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Abstract

In this work, we report on the development of fluorescent half-sandwich iridium complexes using 

a fluorophore attachment strategy. These constructs consist of pentamethylcyclopentadienyl (Cp*) 

iridium units ligated by picolinamidate donors conjugated to green-emitting boron-dipyrromethene 

(bodipy) dyes. Reaction studies in H2O/THF mixtures showed that the fluorescent Ir complexes 

were active as catalysts for transfer hydrogenation, with activities similar to that of their non-

fluorescent counterparts. The iridium complexes were taken up by NIH-3T3 mouse fibroblast 

cells, with 50% inhibition concentrations ranging from ~20-70 μM after exposure for 3 h. 

Visualization of the bodipy-functionalized Ir complexes in cells using fluorescence microscopy 

revealed that they were localized in the mitochondria and lysosome but not the nucleus. These 

results indicate that our fluorescent iridium complexes could be useful for future biological studies 

requiring intracellular catalyst tracking.
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1. Introduction

Half-sandwich metal complexes have been studied extensively for their potential therapeutic 

properties and unique modes of action.1–3 A variety of promising candidates have been 

found to be potent against platinum-drug resistant cancer cells and can interact with 

non-nucleic acid targets. Some studies have shown that half-sandwich metal complexes 

could engage in catalytic reactions inside living cells,4–7 such as those that promote 

allyl carbamate cleavage8,9 or transfer hydrogenation processes.10–12 These complexes are 

currently being explored as potential catalytic drugs.

Our laboratory is interested in the development of half-sandwich metal complexes as 

reductase enzyme mimics.13 These small-molecule intracellular metal catalysts (SIMCats)6 

can facilitate the conversion of carbonyl-containing compounds into their alcohol products 

using reduced nicotinamide adenine dinucleotide or sodium formate as the hydride source. 

This reaction could be useful for detoxifying α,β-unsaturated aldehydes that are associated 

with neurodegenerative disorders, cancers, atherosclerosis, and other oxidative stress-related 

diseases.14–17 A systematic study of pentamethylcyclopentadienyl (Cp*) iridium complexes 

revealed that the identity of their bidentate supporting ligand is critical to their transfer 

hydrogenation behavior under biologically relevant conditions.18,19 For example, Cp*Ir 

species ligated by 2,2′-bipyridine or 2-phenylpyridine were catalytically inactive, whereas 

those ligated by electron-rich picolinamidate donors showed excellent activity. Excitingly, 

these iridium complexes were able to convert aldehydes to alcohols inside live mammalian 

cells, which was established using a turn-on fluorescent substrate strategy.11 Unfortunately, 

because these iridium complexes are non-fluorescent, it was not possible to visualize their 

intracellular distribution or measure their reaction kinetics on a single cell level. This 

information would be useful to determine what percentage of the Ir complexes are active 

inside cells and whether their catalytic behavior is cell location dependent. Such knowledge 

would aid in the design of SIMCats with improved biocompatibility and efficiency.

A common strategy to make non-fluorescent metal complexes emissive is to append 

organic fluorophores to their ligand structures (Scheme 1).23–28 This method has been 

used successfully to create a variety of fluorescent Cp*Ir complexes. For example, Sierra 

and coworkers attached boron dipyrromethene (bodipy) groups to [IrCl(η5-Cp*)(2-ppy)] 

(2-ppy = 2-phenylpyridine) complexes.20,29 They observed that the distance between the 

bodipy fluorophore and the metal center had a significant impact on the complex’s emission 

properties. A photoinduced electron transfer quenching mechanism was proposed to be 

responsible for the non-emissive character of Ir species with short metal-fluorophore 

distances. In other examples, fluorescent [Ir(bpy)Cl(η5-Cp*)]Cl (bpy = 2,2′-bipyridine) 

and [IrCl(η5-Cp*)(PI)] (PI = 2-phenoxyimine) complexes were prepared by covalently 

linking rhodamine (Irrhodamine)21 and coumarin (Ir-coumarin)22 dyes to their ligand 

framework, respectively. Both Ir-rhodamine and Ir-coumarin species were visualized in cells 

by fluorescence microscopy and showed promising anti-cancer activity.

To the best of our knowledge, fluorescent [IrCl(η5-Cp*)(PA)] (PA = picolinamidate) 

complexes have not yet been reported. Because they are among the most active catalysts 

in the Cp*Ir family,18,19 we wanted to create emissive variants of this series to be used 
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for future in-cell reaction studies. We report in the following work our successful efforts 

to synthesize, characterize, and study the fluorescence properties of [IrCl(η5-Cp*)(PA)] 

species tethered to green-emitting bodipy dyes.20,24,26,27 Being able to visualize the iridium 

complexes using microscopy allowed us to investigate their cellular distribution and uptake 

properties, which is important for understanding their biological behavior.

2. Results and Discussion

2.1. Synthesis and Characterization of Ir Complexes.

The parent [IrCl(η5-Cp*)(PA)] complexes (Ir1a-Ir3a, R = H, CF3, and NMe2, respectively) 

were prepared according to literature procedures (Scheme 2A).19 To obtain their fluorescent 

analogues, we carried out the synthetic sequence shown in Scheme 2B. The boronic acid 

functionalized bodipy 230 and a picolinamide precursor 4 were subjected to Suzuki-Miyaura 

cross-coupling using Pd(OAc)2, PPh3, and Cs2CO3. The desired picolinamidebodipy 4a-4c 
(where R = H, CF3, and NMe2, respectively) were isolated in modest yields ranging from 

32-37%. To metalate the ligands, 4a-4c were treated with [IrCl2(η5-Cp*)]2, followed by 

the addition of NH4PF6, to afford the corresponding Ir complexes Ir1b-Ir3b in 47-59% 

yield after purification by silica gel column chromatography. All the Ir-bodipy complexes 

were characterized by NMR spectroscopy, which showed chemical shifts consistent with 

differences in their electronic structures. For example, their 2-pyridyl hydrogen peaks 

appeared at 8.08 (Figure S38), 8.59 (Figure S31), and 8.77 (Figure S34) ppm for Ir3b, 

Ir1b, and Ir2b, respectively, which correspond to the expected electron donation trend 

NMe2 > H > CF3. Furthermore, the m/z molecular ions for the [M-Cl]+ species were 

detected by electrospray ionization mass spectrometry (Figure S43). Although the X-ray 

crystallographic data of these Cp*Ir(picolinamidate) species were not obtained, they are 

presumed to adopt typical piano-stool structures.18,31,32

We observed that our Ir-bodipy complexes exhibited similar spectral features (Figure S1). 

For example, the UV-vis absorption spectra of Ir1b-Ir3b showed prominent peaks with 

λmax = ~270 and 500 nm. Excitation of the Ir complexes at 488 nm produced emission 

spectra with λem = ~512 nm, which is characteristic of compounds containing the bodipy 

chromophore.20,27 We found that unsubstituted Ir1b had a slightly higher quantum yield 

(Φ = 0.04) than its electron-poor Ir2b and electronic-rich Ir3b derivatives (Φ = 0.02 

for both). To determine whether the spectral properties of Ir-bodipy are impacted by the 

presence of biomolecules, we measured the emission spectra of Ir3b in combination with 

glutamine, glucose, lysine, arginine, glycine and reduced glutathione, which are components 

typically found in commercial cell culture media (Figure S42). We observed that the 

addition of glutamine, glucose, or glycine to Ir3b had negligible effects on the emission 

spectra. However, the introduction of lysine, arginine, or reduced glutathione decreased the 

fluorescence intensity by up to ~15%.

2.2. Transfer Hydrogenation Studies.

With the Ir complexes in hand, we proceeded to test their catalytic efficiency in promoting 

transfer hydrogenation. The reactions were performed by combining benzaldehyde (1 

equiv.), sodium formate (3 equiv.), and Ir catalyst (0.01 equiv.) in H2O/THF mixtures at 
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37 °C for 24 h. The ratio of H2O/THF used ranged from 1.5:1.0 to 2.0:2.1, depending on 

the solubility of the Ir complex. We found that Ir1b has low solubility in both organic and 

aqueous solvents, Ir2b has good solubility in organic solvents but not aqueous solvents, and 

Ir3b has good solubility in both organic and aqueous solvents. The transfer hydrogenation 

reactions also proceed in H2O/DMSO mixtures. However, we preferred using H2O/THF 

because homogeneous solutions containing ≥125 μM of catalyst could be prepared. In 

previous studies, we had determined that [IrCl(η5-Cp*)(PA)] complexes exist in the iridium-

chloride rather than the iridium-aqua form in aqueous solutions containing high chloride 

concentrations (e.g., in phosphate buffered saline).19 As shown in Figure 1, the catalysts 

provided the transfer hydrogenation product benzyl alcohol in 68, 5, and 95% yield for 

Ir1b, Ir2b, and Ir3b, respectively. This reactivity trend is consistent with that observed 

for the parent Ir complexes Ir1a, Ir2a, and Ir3a, which gave 85, 4, and 95% yield of 

benzyl alcohol, respectively. We reported in previous kinetic studies that electron-poor Ir2a 
exhibited similar hydride formation rates as that of the parent Ir1a and electron-rich Ir3a.19 

However, Ir2a was much slower in transferring hydrides from its Ir-H species to substrates 

compared to that for Ir1a and Ir3a. Because attaching bodipy groups to the picolinamidate 

framework in Ir1b-Ir3b does not alter the steric or electronic environments of the Ir centers, 

its presence has minimal effects on catalytic activity.

2.3. Biological Cell Studies.

To determine whether the Irbodipy complexes are cell permeable, we measured the Ir 

concentration of NIH-3T3 cells after treatment with 5 μM of the iridium complexes for 

2 h (Table S2). Analysis by inductively coupled plasma mass spectrometry (ICP-MS) 

revealed that cells exposed to Ir1b, Ir2b, and Ir3b contained 179, 8, and 111 ng Ir/106 

cells, respectively. The low cellular uptake of Ir2b was attributed to its poor solubility 

in aqueous mixtures. To assess whether the presence of the bodipy group has any effects 

on cell permeability, we also determined the Ir content in cells incubated with the non-

fluorescent catalysts. We observed that samples in the Ir1a, Ir2a, and Ir3a control groups 

had concentrations of 42, 104, and 21 ng Ir/106 cells, respectively. Based on the results for 

Ir1a vs. Ir1b and Ir3a vs. Ir3b, the addition of bodipy to the Ir catalysts seemed to have 

increased their ability to be taken up inside cells.33

Next, we determined the 50% inhibition concentrations (IC50) of the Ir complexes to 

assess their biocompatibility. To perform these experiments, NIH-3T3 cells were exposed 

to various concentrations of the Ir complexes for 3 h and then their cell viability was 

measured using colorimetric MTS assays (Table S2). Our results showed that the fluorescent 

Ir1b, Ir2b, and Ir3b complexes had IC50 values of 23, 67, and 28 μM, respectively. For 

comparison, the non-fluorescent Ir1a-Ir3a complexes gave IC50 values ranging from 31-119 

μM. Interestingly, a plot of the cellular uptake concentrations vs. IC50 values revealed a 

general correlation between these two parameters (Figure 2). These results are consistent 

with other studies showing that more lipophilic complexes are better taken up by cells 

and tends to be more cytotoxic.33 Although the specific biological modes of action may 

differ for different half-sandwich metal complexes, some possibilities include binding to 

proteins,2 disrupting cellular redox homoeostasis,5 or inhibiting enzyme function.34 The 

precise mechanisms of cytotoxicity by the [IrCl(η5-Cp*)(PA)] complexes have not yet been 
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fully elucidated31 and will be the subject of future investigations. However, the present 

work indicates that our Ir-bodipy complexes could be well tolerated by NIH-3T3 cells at 

concentrations below ~20 μM (i.e., the IC50 value of the most cytotoxic complex in the 

series).

2.4. Fluorescence Cell Imaging Studies.

After establishing that our Ir-bodipy complexes are emissive and biocompatible, we next 

conducted fluorescence microscopy experiments to visualize the Ir complexes inside live 

NIH-3T3 cells. For these imaging studies, cells were grown in 8-well microscope plates 

and incubated with 5 μM of the iridium complex for 1 h. The cell samples were also 

co-treated with Mito-ID Red, Lyso-ID Red, and/or Hoechst 3342 to stain their mitochondria, 

lysosome, and nucleus, respectively. To minimize background fluorescence, the cells were 

washed with fresh phenol-free DMEM prior to imaging. Finally, the images were acquired 

using an Olympus IX83 microscope equipped with a 100× oil objective. Our imaging results 

(Figures S2–4) indicated that Ir1b, Ir2b, and Ir3b could be clearly detected inside live 

cells. For example, wells exposed to Ir3b showed strong emission emanating from the 

interior of the cell (Figure 3A). Two-channel imaging revealed that the Ir-bodipy complexes 

accumulated in both the mitochondria and lysosome. Based on the shape and morphologies 

of the cells, they were not adversely affected by the Ir complexes under imaging conditions. 

An important point to note in our studies is that the addition of a fluorophore to the Ir 

species could potentially alter their intracellular distribution relative to that of their parent 

complexes. Such possibilities could be evaluated by obtaining data from high-resolution 

quantitative elemental mapping of live cells treated with either emissive or non-emissive 

iridium variants to determine whether there are differences in their cellular distribution.35 In 

this study, we did not perform experiments using less than 5 μM of the Ir-bodipy complexes, 

which is at least 4.6× below their IC50 values (Table S2), but we expect that they should 

be detectable at lower concentrations by our fluorescence microscope. Future work will 

focus on assessing the detection limit so that this information could be used for studying 

concentration-dependent behavior inside living cells.

The fluorescent Ir1b, Ir2b, and Ir3b complexes appeared to have similar spatial 

distributions inside the cell. Using our fluorescence data, we calculated the Pearson’s 

correlation coefficient (PCC) for the Ir complexes with different cellular organelles (Figure 

3B).36 The PCC for Ir1b, Ir2b, and Ir3b were 0.74, 0.54, and 0.69 in the mitochondria, 

and 0.77, 0.43, and 0.68 in the lysosome, respectively. These values suggest that the Ir 

complexes accumulate inside both organelles, which has been observed for other related 

complexes.22,37 For all Ir-bodipy species, the PCC in the nucleus is 0, indicating that 

they do not penetrate the nuclear membrane. Because our Ir-bodipy complexes were not 

designed with organelle targeting in mind, it was not surprising that they lacked cell location 

specificity. However, we expect that such selectivity could be achieved by appending the 

appropriate organelle targeting moiety to the catalyst structure.38
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3. Conclusions

Given that the [IrCl(η5-Cp*)(PA)] complexes are among some of the most active 

biocompatible transfer hydrogenation catalysts reported, we wanted to develop fluorescent 

variants that could be useful for future biological studies. To make the non-fluorescent Ir 

complexes emissive, we covalently attached bodipy fluorophores to their ligand structures. 

We found that this modification affected the Ir complex’s water solubility but did not alter 

their intrinsic transfer hydrogenation activity. In solution studies, the Ir complexes catalyzed 

the reduction of benzaldehyde to benzyl alcohol in the presence of sodium formate and 

showed the relative trend: Ir3b (R = NMe2) > Ir1b (R = H) > Ir2b (R = CF3), which 

was consistent with the electronic effects of their different R groups. We found that the Ir-

bodipy complexes have IC50 values ranging from ~20-70 μM and cytotoxicity is correlated 

with intracellular Ir concentrations. Finally, fluorescence imaging studies showed that Ir1b, 
Ir2b, and Ir3b are strongly emissive inside live NIH-3T3 cells with co-localization in 

the mitochondria and lysosome but not the nucleus. This work suggests that fluorescent 

Ir-bodipy complexes retain the chemical function of their parent catalyst but have the added 

feature of being trackable inside live cells. Most importantly, having an electronically varied 

series of emissive [IrCl(η5-Cp*)(PA)] complexes will enable us to compare the intracellular 

reactivity of this family of catalysts for the first time using fluorescence-based methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparison of transfer hydrogenation activity in H2O/THF solution. Reaction conditions 

used: benzaldehyde (60 μmol), HCOONa (180 μmol), Ir complex (0.60 μmol), H2O/THF, 

37 °C, 24 h. Slightly different H2O/THF ratios were used due to differences in the catalyst 

solubility (see Table S1 for more details).
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Figure 2. 
Plot showing the IC50 concentration vs. cellular uptake of the Ir complexes. The IC50 values 

were measured using MTS assays and the cell uptake concentrations were measured by 

ICP-MS. See Table S2 for additional details.
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Figure 3. 
A) Fluorescence microscope images of NIH-3T3 cells treated with 5 μM of Ir3b (λex = 

488 nm, left column) and Mito-ID Red (λex = 561 nm channel, middle column), Hoechst 

3342 (λex = 405 nm channel, middle column), or Lyso-ID Red (λex = 488 nm channel, 

middle column). The Mito-ID and Hoechst 3342 staining experiments were performed on 

the same cells so the top two Ir3b images are identical. These data were acquired using 

an Olympus IX83 microscope with a 100× oil objective. B) Summary of the Pearson’s 

correlation coefficients calculated from the co-localization studies.
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Scheme 1. 
Design of fluorescent half-sandwich iridium complexes. Representative examples depicted: 

Ir-bodipy,20 Ir-rhodamine,21 and Ir-coumarin.22
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Scheme 2. 
Half-sandwich Ir picolinamidate complexes used in this study. Synthesis of the fluorescent Ir 

complexes is shown in Part B.
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