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Abstract 

 Economical storage of the large quantities of energy that could be generated by intermittent 

renewable sources, such as solar and wind, remains one of the largest unmet technical challenges 

hindering the widespread adoption of such technologies. Storing renewable energy in chemical 

bonds by means of molecular electrocatalysis represents a promising potential solution to this 

pressing issue. The 2,2′-bipyridyl (bpy) moiety is ubiquitous among the current generation of fuel 

production molecular electrocatalysts, yet a fundamental understanding of the properties which 

make it exceptionally attractive for enabling redox catalysis is lacking. In this thesis, model 

systems supported by unconventional analogues of bpy were investigated in order to elucidate the 

influence of steric and electronic effects on catalyst candidates supported by bpy-type ligands. In 

Chapter 2, the synthesis and characterization of manganese and ruthenium complexes supported 

by 4,5-diazafluorene and 9,9′-dimethyl-4,5-diazafluorene are discussed. These ligands were found 

to enforce wider bite angles and act as weaker sigma-donors in the complexes than bpy in 

analogous species. In Chapter 3, our work focusing on half-sandwich rhodium complexes 

supported by non-symmetrically mono-substituted bpy ligands bearing either a chloro (−Cl) or 

nitro (−NO2) substituent is detailed. Non-symmetric mono-substitution of the bpy ligand system 

was found to be an effective strategy for engendering new redox behavior at the metal center. 

Furthermore, the redox properties of the complexes supported by the mono-substituted bpy ligands 

were found to be intermediate between those of the parent complex supported by bpy and the 

symmetrically di-substituted complex supported by 4,4′-dinitro-2,2′-bipyridyl. Taken together, the 

findings reported in this thesis highlight the power of seemingly subtle ligand modifications in 

facilitating new redox chemistry with transition metal complexes. 
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Chapter 1: Motivations 
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Anthropogenic climate change driven by greenhouse gas emission is an issue with far-

reaching consequences for all members of society. Warming temperatures, increasingly 

destructive weather events, rising oceans, forest fires, food shortages, and extinction events have 

all been linked to rising concentrations of greenhouse gases in the Earth’s atmosphere.  

 One of the most significant greenhouse gases is carbon dioxide (CO2), a product of 

complete combustion of the carbon-containing fossil fuels that are currently used to produce over 

84% of the energy used for humanity’s activities on the planet.1 Displacing hundreds of billions 

of metric tons of carbon from the Earth’s crust to the atmosphere has profoundly disrupted Earth’s 

natural carbon cycle, which is a key part of the planet’s natural climate regulation.2  

 In search of less environmentally destructive power sources for society, attention has 

turned to hydrogen as a potential replacement for fossil fuels. However, despite the hype 

surrounding hydrogen economies, a successful hydrogen economy will still need to ameliorate 

extant atmospheric carbon dioxide. Given the prodigious quantity of carbon dioxide already 

released into the atmosphere and the amount that will be released in the time it will take for 

humanity to transition away from fossil fuel sources, it is a distinct possibility that atmospheric 

carbon capture and sequestration will be necessary in order to prevent the worst effects of climate 

change. Additionally, many organic commodities cannot be replaced. Pharmaceuticals, plastics, 

and solvents that are currently made from petroleum products do not necessarily have suitable non-

petroleum-derived organic replacements. In order to offset the effects of continuing to produce 

organic commodities on industrially-relevant scales, it will likely be necessary to form a closed, 

artificial carbon cycle. Already, this endeavor and the social conflict surrounding it have proven 

to be defining characteristics of the 21st century.  
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  One of the primary hurdles that must be overcome in order to create an economically 

viable artificial carbon cycle is developing a cost-effective means of reducing CO2. Catalysts 

driven by electricity, also known as electrocatalysts, constitute a promising means of generating 

fuels and carbon-based chemical feedstocks from CO2. Electrocatalysis facilitates the conversion 

of CO2 or H2O to fuels by means of electricity generated from renewable sources such as solar and 

wind. 

The primary barrier to the implementation of electrocatalysts in fuel production is the 

difficulty in tuning the energetics and selectivity of a given candidate catalyst.3 Catalysts exist 

which facilitate the reduction of CO2 and H2O to useful fuels such as carbon monoxide (CO) and 

hydrogen (H2). However, the current generation of fuel production catalysts have two major 

problems: they require large overpotentials and lack selectivity. An overpotential is the difference 

between the voltage thermodynamically required to perform a process and the experimentally 

required voltage. Essentially, large overpotentials lead to energy being wasted as heat. The second 

problem, lack of selectivity, arises from the fact that the electrons and protons used in the 

conversion of CO2 to CO are practically the same as those used in the conversion of H2O to H2. 

Due to the high stability of CO2, strong thermodynamic driving forces are required to facilitate 

conversion to reduced products. Under such forcing conditions, mitigating unwanted side reactions 

such as H2 production is challenging. For fuel production catalysts to be industrially useful they 

must be selective.  

 My work in the Blakemore Group over the past six years has been centered around this 

important concept of modulating the energetics and selectivity of organometallic candidate 

catalysts. Despite the longstanding interest in this topic within the field of chemistry, relatively 

little is known about how to design a catalyst for a given purpose. Trial and error still play 
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significant roles in catalyst development. Given that the phase space of possible chemical 

structures is nearly limitless, the trial-and-error approach is  inefficient for developing chemical 

solutions to problems. Our group seeks to circumvent the need for a trial-and-error approach by 

developing a deeper understanding of the fundamental factors and mechanisms driving reactivity 

in organometallic complexes. By developing structure-function models, it may be possible to 

better understand how to design organometallic complexes for a given purpose, such as CO2 

reduction catalysis.  

 In particular, my research with the Blakemore Group has sought to investigate the impact 

of ligand modification on metal complexes supported by bidentate diimine ligands. In this thesis, 

efforts to use analogues of the ubiquitous 2,2´-bipyridyl (bpy) ligand to engender new redox 

behavior in organometallic model systems relevant to the field of electrocatalytic fuel production 

are detailed.  

 In Chapter 2, the synthesis and characterization of manganese and ruthenium  complexes 

supported by 4,5-diazafluorene and 9,9´-dimethyl-4,5-diazafluorene are discussed. Diazafluorene-

type ligands could be of great utility in the field because of their structural similarities to bpy type 

ligands. Both diazafluorene and bpy are diimine systems containing two 6e– aromatic rings and 

tend to bind to metals in a bidentate fashion. On the other hand, diazafluorene-type ligands contain 

a methylene bridge that enforces a wider bite angle at the metal center compared to bpy-type 

ligands. Given the structural similarities between bpy and diazafluorene ligands, comparison of 

metal complexes supported by these ligand platforms provides especially useful insight on the 

relationship between chelate angle and the redox properties of diimine metal complexes.  
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 In Chapter 3, our work focusing on half sandwich rhodium complexes supported by non-

symmetrically mono-substituted bpy ligands bearing either a chloro (−Cl) or nitro (−NO2) 

substituent is detailed. Considerable prior work has been performed with symmetrically di-

substituted bpy complexes; di-substitution of bpy ligands has become well established as an 

effective means of modulating the redox properties of the resulting metal complexes. Through the 

work described in Chapter 3, we sought to determine whether non-symmetrically mono-substituted 

bpy ligands could similarly be utilized to tune the redox properties of metal complexes, and 

whether mono-substitution could enable more delicate control than di-substitution. Fortunately, 

we found that these tuning effects are indeed achievable, and that even mono-substitution of the 

bpy core, particularly with a nitro group, can drive quite significant changes in the redox chemistry 

accessible to systems of this general type. 
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Chapter 2: 4,5-Diazafluorene and 9,9´-Dimethyl-4,5-Diazafluorene as Ligands Supporting 

Redox-Active Mn and Ru Complexes 

 

 

 

 

 

 

 

 

 

This chapter is adapted from two published manuscripts: 

Henke, W.C., Hopkins, J.A., Anderson, M.L., Stiel, J.P., Day, V.W., and Blakemore, J.D.* 4,5-

Diazafluorene and 9,9´-Dimethyl-4,5-Diazafluorene as Ligands Supporting Redox-Active Mn 

and Ru Complexes, Molecules, 2020, 25, 3189; doi: 10.3390/molecules25143189. 

and 

Henke, W.C., Stiel, J.P., Day, V.W., and Blakemore, J.D.* Evidence for Charge Delocalization 

in Diazafluorene Ligands Supporting Low-Valent [Cp*Rh] Complexes, Chem. Eur. J., 2022, 28, 

e202200292; doi: 10.1002/chem.202103970. 
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Abstract  

4,5-diazafluorene (daf) and 9,9´-dimethyl-4,5-diazafluorene (Me2daf) are structurally 

similar to the important ligand 2,2´-bipyridine (bpy), but significantly less is known about the 

redox and spectroscopic properties of metal complexes containing Me2daf as a ligand than those 

containing bpy. New complexes Mn(CO)3Br(daf) (2), Mn(CO)3Br(Me2daf) (3), and 

[Ru(Me2daf)3](PF6)2 (5) have been prepared and fully characterized to understand the influence of 

the Me2daf framework on their chemical and electrochemical properties. Structural data for 2, 3, 

and 5 from single-crystal X-ray diffraction analysis reveal a distinctive widening of the daf and 

Me2daf chelate angles in comparison to the analogous Mn(CO)3(bpy)Br (1) and [Ru(bpy)3]
2+ (4) 

complexes. Electronic absorption data for these complexes confirm the electronic similarity of daf, 

Me2daf, and bpy, as spectra are dominated in each case by metal-to-ligand charge transfer bands 

in the visible region. However, the electrochemical properties of 2, 3, and 5 reveal that the redox-

active Me2daf frameworks in 3 and 5 undergo reduction at slightly more negative potentials than 

the bpy ligands in 1 and 4. Taken together, the results indicate that Me2daf could be useful for 

preparation of a variety of new redox-active compounds, as it retains the useful redox-active nature 

of bpy but lacks the acidic, benzylic C–H bonds that can induce secondary reactivity in complexes 

bearing daf.  

 

Introduction 

2,2´-bipyridyl (bpy) is among the most ubiquitous ligands in inorganic and organometallic 

chemistry. As a chelating ligand, bpy often binds to transition metals in a bidentate (κ2) mode and 

can support a variety of compounds with useful photophysical, redox, and/or catalytic 
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properties.4,5,6,7,8,9,10 Metal complexes and catalysts bearing bpy-type ligands can be tuned by 

appending electron-donating groups (EDG) and electron-withdrawing groups (EWG) to the bpy 

ligand; such groups primarily modulate the π-accepting ability of the conjugated framework and, 

to a lesser extent, the σ-donating ability of the nitrogen donor atoms. For example, we have recently 

used 4,4´-disubstituted-2,2´-bipyridyl (Rbpy) ligands to tune the photophysical properties and 

light-induced reactivity of Mn(CO)3X(Rbpy) complexes11 as well as to modulate the accessible 

pathways and efficiency of dihydrogen production by [Cp*Rh] complexes bearing Rbpy ligands.12 

Such modifications have also been used to tune catalysis of carbon dioxide (CO2) reduction to 

carbon monoxide (CO) by [Re(CO)3] and [Mn(CO)3] complexes.13,14 With these observations and 

many others from the field, Rbpy ligands have been found to be uniquely suited to systematic 

investigation of transition metal complexes. Furthermore, the wide range of accessible Rbpy 

ligands makes them attractive for efforts in rational design of new metal complexes and molecular 

catalysts.  

Ligands based upon 4,5-diazafluorene (daf) have several features in common with the 

workhorse Rbpy ligands, and thus offer a notable alternative for development of new metal 

complexes and catalysts.15 In particular, both daf and bpy have 12e– π systems and both commonly 

bind to metals in a κ2 fashion. However, daf is distinguished from bpy by its more rigid structure, 

attributed to the linking inter-ring sp3-hybridized carbon present in the fused five-membered ring. 

Photochemical studies of metal complexes supported by daf and bpy have mapped the importance 

of these features, including involvement of the daf π-system in metal-to-ligand charge transfer 

behavior.15,16 Furthermore, the constrained chelate angle of daf has been implicated in giving rise 

to more significant excited-state reactivity than that encountered for bpy.17  
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Unfunctionalized daf features two doubly benzylic C–H bonds at the 9-position, opening 

further possibilities for ligand-centered acid/base reactivity that cannot occur with simple           

2,2´-bipyridyl derivatives. Along these lines, Song and co-workers have explored the coordination 

chemistry of daf and substituted diazafluorenes, including significant work aimed at leveraging 

this unique acid/base chemistry.18 In their work, Song and co-workers have found that the acidic 

C–H bonds of daf can undergo deprotonation that results in follow-up reactivity.19,20,21,22,23 More 

broadly, Stahl24,25,26 and several other groups27,28,29 have developed a number of catalyst systems 

supported by diazafluorene ligands. In all these cases, daf and its derivatives seem to play a 

decisive role in enabling unique chemistry, confirming the usefulness of the ligands as a 

counterpoint to the more common Rbpy family.  

As we have found in our own work that redox-active compounds and catalysts can be 

readily tuned by substituent effects with Rbpy ligands,11,12 4,5-diazafluorene-based ligands could 

be useful in modulating the structural, electronic, and electrochemical properties of redox-active 

compounds more commonly supported by Rbpy derivatives. In particular, the coordination 

chemistry of the ligand 9,9´-dimethyl-4,5-diazafluorene (Me2daf) has received less attention than 

it deserves,26 as this ligand avoids the acidic C–H bonds present in daf that can readily engage in 

non-innocent behavior. Furthermore, reliable methods from Schmidt and co-workers30 and 

Tetsuya and co-workers31 are available for preparation of Me2daf, encouraging further exploration 

of its chemistry.   

In this chapter, we describe the synthesis, characterization, and electrochemical properties 

of Mn(CO)3Br(daf) (2), Mn(CO)3Br(Me2daf) (3), and [Ru(Me2daf)3](PF6)2 (5), and compare their 

properties to the more common analogues Mn(CO)3(bpy)Br (1) and [Ru(bpy)3]
2+ (4), respectively 

(see Chart 1 for structures of all compounds). We find that the use of daf and Me2daf ligands in 
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the complexes leads to unique spectroscopic features in the NMR and electronic absorption 

spectra, as well as a characteristic shift in the C–O vibrational frequencies found in the infrared 

(IR) spectra of 2 and 3 compared to that of 1. Consistent with these spectroscopic observations, 

results from single-crystal X-ray diffraction analysis of 2, 3, and 5 reveal wider chelate angles and 

elongated M-N bond lengths in comparison with the analogous bpy complexes. The new 

complexes exhibit electrochemical profiles that are akin to those of their bpy analogues, 

confirming the similar redox-active natures of bpy, daf, and Me2daf. However, related tests shows 

that complexes 2 and 3 are not catalysts for the reduction of CO2 to CO, contrasting with the robust 

catalytic behavior of 1.7 Taken together, these results suggest that Me2daf is an attractive ligand 

for development of new coordination compounds for use in studies of redox chemistry and 

catalysis. 

 

Chart 1. Manganese tricarbonyl and ruthenium complexes supported by bpy, daf, and Me2daf 

discussed in this study. 
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Results and Discussion 

Synthesis and NMR characterization of complexes 2, 3, and 5 

In order to synthesize the new compounds 2, 3, and 5, we first prepared the daf and Me2daf 

ligands according to literature procedures starting from 1,10-phenanthroline (phen). Oxidation of 

the unique olefinic functionality within phen results in the production of 4,5-diazafluoren-9-one 

(dafone); Wolf-Kishner reduction of dafone with hydrazine hydrate results in the generation of the 

desired daf.30 To generate Me2daf, we initially attempted deprotonation of the daf methylene 

protons using n–butyllithium, but in our hands this resulted in decomposition. Instead, we utilized 

a milder, sterically hindered base, potassium tert-butoxide (tBuOK), to deprotonate daf, followed 

by the addition of iodomethane, to generate the anticipated Me2daf ligand.31  

 

Scheme 1. The synthetic pathway for the generation of daf and Me2daf. (a) 1. KOH, KMNO4; 

H2O, 16 h, 100 °C (b) NH2NH2·H2O; diethylene glycol, 170 °C, (c) 1. tBuOK 2. MeI; THF, –10 
°C to rt. 

 

Considering the straightforward synthesis of Me2daf using iodomethane as an electrophile, 

we anticipated other electrophiles might be useful for generation of daf-type ligands. 

Unfortunately, use of benzyl bromide (BnBr) as an electrophile in this reaction sequence results in 

the apparent preferential formation of 9,9´-dibenzyl-1-N-benzyl-4,5-diazafluorenium bromide 

(Bn3daf), an off-target compound that was confirmed using 1H-NMR, mass spectrometry, and 

single crystal X-ray diffraction analysis (see Appendix 1 and Figures S49, S50, and S51). Thus, 

the use of BnBr here provides a contrasting result to what occurs when using iodomethane as the 

electrophile and was not pursued further. 
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With the desired ligands in hand, we next moved to prepare 2 and 3 with synthetic 

chemistry developed earlier by Wrighton, Meyer, and others for related bpy and phen 

derivatives.32,33,34 Suspension of the appropriate ligand with Mn(CO)5Br in diethyl ether at 38 °C 

results in the generation of complexes 2 and 3 in moderate yields, 62% and 73%, respectively. 

Previously, Cherry and co-workers have reported the synthesis of the complex [Ru(daf)3](PF6)2 to 

examine its structural properties and photophysical properties.15 By adapting this literature 

procedure, the Me2daf analogue of [Ru(bpy)3]
2+ could be prepared in a relatively low yield of ca. 

17%. As an aside, we anticipate that the modest yield is likely due to differences in solubility 

between [Ru(daf)3](PF6)2 and 5 engendered by the methyl groups of Me2daf. Notably, all the 

compounds in this study supported by daf-type ligands were found to be acutely light sensitive and 

were handled in the dark or under red light to the extent possible. Following successful generation 

of the complexes they were each fully characterized (see Appendix 1 and Figures S1-S9).  

To begin characterization of the newly synthesized complexes, we turned to nuclear 

magnetic resonance (NMR) spectroscopy. Complexes 2, 3, and 5 each exhibit three resonances in 

the aromatic region of their 1H-NMR spectra with splitting patterns arising from 3JH,H and 4JH,H 

coupling; these signals correspond to the hydrogen atoms on the pyridyl rings of the daf and 

Me2daf ligands coordinated to their respective Mn and Ru centers (see Figure 1). Notably, 

complexes 2, 3, and 5 exhibit unique resonances for their daf-methylene and Me2daf-methyl 

protons. While complexes 2 and 3 exhibit Cs symmetry in solution, complex 5 shows D3 symmetry. 

Correspondingly, the six methyl groups belonging to the three Me2daf ligands coordinated to the 

Ru center give rise to a singlet at 1.68 ppm (integrating to 18 H) confirming the successful 

preparation of complex 5. The assignment of D3 symmetry suggests that complex 5 is chiral and 

thus should be present as a 50:50 racemic mixture (of Δ and Λ isomers; vide infra). However, 
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enantiomers have identical chemical and physical properties and thus we observe no additional 

resonances in the NMR spectra for the material isolated here. 

Considering the change in symmetry from D3 for 5 to Cs symmetry for 2 and 3, unique 

NMR resonance in the latter two cases can be readily interpreted. Complex 2 possesses Cs 

symmetry in solution and, as a result, the chemical environment of the two protons on the 

methylene bridge (9-position) become chemically distinct from each other and are diastereotopic. 

This results in a distinctive signal centered at 4.29 ppm. The geminal coupling between the two 

methylene protons on daf might be anticipated to give rise to two unique doublets. However, when 

the frequency of the coupling constant (2J = 22.6 Hz) is on the same order of magnitude as the 

chemical shift difference (25 Hz) between the two expected resonances, the usual one-to-one value 

for the resonance intensities is not observed.35,36 Instead, a multiplet with intense inner peaks and 

weaker outer peaks is obtained, providing a diagnostic signal for the generation of complex 2 (in 

general, a phenomenon known in the field as ‘roofing’). The identity of this signal was further 

confirmed by 13C-Distortionless Enhancement Polarization Transfer (DEPT-135) and 2D 1H-13C 

Heteronuclear Single Quantum Coherence (HSQC) NMR techniques (see Figures S10-11). 

Similarly, complex 3 exhibits Cs symmetry in solution; the methyl groups on the apical carbon are 

diastereotopic, with one methyl oriented toward the axial CO ligand and the other oriented toward 

the bromide ligand. The difference in the chemical environment between the methyl group protons 

gives rise the anticipated diastereotopic resonances; these were observed using 1H and 13C NMR, 

providing two signals for the protons (δ 1.58 and 1.66 ppm, each integrating to 3 H) and two signals 

for the carbons (δ 24.4 and 25.3 ppm), confirming the expected structure of 3 in solution.   
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Figure 1. Partial 1H NMR spectra of 2 (bottom), 3 (middle), and 5 (top) in CD3CN. Peak 

integrations are given beneath each resonance or multiplet in colored text. 

 

Electronic Absorption, IR, and X-ray Diffraction Studies  

Complexes 1–5 are all highly colored and thus we next turned to electronic absorption (EA) 

spectroscopy to interrogate the electronic properties of the complexes. The EA spectrum for 

complex 5 exhibits a strong transition at 445 nm with a molar absorptivity of 13,000 M-1cm-1 (see 

Figures S17-S25). The value of the molar absorptivity and the remarkable similarity of the 

spectrum to that of complex 4 enables assignment of this transition as a metal-to-ligand charge 

transfer (MLCT).37,38 This assignment is also consistent with known ability of daf ligands to enable 

visible-light induced charge transfer transitions at transition metal centers, similar to what is 

observed for complexes bearing bpy.15,16 The observation of an MLCT transition for 5 supported 

by Me2daf is also reasonable, since the two methyl groups installed at the 9 position of daf do not 

perturb the conjugated system of the two aromatic rings. The EA spectra for complexes 2 and 3 

reveal transitions in the visible region at 410 nm and 411 nm with molar absorptivities of 2,200 
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M-1cm-1 and 3,300 M-1cm-1, respectively (see Figure 2). Notably, these EA spectra are very similar 

to complex 1,11 and based on this similarity, we are confident that these transitions can also be 

attributed to MLCT events.  

However, a distinguishing feature of the EA spectra of complexes 2 and 3 compared to that 

of complex 1 is the presence of four, relatively narrow absorption bands in the UV region between 

250 and 350 nm. Based on their wavelengths and molar absorptivities, these absorption bands can 

be assigned as -* excitations displaying marked vibronic coupling. Such vibronic coupling has 

previously been observed for titanium complexes bearing diazafluorenide ligands,39 suggesting 

that vibronic coupling may be a common feature of the spectral profiles ligated by daf or 

substituted diazfluorenes. As expected, the spacing between the sharp transitions is uniform in a 

progression from approximately 700 cm-1 to 900 cm-1. This common observation for 2 and 3 

suggests that the vibronic couplings engendered by daf and Me2daf are similar in these compounds. 

Based on this rich spectroscopic profile, we anticipate that 2 and 3 may behave differently in the 

presence of light than the bpy analogue 1, encouraging further work in the future to gain insight 

into how these complexes behave following exposure to visible and/or UV light.11 
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Figure 2. Electronic absorption spectra for 2 (left panel) and 3 (right panel) in MeCN. 

 

The IR spectra of complexes 1, 2, and 3 confirm that the starting material, Mn(CO)5Br 

(associated with absorption bands at 2004 cm-1, 2046 cm-1, and 2083 cm-1) was consumed during 

the synthetic reactions and is not present in the products. The Cs symmetry of a fac-tricarbonyl 

complex is expected to give rise to three distinct C–O stretches in IR spectra based on group theory 

analysis. Upon examination of the experimental data, a three-band spectrum is observed, 

confirming the expected fac-tricarbonyl geometry for the complexes in THF solution (see Figure 

3). The complexes have rather similar C–O stretching, likely a consequence of the similar 

environment at Mn in all three cases. In particular, C–O stretching frequencies are primarily 

affected by π-bonding effects, and as the π-character of bpy, daf, and Me2daf are not significantly 

different, a large shift in the vibrational frequencies for the CO ligands among 1, 2, and 3 is not 

expected. On the other hand, the modest shifts that are observable likely arise from the increased 

chelate bite angle of daf (2, 82.14(10)°) and Me2daf (3, 82.2(3)°) compared to bpy (78.80(7)°, vide 

infra).40 As a result of the increased bite angle, the σ-donor power of the nitrogen donor atoms to 
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the manganese center should be decreased, resulting in a correspond increase in the C–O stretching 

frequency due to decreased Mn-to-CO backbonding. In accord with this model, the vibrational 

frequencies for 2 and 3 are virtually identical, confirming that the addition of distal methyl groups 

at the ligand 9 position does not substantially perturb the structure of Me2daf in comparison with 

daf. To gain further structural insights into the properties of the new compounds, we next turned 

to X-ray diffraction analysis (XRD).      

 

Figure 3. FTIR spectra of 1–3 in THF solution. 

 

Vapor diffusion of diethyl ether into a concentrated THF solution of 2, or vapor diffusion 

of diethyl ether into a concentrated acetonitrile (MeCN) solution of 3, resulted in yellow crystals 

suitable for single crystal X-ray diffraction studies (see Figure 4). The results confirm the expected 

fac-geometry of the complexes with two equatorial CO ligands, an axial CO ligand, an axial 

bromide, and a κ2-daf ligand surrounding the manganese center. Although this is the first example 

of a formally Mn(I) complex chelated by daf or Me2daf, the octahedral geometries of 2 and 3 

resemble those of the analogous Mn(CO)3(
Rbpy)Br complexes.11,40 However, there is a significant 
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increase in the diimine ligand bite angle for complexes 2 (82.14(10)°) and 3 (82.2(3)°) compared 

to 1 (78.80(7)°, vide supra). Additionally, the average Mn–N distances for 2 and 3 are significantly 

longer than those of complex 1 (2.118(4) Å and 2.109(5) Å vs. 2.047(3) Å, respectively).40 This is 

attributable to the rigid polycyclic structure of the daf framework, enforced by the inter-ring 

methylene group at the 9 position, which presumably drives poorer orbital overlap between the 

metal center and the ligand in the cases of 2 and 3, and results in an overall increase in the M–N 

bond distances.  

Complex 5 is chiral and possesses D3 symmetry in solution, on the basis of NMR spectra 

(vide supra). No measures were taken to obtain enantiomerically pure material, and thus we 

isolated 5 as the 50:50 racemic mixture of delta (Δ) and lambda (Λ) isomers. Vapor diffusion of 

pentane into a concentrated acetone solution and vapor diffusion of pentane into a concentrated 

50:50 acetone/THF solution resulted in two separate sets of orange crystals of 5 that were suitable 

for single-crystal XRD studies (see Figure 4). These two structures, named v74e and q36k 

respectively, both provide data confirming the successful synthesis of the [Ru(Me2daf)3]
2+ core 

and reveal bond distances and angles that are within error of each other (see the Supporting 

Information, Table S3 and S4 for comparisons. On the other hand, q36k represents a higher quality 

structure and will be discussed here. As expected, the average chelate angle (N-Ru-N) and 

corresponding average Ru–N distances for complex 5 (data from q36k) are larger than in the case 

of the famous [Ru(bpy)3]
2+ (82.9(3)° vs. 78.9(2)°; 2.117(13) Å vs. 2.063(6) Å).41,42,43 Gratifyingly, 

these values align with structural data previously available for [Ru(daf)3]
2+, confirming that use of 

daf or Me2daf to form homoleptic Ru(II) complexes results in wider chelate angles and longer Ru–

N distances in both cases.44 
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Overall, observing the increased bite angles of the daf and Me2daf ligands in complexes 2, 

3, and 5 was gratifying, since these changes should influence the electronic properties and 

reactivity at the metal centers in comparison with their bpy-supported analogues. Therefore, we 

next turned to electrochemical methods to probe the redox properties of these systems, with a 

particular focus on identifying features that distinguish the daf and Me2daf compounds from their 

bpy-supported analogues.  

 

Figure 4. Solid-state structures (from XRD) of 2 (left), 3 (middle), and 5 (right, from structure 

v74e). Displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms (except 

H14A and H14B for 2) and outer-sphere hexafluorophosphate counter-anions and disordered co-

crystallized solvent (for 5, from structure v74e) are omitted for clarity. 

 

Electrochemical Studies 

Initial cyclic voltammetry experiments were performed with 4 and 5 to interrogate how 

Me2daf behaves under electrochemical conditions in comparison to bpy (see Figure 5). As one 

scans cathodically, the cyclic voltammetry of the parent bpy-complex 4 exhibits three quasi-

reversible reductions centered at –1.73 V, –1.92 V, and –2.17 V respectively (all potentials are 

quoted versus ferrocenium/ferrocene, denoted Fc+/0). Based on previous electrochemical studies, 

these reductive features can be confidently assigned to ligand-centered events; the complex is 

progressively reduced from [RuII(bpy)3]
2+, to [RuII(bpy)2(bpy·–)]+, to [RuII(bpy)(bpy·–)2], and 
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finally to [RuII(bpy·–)3]
–.45,46,47 This rich manifold of accessible ground-state reductions for 4 

highlights the redox non-innocence of the bpy ligand; redox non-innocent ligands continue to grow 

in popularity4,26,48,49 because of their wide-ranging applications in redox chemistry and small-

molecule activation.  

We were excited to find that the cyclic voltammetric profile of 5 is remarkably similar to 

that of 4. As scanning cathodically with 5 reveals three quasi-reversible reductions at –1.79 V,       

–1.99 V, and –2.24 V, respectively; each is centered at a slightly more negative potential than the 

corresponding event associated with bpy-complex 4. The more negative reduction potentials likely 

arise from the inductive effect of the additional fused five-membered ring and methyl groups of 

Me2daf, resulting in a structure that is overall more electron-rich and thus slightly increasing the 

reduction potentials associated with Me2daf-centered reductions of 5. Based on the electronic 

similarities of bpy and Me2daf, we can reliably implicate redox non-innocence of the Me2daf 

ligand as giving rise to the manifold of reductions observed for 5, similar to the case of bpy in 4. 

Considering this situation, we anticipate that 5 could have significant photochemical reactivity, 

and might be useful to investigate as a photosensitizer in future work.  

Consistent with the ligand-centered nature of the reductive events measured for 4 and 5, 

the difference in the bite angle between Me2daf and bpy does not strongly affect the reductive 

cyclic voltammetry of these compounds. However, confirmation that that Me2daf behave as a 

redox-active ligand suggests that similar processes may be accessible in the tricarbonyl compounds 

2 and 3. 



 

 

22 

 

 

Figure 5. Cyclic voltammetry of 4 (orange) and 5 (purple) in MeCN solution with 0.1 M TBAPF6 

supporting electrolyte (working electrode: highly-oriented pyrolytic graphite; pseudo-reference 

electrode: Ag+/0; counter electrode: Pt wire). Ferrocene was used as an internal potential reference. 

 

The electrochemical behavior of 1 was previously established by Deronzier, Chardon-

Noblat and co-workers.7 We have confirmed their findings here for comparison purposes (see 

Figure 6); scanning cathodically with 1 in solution, we observe two irreversible reductions with 

cathodic peak potentials (Ep,c) at –1.61 V and –1.83 V, followed by an oxidation at a more positive 

potential (Ep,a = –0.61 V). Based upon extensive mechanistic work from prior studies, the first 

reduction of 1 is associated with formation of a 19 e– complex (an electron transfer or E process) 

which is coupled to the loss of bromide that generates a 17 e– species (a chemical reaction or C 

process). This 17 e– complex then dimerizes with itself (C process), forming [Mn(CO)3(bpy)]2 in 

an overall ECC-type process. [Mn(CO)3(bpy)]2 itself can then undergo reduction at the more 
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negative potential, breaking the dimer to form [Mn(CO)3(bpy)]– in an EC-type process. Finally, 

scanning anodically, oxidation of [Mn(CO)3(bpy)]2 can regenerate the starting material 1.  

The cyclic voltammetric profiles of 2 and 3 are very similar to that associated with 1 (see 

Figure 6). Scanning cathodically with 2 or 3, two irreversible reductions and followed by an 

oxidation at more positive potentials during the paired anodic sweep (for 2, E(1)
p,c = –1.75 V, E(2)

p,c 

= –2.04 V, Ep,a = –0.62 V; for 3, E(1)
p,c = –1.71 V, E(2)

p,c = –2.02 V, Ep,a = –0.67 V). Qualitatively, 

these results suggest that the irreversible reductions corresponding to the ECC and EC processes 

exhibited by 1 also occur with 2 and 3. Notably, however, the reduction events associated with 2 

and 3 appear significantly broader than those associated with 1, suggesting that heterogeneous 

electron transfer is slower with the diazafluorene derivatives. Furthermore, as E(1)
p,c and E(2)

p,c are 

both more negative for 2 than 3, we anticipate that electron transfer kinetics dominate the potentials 

measured for these reductions; Me2daf might have been expected to engender a more negative 

reduction potential for 3 over the case of daf in 2, but the opposite is in fact observed here; this 

may be attributable to the influence of the disparate electron-transfer kinetics, which push the 

reduction potential (E(1)
p,c) of 2 to a more negative potential than 3, contrary to the thermodynamic 

trend that would be predicted on the basis of the inductive effect of the methyl groups of Me2daf.  
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Figure 6. Cyclic voltammogram of complexes 1 (black), 2 (red), and 3 (blue) in MeCN solution 

with 0.1 M TBAPF6 electrolyte (WE: HOPG, Psuedo Ref: Ag+/0, CE: Pt, internal Ref: Fc+/0). 

 

Encouraged by the similar cyclic voltammetry (CV) behavior displayed by 1, 2, and 3, we 

also tested the new compounds for activity towards CO2 reduction (see Figures S34–S39) since 

the known 1 has been demonstrated to be a robust catalyst for CO generation from CO2.
7 For this 

testing, water was added as a proton source (similar to the prior work with 1 described in reference 

7) and CO2 was sparged through the working solution and electrochemical cell to fully saturate 

the atmosphere and solution. Voltammograms collected immediately following these additions 

reveal enhancements in the current that flows at both the first and second irreversible reductions 

associated with 2 and 3. The observed current enhancement suggests that significant reduction-

induced reactivity is taking place at the electrode surface. Notably, the overall catalytic 

enhancement encountered with 2 is significantly greater than that with 3, suggesting a unique role 

of the acidic protons on the methylene bridge of daf in promoting reactivity.  
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However, controlled potential electrolysis (CPE) coupled to product detection does not 

suggest effective catalytic reduction of CO2 is taking place with 2 and 3. Results from controlled 

potential electrolyses at –2.05 V vs Fc+/0 for 90 min (see Figures S40 and S41) in a custom two-

compartment electrochemical cell do show that experiments with 2 and 3 produce less H2 and more 

CO during the 90 min electrolysis (see Table S1). However, 2 and 3 give low Faradic efficiencies 

(27% and 34%) and sub-stoichiometric yields (turnovers of 0.82 and 0.62, respectively) of CO, on 

the basis of total charge passed and initial loading of 2 or 3, respectively. As analysis of working 

solutions with NMR spectroscopy following electrolysis did not reveal the presence of alternative 

products, including formate, we conclude that electrochemical reduction of 2 or 3 in the presence 

of H2O and CO2 leads primarily to decomposition rather that effective CO2 conversion.   

On a final note, we wish to highlight that the chronoamperogram associated with 

electrolysis of 2 is considerably different than that of 3. The current passed as a function of time 

widely fluctuated during the course of the electrolysis (see Figure S40); in particular, the initial 

current is rather large but becomes attenuated over the course of the experiment, suggesting 

undesirable chemical reactivity may be taking place with the daf ligand. These results suggest that 

further work is needed to reveal the precise role of the acidic methylene protons in the daf 

framework during conditions of redox catalysis, like those explored here. It should also be noted 

that both metal- and bpy-centered reductions have been implicated in effective catalysis of CO2 

reduction with 1.50 As incoming CO2 might therefore be required to interact with both the metal 

and the ligand, the enhanced steric profile of Me2daf ligand in 3 could negatively impact the 

approach of CO2 and deactivate the catalyst. Consequently, future work could focus on revealing 

the influence of the functionalization pattern of the 9-position of daf on redox chemistry and 

catalysis with these platforms. 
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Conclusions 

We have described the synthesis, characterization, and electrochemical properties of the 

new daf- or Me2daf-supported complexes 2, 3, and 5 and compared the properties of these 

compounds to their bpy-supported analogues 1 and 4. When daf and Me2daf are bound to Mn or 

Ru centers, we observe characteristic spectra that confirm the formation and symmetry of the 

desired complexes. In particular, comparisons of bond lengths and geometric parameters confirm 

that daf and Me2daf enforce wider chelate angles and offer weaker -donation than bpy. 

Electrochemical studies of 5 reveal that Me2daf is a non-innocent redox active ligand at modestly 

reducing potentials, and related electrochemical work with 2 and 3 shows that this ligand-centered 

reduction behavior is also accessible in 2 and 3, albeit with apparently slower heterogeneous 

electron transfer kinetics that those encountered with analogous 1. Despite the facile synthesis of 

daf- and Me2daf-supported complexes, we have demonstrated that the synthesis described herein 

cannot be applied to benzylated derivatives.  Taken together, these studies demonstrate that daf 

and Me2daf could be useful for preparation of a variety of new redox-active compounds, building 

on the significant body of findings for the workhorse bpy and Rbpy ligands.   
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Chapter 3: Redox Properties of [Cp*Rh] Complexes Supported by Monosubstituted 

Bipyridyl Ligands 
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Abstract 

Half-sandwich rhodium complexes supported by bidentate chelating ligands are a useful 

class of compounds for study of molecular electrochemistry and electrocatalysis. Here, the 

synthesis and characterization of two new [Cp*Rh] complexes (where Cp* is η5-

pentamethylcyclopentadienyl) supported by the uncommon ligands 4-chloro-2,2′-bipyridyl 

(mcbpy) and 4-nitro-2,2′-bipyridyl (mnbpy) are reported. Single-crystal X-ray diffraction studies 

and related spectroscopic experiments confirm installation of the single substituents (–Cl and –

NO2, respectively) on the bipyridyl ligands; the precursor monosubstituted ligands were prepared 

via a divergent route from the inexpensive, unsubstituted starting material 2,2′-bipyridine (bpy). 

Electrochemical studies reveal that each of the complexes undergo an initial net two-electron 

reduction at potentials more positive than that associated with the parent unsubstituted complex of 

bpy, and that the complex supported by mnbpy can undergo an unusual, chemically reversible 

third reduction event at –1.62 V vs. ferrocenium/ferrocene. This redox behavior is consistent with 

inductive influences from the substituent groups on the supporting ligands, although the nitro 

group uniquely enables reduction by a third electron. Spectrochemical studies carried out with UV-

visible detection confirm the redox stoichiometry of these platforms. These findings highlight the 

rich redox chemistry and tuneable behavior of [Cp*Rh] complexes supported by monosubstituted 

bpy ligands. 

 

Introduction 

Understanding and, ultimately, controlling the redox properties of well-defined metal 

complexes are important goals in the fields of redox chemistry and molecular catalysis. 



 

 

30 

 

Organometallic complexes in particular attract significant attention in these realms, due to their 

important roles as catalysts and redox mediators. Control over the redox properties of metal 

complexes can be exercised with a variety of strategies; these include ligand modifications with 

inductive groups, use of “non-innocent” ligands that are redox-active or proton-responsive, 

formation of multimetallic species, and surface immobilization, among others.12,57,62 However, 

determining the precise origin of modified redox chemistry within even closely related families of 

complexes is often challenging; even small changes to ligands supporting organometallic 

complexes can result in significant changes in their chemical properties.  

 The 2,2′-bipyridyl (bpy) ligand platform is ubiquitous in organometallic chemistry and is 

perhaps the most well-studied type of bidentate ligand.51 The useful catalytic, photophysical, and 

redox properties of such compounds, in addition to the modular nature of the platform, have led to 

intense interest in tuning the properties of these systems. The installation of electron donating 

groups (EDG) or electron withdrawing groups (EWG) enables the tuning of the redox properties 

of the parent complex.12 Such modifications primarily alter the π-accepting ability of the 

conjugated framework, and to a lesser extent alter the σ-donating ability of the imine nitrogens. 

Additionally, we have recently shown (as in Chapter 1 of this thesis) that modifying the bite angle 

of the ligand provides an alternative means of tuning the electronic properties by adjusting the 

degree of orbital overlap between the metal center and donor nitrogens.  

 Systems bearing ligands analogous to bpy-type species have also been extensively studied. 

In our own group, diphosphines have been especially useful for comparison to bpy.52 Rhodium 

half-sandwich diphosphine compounds have drawn particular interest due to their propensity to 

form stable metal hydrides upon protonation. These isolable hydrides are notable for their 

structural similarity to transient, reactive hydrides formed by their half sandwich diimine 
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analogues. In principle, backbonding from the metal center to the phosphorous donor atoms can 

be envisioned to remove electron density from the metal center, thereby resulting in diminished 

hydricity and limited reactivity. Characterization of these diphosphine analogues has served as a 

useful strategy for elucidation of the electronic influences over the hydride generating step in the 

catalytic cycle for H2 evolution by some half-sandwich rhodium bpy complexes. 

 Most such studies of half-sandwich rhodium bpy complexes have been conducted using 

symmetrically di-substituted bpy ligands. However, to the best of our knowledge, no half-

sandwich rhodium complexes bearing non-symmetrically substituted bpy ligands have been used 

for chemical and electrochemical studies aimed at characterizing the precise role of ligand 

substituents in modulating the reduction potentials associated with rhodium complexes of these 

ligands. Toward this goal, we describe here the synthesis, characterization, and electrochemical 

properties of two previously unreported half-sandwich rhodium complexes supported by non-

symmetrically mono-substituted bpy ligands bearing either a chloro (−Cl) or nitro (−NO2) 

substituent. 

 

Results and Discussion 

Divergent Synthesis of Rh(mcbpy) and Rh(mnbpy) 

  A divergent synthesis of Rh(mcbpy) and Rh(mnbpy) was previously developed and 

studied by William Moore (B.S., U. Kansas, 2019) and other members of the Blakemore Group 

based on a combination53,54,55,56 of reported literature procedures that had not been considered 

together previously; this synthetic route was used here and found to produce quantities of pure 

material suitable for further studies. The synthesis begins with the oxidation of inexpensive and 
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readily available 2,2′-bipyridine (bpy) to 2,2′-bipyridine-1-oxide (bpy-N-oxide) by treatment with 

concentrated hydrogen peroxide and trifluoroacetic acid (see Figure 1). The mono-N-oxide 

product, being lower symmetry than the parent bpy, can engage in further non-symmetric reactivity 

that was previously inaccessible. Specifically, the position para to the N-oxide is activated to 

electrophilic aromatic substitution, while the second pyridine ring is unaffected. This allows for 

selective nitration at the 4-position to generate mono-nitrobipyridine-N-oxide (mnbpy-N-oxide). 

At this point, the synthesis diverges. Reaction with acetyl chloride in acetic acid replaces the nitro 

group with a chloride substituent to form mono-chlorobipyridine-N-oxide (mcbpy-N-oxide). 

Reaction of either N-oxide species with excess phosphorous(III) chloride results in the removal of 

the N-oxide to form mnbpy or mcbpy, respectively.  

 

Figure 1. Divergent synthesis of Rh(mnbpy) and Rh(mcbpy). A. Trifluoroacetic acid, 30% 

H2O2; 25 °C. B. Red fuming nitric acid, conc. H2SO4; 100 °C. C. PCl3; 65 °C. D. [Cp*RhCl2]2, 

AgPF6; 25 °C. E. 1. Acetic acid, acetyl chloride; 100 °C. 2. PCl3; 65 °C. 

 

 The rhodium complexes of both isolated ligands, Rh(mnbpy) and Rh(mcbpy), were 

synthesized by identical procedures that were found to be applicable to both complexes.57 First, 
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RhCl3·nH2O was refluxed with pentamethylcyclopentadiene (Cp*H) in isopropanol to form 

[Cp*RhCl2]2.
 58,59 This brick red solid, after being isolated and dried, was suspended in a solution 

of dichloromethane and acetonitrile. One equivalent per rhodium center of AgPF6 was added to 

the suspension to activate the chloride bridged dimer by abstracting chloride. This formed a 

precipitate of AgCl and a bright orange solution. This reaction was protected from light due to the 

propensity for Ag+ to act as a photooxidant.60 After the AgCl was removed by filtration, mnbpy 

or mcbpy was added to the solution. Following two hours of stirring at room temperature, a yellow 

to orange precipitate of Rh(mnbpy) or Rh(mcbpy), respectively, was formed. The solid was 

isolated by suction filtration followed by washing with diethyl ether.  

During synthesis of the new complexes, it was found to be vital that elevated temperatures 

be avoided, as the complexes were found to be extremely heat sensitive. For example, when 

removing solvent from solutions of the complexes in vacuo, even as little as 40 °C for 30 minutes 

caused the complexes to decompose into a viscous oil containing a mixture of products which 

could not be identified by NMR. Additionally, the complexes were found to be unstable in solution 

over moderate timescales. Solutions of the complexes stored at room temperature demonstrated 

significant decomposition after less than 24 hours, as judged by NMR. Therefore, all work with 

the complexes was performed with freshly made solutions at room temperature or below. 

 To confirm the successful isolation of the new complexes, we utilized NMR spectroscopy. 

Figures 2-5 and Figures 6-9 show the 1H, 13C{1H}, 19F, and 31P NMR spectra of Rh(mnbpy) and 

Rh(mcbpy), respectively. The 1H NMR spectrum of Rh(mnbpy) contains the expected seven 

aromatic signals as well as a single signal integrating to fifteen, which is indicative of the five 

equivalent methyl groups of the Cp* ligand. However, the 1H NMR spectrum of Rh(mcbpy) 

contains only six aromatic signals, with one of the aromatic signals integrating to two because of 
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coincidental overlap of two distinct aromatic signals. The 13C{1H} NMR spectrum of Rh(mnbpy) 

exhibits eight resonances rather than the expected twelve. This can be explained through the slow 

relaxation times typical of quaternary carbon atoms preventing their detection in this case. 

Conversely, the 13C{1H} NMR spectrum of Rh(mcbpy) exhibits thirteen resonances, one more 

than the expected twelve. This is a result not only of the quaternary carbon resonances being 

detected, but also of a singlet resonance being split into a doublet by the presence of the spin-1/2 

rhodium atom. In the 19F and 31P NMR spectra, no significant difference was detectable between 

Rh(mnbpy) and Rh(mcbpy). All fluorine and phosphorous atoms present in the new complexes 

are contained within the hexafluorophosphate counter anion. As an outer sphere anion, the electron 

distribution in the hexafluorophosphate ion is unaffected by rhodium ligand substitution. Based on 

these spectra, the complexes were determined to be free of NMR active impurities.  

 

Figure 2. 1H NMR spectrum of Rh(mnbpy) (400 MHz, CD3CN). 
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Figure 3. 13C{1H} NMR spectrum of Rh(mnbpy) (126 MHz, CD3CN). 

 

 
Figure 4. 19F NMR spectrum of Rh(mnbpy) (376 MHz, CD3CN). 

 

 
Figure 5. 31P NMR spectrum of Rh(mnbpy) (162 MHz, CD3CN). 
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Figure 6. 1H NMR spectrum of Rh(mcbpy) (400 MHz, CD3CN). 

 

Figure 7. 13C{1H} NMR spectrum of Rh(mcbpy) (126 MHz, CD3CN). 
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Figure 8. 19F NMR spectrum of Rh(mcbpy) (376 MHz, CD3CN). 

 

 

 
Figure 9. 31P NMR spectrum of Rh(mcbpy) (162 MHz, CD3CN). 

 

Electrochemical and Spectrochemical Studies of Rh(mnbpy) and Rh(mcbpy) 

 To interrogate the electrochemical properties of the new complexes, cyclic voltammetry 

was performed. Since water and oxygen could potentially interfere with reductive chemistry by 

reacting with the reduced complexes or by themselves being reduced at the electrode through direct 

electron transfer, all electrochemical and spectrochemical studies were performed in an inert 

atmosphere glovebox. Thoroughly dried samples of the new complexes were dissolved in a dry 

electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile to form 



 

 

38 

 

solutions that were 2 mM in the desired complex. Cyclic voltammetry was performed on these 

solutions using the basal plane of a highly oriented pyrolytic graphite (HOPG) block as the 

working electrode (WE; 0.09 cm2), a platinum wire counter electrode (CE), and a silver wire 

immersed in electrolyte in a separate fritted chamber as a pseudo-reference electrode (RE). 

Ferrocene (~2 mM) was added at the conclusion of each experiment and the ferrocene/ferrocenium 

couple (denoted as Fc+/0) was used as an external standard. 

 Under these same conditions, prior work has demonstrated that the parent Rh(bpy) complex 

displays a single, 2 e− reduction event centered at −1.21 V vs Fc+/0.61 This redox couple is assigned 

as rhodium(III)/rhodium(I) with associated loss of the chloride ligand. With a peak-to-peak 

separation (ΔEp) of ~250 mV, this reduction shows significant electrochemical irreversibility, 

consistent with the chemical changes associated with the reduction of rhodium(III) to rhodium(I). 

Similarly, Rh(mcbpy) has a single, 2 e− reduction event centered at −1.19 V vs Fc+/0, Figure 10. 

With a ΔEp of 245 mV, this redox couple is virtually identical in appearance to that exhibited by 

the parent Rh(bpy). Therefore, it was also assigned as rhodium(III)/rhodium(I), again with 

associated loss of the chloride ligand. However, in addition to this primary redox event, a minor 

electrochemically quasi-reversible couple was observed at approximately −1.7 V vs Fc+/0. This 

couple was tentatively assigned to be associated with redox cycling of a reduced chloride bridged 

dimer (i.e., [Cp*RhCl]2) based on past work by our group.57 However, in light of the small currents 

associated with this process, further characterization may be needed in order to make a definitive 

assignment. Overall, the redox properties of Rh(mcbpy) appear similar to those of the parent 

Rh(bpy), but with an added degree of instability under strongly reducing conditions implied by the 

observation of the minor redox process associated with formation and redox cycling of 

[Cp*RhCl]2. 
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Figure 10. Overlayed cyclic voltammograms of Rh(mnbpy) and Rh(mcbpy). Rh(mcbpy) has a 

single, 2e− redox couple that is reminiscent of that of the parent bpy complex. Rh(mnbpy) has a 

2e− redox couple followed by a further, more unusual 1e− redox couple. 

 

The cyclic voltammogram of Rh(mnbpy) is distinct from both the parent Rh(bpy) and 

Rh(mcbpy). Two primary redox couples were observed: a 2e− couple centered at −0.91 V vs Fc+/0 

and a 1e− couple centered at −1.62 V vs Fc+/0. With ΔEp values of 119 mV and 99 mV, respectively, 

both couples can be considered electrochemically quasi-reversible. The first couple is consistent 

with reduction from rhodium(III) to rhodium(I) as seen with the parent Rh(bpy) and Rh(mcbpy). 

This reduction is shifted positively by 300 mV from the parent complex, ostensibly a result of the 

strong electron withdrawing properties of the nitro functional group. Interestingly, prior work by 

our group showed that in analogous complexes bearing 4,4′-di-substituted bpy ligands, electron 
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rich bpy derivatives were associated with smaller ΔEp values and electron deficient derivates were 

associated with larger ΔEp values.61 Yet, Rh(mnbpy) with its electron deficient mnbpy ligand has 

a ΔEp value that is half that of the parent Rh(bpy) complex. The result of this discrepancy is likely 

associated with faster electron transfer behavior in this complex or more closely spaced reduction 

potentials for the 1e− transfer events spanned by the overall 2e− wave.  

The second Rh(mnbpy) reduction process, at −1.62 V vs Fc+/0, was tentatively assigned 

as a ligand-centered reduction. This assignment was based on previous work by our group with 

the 4,4′-dinitrobipyridyl derivative, Rh(dnbpy).62 Rh(dnbpy) is exceptional due to the presence of 

four unique 1e− reductions in its cyclic voltammetric response. By completing the series formed 

by Rh(bpy), Rh(mnbpy), and Rh(dnbpy), it can be noted that the addition of each nitro group to 

the bpy moiety enables an additional 1e− ligand-centered reduction not observed in non-nitrated 

derivatives. Although this model would predict that Rh(dnbpy) would display a 2e− metal-centered 

reduction followed by two 1e− ligand-centered reductions, it is hypothesized that the extreme 

electron withdrawing strength of the dnbpy ligand is responsible for splitting the normally 

simultaneous first two reductions into distinct 1e− reductions; double nitration may also shift the 

ligand-centered reduction significantly positive, such that the dnbpy core is reduced at a potential 

more positive than those associated with formal metal-centered reductions. This hypothesis is 

consistent with EPR data that suggests the first reduction of Rh(dnbpy) is ligand centered.62 

 Similar to Rh(mcbpy), Rh(mnbpy) demonstrates a propensity to undergo unwanted 

chemical reactivity under reducing conditions. This is evident in the minor reductive peaks at 

−1.22 and −1.30 V vs Fc+/0, as well as the small return oxidation peak at −1.13 V vs Fc+/0. Due to 

this instability under reducing conditions, characterization of the reduction products of both 

compounds was performed by spectrochemical titrations rather than spectroelectrochemistry. 
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Spectrochemical titrations were performed in an inert atmosphere glovebox. A 1 mM solution of 

decamethylcobaltocene (Cp*2Co) was titrated into a cuvette filled with a ~70 μM solution of 

Rh(mcbpy) or Rh(mnbpy) while being monitored by UV-visible spectroscopy. The solution 

inside the cuvette was stirred with a magnetic stir bar to ensure homogeneity. The spectrum of 

unreduced Rh(mcbpy) displays a relatively sharp bifurcated absorption at 310 nm, Figure 11. The 

shape of this absorption is typical of analogous bpy complexes.61 In contrast, the UV-visible 

spectrum of unreduced Rh(mnbpy) does not display this bifurcated fingerprint. Instead, there is a 

single broad absorption at 318 nm. 

Figure 11. Wavelength dependent molar absorptivity data for both Rh(mnbpy) and Rh(mcbpy). 
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 Upon reduction of Rh(mcbpy) with Cp*2Co, new absorbances grow in at 298 nm and 525 

nm, Figure 12. Isosbestic points at 230 nm and 247 nm are indicative of clean conversion of 

Rh(mcbpy) into its rhodium(I) analogue. Importantly, the spectrum stops evolving after the 

addition of two equivalents of reductant. Further additions of reductant do not lead to further 

spectral changes, confirming the assignment of the redox couple centered at −1.19 V vs Fc+/0 as 

being a 2e− couple leading to the formation of the rhodium(I) oxidation state. The spectrochemical 

data suggest that the rhodium(II) form of Rh(mcbpy) is a transient species formed upon one-

electron reduction of the starting material which undergoes disproportionation to form the doubly 

reduced rhodium(I) complex even upon addition of substoichiometric quantities of Cp*2Co.  

 

Figure 12. Spectrochemical titration of Rh(mcbpy) with Cp*2Co monitored by UV-visible 

spectroscopy. 
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Reduction of Rh(mnbpy) with Cp*2Co led to more complex spectral changes, Figure 13. 

To deconvolute these various changes, the spectra taken up to two equivalents of reductant added 

were analyzed independently from the spectra taken after the addition of two or more equivalents. 

Using this strategy, it was possible to separately examine the spectral changes occurring during 

the initial 2e− reduction and those occurring during the separate 1e− reduction.  

 

Figure 13. Full spectrochemical titration of Rh(mnbpy) with Cp*2Co monitored by UV-visible 

spectroscopy. 

 

During the addition of the first two equivalents of reductant, Figure 14, new absorbances 

grow in at 297 nm, 370 nm, 460 nm, 685 nm, and 800 nm. Isosbestic points at 232 nm, 256 nm, 

and 344 nm once again indicate clean conversion of one chemical species into another. Further 
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additions of Cp*2Co up to three equivalents led to the growth of peaks at 520 nm, 685 nm, and 

800 nm, Figure 15. The presence of a new set of virtually isosbestic points at 235 nm and 253 nm 

indicates that the triply reduced Rh(mnbpy) species can be generated reasonably cleanly and is 

stable on the timescale of this titration. Further addition of Cp*2Co after three equivalents led to 

no further spectral changes. These results confirm the assignment of the couple centered at −0.91 

V vs Fc+/0 as being a 2e−
 redox event and the couple centered at −1.62 V vs Fc+/0 as belonging to 

a 1e− redox event. 

 

Figure 14. Spectrochemical titration of Rh(mnbpy) with Cp*2Co up to 2 equivalents of reductant. 

 



 

 

45 

 

 

Figure 15. Spectrochemical titration of Rh(mnbpy) with Cp*2Co from 2-3 equivalents of 

reductant. Spectrum of Rh(mnbpy) with no reductant added included for comparison. 

 

Characterization by Single Crystal X-Ray Diffraction  

 Single crystals suitable for X-ray diffraction analysis were grown by vapor diffusion 

methods in both cases. Crystals of Rh(mcbpy) were obtained by diffusion of diethyl ether into a 

solution of the complex in acetonitrile at 5 °C (see Figure 16). Suitable crystals of Rh(mnbpy) 

were obtained by diffusion of pentane into a solution of the complex in acetone at –20 °C (see 

Figure 17). 
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Figure 16. Solid-state structure (from XRD) of Rh(mcbpy). Outer-sphere hexafluorophosphate 

counter-anion and all hydrogen atoms are omitted for clarity, and displacement ellipsoids are 

shown at the 50% probability level.  

 

 

Figure 17. Solid state structure (from XRD) of Rh(mnbpy). Outer-sphere hexafluorophosphate 

counter-anion and all hydrogen atoms are omitted for clarity, and displacement ellipsoids are 

shown at the 50% probability level.  
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 Examination of bond lengths and angles from the XRD data, frequently used to 

characterize changes to the electronic structure of analogous complexes, shows that the new 

complexes fall within a similar range of values to those of the parent Rh(bpy) and Rh(dnbpy) 

previously characterized by our group (see Table 1).61,62,63 This consistency with other derivatives 

demonstrates that non-symmetric mono-substitution of the bpy moiety has not radically altered the 

structure of the complex at the rhodium center. This establishes mono-substitution as a viable 

method of modifying the structures of such complexes, while enabling electronic tuning that is 

apparent from the distinctive electrochemical properties associated with the complexes studied 

here. 

 

Compound Bond Length [Å] 
   

Bond angle [°] 

 
Rh–N1 Rh–N2 Rh–Cl1 dc–c Rh–Cp*cent ∠N–Rh–N 

[Cp*Rh(bpy)Cl]+ 2.140(7) 2.140(7) 2.379(3) 1.49(2) 1.774 75.3(4) 

[Cp*Rh(mcbpy)Cl]+ 2.094(4) 2.117(4) 2.401(1) 1.469(7) 1.790 76.29(15) 

[Cp*Rh(mnbpy)Cl]+ 2.09(1) 2.11(1) 2.393(4) 1.47(2) 1.777 76.9(4) 

[Cp*Rh(dnbpy)Cl]+ 2.108(2) 2.120(1) 2.400(1) 1.473(3) 1.787 76.39(6) 

 

Table 1. Relevant bong lengths and angles for Rh(mnbpy), Rh(mcbpy), the parent Rh(bpy),63 

and Rh(dnbpy).62 

 

The similarities among the bond lengths and angles in this family of complexes are of 

particular note as they contrast with the rather dramatically varied redox properties displayed by 
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the complexes. While the parent Rh(bpy) and Rh(mcbpy) complexes have single, net 2e− redox 

couples, Rh(mnbpy) displays a 2e− redox couple followed by a 1e− redox couple at more negative 

potentials, and Rh(dnbpy) has a series of four 1e− redox couples. It must at first glance seem 

surprising to see such disparate redox behavior from a family of complexes with similar crystal 

structures. However, this highlights that solid-state structural data are often not reflective of subtle 

electronic changes in transition metal complexes, including half-sandwich rhodium complexes. 

While it may be tempting to predict the redox properties of such complexes solely on the basis of 

their solid-state structures, these data show such extrapolation could be ineffective, particularly in 

cases such as the one here in which inductive effects from peripheral substitution of ligand groups 

do not exert a dramatic structural influence over bonding around the metal-ligand core of the 

complexes under investigation.  

 As a final consideration, we also note here that the crystal structures of the complexes do 

not suggest or predict the thermal instability of the new complexes that was uncovered in the course 

of this work. Rh(mcbpy) and Rh(mnbpy) both have shorter Rh–N bond distances than either the 

parent Rh(bpy) complex or Rh(dnbpy), suggesting that these ligands might be more ‘tightly bound’ 

to the metal centers. Despite the association of shorter bond lengths with stronger bonds, 

Rh(mcbpy) and Rh(mnbpy) have been shown to decompose under even mildly elevated 

temperatures while Rh(bpy) does not. Therefore, we add that while single crystal X-ray 

crystallography is of great utility for demonstrating proof of synthesis of new complexes, it may 

be of only limited help in predicting chemical or electrochemical reactivity, particularly in a case 

where seemingly minor changes in ligand structure can exert major changes in solution-phase 

reactivity. However, as demonstrated by the work shown in this thesis, parallelizing chemical and 

electrochemical work is an exceptionally powerful strategy for understanding the redox properties 
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and oxidation-state-dependent reactivity of metal complexes. By considering chemical and 

electrochemical data in a common frame of reference, a coherent and often relatively complete 

understanding can often be obtained, as has been the case in the work described here. 

 

Conclusion 

 We have described the synthesis, characterization, and electrochemical properties of the 

new half-sandwich rhodium complexes Rh(mcbpy) and Rh(mnbpy). The new complexes were 

found to be structurally similar to the parent Rh(bpy)63 and the previously described Rh(dnbpy)62 

complexes in the solid state, indicating that varying the electronic properties of the ligand 

substituents in this family of complexes does not lead to major changes in geometry or structure 

about the rhodium center. Yet, despite the structural similarity of this chemical series, there is a 

clear propensity for mono-substituted bpy derivatives to dramatically alter the redox properties of 

half-sandwich rhodium complexes. Indeed, the intermediate redox behavior of Rh(mnbpy) in 

comparison to the non-nitrated and doubly nitrated forms illustrates the utility of non-symmetric 

mono-substitution in enabling ‘fine-tuning’ of the redox properties of the complexes. Additionally, 

the ability for Rh(mnbpy) to undergo reduction by 3e− underscores that nitro substituents are 

uniquely well suited for unlocking new reductive electrochemistry in organometallic complexes. 

Controlling the number of accessible reduction events is central to the study of redox management 

and is a major factor in determining what reaction pathways and products are accessible in catalytic 

systems. The series formed by Rh(bpy),63 Rh(mnbpy), and Rh(dnbpy),62 with their respective 

abilities to be reduced by 2e–, 3e–, and 4e−, represents a model family of complexes that could be 

used in future work for the study of catalysis by metal complexes with tailored redox properties. 
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Taken together, these results demonstrate that half-sandwich rhodium complexes supported by 

non-symmetrically mono-substituted bpy derivatives are viable platforms for studying the impacts 

of distal ligand modification on redox behavior. 
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Appendix 1 

Synthetic Procedures 

Preparation of Mn(CO)3(4,5-diazafluorene)Br (2) 

In the dark, to a 50 mL Schlenk flask equipped with a stir bar, was added 4,5-diazafluorene 

(0.064 g, 0.383 mmol) in 50 mL of diethyl ether. Then Mn(CO)5Br (0.100 g, 0.363 mmol) was 

added and the reaction was brought to reflux. The reaction was monitored by 1H NMR until 

consumption of the starting material was observed to be complete, after approximately 3 hours. 

Once the reaction had reached completion, the Schlenk flask was placed into a refrigerator at –20 

C for 30 minutes. The resulting solid was then filtered off with a fritted glass funnel and washed 

with cold pentane to afford the title compound as a yellow solid. Yield: 0.088 g (62%). 1H-NMR 

(CD3CN, 500 MHz) δ 8.85 (d, 3JH,H = 5.3 Hz, 2H), 8.14 (d, 3JH,H = 7.6 Hz, 2H), 7.61-7.58 (dd, 

3JH,H = 7.6 Hz, 4JH,H = 5.6 Hz, 2H), 4.29 (d, 2JH,H = 22.6 Hz, 2H) ppm. 13C{1H} NMR (176 MHz, 

CD3CN): δ 162.3, 151.3, 137.7, 136.5, 126.9, 37.6 ppm. 13C{1H}-DEPT-135 NMR δ 151.2, 136.4, 

126.9, 37.5 ppm. Electronic absorption spectrum (MeCN): 230 (16000), 297 (9970), 301 (9910), 

311 (10100), 320 (10400), 327 (10700), 410 nm (2200 M-1 cm-1). IR (THF) ): C=O 2026 (m) (A’), 

C=O 1938 (m) (A’’), and C=O 1917 (m) (A’) cm-1. ESI-MS (positive) m/z: 348.0 (98%)(1–Br–

+NCMe), 349.0 (18%), 350.0 (2%); 306.9 (29%) (1–Br–), 307.9 (5%), 308.9 (0.5%); 305.0 (96%) 

(1–Br––3CO+2NCMe), 306.0 (18%); 264.0 (45%) (1–Br––3CO+NCMe), 265.0 (7%); 223.0 

(100%) (1–Br––3CO), 224.0 (13%). Anal. Calcd. for MnC14H8BrN2O3: C, 43.44; H, 2.08; N, 7.24. 

Found: C, 43.38; H, 2.08; N, 7.14.  

 

 



 

 

52 

 

Preparation of Mn(CO)3(9,9´-dimethyl-4,5-diazafluorene)Br (3) 

In the dark, to a Schlenk flask equipped with a stir bar was added 9,9´-dimethyl-4,5-

diazafluorene (0.075 g, 0.364 mmol) and 50 mL of diethyl ether. Then Mn(CO)5Br (0.100 g, 0.382 

mmol) was added and the reaction was brought to reflux. The reaction was monitored by 1H NMR 

until consumption of the starting material was observed to be complete, after approximately 3 

hours. Once the reaction had reached completion the Schlenk flask was placed into a –20 C 

refrigerator for 30 minutes. The resulting solid was then filtered off with a fritted glass funnel and 

washed with cold Et2O to afford the title compound as a yellow solid. Yield: 0.110 g (73%). 1H-

NMR (CD3CN, 500 MHz) δ 8.82 (d, 3JH,H = 5.3 Hz, 2H), 8.10 (d, 3JH,H = 7.7 Hz, 2H), 7.59 (dd, 

3JH,H = 7.7 Hz, 4JH,H = 5.3 Hz, 2H), 1.66 (s, 3H), 1.58 (s, 3H) ppm. 13C{1H} NMR (176 MHz, 

CD3CN): δ 160.3, 151.5, 147.2, 134.0, 127.5, 52.1, 25.3, 24.4 ppm. Electronic absorption spectrum 

(MeCN): 236 (15000), 301 (11000), 306 (11000), 316 (11600), 324 (12000), 332 (13000), 411 nm 

(3300 M-1 cm-1). IR (THF): C=O 2026 (m) (A’), C=O 1938 (m) (A’’), and C=O 1915 (m) (A’) cm-

1. ESI-MS (positive) m/z: 251.0 (100%)(1–Br––3CO), 252.0 (15%), 253.0 (1%). Anal. Calcd. for 

MnC16H12BrN2O3: C, 46.29; H, 2.91; N, 6.75. Found: C, 46.35; H, 3.03; N, 6.97. 

 

Preparation of [Tris(9,9´-dimethyl-4,5-diazafluorene)Ruthenium](PF6)2 (5) 

In the dark, to a three-neck round bottom flask equipped with a stir bar was added 9,9´-

dimethyl-4,5-diazafluorene (0.100 g, 0.509 mmol), RuCl3 xH2O (0.027 g, 0.128 mmol), and Zn0 

powder (0.042 g, 0.642 mmol). A 2:1 ethanol:water mixture was used as a solvent to suspend the 

material, the reaction mixture was brough to reflux, and was allowed to stir overnight. The 

resulting bright-orange solution was then filtered into a flask containing ammonium 
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hexafluorophosphate (0.044 g, 0.269 mmol), which resulted in immediate precipitation of the 

desired product. The precipitate was filtered, and then washed progressively with cold water and 

diethyl ether. The desired complex was purified by recrystallization from boiling methanol to 

afford an orange solid. Yield (0.021 g, 17%). 1H-NMR (CD3CN, 400 MHz) δ 8.06 (dd, 3JH,H = 7.8 

Hz, 4JH,H = 0.9 Hz, 6H), 7.81 (dd, 3JH,H = 5.5 Hz, 4JH,H = 0.9 Hz, 6H), 7.44 (dd, 3JH,H = 7.8 Hz, 4JH,H 

= 5.5 Hz, 6H), 1.68 (s, 18H) ppm.13C{1H} NMR (176 MHz, CD3CN): δ 162.8, 152.9, 147.4, 

133.4, 127.9, 53.2, 24.5 ppm. 19F NMR (276 MHz, CD3CN): δ -72.9 (d, 706.4 Hz) ppm.31P NMR 

(162 MHz, CD3CN): δ -144.7 (m, 706.4 Hz) ppm. Electronic absorption spectrum (MeCN): 231 

(27000), 249 (14400), 256 (13500), 295 (75000), 445 nm (17000 M-1 cm-1). Anal. Calcd. for 

RuC29H36N6F12P2: C, 47.81; H, 3.70; N, 8.58. Found: C, 47.62; H, 3.70; N, 8.30. 

 

Preparation of 9,9´-dibenzyl-1-N-benzyl-4,5-diazafluorenium bromide (Bn3daf) 

 To a Schlenk flask equipped with a stir bar was added 4,5-diazafluorene (0.500 g, 2.973 

mmol). The flask was then put under nitrogen and purged. The 4,5-diazafluorene was then 

dissolved in dry tetrahydrofuran, which was added by canula transfer. The solution was then 

cooled to –10 °C using an ice and acetone bath. Potassium tert-butoxide (1.001 g, 8.918 mmol) 

was added to the reaction flask and the mixture was allowed to stir for 30 minutes. Next, benzyl 

bromide (2.021 g, 11.891 mmol) was added to the reaction flask. The reaction was brought to room 

temperature and allowed to stir for 3 hours. The reaction mixture was then extracted with ethyl 

acetate and saturated sodium carbonate, dried with anhydrous magnesium sulfate, filtered, and the 

desired product dried in vacuo to yield a sizeable quantity of pure solid. 1H-NMR (CD3CN, 400 

MHz) δ 9.53 (d, 3JH,H = 6.3 Hz, 1H), 8.81 (d, 3JH,H = 7.9 Hz, 1H), 8.71 (dd, 3JH,H = 4.7 Hz, 4JH,H = 
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1.5 Hz, 1H), 8.15 (m, 2H) 7.62 (dd, 3JH,H = 7.9 Hz, 4JH,H = 4.7 Hz, 1H), 7.23 (d, 3JH,H = 7.4 Hz, 

1H), 7.16 (t, 3JH,H = 7.7 Hz, 2H), 7.06 (t, 3JH,H = 7.5 Hz, 2H), 6.95 (t, 3JH,H = 7.7 Hz, 4H), 6.88 (d, 

3JH,H = 7.3 Hz, 2H), 6.81 (s, 2H), 6.59 (d, 3JH,H = 8.3 Hz, 4H), 3.72 (d, 3JH,H = 13.6 Hz, 2H), 3.59 

(d, 3JH,H = 13.6 Hz, 2H). ESI-MS (positive) m/z: 439.2169 (100%), 440.2213 (37%), 441.2245 

(7%). 

 

NMR Spectra 

 

Figure S1: 1H-NMR spectrum (500 MHz, CD3CN) of 2.  
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Figure S2: 13C{1H}-NMR spectrum (126 MHz, CD3CN) of 2. 

 

 

Figure S3: 13C{1H} DEPT-NMR spectrum (126 MHz, CD3CN) of 2. 
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Figure S4: 1H-NMR spectrum (400 MHz, CD3CN) of 3. 

 

 

Figure S5: 13C{1H}-NMR spectrum (126 MHz, CD3CN) of 3. 
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Figure S6: 1H-NMR spectrum (500 MHz, CD3CN) of 5; The blue star (   ) corresponds to 

adventitious methanol.  

 

 

Figure S7: 13C{1H}-NMR spectrum (126 MHz, CD3CN) of 5. 
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Figure S8: 19F-NMR spectrum (376 MHz, CD3CN) of 5. 

 

 

Figure S9: 31P-NMR spectrum (162 MHz, CD3CN) of 5. 
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Figure S10: 1H-13C HSQC of complex 2 in CD3CN depicting the methylene protons indicated 

by the opposite phasing (red) compared to the methyl and methine protons (blue). 
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Figure S11: 1H-13C HSQC of complex 3 in CD3CN depicting the diastereotopic methyl groups. 

Methyl and methine protons (red) and methylene protons (blue). 
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IR Spectra 

 

Figure S12: IR spectra of the carbonyl stretches for 1, 2, and 3 in THF solution; focusing on the 

CO stretching region. For a fac-tricarbonyl, Cs symmetric molecule, three CO stretches (CO = 

2A+A) would be expected and are observed for complexes 1, 2, and 3.  
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Mass Spectra 

 

Figure S13: Full ESI-Mass spectrum of 2. The experimental data is shown in black and the 

predicted data is shown in red. The other peaks in the spectrum correspond to fragments that are 

identified below. 
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Figure S14: Zoomed in mass spectrum of 2 with fragment assignment. The experimental data is 

shown in black and the predicted data is shown in red. 
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Figure S15: Full ESI-Mass spectrum of 3. The experimental data is shown in black and the 

predicted data is shown in red. The expected parent peak was not present, but a corresponding 

fragment is identified in Figure S16.  
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Figure S16: Zoomed in mass spectrum of 3 with fragment assignment. The experimental data is 

shown in black and the predicted data is shown in red for this specific fragment. 
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Electronic Absorption Spectra 

 

 

Figure S17: Stacked electronic absorption spectrum of 1, 2, and 3 featuring the MLCT transition 

in the visible region.  
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Figure S18: Electronic absorption spectrum of 1 in MeCN.  

 

 

Figure S19: Absorbance vs. concentration plot of complex 1 in MeCN to obtain the molar 

absorptivity. 

R2 = 0.99 

Slope = 2329 ± 89 M-1 cm-1 
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Figure S20: Electronic absorption spectrum of 2 in MeCN.  

 

 

Figure S21: Absorbance vs. concentration plot of complex 2 in MeCN to obtain the molar 

absorptivity. 

R2 = 0.99 

Slope = 2196 ± 63 M-1 cm-1 
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Figure S22: Electronic absorption spectrum of 3 in MeCN.  

 

 

Figure S23: Absorbance vs. concentration plot of complex 3 in MeCN to obtain the molar 

absorptivity. 

R2 = 0.99 

Slope = 3273 ± 102 M-1 cm-1 
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Figure S24: Electronic absorption spectrum of 5 in MeCN.  
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Figure S25: Absorbance vs. concentration plot of complex 5 in MeCN to obtain the molar 

absorptivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

R2 = 0.999 

Slope = 12874 ± 101 M-1 cm-1 
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Cyclic Voltammetry Data 

 

Figure S26: Stacked cyclic voltammograms of 1, 2, and 3 in 0.1 M TBAPF6/MeCN solution.  
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Figure S27: Cyclic voltammogram of 2 in 0.1M TBAPF6/MeCN solution. 

 

Figure S28: Cyclic voltammogram of 3 in 0.1M TBAPF6/MeCN solution.   
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Figure S29: Stacked cyclic voltammograms of 4 and 5 in 0.1M TBAPF6/MeCN solution. 

 

Figure S30: Cyclic voltammograms of 4 in 0.1M TBAPF6/MeCN solution. The orange square       

(    ) indicates chloride oxidation, which is a result of follow up chemical reactivity observed upon 

reduction.  
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Figure S31: Cyclic voltammograms of 4 overlaid with blank in 0.1M TBAPF6/MeCN solution. 

 

 

Figure S32: Cyclic voltammograms of 5 in 0.1M TBAPF6/MeCN solution. 
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Figure S33: Cyclic voltammogram of 5 overlaid with a blank in 0.1M TBAPF6/MeCN solution. 
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Cyclic Voltammetry with Acid Data 

  

Figure S34: Cyclic voltammetry of 2 (red) in 0.1M TBAPF6/MeCN solution followed by the 

addition of a 5% H2O solution (yellow). The diminished current density is a result of dilution. 

 

 

 

Fc+/0 
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Figure S35: Cyclic voltammetry of 2 (red) in the presence of a 5% H2O solution and a CO2 

atmosphere (purple).  

  

Figure S36: Cyclic voltammetry of 2 (red) and in the presence of a 5% H2O solution and a CO2 

atmosphere (purple). The black trace illustrates a blank in the presence of a 5% H2O solution and 

a CO2 atmosphere.  

Fc+/0 

Fc+/0 
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Figure S37: Cyclic voltammetry of 3 (blue) in 0.1M TBAPF6/MeCN solution followed by the 

addition of a 5% H2O solution (yellow). The diminished current density is a result of dilution. 

  

Figure S38: Cyclic voltammetry of 3 (blue) in the presence of a 5% H2O solution and a CO2 

atmosphere (purple). 

Fc+/0 

Fc+/0 
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Figure S39: Cyclic voltammetry of 3 (blue) and in the presence of a 5% H2O solution and a CO2 

atmosphere (purple). The black trace illustrates a blank in the presence of a 5% H2O solution and 

a CO2 atmosphere. 
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Bulk Electrolysis Data 

 

 

Figure S40: Chronoamperograms demonstrating current passed as a function of time for 

complexes 2, 3, and a blank polarized at –2.05 V vs Fc+/0 in the presence of a 5% H2O solution 

and a CO2 atmosphere in 0.1M TBAPF6/MeCN electrolyte.  
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Figure S41: Charge passed as a function of time for complexes 2, 3, and a blank polarized at –

2.05 V vs Fc+/0 in the presence of a 5% H2O solution and a CO2 atmosphere in 0.1M 

TBAPF6/MeCN electrolyte. 

 

Complex H2 

yield 

(ppm) 

CO  

yield 

(ppm) 

Faradaic 

efficiency 

for H2 

(%) 

Faradaic 

efficiency 

for CO 

(%) 

Faradaic 

Efficiency 

Total  

(%) 

 

TON  

H2 

TON  

CO 

Blank 1882 271 ––– ––– ––– ––– ––– 

2 190 8271 1 27 28 0.02 0.82 

3 137 5484 1 34 35 

 

0.02 0.62 

 

Table S1: Yield and Faradaic efficiencies for complexes 2 and 3 following a 90 minute controlled 

potential electrolysis polarized at -2.05 V vs. Fc+/0 in in the presence of a 5% H2O solution and a 

CO2 atmosphere in 0.1M TBAPF6/MeCN electrolyte. Water serves as the proton source and Fc is 

used as the sacrificial reductant.  

 

 

 

4.9 C 

14.9 C 

28.9 C 
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Crystallographic Information 

Refinement Details  

X-ray Crystallographic Studies for (2, q51h), (3, q72j),  (5, v74e), and (5, q36k). 

 Crystals of 2, 3, 5 (v74e), and 5 (q36k) were mounted with Paratone N oil in MiteGen nylon 

loops under a cold nitrogen stream and placed on a Bruker Proteum diffractometer equipped with 

two CCD detectors (Apex II and Platinum 135) sharing a common MicroStar microfocus Cu  

rotating anode generator running at 45 mA and 60 kV (Cu Kα = 1.54178 A).  Complete sets of 

low temperature (200 K) x-ray diffraction data were obtained for all three compounds using 

monochromated Cu radiation with the Apex II detector (2, 3, 5(q36k)) positioned at 50.0 mm and 

equipped with Helios high brilliance multilayer mirror optics or the Platinum 135 detector 

(5(v74e)) positioned at 80.0 mm and equipped with Helios high- brilliance multilayer mirror 

optics. Totals of 7281 (2), 1958 (3), 2217 (5(v74e)), and 2291 (5(q36k))  1.0-wide - or -scan 

frames were collected with counting times of 5-8 seconds (2), 10-60 seconds (3) 8-30 seconds 

(5(v74e)), and 4-6 seconds (5(q36k)).  Preliminary lattice constants were obtained with SMART 

in the Bruker Apex2 Software Suite. [1] Integrated reflection intensities for all three compounds 

were produced using SAINT in the Bruker Apex2 Software Suite.[1]   Each data set was corrected 

empirically for variable absorption effects with SADABS[2] using equivalent reflections. The 

Bruker software package SHELXTL was used to solve each structure using intrinsic direct 

methods phasing. Final stages of weighted full-matrix least-squares refinement were conducted 

using Fo2 data with SHELXTL[3] or the Olex software package equipped with XL [4].  The relevant 

crystallographic and structure refinement data for all three structures compounds are given in Table 

S-1.  

The final structural model for each structure incorporated anisotropic thermal parameters for 

all full-occupancy nonhydrogen atoms.  The final structural model for each structure incorporated 

anisotropic thermal parameters for all full-occupancy nonhydrogen atoms.  Isotropic thermal 

parameters were used for all included hydrogen atoms as well as disordered partial-occupancy 

carbonyl atoms O1′ and C1′ in 3.   Nonmethyl hydrogen atoms were fixed at idealized riding model 

sp2- or sp3-hybridized positions with C-H bond lengths of 0.95 – 0.99 Å.  Both methyl groups for 

the ligands in 3 were incorporated into the structural model as fixed sp3-hybridized riding-model 

rigid groups with one methyl hydrogen in the crystallographic mirror plane and C-H bond lengths 

of 0.96 Å. The six methyl groups in the ligands of 5(v74e) were refined as idealized riding model 

rigid rotors (with a C-H bond length of 0.98 Å) that were allowed to rotate freely about their C-C 

bonds in least-squares refinement cycles. 
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Table S2: Crystal Refinement Data 

 2 (q51h) 3 (q72j)  

CCDC accession code 1977431 1994285  

Empirical formula C14H8BrMnN2O3 C16H12BrMnN2O3  

Formula weight 387.07 415.13  

Temperature 200(2) K 200(2) K  

Wavelength 1.54178 Å 1.54178 Å  

Crystal system Triclinic Orthorhombic  

Space group 

 

P1 - Ci
1 (No. 2) 

 

Cmca - D2h
18 (No. 64)  

a   7.1682(7) Å 11.2628(5) Å  

b 10.0797(10) Å 19.4283(13) Å  

c 10.5015(7) Å 15.0920(10) Å  

a 77.757(6)° 90°  

β 73.507(5)° 90°  

 75.228(6)° 90°  

Volume  695.47(11) Å3 3302.4(3) Å3  

Z 2 8  

Density (calculated) 1.848 g/cm3 1.670g/cm3  

Absorption coefficient 11.193 mm-1 9.473 mm-1  

F(000) 380 1648  

Crystal size 0.04 x 0.04 x 0.04 mm3 
0.085 x 0.065 x 0.010 

mm3 
 

Number of data 

frames/time 
7281/5-8 seconds 1958/10-60 seconds  

Theta range 4.44 to 70.32° 4.55 to 70.39°  
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Index ranges 
-8≤h≤8, -12≤k≤11, -

12≤l≤11 

-12≤h≤13, -23≤k≤20, -

18≤l≤18 
 

Reflections collected 17866 10636  

Independent 

reflections 
2484 [Rint = 0.035] 1635 [Rint = 0.073]  

Completeness/θmax  99.2%/66.00° 99.9%/66.00°  

Absorption correction Multi-scan Multi-scan  

Max. and min. 

transmission 
1.000 and 0.811 1.000 and 0.659  

Refinement method 
Full-matrix least-squares 

on F
2
 

Full-matrix least-squares 

on F
2
 

 

Data / restraints / 

parameters 
2484 / 0 /190 1635 / 9 / 128  

Goodness-of-fit on F2 1.105 1.181  

Final R indices 

[I>2σ(I)] 
R1 = 0.030, wR2 = 0.081 R1 = 0.070, wR2 = 0.179  

R indices (all data) R1 = 0.032, wR2 = 0.082 R1 = 0.083, wR2 = 0.187  

Largest diff. peak and 

hole 
0.86 and -0.34 e-/Å

3
 1.13 and -1.01 e-/Å

3
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 5 (v74e) 5(q36k)  

CCDC accession code 1982214 #####  

Empirical formula C42.41H36F12N6O4P2Ru C45H45F12N9O0.5P2Ru  

Formula weight 1084.70 1110.91  

Temperature 200(2) K 200(2) K  

Wavelength 1.54178 Å 1.54178 Å  

Crystal system Monoclinic Monoclinic  

Space group P21 - C2
2 (No. 4) P21 - C2

2 (No. 4)  

a 11.7917(10) Å 11.7769(5) Å  

b 19.7081(14) Å 19.6256(8) Å  

c 12.3211(11) Å 12.3972(5) Å  

a 90° 90°  

β 110.665(5)° 110.8508(17)°  

 90° 90°  

Volume 2697.1(4) Å3 2677.70(19) Å3  

Z 2 2  

Density (calculated) 1.345 g/cm3 1.398 g/cm3  

Absorption coefficient 3.682 mm-1 3.661  mm-1  

F(000) 1093 1128  

Crystal size 
0.540 x 0.097 x 0.060 

mm3 

0.204 x 0.051 x 0.027 

mm3 

 

Number of data 

frames/time 
2217/8-30 seconds 2291/4-6 seconds 

 

Theta range 4.44 to 68.72° 3.82 to 70.23°  

Index ranges 
-13≤h≤13, -16≤k≤23, -

14≤l≤14 

-14≤h≤13, -21≤k≤23, -

14≤l≤14 

 

Reflections collected 17556 19973  

Independent reflections 7199 [Rint = 0.069] 7988 [Rint = 0.053]  

Completeness/θmax  99.0%/66.00° 99.5%/66.00°  
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Absorption correction Multi-scan Numerical face-indexed  

Max. and min. 

transmission 
1.000 and 0.500 0.823 and 0.265 

 

Refinement method 
Full-matrix least-squares 

on F
2
 

Full-matrix least-squares 

on F
2
 

 

Data / restraints / 

parameters 
7199 / 43 / 640 7988 / 1 / 641 

 

Goodness-of-fit on F2 1.057 1.072  

Final R indices [I>2σ(I)] R1 = 0.112, wR2 = 0.294 R1 = 0.053, wR2 = 0.141  

R indices (all data) R1 = 0.125, wR2 = 0.309 R1 = 0.055, wR2 = 0.143  

Largest diff. peak and 

hole 
1.84 and -1.05 e-/Å

3
 1.18 and -0.95 e-/Å

3
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Special Refinement Details for 2. 

 

No special refinement was required 

 

Full Solid-state Structure of 2. 

 

Figure S42: Full solid-state structure of 2. Hydrogen atoms are omitted for clarity except on the 

methylene backbone. Displacement ellipsoids shown at the 50% probability level. 

 

Special Refinement Details for 3. 

 

Since Br and trans-coordinated CO ligands bonded to Mn have similar sizes and shapes, it is 

not surprising that the Cs- Mn(CO)3(N2C13H12)Br molecule  (3) might pack in a disordered fashion 

with the Br and trans-coordinated CO ligands interchanged 31% of the time. This disorder 

necessitated mild bond length and angle restraints for this disordered group of atoms.  The Mn-Br, 

Mn-Br′, Mn-O1, Mn-O1′, Mn-C1, Mn-C1′, C1-O1, C1′-O1′and C2-O2 bond lengths in 3 were all 

mildly restrained to have values which were appropriate multiples of the Mn-Br bond length that 

was included as a free variable in the least-squares refinement and refined to a final value of 

2.406(7)Å.  When the isotropic thermal parameter for C1′ refined to an unrealistically high value, 

it was fixed at a value equal to the average of Mn and O1′.    
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Solid-state Structure of 3. 

 

 

 

 

Figure S43: Solid-state structure of 3. Hydrogen atoms, a second molecule of 3 is omitted for 

clarity. Displacement ellipsoids shown at the 50% probability level. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

90 

 

Full Solid-state Structure of 3. 

 

 

Figure S44: Full solid-state structure of 3. Hydrogen atoms are omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 

 

Special Refinement Details for 5(v74e). 

 

The solvent molecules of crystallization in 5(v74e) are disordered and hydrogen atoms 

were not included for them in the structural model.  A methanol molecule (atoms O3S and C4S) 

is present 41% of the time and a nearby water molecule (oxygen O1W) is present the remaining 

59% of the time.  A second water molecule is 77/23 disordered over two closely-spaced sites 

(oxygen atoms O2W and O2W’).  We note explicitly here that no rigorous H-bonding scheme 

could be detected for these solvent molecules of crystallization, and thus the structural details of 

the solvent molecules of crystallization remain elusive. However, these details do not impact the 

assignment and structural details associated with the [Ru(Me2daf)3]
2+ core. 

The structure of 5(v74e) was refined as a 52/48 racemic twin. 
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Solid-state Structure of 5(v74e). 

 

  

Figure S45: Solid-state structure of 5(v74e). Hydrogen atoms and co-crystalized water, 

methanol, and ethanol are omitted for clarity. Displacement ellipsoids shown at the 50% 

probability level. 
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Full Solid-state Structure of 5(v74e). 

 

Figure S46: Full solid-state structure of 5(v74e). Hydrogen atoms omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level. Atoms attributable to co-crystalized 

water, methanol, and ethanol are present.  

 

Special Refinement Details for 5(q36k). 

 

No special refinement was required 
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Solid-state Structure of 5(q36k). 

 

 

 

Figure S47: Solid-state structure of 5(q36k). Displacement ellipsoids shown at the 50% 

probability level. Hydrogen atoms, atoms attributable to three co-crystalized acetonitrile 

molecules, and a water molecule are omitted for clarity. 
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Full Solid-state Structure of 5(q36k). 

 

 

 

 

Figure S48: Full solid-state structure of 5(q36k). Hydrogen atoms omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level. Atoms attributable to three co-

crystalized acetonitrile molecules and a water molecule are also present.  
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Table S3: Selected bond lengths. 

 

Bond Lengths 5(v74e) 5(q36k) 

Ru–N 2.090(14) 2.104(5) 

 2.143(15) 2.108(5) 

 2.150(14) 2.114(6) 

 2.154(14) 2.123(6) 

 2.158(12) 2.125(5) 

 2.159(15) 2.130(5) 

Ru–N (avg.) 2.142(34) 2.117(13) 

C5-C6 1.39(2) 1.416(9) 

 1.40(3) 1.420(9) 

 1.43(2) 1.425(9) 

C5-C6 (avg.) 1.41(4) 1.420(16) 
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Table S4: Selected bond angles. 

 

Bond Angles 5(v74e) 5(q36k) 

N–Ru–N 79.5(5) 82.2(2) 

 81.7(5) 83.1(2) 

 82.1(6) 83.3(2) 

N–Ru–N (avg.) 81.1(9) 82.9(3) 

CH3–C–CH3 108(2) 109.4(7) 

 112(2) 109.9(7) 

 109.5(17) 111.9(8) 

CH3–C–CH3 (avg.) 110(3) 110.4(13) 

 

Characterization of Bn3daf 

 

Figure S49: 1H-NMR spectrum (400 MHz, CDCl3) of Bn3daf.  
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Figure S50: ESI-mass spectrum of Bn3daf. The experimental data is shown in black and the 

predicted data is shown in red. The expected parent peak represents Bn3daf –Br. 

 

Special Refinement Details for Bn3daf 

All hydrogen atoms were located in a difference Fourier and initially refined as independent 

isotropic atoms in least-squares refinement cycles. Hydrogen atoms H17, H29, H31 and H32 were 

placed at idealized positions in the final refinement cycles with isotropic thermal parameters fixed 

at 1.2 times the equivalent isotropic thermal parameter of the carbon atom to which they are 

covalently bonded.   

 

 

 

 

 

 

 

 



 

 

98 

 

Full Solid-State Structure of Bn3daf 

 

 

 

Figure S51: Full solid-state structure of the Bn3daf asymmetric unit. Hydrogen atoms are omitted 

for clarity. Displacement ellipsoids are shown at the 50% probability level. 
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Appendix 2 

 

Synthetic Procedures 

Synthesis of [Cp*Rh(mcbpy)Cl]PF6  

To a suspension of [Cp*RhCl2]2 (0.077 g, 0.125 mmol) in dichloromethane and 

acetonitrile was added AgPF6 (0.063 g, 0.251 mmol). After 15 minutes the solution was 

filtered and mcbpy (0.050 g, 0.263 mmol) was added to the filtrate. The solution was 

allowed to stir for 2 hours. The volume was then reduced to ca. 5 mL and diethyl ether (ca. 

15 mL) was added, leading to precipitation of an orange solid which was collected by 

filtration (0.135 g, 88% yield). 1H NMR (400 MHz, CD3CN) δ 8.89 (d, 3JH,H = 5.5 Hz, 1H), 

8.77 (d, 3JH,H = 6.0 Hz, 1H), 8.47 (d, 3JH,H = 2.2 Hz, 1H), 8.38 (d, 3JH,H = 8.1 Hz, 1H), 8.24 

(td, 3JH,H = 7.9 Hz, 4JH,H = 1.5 Hz, 1H), 7.84 (dq, 3JH,H = 6.2 Hz, 4JH,H = 2.9 Hz, 2H), 1.66 

(s, 15H) ppm. ESI-MS (positive) m/z: expected: 463.0215; found: 463.0198 (mcbpy – PF6
–

). Anal. Calcd. for RhC20H22N2Cl2PF6: C, 39.43; H, 3.64; N, 4.60. Found: C, 39.44; H, 3.81; 

N, 4.81. 

 

Synthesis of [Cp*Rh(mnbpy)Cl]PF6  

To a suspension of [Cp*RhCl2]2 (0.073 g, 0.118 mmol) in dichloromethane and 

acetonitrile was added AgPF6 (0.060 g, 0.237 mmol). After 15 minutes the solution was 

filtered and mnbpy (0.050 g, 0.249 mmol) was added to the filtrate. The solution was 

allowed to stir for 2 hours. The volume was then reduced to ca. 5 mL and diethyl ether (ca. 

15 mL) was added, leading to precipitation of a yellow solid which was collected by suction 
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filtration (0.129 g, 88% yield). 1H NMR (400 MHz, CD3CN) δ 9.15 (d, 3JH,H = 6.1 Hz, 1H), 

9.02 (d, 3JH,H = 2.4 Hz, 1H), 8.92 (d, 3JH,H = 5.5 Hz, 1H), 8.60 (d, 3JH,H = 8.1 Hz, 1H), 8.41 

(dd, 3JH,H = 6.1 Hz, 4JH,H = 2.4 Hz, 1H), 8.30 (td, 3JH,H = 7.9 Hz, 4JH,H = 1.5 Hz, 1H), 7.89 

(ddd, 3JH,H = 7.5 Hz, 3JH,H = 5.6 Hz, 4JH,H = 1.3 Hz, 1H), 1.68 (s, 15H) ppm. ESI-MS 

(positive) m/z: expected: 474.0456; found: 474.0473 (mnbpy – PF6
–). Anal. Calcd. for 

RhC20H22N3O2ClPF6 + H2O: C, 37.67; H, 3.79; N, 6.59. Found: C, 38.05; H, 3.79; N, 6.57. 

Figure S1. Scan rate dependence study of Rh(mnbpy).  
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Figure S2. Scan rate dependence study of Rh(mcbpy).  
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Figure S3. Concentration dependent absorbance study of Rh(mnbpy). 
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Figure S4. Concentration dependent absorbance study of Rh(mcbpy).  
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