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Abstract 

Luminescent transition metal complexes are of interest for biological imaging applications due to 

their unique photophysical properties including large Stokes shift, long fluorescence lifetimes, 

and tunable emission. Altering ligand structure is a useful way to manipulate the charge transfer 

(CT) and mixed character states that give these complexes their photophysical properties. A 

series of organometallic complexes containing ligands with externally facing nitrogens has been 

prepared and synthesized. Complexes of the form Pt (II)(tbbpy)(C2-py), Re(CO)3(N^N), 

Ir(C^N)2(N^N), and Ir(C^N)2(N^O) have been studied for their potential application as 

biological imaging agents. The goal of this project is to compare the properties of these 

complexes to analogs where the external nitrogen has bonded to an oxygen to assess their 

potential as ratiometric hypoxia (low oxygen concentration) probes. Two cyclometalated iridium 

complexes, Ir(ppy)2(5-Me-pz-COO) and Ir(dfppy)2(5-Me-pz-COO) were synthesized along with 

their N-oxide congeners. It was found that the presence of an N-oxide caused a 140 mV cathodic 

shift in the reduction potential. For Ir(ppy)2(5Me-pz-COO), the N-oxide caused a 20 nm red-shift 

in emission and a significant quenching of emission intensity. These data show promising results 

for the ability of the N-oxide to tune the properties of the complexes. This report details the 

successful synthesis of several additional complexes that show potential for this application. 

 

 

 

 

 

 

 

 

 



   
 

 3 

Table of Contents 

Abstract 

Table of Contents 

Glossary 

Chapter 1: Hypoxia Imaging and the Design of Organometallic Imaging agents 

1. Hypoxia Imaging 

2. Organometallic Complex Applications 

3. Ratiometric Imaging 

4. N-oxide ligand design and electronics 

Chapter 2: Synthesis and Characterization of Platinum Alkynyl Complexes 

1. Introduction 

2. Experimental 

3. Results and Discussion 

4. Conclusion 

Chapter 3: Cyclometalated Iridium Complexes 

5. Introduction 

6. Experimental 

7. Results and Discussion 

8. Conclusion 

Chapter 4: Tris Carbonyl Rhenium Complexes  

9. Introduction 

10. Experimental 

11. Results and Discussion 

12. Conclusion 

Appendix A: Additional Iridium Characterization 

Appendix B: Additional Rhenium Characterization 

 

 

 



   
 

 4 

Glossary 

tbbpy………………………………………………………………...4,4’-tert-butyl-2,2’-bipyridine 

dmap…………………………………………………….……………....4-dimethylamino pyridine 

pz……………………………………………………..……………………………………pyrazine 

bpz……………………………………………………………………...………………..bipyrazine 

phen…………………………………………..……………………..………..1,10’ phenanthroline 

dfppy……………………………………………………………...…….…difluorophenyl pyridine 

ppy……………………………………………….………………..……………….phenyl pyridine 

biq……………….………………………………………………..…………………….biquinoline 

5-Me-pz-2-COOH…………………..…………….…..……...5-methyl pyrazine 2-carboxylic acid 

5-Me-pzO-2-COOH……………….………..……..….5-methyl-4-oxo pyrazine 2-carboxylic acid 

4-NMe2-pzO-2-COOH……………..…...…………..4-dimethylamino pyrazine 2-carboxylic acid 

pz-COO………………………………………………………………..pyrazine-2-carboxylic acid 

C23-py……………………………………………..…………………………...3-ethynyl pyridine 

C22-py……………………………………………..…………………………...2-ethynyl pyridine 

m-CPBA…………………………………………..……………...meta-Chloroperoxybenzoic acid 
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Chapter 1: Hypoxia Imaging and the Design of Organometallic Imaging Agents 

1.1 Hypoxia Imaging 

 An important aspect of medicine is the diagnosis of conditions and detection of harmful 

substances within the body in a noninvasive manner. Common imaging techniques such as X-ray 

and magnetic resonance imaging allow us to visualize larger conditions in a clinical setting but 

not subcellular dynamics.1 There are many subcellular dynamics that are indicators or causative 

agents of disease, but they can be difficult to identify before the problem is widespread and 

irreversible (e.g., cancer). Synthesis of small molecule probes is a large field of chemistry, and 

fluorescence is a common mechanism used to visualize intracellular processes such as the 

movement of small molecules, metabolites, and enzyme interactions.2 These probes typically 

function through measurement of fluorescent intensity, reflecting a concentration or by changing 

emission via intermolecular interactions.  

 

Figure 1: Fluorescent Probes for in vivo imaging. a) Reversible ratiometric probe to monitor Glutathione 
(GSH) via Michael addition-elimination.3 b) Probe for labile heme that fluorescence upon N-oxide 
cleavage.10 

 A field that encompasses the wide range of uses for in vivo imaging is the study of heme 

biosynthesis and trafficking.4 This ubiquitous macromolecule consisting of Fe(II) chelated to a 

protoporphyrin IX ring is an essential protein cofactor and signaling molecule, and many 

diseases are associated with disruption or upregulation of heme biosynthesis. Thus, researchers 
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have been developing methods to image heme for decades to understand its dynamics on a 

subcellular level.5 This is often accomplished through genetically encoded protein-based 

fluorescent sensors.6, 7  Fluorescent small molecule probes allow for direct cellular uptake. These 

probes are often reaction-dependent where fluorescence is either quenched or “turned on” by a 

reaction with the desired biomarker (e.g., H-FluNox sensor or labile heme [Figure 1]).8-10  

 Similar in importance to heme, oxygen is vital for cells; it acts as a signaling molecule 

and plays a role in much of the redox chemistry inside cells. Hypoxia (i.e., low oxygen) is a 

common marker of potentially cancerous cells or tumor malignancy.11 Growing tumors have 

complex but disordered vascular networks that inherently decrease the transport of O2 throughout 

the tumor, causing hypoxia. These conditions select for cells that have several enhanced 

hypoxia-survival mechanisms, including the inactivation of some regulatory mechanisms 

controlling growth transcription factors, which increases the probability of malignancy and 

tumor proliferation.12 Hypoxia also presents a clinical concern because of its ability to limit the 

effectiveness of cancer therapy through characteristics like resistance to apoptosis (i.e. cell death) 

and genomic instability.13 Thus, there are many reasons we want to be able to detect hypoxic 

conditions within cells.  

 There are currently few ways to image hypoxia in clinical settings. Fluorine-labeled 

nitroimidazoles can be transported to a tumor by the blood stream and imaged with Positron 

Emission Tomography (PET). Similarly, a contrast agent can be distributed throughout the tumor 

and imaged by Magnetic Resonance (MR) or Computed Tomography (CT).11 The problem with 

these methods is there is no way to ensure sufficient and uniform distribution throughout the 

tumor, it can take hours to obtain a useful image, and they are often not directly measuring 

intracellular oxygenation.11 Thus, small-molecule probes and alternative imaging techniques 



   
 

 7 

such as fluorescence and photoacoustic imaging present a possibly more sensitive and reliable 

way to detect hypoxia for both diagnostic and treatment monitoring applications. Of particular 

interest to this project is the report of an aza-BODIPY probe that employs an N-oxide functional 

group to detect hypoxic conditions within tumor cells [Figure 2].14 

 

Figure 2: Altered emission of aza-BODIPY probe in response to decreasing oxygen. 

Under hypoxic conditions, some heme-bound proteins will cleave the N-O bond, resulting in a 

change in emission from red to green and an enhanced photoacoustic signal (PA). Oxygen inside 

the cells competitively binds to these proteins, and so normoxic conditions will leave the probe 

relatively unchanged. This study used ratiometric photoacoustic imaging, a technique that has 

grown in popularity with respect to biological imaging due to the excellent resolution of signal it 

can produce and its ability to penetrate deeper in tissue.15 Imaging techniques will be covered in 

more detail in a later section. 

 There are many factors to consider when designing a fluorescent probe for in vivo 

imaging even before clinical applications are considered. If the target biomarker is inside a cell, 

the probe must be permeable to a membrane, which requires balancing hydrophilic and 

hydrophobic structural elements. There are many reactive species in cells, so the probe needs to 

be selective for the specific biomarker and resistance to degradation inside the cell. The 
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fluorescent heme probe discussed previously, for example, reacts selectively with labile heme 

rather than Fe (II) alone or protein-bound heme, making it an effective probe for monitoring 

trafficking of a specific form of the molecule.9 For the N-oxide based probe [Figure 1], groups 

around the N were necessary to prevent the probe from being reduced by other reactive species.14 

Toxicity, the interference with cell viability, is also an important consideration. In addition to 

cellular considerations, the photophysical properties such as absorbance and emission 

wavelengths suitable for the type of instrumentation and fluorescence lifetimes are integral to 

functionality. Screening a series of probes with small variations in ligand structure that may tune 

its properties is often the best way to find a viable probe.  

1.2 Organometallic Imaging Applications  

 Transition metal compounds are of interest in biological imaging due to the ability to tune 

their photophysical properties. Organometallic compounds containing heavy metals have several 

characteristics that make them promising fluorescent probes. Stokes shift, the phenomenon in 

which a compound emits at a longer wavelength than the wavelength it absorbs due to energy 

loss during non-radiative transitions such as vibrational relaxation and intersystem crossing 

(ISC). A large Stokes shift is beneficial for imaging applications because prevents self-

quenching (reabsorption of emitted light), which will result in weaker fluorescence signal.14 

Organometallic complexes exhibit large Stokes shifts, usually into the visible region, because of 

the complex mixture of excited states controlling their photophysical properties.15, 17 
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Figure 3: Qualitative Jablonski diagram for MLCT transitions in organometallic complexes. 

 Relaxation from a triplet metal-to-ligand charge transfer (3MLCT) excited state is usually 

responsible for the Stokes shift because energy is lost during intersystem crossing (change in 

spin states); this transition also occurs more slowly, resulting in longer fluorescent lifetimes.16 

[Fig. 3] This is useful for imaging because it allows for time-gated measurement, which can filter 

out background signal caused by the autofluorescence of other cell components.17  

 

Figure 4: Representative structures of luminescent Ir(III) and Re(I) Complexes 

 Changing or altering the ligands attached to the metal center presents a simple way to 

tune the properties of ligands because in addition to MLCT states, these complexes also exhibit 

ligand-to-ligand charge transfer (LLCT), intraligand (IL), and ligand field (LF) transitions.18 This 
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report will focus on the change in electronics and optical properties of iridium and rhenium 

compounds caused by various ligands.[Fig. 4] The photophysics of organometallic complexes 

containing these metals have been studied extensively for various applications, but d6 fac-

Re(CO)3(N^N)Cl and cyclometalated iridium complexes [Fig. 4] have been the focus of 

biological imaging interest.19 The covalency of the metal-carbon prevents reactive species in the 

cell from attacking the heavy metal, which has large cytotoxic potential when it is not 

saturated.20 It has been shown that multiple ligands on the metal center influence the absorption 

and emission profiles of these compounds, which mean there are multiple places on the molecule 

that could be used to tune the emission. It should be noted that the correct term for a radiative 

transition from a triplet state is phosphorescent; however, since fluorescence spectroscopy is the 

technique used and the exact states involved in emission is not precisely know, the term 

fluorescence will be used for clarity throughout this report. The main goal of this project is to 

analyze the change in properties caused by the addition of an oxygen to uncoordinated nitrogens 

on the ligands of the organometallic complexes shown in Figure 5. 

 

 

Figure 5: Theoretical Re(I) and Ir(III) N-oxide probes. 
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1. 3 Utility of N-oxide and ligand design. 

 Since their first reported synthesis in 1926,  pyridine N-oxides have been extensively 

studied.21 Their electrophilic and nucleophilic properties are useful for efficient synthesis of 

substituted pyridines (e.g., amination22, sulfurylation23, alkylation24, etc.) and natural products 

and therapeutic agents used for the treatment of anxiety disorders, alopecia and cancer.25 [Fig. 6] 

Since nitric oxide is an essential molecule for cells, these compounds act by mimicking NO to 

competitively bind to inhibitors The complex design of these drugs is outside the scope of this 

project, but the plethora of biologically active molecules containing N-oxides show its utility. 

Although not an imaging agent, Tirapazamine [Fig. 6c] provides a conceptual link between N-

oxides and hypoxia in tumor cells; in low oxygen environments, the N-oxide triggers reductases 

that convert the drug into a radical species that damages DNA.26 Being able to image hypoxia in 

tumor cells would allow for more targeted drug delivery. 

 

Figure 6: N-oxide therapeutic agents 

 When designing a biological probe rather than a therapeutic, it is important the molecule 

not be converted into a radical, cytotoxic species. As discussed previously, N-oxide bonds have 

been utilized for imaging applications. Both the H-FluNox heme probe [Fig.1] and aza-BODIPY 

hypoxia probe [Fig. 2] use the reduction of a tertiary amine oxide to change the fluorescent 

signal.8, 9, 14 The goal of this project is to combine the utility of N-oxides with the ideal 
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photophysical properties of the organometallic transition metal discussed in the previous sections 

to make a probe that will be tuned in hypoxic conditions. Subsequent chapters will detail the 

synthesis and characterization of these complexes containing ligands with an external, 

uncoordinated nitrogen to which an oxygen can bind. Many of the ligands used for this project 

contained pyridine-like components. A typical synthetic route to pyridine oxides is through 

oxidation via meta-Chloroperoxybenzoic acid (m-CPBA).24 [Fig. 7] 

 

Figure 7: Synthetic approach for organometallic N-oxide formation. 
This general approach was attempted with both of the TM complexes shown in Figure 4. We can 

determine the viability of these complexes as probes through the comparison of the 

photophysical properties of the non-N-oxide complex and its N-oxide congener.  

 4. Ratiometric Imaging  

Measuring fluorescence is an ideal method for biological imaging because it is sensitive and 

relatively simple. The long history of research involving fluorescence of molecules provides a 

library of fluorophores to utilize when designing a fluorescent probe, but it is also important to 

consider what kind of signal will be measured and its functionality in vivo. Measuring 

fluorescent intensity at one wavelength is easy, but the signal does not account for interferences 

such as light scattering, microenvironments within the cell, and variations from the excitation 

source)27. Additionally, the concentration of the probe must be known to make quantitative 

measurements, which can be difficult in vivo. Ratiometric imaging involves measuring the 

fluorescence intensity at two wavelengths. It is useful because it is self-referencing, meaning one 

signal acts as an internal reference; this improves sensitivity and quantification.15 Ratiometric 
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measurements can be accomplished through several strategies. The probe can contain subunits 

where one unit is sensitive to the target biomarker and the other signal is independent of the 

biomarker. Alternatively, the signal of the probe be altered in response to the analyte through 

proton transfer, conformation changes, chemical reactions, etc, creating two emission 

wavelengths to measure or an on/off signal due to quenching.9, 27-29 Combined with a sensitive 

cell imaging technique such as confocal fluorescence microscopy, variations in biomarker 

concentrations across cells can be visualized.8  

 Another promising use of ratiometric imaging in vivo is the measurement of 

photoacoustic signals. Photoacoustic imaging (PAI), which involves excitation of a chromophore 

that absorbs in the near-IR; that energy causes thermoelastic expansion, which is released in the 

form of ultrasound waves, producing an acoustic signal.30 This imaging method is useful for 

biological imaging because there is less optical scattering and deeper tissue penetration.30, 31PAI 

has been utilized for cancer imaging for many years, including aza-BODIPY probe discussed 

earlier, which used PAI for sensitive hypoxia imaging.14 Although the probes discussed in this 

project would not be suitable for PAI, the problems it addresses are important considerations for 

any in vivo probe. Recently, multi-modal approaches combining fluorescence and photoacoustic 

imaging to detect biomarkers show promising results.  
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Chapter 2: Synthesis and Characterization of Platinum Alkynyl Complexes 

Introduction 

 The photophysical properties square-planar platinum(II) alkynyl complexes have been 

studied for decades.32 The heavy platinum center facilitates spin-orbit coupling that increases the 

frequency of the intersystem crossing (ISC), resulting in a triplet lowest excited state.32, 33 

Complexes with these energy transitions are often strong emitters, a desirable propertied for 

devices such as OLEDs.34, 35 The absorption and emission profiles of these compounds are highly 

tunable with substituents on the alkynyl ligands or the attachment of chelating ligands (e.g., 

tbbpy).36, 37 Luminescence intensity can be improved with strong donor ligands (e.g. acteylides) 

and an aromatic 𝜋∗acceptor ligands on which the LUMO is located.36 In addition to synthesizing 

Pt(II) alkynyl complexes with different ligand motifs to tune the photophysical properties, post-

synthetic modifications such as Lewis acid-base interactions with electron-withdrawing groups 

tunes the emission different based on the location of the interaction.38  

 Despite their luminescent qualities, there are few examples of the Pt(II)(N^N)(alkynyl)2 

utilized for biological imaging.39 Several complexes of this type were synthesized and 

characterized by previous members of our lab group using a 2-pyridyl acetylene ligand to form a 

trans-bidentate ligand.40 Using Pt(II)(tbbpy)Cl2 and 3-pyridyl acetylene, we synthesized a Pt (II) 

complex to use in our N-oxide approach to oxygen sensing. [Fig. 1]  

 

Figure 1: General synthesis of Pt (II) alynyl complexes and N-oxide congener. 
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Experimental 

Materials 

 All reactions performed under a fume hood. K2[PtCl4] and acetylene ligands were used as 

purchased and stored according to label instructions. Solvents were used as received. Unless 

otherwise noted, all glassware used for synthetic reaction was dried in an oven. Solvent was 

evaporated with a Buchi Rotovapor. Pt(tbbpy)Cl2 and other complexes were synthesized 

according to reported procedure.41 

Measurements 

 NMR spectra were obtained on a JEOL ECX 400 MHz spectrometer and referenced 

against TMS using residual proton signals (1H NMR) or the 13C resonances of the deuterated 

solvent (13C NMR). Single crystal X-ray diffraction was used to determine crystal structures, and 

the structures were refined using the Bruker SHELXTL Software Package. 

 Preparation of Pt( tbbpy)Cl2 41 

 K2PtCl4 (0.416g, 1.00 mmol) and 4,4’-tert-butyl-2,2’-bipyridine (0.270g, 1.02 mmol) 

were added to dry flask attached to reflux condenser with H2O (30 mL) and 4.0 M HCl (2.0 mL). 

Mixture heated to 155 °C and refluxed for 2 h. Yellow, heterogenous mixture cooled and 

vacuum filtered, washing with 2x30 mL H2O, 35 mL MeOH, and 30 mL Et2O. Yellow solid was 

dried in vacuo. Yield: 0.4940g; 92% 1H NMR (400 MHz, Chloroform-d) δ 9.5 (d, J = 6.2 Hz, 

1H), 7.9 (d, J = 2.1 Hz, 1H), 7.5 (dd, J = 6.3, 2.2 Hz, 1H), 1.5 (s, 9H). 

 Preparation of Pt(tbbpy )(C2-3-py)2 42 

 Pt(tbbpy)Cl2 (0.0908g, 0.170 mmol), 3-ethynyl pyridine (0.0516g, 0.506 mmol), and CuI 

(0.0025g; 0.013 mmol) were added to flask. CH2Cl2 (15 mL) was added, and the reaction flask 

was sealed with rubber septa. iPr2NH (1.5 mL) was added with a syringe. Reaction flask was left 
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to stir in the dark for 24 h. Solvent was evaporated from yellow, heterogenous reaction mixture. 

Yellow solid redissolved in in CH2Cl2 (15 mL) and extracted with 3x50 mL Na2CO3 washes 

followed by 50 mL H2O wash and 50 mL NaCl wash. The organic layer was dried with MgSO4 

and filtered through a Celite plug, and the solvent was evaporated. CuI removed using AlO2 plug 

eluted with 5% MeOH/CH2Cl2. Eluent was collected, and solvent was evaporated. Yellow solid 

dried in vacuo. Yield: 0.0793g; 70% 1H NMR (400 MHz, Chloroform-d) δ 9.7 (d, J = 6.0 Hz, 

1H), 8.8 (s, 2H), 8.4 (s, 2H), 8.0 (d, J = 2.0 Hz, 2H), 7.8 (m, 2H), 7.6 (dd, J = 6.0, 2.0 Hz, 2H), 

7.2 (m, 2H), 1.5 (s, 17H). 

 Attempted Preparation of Pt (tbbpy)(C2-3-pyO)2 

Pt(tbbpy)(C23-py)2 (0.0413g, 0.062 mmol) was dissolved in CH2Cl2 (20 mL) and chilled to 0°C. 

m-CPBA (0.0209g, 0.121 mmol) was added, and the mixture stirred for 3h. Saturated NaHCO3 

(50 mL) added to separation funnel with reaction mixture, and the product was extracted with 

CH2Cl2 (3x30 mL). Organic layer dried over MgSO4, and the solvent was evaporated. TLC in 

5% MeOH/CH2Cl2 showed distinct band from starting material. Product purified using Prep TLC 

in 5% MeOH/CH2Cl2. The band from 1-3.5 cm (Rf 0.655-0.229) was removed and vacuum 

filtered, washing with MeOH/CH2Cl2. Solvent was evaporated to produce yellow solid. 

Subsequent analysis showed this product to be starting Pt(tbbpy)(C23-py)2 material. 

Results and Discussion 

Several Pt(II) complexes were obtained using previously reported procedures as shown in Figure 

4.40-42 The 1H NMR spectrum of a new complex, Pt(tbbpy)(C2-3py)2 is shown in Figure 8 

showing the expected number of peaks with appropriate shift values for the aromatic and tert-

butyl protons. A crystal structure of Pt(tbbpy)(C2-3py)2 was obtained showing a structure 

consistent to complexes previously in the lab group. [Fig.10] The bond angles around the Pt(II) 
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do deviate slightly from the expected values of a square planar complex, but the reason for this is 

un known. Table 2 shows the standard crystallographic data for this complex. A stirring reaction 

was performed with m-CPBA and Pt(II)(tbbpy)(C2-3-py)2 to convert the nitrogens on the ethynyl 

pyridine ligands to N-oxides. The 1H NMR spectrum for the resulting products shows different 

shift values from the original complex [Fig. 9], which led to the initial conclusion that the 

reaction was successful. A crystal structure was also obtained of an attempted oxidation of 

Pt(tbbpy)(C2-4py)2 using m-CPBA [Fig.11]; this showed that the desired N-oxide product was 

not achieved. Instead, OH and Cl groups attached to the metal center. This suggests the square 

planar Pt (II) center is more easily oxidized by the m-CPBA than the nitrogen atoms in the 

pyridine. It is likely that the Cl and OH groups are transferred from m-CPBA to the Pt center 

during the reaction. 

 

 

Figure 2: 1H NMR of Pt (tbbpy )(C2-3-py)2 in CDCl3 
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Figure 3: 1H NMR of Pt (tbbpy)(C2-3-pyO)2 in CDCl3 

 
  

 
Figure 4: Single-crystal X-ray crystal structure of Pt(II)(tbbpy)(C2-3-py)2. Hydrogen atoms and solvent 

molecules omitted for clarity.  
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Table 1. Pt(II) Bond Angles for Pt(II)(tbbpy)(C2-3-py)2
C19-Pt1-C26 90.74(7) C19-Pt1-N1 94.17(6) 
C26-Pt1-N1 174.78(6) C19-Pt1-N2 172.63(6) 
C26-Pt1-N2 96.50(6) N1-Pt1-N2 78.63(5) 

 
Table 2: Crystal data and structure refinement for Pt(II)(tbbpy)(C2-3-py)2 
Identification code d8-4736_a-C32H32N4Pt-polymorph-CIF 
Empirical formula C32H32N4Pt 
Formula weight 667.70 
Temperature/K 100(2) 
Crystal system triclinic 
Space group P-1 
a/Å 10.4840(4) 
b/Å 10.8922(5) 
c/Å 13.3467(6) 
α/° 82.608(2) 
β/° 69.4890(10) 
γ/° 68.6830(10) 
Volume/Å3 1329.82(10) 
Z 2 
ρcalcg/cm3 1.668 
μ/mm-1 5.304 
F(000) 660.0 
Crystal size/mm3 0.360 × 0.190 × 0.170 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.844 to 60.178 
Index ranges -14 ≤ h ≤ 14, -15 ≤ k ≤ 15, -18 ≤ l ≤ 18 
Reflections collected 66988 
Independent reflections 7761 [Rint = 0.0365, Rsigma = 0.0185] 
Data/restraints/parameters 7761/0/340 
Goodness-of-fit on F2 1.070 
Final R indexes [I>=2σ (I)] R1 = 0.0150, wR2 = 0.0364 
Final R indexes [all data] R1 = 0.0155, wR2 = 0.0367 
Largest diff. peak/hole / e Å-3 1.07/-1.30 
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Figure 5: Single-crystal X-ray crystal structure of attempted Pt (tbbpy)(C2-3-pyO)2. Hydrogen atoms and 

solvent molecules omitted for clarity.  

Table 2: Crystallographic Data for attempted Pt (tbbpy)(C2-3-pyO) 
Identification code D8_4958_SM_2_105 
Chemical formula C32H33ClN4OPt 
Formula weight 720.16 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.042 x 0.089 x 0.246 mm 
Crystal system orthorhombic 
Space group P b c a 
Unit cell dimensions a = 11.6110(5) Å α = 90°  

b = 20.2091(9) Å β = 90°  
c = 26.7825(11) Å γ = 90° 

Volume 6284.5(5) Å3 
 

Z 8 
Density (calculated) 1.522 g/cm3 
Absorption coefficient 4.580 mm-1 
F(000) 2848 
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Conclusions 
 
Although a minor component of this overall project, results from the Pt (II) alkynyl complexes 

were essential for directing this project towards the synthesis of saturated metal complexes. It is 

important to note that while the crystal structure for the failed N-oxide experiment shows 

pyridine ligands in the 4 positions while Figure 4 shows the same complex with 3-ethynyl 

pyridine ligands; however, it is expected that m-CPBA reaction with Pt(II)(tbbpy)(C2-3-py)2 

would produce a similar result. Although the data was not available for this project, anecdotal 

experiments with ethynyl pyridine ligands already containing the N-oxide group show a cleavage 

of the N-oxide during the reaction, resulting in complexes similar to Figure 4.  These complexes 

have many potential applications including the addition of electron-withdrawing or donating 

groups on the ligands to tune emission, but no future work will be done with these complexes for 

oxygen sensing in cells using an N-oxide mechanism. 
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Chapter 3: Synthesis and Characterization of Iridium (III) Complexes 

Introduction 

 Cyclometalated iridium(III) complexes have been utilized for a wide variety of 

applications. These complexes are powerful light-emitters, with high quantum efficiencies and 

photostability in addition to highly tunable optical and photophysical properties.43 For these 

reasons, these complexes have been explored extensively for use in organic light-emitting 

devices (OLEDs)33, 35, 44 and light-emitting electrochemical cells (LEECs)45, which are important 

for the improved efficiency and quality of many technological applications such as full-color 

displays. Much of the literature on cyclometalated complexes studies the effect of structural 

modifications on the photophysical and optoelectronic properties to improve quantum efficiency 

or color purity.46 Current challenges with these light emitting devices are long-lasting blue 

emission and white light generation, problems which cyclometalated iridium complexes have 

been utilized to address. 44-48. Other applications include the detection of volatile organic 

compounds (VOCs)49, photosensitizers50, and solid-state polymer-based molecular oxygen 

sensors51.  

 Iridium (III), a d6 third-row transition metal, exhibits large ligand field splitting (∆"); 

heavy metals are also associated with increased spin-orbit coupling between triplet and singlet 

excited states, which facilitates rapid intersystem crossing (ISC).19, 35 The C^N cyclometalating 

ligands used for the complexes in this project further increase ∆" due to the 𝜎-donor action of the 

Ir-C bonds and the heterocyclic ring acting as a 𝜋∗acceptor.52 The resulting lowest energy state is 

a mixture of 3MLCT and 3LC transitions.  Because a large proportion of the optoelectronic 

properties is due to ligand structure, it follows that the properties of the complex can be easily 

tuned by altering the ligand, such as the variations to bipyridine shown in Figure 1. This is 



   
 

 27 

confirmed by extensive literature precedent, which details complexes with emission ranging 

from near-UV and blue to red and near-IR.44, 53-55  

 Tuning the photophysical properties of these complexes requires shifting the energy of 

the HOMO, LUMO, or both. Generally, the HOMO is thought to be influenced by the aryl 

rings/Ir-C bonds and the LUMO influenced by the heterocyclic rings.52 It has also been shown 

that for complexes of the form Ir(C^N)2(N^N), the HOMO is centered on the C^N ligands and 

metal center while the LUMO is typically centered on the N^N or N^O ligand.56 Synthesizing 

the complex with C^N ligands containing electron-withdrawing groups (e.g., -F, -CF3, -CN) is 

typically used to blueshift emission;45 this approach has been combined with the use of N^O 

ligands (e.g. picolinate) to further stabilize the HOMO.52 Red-shifted emission is typically 

achieved by extending the aromatic system of the N^N ligand (e.g., replacing 2,2’ bipyridine 

with 2,2’ biquinoline) or attaching electron donating groups such as MeO [Fig. 1a] to the C^N 

ligand.45, 53, 54, 57  

  

Figure 1: Example N^N ligands with electron density-altering functional groups. a) 4,4’-
Methoxybipyridine. b) 4,4’-Cyanobipyridine. c) 4,4’-Bromobipyridine 

  Many of the properties that make these complexes ideal for light-emitting devices are 

ideal characteristics of biological imaging agents. Long fluorescence lifetimes, resistance to 

photobleaching, and emission in the visible region allow for sensitive measurement in vivo.39 

[Ir(dfppy)2(biqinoline)]+ and similar compounds were found to be effective phosphorescent dyes 

in cells with emissions ranging from blue to red.55 It’s also possible to conjugate biomolecules 
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(e.g., biotin, galactose, peptide) to one of the cyclometalated ligands to form labeling reagents58. 

Although most of the complexes are distributed throughout the cytoplasm alone55, 59, structural 

changes such as charge and functional groups may be used to localize the complexes to a desired 

area (e.g., mitochondria).58 For hypoxia sensing, it is ideal for the probe to be uniformly 

distributed throughout the cell and tumor. Cationic complexes have been utilized more 

frequently do to their increased cellular uptake, but the uptake of neutral complexes like those 

with N^O ligands can be improved with function groups that increase the amphiphilicity of the 

complexes.59 There is ample evidence that iridium (III) complexes can function as effective 

intracellular sensors for gaseous molecules, ions, or amino acids.59 

 This chapter will detail the synthesis and characterization of cationic and neutral iridium 

(III) complexes that contain two cyclometalated C^N ligand and an ancillary ligand (N^N or 

N^O) with uncoordinated nitrogen (s). The goal is to show that these external nitrogens can be 

converted to N-oxides accompanied by a tuning of photophysical properties. There is precedent 

for utilizing iridium complexes as hypoxia sensors, including one [Ir(btph)2(acac)] complex 

relying solely on the quenching of phosphorescence60 [Fig. 2] and a larger sensor containing a 

phosphorescent iridium subunit and a fluorescent organic subunit joined by a rigid linker.29  

 

Figure 2: Ir(III)(btph)2(acac) probe for hypoxia sensing.60 
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 While these studies were promising, there is still a gap to be filled in terms of optimizing 

the optical properties and cellular affinity/localization. Several novel cyclometalated iridium (III) 

complexes were synthesized and characterized using NMR and X-ray crystallography. Figure 3 

shows a series of cationic iridium complexes of the form [Ir(C^N)2(N^N)]+; Figure 4 shows a 

series of neutral complexes of the form Ir(C^N)2(N^O). Except for [Ir(dfppy)2(biquinoline)] PF6 

[Fig.3 complex 1] and Ir(dfppy)2(picolinate) [Fig.4 complex 5], no previous synthesis has been 

reported for the complexes detailed in this chapter. Due to the lack of similar 13C and 2D NMR 

data available for these complexes, full spectroscopic characterization and elemental analysis is 

ongoing for many of these complexes. Two N-oxide congeners of their respective complexes 

were also synthesized [Fig. 4, complexes 6a-7b]; these complexes were more fully characterized 

and will be discussed in greater detail. 

 

Figure 3: Cationic cyclometalated Ir (III) complexes. 
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Figure 4: Neutral cyclometalated Ir(III) Complexes 

 

Experimental 

Materials 

All reactions were performed inside a fume hood. Solvents used as received. IrCl3•H2O and 

chelating ligands were purchased from Sigma Aldrich and Fischer Scientific. Reagents were 

stored at room temperature or in the refrigerator according to label instructions. Unless otherwise 

noted, glassware was oven-dried before use. Solvent was evaporated with a Buchi Rotovapor 

Iridium dimer starting material was synthesized according to literature procedure.61 

Measurements and Instrumentation 

NMR spectra were obtained on a JEOL ECX 400 MHz spectrometer and referenced against 

TMS using residual proton signals (1H NMR) or the 13C resonances of the deuterated solvent 

(13C NMR). Single crystal X-ray diffraction was used to determine crystal structures, and the 

structures were refined using the Bruker SHELXTL Software Package. UV-Vis absorbance 
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measurements were conducted in CH2Cl2 using a Cary 60 UV-Vis spectrophotometer at room 

temperature. Emission data was collected using a Cary Eclipse Fluorospectrophotometer in 

CH2Cl2. 

 Preparation of [(dfppy)2Ir(𝜇-Cl)]261 

 IrCl3·H2O (1.010g, 3.38 mmol) and 2-2,4-difluorophenylpyridine (1.4805g, 7.74 mmol) 

were added to a dry flask with EtOEtOH (30mL) and H2O (10 mL). The black, heterogenous 

mixture refluxed under N2 for 20 h. After which time, a yellow, heterogenous mixture resulted 

and was allowed to cool to RT. The yellow solid was collected by vacuum filtration, washed 

with 3x10mL H2O and 3x10mL Et2O and dried in vacuo. Yield: 1.3934g (68%). 1H NMR (400 

MHz, Chloroform-d) δ 9.12 (ddd, J = 5.8, 1.7, 0.7 Hz, 4H), 8.31 (d, J = 8.6 Hz, 4H), 7.83 (m, 

4H), 6.83 (ddd, J = 7.3, 5.8, 1.4 Hz, 4H), 6.34 (m, 4H), 5.28 (m, 4H). Preparation of [(ppy)2Ir(µ-

Cl)]2 followed an identical procedure. 

 General Preparation for Cationic Ir(C^N)2(N^N)’complexes62(GP1) 

 [(C^N)2Ir(µ-Cl)]2 and 2.2 molar equivalents of N^N were added to dry flask with 

ethylene glycol. Yellow, heterogenous mixture was refluxed at 150 °C under N2 for 16-20h. A 

saturated NH4PF6 solution was added to cooled mixture (10-15 mL) to precipitate product. The 

mixture was vacuum filtered and washed with H2O (3x15mL) and Et2O (3x15mL). Solid was 

dried in vacuo.  

 [Ir(dfppy)2(biquinoline)] PF6 (1) 

 Prepared according to GP1 using [(dfppy)2Ir(µ-Cl)]2 (0.2435g, 0.200 mmol); biq 

(0.1136g, 0.440 mmol); Yield: 0.3601g (91%) Compound was found to contain significant 

impurities after several failed crystal experiments. A TLC plate in 5% MeOH/CH2Cl2 showed a 

distinct orange band; an SiO2 column eluted with 5% MeOH/CH2Cl2 used to purify compound. 
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Seven orange fractions were collected and combined; solvent was evaporated, and product was 

dried in vacuo. Yield: 0.1573g. Orange crystals were grown by vapor diffusion of hexanes in 

CH2Cl2.  1H NMR (400 MHz, DMSO-d6) δ 9.01 (d, J = 8.9 Hz, 2H), 8.98 (d, J = 8.8 Hz, 2H), 

8.20 (m, 2H), 8.16 (m, 2H), 8.03 (m, 2H), 7.98 (td, J = 7.8, 1.5 Hz, 2H), 7.69 (m, 2H), 7.66 (m, 

2H), 7.39 (ddd, J = 8.7, 6.9, 1.5 Hz, 2H), 7.17 (ddd, J = 7.3, 5.8, 1.4 Hz, 2H), 6.98 (ddd, J = 

12.1, 9.4, 2.4 Hz, 2H), 5.69 (dd, J = 8.6, 2.4 Hz, 2H).  

  [Ir(dfppy)2(bipyrazine)] PF6 (2a) 

 P Prepared according to GP1 using [(dfppy)2Ir(µ-Cl)]2 (0.2432g, 0.200 mmol); bpz 

(0.0696, 0.440 mmol); Yield: 0.3267g (93%) 1H NMR (400 MHz, DMSO-d6) δ 10.26 (s, 2H), 

8.91 (d, J = 3.1 Hz, 2H), 8.29 (d, J = 8.5 Hz, 2H), 8.06 (t, J = 8.0 Hz, 2H), 7.98 (d, J = 3.1 Hz, 

2H), 7.82 (d, J = 5.8 Hz, 2H), 7.22 (t, J = 6.8 Hz, 2H), 7.02 (ddd, J = 12.2, 9.4, 2.4 Hz, 2H), 5.56 

(dd, J = 8.4, 2.4 Hz, 2H).  

 [Ir(ppy)2(bipyrazine)] PF6 (3) 

 Prepared according to GP1 [(ppy)2Ir(µ-Cl)]2 (0.100g, 0.093 mmol); bpz (0.0334g, 0.211 

mmol); 1H NMR (400 MHz, DMSO-d6) δ 8.91 (d, J = 3.0 Hz, 4H), 8.27 (m, 4H), 7.98 (d, J = 8.0 

Hz, 4H), 7.94 (d, J = 7.3 Hz, 4H), 7.86 (dd, J = 3.1, 1.2 Hz, 4H), 7.75 (m, 4H), 7.14 (m, 4H), 

7.05 (t, J = 7.5 Hz, 4H), 6.94 (m, 4H), 6.13 (m, 4H).  

  [Ir(dfppy)2((NMe)2bipyrazine)] PF6 (4) 

 Prepared according to GP1 using [(dfppy)2Ir(µ-Cl)]2 (0.1012g, 0.083 mmol); (NMe)2bpy 

(0.0442, 0.182 mmol); Yield: 0.3267g (93%) 1H NMR (400 MHz, Acetonitrile-d3) δ 8.3 (d, J = 

8.5 Hz, 2H), 7.9 (m, 2H), 7.8 (dd, J = 5.9, 1.6 Hz, 2H), 7.5 (d, J = 2.8 Hz, 2H), 7.4 (d, J = 6.7 

Hz, 2H), 7.1 (ddd, J = 7.4, 5.8, 1.5 Hz, 2H), 6.6 (ddd, J = 12.2, 9.4, 2.4 Hz, 2H), 6.6 (dd, J = 6.8, 

2.8 Hz, 2H), 5.7 (dd, J = 8.7, 2.4 Hz, 2H), 3.1 (s, 12H). 
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 General Procedure for Neutral N^O Iridium Complexes63 (GP2) 

 Ir2(C^N)2(µ-Cl)2, 3 molar equivalents N^O ligand, and 6 molar equivalents K2CO3 were 

added to an oven-dried pressure tube with CH2Cl2. N2 was bubbled into the solution to remove 

oxygen. The pressure tube was quickly sealed, and the reaction mixture was heated to 60°C in an 

oil bath and refluxed overnight. Solvent was evaporated from the cooled mixture. The solid 

product was purified using an SiO2 column, eluted with 5% MeOH/CH2Cl2. Fractions matching 

the luminescent bands on the TLC of the crude mixture were combined, and excess solvent was 

evaporated to form a solid. Hexanes were added to the solid, and the mixture was sonicated for 

further purification. Hexanes were evaporated, and the product was dried in vacuo.  

 Ir(dfppy)2(5Me-pz-COO) (6a) 

 Prepared according to GP2 using [(dfppy)2Ir(µ-Cl)]2 (0.2021g, 0.166 mmol); 5-Methyl-2-

carboxyl pyrazine (0.0688g, 0.498 mmol); K2CO3 (0.1373g, 0.993 mmol) 1H NMR (400 MHz, 

Chloroform-d) δ 9.37 (d, J = 1.3 Hz, 1H), 8.70 (ddd, J = 5.7, 1.6, 0.8 Hz, 1H), 8.31 (dt, J = 8.1, 

1.9 Hz, 1H), 8.27 (m, 1H), 7.83 (m, 1H), 7.81 (m, 1H), 7.55 (dd, J = 1.3, 0.6 Hz, 1H), 7.41 (ddd, 

J = 5.8, 1.6, 0.8 Hz, 1H), 7.23 (ddd, J = 7.3, 5.8, 1.4 Hz, 1H), 7.02 (ddd, J = 7.3, 5.8, 1.4 Hz, 

1H), 6.51 (ddd, J = 12.4, 9.2, 2.4 Hz, 1H), 6.42 (ddd, J = 12.5, 9.2, 2.4 Hz, 1H), 5.81 (dd, J = 

8.5, 2.4 Hz, 1H), 5.49 (dd, J = 8.7, 2.4 Hz, 1H), 2.58 (s, 3H). 

 Ir(dfppy)2(5Me-pzO-COO) (6b) 

 Prepared according to GP2 using [(dfppy)2Ir(µ-Cl)]2 (0.4203g, 0.346 mmol); 5-Methyl-2-

carboxyl pyrazine oxide (0.1620g, 1.05 mmol); K2CO3 (0.2870g, 2.08 mmol); Yield 1H NMR 

(400 MHz, Chloroform-d) δ 8.80 (s, 1H), 8.64 (ddd, J = 5.8, 1.7, 0.8 Hz, 1H), 8.27 (m, 1H), 8.24 

(m, 1H), 7.81 (m, 1H), 7.77 (m, 1H), 7.62 (ddd, J = 5.8, 1.7, 0.8 Hz, 1H), 7.49 (m, 1H), 7.22 
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(ddd, J = 7.3, 5.8, 1.4 Hz, 1H), 7.04 (ddd, J = 7.4, 5.8, 1.4 Hz, 1H), 6.46 (ddd, J = 12.3, 9.1, 2.4 

Hz, 1H), 6.38 (ddd, J = 12.5, 9.1, 2.4 Hz, 1H), 5.76 (dd, J = 8.5, 2.4 Hz, 1H), 5.47 (dd, J = 8.7, 

2.4 Hz, 1H), 2.32 (s, 3H).This seems like an important compound. Is it known and that is why 

you limited the procedure? My guess is this is new compound and needs significantly more 

detail 

 Ir(ppy)2(5Me-pz-COO) (7a) 

 Prepared according to GP2 using [(ppy)2Ir(µ-Cl)]2 (0.5001g, 0.466 mmol); 5-Methyl-2-

carboxyl pyrazine (0.1936g, 1.40 mmol); K2CO3 (0.3870g, 2.80 mmol); yield: 87%. 1H NMR 

(400 MHz, Chloroform-d) δ 9.35 (d, J = 1.3 Hz, 1H), 8.73 (ddd, J = 5.8, 1.6, 0.8 Hz, 1H), 7.90 

(dt, J = 8.2, 1.2 Hz, 1H), 7.86 (dt, J = 8.2, 1.2 Hz, 1H), 7.76 (m, 1H), 7.73 (m, 1H), 7.62 (dd, J = 

7.7, 1.4 Hz, 1H), 7.59 (dd, J = 7.8, 1.4 Hz, 1H), 7.54 (dd, J = 1.3, 0.6 Hz, 1H), 7.46 (ddd, J = 5.8, 

1.6, 0.7 Hz, 1H), 7.17 (ddd, J = 7.3, 5.8, 1.4 Hz, 1H), 6.98 (m, 1H), 6.94 (dd, J = 7.5, 1.3 Hz, 

1H), 6.87 (td, J = 7.5, 1.2 Hz, 1H), 6.82 (td, J = 7.4, 1.4 Hz, 1H), 6.76 (td, J = 7.4, 1.4 Hz, 1H), 

6.39 (dd, J = 7.6, 1.2 Hz, 1H), 6.12 (dd, J = 7.6, 1.2 Hz, 1H), 2.50 (s, 3H). 

 Ir(ppy)2(5Me-pzO-COO) (7b) 

 Prepared according to GP2 using [(dfppy)2Ir(µ-Cl)]2 (0.5000g, 0.466 mmol); 5-Methyl-2-

carboxyl pyrazine oxide (0.2163g, 1.40 mmol); K2CO3 (0.0.3887g, 2.81 mmol); Yield: 70.3% 1H 

NMR (400 MHz, Chloroform-d) δ 8.85 (s, 1H), 8.73 (ddd, J = 5.8, 1.6, 0.8 Hz, 1H), 7.91 (m, 

1H), 7.87 (m, 1H), 7.78 (m, 1H), 7.76 (m, 1H), 7.65 (ddd, J = 5.8, 1.6, 0.8 Hz, 1H), 7.62 (dd, J = 

7.7, 1.4 Hz, 1H), 7.59 (dd, J = 7.8, 1.4 Hz, 1H), 7.49 (t, J = 0.7 Hz, 1H), 7.20 (ddd, J = 7.3, 5.8, 

1.4 Hz, 1H), 7.03 (ddd, J = 7.3, 5.8, 1.4 Hz, 1H), 6.95 (td, J = 7.5, 1.2 Hz, 1H), 6.88 (td, J = 7.5, 

1.2 Hz, 1H), 6.82 (td, J = 7.4, 1.4 Hz, 1H), 6.76 (td, J = 7.4, 1.4 Hz, 1H), 6.38 (dd, J = 7.7, 1.2 

Hz, 1H), 6.12 (dd, J = 7.7, 1.2 Hz, 1H), 2.31 (s, 3H).  
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 Direct Oxidation of Nitrogen using m-CPBA  

 Ir(dfppy)2(bpz) prepared according to GP1 was dissolved in CH2Cl2. 3 molar equivalents 

m-CPBA were added to solution. Mixture was stirred for 3 h. TLC was performed in 5% 

MeOH/CH2Cl2 to determine if new product was formed. Solvent was evaporated from mixture to 

produce solid. Crude 1H NMR data of the complexes is shown below.  

 Ir(dfppy)2(bpzO) 

1H NMR (400 MHz, DMSO-d6) δ 8.91 (d, J = 3.0 Hz, 2H), 8.29 (d, J = 8.4 Hz, 2H), 8.06 (td, J = 

7.9, 1.6 Hz, 2H), 7.98 (dd, J = 3.0, 1.3 Hz, 2H), 7.82 (dd, J = 6.0, 1.5 Hz, 2H), 7.22 (ddd, J = 7.2, 

5.7, 1.3 Hz, 2H), 7.03 (m, 2H), 5.56 (dd, J = 8.4, 2.4 Hz, 2H), 4.45 (s, 2H). 

 Ir(dfppy)2(bpzO) 

1H NMR (400 MHz, DMSO-d6) δ 8.91 (d, J = 3.0 Hz, 2H), 8.29 (d, J = 8.4 Hz, 2H), 8.07 (q, J = 

8.8, 8.0 Hz, 2H), 7.99 (dd, J = 3.0, 1.3 Hz, 2H), 7.82 (m, 2H), 7.22 (m, 2H), 7.01 (m, 2H), 5.56 

(dd, J = 8.4, 2.4 Hz, 2H).  

 Ir(dfppy)2(bpzO) ES-57 (2b) 

1H NMR (400 MHz, DMSO-d6) δ 10.25 (d, J = 1.3 Hz, 2H), 8.91 (d, J = 3.0 Hz, 2H), 8.29 (d, J = 

8.5 Hz, 2H), 8.06 (td, J = 7.8, 1.5 Hz, 2H), 7.98 (dd, J = 3.0, 1.3 Hz, 2H), 7.82 (m, 2H), 7.22 

(ddd, J = 7.4, 5.8, 1.4 Hz, 2H), 7.03 (ddd, J = 12.2, 9.4, 2.4 Hz, 2H), 5.56 (dd, J = 8.5, 2.4 Hz, 

2H). 
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Crystallography Data Collection 

 All attempted crystal experiments employed layering or vapor-vapor diffusion where the 

complex was dissolved in CH2Cl2 and crystallized with hexanes or Et2O. All crystal structures 

shown in this report were obtained through collaboration with Dr. Colin McMillen at Clemson 

University. Single crystal X-ray diffraction was used to determine crystal structures, and the 

structures were refined using the Bruker SHELXTL Software Package. 

Photophysical Data Collection 

 To make solutions sufficient for absorption and emission experiments, 0.0054g of 

complexes 7a and 7b were dissolved in CH2Cl2, and the solution was diluted to 100 mL in a 

volumetric flask. A 1:5 dilution was performed to bring the final concentrations to approximately 

0.083 mM. Standard quartz cuvettes were used to take absorption and emission measurements 

using the instruments detailed previously.  

Results and Discussion 

Synthesis  

 The facile synthesis of cyclometalated iridium complexes was one of the influential 

factors when considering what type of compounds to use for this project. Representative 

synthetic schemes for the cationic [Figure 5] and neutral [Figure 6] are shown below. While no 

alteration to literature procedure was required for the cationic complexes62, the neutral N^O 

complexes presented a challenge. Earlier syntheses refluxed the Ir dimer and N^O ligand with 

ethoxy ethanol and Na2CO3.64 Despite various combinations of extraction and column 

chromatography conditions, excess solvent continued to appear in the NMR spectra in greater 

concentrations than the product and other expected impurities such as H2O. An alternative 
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procedure using acetone was found in the literature63, and this was adapted into the one shown in 

Figure and detailed in the experimental section.  

 

Figure 5: Synthesis of Cationic Ir(C^N)2(N^N) Complexes 

 

Figure 6: Synthesis of Neutral Ir(C^N)2(N^O) 

 The first strategy utilized to make the N-oxide congeners of the complexes was the direct 

oxidation of the external nitrogen using m-CPBA.[Fig.7] Conversion of pyridine into pyridine 

oxide using CH2Cl2 and m-CPBA was found in the literature, and this method was applied to 

several compounds as detailed in the experimental section. While the NMR spectra of the m-

CPBA experiments did not qualitatively look identical to the original compound, the peak shifts 

in the aromatic region had identical values, meaning that this method is not suitable for making 

N-oxides.  
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Figure 7: Attempted Preparation of Complex 2b using m-CPBA. 

 An alternative and ultimately successful strategy was the synthesis of iridium complexes 

using ligands that already contained and N-oxide group. The nature of the ligands used for these 

complexes dictated that the N-oxide must be located in a different position than the chelating 

atoms, ensuring the formation of only one complex. 4-oxo-5-methylpyrazine-2-carboxylic acid, 

also known as Acipimox, is a drug molecule limitedly used to lower fat content in the blood. For 

the purposes of this project, the position of the carboxylic acid group rendered it similar in 

chelating structure to the pyrazine carboxylic acid we had already use to synthesize 

Ir(dfppy)2(picolinate). The ligand without the oxygen group was also commercially available. 

Using these two ligands, we were able to synthesize two neutral iridium complexes and their N-

oxide congeners according to GP2, which allowed us to characterize the effects of the N-oxide 

on some of the physical properties.  

Characterization 

 Several cationic [Ir(C^N)2(N^N)]+ were successfully synthesized and characterized by 

NMR, X-ray crystallography, and Cyclic Voltammetry. These complexes were straightforward 

to characterize by NMR due to the symmetry of the molecule. The 1H and 13C NMR spectra 

show the correct number of peaks in the aromatic range to confirm the synthesis of complex 2 

[Fig. 8-9]. Although it was not needed to confirm the identity of the compound, multiple 2D 
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spectra (COSY and HSQC) were collected to further investigate these compounds. [Fig. 9-10] If 

the N-oxide congener of this complex was synthesized, the 2D spectra would be helpful for 

determining which peak we would expect to see shifted due to the oxygen. The crystal structure 

of complex 2 is shown in figure 12. The nitrogen of the phenyl pyridine ligands are located 

approximate 180° from each other, which is consistent with structure found in the literature 

containing these C^N ligands.52,55 Although the isomeric forms of these complexes were not of 

initial concern, the crystal structure complex 4 shows that the heterocyclic nitrogens coordinated 

to the metal remain in the same configuration between compounds.[Fig. 13] Table 1 compares 

the crystal parameters of the two structures shown in Figures 11 and 12. 

 

 

Figure 8: 1H NMR of complex 2a in d6-DMSO 
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Figure 9: 13C NMR of complex 2a in d6-DMSO 
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Figure 10: COSY Spectrum of complex 2a in d6-DMSO 

Figure 11: HSQC Spectrum of complex 2a in d6-DMSO 
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Figure 12: Single-crystal X-ray crystal structure of complex 2a. Hydrogen atoms and solvent molecules 
omitted for clarity 

 

Figure 13: Single-crystal X-ray crystal structure of complex 4. Hydrogen atoms and solvent molecules 
omitted for clarity  
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Table 1: X-ray crystallography data for cationic complexes 2a and 4. 

Complex # 2a 4 

Empirical formula C32.5H24ClF10IrN6O0.5P C37H32Cl2F10IrN6P 

Formula weight 955.2 1044.75 
Temperature/K 100(2) 100(2) 
Crystal system triclinic triclinic 
Space group P-1 P-1 

a/Å 13.8002(6) 8.6227(9) 
b/Å 14.3504(6) 13.5061(13) 
c/Å 17.3147(8) 16.6738(15) 
α/° 72.193(2) 104.272(3) 
β/° 89.145(2) 94.651(4) 
γ/° 89.584(2) 90.132(4) 

Volume/Å3 3264.3(3) 1875.2(3) 

Z 4 2 

ρcalcg/cm3 1.944 1.85 

μ/mm-1 4.316 3.834 

F(000) 1856 1024 

Crystal size/mm3 0.201 × 0.122 × 0.065 0.281 × 0.264 × 0.078 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.19 to 50.998 4.47 to 55.88 

Index ranges -16 ≤ h ≤ 16, -17 ≤ k ≤ 17, -20 ≤ l 
≤ 20 

-11 ≤ h ≤ 11, -17 ≤ k ≤ 17, -21 ≤ l ≤ 
21 

Reflections collected 68954 63741 

Independent reflections 12132 [Rint = 0.0374, Rsigma = 
0.0239] 8981 [Rint = 0.0401, Rsigma = 0.0224] 

Data/restraints/parameters 12132/139/982 8981/0/518 

Goodness-of-fit on F2 1.1 1.123 

Final R indexes [I>=2σ (I)] R1 = 0.0404, wR2 = 0.0839 R1 = 0.0242, wR2 = 0.0561 

Final R indexes [all data] R1 = 0.0513, wR2 = 0.0944 R1 = 0.0274, wR2 = 0.0587 

Largest diff. peak/hole / e Å-3 2.04/-1.50 1.53/-1.11 
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Figure 14: Absorption Spectra of Cationic Ir(III) Complexes  

 
 UV-Vis absorbance was measured for several of the cationic iridium complexes. [Fig. 14] 

Despite not yet successfully synthesizing the N-oxide congener for these molecules, the 

absorbance data was collected to determine if our compounds were qualitatively showing spectra 

consistent with literature. The complexes represented by the blue and green lines differ only the 

two fluorines on the C^N ligand. The green line represents the fluorinated complex, which shows 

the predicted blue-shifted absorption. The highest intensity absorbance peak around 250 nm is 

typically assigned to the ligand-centered (LC) transition, but the second and possibly third bands 

are attributed to MLCT, LLCT, or a mixture. Better resolution of peaks is needed to accurately 

calculate extinction coefficients, and emission data is needed to further characterize the 

photophysical shift resulting from various ligand structures. 
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Neutral N-oxide Complexes 

 According to GP2, four Ir(C^N)2(N^O) complexes were synthesized successfully and 

characterized by 1H NMR [Fig.15-18]. Generally, the asymmetry of the N^O ligands resulted in 

a peak for every individual proton on the molecule except for the methyl group. The expected 

number of peaks in the aromatic region were found in each spectrum. Since two of these 

complexes contain the N-oxide on the pyrazine-based ligand, the first analysis of N-oxide tuning 

was examining changes in shift values that might have resulted from the differing compounds. 

Upon closer inspection, the only significant peak different was the unexplained singlet close to 

9.5 ppm.  

 

  

Figure 15: 1H NMR of complex 6a in CDCl3 

The remainder of the complexes had almost identical chemical shifts to their N-oxide congener. 

This indicates that the success of an N-oxide reaction is not best determined by NMR alone. 
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However, crystals were grown with each of these complexes, which meant the presence of the N-

oxide could be visualized. The work of fully characterizing these four complexes with 13C and 

2D NMR is ongoing. 

  

Figure 16: 1H NMR of complex 6b in CDCl3 

The crystal structures complexes 7a and 7b are included in the main section. The remaining 

NMR spectra and crystal structures can be found in Appendix X. Figures 22-23 show the C^N 

ligands in the same positions as in the cationic complexes with the N^O disrupting the 

symmetry. 
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Figure 17: 1H NMR of complex 7a in CDCl3 

  

Figure 18: 1H NMR of complex 7b in CDCl3 
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Figure 22: Single-crystal X-ray crystal structure of complex 7b. Hydrogen atoms and solvent molecules 
omitted for clarity  

 

Figure 23: Single-crystal X-ray crystal structure of complex 7a. Hydrogen atoms and solvent molecules 
omitted for clarity. 
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Table 4: X-ray crystallography data for neutral complexes 7a and 7b 

 

Complex # 7a 7b 
Empirical formula C30H25Cl4IrN4O2 C30H25Cl4IrN4O3 
Formula weight 807.54 823.54 
Temperature/K 100(2) 100(2) 
Crystal system monoclinic monoclinic 
Space group P21 P21 

a/Å 9.3682(6) 9.3656(5) 
b/Å 16.9395(10) 16.9853(8) 
c/Å 9.4088(5) 9.5139(5) 
α/° 90 90 
β/° 91.347(2) 91.2046(18) 
γ/° 90 90 

Volume/Å3 1492.69(15) 1513.11(13) 
Z 2 2 

ρcalcg/cm3 1.797 1.808 

μ/mm-1 4.866 4.804 
F(000) 788 804 

Crystal size/mm3 0.223 × 0.209 × 0.165 0.177 × 0.152 × 0.054 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 
collection/° 4.35 to 60.12 4.282 to 59.232 

Index ranges -13 ≤ h ≤ 13, -23 ≤ k ≤ 23, -13 ≤ 
l ≤ 13 

-13 ≤ h ≤ 13, -23 ≤ k ≤ 23, -13 ≤ 
l ≤ 13 

Reflections collected 33335 32766 

Independent reflections 8622 [Rint = 0.0370, Rsigma = 
0.0406] 

8406 [Rint = 0.0374, Rsigma = 
0.0440] 

Data/restraints/paramete
rs 8622/1/372 8406/1/381 

Goodness-of-fit on F2 0.946 1.038 
Final R indexes [I>=2σ 

(I)] R1 = 0.0164, wR2 = 0.0376 R1 = 0.0204, wR2 = 0.0439 

Final R indexes [all 
data] R1 = 0.0175, wR2 = 0.0396 R1 = 0.0236, wR2 = 0.0463 

Largest diff. peak/hole / 
e Å-3 0.77/-0.70 1.50/-1.16 

Flack Parameter 0.015(3) 0.009(3) 
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Figure 20: Emission at 280 nm for complex 7a (red) and complex 7b (blue). 

Figure 19: UV-Vis absorbance spectra from complex 7a (red) and complex 7b (blue). 
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 Initial absorbance and emission spectra appeared similar to those reported in literature. 

The largest absorbance band at 263 nm is most likely due to the LC transition while the smaller, 

broader bands result from MLCT or a mixture of states. [Fig. 19] Because the smaller peaks were 

less-resolved, it was not possible to calculate accurate extinction coefficients from these data. 

The absorbance data in Table 2 show that the presence of the N-oxide does not significantly alter 

the absorbance spectra. 

Table 2: UV-Vis Absorbance Data for 7a and 7b. 

Complex # Peak 1 (nm) Abs (a.u.) Peak 2 (nm) Abs (a.u.) Peak (nm) Abs (a.u.) 

7a 263 1.0 348 0.32 445 0.1 

7b 265 1.0 348 0.25 445 0.8 

 

The emission spectrum shows that the fluorescence of the complex is significantly quenched by 

the presence of the N-oxide. [Fig. 20] The N-oxide complex also showed an approximately 20nm 

red shift in emission although the broadness of the peak makes this difficult to calculate. [Table 

3] This result is promising as it shows the ability of the N-oxide to tune the emission of the 

complex; however, a greater shift is desirable for ratiometric imaging applications. A larger shift 

upon interaction with cellular oxygen conditions would result in more sensitive detection of 

changing conditions.  

Table 3: Fluorescence Data for 7a and 7b at Excitation Wavelength 263 nm. 

Complex # Emission Wavelength (nm) Fluorescence Intensity (a.u.) 

7a 629 7.2 

7b 653 2.7 

 



   
 

 52 

 

Figure 21: Cyclic Voltammogram of Ir(III) complexes and N-oxide congeners 

 
 The four complexes were studied by cyclic voltammetry in order to explore their 

electrochemical properties [Fig. 21] For both sets of complexes, the N-oxide congener increases 

reduction potential. Since this peak represents the ligand-centered reduction, the increase in 

reduction potential show the electron-withdrawing properties of the N-oxide. The cathodic 

potential does not shift significantly with the N-oxide. However, it was increased for the 

fluorinated complexes. As a withdrawing group, fluorine will pull electron density away from 

the metal, making it more difficult to oxidize. Reports of electrochemical data of similar Ir(III) 

complexes show that the first oxidation wave corresponds the HOMO, which, consists of orbital 

contributions from the C^N ligands and the metal center. These data give further evidence to the 

stabilization of the HOMO by electron-withdrawing groups on the C^N ligands. The cyclic 

voltammogram shows that these complexes can be tuned by different groups on either set of 

Ir(ppy)2(5Me-pzO-COO) 

Ir(ppy)2(5Me-pz-COO) 

Ir(dfppy)2(5Me-pz-COO) 
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ligands, which will help inform the optimization of ligand design for future photophysical tuning 

applications. 

 Conclusions 

We have shown that cyclometalated Ir (III) complexes containing chelating ligands with external 

nitrogens can be efficiently synthesized. Initial characterization results comparing complexes 

with their N-oxide congeners show that the N-oxide does tune the photophysical and 

electrochemical properties of the complex. Future work on these complexes should include 

thorough quantification of the absorbance and emission data of a wider range of these 

complexes. With respect to the ability of these complexes to act as hypoxia probes, the 

quenching of fluorescence by the N-oxide suggests that the probe might function best in an 

off/on mechanism. The N-oxide probe would be synthesized and then cleaved under hypoxic 

conditions to turn the signal “on’. Additionally, optimization of ligand design could increase the 

difference between the two emission wavelengths for more sensitive ratiometric measurements. 

To determine the viability of this mechanism, different solutions could be screened against an N-

oxide complex, including cell-like solution, to determine the conditions of N-oxide cleavage. 

Looking further ahead, cellular uptake and cytotoxicity studies will be necessary to test the 

viability of these complexes as cellular probes. The are many potential directions of this project. 

Since the complexes are easily synthesized with different ligand structures, many different 

molecules and structures within cells could potentially be targeted. 
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Chapter 4: Synthesis and Characterization of Tri-carbonyl Rhenium Complexes 

Introduction 

 Tris-carbonyl rhenium complexes have been studied since the useful unique electronic 

state properties were first characterized in the 1970’s.65 These complexes have been employed 

for various inorganic applications such as electrocatalytic CO2 reduction, photochemistry, and 

two-photon excitation.66-68 Similar to the platinum and iridium complexes discussed previously, 

the physical and chemical properties of these Re complexes can be easily tuned by changing the 

ligand attached to the metal center.39 Complexes of the form fac-Re(N^N)(CO3)Cl have 

documented 3MLCT and LLCT excited states, the fluorescence of which can be exploited for 

imaging applications.58, 69 The effort to synthesize rhenium complexes for biological imaging is 

not new70, 71, but our N-oxide approach presents a new method to tune the properties of these 

compounds. These complexes have the additional advantage of being IR active as a result of the 

CO ligands, providing an alternative way to measure changes caused by altering another ligand 

(e.g. N-oxide formation). Our approach to synthesizing new rhenium imaging agents involved 

the use of a known synthetic route72, during which the Re(CO)3(N^N)X starting material is 

mixed with silver triflate and the halogen is replaced by the triflate ion; in a second step, an 

aromatic N-ligand replaces the triflate 

 [Scheme 1].  

 

Scheme 1: Synthetic route for tris-carbonyl rhenium complexes. 
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To make our potential imaging agents, we used monodentate N-ligands with external nitrogens. 

To form the N-oxide congeners, N-oxide ligands were obtained and synthesized using the 

original route.  

Experimental 

Materials 

 Unless otherwise noted, all products were synthesized inside the glovebox and purified 

under a fume hood. Distilled solvents were used for all procedures performed inside the 

glovebox. All other solvents were used as received. Solvent evaporation performed using a 

Buchi rotovapor. Reagents including silver triflate, N-ligands, and 1,10-phenanthroline were 

used as purchased and stored according to label instructions. Re(CO)3(tbbpy )Cl and 

Re(CO)3(phen)Cl were prepared according to previously reported procedure.72 

Measurements  

NMR spectra were obtained on a JEOL ECX 400 MHz spectrometer and referenced against 

TMS using residual proton signals (1H NMR) or the 13C resonances of the deuterated solvent 

(13C NMR). Single crystal X-ray diffraction was used to determine crystal structures, and the 

structures were refined using the Bruker SHELXTL Software Package.   

  Preparation of Re(phen)(CO)3Cl72 

 Re(CO)5Cl (0.5437g; 1.50 mmol) and 1,10-phenanthroline (0.2724g; 1.51 mmol) were 

added to dry flask along with 50 mL toluene and refluxed under N2 atmosphere at 120 °C for 3 h. 

Yellow, heterogenous mixture was allowed to cool, vacuum filtered, and washed 3x10 mL with 

diethyl ether. Yellow solid was dried in vacuo. Yield: 0.4927g, 67%. 1H NMR (400 MHz, 

Acetonitrile-d3) δ 9.39 (dd, J = 5.1, 1.4 Hz, 2H), 8.77 (dd, J = 8.3, 1.4 Hz, 2H), 8.18 (s, 2H), 7.97 

(dd, J = 8.3, 5.1 Hz, 2H).  
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 Preparation of Re(tbbpy)(CO)3(pyrazine)72  

 Re(tbbpy)(CO)3Cl (0.1012g; 0.177mmol) and AgSO3CF3 (0.0538g; 0.209 mmol) were 

weighed in separate vials and brought into glovebox. Re complex dissolved in CH2Cl2 (5mL) 

and transferred to vial containing AgSO3CF3. CH2Cl2 (5mL) used to rinse out remaining Re 

compound. Vial containing yellow, heterogenous mixture sealed and left to stir for 1 h. Inside 

glovebox, mixture filtered through celite plug and washed with 2x10mL CH2Cl2. Pyrazine (PZ) 

(0.0138g; 0.172 mmol) weighed into vials and brought into glovebox. CH2Cl2 (5mL) used to 

dissolve PZ; solution was transferred to filter flask with Re mixture. Homogenous yellow 

mixture transferred to pressure tube, which was sealed and taken out of glovebox. Mixture 

heated to 50°C and refluxed overnight. Mixture was purified using SiO2 column eluted with 5% 

MeOH/ CH2Cl2. 3 yellow fractions were collected, and solvent was evaporated. Product 

sonicated with Et2O and filtered. 1H NMR (400 MHz, Chloroform-d) δ 8.84 (dd, J = 5.9, 0.6 Hz, 

2H), 8.72 (m, 2H), 8.58 (d, J = 2.0 Hz, 2H), 8.27 (m, 2H), 7.65 (dd, J = 5.9, 2.0 Hz, 2H), 1.56 (s, 

2H), 1.50 (s, 9H). 

 Preparation of Re(tbbpy)(CO)3(pyrazine oxide) 

 Re(tbbpy)(CO)3Cl (0.1006g; 0.175 mmol) and AgSO3CF3 (0.0451g; 0.176 mmol) were 

weighed in separate vials and brought into glovebox. Re complex dissolved in CH2Cl2 (3mL) 

and transferred to vial containing AgSO3CF3. CH2Cl2 used to rinse out remaining Re compound; 

solution brought to a total volume of 10mL. Vial containing yellow, heterogenous mixture sealed 

and left to stir for 1 h. Lack of liquid N2 prevented the solution from being filtered inside the 

glovebox. Instead, yellow solution was vacuum filtered inside a fume hood, using dried CH2Cl2 

that was purged with N2. Pyrazine oxide (0.072g; 0.179 mmol) was dissolved in 5mL dried 

CH2Cl2 and added to filtrate. Solution was transferred to a pressure tube, and the mixture was 
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refluxed at 50°C overnight. Solution allowed to cool, and solvent evaporated. 1H NMR taken in 

CDCl3 indicated that the desired product formed despite procedure changes. Mixture was 

purified using SiO2 column eluted with CH2Cl2 (100 mL) and 5% MeOH/ CH2Cl2 (200 mL). 

Three yellow fractions (#7-9) were collected, and solvent was evaporated. Product redissolved in 

CH2Cl2 and added to chilled hexanes. Precipitate filtered and dried in vacuo. 1H NMR (400 

MHz, Chloroform-d) δ 8.85 (dd, J = 5.9, 0.6 Hz, 2H), 8.54 (d, J = 1.9 Hz, 2H), 8.09 (m, 2H), 8.00 

(m, 2H), 7.66 (dd, J = 5.9, 2.0 Hz, 2H), 1.49 (s, 9H). 

 Attempted preparation of pyrazine oxide 

 Pyrazine (0.4013g; 5.01 mmol) and m-CPBA (1.4738g; 8.54 mmol) were added to flask 

with dried CH2Cl2 (10mL) and stirred under Ar for 20 h. CH2Cl2 (20mL) added to white, 

heterogenous mixture, which was filtered to separate white crystalline precipitate and colorless 

filtrate. Precipitate was found to be m-CPBA starting material. Filtrate dried with MgSO4, 

filtered, and solvent was evaporated to form white solid. TLC in 1% MeOH/ CH2Cl2 and 5% 

MeOH/ CH2Cl2. White solid purified using SiO2 column, loaded with CH2Cl2 and eluted with 

5% MeOH/ CH2Cl2. Fractions 6-8 collected, and solvent was evaporated. Product sonicated with 

hexanes (40mL), filtered, and dried in vacuo. Extraction of 100mg of product dissolved in 

CH2Cl2 (10mL) with 3x30mL washes of NaHCO3 was performed to remove excess m-CPBA. 

Upon further analysis, all product was lost in aqueous layer.  

 Preparation of Re(tbbpy)(CO)3(pyrazine oxide) 

 Re(tbpy)(CO)3Cl (0.1154g; 0.201 mmol) and AgSO3CF3 (0.0531g; 0.207mmol) were 

weighed in separate vials and brought into glovebox. Rhenium complex dissolved in CH2Cl2 

(5mL) and transferred to vial containing AgSO3CF3. CH2Cl2 (5mL) used to rinse out remaining 

Re compound. Vial containing yellow, heterogenous mixture sealed and left to stir for 1 h. Inside 
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glovebox, mixture filtered through celite plug and washed with 2x10mL CH2Cl2. Pyrazine oxide 

(PZO) (0.0222g; 0.231 mmol) weighed into vials and brought into glovebox. CH2Cl2 (5mL) used 

to dissolve pyrazine oxide; solution was transferred to filter flask with Re mixture. Homogenous 

yellow mixture transferred to pressure tube, which was sealed and taken out of glovebox. 

Mixture heated to 50°C and refluxed overnight. Mixture was purified using SiO2 column eluted 

with CH2Cl2 (50mL), 1% MeOH/ CH2Cl2 (100mL), then 5% MeOH/ CH2Cl2 (200 mL). Four 

yellow fractions were collected, and solvent was evaporated. Product sonicated with Hexanes 

and filtered. 1H NMR (400 MHz, Chloroform-d) δ 8.85 (d, J = 5.9 Hz, 2H), 8.53 (d, J = 1.9 Hz, 

2H), 8.10 (m, 2H), 8.00 (m, 2H), 7.67 (dd, J = 5.9, 1.9 Hz, 2H), 1.49 (s, 9H). 

 Preparation of Re(phen)(CO)3(pyrazine)  

 Re(phen)(CO)3Cl (0.1011g; 0.208 mmol) and AgSO3CF3 (0.0587g; 0.229 mmol) were 

weighed in separate vials and brought into glovebox. Re complex dissolved in CH2Cl2 (5mL) 

and transferred to vial containing AgSO3CF3. CH2Cl2 (5mL) used to rinse out remaining Re 

compound. Vial containing yellow, heterogenous mixture sealed and left to stir for 1 h. Inside 

glovebox, mixture filtered through celite plug and washed with 2x10mL CH2Cl2. Pyrazine (PZ) 

(0.01670g; 0.209 mmol) weighed into vials and brought into glovebox. CH2Cl2 (5mL) used to 

dissolve PZ; solution was transferred to filter flask with Re mixture. Homogenous yellow 

mixture transferred to pressure tube, which was sealed and taken out of glovebox. Mixture 

heated to 50°C and refluxed overnight. Mixture was purified using SiO2 column eluted with 

CH2Cl2 (50mL), 1% MeOH/ CH2Cl2 (100mL), then 5% MeOH/ CH2Cl2 (200 mL). 4 yellow 

fractions were collected, and solvent was evaporated. Product sonicated with Et2O and filtered. 

1H NMR (400 MHz, DMSO-d6) δ 9.70 (dd, J = 5.1, 1.4 Hz, 2H), 9.05 (dd, J = 8.3, 1.4 Hz, 2H), 

8.34 (s, 2H), 8.32 (m, 2H), 8.24 (dd, J = 8.3, 5.1 Hz, 2H), 8.12 (m, 2H). 
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 Preparation of Re(phen)(CO)3(DMAP)  

 Re(phen)(CO)3Cl (0.1006g; 0.207 mmol) and AgSO3CF3 (0.0539g; 0.210 mmol) were 

weighed in separate vials and brought into glovebox. Re complex dissolved in CH2Cl2 (5mL) 

and transferred to vial containing AgSO3CF3. CH2Cl2 (5mL) used to rinse out remaining Re 

compound. Vial containing yellow, heterogenous mixture sealed and left to stir for 1 h. Inside 

glovebox, mixture filtered through celite plug and washed with 2x10mL CH2Cl2. Dimethyl 

amino pyridine (DMAP) (0.0282g; 0.231 mmol) weighed into vials and brought into glovebox. 

CH2Cl2 (5mL) used to dissolve DMAP; solution was transferred to filter flask with Re mixture. 

Homogenous yellow mixture transferred to pressure tube, which was sealed and taken out of 

glovebox. Mixture heated to 50°C and refluxed overnight. Mixture was purified using SiO2 

column eluted with 5% MeOH/ CH2Cl2. 4 yellow fractions were collected, and solvent was 

evaporated. Product sonicated with Et2O, filtered, and dried in vacuo. Yellow crystals obtained 

through layering of CH2Cl2, acetone, and hexanes in an NMR tube. 1H NMR (400 MHz, 

Chloroform-d) δ 9.47 (dd, J = 5.1, 1.4 Hz, 2H), 8.86 (dd, J = 8.3, 1.4 Hz, 2H), 8.22 (s, 2H), 8.12 

(dd, J = 8.3, 5.1 Hz, 2H), 7.54 (m, 2H), 6.25 (m, 2H), 2.87 (s, 3H). 

Crystallography Data Collection 

 All attempted crystal experiments employed layering or vapor-vapor diffusion where the 

complex was dissolved in CH2Cl2 and crystallized with hexanes of Et2O. All crystal structures 

shown were determined and refined in collaboration with Dr. Colin McMillen at Clemson 

University.  
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Results and Discussion 

 Four Re(I)(N^N)(CO)3N complexes were successfully synthesized and characterized by 

1H NMR. The complexes detailed in this chapter did not have previously published crystal 

structures or 13C NMR spectra available to comparison. Thus, synthetic and NMR 

characterization are the only data to report thus far. Although little deviation from literature 

procedure was necessary to make the complexes, the purification process required large amounts 

of solvent for the small amount of product made. Yields were not calculated for majority of the 

complexes because so little product was able to be isolated from the filter paper from the last 

step of purification. Due to the volume of different products made, only three representative 

complexes will be discussed in detail; the remaining tabulated NMR spectra can be found in 

Appendix B.   

 The number of distinct peaks shown on each NMR spectra confirm the symmetry of the 

rhenium complexes. The successful synthesis of Re(tbbpy)(CO)3(pyrazine) and its N-oxide 

congener Re(tbbpy)(CO)3(pyrazine oxide) allows us to compare the effects of the additional 

oxygen. In Figure 3, peaks A and E are de-shielded, most likely corresponding to the hydrogens 

on the pz-O ligand; this is expected due to the electron-withdrawing effects of the oxygen. Peaks 

A and E were also calculated to be doublets, with matches with the simpler coupling interactions 

expected on the pyrazine ligand compared to tbbpy. The synthesis of Re(tbbpy)(CO)3(pyrazine 

oxide) was attempted twice, but the second synthesis (see Experimental; Appendix B) used a 

synthesized version of the PZ-O ligand with significant impurities (see Attempted Preparation of 

pyrazine oxide). Thus, the complex synthesized with the pure ligand should be used for analysis.  

 A synthetic challenge during this project was the separation of the Re starting material 

from the desired product. Although excess ligand eluted quickly, the Re(N^N)(CO)3Cl band 
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stayed close to the product band in the column. Because of this, large amounts of eluent were 

required for sufficient separation. In addition, other studies have isolated the Re complex 

intermediate with the triflate ion, but the procedure we used did not contain and intermediate 

purification step; therefore, additional impurities on the NMR Spectra could be attributed to this 

problem. Looking at the enhanced section in Figure 4, we clearly see 4 peaks corresponding to 

the Re(CO)3(phen)(Cl) starting material, smaller than our product peaks but almost identical 

multiplicities, exhibiting poor purification.  

 

 

Figure 5: 1H NMR of Re(tbbpy)(CO)3(pyrazine) in CDCl3 

As mentioned in the introduction, these syntheses produce small yields that were difficult to 

separate from starting material; this presents a major hurdle to further characterization.  
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 Also of note is the fac confirmation of the rhenium complexes as shown in Figure 5. The 

bond angle shown in Table 1 show an octahedral complex where there is a roughly 90° angle 

between the DMAP ligand and the phenanthroline ligand. We obtained no data to suggest that a 

proportion of a different confirmation was being formed; this aligns with the complexes 

synthesize in the literature. The position of the N-ligand in relation to the phenanthroline and 

tbbpy ligands should encourage the existence of LLCT excited states in these complexes that 

may be tuned with an N-oxide. Since a crystal structure of the N-oxide complex has not yet been 

obtained, it unclear if the Re is bound to the nitrogen or the oxygen end of the ligand.  

 

 

Figure 6: 1H NMR of Re(tbbpy)(CO)3(pyrazine oxide) in CDCl3 
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Figure 7: 1H NMR of Re(CO)3(phen)(DMAP) 

Table 1: Crystallography Bond Angle for Re(CO)3(phen)(DMAP) 

Bond Angle Bond Angle 

C2-Re1-C3 86.68(16) C2-Re1-C1 88.56(16) 

C3-Re1-C1 89.34(16) C2-Re1-N4 99.18(14) 

C3-Re1-N4 173.70(14) C1-Re1-N4 93.11(14) 

C2-Re1-N3 174.81(13) C3-Re1-N3 97.63(14) 

C1-Re1-N3 94.35(14) N4-Re1-N3 76.40(11) 

C2-Re1-N1 92.67(13) C3-Re1-N1 93.22(13) 

C1-Re1-N1 177.22(14) N4-Re1-N1 84.23(11) 

N3-Re1-N1 84.24(11) C6-Re2-C5 88.99(15) 

C6-Re2-C4 89.79(15) C5-Re2-C4 88.20(14) 
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Figure 8: Single-crystal X-ray crystal structure of Re(CO)3(phen)(DMAP). Hydrogen atoms and solvent 

molecule omitted for clarity. 

Table 2. Crystal data and structure refinement for Re(CO)3(phen)(DMAP) 
Identification code d8-5378-C22H18N4O3Re-SO3CF3-CH2Cl2 
Empirical formula C23.33H18.67Cl0.67F3N4O6ReS 
Formula weight 749.98 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å 10.8561(9) 
b/Å 17.6837(13) 
c/Å 40.272(4) 
α/° 90 
β/° 91.981(3) 
γ/° 90 
Volume/Å3 7726.6(11) 
Z 12 
ρcalcg/cm3 1.934 
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μ/mm-1 4.937 
F(000) 4368.0 
Crystal size/mm3 0.188 × 0.162 × 0.074 
Radiation MoKα (λ = 0.71073) 

 
Conclusion 

Although the successful synthesis of these rhenium complexes along with N-oxide congeners is a 

promising step towards new imaging agents, much more optimization of the synthesis and 

purification needs to be completed to make enough product to characterize. Since rhenium is 

quite expensive metal, efficient use of the starting material is vital to the success of this project. 

Preliminary NMR show that N-oxides may have different properties than their counterparts, but 

more characterization is needed to determine whether they can be tuned enough for imaging 

applications. Future work on this project will involve extensive UV-Vis, Fluorescence, and CV 

characterization. Computational calculations would also be a useful for analysis of the different 

electronic states tuned by the N-oxide. 
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Appendix A: Additional Iridium Characterization 

The large number of compounds synthesized in this project has produced even larger amounts of 

data to collect and analyze. As mentioned previously, the compounds detailed in this report were 

new compounds without published NMR spectra and crystal structures. Thus, much of the data 

shown here and in the main chapters will be further analyzed for future publications. The NMR 

spectra and crystal structures shown are important for future analysis, but for conciseness they 

were omitted from the main Results and Discussion. 

 

 

Figure 9: COSY Spectrum of 7b in CDCl3 
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Figure 10: HMBC of 7b CDCl3 

 

Figure 11:HSQC Spectrum of 7b CDCl3 
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Figure 12: Single crystal X-ray crystal structure of complex 5. Hydrogen atoms and solvent 

molecules omitted for clarity. 
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Table 1: Crystal data and structure refinement for complex 5 
Identification code d8-5402-C27H15F4IrN4O2-CIF 
Empirical formula C27H15F4IrN4O2 
Formula weight 695.63 
Temperature/K 100(2) 
Crystal system triclinic 
Space group P-1 
a/Å 8.8150(6) 
b/Å 12.0339(10) 
c/Å 22.3146(17) 
α/° 87.528(3) 
β/° 79.542(3) 
γ/° 89.854(3) 
Volume/Å3 2325.6(3) 
Z 4 
ρcalcg/cm3 1.987 
μ/mm-1 5.808 
F(000) 1336.0 
Crystal size/mm3 0.122 × 0.081 × 0.077 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.7 to 52.998 
Index ranges -11 ≤ h ≤ 11, -15 ≤ k ≤ 15, -28 ≤ l ≤ 28 
Reflections collected 81813 
Independent reflections 9631 [Rint = 0.0475, Rsigma = 0.0234] 
Data/restraints/parameters 9631/0/685 
Goodness-of-fit on F2 1.191 
Final R indexes [I>=2σ (I)] R1 = 0.0214, wR2 = 0.0419 
Final R indexes [all data] R1 = 0.0283, wR2 = 0.0464 
Largest diff. peak/hole / e Å-3 1.22/-0.94 
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Figure 13: Single Crystal X-ray crystal structure of complex 1. Hydrogen atoms and solvent 

molecules omitted for clarity. 
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Table 2: Crystal data and structure refinement for complex 1 
Identification code d8-5322-C40H24N4F4Ir-PF6-2CH2Cl2 
Empirical formula C42H28Cl4F10IrN4P 
Formula weight 1143.65 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/n 
a/Å 9.9245(4) 
b/Å 30.5895(13) 
c/Å 13.5866(6) 
α/° 90 
β/° 98.3863(16) 
γ/° 90 
Volume/Å3 4080.6(3) 
Z 4 
ρcalcg/cm3 1.862 
μ/mm-1 3.658 
F(000) 2232.0 
Crystal size/mm3 0.184 × 0.172 × 0.091 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.356 to 59.22 
Index ranges -13 ≤ h ≤ 13, -42 ≤ k ≤ 42, -18 ≤ l ≤ 18 
Reflections collected 104178 
Independent reflections 11441 [Rint = 0.0423, Rsigma = 0.0207] 
Data/restraints/parameters 11441/0/559 
Goodness-of-fit on F2 1.096 
Final R indexes [I>=2σ (I)] R1 = 0.0230, wR2 = 0.0513 
Final R indexes [all data] R1 = 0.0276, wR2 = 0.0545 
Largest diff. peak/hole / e Å-3 1.48/-1.58 
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Figure 14: Crystal Structure of attempted N-oxide reaction of complex 2b. Hydrogen atoms and 
solvent molecules omitted for clarity. Only the packing structure of this complex was able to be 

refined. 
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Table 3: Crystal data and structure refinement for complex 2b 
Identification code d8-5375_a-C30H18F4IrN6-PF6-CH2Cl2 
Empirical formula C31H20Cl2F10IrN6P 
Formula weight 960.60 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å 9.6985(8) 
b/Å 24.7164(18) 
c/Å 13.7261(9) 
α/° 90 
β/° 93.775(3) 
γ/° 90 
Volume/Å3 3283.2(4) 
Z 4 
ρcalcg/cm3 1.943 
μ/mm-1 4.370 
F(000) 1856.0 
Crystal size/mm3 0.173 × 0.112 × 0.033 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.208 to 50.998 
Index ranges -11 ≤ h ≤ 11, -29 ≤ k ≤ 29, -16 ≤ l ≤ 16 
Reflections collected 56722 
Independent reflections 6099 [Rint = 0.0468, Rsigma = 0.0229] 
Data/restraints/parameters 6099/0/460 
Goodness-of-fit on F2 1.067 
Final R indexes [I>=2σ (I)] R1 = 0.0409, wR2 = 0.0865 
Final R indexes [all data] R1 = 0.0498, wR2 = 0.0938 
Largest diff. peak/hole / e Å-3 1.81/-1.15 
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Figure 15: Single-crystal X-ray crystal structure of complex 3. Hydrogen atoms and solvent 

molecules omitted for clarity. 
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Table 4: Crystal data and structure refinement for complex 3 
Identification code d8-5346-C30H22IrN6-PF6 
Empirical formula C30H22F6IrN6P 
Formula weight 803.70 
Temperature/K 100(2) 
Crystal system orthorhombic 
Space group Pbca 

a/Å 10.8324(4) 
b/Å 16.0987(6) 
c/Å 31.5748(10) 
α/° 90 
β/° 90 
γ/° 90 

Volume/Å3 5506.3(3) 
Z 8 

ρcalcg/cm3 1.939 
μ/mm-1 4.983 
F(000) 3120.0 

Crystal size/mm3 0.137 × 0.122 × 0.056 
Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.712 to 51.998 
Index ranges -13 ≤ h ≤ 13, -19 ≤ k ≤ 19, -38 ≤ l ≤ 38 

Reflections collected 53413 
Independent reflections 5404 [Rint = 0.0576, Rsigma = 0.0273] 

Data/restraints/parameters 5404/0/397 
Goodness-of-fit on F2 1.219 

Final R indexes [I>=2σ (I)] R1 = 0.0319, wR2 = 0.0599 
Final R indexes [all data] R1 = 0.0478, wR2 = 0.0707 

Largest diff. peak/hole / e Å-3 2.74/-1.65 



   
 

 79 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   
 

 80 

 
Appendix B: Additional Rhenium Spectra 
 
As mentioned previously, the compounds detailed in this report were new compounds without 

published NMR spectra and crystal structures. Thus, much of the data shown here and in the 

main chapters will be further analyzed for future publications. The NMR spectra and crystal 

structures shown are important for future analysis, but for conciseness they were omitted from 

the main Results and Discussion.  

 
Figure 1: Re(CO)3(phen)(pz) in d6-DMSO 
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Figure 2:  NMR of Re(CO)3(phen)(pz-O) in d6-DMSO 
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Figure 3: NMR of Re(CO)3(tbbpy)(DMAP) in CDCl3 
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Figure 4: NMR of Re(CO)3(tbbpy)(pz-O) in CDCl3 (Attempted)  
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