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Abstract: The series of complexes [Os(bpypytz)[PFe]2 (bpy = 2,2’-bipyridyl, pytz = 1-benzyl-4-(pyrid-2-
y)-1,2,3-triazolel n=0,2n =1,3n = 2,4 n = 3) have been prepared and characterised and are rare examples
of luminescent 1,2,3-triazole-based osmium(ll) complexes3F@e present an attractive and particularly mild
preparative route via an osmium(hy*-arene precursor circumventing the harsh conditions that are usually
required. Due to the high spin-orbit coupling constant associated with the ¢@s(ii¢ the absorption spectra of

the complexes all display absorption bands of appreciable intensity in thebhg&00 nm corresponding to
spin-forbidden ground-state-*MLCT transitions, which occur at significantly lower energies than the
corresponding spin-allowe®LCT transitions. The homoleptic compldxs a bright emitteri(,.c™ = 614 nm)

with arelatively high quantum yield of emission of ~ 40 % in deoxygenated acet@sibiutions at RT. Water
soluble chloride salts df-4 were also prepared, all of which remain emissive in aerated aqueous solutions at
room temperature. The complexes were investigated for their potential abiessent cellular imaging agents

whereby efficient excitation to the *MLCT absorption bands at the red side of the visible range circumvents
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autofluorescence from biological specimens which do not absorb in this regidre spéctrum. Confocal

microscopy reveald to be readily taken up by cancer cell lines (HeLa and EJ) with apparent lysaamhal
endosomal localisation, whilst toxicity assays reveal that the compounds hasiarloand light toxicity. These

complexes therefore provide an excellent platform for the development of efficienekgant cellular imaging

agents with advantageous photophysical properties which enable excitation and emissiohidfogically

transparent region of the optical spectrum.
Introduction

Over recent decades innumerable reports have appeared in the literature callineéirt complexes of °d
transition metals such as Re(l), Ru(ll) and Ir(lll) detailing their extenshotophysical propertigfOf particular
interest is the application of luminescent transition metal complexes as bioddengatbes for cellular
imagingf ‘[which have recently become of interest for such applications alongside previouslydxplopexes

of some p- and f-block eleme With d® complexes typically displaying long-lived triplet metedligand
charge-transfer fILCT) excited states from which phosphorescence occurs, time-gated techniques enable
selective imaging of the transition metal complex probe without interferémoee background cellular

autofluorescence.

Osmium(ll) complexes exhibit significantly advantageous photophysical propediedidlogical

imaging applicatiofrs ] the high spin-orbit coupling constant associated with the osmium centre reshigs i

usually spin-forbidden direct ground state®8¢LCT state transitions to become of appreciable intensity in the
UV-visible absorption spec These transitions occur at wavelengths significantly red-shifted relatthe t
corresponding spin-allowed transitions populafig CT states, and thus appear in the optimum window for the
biologically transparent region. Emission from osmium(ll)-based MLCT states typacaurs in the red to near-
IR regions of the spectrum. These absorption and emission properties thus enabledgmhtaf tissue
penetration for excitation (which can additionally be achieved at lower eanitatiergies thereby limiting tissue
damage) and imaging of emission. Further, the ability to excite these complexey tiréati®MLCT state at
longer wavelengths typically necessary for complexes of ruthenium(ll), forpdxamids the avoidance of
autofluorescece from intrinsic biological chromophores, thus making imaging simpler and cienting the

need for time-gating technigato achieve autofluorescence-free imaging.
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Whilst there have been many examples of phosphorescent probes based on comple@sanofl);

ruthenium(ll) and iridium(lll) there have been only a handful of reports comgeithie use of osmium(ll)

complexes for cellular imaging applicatipns:] For example, Keyes and co-workers have reported a

polyarginine-conjugated osmium(ll) imidazophenanthroline complex for neardRedl imaging applicatio ﬁ
Chao and co-workers recently reported a benzimidazolylpyridine-based osmium(t)egowhich exhibited

near-IR emission and lysosomal localisation upon cellular ﬁke.

Recent years have seen a large number of mepamncerning luminescent complexes of rhenium(l) and

iridium(lll) bearing 1,2,3-triazole-derived IigaFa]F'" with applications in light-emitting electrochemical cells

“land biological imaging>~ Osmium(ll) complexes incorporating 1,2,3-triazole-

and light-emitting diod éél

based ligands are, on the other hand, ratheﬂﬂbere are onha few reported examples of luminescent

dicationic osmium(ll) complexes bearing neutral ligands incorporating a 5-mentieezdcycle such as 1,2,4-

kY4 IS

triazoles:1”°|More commonly reported are charge-neutral complexes with anionic 1,2,4-triazopgtezolate

ligand systems which are frequently combined with phosphine, arsine or carbony|don@/s. have recently

reported a series of tris-bidentate triazole-based osmium(ll) complexes andppiaation in light-emitting
electrochemical cell devi and the bis-tridentate complex [Os(btz¥) (btzpy = 2,6-bis(1-phenyl-1,2,3-
triazol-4-yl)pyridine) which exhibits phosphorescence at 595 nm. This Eitaplex was shown to be readily

taken up by HelLa and U20S cancer cell lines and displays a high degree of mitochondrial lo¢alisation.

The present work develops the area of Os(ll) complexes with 1,2, 3-trimgoids and demonstrates the
ability to systematically tune their photophysical properties. We present anajiststudy on the coordination
chemistry and photophysical properties of osmium(ll) pytz complexes [Os{mytz)]* (1 n=0,2n=1,3n
= 2,4 n = 3) and their application in live cell imaging. The bpy-containing compkmesemissive in the deep-
red/near-IR whilst the homoleptic complex [Os(pyf?) is brightly emissive in the orange region of the
spectrum. These attractive photophysical properties and our previous work led @pdoe pvater soluble

chloride salts of these complexes and assess their potential in cellular imaging.

Results and Discussion



The complex [Os(bpylpytz)][PF])2 (2) was prepared by adaptation of established procedures for the synthesis of

heteroleptic osmium(ll) complexes (Schemg[LY]Briefly, [Os(bpy)}Cl,] was heated under refluxing conditions

in ethylene glycol with an equivalent of the pytz ligand. Subsequent counter-iathes$ with ammonium
hexafluorophosphate then enabled isolatio2 e a dark green solid. As the pytz ligand is not symmetrical the
two bpy ligands give rise to two separate sets of resonances ‘id IR spectrum of. The pyridyl triazole
ligand exhibits a resonance for the triazole ring protod &69, shifted downfield by 0.33 ppm relative to the

corresponding resonance for the free ligahf.26 in CQCN).
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Scheme 1. Synthesis of [Os(bpypytz)][PR]. (2), cis,cis-, cis,trans- and trans,cis-[Os(bpy)(p¥tz)cis,cis3,

cis,trans3 and trans,ci®) and mer- and fac-[Os(pytfPFs]. (mer4 and fac4).

Crystals of X-ray diffraction quality were obtained rand the molecular structure of the cation is
depicted in Figure 1. The complex crystallises in the space group P21/n witnystadlised acetonitrile solvent

molecule per osmium centre. The cation adopts a distorted octahedral georttetmremarkable Os-N bond



lengths which vary from 2.02 to 2.09 A. The bite angles of the three chelate lga@nudery similar and are

similarly unremarkable at approximately 7.8

Figure 1. Molecular structure of the cation [Os(bgpytz)]** (ellipsoids at 50 % probability, hydrogen atoms,
co-crystallised acetonitrile solvent molecule and hexafluorophosphate counterions reorosladtfy). Selected
bond lengths (A) and angle8):(Os(1)-N(1) 2.058(4), Os(1)-N(2) 2.062(4), Os(1)-N(3) 2.042(5), Os(1)-N(4)
2.062(4), Os(1)-N(5) 2.024(4), Os(1)-N(8) 2.090(5), N(1)-Os(1)-N(2) 78.08(17)-DER)-N(4) 78.20(17),
N(5)-Os(1)-N(8) 77.73(17), N(1)-Os(1)-N(4) 172.83(17), N(2)-Os(1)-N(5) 173.49(17B)-0is(1)-N(8)

172.76(16). (Crystallographic information file: CCDC 1826209)

The complex [Os(bpy)(pytdIPFe]. (3) was prepared through a two-step procedure (Scheme 1), making
use of a bipyridine-containing intermediate [G%sCsHs)(bpy)CI[PR], itself formed from the reaction between
bpy and the chloro-bridged dimer [{Gg¢CsHs)Cl.} 5] as has been described elsewﬁﬂéhe pytz ligands were
coordinated through reaction with [®&CsHe)(bpy)CIJ[PR] in refluxing EtOH/HO, with the addition of
NH4PF; affording the final product as the hexafluorophosphate salt. As we have shovouglievas well as
here, this osmium(ll) arene route to heteroleptic complexes offers a signyficalaier route as an alternative to
the harsh conditions involving high boiling solvents normally associated with theesisnbf such materials.
Due to the asymmetry of the pytz ligand, the complex is produced as a mixtuneefidomers, cis,cl&-
cis,trans3 and trans,ci§ dependent on the respective regiochemistry of the pyridyl and triazole moietfies of

two pytz ligands. Despite exhaustive efforts these isomers could not be sailgfaeparated by column or



preparative thin-layer chromatography. Subsequent results are therefore discus$esh msaysis of3 as a

mixture of the three possible isomers.

The homoleptic complex [Os(pytiPFe]. (4) was prepared by reaction of (WEDsSCk with three
equivalents of pytz in ethylene glycol under refluxing conditions followed by countendtethesis. Due to the
asymmetry of the pytz ligand thel NMR spectrum of the initial product understandably shows signals for both
meridional (mer4) and facial (fact) isomers o# in an approximate 1:1.4 ratio (Figure 2). Separation of the two
isomers proved extremely difficult, in contrast to the separation of the analodbasium(ll) systerm with
both co-eluting in column chromatography with a wide range of solvent systems. étpagscessful separation
was possible on a small scale by preparative thin-layer chromatography yieldingmadl quantities of each

isomer, sufficient to allow spectroscopic characterisation.

85 8.0 75 70 6.5 6.0 55 ppm

Figure 2. '"H NMR spectra o# as a mixture of fac and mer isomers (top), thémiddle) and fac (bottom) in

ds-acetonitrile.

For mer4, where the three pytz ligands are magnetically unique, three singlet resonanueseaved at
8 8.59, 8.60 and 8.62 corresponding to the triazole ring protons (Figure 2). These@npanied by resonances
in the regiond 5.50-5.58 corresponding to the methylene protons of the benzyl substituents, one unique pair of
which appears as a singlet&b.50 displaying a strong nOe correlation signal with the proximal triaizuale r
proton atd 8.60. Single crystals were grown for ndeend the structure obtained. Whilst there is some residual
electron density near to the metal that could not be satisfactorily modwlefhta clearly shows the meridional
arrangement of the pyridine and triazole rings of the pytz ligands. The striscpn@vided in the Supporting

Information for reference (Figure S21).



The '"H NMR spectrum of fae is much simpler than that of its meridional isomer due to the C
symmetry of the cation (Figure 2). A singlet resonance is observ&®.&tl for the triazole ring proton along
with a resonance at5.50 for the benzylic methylene protons. These are accompanied by four discrete @ignals f
the pyridine rings, the most downfield of which 8.07) is assigned to the®Hposition owing to the nOe
correlation with the triazole ring proton. The resonances for theHHand H positions give rise to signals
centred ab 7.82, 7.20 and 7.72 respectively as determined through COSY NMR analysis. Thechamamil

ring protons comprise the two remaining resonancé¥dt4 and 7.31-7.40.

Complexesl and2 together with the isomeric mixtures for comple®eand4 were analysed by cyclic
voltammetry (Figure 3) with electrochemical data summarised in Table ToAlplexes exhibit a reversible
oxidation process centred between +0.44 and +0.46 V assigned to the Os(I)/Os(lll) redex Toiglonsistent
oxidation potential across the series is indicative of a predominantly metalecel@O. Complex2 exhibits
two reversible bpy-centred reductions at -1.71 and -1.94 V which are cathodicald sfeifative to those
observed fod, consistent with a destabilisation of the LUMO upon exchange of a bpy ligand foLipetzise,
the first reduction process observed 3ds assigned to a bpy-centred process, with the further cathodic shift to -
1.79 V again consistent with progressive destabilisation of the LUMO as morkgaytds are included within
the ligand set. An additional electrochemically quasi-reversible process is eitbden3 at -2.25 V, likely
involving reduction of one of the pytz ligands. Fronly one quasi-reversible ligand-centred reduction is
observed within the available electrochemical window at -2.11 V. The notable cagifdiin this reduction
potential of4 relative to1-3 is indicative of a significantly higher energy LUMO resulting from the sssgy

localisation of this orbital upon pytz rather than bpy.

Table 1. Electrochemical data for 1.5 mmol drivleCN solutions of complexeis4 measured at r.t. at a scan rate
of 100 mVs'. Potentials are shown in V vs. Hec. Anodiceathodic peak separations, AE,, are shown in mV

within brackets (AE,,for FC'/Fc was typically 70 mV).

Complex Eox/V Erea/ V
1 0.44 (77) -1.65 (67), -1.85 (76), -2.16 (76)
2 0.44 (71) -1.71 (66), -1.94 (72)



3 0.45 (78) -1.79 (85), -2.25 (97)

4 0.46 (72) -2.11 (79)
ﬁ$ 1
2
30»!1\1
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e ==
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Figure 3. Cyclic voltammograms for 1.5 mmol diMeCN solutions of complexek4 recorded at r.t. at 100
mVs™. Solutions contained 0.2 mol dhNBu,PF; as supporting electrolyte. All potentials are shown against the

Fc'/Fc couple.

The photophysical data for complexgégo 4 are summarised in Table 2. The UV-visible electronic
absorption spectra df3 in acetonitrile (Figure 4) exhibit a sharp and intense band at ~290 nm ascrsiagldb
ligand-centredt—n* transitions localised on bpy. This band is seen to decrease in intensity aganuls lare
sequentially replaced by pytz, being accompanied by the rise in a new feature discernible at ~275 nm attributed t
similar =—m* transitions centred on the pytz ligands. In the visible region the complexes gdribliromatic
absorption with moderately intense absorption bands between 330 and 520 nm in addiigortions of lower
intensity at longer wavelength tailing off towards 700 nm. The more intense bands between 420 and 500 nm for
to 3 are assigned to spin-allow&dL CT transitions to bipyridyl ligand(s) whereas the weaker and lower energy
bands are assigned to spin-forbidden ditstttCT transitionﬂ It is noted that these®MLCT bands for2 and3
are progressively blue shifted and reduce in intensity relative to thodeasf the bpy-centred LUMO is
destabilised upon substitution of bpy ligands for pytz. An increase in extinctioricmodffobserved foi3
between 330 and 420 nm is assigned to the contribution i€ T {Os-to-pytz} transitions. The spectra of
mer4 and fac4 similarly feature absorption bands in the visible region assigned to bothlkpied {Osto-
pytz} '"MLCT (~350 to 430 nm) and spin-forbidd@MLCT transitions (~450 to 550 nm). However, since the

LUMO of the pytz ligand is significantly destabilised relative to thabmf these bands are significantly blue-
8



shifted compared to the absorption profiled«d. These data mirror the behaviour observed for related series of

ruthenium(ll) and osmium(ll) triazole-containing complegxgs

Table 2. Summarised photophysical data 168, mer4 and fac4.

Complex 22/ nnf A nnf A*™/nnP t/né  dem/%Y  dem/%¢ dem/W?  @0,/%°
1 651, 585, 485, 451 RT 7329 736 38 0.5 0.8 0.3 26

438, 390, 372, 331

290, 254, 246

77K" 706,778

2 639, 575, 473, 432 RT 729° 732 42 0.5 0.9 0.3 19
391, 363, 330, 289
280, 242

77K" 698,768

3 590, 459, 388, 355 RT 716° 718 53 0.7 13 0.4 32
287, 275, 239

77K 683,742

mer-4 530, 485, 406, 380 RT 613" - 50 13 47 - -
315, 274, 238

77K 568,611

fac4 523, 488, 404, 379 RT 615" - 50 12 40 - -
310, 274, 239

77K" 576,618

mer/fac4 622 50 - - 29 62
6.2
34¢ (6-2)
(6921)

a perated MeCNP chloride salt in aerated aqueous solutfoReoxygenated MeCN! Relative to [Ru(bpy[PFs]2. ®em= 0.018 in aerated MeCN.
e chloride salt in aerated MeCN solution, relative tdrmphthenoné’ In 4:1 EtOH/MeOH glass ke, = 440 nmM." Lo = 520 nm! Ae = 500 nm! chloride

salt in Argon equilibrated aqueous solution.
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Figure 4. UV-visible electronic absorption spectra recorded for acetonitrile solutions of exsfl3, mer4

and fac4 (inset: expansion of regions foILCT and*MLCT bands).

Complex 2 exhibits phosphorescence in aerated acetonitrile with a broad, featurehessnbtne
red/near-infrared region of the spectruln.{ = 729 nm, Figure 5), attributed to an emissive statMaiCT
character. The emission is slightly blue-shifted relative to that dbf®%]** (Amax = 732 Nm), with emission
from 3 further shifted to higher energy.fax = 716nm). This progressive trend due to destabilisation of the
LUMO of the complex after replacement of the bpy ligands by pytz is in agreement withJketisible
absorption and electrochemical data. Due to the appreciable intensity of therbjudeén®*MLCT absorption

bands excitation at wavelengths as long as 600 nm enable recording of emission spectra.

Emission spectra were also recorded for the isomerically pure homoleptic complex¢amiefac4,
with both showing near identical broad bands in the visible redigg ¢ 614 nm). The dramatic shift of

emission maxima to higher energy comparett8again mirrors the large blue-shift in their absorption profiles.

Complexesl to 3 display short luminescence lifetimes (38 to 53 ns) and low emission quardld® yi

(0.5 to 0.7 %) in aerated acetonitrile solutions which obey the energy-gap lave hypiaal of dicationic bpy-

based osmium(ll) compleﬁand those containing 1,2,4-triak5

Fd and triazolate Iiganﬁ The quantum

yields increase to 0.8 to 1.3 % upon deoxygenating the solutions, in accordance wiiietheharacter of the
emitting states. The homoleptic complexes wheanrd facd exhibit increased emission quantum yields relative to
their bpy-containing heteroleptic analogues (%:21.3 %) which undergo dramatic enhancement on
deoxygenating the solutions (47 and 40 % respectively). Approximate Stern-Votmstants K, where
estimated for each complex using the relations=Il + Ks\[O,] where | andJ are the emission intensities at the
given G concentration and in deaerated solutions respectively. The data show that only ntpdsreleng of
emission is observed for the bpy-containing complexes with<kLO atnT. However, the homoleptic compldx

is found to exhibit far greater oxygen sensitivity witk, Kalues of 83 and 86 athfor the meridional and facial

isomers respectively. These observations are consistent with the measured photoluminescencgiglazntum

Emission spectra recorded fin3, mer4 and fac4 at 77 K in EtOH / MeOH glass matrices (Figure 5,

bottom) display vibronic structure, are shifted to higher energy relative toorresponding solution state spectra

10



due to rigidochromic effects, and exhibit the same trend in emission enghgingveasing pytz content across

the series as the emission spectra recorded in fluid solutions.
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Figure 5. Top: Normalised emission spectra recorded for aerated MeCN solutiér afer4 and fac4 at r.t.

Bottom: Low temperature emission spectra (77 K) for compléx@smer4 and fac4 in a 4:1 EtOH:MeOH

glass.

In order to obtain a deeper understanding of the photophysical properties of the conyjsesdy
functional theory (DFT) calculations have been performed. The geometriesocatithres for all possible linkage
isomers of the complexes were calculated. In each case the benzyl substituents wdiredstmpliethyl to
reduce computational expense, since this replacement will have little impact on thphgbaal properties.
Representative plots of the HOMO and LUMO frontier orbitals are depicted in Figure 6 whilst compuntgesen
of these orbitals and the energy gap between them are provided in Tablech tasathe HOMO is of Os’d
character whose energy is largely unaffected by the ligand set in agreemhetitengélectrochemical data (vide

supra). For the bpy-containing complexzsind 3 the LUMO is localised on the bpy ligands and is slightly
11



destabilised as the number of pytz ligands is increased4 Fw LUMO is predominantly distributed over the
pyridine rings of the three pytz ligands aisdapproximately 0.45 eV higher in energy compared to th& of

indicative of the significantly destabilised LUMO localised on the pytz ligand comparieal tort the bpy ligand.

Time-dependent DFT (TDDFT) calculations were carried out in order to determine-Goadkn
excitation energies from the ground states to singlet excited states and thus simulate the opfitahatsemtra
of the complexes. Summarised data for selected transitions are provided in the Suppiortingtion. The
energies of the more intense transitions in the calculated spectra align thetheviexperimentalV-visible
absorption spectra for the complexes with a slight over-estimation of the enkrgiksases the States are of
predominantly HOMG>LUMO *MLCT character but are of low oscillator strength<(9.005) and thus will
contribute little to the experimentally observed absorption spectra. Thenfijst transition for2 occurs at 431
nm (S) and is of mixed HOMO-bHLUMO+1 and HOMO-25LUMO 'MLCT character where the excess
electron density resides on the bpy ligands. For ci8,aisd cis,tran$ comparable transitions are blue-shifted
relative to that oR (419 nm (g and 417 nm (§ respectively) in line with the experimentally determined optical
absorption spectrum. For trans,8is lesser blue-shift in the first intense transition (426 ngnjsSobserved.
These calculations fdt and3 also reveal that several transitions occur at higher energy (370-400 nimtba
'MLCT character with charge transfer to pytz. The lowest energy intense transitions4arfd ener4 appear at
393 nm (9 and 396 nm (J respectively. These were determined to be of predominantly HOMOJMO
and HOMO-25LUMO 'MLCT character respectively with localisation of the electron densithénekcited
state on the pytz ligands. The TDDFT data also confirmed assignments oftthenbigy intense bands below

300 nm as haviny.C n—>n* character.

12



cis,cis-3

Figure 6. Representative plots of the HOMO and LUMO 2ocis,cis3 and fac4.

Table 3. Calculated energies of HOMO and LUMO orbitals (eV) of complexés4 and associated HOMO-

LUMO gap.
Complex HOMO LUMO HOMO - LUMO
2 -6.20 -2.67 3.53
cis,cis3 -6.18 -2.57 3.61
cis,trans3 -6.18 -2.53 3.65
trans,cis3 -6.19 -2.60 3.58
mer-4 -6.17 -2.22 3.95
fac4 -6.17 -2.21 3.96

Complexesl-3, mer4 and fac4 as their PF salts were subject to counter ion metathesis to yield the
corresponding water soluble chloride salts. UV-visible absorption spectra recordectinFigre 7) closely

resemble those of the corresponding hexafluorophosphate salts dissolved in acetéigitriée4, Table 2). The
13



chloride salts of the complexes remain emissive in aqueous solution, as can bemsd¢ba §pectra displayed in
Figure 7 (bottom). The bpy-containing complexes show broad unstructured bands with #higletlybut
comparable quantum yields to those of the hexafluorophosphate salts in acetdhitske bands are, however,
slightly solvatochromically red-shifted with respect to they BBmplexes in acetonitrile, consistent with the
stabilisation of the emissivBMLCT states due to the greater polarity of the solvent. The quantum yields of
singlet oxygen sensitised by the chloride saltd @b 4 in acetonitrile solutions were determined (Table 2).
Modest quantum yields of between 19 and 32 % are observed for the bpy-containing complexehigbier

guantum yield of 62 % observed #in agreement with the quenching data for the hexafluorophosphate salts.
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Figure 7. Top: UV-visible electronic absorption spectra recorded for compléxest as their chloride salts in
aqueous solution. Bottom: Emission spectralfdrin aerated aqueous solution at r.t. (fdo 3 1. = 600 nm, for

42 =500 nm).
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Figure 8. Dark viability MTT assay results for complexégo 4 in EJ (bladder cancer) and HelLa (cervical

cancer) cell lines following a 6 hour incubation with a 50 M solution of the relevant complex.

Due to advantageous photophysical properties of the new Os(ll) complexes as outlinegdwabove
explored the potential of the complexes of these prototypical designs in peglngionfocal imaging studies.
The cellular uptake, subcellular localisation and photo-induced cytotoxicitgroplexesl to 4 as their water-
soluble chloride salts were investigated in the EJ bladder cancer cealhtinthe HelLa cervical cancer cell line.
Figure 8 shows dark toxicity as measured by MTT viability assayl fer4. To mimic imaging conditions,
viability at 50 uM was measured immediately following a 6-hour incubatidm @gth complex. In addition, to
establish potential for therapeutic use, long-term viability was meas&rathys after a 6 hour exposure to a
higher dose of 100 puM (see Supporting Information Figure S19). These results indicate thapthresohave

relatively low dark toxicity in both cell lines.

Confocal microscopy studies demonstrate thanters cells, with only moderate cellular uptake3of
being observed. Based on the lack of luminescence observed in the confocal micegoamyents we
conclude thall and2 do not enter cells even following a 24 hour incubation (see Supporting Inforrirajime
S18). Confocal images ef (20 uM) following a 6 hour incubation in the EJ bladder carcinoma cell line are
presented in Figure 9. Localisation studies were hampered due to overlap of the absodptioission bands of
the probe with those of co-localisation stains and as such Pearson coefficients coeldatiably calculated.

However, the emission shows cytoplasmic localisation with a distinct punctampathich given the cationic
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nature of the complexes is likely to be due to lysosomal and/or endosomal localisatitar. IBgalisation for3

was observed (see Supporting Information Figure S18).

Whilst the complexes exhibit low dark toxicity (dark 43> 100 uM, Figure S19) the high degree of
oxygen-based luminescence quenching and high singlet oxygen quantum vyidldafee the possibility for
significant photocytotoxicity which would be a disadvantage for application ircéllamaging. We therefore
carried out preliminary experiments to assess any potential photocytotodégsingly, and somewhat
unexpectedly, the utilisation of 3.6 J @mM55 nm irradiation after incubation of cells wishand4 (10 pM)
demonstrated no photo-activated cytotoxicity (see supporting information Figure S2@nti@dt is not clear
why this lack of photo-induced toxicity is seen. One may tentatively spedblt the lack of photosensitising
activity at relatively low doses (10M) may be indicative of intrinsically lower singlet oxygen generation in
cytoplasmic media or that the generation of singlet oxygen at the diteatibation is far less damaging than
when generated at, for example, the mitochondria or ntﬂetmould also be tentatively suggested that the
observed localisation results in envelopment of the complex in lysosomal s ichus shielding the complex
from molecular oxygen and resultingreduced quenching and efficient luminescent staining. Nevertheless, the
complexes presented here therefore provide an excellent platform faurther fdevelopment of luminescent

cellular imaging agents.
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Figure 9. Confocal microscopy images of EJ bladder carcinoma cells incubated with cofn@exM, 6
hour incubation). Each panel comprises emission imageilgft 543 nm)e, = 565-615 nm), bright-field

image (right) and overlay of emission and bright-field images (centre). Scale bays= 20

Conclusions

The unique photophysical properties of osmium(ll) complexes offer significanttapitis for biological
imaging applications. The pyridyltriazole complexes reported here exhibit phosmramesin the
biologically transparent orange/red to deep red/near-IR region of thewspeastaqueous solution (Cl-salts)
or in acetonitrile solution (RFsalts) through low energy excitation into spin-forbidden difedtCT bands.
The homoleptic tris(pyridyltriazole) complek has been shown to be brightly emissive and unésrgo
cellular uptake in two cancer cell lines with likely lysosomal and endosdmcalisation. Further
development of this prototypical complex through variation of the structutbeofriazole-based ligand
could be envisaged to increase cellular uptake and to red-shift the absorptiontpwaileé those of the
heteroleptic complexes reported and thus provide an increased overlap with theroptotogical window.
Modification of the bipyridyl substituents in the heteroleptic complexes mayasiynilesult in improved

cellular uptake for imaging in the deep-red region of the spectrum. Bel&icomplexes therefore present
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an excellent platform for the development of non-toxic live-cell imagitndpes which can be excited, and

monitored, in the red region of the spectrum in the range of relative transparency of biologinaspec

Experimental Section

General Methods

[OS(bDY)s][PFes]zm [Os(bpy)zcum [{0s(n6-ceH6>CIz}ﬂ [0s(n6—ceH6)(bpy)cu[PFsrj| and pyﬂ were
prepared according to previously reported procedures. Ammonium hexachloroosmate(lp)refesed
from Alfa Aesar whilst all other reagents were purchased from SigmaeAJdAcros Organics or
Fluorochem and used as supplied. All synthetic manipulations were carried out under an atnaigjiye
N, employing standard Schlenk line techniques. Preparative thin layer chromatograpberfoemed on
silica plates (Analtech Uniplate) of size 20 x 20 cm and 1500 microkrigss. NMR spectra were recorded
on Bruker Ascend 400 MHz and 500 MHz spectrometers, with all chemical shifts being ouigah
referenced relative to the residual solvent signal (MelENJ 1.94,°C: § 1.32, 118.26). High resolution
mass spectrometry was performed on an Agilent 6210 TOF instrument with a dusduEs®d. UV-visible
absorption spectra were recorded on an Agilent Cary 60 spectrophotometer whilginespsstra were
recorded on a Fluoromax 4 spectrophotometer. Lifetime measurements were recordeddoyréiamied
single-photon counting using an Edinburgh Instruments Mini-Tau spectrometer. Cyclic voteanms
were measured using a PalmSens EmStat3 potentiostat with PSTrace electrocheméaral Gaftsion 4.8).
Analyte solutions (typical concentration 1.5 mmol Ynwere prepared using nitrogen saturated dry
acetonitrile, freshly distilled from CaHAIl measurements were conducted at room temperature under a
stream of dry nitrogen at potential scan rates ranging from 50 to 500'mMBLPF; was used as a
supporting electrolyte, being recrystallised from ethanol and oven dried @rigef with a typical solution
concentration of 0.2 malm®. The working electrode was glassy carbon, with platinum wire utifisetthe
counter electrode. The reference electrode was Ag/AgCI, being chemically isodauteithé analyte solution
by an electrolyte containing bridge tube tipped with a porous frit. Ferrocene wpésyedhas an internal

reference, with all potentials quoted relative to théfeccouple.
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Synthesis of [Os(bpy)2(pyt2)][PFe]. (2).

[Os(bpy)}Cly] (187 mg, 0.33 mmol) and pytz (80 mg, 0.34 mmol) were dissolved in ethylecw Y ml)

and refluxed under Nor 4 hrs. The resulting solution was allowed to cool to room temperature, trétited w
excess NEPFR; (262 mg, 1.60 mmol) and stirred for a further housOHvas added (10 ml) and the dark

green precipitate collected by vacuum filtration and washed with coldr i@lowed by diethyl ether.
Purification was achieved via column chromatography {£4QL CHCIl, / MeCN) with collection of the

dark green coloured band and evaporation of the solvent. The resulting residue was subseguently
dissolved in a small volume of 2 % MeOH / &, and passed through a short pad of alumina. Addition of
excess hexane to the filtrate afforded the pure product as a dark green panwatemwas collected by
filtration, washed with EO and dried in vacuo. Yield = 100 mg, 30 %d.NMR (CDsCN, 400 MHz,): 5.47

(d, J = 15.0 Hz, 1H), 5.51 (d, J = 15.0 Hz, 1H), 7.11-7.27 (m, 4H), 7.28-7.43 (m, 6H), 7.52 (d, Jz= 5.6 H
1H), 7.67 (d, J = 5.6 Hz, 1H), 7.72 (d, J = 5.5 Hz, 1H), 7.74-7.91 (m, 7H), 8.07 (d, J = 7.9 H&,30H)

8.46 (m, 2H), 8.49 (d, J = 8.2 Hz, 2H), 8.59 (s, 1¥0. NMR (101 MHz, CRCN): 56.47, 123.56, 124.61,
124.98, 125.38, 125.45, 127.15, 127.31, 128.18, 128.86, 128.91, 129.04, 129.18, 130.01, 130.10, 134.58,
137.91, 137.94, 137.96, 138.04, 138.60, 150.23, 151.87, 151.93, 152.24, 152.32, 152.43, 153.43, 159.96,
160.30, 160.36, 160.77. HRMS (ES); m/z calc. for [Q€&Ng]*": 370.1020, found: 370.1027. Anal. Calc.

for Cg4H2eNgPoF1,0s (%): C 39.69, H 2.74, N 10.89, found (%): C 39.33, H 2.62, N 10.77.
Synthesis of cis,cis-, cistrans-, trans,cis-[Os(bpy)(pytz),][PFe]. (Cis,cis-3, cistrans-3, trans,cis-3).

[Osn®-CeHe)(bpy)CI[PR] (149 mg, 0.25 mmol), pytz (124 mg, 0.53 mmol) and Na@B0 mg, 0.59
mmol) were added to deaerated 3:1 (v/v) EtO@KR5 ml) and heated to 9C under an Blatmosphere for

48 hrs. The solution was allowed to cool to room temperature with the resulting tateciuillected by
filtration and washed with ¥ followed by EfO. Purification was achieved via column chromatography
(SiO;,, 2% MeOH / CHCIy), with the product eluting from a dark brown coloured band. Evaporation of the
solvent to a minimum and addition of hexane precipitated the title complex asva toloured powder.
Yield = 99 mg, 36 %. The product was obtained as a mixture of the ¢isisjg-ans-; and trans,cis- isomers
which were not separatetH NMR (CD,CN, 400 MHz): 5.44-5.58 (m, 4H), 7.08-7.14 (m, 1H), 7.15-7.43
(m, 13 H), 7.59-7.67 (m, 2H), 7.73-7.90 (m, 6H), 8.03-8.11 (m, 2H), 8.35-8.46 (m, 2H), 8.56-8.63)(m, 2H

%C NMR (CDCN, 126 MHz): 56.36, 56.57, 123.19, 123.50, 123.56, 124.35, 124.56, 125.01, 126.45,
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127.16, 127.18, 127.34, 128.04, 128.07, 128.79, 128.82, 129.20, 129.31, 129.93, 130.02, 130.05, 130.10,
130.12, 134.56, 134.73, 134.99, 137.77, 137.83, 137.95, 138.41, 138.44, 138.50, 150.20, 150.70, 150.95,
151.98, 152.24, 152.34, 152.41, 152.56, 153.03, 153.59, 153.83, 153.85, 160.76, 160.79, 160.97. HRMS
(ES); m/z calc. for [Os&;ngNm]z*: 410.1208, found: 410.1209. Anal. Calc. fosgtzN1oP.F120s (%):

Satisfactory elemental analysis could not be obtained for this compound.
Synthesis of mer- and fac-[Os(pytz)s][PF¢]. (mer-4 and fac-4).

[OsCE][NH 4], (202 mg, 0.46 mmol) and pytz (412 mg, 1.74 mmol) were dissolved in ethylene dl§col (
ml) and refluxed under Nor 2 hrs. The resulting solution was allowed to cool to room temperature, excess
NH,PF; (324 mg, 1.98 mmol) added and the mixture then stirred for a further 30 m@s(18 ml) was
added and the dark orange precipitate then isolated by vacuum filtration, being wébhedld water
followed by E$O. Purification was performed via column chromatography 4&® MeOH / CHCl,), with

the product eluting from a bright red coloured band. Evaporation of the solvent tonaumivolume and
addition of excess hexane precipitated the product as a red/orange coloured solid. Yield = 411 mg, 75 %. The
product was found to be composed of a mixture of the meridonal and facial isomers iinagietg»a 1:1.4
respective ratio as estimated Y NMR. Separation of these isomers was achieved through preparative thin
layer chromatography (Si0O gradient elution, CECl, then 1:4 acetone/GRBl,) with the first orange
coloured band containing exclusively the meridonal isomer. The facial isomsenhtained from the second

(lower R) coloured band.

mer-[Os(pytz)][PFq].: *"H NMR (CD:CN, 400 MHz): 5.50 (s, 2H), 5.52-5.58 (m, 4H), 7.12-7.19 (m, 4H),
7.20-7.27 (m, 5H), 7.32-7.44 (m, 9H), 7.65-7.69 (m, 2H), 7.70-7.84 (m, 4H), 7.99-8.04 (m, 2H), 8.88 (d, J

7.9 Hz, 1H), 8.59 (s, 1H), 8.60 (s, 1H), 8.62 (s, 1¥¥. NMR (CDiCN, 126 MHz): 56.35, 56.58, 56.62,
122.58, 122.74, 123.46, 126.19, 126.40, 126.82, 127.13, 127.22, 128.88, 129.32, 129.34, 129.95, 130.07,
130.11, 130.13, 130.15, 134.61, 134.66, 135.00, 138.20, 138.27, 150.63, 151.01, 151.05, 152.56, 152.62,

153.08, 153.98, 154.23, 154.41.

fac-[Os(pytz)][PFel2: *H NMR (CDsCN, 400 MHz): 5.50 (s, 6 H), 7.14 (dd, J = 1.8, 7.6 Hz, 6H), 7.20 (ddd,
J=1.3,5.9, 7.8 Hz, 3H), 7.31-7.40 (m, 9H), 7.72 (d, J = 5.6 Hz, 3H), 7.82 (td, J = 1.3, 7.8 HzD3H,
J = 7.9 Hz, 3H), 8.61 (s, 3HYC NMR (CD,CN, 126 MHz): 56.42, 123.20, 126.49, 127.08, 128.88, 129.95,

130.12, 135.07, 138.42, 150.83, 152.46, 154.24.
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HRMS (ES); m/z calc. for mer/fac-[0$jE|36N12]2+: 450.1395, found: 450.1406. Anal. Calc. for

CaH3eN1PoF1,0s (%): C 42.43, H 3.05, N 14.14, found (%): C 42.21, H 2.97, N 13.97.

General procedurefor the preparation of water soluble chloride salts.

The relevant Os complex as its hexafluorophosphate salt (100 mg) together with 2.5eqeighlients of
Amberlite chloride-form ion exchange resin (250 mg) were stirred in M&5HN{) at room temperature in
the dark for 24 h. The resin was removed by filtration and the filtrate evapdoatiryness. The residue was
re-dissolved in the minimum volume of,@8 (< 10 ml) with subsequent freeze drying affording the relevan
chloride salts as powders. Successful counter-ion metathesis was confirmed by pletecalvsence of
resonances iffP and*F NMR spectra.’d NMR spectra fotl-4 as their chloride salts are presented within

the ESI).

Computational M ethods.

DFT calculations were carried out using the Gaussian 09 (Revision D.0Wamsofpackal The
complexes were optimised using the PBEO funcﬂm’th the SDD effective core potential for os

and 6-311G* basis or all other atoms. Solvation was modelled using the PCM solvent model for
acetonitrile as implemented in Gaussian 09. The benzyl substituents of the erpalyminvestigated
complexes were replaced by methyl for simplicity in the calculationgsinhdi were confirmed through
vibrational frequency analysis. In some cases negative frequency modes were observagspuahded to
rotation of the methyl groups. Vertical excitation energies were determinegthf@DFT calculations for

the lowest energy 30 singlet roots to yield simulated optical absorption spectra.
Cell culture

Both cell lines HeLa (human cervical cancer) and EJ (human bladder carcinema)pwchased from
American Type Culture CollectiehGC partnership (Teddington, UK) and used within 20 passages of
purchase. Cells were cultured using Dulbecco’s modified Eagles Medium (DMEM) (Lonza, Cambridge UK)

with 10% fetal calf serum (FCS) (Lonza, Cambridge UK) and cultured in an incubat@, @% CQ). The
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cells were passaged when 7080% confluency was reached and regularly checked for mycoplasma

contamination.

Stock solutions oflL — 4 were stored in deionised water at 10 mM, aliquoted in small volumes to avoid

freeze/thaw cycles
Imaging

EJ cells were seeded on cover slips (22 x 22 mm, sterilised in industipllated spirits) placed in 6 well
dishes at a density of ~2 x1fer well and incubated overnight. Staining solutions of the desired compound
were made by dilution into culture media and added to the cells for the desigedtice incubation with

the compounds had taken place the cells were washed (PBS x 3) and fixed (4% paraformaldelyrdansoluti
PBS, 4'C, 20 mins) before being washed again (PBS x 3) and mounted (IMMU-MOUNT, Life Technologies

Ltd, Paisley, UK).

The slides were imaged by confocal microscopy (Inverted Zeiss LSM 510 NLO microssopgh 60 X
lens with activation by helium-neon lasér< 543 nm). Emission was registered in the region 565-615 nm or

650-710 nm as specified.
Singlet oxygen yield measur ement

The singlet oxygen yield® (‘O,) of 1 — 4 were measured in air-equilibrated acetonitrile against the standard
perinapthenone. The yields were determined by direct measureméntpifosphorescence in the NIR.{,

1275 nm) with irradiation of the compounds at 355 nm by a pulsed Nd:YAG laser as described pﬁiously.
MTT cell viability assay

Cells were seeded in 96-well plates (1 X &6lls/well for short term and 1 x 1@ells/well for long term
survival assays) and incubated overnight to adHere4 were added to the cells for 6 hours. Immediately
(short term assay) or after ~5 days growth in fresh media (long term assay) thiazoyl blue (Mfidr) s@ls
added to eackvell (25 pL, 3 mg cm° in PBS). After a 3 hour incubation the media and MTT solution was
removed from each well and DMSO was added (250 pL/well) and crystals dissolved. Optical density of

wells at 540 nm was recorded on a plate reader (Multiskan fc, Thermo Fisher ScientifingWwartK).
PDT
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Cells were seeded in 6-well plates (2 X t6lls/well) and allowed to adhere by incubation overnightas
added to the cells for 6 hours. Following treatment, cells were washed (PBSyjpsidized then re-
suspended in PBS (2 ml) before each solution was divided. One half of each treatnoemtration was
kept in the dark while the other was treated with light (455 nm, 20 m# 8mnins, 3.6 J cif) before cells
were seeded at low density in 10 mm petri dishes (500 and 1000 cells/ didait amdorm colonies (~10
days). Once colonies had formed the plates were washed (PBS) and stained (4 % niathy/len@0 %
methanol solution). Each colony is considered to represent a surviving ceduwtiaal fractions calculated

as number of surviving treated cells/ control cells.
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