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Abstract

Hypoxia presents a challenge to anticancer therapy, reducing the efficacy of many available 

treatments. Photodynamic therapy (PDT) is particularly susceptible to hypoxia given that its 

mechanism relies on oxygen. Herein, we introduce two new osmium-based polypyridyl 

photosensitizers that are active in hypoxia. The lead compounds emerged from a systematic study 

of two Os(II) polypyridyl families derived from 2,2′-bipyridine (bpy) or 4,4′-dimethyl-2,2′-

bipyridine (dmb) as coligands combined with imidazo[4,5-f][1,10]phenanthroline ligands tethered 

to n=0–4 thiophenes (IP-nT). The compounds were characterized and investigated for their 

spectroscopic and (photo)biological activities. The two hypoxia-active Os(II) photosensitizers had 

n=4 thiophenes, with the bpy analog 1–4T being the most potent. In normoxia, 1–4T had low 

nanomolar activity (EC50=1–13 nM) with phototherapeutic indices (PI) ranging from 5,500 to 

55,000 with red and visible light, respectively. Submicromolar potency was maintained even in 

*Corresponding Authors: C.G.C < colin.cameron@uta.edu>; M.E.A. < marta.alberto@unical.it>; S.A.M. < 
sherri.mcfarland@uta.edu>.
6.1.1Current addresses
P.C.B. is currently at the Carilion School of Medicine, Virginia Polytechnic Institute and State University, Roanoke, Virginia, 24016. 
E.B. is currently at the Brody School of Medicine, East Carolina University, Greenville, North Carolina, 27858; G.S. is currently at the 
Department of Pathology, Dalhousie University, Halifax, Nova Scotia, B3H 4R2 Canada.
6.ASSOCIATED CONTENT
Synthetic characterization (1D and 2D NMR, HPLC, HRMS), computational characterization (ground and excited states), 
spectroscopic characterization (emission, TA), and (photo)biological data are included in the Supporting Information. This material is 
available free of charge via the Internet at http://pubs.acs.org.
6.1.3Notes
S.A.M. has a potential research conflict of interest due to a financial interest with Theralase Technologies, Inc. and PhotoDynamic, 
Inc. A management plan has been created to preserve objectivity in research in accordance with UTA policy.

HHS Public Access
Author manuscript
Inorg Chem. Author manuscript; available in PMC 2021 November 16.

Published in final edited form as:
Inorg Chem. 2020 November 16; 59(22): 16341–16360. doi:10.1021/acs.inorgchem.0c02137.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org


hypoxia (1% O2), with light EC50 and PI values of 732–812 nM and 68–76, respectively — among 

the largest PIs to date for hypoxic photoactivity. This high degree of activity coincided with a low-

energy, long-lived (0.98–3.6 μs) mixed-character intraligand-charge-transfer (3ILCT)/ligand-to-

ligand charge transfer (3LLCT) state only accessible in quaterthiophene complexes 1–4T and 2–
4T. The coligand identity strongly influenced the photophysical and photobiological results in this 

study, whereby the bpy coligand led to longer lifetimes (3.6 μs) and more potent photocytotoxicity 

relative to dmb. The unactivated compounds were relatively nontoxic both in vitro and in vivo. The 

maximum tolerated dose (MTD) for 1–4T and 2–4T in mice was ≥ 200 mg kg−1, an excellent 

starting point for future in vivo validation.

Graphical Abstract

TOC-graphic 1. Light-activated osmium quaterthiophene complexes can be used with high 

potency against a human melanoma cell line. Choice of coligand dictates overall potency in both 

hypoxia (1% O2) and normoxia (~18.5% O2).

1. INTRODUCTION

Cancer is the second-leading cause of death worldwide (after cardiovascular disease), with 

around 17 million new cases annually.1 There are ongoing efforts to introduce alternatives or 

adjuvants where conventional approaches (e.g., surgery, radiation, chemotherapy) fail. 

Notwithstanding some remarkable breakthroughs over the past 10–30 years, particularly in 

the areas of immunotherapy and targeted medicine,2 the problems of resistance and 

metastasis endure, where populations of cancerous cells evade treatment and proliferate, 

particularly under favorable physiological conditions. Resistance can arise through many 

mechanisms; hypoxia, for example, has been shown to drive mutator phenotypes, and 

ensuing selection for mutant variants augments the capacity of cancer cells to adapt and 

defeat therapy.3–7

Light-activated treatments such as photodynamic therapy (PDT) and photochemotherapy 

(PCT) provide temporal and spatial selectivity by exploiting differences in toxicity in the 

light versus in the dark exhibited by prodrugs designed to elicit a phototoxic response. PDT, 

which has been known for over a century and is currently approved for clinical use,8–20 uses 

a relatively non-toxic prodrug — the photosensitizer (PS) — that generates cytotoxic 1O2 

and other reactive oxygen species (ROS) when exposed to light. The multimodal activity of 

PDT-generated ROS implies that cancerous cells would be less likely to develop resistance 

Roque et al. Page 2

Inorg Chem. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to this mechanism.21 On the other hand, PDT’s reliance on oxygen can be problematic in the 

hypoxic environment that exists in some of the most aggressive tumors.22

PCT emerged, at least in part, to address the issue of hypoxia with PDT, but no PCT agents 

have advanced to clinical trials.23,24 PCT employs a light-responsive molecule that initiates 

oxygen-independent photoreactions that are ultimately cytotoxic.23–25 The process is 

stoichiometric and as a consequence is less potent than the catalytic generation of ROS in 

the PDT mechanism. While in theory PCT agents do not rely on oxygen for their 

photocytotoxic effects, most have been tested in normoxia. In fact, the mechanism most 

commonly exploited in the design of metal complex PCT agents, photoinduced ligand 

dissociation followed by covalent modification of biological targets, is rarely investigated in 

hypoxia, even in cell-free conditions.26–30 Of the PCT agents that have been evaluated in 

cellular hypoxia, very few have shown efficacy.30,31

The largest reported phototherapeutic indices (PIs) for PCT agents, including those that 

release cytotoxic ligands, are generally less than 20.27,30–33 This relatively low amplification 

of cytotoxicity with light is exemplified by a compound we reported with Glazer and 

coworkers, [Ru(6,6′-dmb)2(1-NIP)]Cl2, with a PI of 15 at 1% O2, the largest reported PI in 

hypoxia at the time of its publication in late 2019.31 This metal-based PCT agent, like most 

others, is preferentially activated with visible light rather than the clinically approved red 

light (630 nm) or the near infrared (NIR) light (>700 nm) that is highly desirable for certain 

tumors.

The recognition of this and other potential deficiencies of both PDT and PCT in clinical 

applications has motivated our lab to consider the photosensitizing prodrug from the 

perspective of the tumor characteristics,20 and to refine the parameters that might optimize 

the performance of a PS for particular conditions, e.g., hypoxic response or activation by 

tissue-penetrating long-wavelength light.31,34–42 The strategy has been promising, with one 

of our compounds, TLD1433,20 currently in phase II human clinical trials (Clinicaltrials.gov 

identifier: NCT03945162).

In this vein, we recently published a variety of Ru(II) polypyridyl families based on the 

imidazo[4,5-f][1,10]phenanthroline-oligothiophene (IP-nT) ligand motif that proved 

successful in TLD1433.20,36,40–44 Certain π-expansive ligands, and IP-nT in particular, can 

trap photoexcited energy in long-lived, ligand-localized triplet excited state reservoirs that 

can sensitize 1O2 with extremely high efficiency.45 The nature of this state in complexes 

incorporating the IP-nT ligand is an intraligand charge transfer (3ILCT) triplet excited state 

that is lower in energy than the triplet metal-to-ligand charge transfer (3MLCT) excited 

states that typically dominate Ru(II) polypyridyl photophysics.46 The thienyl-based CT 

character in particular allows for 1O2 sensitization at low oxygen tension and provides 

access to other important cytotoxic reactions, leading to usually high photocytotoxicity and 

unprecedented PIs. This high potency is best realized with visible wavelengths of light in the 

Ru(II) systems.

Access to reactive 3ILCT states afforded by the IP-nT ligand with red and NIR light could 

be realized in Os(II) polypyridyl systems with appropriate 3MLCT-3ILCT energy gaps, 
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where one photon absorption populates 1MLCT states that ultimately decay to lowest energy 
3ILCT states. The corresponding Os(II) complexes have less energetic MLCT excited states 

relative to their Ru(II) counterparts, which results in light absorption at longer wavelengths, 

possibly reaching into the PDT window (not clearly defined, but in the vicinity of 650–900 

nm) where light penetrates tissue best.

Here we explore this possibility as well as the influence of the coligands on the energetics 

and dynamics of a series of Os(II) complexes (Chart 1) in their photoexcited states, and the 

ensuing effects on normoxic and hypoxic photocytotoxicity toward cancer cells. We show 

that the coligands influence the energy of the 3MLCT state, while not affecting the ligand-

based 3ILCT energy, and as such, allow the manipulation of relaxation pathways. This led to 

remarkable differences in the photocytotoxicity between coligand families with strong 

contrasts in their normoxic and hypoxic activities. Subtle modification of the coligand alone 

was adequate for enhancing potency by roughly an order of magnitude in cells. The coligand 

is not innocent — it fine tunes the complex’s chemical, (photo)physical and 

(photo)biological properties.

2. MATERIALS AND METHODS

2.1 Materials

Unless otherwise specified, all reagents and solvents were purchased from commercial 

sources and used without further purification. Ultra-pure water (type I; ≥ 18.2 MΩ) was used 

for all biological experiments with a Barnstead or Milli-Q filtration system. Saturated 

solvents for log D experiments were prepared in-house using 10 mM phosphate buffer 

solution (saline-free PBS at pH=7.4) and 1-octanol (99.9%). Buffers were checked for an 

accurate pH against a two-point calibrated VWR B10P pH meter (pHref. = 4.00, 7.00; Fisher 

Science Education, S25849A/B).

2.2 Instrumentation

Microwave reactions were performed in a CEM Discover microwave reactor. Flash 

chromatography relied on the Teledyne Isco CombiFlash® EZ Prep system with Silicycle 

SiliaSep silica flash cartridges (FLH-R10030B-ISO25). Size-exclusion chromatography was 

performed on a manual column packed with Sephadex® LH-20. NMR spectra were 

collected using a JEOL ECA 500 NMR spectrometer (1H, 1H–1H COSY) at the NMR 

facility at the University of North Carolina at Greensboro (UNCG) and Agilent 700 MHz 

NMR spectrometer (13C, 13C–1H HSQC, 13C–1H HMBC) at the Joint School of 

Nanoscience and Nanoengineering at Greensboro (JSNN). The chemical shifts are reported 

in parts per million (ppm) and were referenced to the residual solvent peaks. ESI+ mass 

spectra were obtained using a Thermo Fisher LTQ Orbitrap XL coupled to a Water’s 

Acquity Ultra Performance Liquid Chromatography (UPLC) stack using a BEH C18 column 

at UNCG’s Triad Mass Spectrometry facility. High Performance Liquid Chromatography 

(HPLC) analyses were carried out on an Agilent/Hewlett Packard 1100 series instrument 

(ChemStation Rev. A. 10.02 software) using a Hypersil GOLD C18 column (Thermo 

25005–254630, guard 25003–014001) with an A–B gradient (40 min run; 98% → 5% A; 
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A=0.1% formic acid in water, B=0.1% formic acid in acetonitrile (MeCN). Reported 

retention times are accurate to within ± 0.1 min.

2.3 Synthesis

Os(bpy)2Cl2 ∙2H2O and Os(dmb)2Cl2 ∙2H2O intermediates47 (bpy = 2,2′-bipyridine, dmb = 

4,4′-dimethyl-2,2′-bipyridine) and imidazo[4,5-f][1,10]phenanthroline (IP) based ligands48 

were synthesized according to adapted literature protocols. The synthesis of IP-based 

ligands follows the procedure for the synthesis of IP-4T that is described below. 

[2,2′:5′,2″:5″,2‴-quaterthiophene]-5-carbaldehyde (4T-CHO) was prepared as previously 

described40 via the coupling of 5-bromo-5″-formyl-2,2′:5′,2″-terthiophene with 2-

(tributylstannyl)thiophene, which were purchased from Alfa Aesar and Fisher Scientific, 

respectively.

Complexes 1-nT and 2-nT have not previously been reported and were isolated as their 

PF6
− salts. Their Cl− salts were obtained from corresponding PF6

− salts via anion metathesis 

on HCl-treated Amberlite IRA-410 resin (Alfa-Aesar, A1773436) with methanol as the 

eluent. Biological studies were carried out on Cl− salts and photophysical measurements 

were carried out on PF6
− salts. Final complexes were a racemic mixture of Δ/Λ isomers. 

Reference compounds [Os(bpy)3]2+ and [Os(dmb)3]2+ and complexes 1-nT and 2-nT were 

characterized by TLC, 1H NMR (Figures S1–S7, S23–S29), high-resolution ESI+–MS 

(Figures S11–S16, S33–S38), and HPLC (Figures S17–S22, S39–S44). All complexes 1-nT 
and 2-nT were characterized by 1H–1H COSY NMR, and compounds 1–4T and 2–4T were 

additionally characterized by 13C, 13C–1H HSQC, and 13C–1H HMBC NMR for the full 

assignment of the 1H NMR and 13C NMR signals (Figures S8–S10, S30–S32). 1H NMR 

assignments were made in consultation with literature sources.49,50

IP-4T.—1,10-phenanthroline-5,6-dione (175 mg, 0.83 mmol), 4T-CHO (200 mg, 0.56 

mmol), and ammonium acetate (1.38 g, 18 mmol) were added to a 250 mL round-bottom 

flask with glacial acetic acid (100 mL). The orange mixture was heated at 100°C for 96 

hours. Once cooled, the reddish-brown mixture was neutralized with NH4OH. The 

precipitate was vacuum filtered using a Bϋchner funnel and washed with cold deionized 

water (50 mL) and cold ether (100 mL) to obtain the desired product as a brown solid (279 

mg, 91%). 1H NMR (500 MHz, DMSO-d6, ppm): δ 9.05 (dd, J = 4.2, 1.7 Hz, 2H), 8.85 (d, J 
= 7.9 Hz, 2H), 7.88–7.81 (m, 3H), 7.57 (d, J = 4.7 Hz, 1H), 7.52 (d, J = 3.8 Hz, 1H), 7.48 (d, 

J = 3.9 Hz, 1H), 7.41–7.36 (m, 3H), 7.32 (d, J = 3.7 Hz, 1H), 7.13 (dd, J = 5.1, 3.5 Hz, 1H).

[Os(bpy)3]2+.—Os(bpy)2Cl2 ∙2H2O (98 mg, 0.16 mmol) and bpy (25 mg, 0.16 mmol) were 

added to a microwave vessel containing argon-purged ethylene glycol (2.5 mL) and 

subjected to microwave irradiation at 180°C for 15 minutes. The resulting black mixture was 

transferred to a separatory funnel with deionized water (20 mL) and CH2Cl2 (30 mL). After 

gentle mixing, the CH2Cl2 was drained and the remaining aqueous layer was washed with 

CH2Cl2 (30 mL portions) until the CH2Cl2 was colorless. At that point, another 30 mL of 

CH2Cl2 was added and allowed to settle to the bottom of the separatory funnel. Then, 

saturated aqueous KPF6 (5 mL) was added, and the mixture shaken gently and allowed to 

settle over time to facilitate transfer of the product from the aqueous layer to the CH2Cl2 
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layer, which was concentrated under reduced pressure. The crude product was purified by 

silica gel flash column chromatography with a gradient of MeCN, 10% water in MeCN, 

followed by 7.5% water in MeCN with 0.5% KNO3 to obtain [Os(bpy)3](PF6)2 as a black 

solid (67 mg, 44%). A portion of the PF6
− salt (25 mg) was converted to its corresponding 

Cl− salt [Os(bpy)3]Cl2 in quantitative yield using Amberlite IRA-410 with MeOH as the 

eluent. Rf = 0.9 (0.5% KNO3, 7.5% H2O, 92% MeCN). 1H NMR (MeOD-d3, 500 MHz): δ 
8.70 (d, J = 8.0 Hz, 6H; 3,3′), 7.94 (td, J = 8.0, 1.5 Hz, 6H; 4,4′), 7.73 (d, J = 6.0 Hz, 6H; 

6,6′), 7.40 (td, J = 7.0, 1.5 Hz, 6H; 5,5′) (for hydrogen labels, see Chart 2). HRMS (ESI+) 

m/z: [M-2Cl]2+ Calcd for C30H24N6Os 330.0833; Found: 330.0825. HPLC retention time: 

8.59 min (99% purity by peak area).

[Os(bpy)2(IP)]Cl2 (1–0T).—Os(bpy)2Cl2 ∙2H2O (115 mg, 0.19 mmol) and IP (44 mg, 

0.20 mmol) were combined and treated according to the procedure described for 

[Os(bpy)3]2+ to yield [Os(bpy)2(IP)](PF6)2 as a black solid (58 mg, 29%). The PF6
− salt was 

converted to its corresponding Cl− salt [Os(bpy)2(IP)](Cl)2 using Amberlite IRA-410 with 

MeOH as the eluent (97% recovery). Rf = 0.06 (0.5% KNO3, 7.5% H2O, 92% MeCN). 1H 

NMR (MeOD-d3, 500 MHz): δ 8.81 (d, J = 8.0 Hz, 2H; c), 8.74 (d, J = 8.0 Hz, 2H; 3), 8.73 

(s, 1H; d), 8.70 (d, J = 8.0 Hz, 2H; 3′), 8.06 (dd, J = 5.5, 1.0 Hz, 2H; a), 7.98 (td, J = 8.0, 1.0 

Hz, 2H; 4), 7.87 (td, J = 8.0, 1.0 Hz, 2H; 4′), 7.86 (d, J = 5.5 Hz, 2H; 6), 7.81 (dd, J = 8.5, 

5.5 Hz, 2H; b), 7.56 (d, J = 5.5 Hz, 2H; 6′), 7.46 (td, J = 7.0, 1.0 Hz, 2H; 5), 7.21 (td, J = 

7.0, 1.0 Hz, 2H; 5′) (for hydrogen labels, see Chart 2). HRMS (ESI+) m/z: [M-2Cl]2+ Calcd 

for C33H24N8Os 362.0864; Found: 362.0858. [M-2Cl-H]+ Calcd for C33H23N8Os 723.1655; 

Found: 723.1646. HPLC retention time: 8.61 min (98% purity by peak area).

[Os(bpy)2(IP-1T)]Cl2 (1–1T).—Os(bpy)2Cl2∙2H2O (103 mg, 0.17 mmol) and IP-1T (54 

mg, 0.18 mmol) were combined and treated according to the procedure described for 

[Os(bpy)3]2+ to yield [Os(bpy)2(IP-1T)](PF6)2 as a black solid (51 mg, 26%). A portion of 

the PF6
− salt (44 mg) was converted to its corresponding Cl− salt [Os(bpy)2(IP-1T)]Cl2 

using Amberlite IRA-410 with MeOH as the eluent (36 mg, 98% recovery). Rf = 0.13 (0.5% 

KNO3, 7.5% H2O, 92% MeCN). 1H NMR (MeOD-d3, 500 MHz): δ 8.90 (d, J = 8.5 Hz, 2H; 

c), 8.75 (d, J = 8.0 Hz, 2H; 3), 8.70 (d, J = 8.5 Hz, 2H; 3′), 8.03 (d, J = 5.5 Hz, 2H; a), 8.02 

(m, 1H; d), 7.99 (td, J = 8.0, 1.0 Hz, 2H; 4), 7.87 (td, J = 8.5, 1.0 Hz, 2H; 4′), 7.86 (d, J = 

6.5, 2H; 6), 7.79 (dd, J = 8.5, 5.5 Hz, 2H; b), 7.74 (dd, J = 4.5, 1.0 Hz, 1H; f), 7.58 (d, J = 

6.5 Hz, 2H; 6′), 7.46 (td, J =7.0, 1.0 Hz, 2H; 5), 7.30 (dd, J = 4.5, 3.5 Hz, 1H; e), 7.23 (td, J 
=7.0, 1.0 Hz, 2H; 5′) (for hydrogen labels, see Chart 2). HRMS (ESI+) m/z: [M-2Cl]2+ 

Calcd for C37H26N8OsS 403.0802; Found: 403.0789. [M-2Cl-H]+ Calcd for C37H25N8OsS 

805.1532; Found: 805.1517. HPLC retention time: 9.74 min (95% purity by peak area).

[Os(bpy)2(IP-2T)]Cl2 (1–2T).—Os(bpy)2Cl2∙2H2O (98 mg, 0.16 mmol) and IP-2T (65 

mg, 0.17 mmol) were combined and treated according to the procedure described for 

[Os(bpy)3]2+ to yield [Os(bpy)2(IP-2T)](PF6)2 as a black solid (36 mg, 18%). The PF6
− salt 

was converted to its corresponding Cl− salt [Os(bpy)2(IP-2T)]Cl2 using Amberlite IRA-410 

with MeOH as the eluent (99% recovery). 1H NMR (MeOD-d3, 500 MHz): δ 8.80 (d, J = 

8.5 Hz, 2H; c), 8.75 (d, J = 8.5 Hz, 2H; 3), 8.72 (d, J = 8.5 Hz, 2H; 3′), 8.01 (dd, J = 5.5, 1.0 

Hz, 2H; a), 7.99 (td, J = 8.0, 1.0 Hz, 2H; 4), 7.92 (d, J = 4.0 Hz, 1H; d), 7.88 (td, J = 8.0, 1.0 
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Hz, 2H; 4′), 7.87 (d, J = 6.0 Hz, 2H; 6), 7.74 (dd, J = 8.5, 5.5 Hz, 2H; b), 7.63 (d, J = 6.0 Hz, 

2H; 6′), 7.47 (td, J = 7.0, 1.0 Hz, 2H; 5), 7.45 (d, J = 5.0 Hz, 1H; h), 7.36 (dd, J = 3.5, 1.0 

Hz, 1H; f), 7.33 (d, J = 4.0 Hz, 1H; e), 7.26 (td, J = 6.5, 1.0 Hz, 2H; 5′), 7.12 (dd, J = 5.0, 

3.5 Hz, 1H; g) (for hydrogen labels, see Chart 2). HRMS (ESI+) m/z: [M-2Cl]2+ Calcd for 

C41H28N8OsS2 444.0741; Found: 444.0726. [M-2Cl-H]+ Calcd for C41H27N8OsS2 

887.1409; Found: 887.1397. HPLC retention time: 20.38 min (95% purity by peak area).

[Os(bpy)2(IP-3T)]Cl2 (1–3T).—Os(bpy)2Cl2 ∙2H2O (92 mg, 0.15 mmol) and IP-3T (75 

mg, 0.16 mmol) were combined and treated according to the procedure described for 

[Os(bpy)3]2+ to yield [Os(bpy)2(IP-3T)](PF6)2 as a black solid (60 mg, 30%). A portion of 

the PF6
− salt (40 mg) was converted to its corresponding Cl− salt [Os(bpy)2(IP-3T)]Cl2 

using Amberlite IRA-410 with MeOH as the eluent (91% recovery). 1H NMR (MeOD-d3, 

500 MHz): δ 8.81 (d, J = 8.0 Hz, 2H; c), 8.75 (d, J = 8.5 Hz, 2H; 3), 8.73 (d, J = 8.5 Hz, 2H; 

3′), 8.03 (dd, J = 5.5, 1.0 Hz, 2H; a), 7.98 (td, J = 8.0, 1.0 Hz, 2H; 4), 7.94 (d, J = 3.5 Hz, 

1H; d), 7.90 (td, J = 8.0, 1.0 Hz, 2H; 4′), 7.86 (d, J = 6.0 Hz, 2H; 6), 7.74 (dd, J = 8.0, 5.5 

Hz, 2H; b), 7.64 (d, J = 5.5 Hz, 2H; 6′), 7.47 (td, J = 6.5, 1.0 Hz, 2H; 5), 7.37 (d, J = 5.0 Hz, 

1H; j), 7.28 (td, J = 6.5, 1.0 Hz, 2H; 5′), 7.26 (m, 3H; h,e,f), 7.15 (d, J = 4.0 Hz, 1H; g), 7.06 

(dd, J = 5.0, 3.5 Hz, 1H; i) (for hydrogen labels, see Chart 2). HRMS (ESI+) m/z: [M-2Cl]2+ 

Calcd for C45H30N8OsS3 485.0680; Found: 485.0664. [M-2Cl-H]+ Calcd for 

C45H29N8OsS3 969.1287; Found: 969.1282. HPLC retention time: 22.37 min (92% purity 

by peak area).

[Os(bpy)2(IP-4T)]Cl2 (1–4T).—Os(bpy)2Cl2∙2H2O (117 mg, 0.19 mmol), and IP-4T (93 

mg, 0.17 mmol) were combined and treated according to the procedure described for 

[Os(bpy)3]2+ to yield [Os(bpy)2(IP-4T)](PF6)2 as a black solid (29 mg, 13%). The PF6
− salt 

was converted to its corresponding Cl− salt [Os(bpy)2(IP-4T)]Cl2 using Amberlite IRA-410 

with MeOH as the eluent (93% recovery). 1H NMR (MeOD-d3, 700 MHz): δ 9.01–8.76 (bs, 

2H; c), 8.74 (d, J = 8.4 Hz, 2H; 3), 8.71 (d, J = 8.4 Hz, 2H; 3′), 8.04 (d, J = 5.6 Hz, 2H; a), 

7.99 (td, J = 7.7, 0.7 Hz, 2H; 4), 7.93 (d, J = 3.5 Hz, 1H; d), 7.88 (td, J = 8.4, 0.7 Hz, 2H; 

4′), 7.86 (d, J = 6.3 Hz, 2H; 6), 7.79 (m, 2H; b), 7.59 (d, J = 6.3 Hz, 2H; 6′), 7.47 (td, J = 

6.3, 0.7 Hz, 2H; 5), 7.41 (d, J = 3.5 Hz, 1H; e), 7.36 (d, J = 4.9 Hz, 1H; l), 7.35 (d, J = 3.5 

Hz, 1H; f), 7.25 (m, 1H; j), 7.24 (td, J = 6.3, 0.7 Hz, 2H; 5′), 7.24 (d, J = 3.5 Hz, 2H; g,h), 

7.15 (d, J = 3.5 Hz, 1H; i), 7.06 (dd, J = 4.9, 3.5 Hz; 1H; k) (for hydrogen labels, see Chart 

2). 13C NMR (MeOH-d3, 175 MHz): δ 160.70 (2), 160.50 (2′), 151.96 (6), 151.91 (6′), 

150.52 (a), 150.13 (10), 149.07–148.99 (7,9), 141.64 (12), 138.67 (4), 138.54 (4′), 138.48 

(14), 138.36 (16), 137.84 (17), 136.41 (15), 136.21 (13), 131.82 (11), 131.67 (c), 131.12 (8), 

129.71 (d), 129.40 (5), 129.33 (5′), 129.13 (k), 127.58 (b), 126.98 (f), 126.10 (l,h), 125.93 

(e), 125.82 (3,g), 125.79 (3′), 125.59 (i), 125.13 (j) (for carbon labels, see Chart 2). HRMS 

(ESI+) m/z: [M-2Cl]2+ Calcd for C49H32N8OsS4 526.0618; Found: 526.0597. [M-2Cl-H]+ 

Calcd for C49H31N8OsS4 1051.1164; Found: 1051.1147. HPLC retention time: 23.94 min 

(97% purity by peak area).

[Os(dmb)3]2+.—Os(dmb)2Cl2∙2H2O (107 mg, 0.16 mmol) and 4,4′-dmb (29 mg, 0.16 

mmol) were added to a microwave vessel containing argon-purged ethylene glycol (2.5 mL) 

and subjected to microwave irradiation at 180°C for 15 minutes. The resulting black mixture 
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was transferred to a separatory funnel with deionized water (20 mL) and CH2Cl2 (30 mL). 

After gentle mixing, the CH2Cl2 was drained and the remaining aqueous layer was washed 

with CH2Cl2 (30 mL portions) until the CH2Cl2 was colorless. At that point, another 30 mL 

of CH2Cl2 was added and allowed to settle to the bottom of the separatory funnel. Then, 

saturated aqueous KPF6 (5 mL) was added, and the mixture shaken gently and allowed to 

settle over time to facilitate transfer of the product from the aqueous layer to the CH2Cl2 

layer, which was concentrated under reduced pressure. The crude product was purified by 

silica gel flash column chromatography with a gradient of MeCN, 10% water in MeCN, 

followed by 7.5% water in MeCN with 0.5% KNO3 to obtain [Os(dmb)3](PF6)2 as a black 

solid (69 mg, 42%). The PF6
− salt was converted to its corresponding Cl− salt [Os(dmb)3]

(Cl)2 using Amberlite IRA-410 with MeOH as the eluent (92% recovery). The Cl− salt (26 

mg) was further purified on Sephadex LH-20 with MeOH as the eluent (17 mg, 65% 

recovery). Rf = 0.25 (0.5% KNO3, 7.5% H2O, 92% MeCN). 1H NMR (MeOD-d3, 500 

MHz): δ 8.52 (d, J = 1.0 Hz, 6H; 3,3′), 7.51 (d, J = 6.0 Hz, 6H; 6,6′), 7.21 (dd, J = 6.0, 1.0 

Hz, 6H; 5,5′), 2.64 (s, 18H; 4,4′-Me) (for hydrogen labels, see Chart S2). HRMS (ESI+) 

m/z: [M-2Cl]2+ Calcd for C36H36N6Os 372.1303; Found: 372.1292. HPLC retention time: 

10.03 min (99% purity by peak area).

[Os(dmb)2(IP)]Cl2 (2–0T).—Os(dmb)2Cl2∙2H2O (100 mg, 0.15 mmol) and IP (35 mg, 

0.16 mmol) were combined and treated according to the procedure for [Os(dmb)3]2+ to yield 

[Os(dmb)2(IP)](PF6)2 as a black solid (98 mg, 79%). A portion of the PF6
− salt was 

converted to its corresponding Cl− salt [Os(dmb)2(IP)]Cl2 using Amberlite IRA-410 with 

MeOH as the eluent. Rf = 0.11 (0.5% KNO3, 7.5% H2O, 92% MeCN). 1H NMR (MeOD-d3, 

500 MHz): δ 8.74 (d, J = 8.5 Hz, 2H; c), 8.70 (s, 1H; d), 8.59 (d, J = 2.0 Hz, 2H; 3), 8.54 (d, 

J = 2.0 Hz, 2H; 3′), 8.06 (dd, J = 5.0, 1.0 Hz, 2H; a), 7.76 (dd, J = 8.5, 5.0 Hz, 2H; b), 7.64 

(d, J = 6.0 Hz, 2H; 6), 7.31 (d, J = 6.0 Hz, 2H; 6′), 7.30 (dd, J = 6.0, 1.5 Hz, 2H; 5), 7.03 

(dd, J = 6.0, 1.5 Hz, 2H; 5′), 2.70 (s, 6H; 4-Me), 2.58 (s, 6H, 4′-Me) (for hydrogen labels, 

see Chart S2). HRMS (ESI+) m/z: [M-2Cl]2+ Calcd for C37H32N8Os 390.1177; Found: 

390.1163. [M-2Cl-H]+ Calcd for C37H31N8Os 779.2281; Found: 779.2260. HPLC retention 

time: 9.81 min (99% purity by peak area).

[Os(dmb)2(IP-1T)]Cl2 (2–1T).—Os(dmb)2Cl2∙2H2O (67 mg, 0.10 mmol) and IP-1T (30 

mg, 0.10 mmol) were combined and treated according to the procedure for [Os(dmb)3]2+ to 

yield [Os(dmb)2(IP-1T)](PF6)2 as a black solid (111 mg, 97%). A portion of the PF6
− salt 

(80 mg) was converted to its corresponding Cl− salt [Os(dmb)2(IP-1T)]Cl2 using Amberlite 

IRA-410 with MeOH as the eluent (61 mg, 94% recovery). The solids were then further 

purified using Sephadex LH-20 (38 mg, 65%). Rf = 0.23 (0.5% KNO3, 7.5% H2O, 92% 

MeCN). 1H NMR (MeOD-d3, 500 MHz): δ 8.84 (broad d, J = 7.0 Hz, 2H; c), 8.59 (d, J = 

1.0 Hz, 2H; 3), 8.54 (d, J = 1.0 Hz, 2H; 3′), 8.03 (d, J = 5.0 Hz, 2H; a), 8.00 (d, J = 4.0 Hz, 

1H; d), 7.75 (dd, J = 8.0, 5.5 Hz, 2H; b), 7.74 (d, J = 5.0 Hz, 1H; f), 7.64 (d, J = 6.0 Hz, 2H; 

6), 7.34 (d, J = 6.0 Hz, 2H, 6′), 7.30 (m, 3H; 5,e), 7.04 (dd, J = 6.0, 1.0 Hz, 2H; 5′), 2.70 (s, 

6H; 4-Me), 2.58 (s, 6H, 4′-Me) (for hydrogen labels, see Chart S2). HRMS (ESI+) m/z: 

[M-2Cl]2+ Calcd for C41H34N8OsS 431.1115; Found: 431.1108. [M-2Cl-H]+ Calcd for 

C41H33N8OsS 861.2158; Found: 861.2158. HPLC retention time: 9.66 min (99% purity by 

peak area).
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[Os(dmb)2(IP-2T)]Cl2 (2–2T).—Os(dmb)2Cl2∙2H2O (67 mg, 0.10 mmol) and IP-2T (39 

mg, 0.10 mmol) were combined and treated according to the procedure for [Os(dmb)3]2+ to 

yield [Os(dmb)2(IP-2T)](PF6)2 as a black solid (115 mg, 93%). A portion of the PF6
− salt 

(89 mg) was converted to its corresponding Cl− salt [Os(dmb)2(IP-2T)]Cl2 using Amberlite 

IRA-410 with MeOH as the eluent (63 mg, 86% recovery). The solids were then further 

purified using Sephadex LH-20 (38 mg, 61%). Rf = 0.23 (0.5% KNO3, 7.5% H2O, 92% 

MeCN). 1H NMR (MeOD-d3, 500 MHz): δ 8.73 (d, J = 8.5 Hz, 2H; c), 8.59 (d, J = 1.0 Hz, 

2H; 3), 8.55 (d, J = 1.0 Hz, 2H; 3′), 8.01 (dd, J = 5.5, 1.0 Hz, 2H; a), 7.91 (d, J = 4.0 Hz, 

1H; d), 7.70 (dd, J = 8.5, 5.5 Hz, 2H; b), 7.64 (d, J = 5.5 Hz, 2H; 6), 7.45 (dd, J = 5.0, 1.0 

Hz, 1H; h), 7.37 (d, J = 6.0 Hz, 2H; 6′), 7.36 (dd, J = 3.5, 1.0 Hz, 1H; f), 7.34 (d, J = 4.0 Hz, 

1H; e), 7.30 (dd, J = 6.0, 1.0 Hz, 2H; 5), 7.11 (dd, J = 5.0, 3.5 Hz, 1H; g), 7.06 (dd, J = 6.0, 

1.0 Hz, 2H; 5′), 2.70 (s, 6H; 4-Me), 2.59 (s, 6H; 4′-Me) (for hydrogen labels, see Chart S2). 

HRMS (ESI+) m/z: [M-2Cl]2+ Calcd for C45H36N8OsS2 472.1054; Found: 472.1042. 

[M-2Cl-H]+ Calcd for C45H35N8OsS2 943.2035; Found: 943.2033. HPLC retention time: 

22.05 min (97% purity by peak area).

[Os(dmb)2(IP-3T)]Cl2 (2–3T).—Os(dmb)2Cl2∙2H2O (99 mg, 0.15 mmol) and IP-3T (73 

mg, 0.16 mmol) were combined and treated according to the procedure described for 

[Os(dmb)3]2+ to yield [Os(dmb)2(IP-3T)](PF6)2 as a black solid (111 mg, 54%). The PF6
− 

salt was converted to its corresponding Cl− salt [Os(dmb)2(IP-3T)]Cl2 using Amberlite 

IRA-410 with MeOH as the eluent. A portion of the solids (12 mg) were further purified 

using Sephadex LH-20 (10 mg, 83%). Rf = 0.26 (0.5% KNO3, 7.5% H2O, 92% MeCN). 1H 

NMR (MeOD-d3, 500 MHz): δ 8.72 (d, J = 8.5 Hz, 2H; c), 8.59 (d, J = 1.0 Hz, 2H; 3), 8.56 

(d, J = 1.0 Hz, 2H; 3′), 8.01 (dd, J = 5.0, 1.0 Hz, 2H; a), 7.90 (d, J = 3.5 Hz, 1H; d), 7.68 

(dd, J = 8.5, 5.5 Hz, 2H; b), 7.65 (d, J = 6.0 Hz, 2H; 6), 7.40 (d, J = 6.0 Hz, 2H; 6′), 7.38 

(dd, J = 5.0, 1.0 Hz, 1H; j), 7.31 (dd, J = 6.0, 1.0 Hz, 2H; 5), 7.26 (d, J = 3.5 Hz, 1H; h), 7.26 

(d, J = 4.0 Hz, 1H; e), 7.24 (d, J = 4.0 Hz, 1H; f), 7.15 (d, J = 4.0 Hz, 1H; g), 7.10 (dd, J = 

6.0, 1.0 Hz, 2H; 5′), 7.07 (dd, J = 5.0, 3.5 Hz, 1H; i), 2.70 (s, 6H; 4-Me), 2.60 (s, 6H; 4′-
Me) (for hydrogen labels, see Chart S2). HRMS (ESI+) m/z: [M-2Cl]2+ Calcd for 

C49H38N8OsS3 513.0993; Found: 513.0978. [M-2Cl-H]+ Calcd for C49H37N8OsS3 

1025.1913; Found: 1025.1914. HPLC retention time: 23.32 min (95% purity by peak area).

[Os(dmb)2(IP-4T)]Cl2 (2–4T).—Os(dmb)2Cl2∙2H2O (126 mg, 0.19 mmol) and IP-4T (90 

mg, 0.16 mmol) were added to a microwave vial with 99.5% ethanol (3 mL) and subjected 

to microwave irradiation at 130°C for 20 minutes. Saturated aqueous KPF6 (2 mL) was 

added to the vial and the product was obtained by filtration with a fine frit and washed with 

cold water (6 mL) and cold diethyl ether (50 mL). The crude product was purified by silica 

gel flash column chromatography with a gradient of MeCN, 10% water in MeCN, followed 

by 7.5% water in MeCN with 0.5% KNO3 to obtain [Os(dmb)2(IP-4T)](PF6)2 as a black 

solid (111 mg, 48%). A portion of the PF6
− salt (52 mg) was converted to its corresponding 

Cl− salt [Os(dmb)2(IP-4T)]Cl2 using Amberlite IRA-410 with MeOH as the eluent (39 mg, 

89% recovery). Rf = 0.39 (0.5% KNO3, 7.5% H2O, 92% MeCN). 1H NMR (MeOD-d3, 700 

MHz): δ 8.81 (bs, 2H; c), 8.59 (d, J = 0.7 Hz, 2H; 3), 8.55 (d, J = 0.7 Hz, 2H; 3′), 8.04 (dd, J 
= 4.9, 0.7 Hz, 2H; a), 7.92 (d, J = 4.2 Hz, 1H; d), 7.74 (dd, J = 7.7, 5.6 Hz, 2H; b), 7.65 (d, J 
= 5.6 Hz, 2H; 6), 7.39 (d, J = 3.5 Hz, 1H; e), 7.36 (d, J = 5.6 Hz, 2H; 6′), 7.36 (m, 1H; l), 
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7.33 (d, J = 3.5 Hz, 1H; f), 7.31 (dd, J = 5.6, 0.7 Hz, 2H; 5), 7.25 (dd, J = 3.5, 0.7 Hz, 1H; j), 
7.20 (d, J = 3.5 Hz, 1H; h), 7.19 (d, J = 3.5 Hz, 1H; g), 7.14 (d, J = 4.2 Hz, 1H; i), 7.07 (dd, J 
= 5.6, 0.7 Hz, 2H; 5′), 7.05 (dd, J = 4.9, 3.5 Hz, 1H; k), 2.70 (s, 6H; 4-Me), 2.59 (s, 6H; 4′-
Me) (for hydrogen labels, see Chart S2). 13C NMR (MeOH-d3, 175 MHz): δ 160.14 (2), 

160.12 (2′), 151.26 (4), 151.15 (4′), 151.06 (6′), 150.88 (6), 150.48–150.46 (a), 150.06 

(10), 149.57 (7,9), 141.53 (12), 138.41 (14), 138.22 (16), 137.83 (17), 136.41 (15), 136.24 

(13), 131.91 (11), 131.70 (8), 130.88 (c), 130.02 (5), 129.97 (5′), 129.62 (d), 129.14 (k), 

127.45 (b), 126.92 (f), 126.41–126.40 (3,3′), 126.11 (l), 126.08 (h), 125.90 (e), 125.80 (g), 

125.58 (i), 125.13 (j), 21.03 (4-Me), 20.97 (4′-Me) (for carbon labels, see Chart S2). HRMS 

(ESI+) m/z: [M-2Cl]2+ Calcd for C53H40N8OsS4 554.0931; Found: 554.0919. [M-2Cl-H]+ 

Calcd for C53H39N8OsS4 1107.1790; Found: 1107.1790. HPLC retention time: 24.74 min 

(94% purity by peak area).

2.4 Lipophilicity

The relative lipophilicities (pH=7.4), or distribution coefficients (log D), of the complexes 

were determined using a modified “shake flask” method as described in previous work.40 

Saturated solutions of (a) 1-octanol with phosphate buffer (1:4) and (b) buffer with 1-octanol 

(1:4) were prepared by shaking solutions at 230 rpm for 24 h (~20°C) using a New 

Brunswick Classic C26KC Incubator Shaker. In both solutions, excess solvent from 

saturation was removed via syringe. Chloride salts of metal complexes were prepared as 50 

μM solutions first in saturated 1-octanol (500 μL) followed by saturated buffer (500 μL) for 

total 1 mL volume. Complex mixtures were shaken 200 times before being centrifuged at 

~10,000 ×g for 2 min with a BioRad Model 16K Microcentrifuge. The isolated partitions of 

1-octanol and phosphate buffer were removed by syringe and subsequently measured against 

a standard curve in their respective solvent (saturated 1-octanol or buffer). The longest 

wavelength peak maximum (400–600 nm) was used for endpoint-based absorption 

measurements on a SpectraMax M2e plate reader. The distribution coefficient with pH = 7.4, 

or log Do/w, was determined as the log transformed ratio of sample concentration in 

saturated 1-octanol to saturated buffer.

2.5 Computational

Computation was carried out using density functional theory (DFT) and its time-dependent 

extension (TDDFT),51 as implemented in Gaussian 09.52 This approach allows the 

exploration of the ground and excited states of metal complexes with reasonable reliability, 

and it is also a useful tool to predict the occurrence of Type II photoreactions in PDT.46,53–56 

Ground state singlet and excited state triplet geometry optimization were performed in water 

without constraints by using PBE0 exchange-correlation functional (XC),57 in conjunction 

with the 6–31+G(d,p) basis set to describe all atoms except Os(II), which was modelled with 

the quasi-relativistic Stuttgart-Dresden pseudopotential.58 To simulate the effects of the 

solvent environment, the IEFPCM model (integral equation formalism polarizable 

continuum model)59,60 was adopted, setting a dielectric constant ɛ=80. Absorption spectra 

were also modelled in water on the ground state equilibrium structures, using the same basis 

set as for the optimizations by employing the M06 XC-functional,61 the performance of 

which has been widely tested and previously verified46,62–65 in modelling the photophysical 
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properties of metallic complexes. This protocol allows a direct comparison with results 

previously obtained for analogous Ru(II)46 and Os(II)66 compounds.

2.6 Spectroscopy

2.6.1 General—Spectroscopic measurements were performed with dilute (5–20 μM) 

solutions of the PF6
− salts of the osmium complexes in spectroscopic grade acetonitrile that 

had been further purified by distillation over calcium hydride under nitrogen. Solutions were 

deaerated for transient absorption by five freeze-pump-thaw cycles in custom Schlenk-style 

cuvettes, and by argon-sparging in septum-capped cuvettes for emission studies. The 

solutions were air-saturated for singlet oxygen measurements.

2.6.2 UV-Visible spectroscopy—A Jasco V730 spectrometer was used to collect UV-

Vis absorption spectra, which were analyzed at local peak maxima by a regression of 

absorption vs. concentration for five dilutions in acetonitrile at room temperature.

2.6.3 Emission spectroscopy—Steady-state emission spectra were measured on a PTI 

Quantamaster spectrometer. The detectors used were a K170B PMT for UV to NIR (max ≈ 
800 nm) wavelengths, and a Hamamatsu R5509–42 NIR PMT for longer wavelengths (600–

1400 nm). The instrument internally corrected for wavelength-dependent nonlinearities in 

lamp output and detector sensitivities. Generally, the most intense and longest-wavelength 

peak in the excitation spectrum was chosen for λex.

2.6.4 Singlet oxygen—Singlet oxygen sensitization quantum yields (ΦΔ) were 

calculated from the intensity of the 1O2 emission band, centered around 1276 nm. 

[Ru(bpy)3]2+ was used as a standard (ΦΔ = 0.56 in aerated MeCN67) for the actinometric 

method shown in Equation 1, where I denotes the emission integration, A is the UV-Vis 

absorption of the solution at the excitation wavelength, and η is the solvent’s refractive 

index (η2/ηS
2=1 here, since MeCN was used for both). The [Ru(bpy)3]2+ standard is 

indicated by the subscript S.

ΦΔ = ΦΔ, S
I

IS

AS
A

η2

ηS
2 # Equation 1

The quantum yield experiments were undertaken as solutions of the PF6
− salts in MeCN 

because water quenches the 1O2 state, plus MeCN/PF6
− is commonly used in the literature, 

facilitating comparison. The longest wavelength in the excitation spectrum that maximized 

emission at 1276 nm was selected for the excitation wavelength. The emission was collected 

between 1200–1350 nm using a 1000 nm long-pass filter, and baseline corrected. Values 

were generally reproducible within ± 5%.

2.6.5 Transient absorption (TA)—Transient absorption lifetimes and differential 

excited state absorption (ESA) spectra were recorded on an Edinburgh Instruments LP-980 

equipped with the PMT-LP detector. A Continuum Minilite Nd:YAG laser provided 

excitation pulses at 355 nm (1 Hz, ≈5 ns pulse width, ≈7–9 mJ per pulse). ESA spectra were 

acquired in 10 nm intervals, and TA lifetime measurements at single wavelengths bandwidth 
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optimized for maximum detector response. Signals were deconvoluted from the excitation 

pulse when necessary. This configuration was also used to measure emission lifetimes.

2.7 Cellular Assays

2.7.1 Metal complex solutions—Stock solutions of 1-nT and 2-nT (n=0–4) along 

with reference tris homoleptics [Os(bpy)3]Cl2 and [Os(dmb)3]Cl2 were generally prepared at 

5 mM in 10% v/v DMSO:H2O. Due to partial insolubility in the former solvent, 1–4T was 

prepared at 25 mM in DMSO. All stock solutions were stored at −20°C prior to use. 

Working solutions were prepared as dilutions in 1× Dulbecco’s Phosphate-Buffered Saline 

without Ca2+ or Mg2+ (DPBS; diluted and sterifiltered from 10× DPBS, Corning 20–031-

CV). Cellular assays involved less than 1.2% v/v DMSO at the highest complex 

concentration.

2.7.2 Cytotoxicity and photocytotoxicity—All cell culture was performed as 

previously described for SK-MEL-28 malignant melanoma cells (ATCC HTB-72).31 The 

cell line was generally assayed within 5 passages or 10–15 passages from receipt of seed 

stock. SK-MEL-28 cells were seeded at 10,000 cells well−1 in 96-well plates for 3-day long 

experiments.

2.7.2.1 Normoxia: Cell viability experiments in normoxia (~18.5–21% O2)68 were 

performed and data analyzed as previously described.20,31 The light treatments used for full 

dose-response included red (633 nm, 20 mW cm−2) green (523 nm, 18 mW cm−2), and cool 

white visible (400–700 nm, maximum ≈450 nm, 21 mW cm−2) with a total fluence of 100 J 

cm−2. Compounds were screened by coligand (bpy, dmb) and the drug to light interval (DLI) 

was 16–21 h in both cases. Plates were read with a Molecular Devices M2e plate reader 

(bottom-read, λexc=530 nm, long-pass 570 nm, λem=620 nm).

The spectral profiles of the light sources are shown in Figure S45. Spectral output was 

monitored using the Luzchem SPR fiber optic detector in tandem with an Ocean Optics 

USB4000 spectrophotometer and an Ocean Optics UV-Vis XSR fiber optic of 230 μm 

diameter. Irradiance was measured using a Thorlabs Optical Power Meter PM100D and their 

corresponding thermal power sensor S310C. Irradiance was generally within 5% across the 

entire plate area for full-plate illumination.

2.7.2.2 Hypoxia: Cell culture and compound evaluation in hypoxia were performed as 

previously reported for SK-MEL-28 cells and included a compound known to be highly 

oxygen-dependent for its phototoxicity, [Ru(bpy)2(dppn)]Cl2.31 Hypoxia experiments (1% 

O2) were conducted in parallel to normoxic experiments with SK-MEL-28 cells and full 

dose-response experiments (EC50 determination) for better comparison. Briefly, cells were 

seeded at the same time as normoxic plates, pre-incubated for 2–3 h at 1% O2 (5% CO2, 

~80% RH, 37°C) to facilitate cell attachment, dosed with compound dilutions (1 nM to 300 

μM), incubated overnight for 21–26 h at low oxygen, sealed with qPCR films (VWR, 

89134–428) to maintain low oxygen media, dark plates excluding – given light treatment 

(after normoxic plates), films were then removed, all plates returned to normoxia for post-
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treatment incubation over 2 days (~18.5% O2, 5% CO2, ≥90% RH, 37 °C), and tested for 

relative viability with a 4 h incubation using resazurin indicator (~60 μM final).

Data Manipulation and Statistics.: All results from the endpoint-based resazurin assay were 

background subtracted with negative controls (cell-free) and normalized relative to positive 

cell controls (PS-free). Any negative values were assumed to be a mismatch of background 

(i.e., fluorescence quenching) and assigned as zero values. Likewise, background 

fluorescence and/or quenching was observed at high concentration. Zero values were 

assigned for these cases when indicated by several consecutive concentrations for a given 

treatment (dark or light). Additional verification was conducted via light microscopy before 

finalizing data corrections. Further discussion of assay limits for these types of compounds 

is provided in a recent review.20

The normalized resazurin data over a wide concentration range was fit to both a three-

parameter log-logistic and logistic models using GraphPad Prism 8.4.0 according to 

Equation 2 and Equation 3 (four-parameter shown) where bottom is constrained to equal 

zero and X is equal to concentration.

Y = Bottom+(Top − Bottom)
1 + 10log EC50 − X * Hillslope Equation 2

Y = Bottom+(Top − Bottom)
1 + EC50/X Hillslope Equation 3

Experiments were done in triplicate with replicates plotted ± standard deviation (SD) on any 

dose-response figure. The effective concentration to reduce relative cell viability by 50% of 

the fitted curve (EC50) was used to report compound effectiveness; reported EC50 values 

were ± SEM (=standard error of the mean) for a given experiment. Steep hill slopes with 

ambiguous confidence intervals are unable to determine the SEM; therefore, error was 

labelled as not determined (n.d.) in those cases. Phototherapeutic indices (PI) are reported as 

the ratio of dark to light EC50 values and used as a measure of light-induced potency. 

Summary activity plots used for quickly comparing compound potency (Log EC50, PI, and 

Log PI) include SEM from log-logistic fits where applicable (Log EC50).

Correlation analyses for PI, lipophilicity, and ΦΔ were conducted using Pearson’s correlation 

coefficients and two-tailed t-tests for discerning significance at α = 0.05.

2.8 Maximum Tolerated Dose (MTD) in Mice

An 8-week old litter of female C57BL/6J mice, averaging 20 g per mouse, were treated by 

intraperitoneal injection of 1–4T and 2–4T in accordance with protocol A20–006 (approved 

by WFU Animal Care and Use Committee). Mice were dosed from 25–200 mg kg−1 with 

200 μL injections of compound dissolved in 0.9% saline containing 10% v/v DMSO as the 

vehicle. Metal complex solutions were prepared immediately with sonication before 

injection. Mice were dosed by slow intraperitoneal injection (the lower right abdominal 
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quadrant) only after visible confirmation of complete compound dissolution. Animals were 

continuously monitored for 2 hours, frequently over the next 6 hours, and periodically for up 

to 2 weeks before being sacrificed. Mice were accordingly euthanized if (a) a combination 

of moderate severity signs appeared, (b) a single severe sign appeared, or (c) the study 

period was complete, 2 weeks post-injection. The maximum tolerated dose (MTD) was 

defined as the dose that produces moderate signs of clinical toxicity in the final tested 

animal.

3. RESULTS AND DISCUSSION

3.1 Synthesis and Characterization

Complexes 1-nT and 2-nT were synthesized following adapted literature procedures.43,69,70 

The complexes were isolated as their PF6
− salts and purified with flash chromatography on 

silica, affording products in 13–30% yields for 1-nT and in 48–97% yields for 2-nT. The 

lower yields for the 1-nT complexes were due to poor resolution of product bands during LC 

purification, which was caused by the decreased solubility in the mobile phase (e.g., 

MeCN:H2O). The PF6
− salts were converted to their corresponding Cl− salts in quantitative 

yields via anion metathesis using Amberlite IRA-410 and were further purified using size-

exclusion chromatography on Sephadex LH-20, if needed.

The purities of complexes 1-nT and 2-nT were confirmed by HPLC analysis to be 95% or 

higher (Figures S17–S22, S39–S44), with the exception of 1–3T (92%) and 2–4T (94%). 

The structures of complexes 1-nT and 2-nT were confirmed with the help of high resolution 

ESI+ mass spectrometry (Figures S11–S16, S33–S38) and a detailed analysis of their 1D 1H 

and 2D 1H–1H COSY NMR spectra (Figures S1–S7, S23–S29). Assignments were made 

based on the connectivity observed in NMR and in consultation with literature sources.49,50 

Compounds 1–4T and 2–4T required additional 13C, 13C–1H HSQC, and 13C–1H HMBC 

NMR experiments for full assignment of the 1H NMR signals of the quaterthiophene group 

(Figures S8–S10, S30–S32). It should be noted that due to the propensities of oligothienyl 

chains to aggregate, chemical shifts and signal resolution for the thiophene rings exhibited a 

concentration dependence, especially in complexes with longer thiophene chains. We 

previously found that the best resolution for all of the thiophene signals was obtained using 

~1.5 mg of the compound in 0.8 mL of MeOD-d3 (~1.7 mM).

3.1.1 Determining NMR assignments for complexes Os-0T–Os-4T: Hydrogen 

labels used in 1H NMR assignments of reference compound [Os(bpy)3]Cl2 and complexes 

1-nT (n=0–4) are shown in Chart 2 with stacked 1H NMR spectra for comparison in Figure 

1. Identical labels were used for 2-nT series (Figure S23), except that 4-Me and 4′-Me 

groups replace the 4 and 4′ hydrogen atoms. Tris-homoleptic compound [Os(bpy)3]Cl2, 

which was characterized in detail by Pazderski et al.,49 was used to establish the positions of 

signals 3–6 in complexes x-nT. Hydrogens from bipyridine ligands followed the pattern 3,3′ 
> 4,4′ > 6,6′ > 5,5′ (where “>” indicates further downfield).49 In each pair, the chemical 

shifts of primed and non-primed hydrogens were distinctly different. This difference in 

chemical shifts is dictated by the strength of a shielding effect experienced by these 

hydrogens caused by the spatial proximity of the π-system of a neighboring ligand. Non-
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primed hydrogens are shielded by the π-system of a neighboring bpy ligand in the 1-nT 
series (or dmb ligand in the 2-nT series), primed hydrogens are shielded by the π-system of 

the neighboring IP-nT ligand. Due to the coplanar and rigid phenanthroline core of the IP-nT 

ligand, it causes a stronger shielding effect than the more flexible bpy or dmb ligands, which 

resulted in primed hydrogens appearing significantly more upfield than their non-primed 

counterparts.50 Similar examples could be found in the literature.71–73 The difference in 

chemical shifts between primed and non-primed positions is most pronounced for the 

hydrogens that are the closest in space to the IP-nT ligand (the largest difference is observed 

for position 6/6′). Hydrogens 3 and 3′, which are oriented away from the IP-nT, are affected 

the least. Spin system a-b-c was assigned next, in the following order of decreasing chemical 

shift: c > a > b. Hydrogen b appeared most upfield, which is typical for meta-positioned 

hydrogens in complexed phenanthroline ligands. Hydrogen a was shifted upfield relative to c 
due to its proximity to the Os(II) center, which caused a shielding effect on the nearest 

hydrogen (hydrogen a, ortho-position).49 Hydrogen c (para-position) was too far away to be 

influenced by this effect. Additionally, hydrogen c is near the non-coordinated nitrogens of 

the IP-nT ligand, which causes a pronounced deshielding effect. It should be noted that 

while all other hydrogens appear on the spectrum as sharp signals, hydrogen c sometimes 

appears broadened. Observed broadening of its signal is attributed to the proximity of the 

nitrogens of the -N=-NH- fragment from IP-nT ligand. It should also be noted that due to the 

quick exchange between the two nitrogens of the imidazole ring in solution, and the quick 

deuterium exchange with the solvent, the signal for the imidazole-NH hydrogen was not 

observed, similarly to literature examples.71,74,75

Among the hydrogens associated with the thiophene rings of complexes x-1T–x-4T, three 

hydrogen signals were the most diagnostic. Hydrogen d appeared the most downfield of all 

thiophene hydrogens due to the strong deshielding effect of the neighboring imidazo 

nitrogens. The hydrogen on the most distal ring positioned closest to the sulfur was also 

strongly deshielded (hydrogen f in x-1T, h in x-2T, j in x-3T, and l in x-4T). The most 

shielded hydrogen appeared as a distinct doublet of doublets and corresponded to the middle 

hydrogen of the most distal thiophene ring (hydrogen e in x-1T, g in x-2T, i in x-3T, and k 
in x-4T). Using these characteristic signals as starting points, the rest of the thiophene 

signals from the proximal and the most distal (relative to the imidazo group) thiophene ring 

were assigned via the observed 1H–1H COSY correlations. Assigning the signals for the 

internal thiophenes (those flanked on both sides by other thiophene rings) in complexes 1–
4T and 2–4T required 13C–1H HSQC and 13C–1H HMBC NMR experiments (Figures S9–

S10 and S31–S32). Firstly, two internal spin systems f-g and h-i were established using 1H–
1H COSY correlations. Next, 13C–1H HSQC data was used to identify which 13C NMR 

signals corresponded to the thiophene hydrogens d–l. Then, 13C–1H HMBC data was used 

to establish diagnostic correlations, starting with hydrogens d and e. Both hydrogens d and e 
correlated to the same two 13C peaks, which were assumed to be carbons 11 and 12. The 

signal that hydrogen d correlated to more strongly was assigned as carbon 11 (around 131.8 

ppm), and the signal that hydrogen e correlated to more strongly was assigned as carbon 12 
(around 141.6 ppm). In addition to correlations with d and e, carbon 12 correlated with an 

additional hydrogen, which led to the assignment of this hydrogen as f. Hydrogen g was then 

readily identified via correlation to f observed in 1H–1H COSY NMR. Next, a diagnostic 
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13C signal around 137.7 ppm exhibited correlations to hydrogens l, j, and one more 1H 

signal that was assigned as hydrogen i. This 13C signal was assigned as carbon 17 due to the 

high probability of both l and j showing correlation to it. Lastly, hydrogen h was then readily 

identified via correlation to i observed in 1H–1H COSY NMR.

3.2 Lipophilicity

Complexes 1-nT and 2-nT (n=0–4) were evaluated for their lipophilicities at physiological 

pH (7.4) in phosphate buffer and 1-octanol using a modified shake-flask method, where 

positive log Do/w values indicate a preference for 1-octanol (higher lipophilicity) and 

negative values indicate aqueous solubility (lower lipophilicity). Results are shown in Figure 

2 with supplemental data included in Table S1. The bpy complexes were approximately ten-

fold more hydrophilic than their dmb counterparts regardless of the number of thiophene 

rings. The complexes without thiophenes (n=0) were the most hydrophilic, with lipophilicity 

increasing with n in both series. All of the bpy complexes had negative log Do/w values, 

whereas the dmb complexes with ≥2 thiophene rings had positive values. While 1–4T could 

not be evaluated due to precipitation, the installation of a fourth thiophene would be 

expected to result in a positive value for log Do/w given that 1–3T was amphiphilic. 

Surprisingly, the increased hydrophilic character in the 1-nT series did not correlate with 

better solubility in aqueous media for the most extended complexes (n=3–4). The dmb 

analogs, 2–3T and 2–4T, were fully soluble in high ionic strength aqueous media (≥1.2 mM) 

whereas their 1–3T and 1–4T counterparts were less soluble.

3.3 Computational Studies

3.3.1 Ground state configuration and UV-Vis spectroscopy—Computational 

studies of both series in water were conducted using density functional theory (DFT) and 

time-dependent DFT (TDDFT) calculations. Optimized geometries (PBE0/6–31+G(d,p)/

SDD) show the pseudo-octahedral nature of the complexes, with the thiophene rings 

adopting a quasi-planar trans configuration (Figure 3). The rigid chelating IP ligand is 

coplanar with the first electron-donating thiophene ring, with subsequent rings twisted 

slightly out of coplanarity, up to around 16° for the fourth rings in 1–4T and 2–4T. The 

dihedral angle of the thiophene rings in the ground state were similar for the corresponding 

members of each series, however the out-of-plane angle was slightly greater in the 2-nT 
series (Table S2).

The ground state electronic configurations for the bpy series are illustrated by the frontier 

orbitals depicted in Figure S47 and their energies in Figure 4. The HOMOs of [Os(bpy)3]2+, 

1–0T, and 1–1T are largely centered on the metal ≈30% (Table 1), while in 1–2T–1–4T, the 

Os-d character has largely vanished with the HOMOs extending over the thiophene rings of 

the IP-nT ligand, constituting 68% of the HOMO in 1–4T that is predominantly organic in 

character. This illustrates how increasing the conjugation of the IP-nT ligand can allow it to 

take on more of the HOMO character. Figure 4a shows how the electronic energy of the 

organic ligand HOMO increases with added thiophene rings, eventually surpassing the 

relatively unchanging HOMO−1 orbitals that are comprised mainly of Os-d, bpy, and IP 

contributions. The crossover occurs around 1–2T, where the HOMO begins to be dominated 

by the thienyl chain. The composition of the HOMO−1 orbitals does not vary as much 
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through the series, remaining localized to the Os with a significant degree of mixing with 

bpy and IP regions, but no contribution from the thienyl chain.

The dmb series follows a similar trend (Figure S47 and Table S5) but with 2–2T showing 

important differences. Unlike 1–2T, the HOMO of this complex remains mostly centered on 

the metal, with almost no contribution by the thiophene rings. Furthermore, the HOMO−1 

has a large thiophene component, unlike 1–2T. This underlines how a seemingly minor 

modification to the ancillary ligand can have a profound effect on the molecular orbital 

structures of these complexes. Notwithstanding, the terthiophene and quaterthiophene units 

are so dominant that the HOMOs of 1–3T and 2–3T are essentially isoenergetic, as they are 

for 1–4T and 2–4T.

In contrast, the LUMO orbitals of both series remain nearly unaffected by the thiophene 

chain, being centered almost entirely on the ancillary ligands and IP residues. Consequently, 

the LUMO energies are influenced somewhat by the ancillary ligand, but not by the length 

of the thiophene chains. On the other hand, the LUMO+1 orbitals in both series are 

influenced by the number of thiophene rings, dropping to lower energy when n>2. Thus, the 

HOMO–LUMO gaps within a series (i.e., x-nT for changing n) are nearly entirely 

determined by the energy of the HOMO, which is influenced by the number of thiophene 

rings. The added methyl groups in the dmb ligands serve to elevate the energy of orbitals 

that encompass the ancillary ligands. Hence, the HOMO–LUMO gap between series (i.e., x-
nT for x=1 vs x=2 for a given n) is influenced by the LUMO for n≥3, and the HOMO and 

LUMO for n≤2. The energetics of these frontier orbitals has an important influence over the 

UV-Vis spectra of the complexes.

Computed UV-Vis spectra provide useful insights into the low energy, spin-allowed singlet-

singlet transitions observed experimentally in water and their MO origins. The calculated 

spectra are shown in Figure S49 (cf. Figure 5), and the transition descriptors are in Table 2 

(bpy series) and Table S6 (dmb series). The models show that the lowest energy electronic 

configuration changes in nature with the incorporation of more than two thiophene rings. 

x-0T, x-1T, and x-2T have predominantly Os(d)→bpy(dmb) MLCT character, consistent 

with the metal-based nature of the occupied orbitals involved in the transitions (Figure S47). 

The computed transitions for x-3T and x-4T, however, are progressively more IL/ILCT in 

nature, with the involved HOMO orbital exclusively localized on the IP and thienyl-rings 

(Figure 4b and S47). This change is accompanied by a red-shift of the calculated UV-Vis 

absorption bands ascribed to these lowest energy singlet-singlet transitions, confirming the 

experimental trend. These findings are consistent with the calculated trends for the Ru(II) 

analogs46 and the related Os(II) phen66 series.

In summary, the frontier orbital calculations indicate that the number of thiophene rings n 
influences the IL/ILCT energies while the ancillary ligands mainly impact the MLCT 

energies. Overall, the influence of π-conjugation on the IL/ILCT transitions with significant 

organic character is more pronounced than the ancillary ligand influence on the lowest 

energy transitions involving the metal ion. As expected, the increased electron density 

afforded by the methyl groups of the dmb ligands in the 2-nT series raises orbital energies in 

general. This can be seen in Figure 4a where for a given n, the HOMO, HOMO−1, LUMO, 
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and LUMO+1 are slightly higher in energy for the 2-nT (dmb) series relative to the 1-nT 
(bpy) series.

3.3.2 Triplet states—The optimized geometries of the lowest energy triplet states reveal 

a flattening of the thiophene rings (Table S2) while preserving the pseudo-octahedral 

configuration at the metal with no changes in the Os-N bond lengths. The coplanarization 

mirrors the behavior of free oligothiophenes that are quinoidal and effectively coplanar, with 

maximal π-conjugation, in the photoexcited state.76,77 The most dramatic differences 

between the ground and excited state geometries occurs for n=3 and 4, where the terminal 

thienyl ring is twisted up to 16° out of plane in the ground state.

Table 3 summarizes the calculated T1 energies of the complexes, where those with n<2 are 

nearly identical, while 1–4T and 2–4T are as low as 1.43 and 1.46 eV, respectively. The 

orbital compositions as well as the energies and configurations of upper Tn states, mostly 
3MLCT for all of the complexes, are compiled in Figure S51 and Table S7. Inspection of the 

donor and acceptor orbitals reported in Table S7 allows characterization of the nature of the 

lowest energy triplet state (T1) for each compound, particularly with regard to the extent of 

metal ion involvement in these transitions. The drop in T1 energy for x-nT with n≥2 

corresponds to a change in its nature, from 3MLCT for x-1T to primarily involving the 

ligands for the compounds with longer thienyl chains. Both the donor and acceptor orbitals 

are localized mainly on the IP-nT ligand for n=2 and are predominantly 3ILCT/3IL. For n>2, 

T1 is 3ILCT/3LLCT in nature.

Mulliken spin densities (MSDs) on the Os(II) centre corroborate this finding, being nearly 

one for n<2, indicative of a single unpaired electron on the metal center, as would be 

expected for the 3MLCT state. The lack of MSD on the metal for n≥2 supports the 

assignment of these lowest-energy triplet states as being predominantly ligand-based. The 

ancillary ligand has an effect on the 3MLCT T1 energies (around 0.06±0.01 eV greater in the 

bpy series) but not on the other T1 energies. In sharp contrast, the number of thiophenes is 

inversely related to the 3ILCT/3LLCT energies, but has no effect on the 3MLCT energies. 

The decrease in 3ILCT/3LLCT energy at n=4 is notable, but the triplet energies relative to 

the singlet ground state (singlet-triplet energy gaps, ΔS−T) show they remain sufficiently 

energetic to sensitize singlet oxygen (Figure S50).

These relationships show how judicious design of these complexes allows the manipulation 

of the triplet excited state energies and characters that may in turn control key photophysical 

– and hence, photobiological – behaviour.

3.4 Spectroscopy and Photophysics

3.4.1 UV-Visible spectroscopy—The normalized electronic absorption spectra of the 

compounds are shown in Figure 5. Qualitatively, the spectra show three key features. First, a 

pair of absorption bands between 400 and 500 nm (somewhat obscured in the x-3T and x-4T 
complexes) and a much broader and weaker band extending past 700 nm correspond to the 

Os2+(dπ) ⟶LL(π*) MLCT transitions for LL=bpy and dmb, with the lower energy 

transition being associated with a formally spin-forbidden absorption to the triplet state.78 

The energies of these transitions were unaffected by the presence of IP-nT ligands, and the 
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spectra of [Os(bpy)3]2+ and [Os(dmb)3]2+ replicate literature examples, for which these 

assignments had been made previously.79 Second, the intense signals near 290 nm 

correspond to the IL (1ππ*) transition localized on the ancillary LL ligands and were also 

largely unaffected by the presence of IP-nT ligands. Third, a peak appears in the 300–500 

nm window only for complexes with thiophene units. This peak increases in intensity and 

decreases in energy as the number of conjugated thiophene rings increases and is therefore 

assigned to the thienyl-localized IL (1ππ*) transition of the IP-nT ligand, which is 1ILCT 

for n≥2, consistent with the free ligands and thienyl chains,40,41 related complexes,46,66 and 

the computational results described in this work. The spectra in water were qualitatively 

similar (Figure S52) but displayed the minor differences in the bands with charge transfer 

character that would be expected on altering the solvent polarity.

This region of the 1–4T spectrum shows variations compared to the rest of both series, 

including 2–4T: the unnormalized peak intensity is slightly attenuated compared to 2–4T, 

and there is a shoulder in the 500–550 nm region that does not appear in any other complex. 

These differences demonstrate that the identities of the coligands (bpy versus dmb) influence 

the nature of the singlet-singlet transitions that can be photoexcited. Such subtle yet, 

important differences could in turn lead to differences in the excited state dynamics of 1–4T 
and 2–4T, but were not suggested by the computational models. In addition, the aqueous 

experimental spectrum for 1–4T was also different from 2–4T and the other complexes, with 

bands that were broadened, red-shifted, and increased in intensity (Figure S52. The turbidity 

of the aqueous solution and additional scatter at the longer wavelengths in the experimental 

absorption spectrum of 1–4T suggest that this particular complex is more prone to 

agglomeration compared to the other compounds, and this was also not reflected in the 

computational studies.

3.4.2 Emission spectroscopy—In Ar-sparged room-temperature MeCN, both series 

exhibited broad, featureless steady-state emission spectra with maxima between 745–770 

nm for the bpy series, and 768–774 nm for the dmb series (Table 4 and Figure S53), shifting 

to slightly longer wavelengths as the degree of conjugation increased. The excitation 

maxima did not vary meaningfully within or between families (≈470 nm), and were the 

same as had been observed previously for phenanthroline-based Os complexes.66 This 

indicates that the emission comes from predominantly 3MLCT state80 based on the ancillary 

ligand and/or the proximal phen portion of the IP-nT ligand, and that the π* acceptor orbital 

is similar in all of these complexes. The longer emission wavelength maxima in the 2-nT 
series indicates that the 3MLCT state is less energetic in these complexes compared to their 

1-nT counterparts, consistent with computational findings, and this highlights how even 

minor structural modification of the ancillary ligands can manipulate the excited state 

energies.

There was no indication of emission from the 3ILCT state in the complexes, although 2–4T 
was the only complex in both series that showed 1ILCT-based fluorescence (and this was not 

due to free ligand impurity). The absence of fluorescence from the 1ILCT state in 1–4T 
suggests that the 1MLCT state is preferentially populated in 1–4T at the excitation 

wavelengths used for the measurement despite overlap of the 1ILCT and 1MLCT bands in 

Roque et al. Page 19

Inorg Chem. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the steady state absorption spectra and that the coligands have the ability to influence this 

preference.

Emission lifetimes were measured following excitation by a pulse (≈5 ns width) from a 355 

nm laser, and the observed lifetimes of the two tris homoleptic complexes (τ=<100 ns) agree 

well with published data for 3MLCT emission.45,81 The lifetimes of 1–0T–1–2T were 

similar (66–68 ns), as were those measured for 2–0T–2–3T (75–76 ns). Although less than 

100 ns, these lifetimes were still somewhat longer than those for the tris homoleptic parent 

complexes, suggesting at least some contribution by the proximal phenanthroline portion of 

the IP-nT ligands to the 3MLCT emissive state. The 3MLCT lifetime of 1–3T was even 

longer, around 100 ns, suggesting that its decay may be influenced by other excited states. 

This was further corroborated by the observation of a biexponential decay of the emissive 
3MLCT state in 1–4T, whereby the short and long components were 76–110 and 420–520 

ns, respectively. The short component was assigned to prompt emission from the 3MLCT 

state, and the long component was attributed to delayed emission from the same state. 

Notably, the decay of 2–4T exhibited only the delayed emission component with a lifetime 

of 650 ns. The observation of delayed emission from the 3MLCT state only for complexes 

with more π-expansive ligands suggests that the 3MLCT state may be populated from a 

longer-lived ligand-based triplet state, acting as an excited state reservoir,45 when their 

excited states are in energetic proximity. This is consistent with behavior we have 

encountered previously in other oligothiophene-based complexes.41,66 In the case of 1–3T, 

the decay from the 3MLCT state was monoexponential with a lifetime longer than that for 

1–0T–1–2T and 2–3T but not as long as the delayed emission time constant measured for 1–
4T and 2–4T. This prompt but prolonged emission for 1–3T (τem=100 ns) was attributed to 

an 3MLCT state that is in equilibrium with a ligand-based triplet (3ILCT) that is very close 

in energy.

3.4.3 Transient absorption—The triplet excited states were further probed by 

nanosecond transient absorption spectroscopy at room temperature using degassed (5× 

freeze-pump-thaw) dilute (typically 10–20 μM) solutions in MeCN, excited by a 355 nm 

laser pulse (width ≈5 ns). The differential excited state absorption (ESA) spectra were 

collected at 10 nm intervals. The spectral profiles immediately following the excitation pulse 

are compared in Figure 6, the full sets of time-resolved ESA spectra are shown in Figure 

S54 and S55, and the peak and lifetime data are compiled in Table 4. The ESA spectra and 

TA lifetimes, along with the emission characteristics, were used to construct the Jablonski 

diagrams in Figure 7.

Generally, the ESA spectra display signatures that are characteristic of either 3MLCT or 
3ππ* (3ILCT/3IL) states, where complexes of shorter thienyl chains showed the 3MLCT 

signature and those with longer chains showed the 3ILCT signature. The 3MLCT signature 

is characterized by a strong bleach in the 400–500 nm region plus a weaker one in the 550–

700 nm region, corresponding to the loss of the ground state 1MLCT absorption seen in the 

UV-Vis spectra. A moderately strong new absorption around 350–400 nm arose from new 

excited state transitions originating from the reduced ligand in the 3MLCT state. The tris 

homoleptic complexes [Os(bpy)3]2+ and [Os(dmb)3]2+, and the shorter-chained 1–0T–1–2T 
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and 2–0T–2–2T all produced this profile. The TA lifetimes were monoexponential, similar 

within a series, and corresponded well with the emission lifetimes (Table 4). This indicates 

that the emissive 3MLCT state is the dominant pathway for relaxation in complexes with 

less π-conjugated ligands.

The signature of the 3ILCT state was observed for almost all of the complexes with n≥3, 

which qualitatively resembles the spectra of the free IP-3T and IP-4T ligands (Figure S56) 

and is consistent with long-lived ligand-based 3ππ* states. The strong bleach below 500 nm 

corresponds to the loss of the overlapping ground-state 1MLCT and IP-nT 1ππ* absorption. 

The new broad and intense absorptions starting around 500 nm and extending out to the near 

infrared correspond to transitions associated with 3ππ* states, which are actually mixed 
3ILCT/3LLCT character according to the computational study but referred to here as 3ILCT 

for simplicity. The lack of these characteristics in complexes with less π-expansive ligands 

indicates that the long-lived 3ILCT state cannot be populated when its energy is sufficiently 

higher than that of the 3MLCT.

The more π-expansive bpy complexes 1–3T and 1–4T and dmb complex 2–4T exhibited the 

characteristic ESA signature for the 3ILCT state (Figure 6). Both x-4T complexes had 

biexponential lifetimes, with the shorter component being similar to the emission lifetime 

and consistent with the delayed emission from the 3MLCT state. The longer component was 

around 3 μs in 1–4T and around 1 μs in 2–4T and can be ascribed to a spin-forbidden non-

emissive decay. However, the TA lifetime of 1–3T was monoexponential and equal to the 

emission lifetime, further supporting that the 3MLCT and 3ILCT states in this complex are 

in equilibrium.

The spectrum of 2–3T mainly exhibited the 3MLCT ESA signature with a strong MLCT 

bleach in the 450–500 nm region, but there was also a weak 3ILCT absorption spanning 

around 550–650 nm. The short TA lifetime matches the emission lifetime, and the longer 

(5.4 × 102 ns) lifetime component was found only at the longer wavelength absorption 

(although its corresponding bleach may well have been obscured by the much more intense 

MLCT bleach). The shape of the ESA spectrum suggests that, unlike 1–3T, the contribution 

of the 3ILCT state to the overall excited state dynamics of 2–3T is small compared to the 

influence of the 3MLCT state. This could be a reflection of the distribution of populated 
1MLCT and 1ILCT states immediately after excitation or the fact that that the computed 
3MLCT-3ILCT energy gap is smaller for 2–3T.

The influence of the initial singlet state is also evident in the photophysics of 2–4T. There 

was no evidence of a prompt 3MLCT emission (τem≈10–100 ns) process that typifies 

Os(bpy)3-type complexes. Rather, the 3MLCT emission appeared only to be a consequence 

of thermal equilibration with the non-emissive 3ILCT state. Presumably 1ILCT dominates as 

the initial excited singlet in these conditions, which undergoes ISC to 3ILCT or fluoresces 

with τf≈5 ns (Table 4).

3.4.4 Excited state model—The emission and TA data for x-nT were used to construct 

the Jablonski diagrams in Figure 7. The energy levels are not drawn to scale, however the 

emission wavelengths (Table 4) show that the 3MLCT energy of 2-nT is consistently lower 
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than 1-nT. The excitation maxima do not vary much in either series, nor do the 

corresponding UV-Vis absorptions, so the 1MLCT energy can be assumed to be constant. 

Being centered on the thiophene rings, the 3IL or 3ILCT should vary with n but not x. This 

concurs with the calculated model presented earlier that estimates when n>2, the state is 

more ILCT in character.

Following excitation to an initial 1MLCT state, complexes x-0T–x-2T (Figure 7a) undergo 

rapid ISC to the emissive 3MLCT state. This ISC pathway is common in polypyridyl-type 

Os2+ complexes and occurs with near unity efficiency.82 The IP-nT 3IL/3ILCT energy is too 

high to be populated by the 3MLCT, and so the latter relaxes through a simple 

phosphorescence process. While the computational study suggested some contribution of the 

ILCT state in x-2T, the experimental results demonstrate that the MLCT state is dominant 

for complexes with n=2. It should be noted that the computations are estimates of excited 

state energies and also do not consider the influence of the initially populated excited states 

on the relaxation dynamics, where population of different singlet excited state configurations 

may result in different decay pathways.

The 3ILCT energies in x-3T are nearer to the 3MLCT (Figure 7b) so there is opportunity for 

the states to interact. 1–3T has a strong ESA profile consistent with population of the 3ILCT 

state. However, its lifetime is unusually short for such a state, and equals the lifetime of the 
3MLCT emission, which in turn is longer than the lifetime of the less conjugated members 

of the series. The common lifetime points to an equilibrium between 3ILCT and 3MLCT in 

1–3T, where the forward and reverse rates must be similar for the two states to decay with a 

common rate constant.45 In contrast, the ESA profile of 2–3T exhibits only a weak 3ILCT 

ESA. Its TA lifetime is much longer, around 540 ns, and the 3MLCT emission lifetime 

shows only the prompt emission lifetime consistent with the less π-conjugated members of 

the series. Evidently the small shift of the 3MLCT to lower energy due to the methyl groups 

on the coligand was enough to displace its equilibrium with the 3ILCT state.

The TA lifetime of 1–4T had two components: τ1≈480 ns and τ2≈3 μs. The emission also 

had two components: a prompt emission τ1≈76–110 ns and a delayed emission τ2≈420–520 

ns. The short TA lifetime and the long emission lifetime are in agreement, suggesting that 

the 3MLCT can be populated from the 3ILCT state, as indicated in Figure 7c. Similarly, the 

shorter TA lifetime of 2–4T matches the emission, but this complex was the only one not to 

exhibit the prompt 3MLCT emission. It was also the only one to fluoresce noticeably, τf=5 

ns (not shown in the diagram). This fluorescence was assigned to the 1ILCT state, and points 

to a possible difference in the initial excited states and their ensuing decay pathways. In 2–
4T the 1ILCT state could be preferentially populated over the 1MLCT state and either 

populate 3ILCT exclusively or fluoresce. In this case, access to the 3MLCT state only occurs 

through the 3ILCT state and not the 1MLCT state, which is why prompt 3MLCT emission 

with a time constant ≤100 ns is not observed. The difference with 1–4T could again be a 

consequence of the subtle influence the added methyl groups exert on the MLCT energy 

level.

3.4.5 Singlet oxygen sensitization—The quantum yields for producing singlet 

oxygen (ΦΔ, Table 5) were calculated from the intensity of the O2
1Δg ⟶3Σg 
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phosphorescence around 1276 nm, measured at room temperature in air-saturated MeCN 

with [Ru(bpy)3]2+ as the reference standard (ΦΔ=0.5667), in accordance with Equation 1. 

The values for ΦΔ were similar for the x-0T to x-3T complexes, as well as the corresponding 

homoleptic archetypes, around 0.16–0.24 for bpy and 0.13–0.26 for dmb, pointing to 

sensitization arising from the same quantum state, i.e., 3MLCT based on the ancillary ligand. 

The quaterthiophene-based complexes were much more efficient at 1O2 sensitization, 0.70 

and 0.56 for 1–4T and 2–4T, respectively. This is consistent with sensitization arising from 

the longer-lived and distally-located 3ILCT state, and reflects the enhanced 1O2 quantum 

yields we have previously encountered with Ru and Os complexes containing 

quaterthiophene ligands.36,66 The larger 1O2 quantum yield for 1–4T may be indicative of 

the larger contribution of its 3ILCT state to the overall excited state dynamics due to a 

slightly higher-lying 3MLCT state and/or its longer lifetime.

Notably, most of the complexes exhibited weak but non-zero 1O2 sensitization at long 

wavelengths where the UV-visible spectrum indicated very little absorption, e.g., 753 nm. 

While the weak emissions could be integrated, ΦΔ could not be determined because in all 

cases the absorption at the excitation wavelength was below the detection limit of the 

instrument.

3.5 Biological Results

3.5.1 Cytotoxicity and photocytotoxicity in normoxia—The dark and light 

cytotoxicities for the x-nT complexes and their corresponding tris-homoleptic complexes 

(chloride salts) were measured in the amelanotic84 human melanoma line SK-MEL-28 as 2D 

adherent monolayers. Briefly, cells growing in log phase were seeded in microplates, dosed 

with compound (1 nM–300 μM), incubated for 16–21 h, and then given either a sham (dark) 

or a light treatment. After 48 h, the relative cell viability was assessed using the resazurin 

assay for cytotoxicity. Dose-response curves (logistic) were prepared from both sets of 

treatments and used to derive dark and light EC50 values, the effective concentration to 

reduce relative cell viability by 50%. Phototherapeutic indices (PIs), a measure of the 

amplification of cytotoxic effects by light, were calculated as the ratios of dark EC50 to light 

EC50 values. Any deviations from these measurements (hypoxia, specialized light protocols) 

are described as they are introduced.

3.5.1.1 Dark cytotoxicity: Overall, the complexes were relatively nontoxic in the absence 

of a light treatment (Figure 8 and Tables S10–S11). The tris homoleptic reference 

compounds [Os(bpy)3]Cl2 and [Os(dmb)3]Cl2 along with x-0T were the least cytotoxic with 

dark EC50 values >100 μM. The dark EC50 values were lower for thienyl containing 

compounds, ranging from 42.2–112 μM for the Os-bpy complexes and 63.8–85.7 μM for the 

Os-dmb complexes. The greater dark cytotoxicity roughly paralleled increasing lipophilic 

character (Figure S57, Table S9).

3.5.1.2 Photocytotoxicity: The photocytotoxicities of the Os complexes were determined 

with visible (400–700 nm, maxima≈450 nm), green (523 nm), and red (633 nm) light using 

a fluence of 100 J cm−2 and an irradiance of approximately 20 mW cm−2. The spectral 
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output of the light sources is shown in Figure S45, the EC50 values and PIs are listed in 

Tables S10–S11, and activity comparisons are highlighted in Figure 8.

Complexes lacking thiophenes were not only the least dark toxic but also the least 

phototoxic, with light EC50 values >200 μM for the bpy series and ≥50 μM for the dmb 

series. The cytotoxicities of the thiophene-containing complexes were potentiated by light, 

with compounds in the bpy family (for a given n) being more potent than those in the dmb 

family (with the exception of n=1). The EC50 values with visible light ranged from 1.31 nM 

to 10.6 μM in the bpy series and from 71 nM to 4.78 μM in the dmb series. The 

photocytotoxicities increased with n, and the increase in potency per thiophene was greatest 

in the bpy series, where photocytotoxicity increased more than 100-fold on going from n=3 

to 4. The most potent compounds, 1–4T and 2–4T, exhibited nanomolar visible light EC50 

values (1.31 nM and 71 nM, respectively). These trends were similar for green and red light 

but attenuated by up to 10-fold at the longer wavelengths. The wavelength dependence was 

greatest for 1–4T, with light EC50 values near 10 nM for both green and red.

3.5.1.3 Phototherapeutic indices (PIs): The ratio of dark to light cytotoxicity, or PI, is a 

better descriptor of the light amplified cytotoxicity given that the light EC50 value 

necessarily encompasses contributions from the dark cytotoxicity. Light had very little 

influence on the cytotoxicities of compounds without thienyl groups, resulting in PIs close to 

1. For x-1T–x-4T, the trends in PI mirrored their EC50 values, where visible PIs were as 

large as 55,000 for 1–4T in the bpy series and almost 900 for 2–4T in the dmb series. With 

regard to the other thienyl-based compounds (n=1–3), the visible PI range was 11–280 for 

the bpy family and 18–130 for the dmb family. These PI values were attenuated with the 

longer-wavelength green and red treatments. Generally, the PIs were reduced by less than 5-

fold with the exception of the most potent 1–4T, which was attenuated by up to 10-fold. 

Despite this greater attenuation compared to the PIvis, the PIgreen and PIred of 1–4T were still 

very large (6700 and 5500, respectively). These longer-wavelength PIs for 1–4T were 6- to 

7-fold larger than the PIvis for 2–4T, which was the second most potent compound across 

the two families. Clearly the coligand (bpy versus dmb) has a very strong influence on the 

overall light-induced potency of the compound.

The light EC50 values and PIs followed the same trend observed in cell-free photophysical 

studies, where the compounds with accessible 3ILCT states were the most phototoxic. 1–4T 
was the most potent of all complexes, with low nanomolar light EC50 values (1–13 nM) and 

PIs of 5500–55000, and had the longest-lived (3.6 μs) 3ILCT state. 2–4T was the most 

potent of the dmb series but second overall with submicromolar EC50 values (71–284 nM) 

that were larger than those for 1–4T and PIs that were significantly lower. Its lower 

photocytotoxicity compared to 1–4T agrees with its shorter triplet state lifetime (0.98–1.2 

μs) and lower singlet oxygen quantum yield (56% vs. 70% in 1–4T). Indeed, the least 

phototoxic complexes with micromolar light EC50 values had the shortest lifetimes (τ<100 

ns) and lowest singlet oxygen quantum yields (ΦΔ≤26%).

3.5.2 Cytotoxicity and photocytotoxicity in hypoxia—The Os complexes were also 

screened for their dark and light cytotoxic effects in hypoxia (1% O2) to emulate a more 

challenging environment present in solid or large-volume tumors. While a hypoxic 2D in 
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vitro model lacks certain pathophysiological features present in an actual tumor, it does 

accurately reflect the oxygen-dependence of a compound’s activity and recapitulates 

hypoxia-induced drug resistance. In order to avoid false positives, maintenance of low 

oxygen in solution and headspace is of the utmost importance for drug screening with 

typically oxygen-dependent compounds. For phototoxic compounds in particular, it is 

paramount that low oxygen tension be maintained during the entire illumination period. Low 

gas-permeable and fully transparent films alongside an internal positive control for oxygen-

dependence (i.e., [Ru(bpy)2(dppn)]Cl2) made it possible to perform light treatments for up 

to 1.5 h outside the hypoxic chamber. Briefly, cells were screened in parallel with normoxic 

experiments, pre-incubated at low oxygen (1% O2) before compound addition, and 

maintained in hypoxia until completion of light treatment (~20 h DLI) as reported 

previously.31

3.5.2.1 Hypoxic dark cytotoxicity: The dark cytotoxicities of the complexes in hypoxia 

were similar to those in normoxia (±10%), with the greatest changes in the bpy series. 

Compounds without thienyl groups or only one thienyl group were nontoxic (≥100 μM), 

while those with two thiophenes or more (n=2–4) exhibited dark EC50 values ranging from 

55.3 to 76.9 μM for the Os-bpy family and from 62.9 to 74.4 μM for the Os-dmb family. 

Hypoxia-induced resistance relative to the normoxic cell experiment was observed for two 

compounds, 1–2T (42.2→76.9 μM) and 1–3T (45.8→71.9 μM), and increased 

susceptibility in one, 1–4T (71.9→55.3 μM).

3.5.2.2 Hypoxic photocytotoxicity and PIs: Upon light activation in hypoxia, a 

significant contrast with normoxic activities was observed. For any compound with a PI<100 

in normoxia, no appreciable phototoxicity (PI=1) was observed under low oxygen (1% O2). 

Compounds in the Os-bpy series by comparison were much more active than those in the 

Os-dmb family. The most potent compound in normoxia, 1–4T, maintained its position as 

the top performer in hypoxia but with a loss of several orders of magnitude in activity. The 

wavelength dependence observed in normoxia was not apparent in hypoxia. Light EC50 

values for 1–4T in hypoxia averaged 770 nM and PIs ranged from 68 to 76, indicative of a 

similar phototoxic mechanism accessible even with low energy red (633 nm) light. The close 

analog 2–4T displayed some phototoxic effects in hypoxia but was at least five-fold less 

active compared to 1–4T, with a mean EC50 of 6.83 μM and PI=6–15 across all three light 

conditions.

To our knowledge, the largest PIs for photoactive compounds in hypoxia up to now have 

been <20, including our own [Ru(6,6′-dmb)2(1-NIP)]Cl2 (reported with Glazer and 

coworkers) with PIvis=15 and another Ru(II) complex reported by the Bonnet group 

(PIgreen=16).30,31 2–4T with its PIgreen of 15 is similar. With PI values near 70 in hypoxia, 

1–4T stands out as being one of the most hypoxia active photosensitizers reported to date 

and comparable to its phen-based analog [Os(phen)2(IP-4T)]Cl2 (phen=1,10-phenanthroline) 

with a PIvis=90 that we just reported.66

The exceptional activities by the Os-based quaterthiophene complexes are some of the first 

examples of truly hypoxia active photosensitizers. While spectroscopy has afforded key 

characteristics for 1–4T and 2–4T, such as long lived excited states (τTA>1 μs) and high 
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singlet oxygen quantum yields (ΦΔ=56–70%), the mode of action for hypoxic activity has 

not been definitively established. Our parallel work with [Os(phen)2(IP-4T)]Cl2 also 

demonstrated that the longest-lived excited states were 3ILCT in character and that these 

states were also the most hypoxia active.66 By comparison, the phen analog was the top 

performer with several unique properties but the bpy and dmb analogs reported here 

demonstrate unequivocally that the extremely high potency in normoxia that leads to 

hypoxia activity is a general property of this limited Os(II) IP-4T compound class. While 

still early to conclude, long-lived excited states with a high degree of charge transfer 

character (i.e., ILCT) are preliminary leads for installing hypoxic photoactivity and the 

subject of future mechanistic work.

3.5.3 Fluence dependence—Complexes with three or four thiophenes (n=3,4) were 

further evaluated for their fluence dependence since examples from Figure 8 only used a 

single light dose. The effect of fluence (10–100 J cm−2) on light EC50 values for complexes 

was determined in normoxia with the monochromatic light sources 523 (Figure 9b) and 633 

nm (Figure 9a). Fluence dependent EC50 values and PIs are included in Tables S13 with 

PDT dose product EC50 values in Table S12. The maximum photocytotoxicity for these Os 

complexes occurred in the 50–100 J cm−2 range with similar activities for 523 and 633 nm. 

While the terthiophene (n=3) complexes were not highly potent (EC50>1 μM) across the 

tested fluences, they maintained moderate PDT dose product EC50 values >100 μM·J·cm−2. 

Addition of just one thiophene (n=4) had a significant impact, resulting in a 15 to 34-fold 

improvement over the n=3 complexes. Submicromolar activity was achieved for the most 

potent complex 1–4T at both wavelengths with as little as 10 J cm−2, which was the lowest 

tested fluence. 1–4T had the lowest PDT dose product EC50 values at 3.06 and 6.12 

μM·J·cm−2 for green and red treatments, respectively. This greater potency in 1–4T 
translated to a minimum 5-fold improvement over 2–4T, further demonstrating the impact of 

the coligand on potency. While greater photocytotoxicity with higher PS dose or higher 

fluences is expected, the PDT dose product EC50 values for 1–4T are low (single-digit) and 

considered quite good. For reference in the same model, our Ru-terthiophene drug in clinical 

trials, TLD1433, has PDT dose product EC50 values at 19.0 and 266 μM·J·cm−2 for green 

and red treatments in the same model, respectively. Lower PDT dose products allow greater 

flexibility since lower PS dosing and fluences can be used when translating to in vivo 

applications, thereby improving probability for treatment tolerance and (potential) clinical 

success.

3.5.4 MTD results—Since our in vitro models indicated low dark toxicity, 

intraperitoneal MTD studies were carried out in female C57BL/6J mice (25–200 mg kg−1) 

to gauge whether in vivo phototoxicity experiments were a logical next step for the most 

promising complexes 1–4T and 2–4T.

The complexes were well tolerated in the animals at the doses used in this study. Mild 

toxicity was observed with 2–4T at the higher concentrations of 100, 125, and 200 mg kg−1. 

In contrast, 1–4T only had mild toxicity at the highest concentration tested (200 mg kg−1). 

Since no serious toxicity was observed, the acutely mild symptoms quickly resolved after 2 

Roque et al. Page 26

Inorg Chem. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



h, and no other symptoms manifested over the 2-week study period, both 1–4T and 2–4T 
were assigned an MTD ≥ 200 mg kg−1.

4. CONCLUSIONS

Osmium complexes are relatively unexplored in medicinal chemistry compared to their 

analogous group 8 counterparts, ruthenium and iron. Despite this, osmium complexes have 

an advantage for photobiological applications due to their extended absorption windows. In 

our previous work with Ru complexes, we have highlighted the pivotal role of 3ILCT states 

for installing potent photobiological anticancer activity.20,36 Our photosensitizer in clinical 

trials, TLD1433, provided preliminary evidence that such excited states could maintain 

activity even at low oxygen tension.85 This study explores the structural requirements (in 

terms of the number of thienyl rings n) for accessing low-energy 3ILCT states in the related 

osmium complexes (which are actually mixed 3ILCT/3LLCT character according to 

computation but referred to here as 3ILCT for simplicity) and for maintaining 

photocytotoxic effects in hypoxia. Our hypothesis was that 1–4T and 2–4T would be the 

most potent compounds based on their 3ILCT energies and lifetimes as well as the inherent 

photosensitizing power of this state. Further, we hypothesized that the x-4T complexes 

would maintain some activity in hypoxia. We also probed the influence of the ancillary 

ligands, which differ only by the presence or absence of methyl substituents on the bpy 

rings. We expected these ancillary ligands to play a relatively minor role in the overall 

photodynamics but we found that seemingly trivial changes to the ancillary ligands can lead 

to meaningful effects on the excited state dynamics and thus on the photobiology of the 

compounds.

The structure activity relationships based on the number of thienyl groups in both series 

corroborated the photophysical model derived from spectroscopic measurements. Each of 

the complexes were characterized by an emissive 3MLCT state lying between 1.60–1.66 eV. 

The excited state dynamics were governed by this emissive 3MLCT state for n=0–2, while 

the characteristic 3ILCT signature dominated in the TA of complexes with 3 or 4 thiophenes 

for the bpy series but only in the TA of 2–4T from the dmb series. The conclusion is that the 

coligand and the IP-nT ligand affect the 3MLCT–3ILCT energy gap and small changes to 

this gap can have a profound influence of the excited state dynamics. Furthermore, a similar 

minor influence on the initial 1MLCT and/or 1ILCT states has important downstream 

effects.

The excited state lifetimes were also affected by both the number of thiophene rings and the 

coligand. Only the quaterthiophene complexes 1–4T and 2–4T exhibited the microsecond 

lifetime characteristic of an 3ILCT state sufficiently lower in energy than the 3MLCT state. 

While the spectroscopic signature of the 3ILCT state was detected in the TA of 1–3T, the 
3MLCT–3ILCT energy difference was not large enough for the 3ILCT state to dominate the 

photophysics. This assertion was supported by singlet oxygen quantum yields, where all of 

the complexes with n=0–3 had singlet oxygen quantum yields near 20% or less. The 

quaterthiophene complexes 1–4T and 2–4T had singlet oxygen quantum yields of 70 and 

56%, respectively, that paralleled their microsecond 3ILCT lifetimes. The conclusion is that 
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an 3ILCT of sufficiently low energy relative to the 3MLCT state is required for the most 

effective singlet oxygen sensitization.

The dominant and highly photosensitizing 3ILCT state in 1–4T and 2–4T led to notable 

activity against SK-MEL-28 cells under both normoxic and hypoxic conditions. The most 

potent complex in vitro, 1–4T, had the longest lifetime by TA (τ≈3 μs) and highest singlet 

oxygen quantum yield (ΦΔ=70%). The methylated 2–4T exhibited lesser potency by several-

fold in normoxia (PI=225–900) and hypoxia (PI=6–15) compared to 1–4T. Notably in both 

hypoxia-active complexes, 1–4T and 2–4T, any wavelength dependence observed under 

normoxic conditions disappeared in hypoxia. The more active 1–4T exhibited up to a 10-

fold difference between red (PIred=550) and visible potencies (PIvis=55,000) in normoxia; 

these values fell to within ~10% of each other in hypoxia with a mean EC50=770 nM and 

PI=68–76. The loss of wavelength dependence in hypoxia suggests similar excited state 

pathways accessible with even low energy red (633 nm) light. While a mechanism of action 

was not identified in this work, the increased charge transfer character present in the 3ILCT 

state (and long lifetime) could be responsible for the retention of photocytotoxicity even 

under hypoxic conditions.

In light of the low dark toxicity in vitro and excellent photobiological properties of 1–4T 
and 2–4T, MTD studies were carried out to determine whether the compounds were viable 

candidates for additional in vivo studies. Both compounds were well tolerated with MTD 

values ≥200 mg kg−1 by intraperitoneal injection. As shown with previous Os(II) complexes,
39,66 1–4T and 2–4T dispel the stigma of osmium complexes being inherently toxic and thus 

not amenable to clinical translation. The lead complexes demonstrated low toxicity in vitro 

with high tolerance in mice. Studies are currently underway to probe the scope of this 

demonstrated hypoxic activity in more sophisticated biological models and to delineate 

those phototoxic mechanism(s) at play.
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5.

η Refractive index

λ Wavelength
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τ Lifetime

Φ Quantum Yield

bpy 2,2′-bipyridine

COSY Correlated spectroscopy

Do/w Distribution coefficient of 1-octanol and buffered water

DFT Density functional theory

DLI Drug to Light Interval

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethyl sulfoxide

dmb 4,4′-dimethyl-2,2′-bipyridine

EC50 Effective Concentration to reduce relative cell viability by 50%

EMEM Eagle’s Minimum Essential Medium

ESA Excited State Absorption

ESI Electrospray Ionization

HMBC Heteronuclear Multiple Bond Correlation

HPLC High Performance Liquid Chromatography

HRMS High Resolution Mass Spectrometry

HSQC Heteronuclear Single Quantum Correlation

IL Intraligand

ILCT Intraligand Charge Transfer

IP 1-H-imidazo[4,5-f][1,10]phenanthroline

IP-nT imidazo[4,5-f][1,10]phenanthroline with n appended thiophene rings

ISC Intersystem crossing

MeCN Acetonitrile

MLCT Metal – Ligand Charge Transfer

MTD Maximum Tolerated Dose

NIR Near Infrared

NMR Nuclear Magnetic Resonance

PCT Photochemotherapy
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PDT Photodynamic Therapy

phen phenanthroline

ppm parts per million

PI Phototherapeutic Index

PMT Photomultiplier Tube

PS Photosensitizer

ROS Reactive oxygen species

SD Standard Deviation

SEM Standard Error of the Mean

TA Transient Absorption

TDDFT Time-dependent density functional theory

UV Ultraviolet

UV-Vis Ultraviolet – Visible

XC Exchange correlation functional
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Figure 1: 
1H NMR spectra of reference compound [Os(bpy)3]Cl2 and 1–0T–1–4T (Cl− salts) in 

MeOD-d3 at 298 K, aromatic region. All data collected with 500 MHz NMR data, except for 

1–4T, for which data was collected with 700 MHz NMR (* = c appears as a broad signal 

that is not visible at this intensity).
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Figure 2: 
Lipophilicities of complexes 1-nT with black circles and 2-nT with fuchsia squares (n=0–4). 

In the case of 1–4T, a log Do/w value could not be estimated due to precipitation at the 

interface between saturated 1-octanol and phosphate buffer.
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Figure 3: 
Optimized geometries of [Os(bpy)3]2+ and 1-nT (n=0–4) in a water environment at the 

PBE0/6–31+G(d,p)/SDD/ level of theory. The corresponding structures for the dmb series 

are in Figure S46.
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Figure 4: 
(a) Calculated frontier orbital energies. Data is tabulated in Tables S3 and S4. (b) Os(II)-

based HOMO for [Os(bpy)3]2+, 1–0T, 1–1T and thienyl-based HOMOs for 1-nT with n=2–

4, calculated at the M06/6–31+G(d,p)/SDD level of theory in water. See Figures S47 and 

S48 for additional plots.
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Figure 5: 
Normalized UV-Vis spectra of reference compounds [Os(bpy)3]2+ and [Os(dmb)3]2+ and 

complexes 1-0T–1-4T and 2-0T–2-4T as dilute (≈20 μM) PF6
− solutions in acetonitrile at 

room temperature.
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Figure 6: 
Normalized ESA spectra of the reference compounds [Os(bpy)3]2+ and [Os(dmb)3]2+ and 

complexes 1-0T–1-4T and 2-0T–2-4T as dilute (≈20 μM) PF6
− solutions in deaerated 

acetonitrile at room temperature, and immediately after the excitation pulse. ΔO.D.=0 is 

denoted by a color-coded dashed line.

Roque et al. Page 41

Inorg Chem. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: 
Jablonski diagrams of (a) 1–1T and 2–1T (to represent all x-nT for n≤2), (b) 1–3T and 2–
3T, and (c) 1–4T and 2–4T. The energy levels are not drawn to scale.
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Figure 8: 
Summary resazurin-based (photo)cytotoxicity of (a) 1-nT and (c) 2-nT (where n =0–4) with 

reference tris homoleptics [Os(bpy)3]Cl2 and [Os(dmb)3]Cl2 against SK-MEL-28 in hypoxia 

(1% O2; open symbols) and normoxia (18.5–21% O2; filled symbols) are plotted as log 

(EC50±SEM). The phototherapeutic indexes (PI), as the ratio of light to dark cytotoxicity, 

are plotted in (b) for 1-nT and (d) for 2-nT. Figures are labelled as dark (no light; black 

circles) and 100 J cm−2 treatments at ~20 mW cm−2 as 633 nm (red, inverted triangle), 523 

nm (green, triangle), and cool white visible (blue, square). Results are tabulated in Tables 

S10–S11.
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Figure 9: 
Fluence dependence of most photoactive compounds 1-nT and 2-nT (n=3,4) against 

amelanotic SK-MEL-28 human cells. Fluence ranged from 0 (dark) to 100 J cm−2 at 18 mW 

cm−2 for light treatments using (a) red 633 nm and (b) green 523 nm. Reported log (EC50 ± 

SEM) values were taken from log-logistic fits. SEM = standard error of the mean. * Values 

from separate experiment as reported in Figure 8.
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Chart 1. 
Molecular structures of the compounds used in this study. Chloride salts were used unless 

otherwise specified. The complexes were racemic mixtures of the Δ and Λ isomers.
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Chart 2: 
Hydrogen labels and selected carbon labels used in 1H NMR assignments of reference 

compound [Os(bpy)3]Cl2 and 1-nT.
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Table 1:

Calculated orbital composition for the bpy-series singlet ground state. The corresponding dmb composition is 

in Table S5.

HOMO−1 HOMO LUMO LUMO+1

% Os bpy IP thienyl Os bpy IP thienyl Os bpy IP thienyl Os bpy IP thienyl

Os(bpy)3 41 59 — — 29 71 — — 2 98 — — 7 93 — —

1–0T 38 25 36 0 30 50 20 0 6 58 36 0 10 67 23 0

1–1T 28 28 42 2 30 42 28 0 6 56 38 0 11 65 2 0

1–2T 29 40 30 1 5 29 27 39 5 53 39 3 6 65 19 10

1–3T 30 46 24 0 1 18 15 66 6 53 38 4 9 43 19 29

1–4T 30 47 22 0 1 18 12 68 5 52 39 4 10 40 23 27
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Table 2:

Calculated absorption wavelengths (λtheor>450 nm), configuration, experimental λmax in water, and 

theoretical peak assignments for the 1-nT series. The corresponding data for the 2-nT series is in Table S6. 

The dominant transition(s) at each wavelength are indicated, along with their fractional contribution to the 

signal intensity.

cmpd λtheor f λ expt Transitions Predominant Assignment

[Os(bpy)3]2+ 461 0.138 479 H−2⟶L+1 (26%); H−1⟶L+2 (25%); H−2⟶L+2 (20%) MLCT

1–0T 463
460

0.138
0.139 480 H−1 ⟶ L+2 (49%)

H−2 ⟶ L+2 (51%) MLCT

1–1T 466
461

0.184
0.137 483 H−1 ⟶ L+2 (51%)

H-2⟶ L+2 (52%) MLCT

1–2T

505 0.156

487

H−3 ⟶ L (58%) MLCT/LLCT

471
461

0.331
0.137

H⟶ L+1 (30%); H-2⟶L+2 (30%)
H−2⟶L+1 (49%); H-3⟶L+2(27%)

MLCT/ILCT
MLCT

1–3T

510 0.607
492,
405

H−2 ⟶ L (60%); H⟶ L (26%); MLCT/ILCT

487
466

0.950
0.394

H ⟶ L+1 (47%)
H⟶ L+3 (42%)

IL/ILCT
IL/ILCT

1–4T
538 2.150

490, 444
H ⟶ L+1 (64%) IL/ILCT

462 0.132 H−3 ⟶ L+3 (40%) MLCT
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Table 3:

Calculated T1 energy (eV) for both series. MSD = Mulliken Spin Density on the Os metal center (no metal 

involvement was found for n>2).

cmpd T1 Energy (eV) Type MSD cmpd T1 Energy (eV) Type MSD

[Os(bpy)3]2+ 2.07 3MLCT 0.80 [Os(dmb)3]2+ 2.02 3MLCT 0.82

1–0T 2.08 3MLCT 0.82 2–0T 2.01 3MLCT 0.80

1–1T 2.07 3MLCT 0.81 2–1T 2.00 3MLCT 0.81

1–2T 1.91 3IL/3ILCT ‒ 2–2T 1.92 3IL/3ILCT ‒

1–3T 1.62 3ILCT/3LLCT ‒ 2–3T 1.64 3ILCT/3LLCT ‒

1–4T 1.43 3ILCT/3LLCT ‒ 2–4T 1.46 3ILCT/3LLCT ‒
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Table 4:

Photophysical properties of the of the reference compounds [Os(bpy)3]2+ and [Os(dmb)3]2+ and complexes 

1-0T–1-4T and 2-0T–2-4T collected on dilute (≈20 μM) PF6
− solutions in deaerated acetonitrile at room 

temperature. Emission maxima, emission quantum yields (λex / nm in parentheses), emission lifetimes 

(excitation by a 355 nm laser pulse), and TA lifetime (λobs / nm, where a=ESA and b=bleach, and relative 

amplitudes from biexponential fits in parentheses).

LL=bpy; x=1 LL=dmb; x=2

cmpd λem/nm Φem τem/ns τTA/ns λem/nm Φem τem/ns τTA/ns

[Os(LL)3]2+ 745 5.6×10−3

(470)
56 59 (480, b) 768 (471) 2.9×10−3 32

32 (370, a; 490, b)

x-0T 745 6.2×10−3

(471)
66 66 (370, a; 480, b) 768 (470) 7.8×10−3 76 78 (480, b)

x-1T 754 4.1×10−3

(471)
68 47 (370, a)

59 (480, b) 768 (471) 5.4×10−3 75 79 (490, b)

x-2T 758 5.5×10−3

(470)
68 52 (370, a)

60 (490, b) 770 (470) 6.9×10−3 75
66 (380, a)
78 (490, b)

x-3T 765 4.1×10−3

(466)
100 110 (440, b; 600, a) 770 (470) 4.0×10−3 76

83 (490, b)
73, 540 (2.3:1; 630, a)

x-4T 770 2.8×10−3

(469)

76–110
420–520
(1:2.2)

480, 3000 (9.4:1; 440, b; 
660, a)

460, 3600 (9.3:1; 680, a)
774 (470) 5.2×10−3 650

380–450, 980–1200 
(2.1:1; 440, b)

430–580, 940–1100 
(1.5:1; 660, a)
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Table 5:

Singlet oxygen quantum yields in acetonitrile at room temperature. The excitation wavelength (in nm) is 

indicated in parentheses.

cmpd
ΦΔ

LL=bpy; x=1 LL=dmb; x=2

[Os(LL)3]2+
0.22 (479)

a 0.13 (470)

x-0T 0.24 (475) 0.26 (470)

x-1T 0.16 (476) 0.20 (476)

x-2T 0.18 (475) 0.20 (472)

x-3T 0.21 (489) 0.15 (417)

x-4T 0.70 (460) 0.56 (461)

a
Literature value83

Inorg Chem. Author manuscript; available in PMC 2021 November 16.


	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Instrumentation
	Synthesis
	IP-4T.
	[Os(bpy)3]2+.
	[Os(bpy)2(IP)]Cl2 (1–0T).
	[Os(bpy)2(IP-1T)]Cl2 (1–1T).
	[Os(bpy)2(IP-2T)]Cl2 (1–2T).
	[Os(bpy)2(IP-3T)]Cl2 (1–3T).
	[Os(bpy)2(IP-4T)]Cl2 (1–4T).
	[Os(dmb)3]2+.
	[Os(dmb)2(IP)]Cl2 (2–0T).
	[Os(dmb)2(IP-1T)]Cl2 (2–1T).
	[Os(dmb)2(IP-2T)]Cl2 (2–2T).
	[Os(dmb)2(IP-3T)]Cl2 (2–3T).
	[Os(dmb)2(IP-4T)]Cl2 (2–4T).

	Lipophilicity
	Computational
	Spectroscopy
	General
	UV-Visible spectroscopy
	Emission spectroscopy
	Singlet oxygen
	Transient absorption (TA)

	Cellular Assays
	Metal complex solutions
	Cytotoxicity and photocytotoxicity
	Normoxia
	Hypoxia
	Data Manipulation and Statistics.



	Maximum Tolerated Dose (MTD) in Mice

	RESULTS AND DISCUSSION
	Synthesis and Characterization
	Determining NMR assignments for complexes Os-0T–Os-4T:

	Lipophilicity
	Computational Studies
	Ground state configuration and UV-Vis spectroscopy
	Triplet states

	Spectroscopy and Photophysics
	UV-Visible spectroscopy
	Emission spectroscopy
	Transient absorption
	Excited state model
	Singlet oxygen sensitization

	Biological Results
	Cytotoxicity and photocytotoxicity in normoxia
	Dark cytotoxicity
	Photocytotoxicity
	Phototherapeutic indices (PIs)

	Cytotoxicity and photocytotoxicity in hypoxia
	Hypoxic dark cytotoxicity
	Hypoxic photocytotoxicity and PIs

	Fluence dependence
	MTD results


	CONCLUSIONS
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:
	Figure 9:
	Chart 1.
	Chart 2:
	Table 1:
	Table 2:
	Table 3:
	Table 4:
	Table 5:

