
functionalized with a tryptophan amino acid and bearing two cyclometalated 2-phenylpyridines (Ir-
1), 2-(2,4-difluorophenyl)pyridines (Ir-2) or 2-phenylquinolines (Ir-3). All the complexes are able
to stain neuronal cells in rat cerebellum tissue, as evidenced by fluorescence microscopy, showing
affinity for granule neurons. Besides, contrarily to Ir-1 (bearing the simple 2-phenylpyridines) both
Ir-2 and Ir-3 also have an attraction for axons (brain white matter). The dye with two
cyclometalated 2-phenylquinolines Ir-3 is particularly fascinating, being characterized by the best
luminescence quantum vyield, approaching unity. Besides, it also showed a strong affinity for
purkinje neurons, which constitute the output of all motor coordination in the cerebellar cortex, and

it gives the greatest image contrast, producing brightly stained soma of purkinje and granule



neurons in the cerebellum tissue. Future studies will now be applied to further tissues, and also cell
cultures in attempts to both further optimize staining protocols, and identify the target organelles /

mode of binding.
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