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ABSTRACT 

 

This dissertation focuses on the design, synthesis, and characterization of 

dirhodium complexes as sensitizers for dye-sensitized solar cells, as photoactivated 

chemotherapeutic drugs, and as photocatalysts for H2 production with low-energy light. 

Thorough experimental and computational studies of their structural and photophysical 

properties were performed in order evaluate their suitability for a variety of applications.  

Coordination of partial-paddlewheel complexes through the axial positions in a 

step-wise manner led to the synthesis of a new class of dirhodium complexes, namely cis-

[Rh2(AcO)2(qxnp)(MeCN)3][BF4]2 and cis-[Rh2(AcO)2(qxnp)2][BF4]2 (where qxnp = 2-

(1,8-naphthyridin-2-yl)quinoxaline). These complexes display appropriate molar 

absorption coefficients for photoactivated chemotherapy and equatorial solvent molecules 

that can be photoreleased upon irradiation. The resulting aqua complexes were shown to 

be able to bind to ds-DNA upon visible light irradiation opening a door to a new class of 

compounds with potential anticancer properties.  

Changing the acetate bridging ligands for a more electron rich formamidinate 

ligand led to the synthesis of a series of three new axially-blocked complexes of the form 

cis-[Rh2(DTolF)2(L)2][BF4]2 (DTolF = N,N'-di-p-tolylformamidinate and L = axially 

blocking ligand) with improved photophysical properties when compared to the axially 

free analogues. These complexes display panchromatic absorption profiles and relatively 

long-lived excited states necessary for electron-transfer reactions. These represent the first 
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class of dirhodium complexes capable of accepting an electron from p-phenylenediamine 

with low energy light which makes them ideal candidates for p-type sensitization.  

A step-wise reaction of qxnp and the partially solvated complex cis-

[Rh2(DTolF)2(MeCN)6][BF4]2 led to the synthesis of the firs examples of trans dirhodium 

formamidinate complexes reported in the literature, trans-[Rh2(DTolF)2(qxnp)(MeCN)3-

][BF4]2 and trans-[Rh2(DTolF)2(qxnp)2][BF4]2. The latter displays a red-shifted 

absorption spectrum when compared to the cis analogue and can also partake in electron 

transfer reactions upon irradiation with low energy light. This new synthetic methodology 

could facilitate the synthesis of a new class of supramolecular architectures with 

interesting photophysical properties.   

Asymmetric complexes were also synthesized from the reaction of cis-

[Rh2(DTolF)2(MeCN)6][BF4]2, qxnp, and np (1,8-naphthyridine). The complexes obtained 

are able to photocatalyze H2 production upon 655 nm excitation which is a vast 

improvement over previously published dirhodium complexes. 

The research presented in this dissertation expands on the current dirhodium 

chemistry literature as sensitizers for a variety of applications.  
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CHAPTER I  

INTRODUCTION 

General Introduction 

Dirhodium compounds are important in many diverse fields owing, in large 

measure, to their highly tunable ligand platform and excited state properties.  Dirhodium 

molecules have been used as building blocks for supramolecular architectures,1, 2 as 

anticancer3-7 and photodynamic therapeutic agents (PDT)8 as well as photoactivated 

chemotherapeutic drugs (PCT),9-11 as photocatalysts for water splitting, and as 

panchromatic absorbers for n-type or p-type sensitization, among others. In this 

dissertation research, dirhodium complexes were explored as PCT drugs, photosensitizers, 

and photocatalysts. In order to better understand the nature of the photophysical and 

electronic properties of these complexes and the effect of the ligand field around the 

dinuclear core, an understanding of the basic bonding pattern of M-M bonds is essential.12 

Dinuclear metal-metal bonded complexes can be viewed as two face-to-face ML4 squares 

(L= equatorial ligands), as well as two additional axial donors in many cases. If one 

considers only d-orbitals, there are only five possible non-zero orbital overlaps between 

the metal ions due to symmetry considerations. A sigma bonding orbital is obtained from 

the positive overlap between the 𝑑𝑧2
(1) + 𝑑𝑧2

(2)
. By the same logic, the antisymmetric 

combination of these orbitals leads to the formation of an antibonding sigma orbital. The 

same considerations can be extrapolated to the other four overlapping orbitals, bearing in 

mind that there are two orbitals of π-symmetry which are orthogonal to each other leading 

to two degenerate overlapping molecular orbitals (MOs). A qualitative MO energy 



 

2 

 

ordering can be devised by making use of Huckel’s concept that the energy of the MOs is 

proportional to their overlap, namely that σ has the strongest overlap,  is intermediate 

and δ is the weakest. Given these considerations, the qualitative MO diagram in Figure I.1 

can be constructed.  Dirhodium(II,II) complexes have a total of 14 e– leading to an 

electronic structure of σ2π4δ2δ*2π*4σ0 which results in a bond order of 1. This electronic 

structure, however, is not a valid representation of most carboxylate and formamidinate 

bridged complexes since the π and π* orbitals of these ligands possess the appropriate 

symmetry to interact with the δ and δ* MOs of these dinuclear cores which leads to the 

MO diagram presented in Figure I.2.13 

Dirhodium complexes exhibit rich photochemistry with some of these properties 

being highlighted in the Jablonski diagram presented in Figure I.3. Upon irradiation, the 

complexes can access a singlet excited state that, through intersystem crossing (ISC) 

facilitated by the spin-orbit (SO) coupling of the heavy metal atoms, can relax to a triplet 

excited state which can transfer energy to a substrate such as 3O2 to form the highly 

reactive 1O2 species making them potential PDT agents. The excited molecules can also 

donate electrons to biological substrates and water to generate reactive oxygen species 

(ROS) for PDT applications or donate holes or electrons to p- or n-type semiconductors 

for p- or n-type dye-sensitized solar cells (DSSCs) respectively. Lastly, excited state 

dirhodium compounds can photocatalyze reactions, such as H2 reduction, upon irradiation.  
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Figure I.1 Schematic representation of the MO diagram for dinuclear complexes with 

monodentate ligands. 
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Figure I.2 Schematic representation of the MO diagram for dinuclear complexes 

supporting four equivalent formamidinate bridging ligands. 
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Figure I.3 General Jablonski diagram for the excitation of a sensitizer for photodynamic 

therapeutic (PDT) and dye-sensitized solar cell (DSSC) applications.  

 

 

 

 The molecules can also convert to a ligand field (LF) excited state from the triplet 

metal-to-ligand charge transfer (MLCT) state.  Upon population, this LF excited state can 

promote ligand dissociation (Figure I.4) leading to two products that can be used in the 

context of PCT. The dissociated ligand can be a biologically relevant drug molecule for 

the treatment of cancer such as 5-cyanouracyl and the coordinatively unsaturated metal 

complex can interact with biological targets such as DNA to promote cell death.14  
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Figure I.4 Generalized Jablonski diagram for photoactivated chemotherapeutic (PCT) 

drugs. 

 

 

 

Dirhodium Complexes as PCT and PDT drugs 

Cancer is a pervasive disease and is the second leading cause of dead worldwide 

according to the World Health Organization (WHO).15 It is estimated that in the USA, 

approximately 1.7 million new cases of cancer will be reported in this year alone of which 

600,000 will lead to death.16  Although the number of deaths over the amount of new cases 

is proportionally decreasing due to the advent of new and improved techniques, there is 

still an urgent need for therapies with high efficiencies and fewer side effects.  

The anticancer properties of the drug cisplatin, cis-[Pt(NH3)Cl2], were 

serendipitously discovered by Rosenberg in 1965 and came to be the leading 

chemotherapeutic treatment available for a number of cancers.  Upon entering the 

cytoplasm of a cell, cis-[Pt(NH3)Cl2] undergoes aquation to yield cis-[Pt(NH3)(H2O)2]
2+ 



 

7 

 

due to the difference in the chloride concentration in the extracellular space versus the 

cytoplasm (Figure I.5). The aquation product can then bind to DNA crosslinking its 

structure, preventing the cell from undergoing replication, and leading to an apoptotic 

mechanism of cell death. The DNA target site was investigated in 1995 by Lippard and 

coworkers who obtained a crystal structure of a fragment of double-stranded DNA with 

cisplatin. This drug, although paradigm changing at the time it was approved for use, is 

inherently flawed in that it is unable to distinguish between healthy and cancer cells. This 

lack of selectivity leads to numerous deleterious side effects such as nephrotoxicity, 

ototoxicity, nausea, and vomiting among others.  

 

 

 

 

Figure I.5 Mechanism of action of cis-platin as an anticancer drug.  
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 The discovery of cisplatin, the first metal-based anticancer drug, led to the 

development of a series of Pt-based drugs that share a common mechanism of action but 

which produce fewer side effects (Figure I.6). For example, carboplatin, originally 

described in the 1970s, is a more water-soluble version of the Pt(IV) tetraplatin drug 

(Pt(cyclohexane-1,2-diamine)Cl4)
17 and was found to exhibit sensitivities that are 

different than those of cisplatin in a 60-cell NCI human tumor panel.18 Most importantly, 

carboplatin exhibits more potent anticancer activity against colorectal cancer without the 

undesired nephrotoxicity caused by its parent drug cisplatin.19  

 

 

 

 

Figure I.6 Pt based drugs approved for cancer treatment by the FDA (cisplatin, 

carboplatin, and oxaliplatin) other countries (nedaplatin, lobaplatin, and heptaplatin).  

 

 

 

The anticancer activity of Rh2(µ-O2CR)4 L2 (R = Me, Et, Pr, and Bu; L = axial 

solvent) against Ehrlich ascites and leukemia L1210 tumors was discovered in 1974.17, 20-

25 It was not until much later, however, that the cytotoxicity of these complexes was 
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attributed to the ability of this complexes to interact with nucleobases through ligand 

exchange and form adducts with double-strand DNA. Previously unknown bridging 

interactions of adjacent guanine and adenine nucleobases in short strands of DNA with 

dirhodium units were established by studies conducted by the Dunbar group and are akin 

to those of cisplatin but with two metals participating in the interactions instead of only 

one metal ion.3-7, 9, 26-35  

It was also found that Rh2(AcO)4L2 molecules can be modified to yield complexes 

with improved cytotoxicity. A series of complexes of formula [Rh2(μ-O2CCH3)2(η
1-

O2CCH3)(L)(CH3OH)]+ (where L = bpy (2,2′-bipyridine) , phen (1,10-phenanthroline), 

dpq (dipyrido[3,2-f:2′,3′-h]quinoxaline), dppz (dipyrido[3,2-a:2′,3′-c]phenazine), dppn 

(benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine), and dap (4,7-

dihydrodibenzo[de,gh][1,10]phenanthroline) were prepared by the Dunbar group and 

studied with respect to their interactions with nuclear DNA. The complexes with the 

highly conjugated planar dppn ligand were shown to have the strongest interaction with 

DNA as well as being capable of causing the most damage to DNA after cellular 

internalization. The molecule supporting a dppz ligand is, however, the most cytotoxic 

one of the series due to its optimal lipophilicity for cellular uptake.36 

A series of axially blocked dirhodium complexes was designed in the Dunbar 

laboratories; their molecular structures are depicted in Figure I.7.31 The ligands used in 

this study – 1,8-naphthyridine and 2-(pyridin-2-yl)-1,8-naphthyridine (pynp), in contrast 

to dppn or dppz, are not extended pi-systems and therefore cannot intercalate DNA. The 

only possible interactions with biological substrates must occur through the axial 
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positions. The ability of these compounds to stabilize DNA and inhibit transcription in 

vitro was studied and it was observed that the compounds with substitutionally labile axial 

positions exhibit the lowest Cinh
50 (concentration needed to inhibit 50% of the 

transcription) whereas the fully blocked complex incapable of inhibiting DNA 

transcription. This study also demonstrated that the incorporation of highly conjugated π-

accepting ligands can change the parentage of the lowest energy transitions which leads 

to an increase in their molar absorptivity coefficients. Additionally, the role of the 

equatorial position in transcription inhibition was studied using the partially solvated 

cation cis-[Rh2(μ-O2CCH3)2(NCCH3)6]
2+ and it was found that the Cinh50 is similar to that 

of cisplatin.29 

 

 

 

 

Figure I.7 Cytotoxic axially-blocked dirhodium complexes as inhibitors of DNA 

transcription in vitro for cancer treatment.  

 

 

 

All of the aforementioned Rh and Pt-based cytotoxic compounds suffer from lack 

of selectivity for targeting healthy versus cancer cells. Photodynamic therapy and 

photoactivated chemotherapy are attractive alternatives to conventional chemotherapy 

since they provide spatial and temporal control over the treatment (Figure I.8). The patient 
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is administered with a drug that accumulates in healthy as well as tumor tissue which is 

non-toxic until it is irradiated with an appropriate source of light only in the area of the 

cancer to produce either singlet oxygen (in the case of PDT drugs) or TO release a drug 

that can damage cellular targets (in the case of PCT agents) as indicated in Figures I.3 and 

4. These therapies rely on the ability of light to penetrate tissue which generally limits 

their use to the treatment of superficial tumors or endoscopically accessible cancers such 

as lung, bladder, esophageal, prostate, and gastrointestinal among others.37-39 Optimal 

tissue penetration occurs with light in the 600 – 900 nm range, widely known as the “PDT 

window”.40, 41 PDT drugs can sensitize the formation of the highly cytotoxic species single 

oxygen (Type II) or transfer electrons to generate free radicals (hydroxide radical, 

superoxide radical, or hydrogen peroxide) thereby promoting cell death.42, 43 The damage 

can be to the tumors themselves or the vasculature around them.37 

 

 

 

 

Figure I.8 Treatment scheme for PDT and PCT drugs.   
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The “gold standard” PDT anticancer drug is porfimer sodium (Photofrin®) which 

is an oligomeric mixture of hematoporphyrin (Figure I.9). This drug sensitizes oxygen to 

produce singlet oxygen upon irradiation with 630 nm light due to sufficiently long excited 

state lifetimes and it is mostly employed in the treatment of esophageal cancer. The 

oligomeric mixture has two main deficiencies that lower its efficacy, namely low 

absorption coefficients (3000 M-1cm-1) at the excitation wavelength (630 nm) and low 

quantum yields for single oxygen generation (~ 20%), both of which lead to the 

requirement of high therapeutic concentrations. In addition, the low rate of clearance from 

the organism causes prolonged photosensitivity in the patients which is a highly 

undesirable side effect. Some of these drawbacks can be circumvented by minor 

modifications to the structure of this photosensitizer. For example, the use of metal 

porphyrins can increase the rate of intersystem crossing (ISC) which facilitates the 

population of the triplet excited states, concomitantly increasing the quantum yield for 

oxygen sensitization.42, 43 Another approach is the topical use of the hematoporphyrin 

precursor δ-aminolevulinic acid (δ-ALA, Figure I.9) which generates the sensitizer in situ 

to lower the systemic side effects associated with this type of treatment. 44 
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Figure I.9 Molecular structures of porfimer sodium and δ-aminolevulinic acid. 

 

 

 

 PDT relies on the presence of a high concentration of molecular oxygen for the 

treatment to be effective. Some tumors, however, have very low oxygen concentrations 

(hypoxic) which renders this treatment ineffective. An oxygen-independent alternative to 

PDT that retains the spatial and temporal controls of light activated processes is 

photoactivated chemotherapy (PCT). Upon irradiation, the pro-drug can populate a 3LF 

excited state and promote ligand dissociation to release the active drug. The drug can be 

the ligand that is released (e.g. 5-cyanouracil) or the metal fragment which is free to react 

with biologically relevant targets. A few examples of Pt(IV)-based drugs are shown in 

Figure I.10. These Pt(VI) drugs, in contrast to their Pt(II) analogies, are octahedral and 

contain OH groups in the axial positions. Upon irradiation, the excited state pro-drug 

Pt(IV) can be reduced by two electrons supplied by the medium to Pt(II) which releases 

the axial ligands and yields the active form of the drug (Figure I.11).  
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Figure I.10 Examples of Pt(IV) pro-drugs as PCT agents. 

 

 

 

 

Figure I.11 Mechanisms of action of the pro-drug Pt(IV) complexes for PCT application.  

 

 

 

In 2006, the Turro group studied the photoactivated properties of the partially 

solvated dirhodium complex cis-[Rh2(AcO)2(MeCN)6][BF4]2 which behaves similarly to 

the aforementioned Pt(IV) drugs.11 This complex, upon irradiation (λirr ≥ 455 nm), 

undergoes photoaquation from population of metal-centered (MC) excited states to yield 

a bis-aqua dirhodium complex which is capable of DNA binding in a manner akin to that 

of cisplatin (Figure I.12). The molecule exhibits a 20-fold lower dark cytotoxicity 

compared to hematoporphyrin and a 7-fold increase in cytotoxicity when irradiated in the 

presence of human skin cells. Although this “cisplatin photoactivated analogue” shows 

promise as a proof-of-concept PCT agent, the energy of light required is far higher in 
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energy that what is required for deep-tissue penetration. The use of more electron donating 

bridging ligands such as amidates10 and 2-oxypyridinates9 (Figure I.13) red-shift the 

absorption profiles of these complexes into the PDT window making them better 

candidates for PCT applications.  

 

 

 

 

Figure I.12 Schematic representation of the formation of the aqua dirhodium complex 

cis-[Rh2(AcO)2(MeCN)4(H2O)2][BF4]2 upon irradiation.  

 

 

 

 

Figure I.13 Molecular structures of cationic dirhodium complexes for PCT applications.  

 

 

 

Dirhodium Complexes as Photocatalysts and Sensitizers for DSSCs and DSPECs 

As energy demands increase worldwide, the need for renewable energy sources 

that can produce energy or carbon-neutral fuels becomes of paramount importance. Solar 
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energy conversion, although an attractive alternative to non-renewable sources, is only 

responsible for 6 % of the energy produced by renewable sources.45 Commercially 

available devices are composed of a p-n junctions and operate at an efficiency of ~ 15 %. 

These devices have several shortcomings, namely, cost, low durability, high dependence 

of the angle of incidence with efficiency, and low efficiencies under low-light 

conditions.46 Dye-sensitized solar cells (DSSCs) can circumvent some of the drawbacks 

of commercially available devices and have the potential to yield highly-efficient and cost-

effective devices. 47 

Standard DSSC devices are composed of a semiconductor,48-51 a counter 

electrode,52 a binary redox couple,53 and a sensitizer (Figure I.14).54 When the device is 

irradiated, the sensitizer absorbs the photons to achieve an excited state, and, if the redox 

potentials are appropriate, the excited state can either donate to or accept an electron from 

a semiconductor yielding an n-type or p-type sensitized DSSC respectively. In the case of 

an n-type DSSC, the injected electron travels through the conduction band of the 

semiconductor and through the wire to the counter electrode where the electrolyte 

(typically I–/I3
–) can be reduced and later reoxidized regenerating the sensitizer. The 

overall efficiency of these devices is represented by the photo-current efficiency (PCE, η) 

calculated using the following equation:  

𝜂 =
𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹

𝑃𝑆
 

where JSC is the short-circuit current density, VOC is the open-circuit voltage (difference 

between Fermi level, EF, of TiO2 and redox potential of the electrolyte55), PS is the 

incident-light power efficiency, and FF is the fill factor.56 Another important figure-of-
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merit for these devices is the incident-photon-to-electron conversion efficiency (IPCE) 

which is defined as the ratio between incident photons and the generated charge carriers 

as shown in the equation: 

𝐼𝑃𝐶𝐸 = 1240
𝐽𝑆𝐶(𝜆)

𝜆𝑃𝑆
 

 This parameter is usually plotted as a function of wavelength of irradiation and 

gives a measure for the performance of the device under standard test conditions, which 

are AM 1.5 spectrum, T = 25 °C, and PS = 100 mW cm−2. 

 The theoretical efficiency limit of these devices can be calculated and it is 33 % 

for n-type sensitized DSSCs and 44 % in the case of n- and p-type tandem cells.57 These 

efficiencies, however, are far higher than what has been achieved experimentally with a 

varied array of semiconductors, sensitizers, and electrolytes. One of the limitations of 

these devices is the lack of panchromatic absorbers capable of participating in electron 

transfer reactions from their excited states upon irradiation with low-energy light. The 

efficiency is therefore lowered by the lack of absorption of the full solar spectrum and new 

sensitizers with absorption that extends into the red/near-IR region are in high demand.  



 

18 

 

 

Figure I.14 Schematic representation of the mechanism of action of an n-type sensitized 

solar cell, where EF is the Fermi level of the semiconductor and VOC is the open circuit 

potential of the device.  

 

 

 

There are general considerations for the design of efficient sensitizers which 

include: panchromatic absorption profiles (UV – 900 nm), support of anchoring groups to 

bind to semiconductors, E°’excited state < E°’CB, semiconductor, and efficient excited state 

injection. The gold standard for n-type sensitization is the Ru(II) N3 dye which contains 

anchoring carboxylate groups for semiconductor binding and sufficiently reducing excited 

state potentials for electron injection (Figure I.15).58 Devices sensitized by this dye, 

however, do not reach efficiencies beyond 10–12 % which is attributed to the lack of 

panchromatic absorption since it does not significantly absorb light beyond ~ 600 nm. 

Figure I.15 shows the structure of other types of recently developed dyes with marginally 
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higher efficiencies than the archetypal N3 dye.59 Both dyes, the SM31560 and ADEKA,61 

have similar structural features, namely, an electron donating moiety, an electron 

accepting region, and anchoring groups for semiconductor binding. Upon irradiation, the 

compounds can transfer an electron from one region of the molecule to another leading to 

a charge separated state which can inject electrons into the semiconductors. The devices 

sensitized by these dyes have efficiencies of 13.0 and 12.5 for SM315 and ADEKA 

respectively. As in the case of the Ru N3 dye, these low efficiencies are attributed to poor 

absorption in the red/near-IR region which remains underutilized by most current dyes. 

Additionally, other promising dyes such as porphyrins and phthalocyanines suffer from 

aggregation issues due to the planarity of their structures which ultimately results in lower 

efficiencies.62 Therefore, new panchromatic absorbers that can partake in electron 

injection processes upon irradiation with low-energy light are highly desired.  
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Figure I.15 Molecular structures of three different types of dyes for n-type semiconductor 

sensitization: N3 (ruthenium(II) dye), SM315 (Zn(II) phthalocyanine dye), and ADEKA 

(organic dye) with their respective IPCEs. 

 

 

 

Recently, a series of dirhodium complexes capable of n-type sensitization were 

published by the Turro group (Figure I.16).63 The compounds display panchromatic 

absorption profiles and low-lying metal/ligand-to-ligand charge transfer (ML-LCT) 

excited states. These excited states were characterized by ultrafast and nanosecond 

transient absorption and time-resolved infrared spectroscopies and assigned to singlet and 

triplet transitions that are Rh2/form-to-naphthyridine in nature. More importantly, due to 

the rigidity imparted by the axial-blocking ligands, the molecules display relatively long-
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lived excited states with appropriate reduction potentials to reduce the methyl viologen 

dication upon irradiation with low energy light, in contrast to the axially free analogue cis-

[Rh2(DTolF)2(np)2][BF4]2. These excited state properties make them attractive candidates 

as TiO2 sensitizers for n-type DSSCs applications.  

 

 

 

 

Figure I.16 Structure of the complexes cis-[Rh2(μ-form)2(μ-npCOO)2][BF4]2 (where form 

= p-ditolylformamidinate or p-difluorobenzylformamidinate, and npCOO– = 1,8-

naphthyridine-2-carboxylate) on the left and photo-induced electron transfer cycle on the 

right where MV2+ (methyl viologen) is the substrate and BNAH (1-benzyl-1,4-

dihydropyridine-3-carboxamide) is the sacrificial donor. 

 

 

 

Since the IPCEs of traditional DSSCs are far below the theoretical predicted 

maximum efficiencies, a more attractive alternative is the production of carbon-neutral 

fuels in dye-sensitized photoelectrosynthesis cells (DSPECs, Figure I.17). The mechanism 

of action of these devises is similar to that of DSSCs but the sensitizer is substituted by a 

chromophore-catalyst assembly and the binary redox couple for a substrate, such as water, 

that can be oxidized and reduced yielding a desired product (e. g. H2) and a current. In 

these devices, the chromophore transfers electrons from the catalyst to the semiconductor 
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upon irradiation. The oxidized catalyst can now, itself, oxidize a substrate such as water 

promoting the reduction of protons to H2 at the surface of the counter electrode. The design 

criteria for the chromophore is similar to the sensitizers used in DSSCs with the added 

requirement of a reduction potential that is appropriate for catalyst oxidation. The catalyst, 

on the other hand, must have a catalytically active form accessible by chromophore 

oxidation, it has to be robust, display low overpotentials, and minimize competitive light 

absorption.64  

 

 

 

 

Figure I.17 Schematic representation of the mechanism of action of an n-type sensitized 

photoelectrosynthesis cell.  
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There are many different approaches to the design of chromophore-catalyst 

assemblies. Figure I.18 displays a molecular Ru-based assembly, [(4,4′-

PO3H2)2bpy)2Ru(4-Mebpy-4′-bimpy)Ru(tpy)(OH2)]
4+ (where 4-Mebpy-4′-bimpy = 4-

(methylbipyridin-4′-yl)-N-benzimid-N′-pyridine; tpy = 2,2′:6′,2″-terpyridine), that 

consists of two main parts.65 The first moiety in the chromophore supports phosphate-

anchoring groups for semiconductor binding and bipyridine ligands for light absorption. 

This complex is tethered by a linker to a Ru catalyst that has a position occupied by a 

water molecule. Upon light irradiation (λirr = 445 nm), the chromophore can transfer 

electrons to the semiconductor and oxidizing the catalyst in the process. Upon oxidation 

by four electrons, the water molecule is oxidized to O2 and H+ which are reduced to H2 at 

the counterelectrode. The absorbed photocurrent efficiency for the assembly reaches ~ 

20% with a H2 production efficiency of less than 1%. This type of covalently linked 

chromophore-catalyst assembly is a great proof-of-concept for DSPECs, but they require 

multiple synthetic steps which ultimately lowers the yields of such assemblies. Other types 

of assemblies for which the catalyst is not covalently bound to the chromophore, but is in 

the vicinity of it, have been developed and show great promise for these types of 

applications.64, 66  
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Figure I.18 Schematic representation of the chromophore-catalyst assembly [(4,4′-

PO3H2)2bpy)2Ru(4-Mebpy-4′-bimpy)Ru(tpy)(OH2)]
4+ in a DSPEC device for water 

splitting.  

 

 

 

Although dirhodium complexes are excellent candidates for DSSCs or DSPECs, 

there are no reported examples of devices using dirhodium complexes as sensitizers or as 

part of a chromophore-catalyst assembly. Nevertheless, there are a few examples of 

dirhodium complexes as photocatalyst or as sensitizers in photocatalytic assemblies for 

H2 production. There are several types of molecular photocatalysts or photocatalytic 

systems for H2 production, depicted in Figure I.19, that can be divided in two groups, 

namely, single and multi-component systems.67 
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Figure I.19 Photocatalytic cycle schemes for single and multi-component assemblies for 

H2 production. 

 

 

 

Nocera and coworkers developed several single component dirhodium 

photocatalytic systems for HX splitting.68-70 These compounds have a main advantage 

over multi-component systems due to the fact that they require one fewer charge-transfer 

step. For example, the mixed valence single component photocatalyst shown in Figure 

I.20, Rh2
0,II(tfepma)2(CNAd)2Cl2 (CNAd = 1-adamantylisocyanide),  has a TON for 

hydrogen production of 7 (after 144 h) when irradiated with at λexc > 305 nm. This complex 

has remarkable durability, but the TON is low and, more importantly, it requires UV light 

irradiation to produce H2 gas. The high-energy requirements for this process are due to the 

energetically demanding reductive elimination process to produce X2 and regenerate the 

catalyst. The use of a system with an electron donor to regenerate the catalyst would be 

beneficial if low-energy light catalysis is to be achieved.  
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Figure I.20 Molecular structure representation of the mixed valence dirhodium 

photocatalyst Rh2
0,II(tfepma)2(CNAd)2Cl2. 

 

 

 

Dissertation Objectives and Outline 

Dirhodium complexes show great promise in fields where a good sensitizer is 

needed due to the highly tunable excited state properties of these bimetallic metal-bonded 

complexes. By a judicious choice of ligands around the bimetallic core, different 

properties can be imbued in the final complexes such as a panchromatic absorption profile, 

improved water solubility, long-lived excited states, and highly reducing or oxidizing 

excited states, to name a few. It is because of this that these complexes show great promise 

in the fields of photoactivated chemotherapy (PCT), dye-sensitized solar cells (DSSCs), 

and photocatalytic hydrogen production.  

In Chapter II, the synthesis and characterization of a new dirhodium complex that 

supports an axial blocking ligand while retaining equatorial solvent molecules will be 

discussed in the context of PCT. This complex has the potential to undergo photo-induced 
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ligand exchange upon irradiation and the DNA binding properties of this complex will be 

contrasted with the fully blocked analogue and the fully solvated parent complex.  

The complexes synthesized in Chapter II led to the design and synthesis of the 

complexes presented in Chapter III. These dirhodium complexes support two axial 

blocking ligands and two electron-rich formamidinate ligands. Their photophysical 

properties are studied as well as their ability to transfer electrons to an organic substrate 

evaluated. This new class of compounds represents the first example of light-induced 

electron acceptors for p-type sensitization in the context of DSSC applications.  

A new synthetic methodology for the synthesis of the first example of a trans-

dirhodium complex is presented in Chapter IV. The methodology is supported by 

computational calculations, experimental data, and opens a new door for the synthesis of 

the unexplored trans isomers as sensitizers for DSSC applications. This work also 

provides a synthetic methodology that would allow the synthesis of new dirhodium 

supramolecular architectures with potentially interesting photophysical properties.  

In Chapter V, the synthesis and characterization of a new class of dirhodium 

photocatalysts for H2 production with low energy light is discussed. These complexes 

display an axial open position for catalysis and a blocked position that impart rigidity to 

the complexes leading to long-lived excited states and panchromatic absorption profiles. 

The photocatalytic H2 production capabilities of these complexes upon low-energy light 

irradiation in the presence of a sacrificial electron donor is assessed in this chapter.  

Lastly, overall conclusions and future directions for this work are provided in 

Chapter VI.  
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CHAPTER II  

EFFECT OF THE EQUATORIAL POSITION ON THE PHOTOINDUCED 

BIOLOGICAL ACTIVITY OF DIRHODIUM(II,II) COMPLEXESWITH A SINLGE 

AXIAL BLOCKING LIGAND  

 

Introduction 

Cancer is the second leading cause of death in the United States as well as 

worldwide.15, 16 It is estimated that 1.7 million new cases of cancer will be reported in the 

United States alone this year, and 600,000 of them will lead to death. Although the 

mortality rates have decreased due to the development and implementation of various new 

therapies, there is remains a critical need for new and improved chemotherapeutic agents 

with fewer side effects. The serendipitous discovery of the archetypal cisplatin drug in 

1965 by Rosenberg et. al represents a paradigm change in cancer chemotherapy. The cis-

[Pt(NH3)2Cl2] complex can undergo hydrolysis once inside the cells due to the dramatic 

decrease of Cl– ions in the cytosol in contrast to the extracellular space. The aqua complex 

cis-[Pt(NH3)2(H2O)2]
2+ has the ability to bind to DNA, with the major adduct being the  

cisplatin-DNA GG intrastrand species characterized by X-ray crystallography.71 The 

lesion produced by the Pt binding is unable to be recognized by DNA repair enzymes 

which prevents cellular replication and ultimately induces apoptotic cell death. This drug, 

as is the case with many others, however, presents many drawbacks as a chemotherapeutic 

agent due to the lack selectivity as well as of temporal and spatial control which leads to 

many undesired side effects due to the unregulated high cytotoxicity of the complex.  
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Photodynamic therapy (PDT) and photoactivated chemotherapy (PACT) are 

promising alternatives to common chemotherapy treatments by using a light source to 

trigger the cytotoxic response of the compounds in a well-defined region of the tissue via 

sensitization of 3O2 to generate 1O2, highly reactive species or by photo-inducing the 

release of a toxic molecule from a pro-drug.72 The gold standard for PDT, Photofrin®, is 

used primarily for cancers that are either superficial or endoscopically accessible owing 

to the fact that the absorption profile of this oligomeric mixture of porphyrins does not 

absorb significantly beyond 550 nm, which is below the PDT window for good penetration 

(600–900 nm). This fact reduces the PDT agent’s efficiency to target tumors located 

deeper in the tissue, as the absorption of the tissue itself prevents the complex from 

generating 1O2 in sufficient quantum yields. In addition, the photocytotoxicity index (PI = 

LC50/LC50*, where LC50 is the lethal concentration 50% in the dark and LC50* is upon 

irradiation) of this drug is only ~5, which is far from ideal. Lastly, oxygen dependence 

limits its use to tumors under normoxic conditions, since hypoxic tumors do not have a 

good supply of oxygen to be sensitized.  

There is a variety of d-block metals that are potentially attractive to use for 

photochemotherapeutic agents due to their highly tunable excited state properties for 

oxygen sensitization or ligand release that can be used to overcome the challenges 

presented by the porphyrin-based PDT drugs. For example, Ru(II) complexes such as the 

photoactivated arene complexes [(η6-p-cym)Ru(bpm)(Cl)]+ (where bmp = 2,2’-

bipyrimidine and η6-p-cym = para-cymene) functionalized with a tripeptide to improve 

tumor targeting undergo photoaquation to yield [(η6-p-cym)Ru(bpm)(H2O)]2+ upon 
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irradiation with λmax = 420 nm light, a species that was shown to bind to nucleobases and 

DNA in a manner akin to that of cisplatin.73 The compound however, does not absorb 

significantly beyond 450 nm and therefore is not optimal for PACT applications. Clearly, 

the development of new drugs with high quantum yields for singlet oxygen production or 

ligand dissociation with low energy light that exhibit a marked difference in cytotoxicity 

in the presence and absence of light remains a challenge. To tackle this issue, 

dirhodium(II,II) complexes that display highly tunable electronic structures and 

panchromatic absorption profiles that extend throughout the PDT window are being 

designed. Conveniently, these complexes are air and water stable and have well 

documented photochemical and anticancer properties.  

The antiproliferative properties of dirhodium(II,II) tetracarboxylate complexes of 

the type Rh2(µ-O2CR)4 (where R = Me, Et, Pr, and Bu) against Ehrlich ascites and 

leukemia L1210 tumors was first reported in 1974.17, 20-25 It was later shown that this 

activity is caused by the ability of the model complex Rh2(µ-O2CCH3)4 to interact with 

nucleobases and nucleosides through the axial positions at room temperature and also to 

its capability to undergo ligand exchange and bind to ds-DNA.26-30 These Rh-DNA 

interactions can be axial, axial-equatorial, or equatorial-equatorial depending on the 

lability of the ligands in the parent complex. The parital paddlewheel compounds cis-

[Rh2(µ-O2CCH3)2(pynp)2](BF4)2 (pynp = 2-(pyridin-2-yl)-1,8-naphthyridine) with 

blocked axial sites and equatorial positions that are not labile cannot inhibit DNA 

transcription which reinforces the hypothesis that accessible equatorial and axial positions 

are required to promote the formation of a Rh-DNA adduct.31  
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In the vein of pursuing dirhodium compounds with desired reactivity, the partially 

solvated analogue cis-[Rh2(µ-O2CCH3)2(MeCN)6](BF4)2 was explored in cancer cells 

with the aim of using light to activate the release of acetonitrile ligands.11 Indeed, it was 

found that there is a drastic increase in cytotoxicity upon irradiation. Upon excitation, 

metal-centered (MC) states are populated that promote the release of equatorial solvent 

molecules which allows the complex to bind to cellular targets. The compound has a PI 

value of 34 against Hs-27 human skin cells when irradiated with visible light (400–700 

nm), which is a vast improvement over the performance of the FDA approved drug 

Photofrin®. This study prompted the development of other partially solvated complexes 

such as cis-[Rh2(chp)2(MeCN)6](BF4)2 (where chp = 6-chloro-2-hydroxypyridine) that 

displays a 16.4-fold increase in cytotoxicity against HeLa cells upon irradiation with 

visible light.9 In order to further red-shift the absorption profiles of these complexes into 

the PDT window, extended π-accepting diimine ligands were installed that lower the 

energy of the LUMO, which is primarily diimine in character, leading to a decrease in the 

HOMO-LUMO gap.74 The photophysical properties of complexes that display available 

axial and equatorial sites while supporting π-accepting ligands, however, have remained 

unexplored.  

In the present study we have focused on the synthesis and characterization of two 

new dicationic dirhodium(II,II) complexes, viz., cis-[Rh2(µ-

O2CCH3)2(qxnp)(MeCN)2](BF4)2 (II.2) and cis-[Rh2(µ-O2CCH3)2(qxnp)2](BF4)2 (II.3). 

Their photoactivated DNA binding properties were assessed and compared to the 

previously reported partially solvated complex cis-[Rh2(µ-O2CCH3)2(MeCN)6](BF4)2 
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(II.1) (Figure II.1).11 The new complexes display MLCT bands in the visible region with 

enhanced absorption coefficients compared to the lowest energy transition of II.1 which 

is MC in nature. In addition, II.2 contains two equatorial acetonitrile molecules that are 

hydrolyzed upon irradiation with visible light which leads to DNA binding and also 

possesses a π-accepting ligand that lowers the energy of the MLCT band of the complex. 

This new approach for designing new complexes that display appropriate absorption 

profiles while retaining key features for DNA binding is aimed at the development of more 

efficient dirhodium PACT drugs.  

 

 

 

 

Figure II.1 Schematic representations of the molecular structures of compounds II.1–3. 

 

 

 

Experimental Section 

Materials 

The starting material [Rh2(µ-O2CCH3)4] was purchased from Pressure Chemicals 

and used without further purification. The ligand 1,8-Diazanaphthalene (np) was 

purchased from Oakwood Chemical and used as received. Tetrabutylammonium 

hexafluorophosphate (TBAPF6) was purchased from Alfa Aesar and used as received. The 
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compounds cis-[Rh2(µ-O2CCH3)2(MeCN)6](BF4)2 (II.1) and 2-(1,8-naphthyridin-2-

yl)quinoxaline (qxnp) were synthesized following reported procedures. Acetonitrile was 

dried over 3 Å molecular sieves and distilled under nitrogen prior to use. All reactions, 

unless otherwise noted, were performed usingstandard Schlenk-line techniques. 

Crystallizations, purifications, and further manipulation of the compounds were conducted 

in air.  

cis-[Rh2(µ-O2CCH3)2(qxnp)(MeCN)2](BF4)2 (II.2). A 20 mL acetonitrile solution 

containing cis-[Rh2(µ-O2CCH3)2(MeCN)6](BF4)2 (164.2 mg, 0.221 mmol) and qxnp (59.9 

mg, 0.230 mmol) was refluxed for 24 h in an oil bath at 90 ºC. The resulting red solution 

was cooled to room temperature, concentrated under vacuum to approximately 5 mL, and 

diethyl ether was added to precipitate the product. The red-orange solid was filtered 

through a medium frit and dried under vacuum. The product was further purified by slow 

vapor diffusion of diethyl ether into a concentrated solution of the compound in 

acetonitrile to afford 82.3 mg of a red crystalline material (42.4% yield) suitable for X-ray 

crystallography. 1H-NMR (500 MHz, cd3cn) δ 10.17 (s, 1H), 9.79 (d, J = 4.7 Hz, 1H), 9.47 

(dd, J = 8.2, 1.7 Hz, 1H), 9.05 (d, J = 8.8 Hz, 1H), 8.93 (d, J = 8.8 Hz, 1H), 8.81 (dd, J = 

8.3, 1.7 Hz, 1H), 8.49 (dd, J = 7.1, 2.7 Hz, 1H), 8.35–8.23 (m, 2H), 8.01 (dd, J = 8.3, 5.3 

Hz, 1H), 2.35 (s, 3H), 2.30 (s, 3H), 1.96 (s, 6H), 1.64 (s, 3H). HRMS (ESI-MS) m/z: [M 

- MeCN]2+ (C24H22N6O4Rh2) 331.9895 calc. [M - MeCN]2+ (C24H22N6O4Rh2) 331.9901. 

cis-[Rh2(µ-O2CCH3)2(qxnp)2](BF4)2 (II.3). Quantities of cis-[Rh2(µ-

O2CCH3)2(MeCN)6](BF4)2 (150.1 mg, 0.202 mmol) and the qxnp ligand (109.5 mg, 0.424 

mmol%) were refluxed in a 1:1 mixture of chlorobenzene and acetonitrile for 2 days. After 
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48 h of reflux, the reaction was cooled to room temperature, the solvent was evaporated 

to near dryness, and diethyl ether was added to precipitate the product. After filtration, the 

red powder was re-dissolved in acetonitrile and a crystalline product was obtained after 

crystallization by slow vapor diffusion of diethyl ether (yield 131.1 mg, 65.5 %). 1H NMR 

(500 MHz, cd3cn) δ 10.36 (s, 2H), 9.70 (d, J = 5.3 Hz, 2H), 9.12 (d, J = 8.2 Hz, 2H), 8.75 

(s, 2H), 8.66 (dd, J = 5.2, 4.6 Hz, 2H), 8.54 (d, J = 27.2 Hz, 4H), 8.38 (dd, J = 8.7, 5.8 Hz, 

4H), 7.42 (dd, J = 7.5, 5.7 Hz, 2H), 1.91 (s, 6H). HRMS (ESI-MS) m/z: [M]2+ 

(C36H26N8O4Rh2) 420.0077 calc. [M]2+ (C36H26N8O4Rh2) 420.0088 and [M + BF4]
+ 

(C36H26N8O4Rh2BF4) 927.0196 calc. [M + BF4]
+ (C36H26N8O4Rh2BF4) 927.0216. 

Instrumentation and methods  

1H NMR spectra were obtained on an Inova 500 MHz spectrometer; chemical 

shifts were referenced to the residual peak of the residual CD3CN-d3 deuterated solvent 

signal at 1.96 ppm.75  Electronic spectroscopy was performed on a Shimadzu UV-1601PC 

spectrophotometer in 1 × 1 cm quartz cuvettes. Extinction coefficients in acetonitrile were 

determined in triplicate.  

Electrochemical measurements for II.2 and II.3 (1 × 10-3 M) were recorded under 

an inert atmosphere using dry acetonitrile and 0.1 M [n-Bu4N][PF6] as the supporting 

electrolyte with a CH Instruments electrochemical analyzer model CH1620A. A three-

electrode cell was used with a Ag/AgCl reference electrode standardized to ferrocene (E1/2 

= +0.55 V vs Ag/ AgCl), a Pt wire as the counter electrode, and a glassy carbon disk as 

the working electrode. High-resolution Electrospray Ionization mass spectrometry (ESI-

MS) data were obtained in the Laboratory for Biological Mass Spectrometry at Texas 
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A&M University using a using a Thermo Scientific Q Exactive Focus.  The sample was 

directly infused at a flow rate of 10 µL/min.  The Q Exactive Focus HESI source was 

operated in full MS in positive mode. The mass resolution was tuned to 17500 FWHM at 

m/z 200, the spray voltage was set to 3.75 kV, and the sheath gas and auxiliary gas flow 

rates were set to 7 and 0 arbitrary units, respectively.  The transfer capillary temperature 

was held at 250 °C and the S-Lens RF level was set at 50 v. Exactive Series 2.8 

SP1/Xcalibur 4.0 software was used for data acquisition and processing. 

Density Functional Theory (DFT) calculations using the Gaussian09 program 

package were performed to elucidate the molecular and electronic structures of the 

complexes. The mPW1PW9176 correlation and exchange functionals were used with the 

Stuttgart RSC 1997 Electron Core Potential (ECP) basis set for the Rh atoms and the 6-

31G† basis set for the C, N, and H atoms. The geometric parameters of the crystal 

structures of II.1–3 without the counter ions and interstitial solvent molecules were used 

as the starting point for these calculations. The structures were optimized in the gas-phase 

followed by optimization with the polarized continuum model (PCM) with CH3CN as the 

solvent. These optimizataions were followed by Time-Dependent Density Functional 

Theory (TD-DFT)59 calculations using the same solvent model and, from the ground state 

of these optimized structures, the first sixty lowest singlet-to-singlet excitations were 

calculated. The molecular orbitals were plotted with the graphic software ‘Agui’61 with 

an isovalue = 0.04 and Natural Transition Orbital (NTO) analyses were performed with 

the Chemissian program.77 
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Single crystals of the compounds were collected from mineral oil under ambient 

conditions using a MiTeGen microloop or a nylon loop. Crystals were placed in a cold N2 

stream at 110 K on a Bruker D8-QUEST diffractometer equipped with a IµS Mo 

microsource (λ = 0.71073 Å). Initial unit cell determinations were made using SAINT 

from a set of three ω-scans consisting of 0.5° frames and a sweep width of 15°. An 

appropriate data collection strategy was determined using these unit cells in order to 

collect all independent reflections to a resolution of at least 0.83 Å. Details of the 

collection parameters can be found in Table II-1. For both structures, SADABS was used 

to correct the data for absorption and XPREP was used to determine the space group from 

analysis of systematic absences. The intrinsic phasing routine in SHELXT was used to 

solve the structures. The non-hydrogen atoms were located from the Fourier difference 

map by least-squares refinement of the structure using SHELXL-2014.52 All non-

hydrogen atoms were refined anisotropically and hydrogen atoms were placed in 

calculated positions and refined with thermal parameters constrained to their parent atom. 

Specific details of the refinements are presented in Table II-1. 

Photoaquation experiments with II.2 and II.3 were performed to study the stability 

of the complexes in water in the dark and upon irradiation, and to assess their ability to 

undergo hydrolysis upon irradiation. Two sets of solutions of the compounds in water 

were prepared and followed over time by steady state spectroscopy. One set of solutions 

was kept in the dark while the other set of solutions was irradiated with a λirr = 447.5 nm 

LED and monitored over the course of 4 hours.  
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In order to study the ds-DNA binding capability of the complexes upon irradiation 

and in the dark, a series of mobility assays in agarose gels were performed. The 

compounds were dissolved in Milli-Q® water and a series of dilutions were made to yield 

final working concentrations of 1, 10, 100, and 1000 μM. The solutions of the complexes 

were stored in the dark to avoid premature dissociation of the equatorial solvent molecules. 

A stock solution of 15 mg/μL linearized pUC18 plasmid (10 mM phosphate, pH = 7.5) 

was prepared and incubated with the complexes and divided into two groups: light and 

irradiated. The group that was left in the dark was incubated for 24 hours at 37 °C. The 

other group was irradiated with a 300 W xenon arc lamp (λ > 515 nm) for either 20 minutes 

or 3 hours after which time they were incubated for 24 hours in the dark. The DNA binding 

ability of the complexes was visualized by performing shift mobility assays in ethidium 

bromide stained agarose gels.  

Results and Discussion 

Synthesis and Characterization  

Compounds II.2 and II.3 were synthesized following the reaction scheme 

presented in Figure II.2. The isolation of II.2 was achieved from a 24-hour reflux of a 

mixture of II.1 and the qxnp ligand suspended in dry acetonitrile. The salt, II.3, on the 

other hand, required a mixture of solvents to promote the incorporation of the second qxnp 

ligand into the product. For this purpose, a 1:1 mixture of acetonitrile/chlorobenzene was 

used to reach a higher refluxing temperature and drive the reaction to completion. Both 

products were obtained as dicationic [BF4]
– salts and characterized by HRMS and 1H-

NMR spectroscopy (Figures II.3 and 4).  
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Figure II.2 Synthetic scheme for the syntheses of II.2 and II.3 from the starting material. 

 

 

 

The mass spectra for II.3 contain the molecular ion, [M]2+, as the major peak while 

the highest intensity peak for II.2 is [M – MeCN]2+ which is not surprising because the 

axial acetonitrile solvent molecule is labile and is therefore fragmented during the 

ionization process. The 1H NMR spectrum of II.2 contains ten unique signals in the 

aromatic region (Figure II.3) that correspond to the ten non-equivalent protons of the qxnp 

ligand. Compound II.3 also displays ten unique signals in the aromatic region that 

integrate to 20 with respect to the methyl groups from the acetate bridging ligands due to 

the presence of two qxnp axial-blocking ligands.  
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Figure II.3 Aromatic region of the 1H NMR spectrum for II.2. 

 

 

 

 

Figure II.4 Aromatic region of the 1H NMR spectrum for II.3. 
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X-ray crystal structures  

The molecular structures of complexes II.2 and II.3 (Figures II.5 and 6) were 

determined from single crystal X-ray diffraction experiments. These salts contain 

dicationic dirhodium(II,II) complexes bridged by two acetate ligands with two 

tetrafluoroborate anions. In addition, II.2 supports a single qxnp ligand (2-(1,8-

naphthyridin-2-yl)quinoxaline) that binds to the dirhodium(II,II) core in a tridentate 

fashion, blocking one of the axial positions while leaving the second position accessible 

to a solvent molecule or a substrate. The remaining two equatorial positions of this 

complex are occupied by acetonitrile molecules. Compound II.3 contains two qxnp 

ligands that block both axial positions as well as four of the eight equatorial positions. The 

Rh-Rh bond distances for II.2 and II.3 are 2.4573(2) Å and 2.41237(16) Å respectively, 

which are well within the expected range for Rh-Rh single bonds. These distances are 

shorter than that in the previously reported compound II.1 with a bond length of 2.536(3) 

Å. The marked shortening of the Rh-Rh bond distances is a result of the increase in the 

number of bridging ligands supported by the dirhodium core going from two to three and 

to four in compounds II.1, II.2, and II.3 respectively. In addition, these bond distances 

are comparable to that of the axially blocked cis-[Rh2(µ-O2CCH3)2(pynp)2][BF4]2 which 

has a Rh–Rh bond distance of 2.408(2) Å. They are, however, significantly shorter than 

other acetate bridged dirhodium complexes with κ-chelating π-accepting ligands such as 

those of the type [Rh2(O2CCH3)2(L)2]
2+ (L = bpy, phen, 4,7-dimethyl-phen, 3,4,7,8-

tetramethyl-phen, and dppz) which exhibit Rh-Rh bond distances of 2.548(4), 2.5557(4), 

2.565(1), 2.564(1), and 2.5519(6) Å respectively.31, 78-81 Compound 3 displays similar Rh-
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Nax bond distances of 2.22909(14) Å and 2.23762(14) Å while the asymmetric complex 

II.2 displays a much longer bond distance for the Rh-Nax bond to the acetonitrile solvent 

molecule of 2.255(2) Å with respect to the qxnp moiety of 2.1984(18) Å. This lengthening 

of the Rh-NCMeax bond can be attributed to the strong trans influence exerted by the 

quinoxalinyl moiety of the sigma donor qxnp lignad across the Rh-Rh(σ) bond. Lastly, 

due to the bite angle of the qxnp ligand, there is a significant distortion from linearity for 

the Rh-Rh-Nax angle of 169.2629(9)º and 168.8305(9)º for complex II.3. This distortion 

is consistent with other axially-blocked dirhodium complexes previously reported of 

general formula [Rh2(DTolF)2(L)2]
2+ (L = pynp, qnnp, and qxnp) which exhibit angles 

164.31(12)°, 164.368(13)°, and 161.73(4)° respectively. Compound II.2 exhibits angles 

of 167.56(5)º for Rh-Rh-qxnpax and 172.98(5)º Rh-Rh-NCMeax which can be explained 

by the fact that acetonitrile is a monodentate ligand and therefore does not have the binding 

constraints of the tridentate ligand qxnp allowing it to adopt a more linear conformation. 

 

 

 

 

Figure II.5 Thermal ellipsoid plot for II.2 (left) and II.3 (right) depicted at the 50% 

probability level. Interstitial solvent molecules, counterions, and hydrogen atoms have 

been omitted for the sake of clarity. 
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Table II-1 X-ray data parameters and refinement details for II.1–3. 

Compound II.2 II.3 

Empirical Formula C34.02H35.51B2F8N7.51O4.49Rh2 C44.03H38.05B2F8N12.02O4Rh2 

Formula weight 1000.81 175.75 

Temperature/K 100.0 273.15 

Crystal system triclinic monoclinic 

Space group P-1 P21/c 

a/Å 12.4055(6) 10.1796(6) 

b/Å 12.7053(6) 21.5783(14) 

c/Å 13.4129(6) 21.2717(14) 

α/° 81.824(2) 90 

β/° 67.322(2) 96.397(3) 

γ/° 89.236(2) 90 

Volume/Å3 1928.81(16) 4643.4(5) 

Z 2 4 

ρcalcg/cm3 1.723 2.703 

μ/mm-1 0.945 3.808 

F(000) 1000.0 3483.0 

Crystal size/mm3 1.038 × 0.117 × 0.112 0.4 × 0.3 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
4.98 to 55.092 2.696 to 61.476 

Index ranges 

-16 ≤ h ≤ 16 

-16 ≤ k ≤ 16 

-17 ≤ l ≤ 17 

-14 ≤ h ≤ 14 

-30 ≤ k ≤ 30 

-30 ≤ l ≤ 30 

Reflections collected 68805 259068 

Independent reflections 

8891  

Rint = 0.0513 

Rsigma = 0.0262 

14338  

Rint = 0.0420 

Rsigma = 0.0172 

Data/restraints/parameters 8891/170/626 14338/774/890 

Goodness-of-fit on F2 1.022 1.132 

Final R indexes [I>=2σ (I)] R1 = 0.0274, wR2 = 0.0602 R1 = 0.0345, wR2 = 0.0894 

Final R indexes [all data] R1 = 0.0379, wR2 = 0.0641 R1 = 0.0469, wR2 = 0.1038 

Largest diff. peak/hole / e 

Å-3 
0.75/-0.81 1.21/-0.97 

aR1 = (||Fo| – |Fc||)/|Fo|.  
bwR2 = [[w(Fo

2 - Fc
2)2]/[w(Fo

2)2]]1/2, w = 1/[σ 2(Fo
2) + 

(ap)2 + bp], where p = [max(Fo
2, 0) + 2Fc

2]/3. 
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Electronic Absorption Spectroscopy  

The steady state absorption spectra of II.1–3 are shown in Figure II.7 and their 

maxima and absorption coefficients are listed in Table II-2. The previously reported 

compound 1 displays two maxima at 363 nm (ε = 420 M-1 cm-1) and 525 nm (ε = 218 M-

1 cm-1) in acetonitrile.11 The lowest energy transition was assigned as metal-centered (MC) 

in character with Rh2(π*) → Rh2(σ*) parentage. The lowest energy transition for II.2 and 

II.3 have absorption coefficients that are 10 to 20-fold times greater than that of complex 

II.1 which is consistent with a change in parentage of the transitions from MC to MLCT 

in character. Compounds such as [Rh2(O2CCH3)2(L)2]
2+ (where L = np and pynp) possess 

similar features in their absorption profiles but are blue-shifted with respect to II.2 and 

II.3 due to the highly conjugated nature of the qxnp ligand.31 Compounds II.2 and II.3 

also display absorption peaks at 258 nm and the absorption coefficient for II.3 is almost 

twice that of II.2. This transition is consistent with a ππ* transition of the qxnp ligand 

since the intensity ratio of the absorption coefficient scales with the number of qxnp 

ligands. In addition, the energy of this transition is similar to that of cis-

[Rh2(DTolF)2(qxnp)2][BF4]2 of 259 nm which is in accord with the ππ* transition of the 

qxnp free ligand. 
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Figure II.6 Electronic absorption spectra of compounds II.1 (pink), II.2 (orange), and II.3 

(red) in acetonitrile. 

 

 

 

Table II-2 Electronic Absorption Maxima with Molar Absorptivities in Acetonitrile and 

Reduction Potentials for II.1–3. 

Complex λabs / nm (ε / 103 M−1 cm−1) 

II.111 363 (420), 525 (218) 

II.2 258 (37.6), 364 (19.7), 383 (25.7), 470 (2.45) 

II.3 258 (54.1) 297 (35,5) 364 (33.8), 384 (40.8), 521 (5.54) 

avs Ag/AgCl in 0.1 M Bu4NPF6/CH3CN. 
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Electronic Structure Calculations  

To better understand the origins of the electronic transitions of these complexes, 

computational calculations were performed. Geometrical parameters were taken from the 

crystal structures as a starting point for the gas-phase optimization, omitting counterions 

and interstitial solvent molecules (Figure II.10 and Table II-3). The results show that the 

HOMOs of II.1–3 are predominantly Rh(π*) in character with contributions that range 

from 83% to 68% respectively (Figure II.11, Tables II-4 and 5). There is also a small 

contribution of the qxnp ligand to the HOMOs of II.2 and II.3, which increases the energy 

of these orbitals with respect to 1. The LUMOs, however, are of different nature for II.1 

versus II.2 and II.3. The LUMO for II.1 is 75% Rh(σ*) in character while the LUMO for 

complexes II.2 and II.3 are 93% and 96% qxnp in character, respectively. The MO 

diagram reveals a systematic increase in the energy of the Rh(σ*) orbital when going from 

II.1 to II.3 (Figures II.12 and 13). The sequential substitution of the acetonitrile solvent 

molecules for the quinoxalinyl axial-blocking moiety of the qxnp ligands results in better 

sigma donation in the axial positions that causes an increase in the energy to the 

antisymmetric Rh(σ*) orbital. 

The lowest energy bands for these complexes appear in the visible region and TD-

DFT calculations were performed to assign these transitions (Figure II.12). The lowest 

energy band of complex II.1 was previously assigned to a MC transition with Rh2(π*) → 

Rh2(σ*) character.11 The lowest energy bands for II.2 and II.3, however, are assigned as 

MLCT transitions with Rh2(π*) → qxnp character (Figure II.13). The change in parentage 

has a profound effect on the absorption coefficients. This 10 to 20-fold increase in the 
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complexes with qxnp ligands are consistent with the oscillator frequencies obtained for 

the lowest energy transitions. The calculated energies of the transitions for all complexes 

are slightly blue-shifted with respect to the experimental data as the energies of highly 

conjugated π-ligands can be overestimated in DFT calculations.  

 

 

Table II-3 Comparison of gas phase optimized structures and X-ray crystal structures for 

II.1–3. 
II.182 Crystal Structure Calculated Structure 

Rh1-Rh11 2.536(3) 2.54305 

Rh1-O1 2.018(3) 2.03731 

Rh1-O3 2.013(3) 2.03686 

Rh1-N1 1.979(4) 1.99384 

Rh1-N3 1.984(4) 1.99358 

Rh1-N5 2.232(4) 2.21008 

O1-Rh1-Rh2-O2 -1.51(13) 9.08061 

N3-Rh1-Rh2-N4 -1.87(16) 10.25157 

II.2 Crystal Structure Calculated Structure 

Rh1-Rh2 2.4573(2) 2.47278 

Rh1-O1 2.0409(16) 2.05736 

Rh1-O3 2.0180(16) 2.03789 

Rh1-N1 2.0540(19) 2.06697 

Rh1-N3 1.979(2) 1.98918 

Rh1-N5 2.255(2) 2.24526 

Rh2-O2 2.0414(16) 2.06936 

Rh2-O4 2.0267(16) 2.03903 

Rh2-N2 2.0008(18) 2.01249 

Rh2-N4 1.983(2) 1.98986 

Rh2-N6 2.1984(18) 2.21200 

O1-Rh1-Rh2-O2 -0.13(7) 3.11638 

N3-Rh1-Rh2-N4 0.13(8) 3.26508 

II.3 Crystal Structure Calculated Structure 

Rh1-Rh2 2.41237(16) 2.41837 

Rh1-O1 2.04436(9) 2.05302 

Rh1-O3 2.04680(9) 2.06761 

Rh1-N1 2.05066(9) 2.07193 

Rh1-N3 1.99122(9) 2.00854 

Rh1-N5 2.22909(14) 2.24254 

Rh2-O2 2.04454(9) 2.06761 

Rh2-O4 2.05049(9) 2.05302 

Rh2-N2 1.99022(9) 2.00854 

Rh2-N4 2.04974(9) 2.07193 

Rh2-N6 2.23762(14) 2.24254 

O1-Rh1-Rh2-O2 2.164460(10) 5.56008 

N3-Rh1-Rh2-N4 2.475097(15) 5.55502 
1The molecule resides in a special position and only half of it is unique.  
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Figure II.7 Gas-phase optimized structures of II.1–3. 

 

 

 

 

Figure II.8 Electron density maps of the HOMOs and LUMOs of II.1–3 drawn with an 

isovalue = 0.04. 
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Figure II.9 Calculated MO diagrams for II.1–3. 

 

 

 

 
Figure II.10 Electron density maps of the Rh2(σ*) of complexes II.1–3 drawn with an 

isovalue = 0.04. 
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Figure II.11 TD-DFT calculated electronic absorption spectra for II.1 (pink), II.2 (orange), and II.3 (red) in acetonitrile. 
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Table II-4 First eight vertical energies of the singlet excited states, oscillator strengths, ƒ, 

and major orbital contributionsa calculated for II.1–3 in acetonitrile (H = HOMO; L = 

LUMO).b 

Excited 

State 

II.1 II.2 II.3 

1 21,739 cm–1 (460 nm), 

ƒ = 0.001, 

H → L (%) 

20,534 cm–1 (487 nm), 

ƒ = 0.001, 

H → L (90.3%) 

18,975 cm–1 (527 nm), 

ƒ = 0.006, 

H → L+1 (96.0%) 

2 21,882 cm–1 (457 nm), 

ƒ = 0.001, 

H–1 → L (%) 

20,692 cm–1 (461 nm), 

ƒ = 0.002, 

H–1 → L (86.5%) 

19, 084 cm–1 (524 nm), 

ƒ = 0.002, 

H → L (96.0%) 

3 26,525 cm–1 (377 nm), 

ƒ = 0.000, 

H–3 → L (%) 

22,321 cm–1 (448 nm), 

ƒ = 0.007, 

H → L+2 (51.8%) 

20,619  cm–1 (485 nm), 

ƒ = 0.004, 

H–1 → L (75.7%) 

H–2 → L (22.1%) 

4 26,810 cm–1 (373 nm), 

ƒ = 0.000, 

H–3 → L+1 (%) 

H–4 → L+2 (%) 

22,472 cm–1 (445 nm), 

ƒ = 0.001, 

H–1 → L+2 (64.0%) 

20,661 cm–1 (484 nm), 

ƒ = 0.000, 

H–1 → L+1 (62.4%) 

H–2 → L+1 (33.6%) 

5 27,322 cm–1 (366 nm), 

ƒ = 0.000, 

H–3 → L+2 (%) 

H–4 → L+1 (%) 

23,419 cm–1 (427 nm), 

ƒ = 0.047 

H–2 → L (88.4%) 

21,739 cm–1 (460 nm), 

ƒ = 0.120, 

H–2 → L (74.0%) 

H–1 → L (23.0%) 

6 28,901 cm–1 (346 nm), 

ƒ = 0.008, 

H–1 → L+2 (%) 

24,331 cm–1 (411 nm), 

ƒ = 0.008, 

H–4 → L (59.3%) 

H–3 → L (31.4%) 

22,676 cm–1 (441 nm), 

ƒ = 0.008, 

H–2 → L+1 (53.3%) 

H–1 → L+1 (31.4%) 

7 28,986 cm–1 (345 nm), 

ƒ = 0.000, 

H → L+2 (%) 

H–5 → L (%) 

25,840 cm–1 (387 nm), 

ƒ = 0.000, 

H–2 → L+4 (42.3%) 

22,727 cm–1 (440 nm), 

ƒ = 0.011, 

H → L+5 (54.8%) 

8 29,674 cm–1 (337 nm), 

ƒ = 0.000, 

H–3 → L+1 (%) 

25,907  cm–1 (386 nm), 

ƒ = 0.025, 

H–3 → L (60.8%) 

H–4 → L (31.4%) 

22,988 cm–1 (435 nm), 

ƒ = 0.005, 

H–2 → L+5 (49.0%) 

aOnly contributions of ≥ 20% are listed. bBlue = MLCT (Rh → qxnp), green = MC 

(Rh2(δ*) → Rh2(σ*)), red = MC (Rh2(δ*) → Rh2(π*)), and orange = MC (Rh2(π*) → 

Rh2(π*)). 
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Table II-5 Orbital contributionsa for II.1–3 as predicted by TD-DFT calculations in 

acetonitrile (HOMO–5 through LUMO+6).b 
Orbital II.1 II.2 II.3 

LUMO+6 
40% Rh, 22% AcO, 38% 

MeCN 
10% Rh, 85% qxnp 97% qxnp 

LUMO+5 
14% Rh, 30% AcO, 57% 

MeCN 

52% Rh, 22% AcO, 16% 

qxnp, 10% MeCN 

74% Rh, 5% AcO, 21% 

qxnp 

LUMO+4 84% Rh, 13% MeCN 
54% Rh, 18% AcO, 16% 

qxnp 
96% qxnp 

LUMO+3 26% Rh, 71% MeCN 97% qxnp 96% qxnp 

LUMO+2 
54% Rh, 23% AcO, 23% 

MeCN 

75% Rh, 5% AcO, 13% 

qxnp 
9% Rh, 91% qxnp 

LUMO+1 
56% Rh, 20% AcO, 24% 

MeCN 
98% qxnp 11% Rh, 88% qxnp 

LUMO 
75% Rh, 6% AcO, 19% 

MeCN 
93% qxnp 96% qxnp 

HOMO 
83% Rh, 9% AcO, 8% 

MeCN 

73% Rh, 8% AcO, 15% 

qxnp 
68% Rh, 27% qxnp 

HOMO–1 
84% Rh, 6% AcO, 20% 

MeCN 

77% Rh, 9% AcO, 12% 

qxnp 

70% Rh, 13% AcO, 17% 

qxnp 

HOMO–2 72% Rh, 24% MeCN 
69% Rh, 14% AcO, 12% 

qxnp 

82% Rh, 7% AcO, 11% 

qxnp 

HOMO–3 
72 % Rh, 20% AcO, 8% 

MeCN 
38% Rh, 55% qxnp 37% Rh, 61% qxnp 

HOMO–4 
79% Rh, 7% AcO, 14% 

MeCN 
59% Rh, 31% qxnp 23% Rh, 75% qxnp 

HOMO–5 
74% Rh, 11% AcO, 14% 

MeCN 
93% qxnp 46% Rh, 50% qxnp 

aOnly contributions of ≥ 20% are listed. bBlue Rh(σ*) and red Rh(π*) orbitals.  

 

 

 

Photoaquation Experiments  

In order to study the release of the equatorial acetonitrile molecules upon 

irradiation, photoaquation experiments were performed for II.2 and II.3 in water (Figures 

II.15 and 16). Aqueous solutions of the compounds were irradiated with 447.5 nm LEDs 

and their absorption profiles were recorded over time. Compound II.3 does not undergo 

any changes even after 4 hours upon irradiation which indicates that these complexes are 

not only water stable, but also that the qxnp ligand dissociation cannot be promoted with 

light. On the other hand, II.2 undergoes complete ligand exchange over the course of 3.5 
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hours. The isosbestic point suggests that the integrity of the molecule remains intact and 

an exchange of equatorial acetonitrile molecules for water can be promoted with the use 

visible light.   

DNA binding experiments 

A series of mobility assays in ethidium bromide stained agarose gels of 15 mg/μL 

linearized pUC18 plasmid in the presence of II.1–3 were performed (Figures II.17, 18, 

and 19). An array of aqueous solutions of the compounds with concentrations ranging 

from 1 to 1000 μM were incubated in the presence of the plasmid in the dark and after 20 

minutes or 3 hours of irradiation with a 300 W xenon arc lamp (λirr > 515 nm). Compound 

3 does bind DNA significantly even after 3 hours of irradiation at a 1000 μM working 

concentration. This fact can be attributed the inavailabilty of axial positions which is 

crucial for the formation of Rh-DNA adducts, as previously demonstrated by the inability 

to inhibit DNA transcription of other complexes with axially-impaired positions such as 

cis-[Rh2(µ-O2CCH3)2(pynp)2](BF4)2.
31 
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Figure II.12 Photoaquation experiment for II.2 in water with a λirr = 447.5 nm LED. 

 

 

 

 
Figure II.13 Photoaquation experiment for II.3 in water with a λirr = 447.5 nm LED. The 

solid blue line corresponds to the compound in the dark and the black doted line after 4 

hours of irradiation with the LED. 
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On the other hand, II.1 was found to bind to DNA upon irradiation, although at 

high concentrations it can bind to DNA even when kept in the dark. The absence of a ds-

DNA band at 100 and 1000 μM concentrations when irradiated for 3 hours indicates that 

II.2 can bind to the pUC18 plasmid and, in contrast to II.1, it requires longer irradiation 

times to exchange its equatorial ligands for water in order to form an intermediate that can 

bind to DNA. An increase in binding activity after 3 hours of irradiation was observed as 

compared to 20 minutes. These results are not surprising given that the partially solvated 

compound II.1 contains four equatorial acetonitrile molecules, two of which can be 

replaced by water which enhances the binding capabilities of this complex with respect to 

II.2 which has only two equatorial acetonitrile molecules. In addition, II.2 contains only 

one open axial position for DNA binding which could also affect its binding efficiency as 

was observed for the asymmetric complex cis-[Rh2(µ-O2CCH3)2(np)(pynp)](BF4)2 which 

exhibits decreased activity for inhibiting DNA transcription.31  

 

 

 

 
Figure II.14 Ethidium bromide stained agarose gel of 15 mg/μL linearized pUC18 

plasmid (10 mM phosphate, pH = 7.5) in the presence of various concentrations of II.1 (a) 

II.2 (b) and II.3 (c). Lane 1: DNA molecular weight standard (1kb, Sigma); lane 2: 

plasmid alone; lanes 3 – 6: [complex] = 1, 10, 100, and 1000 μM incubated in the dark at 

37 °C for 24 hours; lanes 7 – 10: [complex] = 1, 10, 100, and 1000 μM incubated in the 

dark at 37 °C for 24 hours after 20 minutes of irradiation with a 300 W xenon arc lamp (λ 

> 515 nm). 
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Figure II.15 Ethidium bromide stained agarose gel of 15 mg/μL linearized pUC18 

plasmid (10 mM phosphate, pH = 7.5) in the presence of various concentrations of II.1. 

Lane 1: DNA molecular weight standard (1kb, Sigma); lane 2: plasmid alone; lanes 3 – 6: 

[II.1] = 1, 10, 100, and 1000 μM incubated in the dark at 37 °C for 24 hours; lanes 7 – 10: 

[II.1] = 1, 10, 100, and 1000 μM incubated in the dark at 37 °C for 24 hours after 3.5 hours 

of irradiation with a 300 W xenon arc lamp (λ > 515 nm). 

 

 

 

 

Figure II.16 Ethidium bromide stained agarose gel of 15 mg/μL linearized pUC18 

plasmid (10 mM phosphate, pH = 7.5) in the presence of various concentrations of II.2. 

Lane 1: DNA molecular weight standard (1kb, Sigma); lane 2: plasmid alone; lanes 3 – 6: 

[II.2] = 1, 10, 100, and 1000 μM incubated in the dark at 37 °C for 24 hours; lanes 7 – 10: 

[II.2] = 1, 10, 100, and 1000 μM incubated in the dark at 37 °C for 24 hours after 3.5 hours 

of irradiation with a 300 W xenon arc lamp (λ > 515 nm). 
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Conclusions 

Two new dirhodium complexes are reported and their ability to bind to DNA was 

assessed. Compounds II.2 and II.3 exhibit strong absorption bands in the visible regions 

due to the incorporation of the highly conjugated qxnp π-accepting ligand. Computational 

calculations indicate that the lowest energy transitions for these complexes are MLCT 

transitions with Rh2(π*) → qxnp character in contrast to complex II.1 for which the lowest 

energy transition is a MC transition with Rh2(π*) → Rh2(σ*) character. The major change 

in parentage of these transitions leads to II.2 and II.3 exhibiting low-energy absorption 

bands that have 10 to 20-fold higher absorptivity coefficients. The compounds were 

subjected to irradiation in aqueous solutions which produces the hydrolyzed form of 

complex II.2. Importantly, II.2 does not undergo thermal aquation (in the dark) which 

makes it a good candidate for PACT applications. In addition, the aqua form of this 

complex can bind to DNA as evidenced by the disappearance of the pUC-18 plasmid band 

in the agarose gel electrophoresis experiments when II.2 is incubated under irradiation 

conditions. Compound 3, however, does not undergo photoaquation but is stable in the 

dark and upon irradiation. The lack of a photoaquation event for II.3 renders it unable to 

bind to DNA even after 3 hours of irradiation with visible light (λ > 515 nm). The results 

in this study demonstrate that with a judicious choice of a ligand environment around the 

dirhodium core one can tune the photophysical properties of these dirhodium species. 

Efforts are underway to replace the acetate ligands with more electron donating bridging 

ligands, such as 2-hydroxypyridines, to further red-shift the absorption profiles of these 

complexes while retaining some solvent equatorial ligands for biological applications.  
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CHAPTER III  

TUNABLE RHODIUM(II,II) LIGHT ABSORBERS AS EXCITED STATE 

ELECTRON DONORS AND ACCEPTORS ACCESIBLE WITH RED/NEAR-IR 

IRRADIATION* 

 

Introduction 

The worldwide increase in energy demand and the continued use of coal and 

hydrocarbons to meet these needs requires the development of more efficient sources of 

green and renewable energy. The use of solar energy to inject holes and electrons into 

semiconductors and to drive homogeneous and heterogeneous catalysis represents a 

promising approach for the production of electricity and clean fuels from abundant 

sources, such as H2 gas from H2O.83-91 One challenge in this field includes the 

development of new sensitizers that can help increase efficiency of dye-sensitized solar 

cells (DSSCs)57, 92-95 and dye-sensitized photoelectrosynthesis cells (DSPEC).85, 87, 96-98  

One limit of the efficiency of traditional dyes is their poor absorption of low energy 

visible and near-infrared light, such that the extension of their absorption profiles to 

include these spectral regions is important to improve the output of these devices. The 

spectral distribution of the solar flux is depicted in Figure III.1, where the area shaded in 

red represents the wavelengths absorbed by traditional Ru(II)-based dyes, from the UV to 

 

*Adapted with permission from Whittemore, T. J.; Millet, A.; Sayre, H. J.; Xue, C.; Dolinar, B. S.; White, 

E. G.; Dunbar, K. R.;Turro, C., Tunable Rh2(II,II) Light Absorbers as Excited-State Electron Donors and 

Acceptors Accessible with Red/Near-Infrared Irradiation. J. Am. Chem. Soc. 2018, 140 (15), 5161-5170. 

Copyright 2018 American Chemical Society. 
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~650 nm, where poor light absorption results in low incident photo-to-current efficiencies 

(IPCE).99, 100 The area shaded in grey in Figure III.1 shows the result of the extension of 

the absorption from 650 nm to 900 nm, integrating this represents a twofold increase in 

both the number of photons available and thus the theoretical IPCE.101, 102 Therefore, 

harvesting these low energy photons by designing new dyes that strongly absorb and 

convert red and near-IR photons into chemical or electrical energy provides a means to 

improve the utilization of the solar output.  

 

 

 

 
Figure III.1 Solar flux as a function of wavelength from the UV to the near-IR and 

integrated photon flux (dotted line) (adapted from ref. 100).  

 

 

 

Following photon absorption by the sensitizer in a DSSC, it transfers an electron 

or a hole from its excited state to a n- or p-type semiconductor, respectively.103 This event 

can be used to generate current or to perform a chemical transformation on a substrate to 
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generate fuels or useful chemicals. The archetypal N3 dye, cis-bis(thiocyanato)bis(2,2′-

bipyridyl-4,4′-dicarboxylic acid)ruthenium(II), and related Ru(II) complexes have been 

investigated extensively as sensitizers for nanocrystalline TiO2 for n-type dye-sensitized 

applications.59, 104 The lowest energy absorption maximum of the N3 dye is observed at 

534 nm in ethanol ( = 1.42 ×104 M–1cm–1),59 tailing to ~ 650 nm, and this complex does 

not generate photocurrent on p-type NiO because its excited state is not sufficiently 

oxidizing.105 Other d6 metal complexes have been explored for DSSC and DSPEC 

applications, including cyclometallated iridium complexes as sensitizers for both n- and 

p-type semiconductors.106-108 These complexes, however, display limited absorption in the 

visible region resulting in low efficiency cells.109, 110 Porphyrin-sensitized n-type and p-

type solar cells have garnered attention in the past decade due to their ease in tunability 

and large absorption cross-sections that can be extended into the near-IR, but, due to the 

planar structures, -stacked aggregates are common which are known to reduce their 

performance.111, 112 Therefore, in order to utilize both high and low energy photons from 

sunlight, charge transfer reactions must be achieved following absorption over the 

complete range of the solar spectrum. Consequently, the development of new complexes 

with high molar extinction coefficients, lower energy absorption maxima, and appropriate 

excited state lifetimes and redox potentials for reactivity is highly desirable.  

The sensitization of p-type semiconductors, such as NiO, used together with that 

of traditional n-type DSSCs in tandem cells is theoretically predicted to increase the 

efficiency from 33% to 43%,57, 109, 113-116 but dyes for hole injection are not as well 

developed as those for electron injection. This difference is partially due to the limitations 
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of p-type NiO, where short hole diffusion distances, Ni(III) surface trap states, and charge 

recombination reactions result in low photovoltaic performance.114, 117, 118 The most 

efficient p-type dyes to date are based on α-pyranylidene donors but are limited by poor 

light absorption beyond 500 nm despite performing with a device efficiency of 2.51%.119 

Boron-dipyrromethene (BODIPY) dyes are among the most promising light absorbers and 

have the highest photon-to-current efficiencies, although they suffer from narrow 

absorption profiles.120, 121 Porphyrin and phthalocyanine-based dyes are amongst the most 

widely investigated for p-type sensitization, featuring efficiencies ~ 0.01% on p-type 

NiO.122-124 The most efficient dyes are asymmetrically substituted using electron acceptor 

units, such as nitro groups or fullerene acceptors, to ensure that the HOMO and LUMO 

have poor spatial overlap to help prevent charge recombination. 

Dirhodium(II,II) paddlewheel complexes have the potential to overcome the 

obstacles posed by the current class of light absorbers for both p-type and n-type 

applications. Dirhodium(II,II) complexes with formamidinate electron donating bridging 

ligands and napthyridine-based electron accepting ligands are air and water stable, highly 

soluble in aqueous media and organic solvents, are easily synthesized, and feature 

relatively long-lived triplet metal/ligand-to-ligand charge transfer (ML-LCT) excited 

states capable of performing electron transfer to methyl viologen (MV2+).63 Upon 

excitation, the 3ML-LCT excited state of these Rh2(II,II) complexes is populated, which 

features localized electron density on the naphthyridine π-accepting ligand and the hole 

localized on the formamidinate bridge, making  the electron density in the excited state 

well-suited to both p- and n-type semiconductor applications. Furthermore, these 
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complexes exhibit 1ML-LCT maxima at ~ 640 nm ( ~ 3,500 M–1cm–1) that tails to ~800 

nm and broad absorption profiles that extend from the UV into the red and near-IR, unlike 

traditional organic and inorganic dyes.63 An important issue that typically limits the use 

of red and near-IR light to sensitize DSSCs is the low driving force for charge transfer 

reactions arising from the dye's low-lying excited states. In addition, the Energy Gap Law 

predicts the faster nonradiative deactivation into high-energy ground-state vibrational 

modes in the low energy excited states that are accessible with red and near-IR photons, 

resulting in short lifetimes.125 The rigid paddlewheel architecture of the Rh2(II,II) 

complexes helps to overcome these issues, further aided by the incorporation of axial 

blocking ligands, a feature that was previously shown to increase the lifetime of the charge 

transfer excited states of these complexes by ~2 orders of magnitude. It is also important 

to note that the substitution of the bridging ligands in these complexes is facile, lending to 

wide tunability of the reducing and oxidizing excited states that arise from 

Rh2/formamidinate-to-naphthyridine charge transfer electronic transitions.63, 126, 127  

The present study focuses on the development of three new cationic 

dirhodium(II,II) complexes with improved absorption, redox, and excited state properties 

to access both hole transfer into p-type semiconductors and electron injection into n-type 

semiconductors, featuring panchromatic absorption reaching the near-IR and reactive low 

energy excited states.  These complexes are derived from the known complex cis-[Rh2(µ-

DTolF)2(µ-np)2][BF4]2 (DTolF = N,N’-di(p-tolyl)-formamidinate, np = 1,8-

naphthyridine), III.1, depicted in Figure III.2.47 The new complexes of general formula 

cis-[Rh2(µ-DTolF)2(µ-L)2][BF4]2, where L = 2-(pyridin-2-yl)-1,8-naphthyridine (pynp, 
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III.2), 2-(quinolin-2-yl)-1,8-naphthyridine (qnnp, III.3), and 2-(1,8-naphthyridin-2-

yl)quinoxaline (qxnp, III.4) were synthesized and characterized (Figure III.2), and their 

properties compared to those of III.1 and related Rh2(II,II) complexes. In III.2–4, the 

bridging ligand is appended with a moiety that coordinates to one of the axial sites on the 

bimetallic core, thus blocking access from solvent, providing a more rigid paddlewheel 

structure, and preventing Rh-Rh bond elongation in the excited state, all of which are 

believed to result in slower rates of nonradiative deactivation of the excited state. 

Importantly, irradiation of III.2–4 with red/near-IR light results in hole transfer, the 

oxidation of an electron donor, showing their potential in applications that require p-type 

semiconductor sensitization. Additionally, complex III.2 is also able to effect electron 

transfer to MV2+ upon irradiation. To our knowledge, these complexes represent the first 

bimetallic architecture to achieve excited state hole transfer with low energy light. 
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Figure III.2 Schematic representation of the molecular structures of III.1–4. Reprinted 

from ref. 74. 

 

 

 

Experimental Section 

Materials  

The starting material cis-[Rh2(DTolF)2(CH3CN)6](BF4)2 was synthesized from 

[RhCl(COD)]2 following reported procedures.34 The latter compound was purchased from 

Pressure Chemicals and used without further purification. The reagent 1,8-naphthyridine 

(np) was purchased from Oakwood Chemicals and 2-acetylpyridine, 2-acetylquinoxaline, 

and 2-amino-3-formylpyridine were purchased from AK Scientific; all were used without 

further purification. The p-toluidine was purchased from Alfa Aesar, triethyl orthoformate 

was purchased from TCI, and 1-(quinoline-2-yl)ethenone was obtained from Enamine 

Chemicals. The ligands N,N’-di(p-tolyl) formamidine (DTolF), 2-(2-pyridinyl)-1,8-
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naphthyridine (pynp), and 2-(1,8-naphthyridine- 2-yl)quinoxaline (qxnp) were 

synthesized from reported procedures.64 Acetonitrile was dried over 3 Å molecular sieves 

and distilled under a nitrogen atmosphere. Reactions were conducted with Schlenk-line 

techniques unless otherwise stated. Filtrations and further manipulation of the products 

were conducted in air. 

2-(quinoline-2-yl)-1,8-naphthyridine (qnnp). Quantities of 2-amino-3-

formylpyridine (229.6 mg, 1.88 mmol) and 1-(quinolin-2-yl)ethanone (315.3 mg, 1.84 

mmol) were dissolved in 5 mL of methanol to yield an orange solution. Upon addition of 

an aqueous solution of potassium hydroxide (268.3 mg in 5 mL of water) an orange 

precipitate rapidly appeared. After stirring overnight at 60 °C for 12 h, the reaction was 

quenched by the addition of 20 mL of water and placed in an ice bath prior to vacuum 

filtration. The solid was washed with ice cold water and dried under vacuum to yield 436 

mg of an off-white powder (92% yield). δH (300 MHz; CDCl3-d): 9.14 (1H, dd, J = 4.4 

Hz, J = 1.9 Hz), 9.04 (H, d, J = 8.6 Hz), 8.98 (H, d, J = 8.6 Hz), 8.33 (2H, dd, J = 8.3 Hz, 

J = 6.9 Hz), 8.25 (2H, m), 7.85 (1H, dd, J = 8.2 Hz, J= 1.0 Hz), 7.69 (1H, ddd, J = 8.4 Hz, 

J = 6.9 Hz, J = 1.4 Hz), 7.53 (2H, m).  

cis-[Rh2(DTolF)2(np)2](BF4)2 (III.1). Synthesis of 1 was carried out with minor 

modifications of a reported procedure.47 Samples of cis-[Rh2(DTolF)2(CH3CN)6](BF4)2 

(121.7 mg, 0.113 mmol) and np (29.8 mg, 0.229 mmol) were suspended in 20 mL of dry 

CH3CN and refluxed for 24 h under N2 in an oil bath at 110 °C to give a dark purple 

solution after 1 h. After 24 h, the reaction was cooled to room temperature and the solution 

was concentrated under reduced pressure to ~5 mL. Diethyl ether was added to induce 
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precipitation of the product which was subsequently filtered through a medium frit under 

vacuum. The dark-purple crystalline solid was washed with Et2O and dried under vacuum 

to yield 113 mg of product (92% yield). X-ray quality crystals were obtained by layering 

toluene onto a concentrated solution of the compound in CH3CN. Anal. Calcd. for 

C49.75H47B2F8N9Rh2 (III.1·0.25(toluene)): C, 51.94; H, 4.12; N, 10.96. Found: C, 51.71; 

H, 4.03; N, 11.05. δH (300 MHz; CD3CN-d3): 9.53 (4H, d, J = 3.1 Hz, np), 8.60 (4H, dd, 

J = 5.0 Hz, J = 0.9 Hz, np), 7.77 (4H, dd, J = 5.0 Hz, J = 3.2 Hz, np), 7.57 (2H, t, J = 2.0 

Hz, DTolF), 7.00 (8H, d, J= 5.0 Hz, DTolF), 6.58 (8H, d, J= 5.0 Hz, DTolF), 2.28 (12H, 

s, DTolF). ESI-MS: m/z: 456.22 for [Rh2(DTolF)2(np)2]
2+.  

cis-[Rh2(DTolF)2(pynp)2](BF4)2 (III.2). Samples of cis-

[Rh2(DTolF)2(CH3CN)6](BF4)2 (151.8 mg, 0.142 mmol) and pynp (59.0 mg, 0.285 mmol) 

were suspended in 20 mL of dry CH3CN and refluxed for 24 h under N2 at 110 °C to give 

a green solution after 5 min of reflux. The dark green solution was cooled to room 

temperature and concentrated under reduced pressure to ~5 mL. Diethyl ether was added 

and the resulting green precipitate was filtered through a medium frit under vacuum. The 

green solid was washed with Et2O and dried under vacuum to yield 164 mg of a green 

powder (93% yield). X-ray quality crystals were obtained by slow diffusion of Et2O into 

a concentrated solution of the compound in dichloromethane. Anal. Calcd. for 

C60H55B2Cl4F8N11Rh2 (2·(CH2Cl2)2(CH3CN)): C, 49.65; H, 3.82; N, 10.62. Found: C, 

49.95; H, 4.11; N, 10.93. δH (300 MHz; CD3CN-d3): 8.67 (2H, d, J = 5.1 Hz, pynp), 8.53 

(6H, m, pynp), 8.40 (2H, d, J = 8.3 Hz, pynp), 8.10 (2H, td, J =7.8 Hz, J = 1.9 Hz, DTolF), 

7.50 (4H, m, pynp), 7.39 (4H, m, pynp), 7.24 (4H, d, J = 8.0 Hz, DTolF), 6.87 (4H, d, J= 
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8.3 Hz, DTolF), 6.52 (4H, d, J = 7.2 Hz, DTolF), 6.17 (4H, d, J = 8.0 Hz, DTolF), 2.42 

(6H, s, DTolF), 2.07 (6H, s, DTolF). ESI-MS: m/z: 1153.35 for 

[Rh2(DTolF)2(pynp)2](BF4)
+ and 533.10 for [Rh2(DTolF)2(pynp)2]

2+.  

cis-[Rh2(DTolF)2(qnnp)2](BF4)2 (III.3). Quantities of cis-

[Rh2(DTolF)2(CH3CN)6](BF4)2 (200.9 mg, 0.187 mmol) and qnnp (99.6 mg, 0.387 mmol) 

were suspended in 20 mL of dry CH3CN and refluxed for 24 h under N2 at 110 °C. The 

resulting dark colored reaction solution was cooled to room temperature and was 

concentrated under reduced pressure to ~5 mL. The addition of Et2O led to precipitation 

of a dark-blue solid which was filtered through a medium frit under vacuum, washed with 

diethyl ether and dried under vacuum to yield 232 mg of a dark-blue powder (93% yield). 

X-ray quality crystals were obtained by slow diffusion of Et2O into a concentrated solution 

of the compound in CH3OH. Anal. Calcd. for C64H52B2F8N10Rh2 (III.3): C, 57.34; H, 

3.91; N, 10.45. Found: C, 57.36; H, 4.14; N, 10.64. δH (300 MHz; CD3CN-d3): 9.12 

(2H, dd, J = 3.2 Hz, J = 0.9 Hz, qnnp), 8.34 (2H, d, J = 5.3 Hz, qnnp), 8.74 (2H, d, J = 5.3 

Hz, qnnp), 8.71 (2H, dd, J = 5.0 Hz, J= 0.9 Hz, qnnp), 8.55 (2H, d, J = 5.2 Hz, qnnp), 8.48 

(2H, d, J = 5.2 Hz, qnnp), 7.88 (2H, dd, J = 4.9 Hz, J = 0.4 Hz, qnnp), 7.59 (6H, m, qnnp), 

7.27 (2H, d, J = 5.2 Hz, qnnp), 7.10 (4H, d, J = 4.9 Hz, DTolF), 6.98 (2H, ddd, J = 5.0 

Hz, J = 4.1 Hz, J = 0.8 Hz, DTolF), 6.28 (4H, d, J = 5.0 Hz, DTolF), 6.15 (4H, d, J = 4.8 

Hz, DTolF), 6.02 (4H, d, J = 4.6 Hz, DTolF), 2.41 (6H, s, DTolF), 1.89 (6H, s, DTolF). 

ESI-MS: 1253.36 m/z: for [Rh2(DTolF)2(qnnp)2](BF4)
+. 

cis-[Rh2(DTolF)2(qxnp)2](BF4)2 (III.4). Samples of cis-

[Rh2(DTolF)2(CH3CN)6](BF4)2 (151.7 mg, 0.141 mmol) and qxnp (75.3 mg, 0.292 mmol) 
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were suspended in 20 mL of dry CH3CN and refluxed for 24 h under N2 at 110 °C. After 

40 min, the solution had turned black and most of the ligand had dissolved. After 24 h, the 

reaction was cooled to room temperature and the dark solution was concentrated under 

reduced pressure to ~5 mL. Diethyl ether was added to precipitate a dark green product 

which was collected by filtration on a medium frit, washed with Et2O, and dried under 

vacuum to yield 176 mg of a dark-blue powder (92 % yield). X-ray quality crystals were 

obtained by slow diffusion of Et2O into a concentrated solution of the compound in 

CH3CN. Anal. Calcd. for C62H50B2F8N12Rh2 (III.4): C, 55.47; H, 3.75; N, 12.52. Found: 

C, 54.87; H, 4.04; N, 12.33. δH (300 MHz; CD3CN-d3): 9.88 (2H, s, qxnp), 8.95 (3H, t, J = 

5.4 Hz, qxnp), 8.91 (3H, t, J = 5.3 Hz, qxnp), 8.73 (2H, d, J = 4.9 Hz, qxnp), 8.02 

(2H, d, J = 5.1 Hz, qxnp), 7.82 (2H, t, J = 5.0 Hz, DTolF), 7.61 (2H, t, J = 2.1 Hz, qxnp), 

7.59 (2H, dd, J = 4.9 Hz, J = 3.2 Hz, qxnp), 7.11 (4H, d, J = 5.0 Hz, DTolF), 7.06 

(2H, ddd, J = 5.1 Hz, J = 4.3 Hz, J = 0.8 Hz, qxnp), 6.95 (2H, d, J = 5.2 Hz, qxnp), 6.37 

(4H, d, J = 4.9 Hz, DTolF), 6.16 (4H, d, J = 5.0 Hz, DTolF), 6.06 (4H, d, J = 4.7 Hz, 

DTolF), 2.40 (6H, s, DTolF), 1.85 (6H, s, DTolF).ESI-MS: m/z: 584.34 for 

[Rh2(DTolF)2(qxnp)2]
2+.  

Instrumentation and Methods  

1H NMR spectra were obtained on a Varian 300 MHz spectrometer and the 

chemical shifts were referenced to the residual peak of the residual CD3CN-d3 deuterated 

solvent signal at 1.96 ppm.75 Electronic spectroscopy was performed on a Hewlett-

Packard 8453 diode array spectrometer or on a Shimadzu UV-1601PC spectrophotometer. 

Elemental analyses were performed by Atlantic Microlab, Inc. Electrospray mass spectral 
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data were obtained in the Laboratory for Biological Mass Spectrometry at Texas A&M 

University using a PE Sciex (Concord, Ontario, Canada) API Qstar Pulsar with an 

Ionwerks time-to-digital converter, TDCx4, for data recording. Single crystals of III.1–4 

were selected from oil under ambient conditions using a MiTeGen microloop or nylon 

loop. For each complex, a crystal was placed in a cold N2 stream at 110 K on a Bruker 

D8-QUEST diffractometer equipped with a IµS Mo microsource (λ = 0.71073 Å). An 

initial unit cell was determined using SAINT from a set of three ω-scans consisting of 0.5° 

frames and a sweep width of 15°. Using this unit cell, a data collection strategy was 

implemented to collect all independent reflections to a resolution of at least 0.83 Å. Full 

details of the data collection and parameters are presented in Tables III-1 and 2. For each 

structure, the data were corrected for absorption using SADABS,128 and the space group 

was determined from analysis of the systematic absences using XPREP. The structures 

were solved using the intrinsic phasing routine in SHELXT or by direct methods 

implemented in SHELXS. The non-hydrogen atoms were located from the Fourier 

difference map by least-squares refinement of the structure using SHELXL-2014.129 All 

non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed in 

calculated positions and refined with thermal parameters constrained to their parent atom. 

Specific details of the refinements are presented in Tables III-1 and 2.  

Femtosecond transient absorption spectroscopy was performed using a modified 

instrument whose details were previously reported.130 Briefly, the fundamental 800 nm 

from a Ti:Sapph Astrella laser system (Coherent) was 8 mJ. Part of this output (3 mJ) was 

used to pump an OPA (OPerA Solo) which was used to generate all excitation 
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wavelengths. White light continuum was generated using CaF2 on a rotating mount. The 

samples were excited at 2.0 to 2.5 µJ at the sample. The instrument response function was 

determined to be 85 fs via the optical Kerr effect in cyclohexane. All samples were flowed 

in a 1 mm path-length flow cell (Harrick Scientific) equipped with 1 mm CaF2 plates. The 

polarization angle between the pump and probe pulses was set to the magic angle to 

account for the effects of rotational diffusion. Multiple retroreflector cycles were taken 

and all samples were measured via steady-state UV-Vis before and after to ensure no 

sample decomposition occurred. 

Nanosecond transient absorption data were collected on an Edinburgh LP980 

Spectrometer equipped with single wavelength and broadband capabilities. The excitation 

pulse was generated from a Basiscan OPO (Spectraphysics) pumped with 100 mJ of the 

third harmonic of a Nd:YAG laser at 10 Hz (Spectraphysics, INDI-40). All samples were 

pumped with 5 to 7 mJ of power and deoxygenated prior to photolysis and were subjected 

to steady state UV-Vis studies before and after data collection to ensure that no 

degradation had occurred. Solutions of p-paraphenylene diamine radical cation were 

generated in 0.1 M aqueous solutions of sodium azide by a previously reported method.54 

The quenching experiments of the long-lived triplet excited state organic 

sensitizers were performed to estimate E00
T, the triplet excited state energy, of 2 using 

nanosecond transient absorption. Stern-Volmer plot, τ0/τ vs [III.2], varied from 12 µM to 

200 µM, were constructed to obtain the quenching constant. In these experiments, 

anthracene (ET = 1.83 eV, λex= 355 nm), tetracene (ET = 1.27 eV, λex = 470 nm), rubrene 

(ET = 1.15 eV, λex= 525 nm) and β-carotene (ET = 0.78 eV, λex = 490 nm) were used as 
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energy donors, with 2 as the quencher in deaerated acetonitrile in a method similar to one 

previously reported.63 Oxidative and reductive quenching mechanisms were ruled out due 

to an unfavorable thermodynamic driving force for all donors. 

Cyclic voltammograms were recorded under an inert atmosphere with a BASi CV-

50W potentiostat (Bioanalytical Systems, Inc.; West Lafayette, IN, USA) using a three-

electrode cell consisting of a glassy carbon disc working electrode, Pt wire counter 

electrode and a Ag/AgCl reference electrode standardized to ferrocene (E1/2 = +0.55 V vs 

Ag/AgCl). A 1.0 mM solution of complex was dissolved in DMF with 0.1 M Bu4NPF6 

supporting electrolyte. The applied scan rate was 200 mV/s. Spectroelectrochemical 

measurements were carried out under an inert atmosphere in a two-compartment cell. 

Electronic absorption spectra were obtained with an Agilent 8453 diode array 

spectrophotometer (Agilent Technologies; Santa Clara, CA, USA) during bulk electrolysis 

with a BASi CV-50W potentiostat. A glassy carbon rod working electrode and a Ag/AgCl 

(3 M NaCl) reference electrode were contained in the 1.0 cm glass spectrometer cell 

working compartment and a carbon mesh counter electrode was contained in the auxiliary 

compartment. Complexes were dissolved in CH3CN with 0.1 M Bu4NPF6 electrolyte. 

Applied potentials were held at 200 mV more positive than the first oxidation and 100 mV 

more negative than the first reduction, prior to the onset of the second reduction current. 

Molecular and electronic structure calculations were performed using Density 

Functional Theory (DFT) methods in the Gaussian09 (G09) program package.131 The 

B3LYP132, 133 correlation and exchange functionals were used with the Stuttgart RSC 1997 

Electron Core Potential (ECP) basis set for the Rh atoms and the 6-31G† basis set for the 
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C, N, and H atoms.134 As a starting point, geometric parameters were taken from the crystal 

structures without the counter ions or the interstitial solvent molecules. These structures 

were optimized in the gas phase followed by Time-Dependent Density Functional Theory 

(TD-DFT)135 calculations using the polarized continuum model (PCM) with CH3CN as 

the solvent,136 and the first sixty lowest singlet-to-singlet excitations were calculated from 

the optimized singlet ground state. In addition, the first triplet excited state structures for 

complexes III.1, III.2 and III.4 were optimized in the gas phase and the orbital 

contributions were calculated using a PCM model with acetonitrile. The molecular orbitals 

were plotted with the graphic software ‘Agui’137 with an isovalue = 0.04. Natural 

transition orbital (NTO) analyses were performed with the Chemissian program 

(http://www.chemissian.com).77 

Results and Discussion 

Synthesis and Characterization 

Complexes III.1–4 were synthesized following the reaction scheme presented in 

Figure III.3.  The general synthesis consisted of refluxing the starting material cis-

[Rh2(DTolF)2(CH3CN)6](BF4)2 in the presence of 2 equivalents of the π-accepting ligand 

(NNN) for 24 hours. The aromatic region of the 1H NMR spectra for all four complexes 

shows that all H atoms in the NNN ligands are non-equivalent (Figures III.4–7). The 

integration for all complexes is consistent with the presence of 2 NNN ligands (Figure 

III.8). Positive ESI-MS for the complexes display the molecular ion [M]2+ as the main 

product of ionization. The bulk purities of complexes III.1–4 was evaluated through 

elemental analyses experiments with a 0.5% tolerance.  

http://www.chemissian.com/
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Figure III.3 Synthetic scheme for the synthesis of complexes III.1–4. 

 

 

 

 

Figure III.4 Aromatic region of the 1H NMR spectrum for III.1. 
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Figure III.5 Aromatic region of the 1H NMR spectrum for III.2. 

 

 

 

 

Figure III.6 Aromatic region of the 1H NMR spectrum for III.3. 
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Figure III.7 Aromatic region of the 1H NMR spectrum for III.4. 

 

 

 

X-ray Crystal Structures 

The molecular structures of III.1–4 were determined by X-ray crystallography and 

are shown in Figure III.8. The compounds consist of a cationic dirhodium unit bridged by 

two [DTolF]– ligands and two outer-sphere [BF4]
− anions. Complex III.1 contains a 1,8-

naphthyridine ligand, and the increasingly bulky and more highly conjugated axial 

blocking moieties are incorporated into compounds III.2 through III.4. The Rh–Rh 

distances of III.1–4 are 2.4466(7) Å, 2.4771(5) Å, 2.4288(15) Å, and 2.4498(2) Å, 

respectively, which are slightly shorter than those reported for other dirhodium 

formamidinate complexes that contain two µ-type bridging ligands in a cis disposition.126 

The presence of naphthyridine-type moieties in III.1–4 that bind to the dirhodium core in 
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a bridging fashion holds the two metals at a closer distance than when two κ2-chelating 

diimine ligands form a partial paddlewheel structure, such as cis-

[Rh2(DTolF)2(dppn)2Cl][BF4] and cis-[Rh2(F-Form)2(dppz)2][BF4]2, both of which 

display longer Rh-Rh bond distances.126 In addition, cis-[Rh2(µ-O2CCH3)2(pynp)2][BF4]2 

has a Rh–Rh bond distance of 2.408(2) Å, shorter than the DTolF analogue, III.2, which 

is attributed to shorter C–O as compared to C–N bond distances, 1.266 Å and 1.318(8) Å, 

respectively.138 Due to the bite angle of these axial blocking ligands, there is a substantial 

deviation from linearity in the Rh-Rh-Nax angle, 164.31(12)°, 164.368(13)°, and 

161.73(4)° for complexes III.2–4, respectively, which is maintained across the series. 

Complexes III.2–4 also contain p-tolyl moieties of the formamidinate bridging 

ligands that in the crystal structure arrange themselves perpendicularly to the 

naphthyridine moiety and parallel to the 2-pyridine, 2-quinoline, or 2-quinoxaline moieties 

of the axial blocking ligands, respectively (Figure III.9).  
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Figure III.8 Thermal ellipsoid plots for III.1–4, shown at the 50% probability level; interstitial solvent molecules, counterions, 

and hydrogen atoms have been omitted for the sake of clarity. Reprinted from ref. 74. 
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Table III-1 The refinement details for III.1 and III.2. Reprinted from ref. 74. 
Compound III.1 III.2 

Empirical Formula C55H53B2F8N9Rh2 C59.3H55.3B2Cl4.4F8N10O0.3Rh2 

Formula weight 1219.50 1449.66 

Temperature/K 100(1) 100(1) 

Crystal system monoclinic triclinic 

Space group P21/n P1̅ 

a/Å 12.2957(4) 13.4157(9) 

b/Å 31.6914(11) 14.5243(10) 

c/Å 13.9199(5) 15.9753(11) 

α/° 90 99.377(2) 

β/° 105.9550(10) 105.721(2) 

γ/° 90 94.593(2) 

Volume/Å3 5215.2(3) 2931.0(3) 

Z 4 2 

ρcalcg/cm3 1.553 1.643 

μ/mm-1 0.709 0.842 

F(000) 2472.0 1462.0 

Crystal size/mm3 0.27 × 0.04 × 0.031 0.721 × 0.135 × 0.062 

Radiation 
MoKα 

(λ = 0.71073) 

MoKα 

(λ = 0.71073) 

2Θ range for data collection/° 4.912 to 51.5 4.61 to 52.902 

Index ranges 

-15 ≤ h ≤ 12 

-38 ≤ k ≤ 38 

-16 ≤ l ≤ 16 

-13 ≤ h ≤ 16 

-18 ≤ k ≤ 18 

-19 ≤ l ≤ 19 

Reflections collected 51141 125877 

Independent reflections 

9917 

Rint = 0.1277 

Rsigma = 0.0860 

12058 

Rint = 0.0915 

Rsigma = 0.0383 

Data/restraints/parameters 9917/6/691 12058/338/915 

Goodness-of-fit on F2 1.111 1.061 

Final R indexes [I>=2σ (I)] 
R1 = 0.0710a 

wR2 = 0.1156b 

R1 = 0.0518a 

wR2 = 0.1174b 

Final R indexes [all data] 
R1 = 0.1177a 

wR2 = 0.1288b 

R1 = 0.0715a 

wR2 = 0.1269b 

Largest diff. peak/hole / e Å-3 1.04/-1.74 1.22/-1.77 
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Table III-2 The refinement details for III.3 and III.4. Reprinted from ref. 74. 
Compound III.3 III.4 

Empirical Formula C64.5H55.5B2F8N10O1.2Rh2 C65H54.2B2F8N13.5Rh2 

Formula weight 1369.83 1404.09 

Temperature/K 110(1) 100(1) 

Crystal system monoclinic triclinic 

Space group C2/c P1̅ 

a/Å 24.378(18) 12.7992(8) 

b/Å 19.183(14) 14.1913(9) 

c/Å 12.511(9) 18.0156(11) 

α/° 90 110.593(2) 

β/° 100.314(9) 96.603(3) 

γ/° 90 99.188(3) 

Volume/Å3 5756(7) 2971.6(3) 

Z 4 2 

ρcalcg/cm3 1.581 1.569 

μ/mm-1 0.654 0.636 

F(000) 2777.0 1422.0 

Crystal size/mm3 0.332 × 0.319 × 0.256 1.596 × 1.095 × 0.437 

Radiation 
MoKα 

(λ = 0.71073) 

MoKα 

(λ = 0.71073) 

2Θ range for data collection/° 2.718 to 56.71 4.73 to 55.296 

Index ranges 

-32 ≤ h ≤ 31 

-25 ≤ k ≤ 25 

-16 ≤ l ≤ 16 

-16 ≤ h ≤ 16 

-18 ≤ k ≤ 18 

-23 ≤ l ≤ 23 

Reflections collected 48449 104916 

Independent reflections 

6812 

Rint = 0.0403 

Rsigma = 0.0292 

13777 

Rint = 0.0494 

Rsigma = 0.0256 

Data/restraints/parameters 6812/1213/763 13777/208/938 

Goodness-of-fit on F2 1.057 1.044 

Final R indexes [I>=2σ (I)] 
R1 = 0.0288a 

wR2 = 0.0632b 

R1 = 0.0262a 

wR2 = 0.0645b 

Final R indexes [all data] 
R1 = 0.0422a 

wR2 = 0.0694b 

R1 = 0.0303a 

wR2 = 0.0668b 

Largest diff. peak/hole / e Å-3 0.44/-0.68 0.68/-1.25 
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Figure III.9 (a) Parallel and (b) perpendicular intramolecular aromatic donor-acceptor 

interactions in compound III.4. Reprinted from ref. 74. 

 

 

 

Electrochemistry and Electronic Absorption Spectroscopy  

The electrochemical analyses presented in Table III-3 indicate that each complex 

III.1–4 exhibits a reversible one-electron oxidation that vary slightly in 0.1 M Bu4NPF6 

CH3CN, with E1/2 values of +0.87, +0.92, +0.99, and +1.08 V vs Ag/AgCl, respectively. 

These oxidation couples are assigned as having mixed formamidinate-Rh2 character based 

on previous studies on III.1 and related complexes.63, 127 Upon scanning cathodically, 

III.1–4 display a one-electron reduction of the naphthyridine-based ligand. The electron 

withdrawing nature of the pyridyl axial moiety in 2 and the extended π-system of pynp as 

compared to np makes the ligand-based reduction more favorable than in III.1, which 

lacks this moiety, –0.70 and –0.94 V vs Ag/AgCl, respectively. The reduction of the 

napthyridine-based ligands is more facile in III.3 and III.4 with E1/2 values of –0.62, and 
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–0.43 V vs Ag/AgCl, respectively, and is attributed to the further extended π-system and 

greater electron withdrawing character of the quinolinyl and quinoxalinyl moieties.    

The steady state absorption spectra of III.1–4 are shown in Figure III.11 and their 

maxima and molar extinction coefficients are listed in Table III-3. Complex III.1 exhibits 

ligand-centered ππ* transitions in the ultraviolet (UV) region with maxima at 235 and 300 

nm, as well as visible absorption bands at 436 and 566 nm that were previously assigned 

as Rh2/DTolF→np charge transfer in character.127 Complex III.2 exhibits similar features 

in the UV region to those of the related [Rh2(CH3CO2)2(pynp)]2+ complex and the free 

pynp ligand in CH2Cl2 (Figure III.10), and features intense charge transfer bands spanning 

the visible region with maxima at 442 and 690 nm.31 The low energy absorption is not 

observed in [Rh2(CH3CO2)2(pynp)]2+, a difference that can be attributed to the change in 

energy of the HOMO upon introduction of an electron-donating formamidinate ligand as 

compared to acetate.127  

 

 

 

 
Figure III.10 UV-vis spectra of free np, pynp, qnnp, and qxnp ligands in dichloromethane. 

Reprinted from ref. 74. 
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It should be noted that the formamidinate ligands also impact the metal orbitals 

that make up  the HOMO.13, 139-142 While archetypal d7d7 metal paddlewheels, considering 

only d orbitals, have a (σ)2(π)4(δ)2(δ*)2(π*)4(σ*)0 electronic configuration,12, 143 

formamidinate ligands L(π*) orbitals have the correct symmetry to interact with Rh2(δ*) 

MO, thus raising its energy above the Rh2(π*) orbitals in some cases. This switch is 

observed in tetraformamidinate complexes of rhodium,13 as well those of other metals,139-

141 where the formamidinate π* orbitals of b1u symmetry interact with the δ* orbitals of 

the same symmetry to impart mixed DTolF(π*)/Rh2(δ*) HOMO character. 

Similarly, III.3 and III.4 exhibit maxima at 256 nm and 259 nm, respectively, 

consistent with the electronic absorption of the free ligands in CH2Cl2 (Figure III.10). The 

charge transfer bands of III.3 and III.4 are bathochromically shifted relative to those of 

III.1 and III.2, and dominate the visible to near-IR region with maxima at 583 and 704 

nm for III.3, and 554 and 758 nm for III.4. This bathochromic shift is consistent with the 

greater electron accepting character of the naphthyridine-based ligands in III.1–4 as 

demonstrated in the electrochemical reduction of these complexes, where the reduction of 

the napthyridine-based ligands in III.2–4 shift to increasingly positive potentials. 
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Figure III.11 Electronic absorption spectra of III.1–4 in CH3CN. Inset: Expanded spectra 

in the visible range. Reprinted from ref. 74. 

 

 

 

Table III-3 Electronic Absorption Maxima with Molar Absorptivities in CH3CN, 

Reduction Potentials, Singlet and Triplet Lifetimes for III.1–4. Reprinted from ref. 74. 

Complex 
λabs / nm (ε / 103 M−1 

cm−1) 
E1/2 / Va τS  / psb τT (err)/ nsb 

III.1 
235 (55), 300 (25),  

436 (1.8), 566(3.6) 
+0.87, −0.94 14 0.64 (0.08) 

III.2 
251 (67), 347 (22),  

442 (2.6), 692 (3.2) 
+0.92, −0.70 13 12 (0.24) 

III.3 
256 (90.4), 366 (32),  

583 (2.5), 704(3.4) 
+0.99, −0.62 8 7.0 (0.26) 

III.4 
259 (83), 369 (32),  

554 (2.2), 758(3.2) 
+1.08, −0.43 8 7.2 (0.25) 

avs Ag/AgCl in 0.1 M Bu4NPF6/CH3CN.  bFrom transient absorption experiments in 

CH3CN.  
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Electronic Structure Calculations  

In order to gain a deeper understanding of the orbital contributions and the origins 

of the electronic transitions, computational studies were performed on III.1–4. 

Geometrical parameters were taken from the crystal structures as starting points for the 

gas-phase optimizations (Figure III.12), omitting the counterions and the interstitial 

solvent molecules. For III.1, a second acetonitrile molecule was added to the unoccupied 

axial position due to the molecular symmetry observed in the solution 1H NMR spectrum 

of this complex. The results indicate that the HOMOs of III.1–4 possess 31-37% orbital 

contribution from the Rh2(δ*) orbital of the bimetallic core and a 63–70% from the 

formamidinate bridging ligand (Table III-4). The LUMOs of III.1–4, on the other hand, 

are mostly localized on the π-accepting ligand, with np-ligand contributions that range 

from 84% to 96%. In addition, even though the electron density is delocalized across the 

entirety of the π-accepting ligands, there is a higher contribution of the naphthyridine 

moiety to the LUMOs in complexes III.2–4, 77%, 61%, and 58%, respectively. 

Optimizations of the lowest triplet states for complexes III.1, III.2, and III.4 (Table III-

5) show a marked difference in electron density. The SOMO−1 for all complexes are 

calculated to contain very similar amounts of metal contributions, however, complexes 

III.1 and 2 display a SOMOs with a 4-6% rhodium contribution while a 23% contribution 

is calculated for III.4. The higher electron density contribution of the Rh-based orbitals to 

the SOMO of III.4 when compared to III.2 may indicate greater mixing of the Rh2(σ*) in 

the triplet state of the former.   
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Table III-4 Orbital contributions for III.1–4 as predicted by TD-DFT calculations in 

acetonitrile (HOMO-5 through LUMO+6). Reprinted from ref. 74. 
Orbital III.1 III.2 III.3 III.4 

HOMO-5 

70% Rh, 26% 

DTolF 

65% Rh, 32% 

DTolF 

70% Rh, 21% DTolF, 

10% qnnp 

81% Rh, 13% 

DTolF 

HOMO-4 88% Rh, 8% DTolF 

77% DTolF, 16% 

Rh, 8% pynp 

77% DTolF, 13% 

qnnp, 10% Rh 

59% Rh, 25% 

DTolF, 16% qxnp 

HOMO-3 

68% DTolF, 28% 

Rh 

79% Rh, 17% 

DTolF 

49% Rh, 44% DTolF, 

7% qnnp 

56% DTolF, 38% 

Rh 

HOMO-2 

47% Rh, 50% 

DTolF 

76% Rh, 20% 

pynp 

75% Rh, 16% qnp, 9% 

DTolF 

53% DTolF, 40% 

Rh 

HOMO-1 90% DTolF 92% DTolF 90% DTolF 90% DTolF 

HOMO 

59% DTolF, 37% 

Rh 

57% DTolF, 37% 

Rh 

63% DTolF, 31% Rh 

63% DTolF, 31% 

Rh 

LUMO 93% np 96% pynp 94% qnnp 84% qxnp, 13% Rh 

LUMO+1 85% np, 12% Rh 

86% pynp, 12% 

Rh 

84% qnnp, 12% Rh 94% qxnp 

LUMO+2 

66% Rh, 15% 

MeCN, 10% DTolF 

87% pynp, 10% 

Rh 

60% Rh, 32% qnnp 48% Rh, 46% qxnp 

LUMO+3 

76% np, 16% Rh, 

8% DTolF 

72% pynp, 24% 

Rh 

92% qnnp 95% qxnp 

LUMO+4 70% np, 21% Rh 

47% pynp, 46% 

Rh 

76% qnnp, 20% Rh 59% qxnp, 35% Rh 

LUMO+5 

43% np, 37% Rh, 

20% DTolF 

81% pynp, 13% 

Rh 

87% qnnp, 11% Rh 85% qxnp, 13% Rh 

LUMO+6 

45% Rh, 28% 

DTolF, 25% np 

68% pynp, 26% 

Rh 

91% qnnp, 8% Rh 95% qxnp 
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Table III-5 Calculated orbital contributions for the optimized lowest triplet state in the 

alpha manifold of acetonitrile of complexes III.1, III.2 and III.4 (LUMO through 

SOMO-1). Reprinted from ref. 74. 

 III.1 III.2 III.4 

LUMO 

13% Rh, 82.5% np, 

4.5% DTolF  

12.5% Rh, 85% pynp, 

2.5% DTolF 

4% Rh, 94.5% qxnp, 

1.5% DTolF 

SOMO 

6% Rh, 92 % np, 2% 

DTolF 

4% Rh, 94% pynp, 1 % 

DTolF 

23% Rh, 74% qxnp, 3% 

DTolF 

SOMO-1 

28% Rh, 4% np, 68% 

DTolF 

29% Rh, 5% pynp, 66% 

DTolF 

26% Rh, 5% qxnp, 69% 

DTolF 

 

 

 

 
Figure III.12 Gas-phase optimized structures of III.1–4. Taken from reference 74. 
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The lowest energy bands of III.1–4 appear in the visible and near-IR regions 

(Figure III.11), and TD-DFT calculations confirm the 1ML-LCT nature of these states 

resulting mainly from HOMO–LUMO transitions. Figure III.13 shows that as the 

conjugation of the ligand increases, there is a decrease in the energy of the LUMO. This 

observation is consistent with the decrease of the reduction potentials from III.1 to III.4 

(Tables III-1 and 2). In addition, the shifts in the electrochemical reduction potentials 

among the complexes closely track with the differences in the calculated energies of the 

LUMOs (Table III-4). The oxidation potentials of III.2–4 also follow a trend consistent 

with the electrochemical data in Tables III-1 and 2. However, the computed energies of 

the HOMOs reveal that III.1 should be more difficult to oxidize than III.2 and III.3 by 

~55 meV and ~21 meV, respectively, but this is not observed experimentally. This 

discrepancy is attributed to an overestimation of the calculated electron withdrawing 

character of the more conjugated ligands in III.2–4, since an overall overestimation of the 

energies of the HOMOs have been reported for other conjugated π-systems.144  
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Figure III.13. Calculated MO diagrams for complexes III.1–4. Reprinted from ref. 74. 

 

 

 

Table III-6 Calculated energy differences in the LUMOs for complexes III.1–4 with their 

corresponding measured differences in reduction potentials. Reprinted from ref. 74. 

 ΔLUMO / eV ΔE / V 

III.1 - 2 -0.295784 -0.24 

III.2 - 3 -0.070476 -0.08 

III.3 - 4 -0.216872 -0.19 

 

 



 

88 

 

The Rh2(σ*) antibonding orbital lies at a higher energy in III.2 as compared to 

III.1, which is attributed to the greater σ-donating character of the pyridyl moiety in III.2 

relative to the axial solvent CH3CN ligands in III.1. In III.2, the antisymmetric linear 

combination of the axial pyridine lone pairs interacts with Rh2(σ*), raising its energy. The 

Rh2(σ*) orbitals of III.3 and III.4 are lower in energy as compared to those of III.2; this 

is attributed to the greater σ-donation of pyridyl versus quinolinyl and quinoxalinyl 

groups. In addition, the steric strain in the axial coordination modes of III.3 and III.4 

imposed by the larger ring system weakens the axial bonds, as apparent by the longer Rh-

Nax bond lengths (Table III-7).  
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Table III-7 Comparison of gas phase optimized structures and X-ray crystal structures for 

III.1–4. Reprinted from ref. 74. 
Compound III.1 Crystal Structure Calculated Structure 

Rh1-Rh2 2.44660(8) 2.47056 

Rh1-N1 2.03106(6) 2.04445 

Rh1-N3 2.01555(6) 2.03813 

Rh1-N5 2.02764(6) 2.11483 

Rh1-N7 2.02645(6) 2.10876 

Rh2-N2 2.05106(5) 2.09023 

Rh2-N4 2.04491(6) 2.08646 

Rh2-N6 2.07419(5) 2.15247 

Rh2-N8 2.08097(6) 2.16217 

Rh2-N9 2.09941(7) 2.18870 

N1-Rh1-Rh2-N2 11.2833(3) 12.42181 

N7-Rh1-Rh2-N8 15.0955(3) 13.96806 

Compound III.2 Crystal Structure Calculated Structure 

Rh1-Rh2 2.47714(14) 2.50901 

Rh1-N1 2.07491(12) 2.07762 

Rh1-N3 2.02233(11) 2.07375 

Rh1-N5 2.03991(11) 2.09015 

Rh1-N7 2.07180(12) 2.15424 

Rh1-N9 2.25037(11) 2.30958 

Rh2-N2 2.03415(11) 2.07373 

Rh2-N4 2.07009(10) 2.07761 

Rh2-N6 2.06664(11) 2.15427 

Rh2-N8 2.04907(10) 2.09013 

Rh2-N10 2.24774(10) 2.30979 

N1-Rh1-Rh2-N2 -11.8927(7) -6.33193 

N7-Rh1-Rh2-N8 -12.1834(7) -6.25325 

Compound III.3 Crystal Structure Calculated Structure 

Rh1-Rh1 2.4288(15) 2.49597 

Rh1-N1 2.0475(11) 2.10245 

Rh1-N3 1.9183(10) 2.11392 

Rh1-N5 2.2307(16) 2.51638 

Rh11-N2 2.0922(10) 2.06650 

Rh11-N4 1.9701(11) 2.11321 

N1-Rh1-Rh1A-N2 -23.5925(6) -15.78397 

N3-Rh1-Rh1A-N4 -21.165(3) -14.53889 

Compound III.4 Crystal Structure Calculated Structure 

Rh1-Rh2 2.44985(11) 2.49457 

Rh1-N1 2.08752(10) 2.09595 

Rh1-N3 2.04178(12) 2.06534 

Rh1-N5 2.0311(1) 2.11674 

Rh1-N7 2.04022(12) 2.11802 

Rh1-N9 2.34816(11) 2.51497 

Rh2-N2 2.0380(1) 2.06531 

Rh2-N4 2.07904(12) 2.09588 

Rh2-N6 2.03386(10) 2.11800 

Rh2-N8 2.03276(12) 2.11680 

Rh2-N10 2.37833(11) 2.51557 

N1-Rh1-Rh2-N2 -19.9041(13) -15.05694 

N7-Rh1-Rh2-N8 -18.6183(12) -13.82327 
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Time-Resolved Spectroscopy  

Femtosecond transient absorption (fsTA) spectroscopy was performed on III.1–4 

to help elucidate the identity and dynamics of the singlet and triplet excited states. It was 

previously reported by us that excitation into the lowest energy absorption band of III.1 

results in the population of the Rh2/DTolF→np 1ML-LCT excited state which decays with 

τS = 13 ps to the corresponding 3ML-LCT triplet state, and the latter regenerates the ground 

state with τT = 450 ps in DMSO (λex = 600 nm).63 In the present work, we repeated the 

fsTA spectroscopy of 1 in CH3CN and observed similar spectral features and lifetimes, τS 

= 14 ps and τT = 640 ps (Figure III.14). The shorter lifetime of the 3ML-LCT state of 1 in 

DMSO as compared to CH3CN is consistent with the bathochromic shift of 1 in the more 

polar DMSO solvent as compared to CH3CN (ΔE = 337 cm−1) as predicted by the Energy 

Gap Law.125 Both states were previously assigned as Rh2/DTolF→np charge transfer in 

character.  

 

 

 

 

Figure III.14 fsTA of complex III.1 in CH3CN (λex = 600 nm; 2.5 µJ). Reprinted from 

ref. 74. 
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The fsTA spectra of III.2 collected following 720 nm excitation (irf = 85 fs) are 

shown in Figure III.15a and exhibit a broad excited state absorption that extends from 420 

to 620 nm with a pronounced shoulder at 470 nm, similar to the 1ML-LCT and 3ML-LCT 

absorption spectra reported for III.1.63 The decay of the peak at 470 nm can be fitted to a 

monoexponential function with τS = 13 ps and is assigned to the singlet state of the 

complex. The spectral features of this state are consistent with the absorption spectrum 

recorded for electrochemically oxidized III.2 which exhibits a peak at 467 nm, 

superimposed with the strong absorption of reduced III.2, with absorption at λ ≤ 450 nm 

(Figure III.15b). The 13 ps 1ML-LCT excited state lifetime of III.2 is consistent with 

singlet excited states of other Rh2(II,II) half lantern complexes and related Rh2(II,II) 

naphthyridine complexes with intersystem crossing rates in the 8 to 100 ps range.63, 126 

Similar results were also reported for other paddlewheel complexes, including those of 

dirhodium(I,I) isocyanide, diplatinum(II,II) pyrophosphito, ditungsten(II,II), and 

dimolybdenum(II,II).145-148  
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Figure III.15. (a) fsTA of III.2 at 0.3, 2, 4, 20, 80, 900, and 2400 ps after laser pulse (λex 

= 720 nm, 2.5 μJ) in CH3CN and (b) difference spectra of electrochemically reduced (Eapp 

= −800 mV vs Ag/AgCl) and oxidized (+1150 mV vs Ag/AgCl) complexes in 0.1 M 

Bu4PF6 CH3CN. Reprinted from ref. 74. 

 

 

 

Nanosecond transient absorption experiments were undertaken and revealed the 

lifetime of the 3ML-LCT excited state of III.2 to be τT = 12 ns (λex = 610 nm, irf = 5.5 ns, 

Figure III.15). The longer 3ML-LCT lifetime of III.2 relative to that of III.1 is consistent 

with previous work that shows that blocking the axial sites with the carboxylate 

substituents in [Rh2DTolF2(npCOO)] (npCOO– = 1,8-napthyridine-2-carboxylate) 

extends the 3ML-LCT lifetime.63 It is important to note that at delay times longer than 20 

ps, the 470 nm shoulder of III.2 disappears (Figure III.15a), resulting in broad peaks at 

430 and 570 nm that persist beyond the 2 ns duration of the experiment and are observed 
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in the 3ML-LCT nanosecond TA spectra (Figure III.16). The loss of the 1ML-LCT 

shoulder at 470 nm in III.2 upon intersystem crossing may indicate a change in the portion 

of the complex that is oxidized in the singlet and triplet states. It was previously shown 

that there is greater metal character in the 3ML-LCT excited state of 

[Rh2(DTolF)2(npCOO)] than in the corresponding singlet state. In the latter the hole is 

more localized on the bridging DTolF ligand, whereas the positive charge appears more 

localized on the metals in the corresponding triplet state.63 Based on a comparison to these 

prior results, the spectral changes observed in the fsTA spectra of III.2 at long delay times 

may be attributed to changes in the localization of the hole from a Rh2/DTolF molecular 

orbital to one with more metal-centered Rh2
II/III mixed-valence character in the triplet state 

as compared to the singlet state.  
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Figure III.16 nsTA of complex III.2 in CH3CN (a) 15 ns (10 ns integration time) after 

laser pulse (λex = 610 nm; 5 mJ; irf = 5.5 ns) where scatter is seen at 610 nm and (b) kinetic 

trace taken at 550 nm. Reprinted from ref. 74. 

 

 

 

The fsTA spectra of III.4 are shown in Figure III.17a and exhibit a positive 

absorption at 435 nm attributed to the 1ML-LCT excited state that decays 

monoexponentially with τS = 8 ps (λex = 720 nm, irf = 85 fs). The positive absorption 

features compare well to those observed following the electrochemical one-electron 

reduction of the complex (Figure III.17b). There is little contribution from the one-electron 

oxidized complex in the fsTA because of the relatively broad, featureless absorption 

profile of this species in the spectral window of interest (Figure III.17). This result, 

together with the similarities of the fsTA of III.4 with those of III.1 and III.2, is consistent 

with a charge transfer from the mixed Rh2/DTolF HOMO to the qxnp(π*) LUMO in the 

1ML-LCT state. Intersystem crossing leads to a longer-lived 3ML-LCT state with very 

similar spectral features and τT ~7.2 ns as determined from nanosecond transient 
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absorption spectroscopy (irf = 5.5 ns). The shorter lifetimes of the 1ML-LCT and 3ML-

LCT states of III.4 as compared to the corresponding states in III.2 are attributed to the 

both the greater accessibility of deactivating 3MC (metal-centered) states. This is best 

illustrated in the triplet calculations where the SOMO of III.4 has significantly more metal 

character than III.2, indicating greater mixing in the excited state (Table III-5). 

Furthermore, this is also attributable to the lower energy transitions of III.4 as in the 

former as expected from the Energy Gap Law.125 Due to their structural similarities, the 

fsTA spectra and spectroelectrochemistry of III.3 parallel those of III.4, with 1ML-LCT 

and 3ML-LCT states with lifetimes of 8 ps and ~7.0 ns, respectively (Figures III.18 and 

19). 

  

Figure III.17 (a) fsTA of III.4 at 0.3, 0.7, 4, 10, 40, 70, and 2000 ps after laser pulse (λex 

= 720 nm, 2.5 μJ) in CH3CN and (b) difference spectra of electrochemically reduced (Eapp 

= −550 mV vs Ag/AgCl) and oxidized (+1300 mV vs Ag/AgCl) complexes in 0.1 M 

Bu4NPF6 CH3CN. Reprinted from ref. 74. 
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Figure III.18 fsTA of complex III.3 in CH3CN (λex = 720 nm; 2.5 µJ). Reprinted from 

ref. 74. 

 

 

 
Figure 2. III.19 Spectroelectrochemistry of complex III.3 in 0.1 Bu4NPF6 CH3CN when 

oxidized at 1200 mV and reduced at −700 mV. Reprinted from ref. 74. 
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Excited State Charge Transfer  

In order to evaluate the usefulness of the relatively long-lived 3ML-LCT states of 

III.2–4 as potential light absorbers in solar energy applications, their photoinduced charge 

transfer reactivity was measured using the reversible electron donor p-phenylene diamine 

(E1/2 = +0.28 V vs Ag/AgCl). Upon excitation with low energy light, complexes III.2–4 

display absorption difference spectra consistent with the formation of the p-phenylene 

diamine radical cation, with an absorption maximum at 460 nm (Figures III. 22–24),149 

superimposed upon the spectra of the corresponding reduced complex, observed within 

the 5.5 ns instrument response (kET < 2×10−8). The charge separation persists on the order 

of ~40–60 μs for III.2–4 (kBET ~ 2×10−4); this behavior is presented for III.2 in Figure 

III.24 (λex = 600 nm, irf = 5.5 ns). Quenching studies help ascertain that the E00 of these 

molecules is at the onset of triplet quenching at approximately 1.3 eV, using this and the 

electrochemical data, the excited state reduction potential is estimated to be +0.5 V vs 

Ag/AgCl (Table III-8 and Figure III.20), giving ~200 mV of driving force for oxidation 

of p-type NiO.  In order to determine that this excited state process is in fact occurring 

from the lowest triplet state, femtosecond transient absorption was performed in the 

presence of the p-phenylenediamine, where no quenching of the singlet state lifetime or 

appearance of oxidized compound was observed at early times (Figure III.21). This 

finding builds on previous studies on Rh2(DTolF)2(npCOO),63 which lacks the driving 

force for excited state oxidation of p-phenylenediamine. 
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Table III-8 Quenching rates of organic quenchers via Stern-Volmer quenching by 

complex III.2. Reprinted from ref. 74. 

anthracene 1.83 7.2×109 

tetracene 1.27 8.7×108 

rubrene 1.15 2.9×108 

β−carotene 0.78 a 

ano quenching observed 

 

 
Figure III.20 Example graph of Stern-Volmer quenching of anthracene monitored at 420 

nm upon addition of III.2 in CH3CN of anthracene (ex = 355 nm). Reprinted from ref. 

74. 
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Figure III.21 Complex III.2 in CH3CN (85 μM) in the presence (red) and absence (black) 

of 10 mM p-phenylenediamine femtosecond transient absorption after excitation with 700 

nm light (2.5 J), trace taken at 465 nm. Reprinted from ref. 74. 

 

 

 

 
Figure III.22 Complex III.3 in CH3CN (25 μM) in the presence of 10 mM p-

phenylenediamine 1 and 10 µs (100 ns gate) after laser pulse (λex = 620 nm; 5 mJ). 

Reprinted from ref. 74. 
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Figure III.23 Complex III.4 in CH3CN (25 μM) in the presence of 15 mM p-

phenylenediamine at various times after the laser pulse (λex = 620 nm; 5 mJ). Reprinted 

from ref. 74. 

 

 

 

The difference in reactivity of III.2–4 as compared to Rh2(DTolF)2(npCOO)2 

towards oxidation of substrates can be attributed to the more easily reduced pynp, qxnp, 

and qnnp bridging ligands relative to the anionic axial donor in the ligand npCOO– (E½ = 

−1.07 V vs Ag/AgCl). This finding demonstrates how minor synthetic modifications can 

have a profound effect on the excited state reactivities of this class of molecules. 

Furthermore, given the valence band edge of NiO (EVB = +0.2-+0.3 V vs Ag/AgCl),150 

III.2–4 possess sufficient driving force for hole injection into this p-type semiconductor 

from both the 1ML-LCT and 3ML-LCT states. The potential hole injection from the latter 

is important because it lies at a lower energy than the singlet states typically involved in 

hole injection in NiO films.48 Currently, synthetic modifications to anchor these molecules 

onto a p-type semiconductor surface are underway.   
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Figure III.24 Transient absorption spectrum of III.2 in CH3CN (23 μM) in the presence 

of p-phenylenediamine (1:100) collected 100 ns after a 600 nm pulse (5 mJ) and (b) 

electrochemically reduced 2 in 0.1 M Bu4NPF6 CH3CN (solid line) and p-

phenylenediamine radical cation generated in a 0.1 M NaN3 aqueous solution (dashed 

line). Reprinted from ref. 74. 

 

 

 

In addition to the ability of the 3ML-LCT states of III.2–4 to serve as oxidizing 

agents in the excited state, complex III.2 also shows potential to reduce methyl viologen 

in the excited state, where the transient absorption spectra of 23 μM III.2 in CH3CN:H2O 

(1:1 v:v) in the presence of 10 mM MV2+, with E1/2(MV2+/+) ~ –0.4 V vs Ag/AgCl in 

CH3CN,151 recorded 10 μs after the 620 nm excitation (irf = 5 ns), are consistent with the 

formation of MV+, with its characteristic absorption features at 395 nm and 605 nm 

(Figure III.25). This is very close to the estimated excited state oxidation potential of III.2, 

which is estimated to be approximately –0.4 V vs Ag/AgCl (0.1 M TBAPF6). In contrast, 
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excited state electron transfer to MV2+ was not observed upon excitation of III.3 and III.4, 

attributed to the more positive oxidation potentials and shorter 3ML-LCT lifetimes of these 

complexes relative to III.2 (Tables III-1 and 2). Moreover, the absorption profiles of III.3 

and III.4 are bathochromically shifted as compared to III.2, thereby lowering the energy 

of the 3ML-LCT state, which taken together with the more positive oxidation potentials, 

result in less reducing excited states in III.3 and III.4. Extension of this finding to 

semiconductor applications with complex III.2 is expected to be lead to injection of 

electrons into the n-type semiconductor TiO2 given the similarity of the reduction potential 

of MV2+ and the conduction band of TiO2 (ECB = −0.4 V vs Ag/AgCl).152  

 

 

 

 
Figure III.25 Complex III.2 in 1:1 CH3CN:H2O (23 μM) in the presence of 10 mM MV2+ 

(λex = 620 nm; 5 mJ). Reprinted from ref. 74. 

 

 

 

Conclusions 

A series of four dirhodium formamidinate paddlewheel complexes with electron 

accepting napthyridine-based ligands were synthesized and their structural, electronic, and 
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photophysical properties investigated. Complexes III.2–4 absorb strongly from the 

ultraviolet and visible spectral regions into the near-IR and were designed to feature axial 

blocking ligands with increasingly more conjugated π-systems composed of pyridyl, 

quinolinyl, and quinoxalinyl moieties, respectively. Complexes III.2–4 feature relatively 

long-lived 1ML-LCT and 3ML-LCT states accessible with low energy light. Transient 

absorption spectroscopy studies show that the lifetimes of the 3ML-LCT states are 

drastically increased by incorporation of axial blocking ligands with respect to the 1,8-

naphthyridine containing complex III.1, which has a short lifetime attributed to solvent 

assisted deactivation pathways. It was also found that the low-lying 3ML-LCT state of 

III.2 is capable of transferring an electron to MV2+ and to also oxidize p-

phenylenediamine when irradiated with low energy light, in contrast to the previously 

reported npCOO− dirhodium complexes which did not possess sufficient excited state 

energy to oxidize substrates. Complexes III.3 and III.4 can also perform electron transfer 

reactions to oxidize p-phenylene diamine, but lack the driving force to partake in electron-

transfer to MV2+ upon irradiation. The photophysical and excited state redox properties of 

the new complexes presented herein illustrate the advantages of this rigid bimetallic 

architecture for tuning their ability to undergo photoinduced electron and hole transfer. 

Given a judicious choice of ligands, these complexes provide a new platform for solar 

energy conversion applications that require charge injection into n- and p-type 

semiconductors accessible with photons from the UV to the near-IR.  
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CHAPTER IV  

SYNTHETIC STRATEGIES FOR TRAPPING THE ELUSIVE TRANS-

DIRHODIUM(II,II) FORMAMIDINATE ISOMER AND THE EFFECTS 

OF ISOMERISM ON THE PHOTOPHYSICAL PROPERTIES 

 

Introduction  

The increasing demand for energy requires more efficient carbon-free renewable 

energy sources.45 Solar energy conversion has proven to be an environmentally friendly 

method for producing electricity and clean fuels, such as hydrogen.153-157 The use of dye-

sensitized solar cells (DSSCs) is attractive due to the relatively low cost of fabrication, 

high tunability, flexibility, and durability.58, 95, 158-160 While DSSCs have theoretical 

efficiencies of 35% and 43% in the case of n-type and tandem (n-type and p-type) 

sensitized solar cells,103, 114 respectively, the highest efficiency measured thus far in 

commercial devices is ~11.9%.161, 162 Ideally, DSSC photosensitizers should exhibit a 

panchromatic absorption profile in order to efficiently harvest the full solar spectrum, as 

well as excited state properties that support hole injection even with low energy light 

excitation.  

There are numerous limitations to the design of efficient sensitizers. The current 

record is held by the SM315 porphyrin coupled to a Co(II/III) redox shuttle.60 This system 

exhibits a 13% photocurrent efficiency (PCE) and displays panchromatic absorption, but 

the lowest energy electronic transition has a maximum at 668 nm and does not absorb 

beyond 800 nm. Other types of phthalocyanines and porphyrins have very large absorption 
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coefficients in the near-IR region but aggregate on the surface of the semiconductor which 

decreases their overall efficiency.112 The gold standard for n-type sensitized DSSCs, the 

N3 Ru(II) dye, has an efficiency of 10-12%, in part due to its inability to absorb light 

beyond 600 nm.59, 163 Other promising dyes are BODIPY derivatives,120, 121, 164 but their 

very narrow absorption profiles preclude absorption of the full solar spectrum. Given these 

shortcomings, the design of new panchromatic photosensitizers with good solubility and 

chemical stability that utilize both high and low energy light to undergo charge transfer 

reactions is critical for the development of improved DSSCs.  

Recently, our groups reported a series of dirhodium(II,II) complexes that feature 

electron donating formamidinate bridging ligands and π-accepting bridging ligands with 

substituents designed to block the axial coordination sites.63, 74 These complexes are 

capable of participating in electron transfer reactions upon irradiation with low-energy 

light, including the oxidation of p-phenylenediamine and reduction of electron acceptors, 

rendering them suitable for both n-type and p-type semiconductor applications. As the 

coordination sphere is chemically modified, the excited state redox potential of these 

partial paddlewheel Rh2(II,II) complexes can be tuned such that they are capable of 

undergoing electron transfer to acceptors and n-type semiconductors.63, 74 In this vein, it 

was discovered that axially-blocked complexes exhibit significantly longer 3ML-LCT 

lifetimes (7 – 25 ns) compared to those with solvent accessible axial sites, such as cis-

[Rh2(μ-DTolF)2(μ-np)2][BF4]2 (DTolF = N,N’-di(p-tolyl)formamidinate; np = 1,8-

naphthyridine), with a 3ML-LCT lifetime of ~ 0.5 ns.63, 74 The longer lifetimes are 

necessary for bimolecular electron transfer reactions, but are not required for charge 



 

106 

 

injection into semiconductors, which has been shown to occur within fs to ps.92 In 

addition, this class of Rh2(II,II) complexes was shown to photosensitize the production of 

H2 with λirr = 655 nm,165 as well as to inject electrons into TiO2 from its 1ML-LCT state 

with 600 nm light,166 both of which represent improvements over the N3 dye.  

Bis-substituted cis- and trans-dirhodium(II,II) complexes have been used 

extensively as catalysts for organic transformations,167 but the excited state properties and 

photochemistry of these complexes were not investigated. Our groups have studied the 

excited states and reactivity,63, 126, 168 photochemistry,169 and photoinduced biological 

activity of cis-dirhodium(II,II) complexes,32, 33, 35, 78, 170, 171 but the photochemistry of the 

trans isomers remains unexplored. The possibility of obtaining the trans isomers opens up 

new opportunities for the exploration of novel supramolecular assemblies with potentially 

interesting photophysical properties. In this vein, we note that cis isomers of 

dirhodium(II,II) complexes with amidines or triphenylphosphine bridging ligands are 

interesting but of limited use. These complexes have been used as corner motifs to prepare 

square and triangular-shaped supramolecular assembles since the angle between bridging 

ligands is ~ 90º.172, 173 Given that the trans isomers display a ~ 180º between bridging 

ligands, they are much more versatile as building blocks for a wide variety of shapes 

including ladder structures and numerous polygonal assembles, including triangles, 

rectangles, and hexagons, among others.174, 175 

The synthesis of heteroleptic dirhodium(II,II) complexes is governed by the kinetic 

trans effect which explains why the vast majority of partial paddlewheel complexes in the 

literature are bis-substituted with a cis configuration.12 The substitution chemistry of 
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dirhodium complexes follows the same criteria as the archetypal square planar complexes 

cis-Pt(NH3)Cl2 and trans-Pt(NH3)Cl2. The basicity of a ligand is proportional to the trans 

effect exerted on the ligand opposite to it, which determines the geometric arrangement of 

the final product. For example, given that CH3CO2
– is more basic than CF3CO2

–, the 

complex cis-Rh2(CH3CO2)2(CF3CO2)2 can be obtained from Rh2(CH3CO2)4 in the 

presence of two equivalents of CF3CO2H, while the trans analogue can be obtained from 

the reaction of Rh2(CF3CO2)4 and CH3CO2H.176 Of particular relevance to the current 

study is the fact that formamidinate ligands have a very strong trans effect due to their 

markedly strong basicity with respect to other bridging ligands such as amidinates and 

acetates. As a consequence, there are no examples of trans formamidinate-containing 

dirhodium complexes reported in the literature to this date. Other examples of note are the 

rare cis/trans isomeric pairs of [Rh2(CH3CO2)2(PhTCB)2] (where PhTCB = 

phenylthiocarbamoyl benzoate) which were isolated as isomeric mixtures and tested as 

catalysts for cyclopropanation of alkene substrates.177 This chemistry, however, did not 

lead to pure compounds, which prevents correlation between geometry and properties.   

Herein we report a new synthetic methodology for the preparation of trans-

Rh2(II,II) isomers containing two DTolF formamidinate ligands, namely, cis-[Rh2(μ-

DTolF)2(μ-np)(MeCN)4][BF4]2 (IV.1, where np = 1,8-naphthyridine), cis/trans-[Rh2(μ-

DTolF)2(μ-qxnp)(MeCN)3][BF4]2 (IV.2/3 respectively, where qxnp = 2-(1,8-

naphthyridin-2-yl)quinoxaline), and trans-[Rh2(μ-DTolF)2(μ-qxnp)2][BF4]2 (IV.4) 

(Scheme 1).  The phototophysical and electronic properties were measured and compared 

to those of the previously reported complex IV.5, cis-[Rh2(μ-DTolF)2(μ-qxnp)2][BF4]2. 
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The new compounds display panchromatic absorption spectra from the UV to the near-IR 

region. The synthetic approach used in these studies represents a new strategy for the 

preparation of rare dirhodium trans derivatives that constitute a new family of bimetallic 

architectures. These complexes have potentially useful photochemical properties for 

applications in solar energy conversion and photochemotherapy, as well as for the design 

and synthesis of new supramolecular assemblies with interesting photophysical properties.  

Experimental Section 

Materials  

The starting material [RhCl(COD)]2 (COD = 1,5-cyclooctadiene) was purchased 

from Pressure Chemicals and used without further purification to prepare the partially 

solvated compound cis-[Rh2(μ-DTolF)2(CH3CN)6][BF4]2 following a reported 

procedure.34 The 1,8-naphthyridine (np) ligand was purchased from Oakwood Chemicals 

and used as received. The ligand 2-(1,8-naphthyridin-2-yl)quinoxaline (qxnp) and the 

protonated form of DTolF, N,N’-di(p-tolyl)formamidine (HDTolF) were synthesized 

following reported procedures,178 using p-toluidine purchased from Alfa Aesar and 

triethyl orthoformate obtained from TCI which were used without further purification. 

Chlorobenzene was used as received and acetonitrile was dried over 3 Å molecular sieves 

and distilled under a N2 atmosphere. The salt cis-[Rh2(μ-DTolF)2(qxnp)2][BF4]2 (IV.5) 

was prepared by a reported method.74 All compounds were synthesized under inert 

atmosphere conditions using Schlenk-line techniques with subsequent manipulation and 

purification of the complexes being performed in air.  



 

109 

 

cis-[Rh2(μ-DTolF)2(μ-np)(CH3CN)4][BF4]2 (IV.1).  Quantities of cis-[Rh2(μ-

DTolF)2(CH3CN)6][BF4]2 (100.1 mg, 0.093 mmol) and 11.9 mg of np (0.091 mmol) were 

added to a Schlenk flask and refluxed for 24 h in 20 mL of dry acetonitrile. The dark 

purple solution was evaporated under vacuum to near dryness and the product was 

precipitated with diethyl ether. The solution was filtered through a fine frit, and the dark 

pink solid was washed with diethyl ether. The product was purified by slow diffusion of 

diethyl ether into a concentrated acetonitrile solution to yield 89.1 mg of compound (85 

%). Dark pink X-ray quality crystals were obtained by slow diffusion of diethyl ether into 

a concentrated solution of the compound in acetonitrile. 1NMR (500 MHz, CD3CN) δ 9.65 

(dd, J = 5.2, 1.6 Hz, 2H), 8.59 (dd, J = 8.2, 1.6 Hz, 2H), 7.75 (dd, J = 8.2, 5.2 Hz, 2H), 

7.68 (t, J = 3.5 Hz, 1H), 7.26 (t, J = 3.9 Hz, 1H), 7.03 (q, J = 8.3 Hz, 8H), 6.90 (d, J = 7.9 

Hz, 4H), 6.63 – 6.55 (m, 4H), 2.29 (s, 6H), 2.21 (s, 6H). HRMS (ESI-MS) m/z: [M - 

2MeCN]2+ (C42H42N8Rh2) 432.0812 calc. [M - 3MeCN]2+ (C42H42N8Rh2) 432.0816. 

cis-[Rh2(μ-DTolF)2(μ-qxnp)(CH3CN)3][BF4]2 (IV.2). Quantities of cis-[Rh2(μ-

DTolF)2(CH3CN)6][BF4]2 (50.7 mg, 0.047 mmol) and qxnp (12.2 mg, 0.047 mmol) were 

added to a Schlenk flask with 20 mL of dry acetonitrile and refluxed in an oil bath at 110 

ºC for 30 minutes. The resulting dark orange solution was evaporated under vacuum to 

near dryness and diethyl ether was added to precipitate the product which was filtered 

under vacuum through a fine frit and washed with diethyl ether to yield 43.5 mg of a dark 

brown powder (76 %). Orange needle-like crystals suitable for X-ray diffraction were 

obtained by slow diffusion of diethyl ether into a concentrated solution of the compound 

in acetonitrile. 1H NMR (500 MHz, CD3CN) δ 9.75 – 9.71 (m, 2H), 8.95 – 8.88 (m, 1H), 
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8.83 (dd, J = 8.4, 2.0 Hz, 2H), 8.68 (d, J = 8.8 Hz, 1H), 8.06 (d, J = 8.1 Hz, 1H), 8.00 (dd, 

J = 8.2, 5.2 Hz, 1H), 7.87 – 7.82 (m, 2H), 7.53 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.1 Hz, 

2H), 7.22 – 7.19 (m, 3H), 7.12 – 7.02 (m, 4H), 7.00 (d, J = 8.4 Hz, 1H), 6.98 – 6.94 (m, 

2H), 6.87 (d, J = 8.0 Hz, 2H), 6.31 – 6.27 (m, 2H), 2.48 (s, 3H), 2.28 (s, 3H), 2.19 (s, 3H), 

1.83 (s, 3H).  HRMS (ESI-MS) m/z: [M - 3MeCN]2+ (C46H40N8Rh2) 910.1454 calc. [M - 

3MeCN]2+ (C46H40N8Rh2) 910.1486.  

trans-[Rh2(μ-DTolF)2(μ-qxnp)(CH3CN)3][BF4]2 (IV.3). The partially solvated 

precursor cis-[Rh2(DTolF2(MeCN)6][BF4]2 (99.9 mg, 0.093 mmol) and an equimolar 

amount of qxnp (24.1 mg, 0.093 mmol) were suspended in 20 mL of acetonitrile. The 

mixture was refluxed for 24 h in an oil bath at 110 °C which led to the formation of a dark 

orange solution over the period of ~ 2 h. The reaction was cooled to room temperature and 

the solvent was evaporated to near dryness. Diethyl ether was added to precipitate the 

product which was collected by filtration under vacuum through a fine frit and washed 

with diethyl ether. The resulting dark orange-green powder was purified by flash column 

chromatography packed with silica gel using 5% MeOH in dichloromethane as the eluent 

to yield 27.2 mg of a dark orange powder (24 %). X-ray quality crystals were obtained by 

layering a concentrated solution of the product in acetonitrile with toluene. 1H NMR (500 

MHz, CD3CN) δ 9.65 (s, 1H), 9.40 (d, J = 5.3 Hz, 1H), 9.01 (d, J = 8.7 Hz, 1H), 8.91 (dd, 

J = 8.2, 1.6 Hz, 1H), 8.86 (d, J = 8.8 Hz, 1H), 8.21 (d, J = 8.2 Hz, 1H), 8.00 – 7.91 (m, 

3H), 7.87 (ddd, J = 8.4, 6.4, 2.0 Hz, 1H), 7.22 (t, J = 2.8 Hz, 2H), 7.01 (d, J = 8.2 Hz, 4H), 

6.59 (d, J = 8.2 Hz, 4H), 6.26 (d, J = 8.1 Hz, 4H), 6.08 (d, J = 8.2 Hz, 4H), 2.25 (s, 6H), 
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2.15 (s, 12H), 1.82 (s, 6H). HRMS (ESI-MS) m/z: [M - 3MeCN]2+ (C46H40N8Rh2) 

910.1440 calc. [M - 3MeCN]2+ (C46H40N8Rh2) 910.1486. 

trans-[Rh2(μ-DTolF)2(μ-qxnp)2][BF4]2 (IV.4). Equimolar quantities of 3 (98.9 mg, 

0.082 mmol) and qxnp (21.2 mg, 0.082 mmol) were suspended in 20 mL of 

chlorobenzene/acetonitrile (1:1) and refluxed in an oil bath for 24 h at 130 °C. The cooled 

reaction solution was concentrated by evaporation under reduced pressure and diethyl 

ether was added. The resulting brown product was filtered through a fine frit under vacuum 

and washed with copious amounts of diethyl ether. To separate the final product from 5, 

a short silica gel column using CH2Cl2/MeOH 90:10 as the eluent was used. The solvent 

was evaporated under reduced pressure and diethyl ether was added to precipitate the 

product. The resulting orange-brown powder was recrystallized by slow diffusion of 

diethyl ether into a solution of acetonitrile to yield 28.5 mg (26 %) of dark orange X-ray 

quality crystals. 1H NMR (500 MHz, CD3CN) δ 10.32 (d, J = 5.6 Hz, 2H), 9.64 (s, 2H), 

9.10 (d, J = 8.0 Hz, 2H), 9.04 (d, J = 8.8 Hz, 2H), 8.80 (d, J = 8.7 Hz, 2H), 8.32 (dd, J = 

8.0, 4.7 Hz, 2H), 8.10 (d, J = 9.0 Hz, 2H), 7.98 (t, J = 8.2 Hz, 2H), 7.86 (t, J = 7.6 Hz, 

2H), 7.69 (d, J = 9.0 Hz, 2H), 7.10 (t, J = 2.6 Hz, 2H), 6.30 (d, J = 7.9 Hz, 8H), 5.72 (d, J 

= 8.2 Hz, 8H), 1.89 (s, 12H). HRMS (ESI-MS) m/z: [M + BF4]
+ (C62H50N12BF4Rh2) 

1255.240102 and [M]2+ (C62H50N12Rh2) 584.118165 calc. [M + BF4]
+ (C62H50N12BF4Rh2) 

1255.242061 and [M]2+ (C62H50N12Rh2) 584.119572. 

Instrumentation and methods  

1H NMR spectra were obtained on an Inova 500 MHz spectrometer; the chemical shifts 

were referenced to the residual peak of the residual CD3CN-d3 deuterated solvent signal 
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at 1.96 ppm.75 The activation energy of the isomerization reaction from the cis to the trans 

isomer was determined by preparing cis-[Rh2(μ-DTolF)2(μ-qxnp)(CH3CN)3][BF4]2 

solutions in CD3CN-d3 which were placed in an oil bath at temperatures ranging from 64 

– 80 ºC (with 4 ºC increments) and monitored by 1H NMR spectroscopy. The resonance 

at 9.74 ppm corresponds to two H atoms of the cis isomer and was set to an integration of 

2.  The peak at 9.64 ppm for the trans isomer, corresponding to one H atom of the complex 

was integrated and referenced to the former feature (Figure IV. 2).  The relative 

integrations with respect to the total integration for the cis and trans isomers were used to 

calculate a percentage of converted cis isomer. The conversion was plotted over time, and 

the rate of the reaction was obtained from a mono-exponential decay fitting for each 

temperature. The activation energy for the isomerization was determined through an 

Arrhenius plot of ln(k) vs 1/T. The qxnp addition reaction was monitored over time by 1H 

NMR methods. Electronic spectroscopy was performed on a Hewlett-Packard 8453 diode 

array spectrometer or on a Shimadzu UV-1601PC spectrophotometer in 1 × 1 cm quartz 

cuvettes. Extinction coefficients were determined in triplicate.  

Single crystals of IV.1–4 were selected from ®Paratone oil under ambient conditions using 

a MiTeGen microloop. The crystals were placed in a cold N2 stream (IV.1, IV.3, and IV.4 

at 110 K and IV.2 at 140 K) on a Bruker D8-QUEST diffractometer equipped with an IµS 

Mo microsource (λ = 0.71073 Å). Initial unit cells determined using SAINT from a set of 

three ω-scans consisting of 0.5° frames and a sweep width of 15° were used for the data 

collection strategies to collect all independent reflections to a resolution of at least 0.83 Å. 

Full details of the data collection and refinement parameters are presented in Table IV-1. 
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The data were corrected for absorption using SADABS,128 and the space group was 

determined from analysis of the systematic absences using XPREP. The structures were 

solved using the intrinsic phasing routine in SHELXT or by direct methods implemented 

in SHELXS. The non-hydrogen atoms were located from Fourier difference maps by least-

squares refinement of the structure using SHELXL-2014.129 All non-hydrogen atoms were 

refined anisotropically and hydrogen atoms were placed in calculated positions and 

refined with thermal parameters constrained to their parent atom. Specific details of the 

refinements are presented in Table IV-1.  

Electrochemical measurements for IV.4 (1 × 10-3 M) were recorded under nitrogen 

in dry acetonitrile with 0.1 M [n-Bu4N][PF6] as the supporting electrolyte using a CH 

Instruments electrochemical analyzer model CH1620A. A three-electrode cell was used 

with a glassy carbon disc working electrode, a Pt wire counter electrode, and a Ag/AgCl 

reference electrode standardized to ferrocene (E1/2 = +0.55 V vs Ag/ AgCl). Electrospray 

ionization mass spectrometry (ESI-MS) data were obtained in the Laboratory for 

Biological Mass Spectrometry at Texas A&M University using a using a Thermo 

Scientific Q Exactive Focus.  The sample was directly infused at a flow rate of 10 

µL/min.  The Q Exactive Focus HESI source was operated in full MS in positive mode. 

The mass resolution was tuned to 17500 FWHM at m/z 200, the spray voltage was set to 

3.75 kV, and the sheath gas and auxiliary gas flow rates were set to 7 and 0 arbitrary units, 

respectively.  The transfer capillary temperature was held at 250 °C and the S-Lens RF 

level was set at 50 v. Exactive Series 2.8 SP1/Xcalibur 4.0 software was used for data 

acquisition and processing. 
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Ultrafast transient absorption experiments were performed on a previously 

described system.179 Briefly, the output of a Ti:sapphire regenerative amplifier (Astrella 

1K-USP, Coherent) was split to generate the white light probe through a rotating CaF2 

crystal and to a pump an OPA (OPerA Solo, Coherent/Positive Light) to generate the 

pump pulse at 600 nm. A thermally cooled CCD camera with home-built software written 

in LabVIEW 2015 was used to collect and manipulate the data. The sample solution was 

prepared with ~ 0.5 OD at the excitation wavelength and ~ 5 mL solution containing the 

sample was flowed through a 1 mm path-length Harrick Scientific flow cell (1 mm thick 

CaF2 windows) and excited with ~ 2.5 µJ at the pump wavelength. An instrument response 

of fwhm ~ 85 fs was measured using the Kerr effect in cyclohexane. The polarization 

angle between the pump and probe was set to 54.7° to avoid rotational diffusion effects.  

Nanosecond transient absorption spectroscopy was performed on a previously reported 

instrument.180 For these experiments, the 600 nm excitation pulse was generated from an 

OPO (basiScan, Spectra-Physics) pumped by the third harmonic (355 nm) of a Nd:YAG 

laser (Quanta-Ray INDI, Spectra-Physics) and the output of a continuous 150 W xenon 

arc lamp gated using a Uniblitz shutter was used as the probe. The excitation and probe 

pulses were overlapped at a 90° geometry at the sample. The spectral measurements were 

collected on a spectrometer (LP 980, Edinburgh Instruments) equipped with an ICCD 

camera. Sample concentrations were adjusted such that they absorbed ~ 0.5 at the 

excitation wavelength in a 1 × 1 quartz cuvette. 

Density Functional Theory (DFT) calculations were performed to calculate the 

molecular and electronic structures of complexes IV.1–4 using the Gaussian (09) program 
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package.131 The Stuttgart RSC 1997 Electron Core Potential (ECP)181 basis set was used 

for the Rh atoms, the 6-31G† basis set for the C, N, and H atoms,134 and B3LYP132, 133 

correlation and exchange functionals were used. As a starting point for the gas-phase 

optimizations, geometric parameters were taken from the crystal structures for the 

complexes; interstitial solvent molecules and counterions were omitted. For the theoretical 

molecule, trans-[Rh2(DTolF)2(np)(MeCN)4][BF4]2, the geometrical parameters of 

complex IV.1 were used as a starting point and modified in ‘Agui’ to build the 

corresponding trans isomer. A similar procedure was employed for building the postulated 

intermediates cis/trans-[Rh2(μ-DTolF)(κ-DTolF)(qxnp)(MeCN)3]
2+ and cis/trans-[Rh2(μ-

DTolF)(κ-DTolF)(np)(MeCN)4]
2+.  Following gas-phase optimization, Time-Dependent 

Density Functional Theory (TD-DFT)135 calculations were performed using the polarized 

continuum model (PCM)136 with acetonitrile as the solvent. The first sixty lowest singlet-

to-singlet excited states were calculated from the optimized singlet ground state. Single 

point energy calculations at different bond lengths ranging from 2 to 50 Å were used to 

estimate the Rh-N bond dissociation energies for the equatorial and axial acetonitrile 

molecules of cis/trans-[Rh2(μ-DTolF)2(qxnp)(MeCN)3]
2+ (Figure IV.14). A relaxed 

potential energy scan calculation with 10 steps of 0.5 Å was carried out to estimate the 

Rh-NDTolF bond dissociation energy for the cis-[Rh2(μ-DTolF)2(qxnp)(MeCN)3]
2+ 

complex. The graphic software ‘Agui’137 with an isovalue = 0.04 was used to plot 

molecular orbitals (Table IV-5). In order to estimate the bond dissociation energies for the 

axial and equatorial acetonitrile molecules in IV.2 and IV.3, single point energy 

calculations at different Rh-NCCH3 distances were performed using the gas-phase 
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optimized structures as a starting point. The Chemissian program77 was used to perform 

Natural Transition Orbital (NTO) analyses. 

Results and Discussion 

Synthesis  

Compounds IV.1–4 were synthesized by a methodology that was optimized to 

control the geometric isomerism of the products (Scheme 1). The syntheses and isolation 

of the mono-substituted complexes IV.1–3 are influenced by stoichiometry, temperature, 

and reaction time.  

Compound IV.1 was synthesized in refluxing acetonitrile from a 1:1 ratio of the 

np ligand and cis-[Rh2(DTolF)2(CH3CN)6][BF4]2 as depicted in Scheme 2a. Complexes 

IV.2 and IV.3 were also prepared in acetonitrile from a 1:1 ratio of the qxnp ligand and 

the same dirhodium partial-paddlewheel starting material as depicted in Scheme 2b but 

under different conditions. In the case of IV.2, the 1:1 mixture was refluxed in acetonitrile 

for 30 minutes, or was heated for 24 h at 40 ºC.  Both reactions yielded IV.2 along with a 

small amount of IV.5 (12% as determined by 1H NMR spectroscopy of the crude product 

which were separated by slow diffusion of diethyl ether into a concentrated solution of the 

mixture in acetonitrile to yield pure crystals of IV.2. The thermodynamic product, 

compound IV.3, was obtained by refluxing the initial equimolar mixture of starting 

materials for 24 h, as the isomerization from the cis isomer IV.2 to the trans analog IV.3 

is a slow kinetic process that requires the migration of a DTolF ligand. The direct 

conversion of cis-[Rh2(μ-DTolF)2(MeCN)6][BF4]2 to 3 upon addition of one equivalent of 

ligand does not occur as evidenced by 1H NMR spectra obtained before and after refluxing 



 

117 

 

the dirhodium starting material in acetonitrile (Figure IV.2). A 24 h reflux of the cis-

[Rh2(μ-DTolF)2(MeCN)6][BF4]2 compound alone does not yield trans-[Rh2(μ-

DTolF)2(MeCN)6][BF4]2 and, furthermore, does not alter the ratios of IV.2 and IV.3 

obtained after addition of the ligand (Figure IV.3). The product was purified by layering 

a concentrated solution of the compound in acetonitrile with toluene. As demonstrated by 

1H NMR spectral experiments, compound IV.3 is also obtained in quantitative yields by 

refluxing IV.2 for 24 h in acetonitrile and heating to temperatures near the boiling point 

of the solvent.  
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Figure IV.1 Syntheses of complexes IV.1–5: a) 1,8-naphthyridine in refluxing acetonitrile 

for 24 h, b) qxnp (2-(1,8-naphthyridin-2-yl)quinoxaline) in refluxing acetonitrile for 30 

minutes or stirring in acetonitrile at 40 ºC for 24 h, c) refluxing acetonitrile for 24 h, d) 

qxnp in refluxing acetonitrile for 24 h, and e) qxnp in refluxing chlorobenzene for 24 h. 
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Figure IV.2 Aromatic region of the 1H NMR spectra of cis-[Rh2(μ-

DTolF)2(MeCN)6][BF4]2 before (a) and after (b) refluxing for 24 h in acetonitrile. 

 

 

 

 

Figure IV.3 Aromatic region of the 1H NMR spectra of the crude product of the reaction 

of cis-[Rh2(μ-DTolF)2(MeCN)6][BF4]2 and one equivalent of qxnp. The dirhodium 

starting material was refluxed for 24 h prior to the addition of the ligand. The ligand was 

reacted with the metal complex for (a) 24 h at 40 ºC or (b) 30 minutes at refluxing 

temperature in acetonitrile. 
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Figure IV.4 Reactions (a) of np and cis-[Rh2(DTolF)2(CH3CN)6][BF4]2 in refluxing 

acetonitrile for 24 h to yield IV.1, (b) of equimolar amounts of qxnp and cis-

[Rh2(DTolF)2(CH3CN)6][BF4]2 in acetonitrile at 40 ºC or at reflux for 30 min to yield IV.2 
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or by refluxing for 24 h in CH3CN to yield IV.3, and (c) of complex IV.3 with 1 eq qxnp 

in chlorobenzene at reflux for 24 h to yield IV.4. 

 

 

 

The synthesis of IV.4 is substantially different from those used to isolate the other 

complexes, as no reaction occurs when qxnp is refluxed in the presence of IV.3 in 

acetonitrile. In order to obtain the trans bis-substituted complex IV.4, it was necessary to 

reflux IV.3 in a non-coordinating solvent with a high boiling point. A 24-hour reflux of a 

1:1 mixture of qxnp and the trans intermediate IV.3 in chlorobenzene yielded IV.4 as the 

final product (Scheme 2c).  

X-ray Crystal Structures  

The molecular structures of complexes IV.1–4 (Figures IV.1 and 4) were 

determined by single crystal X-ray diffraction experiments. The dicationic compounds 

consist of a dirhodium core bridged by two anionic N,N’-(p-tolyl)formamidinate ligands 

with two [BF4]
- anions. Compound IV.1 is a 1,8-naphthyridine monosubstituted complex 

with two equatorial and two axial acetonitrile molecules. Complexes IV.2 and IV.3 

contain a quinoxaline derivatized naphthyridine ligand (qxnp) that binds to one of the axial 

positions, leaving only one acetonitrile molecule to occupy the second axial site, whereas 

IV.4, with two qxnp ligands, is fully axially-blocked. The Rh-Rh bond distances are 

2.5049(7) Å, 2.49896(11) Å, 2.50067(14) Å, and 2.4942(8) Å for compounds IV.1–4, 

respectively, longer than the Rh-Rh bond distance of 2.4498 Å for compound 5 (Table IV-

4).74 Compounds IV.1–3 and IV.5 exhibit Neq-Rh-Rh-Neq torsion angles that range 

between 17-23º, attributed to the steric strain from the equatorial acetonitrile molecules in 

IV.1–3 and π-π stacking interactions as well as steric strain between the DTolF ligands in 
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IV.5. In contrast, the torsion angle of IV.4 is only -1.3337(4)º, which results in a near-

perfect alignment with the N-C-N moiety of the bridging formamidinate ligand (Figure 

IV.4b). The longer Rh-Rh bond distances for IV.1–3 as compared to that of IV.5 is not 

surprising given that IV.5 has four bridging ligands as opposed to three bridges in IV.1–

3. In addition, all of the Rh-Rh bond distances are consistently shorter than those for 

complexes with κ-chelating ligands, e.g.,  2.5818(3) Å for cis-

[Rh2(DTolF)2(dppn)2][BF4]2,
126 due to the presence of a third (IV.1–3) or fourth (IV.4 and 

IV.5) bridging np or qxnp moiety. The bite angle of the π-accepting qxnp ligand results in 

considerable deviation from linearity of the Rh-Rh-Nax bond angles in IV.2–5, 

159.6559(12)º, 162.5328(14)º, 165.539(4)º, and 161.73(4)º, respectively which results in 

longer Rh-Nax(qxnp) bond distances for IV.2 and IV.3 of 2.16872(9) Å and 2.14851(12) 

Å, respectively and concomitant shortening of the Rh-NCCH3 axial bond on the other 

rhodium metal center.  
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Table IV-1 The refinement details for IV.1 and IV.2. 

Compound IV.1 IV.2 

Empirical Formula C46H48B2F8N10Rh2 C110H111B4F16N23O1.4Rh4 

Formula weight 1120.38 2536.49 

Temperature/K 100.01 140.04 

Crystal system orthorhombic triclinic 

Space group Pbca P-1 

a/Å 14.544(3) 12.2642(6) 

b/Å 21.470(4) 17.0096(8) 

c/Å 31.369(7) 28.0520(13) 

α/° 90 98.203(2) 

β/° 90 90.465(2) 

γ/° 90 103.580(2) 

Volume/Å3 9795(3) 5624.8(5) 

Z 8 2 

ρcalcg/cm3 1.519 1.498 

μ/mm-1 0.748 0.663 

F(000) 4528.0 2574.0 

Crystal size/mm3 2 x 0.2 x 0.2 0.2 x 0.1 x 0.1 

Radiation 
MoKα  

(λ = 0.71073) 

MoKα  

(λ = 0.71073) 

2Θ range for data collection/° 4.598 to 53 4.406 to 52.83 

Index ranges 

-18 ≤ h ≤ 18 

-26 ≤ k ≤ 24 

-37 ≤ l ≤ 39 

-14 ≤ h ≤ 15 

-21 ≤ k ≤ 21 

-35 ≤ l ≤ 35 

Reflections collected 85946 246797 

Independent reflections 

10106 

Rint = 0.0627 

Rsigma = 0.0399 

23052 

Rint = 0.1086 

Rsigma = 0.0469 

Data/restraints/parameters 10106/1335/1049 23052/866/1756 

Goodness-of-fit on F2 1.202 1.133 

Final R indexes [I>=2σ (I)] 
R1 = 0.0680 

wR2 = 0.1249 

R1 = 0.0616 

wR2 = 0.1233 

Final R indexes [all data] 
R1 = 0.0942 

wR2 = 0.1339 

R1 = 0.0770 

wR2 = 0.1294 

Largest diff. peak/hole / e Å-3 0.64/-1.00 0.91/-1.24 
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Table IV-2 Refining parameters for IV.3 and IV.4. 

Compound IV.3 IV.4 

Empirical Formula C54.16H52.56B2F8N11.92O0.08Rh2 C37H33.78B0.99F3.94N8.45Rh 

Formula weight 1251.16 785.18 

Temperature/K 100.0 110.0 

Crystal system monoclinic triclinic 

Space group P21/n P-1 

a/Å 13.5743(11) 7.906(3) 

b/Å 22.1018(16) 14.141(5) 

c/Å 18.4253(14) 16.225(6) 

α/° 90 114.844(10) 

β/° 96.661(2) 97.300(10) 

γ/° 90 93.081(12) 

Volume/Å3 5490.6(7) 1621.0(11) 

Z 4 2 

ρcalcg/cm3 1.514 1.609 

μ/mm-1 0.677 4.873 

F(000) 2534.0 801.0 

Crystal size/mm3 0.3 × 0.2 × 0.1 0.3 x 0.1 x 0.1 

Radiation 
MoKα  

(λ = 0.71073) 

MoKα  

(λ = 0.71073) 

2Θ range for data collection/° 4.452 to 52.91 12.024 to 151.276 

Index ranges 

-16 ≤ h ≤ 16 

-27 ≤ k ≤ 23 

-23 ≤ l ≤ 23 

-9 ≤ h ≤ 9 

-17 ≤ k ≤ 17 

-20 ≤ l ≤ 20 

Reflections collected 88020 9468 

Independent reflections 

11196 

Rint = 0.0417 

Rsigma = 0.0276 

5870 

Rint = 0.0239 

Rsigma = 0.0385 

Data/restraints/parameters 11196/898/1058 5870/0/526 

Goodness-of-fit on F2 
1.136 1.166 

Final R indexes [I>=2σ (I)] 
R1 = 0.0418 

wR2 = 0.0853 

R1 = 0.0364 

wR2 = 0.0912 

Final R indexes [all data] 
R1 = 0.0569 

wR2 = 0.0951 

R1 = 0.0442 

wR2 = 0.1017 

Largest diff. peak/hole / e Å-3 0.97/-1.22 0.48/-0.89 
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Compounds IV.2–5 engage in intramolecular π-π stacking interactions between 

the p-tolyl substituents of the formamidinate bridging ligands and the quinoxalinyl 

moieties of the axially blocking qxnp ligands (Figure IV.8). Given that the cis and trans 

complexes have distinct molecular geometries, the distances between the rings range from 

3.348 Å to 3.654 Å in the series. Changes in symmetry and intramolecular interactions are 

consistent with the chemical shifts observed in the 1H NMR spectra of these complexes, 

particularly in the quinoxalinyl moiety. These shifts provide a useful spectroscopic tool 

for differentiating between the complexes and to study the kinetics of the incorporation of 

qxnp ligands and the isomerization reactions.  

 

 

 

  

Figure IV.5 Thermal ellipsoid plots for IV.1–3, drawn at the 50% probability level. 

Counterions, interstitial solvent molecules, and hydrogen atoms were omitted for the sake 

of clarity. 
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Figure IV.6 Thermal ellipsoid plots for IV.4, drawn at the 50% probability level: view 

looking down the rhodium-rhodium bond axis (a) and top view(b). Counterions, interstitial 

solvent molecules, and hydrogen atoms were omitted for the sake of clarity. 

 

 

 

Electrochemistry and Electronic Absorption Spectroscopy  

The electrochemical data for IV.4 are presented in Table IV-3 along with the 

previously reported data for IV.5. Compound IV.4 displays a one-electron reversible 

couple at E1/2 = +1.00 V vs Ag/AgCl in acetonitrile (0.1 M Bu4NPF6) which is an oxidation 

of the metal-formamidinate HOMO, as assigned for IV.5 and related formamidinate-

bridged dirhodium(II,II) complexes,63, 127 and a one-electron reduction of one of the qxnp 

π-accepting ligands at E1/2 = −0.34 V vs Ag/AgCl. This reduction potential is more positive 

than that observed for IV.5 and other axially blocked complexes such as cis-

[Rh2(DTolF)2(L)2][BF4]2, where L = 2-(pyridin-2-yl)-1,8-naphthyridine or 2-(quinolin-2-

yl)-1,8-naphthyridine) of E1/2 = −0.70 V vs Ag/AgCl and E1/2 = −0.62 V vs Ag/AgCl 

respectively, indicating that IV.4 is easier to reduce, a point that will be discussed in the 

DFT calculations section.  
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A comparison of the steady state absorption spectra of IV.4 and IV.5 is presented 

in Figure IV.7, and the maxima, abs, with their corresponding molar extinction 

coefficients, , are listed in Table IV-3. Compound IV.4 exhibits intense absorption 

maxima in the ultraviolet region at 258 nm and 367 nm, similar to those reported for IV.5 

at 259 nm and 369 nm (Table IV-3). These absorption peaks of IV.4 and IV.5 are similar 

to those observed for the free qxnp ligand in CH2Cl2, 254 nm ( = 99(13) x 103 M–1cm–1) 

and 342 nm ( = 70(8) x 103 M–1cm–1), and are assigned as ligand-centered 1* 

transitions. There is minimal shift in the peak at 560 nm in IV.4 to 554 nm in IV.5. In 

contrast, the lowest energy transition of IV.4 at 832 nm (12,020 cm–1) is shifted 

bathochromically from the 758 nm (13,190 cm–1) maximum recorded for 5 and is assigned 

as 1ML-LCT with Rh2/DTolF → qxnp(*) character.  The 74 nm (1,170 cm–1) red shift of 

this transition is consistent with the more easily reduced qxnp ligand by 0.09 V in IV.4 as 

compared to that in IV.5, together with a more easily oxidized Rh2/DTolF HOMO in IV.4 

relative to IV.5 (Table IV-3).  
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Figure IV.7 Electronic absorption spectra of IV.4 (red) and IV.5 (black). 

 

 

 

Table IV-3 Electronic Absorption Maxima (abs), Molar Absorptivities (ε), Reduction 

Potentials (E1/2), Singlet (S) and Triplet (T) Lifetimes for IV.4 and IV.5 in Acetonitrile. 

Complex abs / nm (ε / 103 M−1 cm−1) E1/2 / V
b τS  / psc τT / nsc 

IV.4 
258 (124), 367 (47),  

560 (2.3), 832(1.9) 
+1.00, –0.34 3 0.40  

IV.5a 
259 (83), 369 (32),  

554 (2.2), 758(3.2) 
+1.08, –0.43 8 7.2 

aFrom reference 23.  bvs Ag/AgCl in 0.1 M Bu4NPF6/CH3CN.  cFrom transient absorption 

experiments at 298 K (exc = 600 nm, fwhm = 85 fs).  
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Electronic Structure Calculations 

DFT calculations were performed to assess the contributions of atomic orbitals to the 

molecular orbitals (MOs) in these dirhodium cations and to better understand the synthetic 

methodology designed to obtained the trans-substituted dirhodium complexes in this 

study. The geometrical parameters of the crystal structures of complexes IV.1–4 were used 

as starting points. The energies of the metal-metal bonding MOs are 

(σ)2(π)4(δ)2(π*)4(δ*)2(σ*)0 in IV.1–5 due to the presence of strong π-donor formamidinate 

ligands with the correct symmetry to interact with the Rh2(δ*) MO. This interaction raises 

the energy of the Rh2(δ*) MO such that it lies above the Rh2(π*) orbital. This electronic 

configuration is a departure from archetypal d7–d7 dinuclear complexes with weaker π-

donor bridging ligands for which the molecular orbital levels are 

(σ)2(π)4(δ)2(δ*)2(π*)4(σ*)0, but is consistent with other formamidinate containing 

complexes.28, 182 

 

 

 

Table IV-4 Comparison of gas phase optimized structures and X-ray crystal structures for 

IV.1–4. 
IV.1 Crystal Structure Calculated Structure 

Rh1-Rh2 2.5049(7) 2.53988 

Rh1-N1 2.030(5) 2.07224 

Rh1-N3 2.017(5) 2.05870 

Rh1-N5 2.062(13) 2.14095 

Rh1-N7 2.007(11) 2.06956 

Rh1-N9 2.218(6) 2.28381 

Rh2-N2 2.037(5) 2.08168 

Rh2-N4 2.035(5) 2.06234 

Rh2-N6 2.064(12) 2.13578 

Rh2-N8 2.0107(5) 2.07448 

Rh2-N10 2.253(5) 2.27658 

N1-Rh1-Rh2-N2 -17.7(2) 15.54491 

N7-Rh1-Rh2-N8 -23.3(4) 23.06920 
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Table IV-4 Continued. 
IV.2 Crystal Structure Calculated Structure 

Rh1-Rh2 2.49896(11) 2.54752 

Rh1-N1 2.08012(8) 2.10206 

Rh1-N3 2.01919(7) 2.05757 

Rh1-N5 2.05126(7) 2.11759 

Rh1-N7 2.02666(7) 2.07134 

Rh1-N9 2.36268(10) 2.48898 

Rh2-N2 2.03019(7) 2.06982 

Rh2-N4 2.04267(8) 2.06712 

Rh2-N6 2.06483(8) 2.13117 

Rh2-N8 2.02504(9) 2.06785 

Rh2-N10 2.16872(9) 2.25120 

N1-Rh1-Rh2-N2 18.9516(7) -16.71713 

N7-Rh1-Rh2-N8 21.8281(8) -23.10073 

IV.3 Crystal Structure Calculated Structure 

Rh1-Rh2 2.50067(14) 2.54390 

Rh1-N1 2.06510(11) 2.11350 

Rh1-N3 2.01532(11) 2.04261 

Rh1-N5 2.06183(11) 2.10568 

Rh1-N7 2.00758(12) 2.02760 

Rh1-N9 2.27573(14) 2.30749 

Rh2-N2 2.06949(10) 2.11147 

Rh2-N4 2.02915(12) 2.07729 

Rh2-N6 2.05291(10) 2.09704 

Rh2-N8 2.01714(12) 2.02834 

Rh2-N10 2.14851(12) 2.29084 

N1-Rh1-Rh2-N2 -19.1122(7) -16.45061 

N7-Rh1-Rh2-N8 -23.2238(9) -23.29449 

IV.41
 Crystal Structure Calculated Structure 

Rh1-Rh1’  2.4942(8) 2.50614 

Rh1-N1 2.0649(6) 2.11586 

Rh1-N3 2.0083(5) 2.05869 

Rh1-N2 2.0696(6) 2.10333 

Rh1-N4 2.0635(6) 2.10679 

Rh1-N5 2.3648(7) 2.50525 

Rh1’-N2 2.0696(6) 2.10698 

Rh1’-N4 2.0635(6) 2.11571 

Rh1’-N1’ 2.0649(6) 2.11146 

Rh1’-N3’ 2.0083(5) 2.04967 

Rh1’-N5’ 2.3648(7) 2.37627 

N1-Rh1-Rh1’-N2 -1.3337(4) -8.45476 

N4-Rh1-Rh1’-N3’ 6.922(2) -3.54168 
1The molecule resides on a special position that contains an inversion center, therefore the asymmetric 

unit only displays half of the molecule. The atoms marked with an apostrophe correspond to atoms 

generated by symmetry.  
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Figure IV.8 Example of the intramolecular π-π stacking interactions of IV.3. a) top and 

b) side views. 

 

 

 

 

Figure IV.9 Gas-phase optimized structures of IV.1–4 and of the computationally 

modeled trans-[Rh2(DTolF)2(np)(CH3CN)4][BF4]2. 
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Figure IV.10 Calculated MO diagrams for the cis (IV.5) and trans (IV.4) compounds. 

 

 

 

The calculations reveal that the HOMOs in IV.1–4 possess 25–34% Rh2(δ*) and 

63–72% formamidinate contributions (Table IV-7). These results are in accord with 

related dirhodium formamidinate complexes including the previously reported compound 

IV.5 which has a 31% contribution from the Rh2(δ*) MO and 63% from the formamidinate 

ligand.63, 74 The LUMOs of IV.1–4 are primarily localized on the π-accepting ligand, np 

or qxnp, as expected from prior work.74, 63 Compound IV.1 has an orbital contribution to 

the LUMO of only 66% from the np ligand, whereas the LUMOs of IV.2– 4 possess qxnp 

contributions that range from 89% to 94%.  
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Table IV-5 Electron density maps for IV.4 from its HOMO-1 to its LUMO+2 with an 

isovalue = 0.04 
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Table IV-5 Continued.  

 

 

 

HOMO-1 

 

 

 

 

 

 

Table IV-6. Vertical energies of the singlet excited states, oscillator strengths, ƒ, and 

major orbital contributionsa calculated for IV.4 and IV.5 in acetonitrile (H = HOMO; L 

= LUMO).b 

Excited 

State 

IV.4 IV.5 

1 10,661 cm–1 (938 nm), ƒ = 0.018, 

H → L (100%) 

11,390 cm–1 (878 nm), ƒ = 0.020, 

H → L (92.2%) 

2 10,858 cm–1 (921 nm), ƒ = 0.000, 

H → L+1 (96.0%) 

11,614 cm–1 (861 nm), ƒ = 0.024, 

H → L+1 (96.0%) 

3 14,881 cm–1 (672 nm), ƒ = 0.000, 

H–1 → L (98.0%) 

14,620 cm–1 (684 nm), ƒ = 0.028, 

H–1 → L (96.0%) 

4 15,129 cm–1 (661 nm), ƒ = 0.004, 

H–1 → L+1 (96%) 

14,641 cm–1 (683 nm), ƒ = 0.001, 

H–1 → L+1 (68.9%) 

H → L+2 (24.0%) 
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Table IV-6 Continued. 

5 15,576 cm–1 (642 nm), ƒ = 0.000, 

H → L+2 (72.2%) 

H → L+4 (20.3%) 

15,198 cm–1 (658 nm), ƒ = 0.008, 

H → L+2 (49.0%) 

H–1 → L+1 (29.2%) 

6 17,606 cm–1 (568 nm), ƒ = 0.002, 

H–3 → L+1 (56.2%) 

17,007 cm–1 (588 nm), ƒ = 0.009, 

H–4 → L (27.0%) 

H–2 → L (21.2%) 

7 18,116 cm–1 (552 nm), ƒ = 0.000, 

H–3 → L (98.0%) 

17,857 cm–1 (560 nm), ƒ = 0.001, 

H–5 → L+2 (28.1%) 

H–5 → L (22.1%) 

8 18,248 cm–1 (548 nm), ƒ = 0.002, 

H–5 → L+1 (30.2%) 

19,305 cm–1 (518 nm), ƒ = 0.012, 

H–1 → L+2 (75.7%) 

aOnly contributions of ≥ 20% are listed. bYellow = ML-LCT (Rh/DTolF→qxnp), blue 

= LLCT (DTolF→qxnp), green = 1MC (Rh2(π*)→Rh2(σ*)), orange = MLCT 

(Rh→qxnp), and purple = LMCT (DTolF→ Rh2(σ*)). 
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Table IV-7 Orbital contributions for IV.1–5 as predicted by TD-DFT calculations in 

acetonitrile (HOMO-5 through LUMO+6). aFrom J. Am. Chem. Soc. 2018, 140 (15), 5161. 
Orbital IV.1 IV.2 IV.3 

HOMO-5 71% Rh, 25% DTolF 

76% Rh, 14% DTolF, 8% 

qxnp 

75%Rh, 15% DTolF, 

8% qxnp 

HOMO-4 

86% Rh, 8% DTolF, 7% 

MeCN 

75% Rh, 12 % DTolF, 

11% qxnp 

75% Rh, 13% qxnp, 

7% MeCN 

HOMO-3 25% Rh, 72% DTolF 17% Rh, 80% DTolF 35% Rh, 63% DTolF 

HOMO-2 20% Rh, 78% DTolF 31% Rh, 64% DTolF 19% Rh, 79% DTolF 

HOMO-1 8% Rh, 89% DTolF 7% Rh, 90% DTolF 93% DTolF 

HOMO 32% Rh, 66% DTolF 29% Rh, 66% DTolF 25% Rh, 72% DTolF 

LUMO 7% Rh, 27% DTolF, 66% np 9% Rh, 89% qxnp 7% Rh, 90% qxnp 

LUMO+1 

67% Rh, 13% DTolF, 17% 

MeCN 

44% Rh, 47% qxnp 17%Rh, 78% qxnp 

LUMO+2 

30% Rh, 17% DTolF, 48% np, 

5% MeCN 

37% Rh, 55% qxnp 

58% Rh, 27% qxnp, 

8% MeCN 

LUMO+3 

36% Rh, 27% DTolF, 29% np, 

7% MeCN 

10% Rh, 88% qxnp 10% Rh, 86% qxnp 

LUMO+4 

46% Rh, 39% DTolF, 12% 

MeCN 

44% Rh, 27% DTolF, 

26% qxnp 

55% Rh, 19% DTolF, 

19% qxnp 

LUMO+5 34% Rh, 25% DTolF, 40 % np 

47% Rh, 31% DTolF, 

17% qxnp 

52% Rh, 27% DTolF, 

12% qxmp 

LUMO+6 

37% Rh, 54% DTolF, 7% 

MeCN 

28% Rh, 7% DTolF, 64% 

qxnp 

18% Rh, 12% DTolF, 

67% qxnp 
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Table IV-7 Continued. 
Orbital IV.4 IV.5a 

HOMO-5 58% Rh, 34% DTolF, 7% qxnp 81% Rh, 13% DTolF 

HOMO-4 53% Rh, 39% DTolF, 8% qxnp 59% Rh, 25% DTolF, 16% qxnp 

HOMO-3 79% Rh, 17% DTolF 38% Rh, 56% DTolF  

HOMO-2 6% Rh, 92% DTolF 40% Rh, 53% DTolF  

HOMO-1 7% Rh, 90% DTolF 90% DTolF 

HOMO 34% Rh, 63% DTolF 31% Rh, 63% DTolF  

LUMO 94% qxnp 13% Rh, 84% qxnp  

LUMO+1 15% Rh, 82% qxnp 94% qxnp 

LUMO+2 35% Rh, 60% qxnp 48% Rh, 46% qxnp 

LUMO+3 96% qxnp 95% qxnp 

LUMO+4 42% Rh, 53% qxnp 35% Rh, 59% qxnp  

LUMO+5 93% qxnp 13% Rh, 85% qxnp  

LUMO+6 58% Rh, 16% DTolF, 26% qxnp 95% qxnp 

 

 

 

The trans bis-substituted compound IV.4 displays a nearly perfectly eclipsed 

configuration when viewed down the Rh-Rh bond (Figure IV.4a) while the other 

complexes exhibit more distorted structures due to the steric strain caused by the p-tolyl 

moieties of the formamidinate bridging ligands as well as the presence of intramolecular 

π-stacking interactions between the quinoxalinyl ligands and the p-tolyl groups (Figure 

IV.8). The eclipsed conformation of IV.4 increases the electron donation from the 

electron-rich bridging ligands to the Rh2(*) MO which raises the energy of the HOMO 
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leading to a weaker -bond. As a consequence, this results in a longer Rh-Rh bond of 

2.4942(8) Å when compared to IV.5, Rh-Rh = 2.4498(2) Å.74 This result is in agreement 

with experimental observations, namely, that IV.4 is more easily oxidized than IV.5 by 

0.08 V (Table IV-3). In addition, the elongation of the Rh-Rh bond and concomitant 

shortening of the Rh-Nax distance is a reflection of an increase in the axial σ-donation of 

the quinoxalinyl moiety which raises the energy of the Rh2(σ*) molecular orbital. The 

LUMO of IV.4 is primarily qxnp in character and is calculated to lie at −0.0898 eV lower 

in energy than the qxnp-based LUMO of IV.5.  This finding is consistent with the more 

positive first reduction potential of IV.4 by +0.09 V compared to that of IV.5 (Table IV-

3). This difference is attributed to the variation in orbital overlap between IV.4 and IV.5; 

the Rh2(δ*) is interacting with two formamidinate bridging ligands in IV.4, whereas, in 

IV.5, two lobes of this orbital are shared by the formamidinate ligands (Table IV-5). This 

difference in participation of the dirhodium core in bonding to the formamidinate ligands 

translates to increased electron density on the qxnp ligands positioned trans to DTolF in 

the cis isomer IV.5, rendering the compound more difficult to reduce.  

The lowest energy transition observed in the steady state absorption spectrum of 

IV.4 appears in the near-IR region, extending beyond 950 nm with a maximum at 832 nm, 

which is red-shifted by 1,170 cm–1 as compared to IV.5. The TD-DFT calculations predict 

this transition at 938 nm and 878 nm for IV.4 and IV.5, respectively, and reveal that it is 

primarily HOMO-LUMO in nature and 1ML-LCT in character. The difference in energies 

between the calculated and experimentally determined 1MLCT bands are consistently red-

shifted in both compounds which can be attributed to the limitations of DFT 
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calculations.144 Therefore, the smaller calculated and experimentally measured HOMO-

LUMO gap in IV.4 can be associated directly with the red shift of the lowest energy 

transition relative to that of IV.5.  The second lowest energy transition is predicted to 

occur at 661 nm for IV.4 and 684 nm for IV.5 and is HOMO–1 → LUMO+1 in character 

(Table IV-6).  

In order to elucidate the mechanism of DTolF migration, gas-phase single-point 

energy calculations were undertaken for IV.2 and IV.3 and for two possible intermediates 

(Figures IV.11 and 12). The calculated species, cis/trans-[Rh2(μ-DTolF)(κ-

DTolF)(qxnp)(MeCN)3]
2+ and cis/trans-[Rh2(μ-DTolF)(κ-DTolF)(np)(MeCN)3]

2+, are 

proposed as intermediates in a pathway for migration of the formamidinate bridging 

ligand. The logical first step of the migration is Rh1-N1 bond scission, rotation along the 

remaining Rh2-N2 bond, and binding of the N1 to Rh2 in the axial position by displacement 

of the axial MeCN molecule. The second step is postulated to involve binding of N2 to the 

Rh2, but in a trans configuration, to produce the mono-substituted trans isomer IV.3 

(Figure IV.14). The calculated energies for these intermediates and the cis/trans-[Rh2(μ-

DTolF)2(qxnp)(MeCN)3]
2+ and cis/trans-[Rh2(DTolF)2(np)(MeCN)2]

2+ complexes 

indicate that axial chelation of the qxnp ligand has a profound effect on the energies of 

these axially-bound intermediates due to the trans influence across the Rh2(σ) bond from 

the quinoxalinyl moiety. The energies of the intermediates are, on average, 3.5 kcal/mol 

lower in energy for the qxnp-bearing complex. Most importantly, there is a significant 

difference between the energies of the cis and trans complexes when qxnp is the π-

accepting ligand (about 5 kcal/mol higher than the np complex), which supports the notion 
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that the axial blocking nature of the qxnp ligand is required for the migration of the 

formamidinate bridging ligands to take place. These calculations are consistent with 

experimentally observed phenomena reported in axially blocked Mo-Mo complexes in 

which axial chelation allowed for the synthesis of the trans isomers.183, 184  

The energies of complexes IV.4 and IV.5 were also calculated and compared with 

those of IV.2 and IV.3 as a function of a stepwise qxnp addition reaction (Figure IV.12). 

The computations indicate that there is no significant energy difference between the cis 

and trans bis-substituted compounds IV. 4 and IV.5, which indicates that both isomers 

should be synthetically accessible. There is, however, a large difference in energy between 

IV.2 and IV.3 which allows for the isolation of these compounds and the formation of 

IV.5 and IV.4, respectively upon addition of a second equivalent of qxnp ligand. The 

calculated energies are in agreement with experimental observations regarding the 

isolation of IV.2 and IV.3, for which a significant amount of complex IV.5 is obtained 

due to the energetically downhill nature of the reaction. 

The synthesis of the final trans complex IV.4 does not occur by treating IV.3 with 

one equivalent of qxnp ligand in refluxing acetonitrile. In order to gain understanding into 

the synthetic requirements for this reaction, energy calculations were performed for IV.2 

and IV.3 as functions of the Rh-MeCNax and Rh-MeCNeq bonds (Table IV-8), the results 

of which indicate a significant difference in the equatorial acetonitrile binding energies 

for the two isomers. Compound IV.3 has weaker calculated axial interaction energies and 

stronger equatorial Rh-N interactions for the acetonitrile ligands than those of complex 

IV.2. This behavior is consistent with the geometric arrangement of the formamidinate 
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bridging ligands. In IV.2, the formamidinate ligand, known to exert a strong trans effect, 

facilitates Rh-MeCNeq ligand exchange with the π-accepting ligands.12 Compound IV.3 

has a marginally stronger Rh-MeCNeq bond based the bond distances and the results of 

DFT calculations and requires higher energies to promote ligand exchange, consistent with 

experimental observations.  In this case it was necessary to use a non-coordinating solvent 

with a higher boiling point to obtain the desired bis-substituted trans complex IV.4. 

 

 

 

 

Figure IV.11 Gas-phase optimized postulated intermediates for the migration of the 

DTolF bridging ligands through the axial position going from cis to trans monosubstituted 

Rh2(II,II) compounds. 
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Figure IV.12 Energies for the gas-phase optimized structures of the products from 

sequential addition of two equivalents of the qxnp ligand for the cis and trans isomers. 
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Figure IV.13 Energies of the cis-[Rh2(DTolF)2(np)(MeCN)4][BF4]2 and cis-

[Rh2(DTolF)2(qxnp)(MeCN)3][BF4]2 starting materials relative to the corresponding trans 

products, along with those of  the proposed intermediates of DTolF migration, where L = 

MeCN and X is a solvent molecule (black line) or a quinoxalinyl axially-blocking moiety 

(red line). 

 

 

 

Kinetic Studies  

In order to determine the activation energy of the isomerization reaction from IV.2 

to IV.3, solutions of cis-[Rh2(μ-DTolF)2(μ-qxnp)(CH3CN)3][BF4]2 in CD3CN-d3 were 

placed in an oil bath at temperatures ranging from 64 – 80 ºC (with 4 ºC increments) and 

monitored by 1H NMR spectroscopy. Owing to differences in the symmetry of the 

complexes and the resulting changes in the intramolecular π-π stacking interactions 

(Figure IV.8), the quinoxalinyl moiety of the axial blocking ligand displays markedly 
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different chemical shifts for 2 and 3 that allow for the reaction to be followed by 1H NMR 

spectroscopy (Figure IV.16). For 2, the area of the peak that corresponds to two hydrogen 

atoms of the quinoxalinyl moiety at 9.74 ppm was set to a value of 2. The transformation 

of IV.2 to IV.3 was then referenced to the total area of the latter species, which exhibits a 

resonance at 9.64 ppm for the hydrogen atom in the quinoxalinyl moiety. The percent 

transformation of IV.2 was calculated and plotted over time and the rate of reaction for 

each temperature was obtained from a mono-exponential decay fitting (Figure IV.16b), 

which is consistent with the appearance of IV.3. The conversion takes place over 24 h in 

refluxing acetonitrile which allows for the isolation of complex IV.3 at relatively short 

reactions times. The reaction is significantly slower at 60 ºC, however, and requires four 

days to achieve full conversion of IV.2 to IV.3. The reaction performed at 40 ºC did not 

yield the trans isomer over a 24 h period and was used to isolate IV.2. An activation 

energy of 38 kcal/mol was determined from a linear fit of an Arrhenius plot of the 

logarithm of the observed rates of reaction versus reciprocal temperature (Figure IV.19). 

This activation energy is consistent with a rate-limiting step involving Rh-NDTolF bond 

dissociation which is proposed as the first step for the DTolF migration, in agreement with 

the computationally calculated bond energy of 54 kcal/mol for the Rh-NDTolF bond as well 

as previously reported Rh-Neq energies of 33 kcal/mol.185, 186  
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Figure IV.14 Example of the determination of the bond strength for the trans-

equatorial(2) acetonitrile molecule in the trans isomer intermediates. 

 

 

 

Table IV-8 Summary of the bond energies in kcal/mol for the equatorial and axial 

acetonitrile solvent molecules. 

 IV.4 IV.5 IV.5 - 4 

ax -17.8043 -19.9398 -2.13554 

eq1 -34.3491 -31.5854 2.763615 

eq2 -34.0196 -29.4018 4.617718 

 

 

 

 

Figure IV.15 Example of the 9.84-9.58 ppm portion of the 1H NMR spectrum for the 

isomerization reaction of IV.2 → IV.3 in acetonitrile at 80 ºC after 8 hours. 
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Figure IV.16 (a) Selected 1H NMR spectroscopic traces following the isomerization 

reaction from IV.2 to IV.3 and (b) monoexponential decay of the normalized integration 

for the conversion of IV.2 (blue) to IV.3 (red) at 68 ºC in acetonitrile.  

 

 

 

Time-Resolved Spectroscopy  

Femtosecond transient absorption spectroscopy was performed on IV.4 to 

investigate the excited states properties of the two complexes, (Figure IV.17b) and 

compared with the results for IV.5 (Figure IV.17a). The 1ML-LCT 

Rh2(δ*)/DTolF(π*)→qxnp (π*) excited state of IV.4 is populated upon 600 nm excitation 
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(2.5 µJ/pulse, IRF = 85 fs), leading to a broad absorption at ~ 420 nm. This state decays 

with a lifetime of 3 ps to the corresponding 3ML-LCT excited state, and the latter 

regenerates the ground state with  = 405 ps in acetonitrile. The kinetic trace of the signal 

at 420 nm was fitted biexponentially to obtain the lifetimes of the two states (Figure 

IV.18). The singlet and triplet lifetimes for IV.4, τS = 3 ps and τT = 405 ps, respectively, 

are shorter than those of IV.5, τS = 8 ps and τT = 7.2 ns (Table IV-3). The Energy Gap 

Law predicts that the lower energy 3ML-LCT state in IV.4 should lead to faster 

radiationless decay and a shorter 3ML-LCT lifetime as compared to IV.5, but the small 

energy difference between the two compounds would only be expected to result in a 

decrease to ~ 6 ns in IV.4 from 7 ns in IV.5. Instead, the shorter lifetimes of the excited 

states of IV.4 are attributed to its longer Rh-Rh bond as compared to IV.5, which results 

in a more accessible metal-centered state that facilitates fast deactivation.  

To evaluate potential application of IV.4 and IV.5 as dyes for DSSCs, 

photoinduced charge transfer from a reversible electron donor, p-phenylenediamine (p-

PD) with E1/2 = + 0.28 V vs Ag/AgCl, was examined by nanosecond transient absorption 

spectroscopy (Figure IV.10). Upon 600 nm excitation (5 mJ/pulse, IRF = 6 ns), a mixture 

of IV.4 and p-PD (20 mM) displays a long-lived absorption difference spectrum consistent 

with the formation of the p-PD radical cation, with an absorption maximum at 460 nm.74 

This charge transfer is also observed for IV.5 but the signal is ~ 30-fold stronger for the 

p-PD radical cation under the same experimental conditions. The differences in the 

efficiencies of bimolecular charge transfer between IV.4 and IV.5 are attributed to the 

shorter triplet lifetime of IV.4. The reductive quenching of IV.4, with a ground state 
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reduction potential of –0.34 V vs Ag/AgCl (Table IV-3), by p-PD requires that the 3ML-

LCT state, ET, of IV.4 lie at least 0.62 eV above the ground state. This value for ET is 

consistent with those measured for related Rh2(II,II) complexes, ~ 1.1 eV.63    

 

 

 

 

Figure IV.17 Transient absorption spectra of (a) the cis isomer IV.5 (λex= 720 nm, 2.5 µJ) 

and (b) the trans isomer IV.4 (λex= 600 nm, 2.5 µJ). 
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Figure IV.18 Kinetic trace (ex = 600 nm, 2.5 J/pulse) of IV.4 in CH3CN at 420 nm (at 

longer time); insert (at shorter time). 

 

 

 

 

Figure IV.19 Arrhenius plot for the calculation of the activation energy of the 

isomerization reaction for conversion of IV.2 into IV.3 in acetonitrile. 
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Figure IV.20 Transient absorption spectrum of the trans isomer IV.4 in acetonitrile (130 

μM) in the presence of p-phenylenediamine (1:150) collected at 1 µs after the 600 nm 

excitation pulse (IRF = 6 ns, 5 mJ). 

 

 

 

Conclusions 

A series of four new dirhodium formamidinate complexes featuring π-accepting ligands 

was described in detail. A particularly important finding is the isolation of the first trans-

formamidinate dicationic complex, IV.4, by careful control of the reaction conditions used 

to prepare the trans precursor, IV.2, in favor of the cis isomer.  Compound IV.4 displays a 

panchromatic absorption profile that extends into the near-IR region with a maximum at 

832 nm that corresponds to a 1ML-LCT transition as predicted by TD-DFT. This 

absorption is red-shifted with respect to that of the corresponding cis complex IV.5. The 

1ML-LCT and 3ML-LCT excited state lifetimes of IV.4 were measured and found to be 3 

ps and 0.4 ns, respectively, by transient absorption spectroscopy. Although these lifetimes 

are shorter than those of the cis analog, the 3ML-LCT is sufficiently long-lived to oxidize 

p-phenylenediamine in solution, leading to an excited state energy of ≥ 0.62 eV. The 
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smaller HOMO-LUMO gap of IV.4 as compared to IV.5 is attributed to its eclipsed 

configuration, which leads to better orbital overlap and a concomitant increase in energy 

of the Rh-containing MOs. The synthesis of IV.4 was rendered possible by implementing 

the use of axial blocking ligands which trigger the migration of a bridging formamidinate 

ligand to yield the trans isomer in the presence of one equivalent of the qxnp ligand. 

Calculations support the feasibility of this approach as a general route to access trans 

isomers. It is especially noteworthy that a change in the arrangement of ligands in these 

molecules has little effect on photophysical and excited stated redox properties, indeed the 

parentage of the transitions remains the same for the cis and trans isomers and the excited 

states of both species are reducing enough to allow them to participate in electron transfer 

reactions. The results of this study pave the way for a systematic investigation of the 

photophysical properties of hitherto unexplored trans isomers for potential sensitization 

of p-type semiconductors with low energy light in DSSCs and related solar energy 

conversion applications. Moreover, these new geometries can be used as new 

formamidinate-containing scaffolds as building blocks for supramolecular architectures 

with potentially interesting photophysical properties.  
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CHAPTER V  

ASYMMETRIC DIRHODIUM COMPLEXES AS PHOTOCATALYSTS FOR H2 

PRODCUTION WITH LOW-ENERGY LIGHT 

 

Introduction 

A series In order to address the increasing global energy demands, the quest for 

new and more efficient carbon-neutral fuels and renewable energy sources is of paramount 

importance.45, 153-157 Over the last several decades, the use of solar energy has risen to the 

top of the approaches to tackle this challenge. Solar energy can be used for the production 

of electricity as well as to catalyze reactions, such as H2 generation, by injecting a holes 

or electrons into semiconductors through absorption of light by a sensitizer or 

chromophore-catalyst assembly. These technologies, however, present several drawbacks, 

a major one of which is the lack of absorption of the sensitizers in the low-energy region 

of the solar spectrum which limits the efficiencies of dye-sensitized solar cells (DSSCs)57, 

92-95 and dye-sensitized photoelectrosynthesis cells (DSPEC).96-98 

Standard n-type DSSCs have theoretical efficiencies of 33% whereas n- and p-type 

tandem cells have theoretical efficiencies of 43%; the highest efficiencies that have been 

achieved, however, are well below those values.103, 114, 115 This is partly due to the inability 

of the dyes to absorb light in the red and near-IR regions. The archetypal n-type sensitizer 

N3 dye, Ru(bpy)3
2+ (bpy = 2,2’-biyridine), does not absorb significantly past 600 nm and 

yields devices with efficiencies that are on the order of 10-12%.59, 163 The dye with the 

highest current device is the SM315 porphyrin coupled to a Co(II/III) redox shuttle which 
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has an photocurrent efficiency (PCE) of 13%.60 Since the PCE of current devices is rather 

low compared to the theoretical limits, an attractive alternative is the use of these devices 

for photoelectrosynthesis by employing a chromophore-catalyst assembly instead of a 

sensitizer. The first example of a hybrid molecular-semiconductor system for water 

splitting was developed in 1970 and consists of a TiO2 semiconductor and an N3 dye as 

the sensitizer.187, 188  Upon irradiation, the sensitizer in the presence of the dication methyl 

viologen (MV) transfers an electron to the semiconductor and oxidize water while 

catalyzing proton reduction at a separate platinum electrode in the presence of acid. A 

reasonable approach to improving the efficiency of these devices is to use chromophore-

catalyst assemblies that have the ability to capture light while catalyzing H2 production. 

There are many different approaches to form these types of assemblies. The cationic 

complex [(4,4’-(PO3H2)2bpy)2Ru(4-Mebpy-4’-bimpy)Ru(tpy)(OH2)]
4+ is an example of a  

typical covalently bonded assembly.65 This compound can catalyze water splitting to form 

O2 and H2, but it requires high energy irradiation (λirr = 455 nm) and does not take 

advantage of the full solar spectrum thereby decreasing its overall efficiency. In addition, 

pre-organized, covalently linked assemblies, although useful as a proof of concept, are 

synthetically challenging due to multi-step synthesis requirements and are produced in 

low yields. For these reasons, compounds that display panchromatic absorption profiles 

and which exhibit catalytic activity are very attractive candidates for these applications. 

Dirhodium complexes are excellent candidates for these applications since they 

display panchromatic absorption profiles, are water and air stable, and are known to 

catalyze a myriad of reactions including proton reduction. Nocera and coworkers reported 
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several dirhodium complexes in which the catalytic center and the sensitizer are installed 

in the same unit.67, 69, 189-191 As an example, the two-electron mixed-valence complex 

Rh2
0,II(tfepma)2(CNAd)2Cl2 (CNAd = 1-adamantylisocyanide) produces H2 upon 

irradiation with a TON of 7 after 144 hours of irradiation (λirr > 305 nm).68 This compound, 

however, does not absorb past 550 nm and requires UV light irradiation to produce a 

significant quantity of hydrogen gas. Recently, our groups developed the series of axially-

blocked dirhodium sensitizers cis-[Rh2(DTolF)2(L)2][BF4]2 (L = pynp (2-(pyridin-2-yl)-

1,8-naphthyridine), qxnp (2-(1,8-naphthyridin-2-yl)quinoxaline) or qnnp (2-(quinolin-2-

yl)-1,8-naphthyridine) that display panchromatic absorption profiles which extend into the 

near-IR.74 Owing to the rigidity imparted by the axial blocking ligands and deactivation 

of solvent-assisted non-radiative decay pathways, these compounds display relatively 

long-lived excited state lifetimes. In addition, they are able to participate in electron 

transfer reactions with electron donors from their excited states upon low energy light 

irradiation (λirr = 600 nm). These molecules, however, are not capable of catalyzing 

reactions due to the blockage of the axial sites by the π-accepting ligands which renders 

the bimetallic core inaccessible. Therefore, complexes with panchromatic absorption 

profiles wit accessible metal sites for catalysis constitute an attractive and unexplored area 

of research.  

The present study focuses on the synthesis and characterization of two new 

asymmetric cationic dirhodium complexes with improved panchromatic absorption that 

extends into the near-IR and excited state properties that make them suitable for 

photocatalytic hydrogen production. The compounds cis-[Rh2(DTolF)2(L)(np)][BF4]2 (L 
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= qxnp (V.1) and qnnp (V.2)) were prepared and their properties were compared to cis-

[Rh2(DTolF)2(qxnp)2][BF4]2 and cis-[Rh2(DTolF)2(np)2][BF4]2 (Figure V.1). The axially 

blocking ligands, namely qxnp and qnnp, impart rigidity to the complexes and restrain the 

Rh-Rh bond in the excited state while blocking access to solvent molecules. The axial 

blockage of the complexes can, therefore, lengthen the lifetime of their excited state 

through deactivation of non-radiative decay pathways. In addition, a second, non-axially 

blocking π-accepting ligand np was selected to allow for one accessible axial position 

which can participate in catalytic reactions.  

 

 

 

 

Figure V.1 Schematic representation of the molecular structures of complexes V.1 and 

V.2. 
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Experimental Section 

Materials  

The starting material [RhCl(COD)]2 was purchased from Pressure Chemicals and 

used as received. The partially solvated compound cis-[Rh2(DTolF)2(MeCN)6][BF4]2 was 

synthesized by addition of two equivalents of the formamidinate ligand to [RhCl(COD)]2 

followed by oxidation with AgBF4 according to reported procedures.34 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was purchased from Alfa Aesar. 

The ligands 2-(1,8-naphthyridin-2-yl)quinoxaline (qxnp) and 2-(quinolin-2-yl)-1,8-

naphthyridine (qnnp) were prepared according to reported procedures.74, 178 The solvent 

acetonitrile was dried over 3 Å molecular sieves and distilled under a N2 atmosphere. The 

complexes were synthesized under a N2 atmosphere using standard Schlenk techniques. 

Additional manipulations of the products were performed in air.  

cis-[Rh2(μ-DTolF)2(μ-np)(μ-qxnp)][BF4]2 (V.1). Equimolar quantities of cis-

[Rh2(μ-DTolF)2(μ-np)(μ-qxnp)][BF4]2 (101.6 mg, 0.095 mmol), np (12.2 mg, 0.094 

mmol), and qxnp (24.4 mg, 0.094 mmol) were suspended in 20 mL of acetonitrile and 

refluxed for 24 hours in an oil bath at 90 ºC. The resulting dark purple solution was 

concentrated to ~5 mL and copious amounts of diethyl ether were added to precipitate the 

product. The product was filtered through a fine frit and washed three times with 5 mL of 

diethyl ether. The product was obtained as a 110.3 mg mixture of V.1, cis-[Rh2(μ-

DTolF)2(μ-np)2][BF4]2 and cis-[Rh2(μ-DTolF)2(μ-qxnp)2][BF4]2 which were separated by 

column chromatography using neutral alumina as the stationary phase and a gradient of 2 

– 5% methanol in dichloromethane. The desired compound was collected in the second 
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band and evaporated to dryness to yield 39.7 mg (34.4% yield) of a purple powder. 1H 

NMR (499 MHz, CD3CN) δ 10.72 (d, J = 40.2 Hz, 2H), 9.67 (s, 1H), 8.72 (dd, J = 5.3, 

1.3 Hz, 1H), 8.70 – 8.65 (m, 2H), 8.54 (ddd, J = 8.2, 6.9, 1.6 Hz, 2H), 8.49 (dd, J = 8.3, 

1.6 Hz, 1H), 8.02 (dd, J = 8.4, 1.3 Hz, 1H), 7.87 (dd, J = 8.3, 5.3 Hz, 1H), 7.83 (ddd, J = 

8.3, 6.8, 1.2 Hz, 1H), 7.71 – 7.65 (m, 2H), 7.33 – 7.29 (m, 2H), 7.17 (ddd, J = 8.4, 6.8, 1.4 

Hz, 1H), 7.10 (d, J = 8.1 Hz, 2H), 7.03 (dd, J = 8.8, 1.0 Hz, 1H), 6.95 – 6.89 (m, 4H), 6.71 

(d, J = 8.2 Hz, 2H), 6.27 (d, J = 8.2 Hz, 2H), 6.20 (d, J = 8.2 Hz, 2H), 6.12 (dd, J = 19.1, 

7.1 Hz, 4H), 2.40 (s, 3H), 2.24 (s, 3H), 2.14 (s, 3H), 1.85 (s, 3H). HRMS (ESI-MS) m/z: 

[M]2+ (C54H46N10Rh2) 520.0999 calc. [M]2+ (C54H46N10Rh2) 520.1003. 

cis-[Rh2(μ-DTolF)2(μ-np)(μ-qnnp)][BF4]2 (V.2). Quantities of cis-[Rh2(μ-

DTolF)2(μ-np)(μ-qxnp)][BF4]2 (100.3 mg, 0.094 mmol), np (12.1 mg, 0.093 mmol), and 

qnnp (23.9 mg, 0.093 mmol) were suspended in 20 mL of acetonitrile and refluxed in an 

oil bath at 90 ºC for 24 hours. The dark purple solution was cooled and the solvent was 

evaporated to near dryness. Diethyl ether was used to precipitate the product which was 

collected by vacuum filtration on a fine frit to yield s 98.6 mg of a dark blue powder. As 

in the case of V.1, the product was obtained as a mixture of V.2 and the bis-substitution 

products cis-[Rh2(μ-DTolF)2(μ-np)2][BF4]2  and cis-[Rh2(μ-DTolF)2(μ-qnnp)2][BF4]2. 

The desired product was obtained from evaporation of the second fraction from column 

chromatography using neutral alumina and 2–5% methanol in dichloromethane; 42.1 mg 

of V.2 (36.9 % yield). 1H NMR (499 MHz, cd3cn) δ 10.67 (d, J = 16.4 Hz, 2H), 8.81 (dd, 

J = 5.3, 1.4 Hz, 1H), 8.58 (d, J = 8.8 Hz, 1H), 8.51 (d, J = 7.7 Hz, 2H), 8.46 (dd, J = 8.3, 

1.7 Hz, 1H), 8.41 (dd, J = 8.6, 3.1 Hz, 2H), 8.20 (d, J = 8.7 Hz, 1H), 7.90 (dd, J = 8.2, 1.2 
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Hz, 1H), 7.80 (dd, J = 8.2, 5.3 Hz, 1H), 7.70 (dd, J = 8.1, 5.4 Hz, 1H), 7.64 – 7.59 (m, 

2H), 7.36 (dd, J = 8.1, 4.8 Hz, 2H), 7.26 (dd, J = 8.2, 5.3 Hz, 1H), 7.11 (ddd, J = 8.5, 5.1, 

1.7 Hz, 3H), 6.85 (d, J = 8.0 Hz, 2H), 6.75 (d, J = 8.0 Hz, 2H), 6.70 (d, J = 8.3 Hz, 2H), 

6.36 (d, J = 8.3 Hz, 2H), 6.29 – 6.23 (m, 4H), 6.12 (d, J = 8.0 Hz, 2H), 2.41 (s, 3H), 2.21 

(s, 3H), 2.16 (s, 3H), 1.87 (s, 3H). HRMS (ESI-MS) m/z: [M]2+ (C54H46N10Rh2) 519.6026 

calc. [M]2+ (C55H47N9Rh2) 519.6027.  

Instrumentation and methods  

1H NMR spectra were obtained on an Inova 500 MHz spectrometer; the chemical 

shifts were referenced to the residual peak of the residual CD3CN-d3 deuterated solvent 

signal at 1.96 ppm. In addition, acid titrations with dilute DCl in D2O were followed by 

1H NMR for solutions of both complexes in CD3CN-d3. Electronic spectroscopy was 

performed on a Shimadzu UV-1601PC spectrophotometer in 1×1 cm quartz cuvettes. 

Extinction coefficients in acetonitrile were determined in triplicate. An acid titration of a 

solution of the compounds in acetonitrile was followed by UV-Vis spectroscopy with a 

solution of TsOH in acetonitrile. The acid was added in amounts of 0.3 equivalents and 

the absorption profile was recorded. The equivalents of acid required to fully protonate 

the complex were determined from a plot of the absorbance at 581 nm as a function of the 

amount of acid added.   

Electrochemical measurements for V.1 and V.2 (1 × 10-3 M) were recorded under 

an inert atmosphere using dry acetonitrile and 0.1 M [n-Bu4N][PF6] as the supporting 

electrolyte with a CH Instruments electrochemical analyzer model CH1620A. A three-

electrode cell was used with a Ag/AgCl reference electrode standardized to ferrocene (E1/2 
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= +0.55 V vs Ag/ AgCl), a Pt wire as the counter electrode, and a glassy carbon disk as 

the working electrode. High-resolution Electrospray Ionization mass spectrometry (ESI-

MS) data were obtained in the Laboratory for Biological Mass Spectrometry at Texas 

A&M University using a using a Thermo Scientific Q Exactive Focus.  The sample was 

directly infused at a flow rate of 10 µL/min.  The Q Exactive Focus HESI source was 

operated in full MS in positive mode. The mass resolution was tuned to 17500 FWHM at 

m/z 200, the spray voltage was set to 3.75 kV, and the sheath gas and auxiliary gas flow 

rates were set to 7 and 0 arbitrary units, respectively.  The transfer capillary temperature 

was held at 250 °C and the S-Lens RF level was set at 50 v. Exactive Series 2.8 

SP1/Xcalibur 4.0 software was used for data acquisition and processing. 

Nanosecond transient absorption spectra were obtained on a setup that was 

previously reported.180 The pump beam (~ 5 mJ) was generated using a BasiScan OPO 

(Spectra Physics) pumped with the third harmonic of an Nd:YAG laser (Spectra Physics, 

INDI-40) at a rate of 10 Hz and power of 130 mJ. The output of a continuous 150 W xenon 

arc lamp gated using a Uniblitz shutter was used as the probe. The pump and probe pulse 

were overlapped at a 90° geometry at the sample. Time-resolved absorption spectra were 

obtained on an Edinburgh LP980 spectrometer with an ICCD-based broadband camera. 

The kinetic traces were collected with a PMT and an oscilloscope.  All transient absorption 

samples were deoxygenated prior to study and UV-Vis spectra were collected before and 

after to ensure no sample degradation occurred upon irradiation. All samples were 

prepared to an optical density of ~ 0.5 OD in acetonitrile at the 650 nm excitation in a 1 
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by 1 cm cell and all fits were performed as the sum of exponentials using Igor Pro (6.3) 

software with instrument response deconvolution.  

Ultrafast transient absorption (fsTA) experiments were performed on a system 

previously described in detail.179 Briefly, the output of a Ti:sapphire regenerative amplifier 

(Astrella 1K-USP, Coherent) was split to generate the white light probe through rotating 

CaF2 crystal and to pump an OPA (OPerA Solo, Coherent/Positive Light) to generate the 

pump pulse at 720 nm. A thermally cooled CCD camera and home-built software written 

in LabVIEW 2015 were used to collect and manipulate data. The sample solution was 

prepared with ~ 0.5 OD in acetonitrile at the excitation wavelength and ~ 5 mL of the 

solution containing the sample was flowed through a 1 mm path-length Harrick Scientific 

flow cell (1 mm thick CaF2 windows) and excited with ~ 2.5 µJ at the pump wavelength. 

The protonated samples were prepared in acetonitrile with the addition of p-

toluenesulfonic acid (TsOH) until no blue shift was observed in the spectra. An instrument 

response of fwhm ~ 85 fs was measured using the Kerr effect in cyclohexane. The 

polarization angle between the pump and probe was set to 54.7° to avoid the rotational 

diffusion effects. All fits were performed as the sum of exponentials using Igor Pro (6.3) 

software with instrument response deconvolution. 

All irradiation studies were performed using light emitting diodes (Luxeon Star), 

where 655 nm irradiation was performed with 2 LEDs on a homebuilt irradiation 

apparatus, where the sum of all the LED output was found to be 500 mW. Acrylic plates 

were designed to hold a 1 cm cuvette in the center of the LEDs, each at a 1.6 cm distance 

from the photolysis vials. All samples were prepared with ~ 0.5 OD at a 655 nm irradiation 
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wavelength in DMF with the addition of 120 mM BNAH as the electron donor and 100 

mM TsOH as the acid source. All samples were purged under N2 for 15 min before 

irradiation. Dark controls were performed by irradiating the samples in an aluminum foil 

sleeve to ensure that the effect was not merely temperature dependent. Quantification of 

hydrogen was performed by irradiation in septum capped vials. Volume measurements of 

vials were performed by weight when filled with deionized water with all measurements 

being made in triplicate. 

Gaseous products were qualified and quantified with a Shimadzu GC-2014 gas 

chromatograph (GC). Aliquots of headspace were removed using a Hamilton gastight 

syringe and injected into a GC (He carrier gas for H2 generation) with a ShinCarbon 

column (2 m long × 1/8 in. OD × 2.0 mm ID) and a Shimadzu TCD-2014 thermal 

conductivity detector. The GC conditions were as follows: injector temperature, 41.0 °C; 

column temperature, 30 °C; detector temperature, 150 °C; and gas flow, 25 mL/min. The 

calibration curve was constructed by injecting a series of known amounts of 5% H2/N2 

mixture in triplicate. 

Density Functional Theory (DFT) calculations were performed to calculate the 

molecular orbital contributions to the molecular orbitals using the Gaussian (09) 

package.131 For the Rh atoms, The Stuttgart RSC 1997 Electron Core Potential (ECP)181 

basis set was used, and the 6-31G† basis set was used for the C, N, and H atoms.134 The 

B3LYP correlation and exchange functional was used.132, 133 The geometric parameters of 

a low-resolution crystal structure obtained for V.1, omitting interstitial solvent molecules 

and counterions, was used as a starting point for the gas optimization of this compound. 
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In addition, this optimized structure was employed as a starting point to model the 

structure of V.2, as well as the structures of the intermediates of the proposed 

photocatalytic cycle for H2 production using ‘GaussView’. Time-Dependent Density 

Functional Theory (TD-DFT) calculations were performed following the gas-phase 

optimizations using the polarized continuum model (PCM) with acetonitrile as the solvent. 

The first sixty lowest singlet-to-singlet excited states were calculated from the first ground 

states calculated for these complexes. 

Single crystals of V.1 + HCl and V.1 in HBF4 were selected from mineral oil under 

ambient conditions using a MiTeGen microloop or a nylon loop. Crystals were placed in 

a cold N2 stream at 110 K on a Bruker D8-QUEST diffractometer equipped with a IµS 

Mo microsource (λ = 0.71073 Å). Initial unit cells were determined using SAINT from a 

set of three ω-scans consisting of 0.5° frames and a sweep width of 15°. For each structure, 

the data were corrected for absorption using SADABS and the space group was 

determined from analysis of the systematic absences using XPREP.128 The structures were 

solved using the intrinsic phasing routine in SHELXT or by direct methods implemented 

in SHELXS. The diffraction of both crystals, however, was rather poor which precluded 

anisotropic refinement of the data.  

Results and Discussion 

Synthesis and Characterization 

Compounds V.1 and V.2 were synthesized following the scheme presented in 

Figure V.2. The partially solvated complex cis-[Rh2(DTolF)2(MeCN)6][BF4]2 was 

refluxed in acetonitrile in the presence of one equivalent of 1,8-naphthyridine (np) and 
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one equivalent of 2-(1,8-naphthyridin-2-yl)quinoxaline (qxnp) or 2-(quinolin-2-yl)-1,8-

naphthyridine (qnnp) for V.1 and V.2 respectively. Not surprisingly, the reaction yielded 

a mixture of three products, namely the bis-substituted np compound, the bis-substituted 

axially blocked species, and the desired asymmetric complex. The target complexes were 

separated from these mixtures using column chromatography as cationic [BF4]
— salts and 

characterized by HRMS and 1H NMR. Both compounds exhibit an intense signal for the 

parent ion [M]2+ in their mass spectrum and a variety of signals in the aromatic region of 

the 1H NMR spectrum due to the asymmetric nature of the complexes (Figures V.3 and 

4). 

X-ray crystal structures  

The molecular structure of V.1 was confirmed by low resolution X-ray 

crystallography and is shown in Figure V.5. Crystals for V.1 were obtained in the presence 

of HCl which lead to the protonation of the compound with a concomitant blue-shift of its 

absorption profile (vide infra). In addition, crystals of a decomposition product in the 

presence of HBF4 were also obtained (Figure V.6). Due to the low-resolution nature of 

these structures, no comments can be made about the bond lengths and angles as the 

structures were not able to be refined anisotropically. Nevertheless, the structure of V.1 in 

the presence of HCl indicates that the ligands are connected to the metal core as expected 

leaving only one axial site open for catalytic applications. Long-term exposure to an 

excess of HBF4 leads to the cleavage of one of the formamidinate bridging ligands, 

consistent with the computational calculations that suggest that the N atom of the 

formamidinate ligand is the most basic site of the molecule.  
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Figure V.2 Synthetic scheme for the synthesis of V.1 and V.2. 
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Figure V.3 Aromatic region of the 1H NMR for V.1 in acetonitrile-d3. 

 

 

 

 

Figure V.4 Aromatic region of the 1H NMR for V.2 in acetonitrile-d3. 

 



 

166 

 

 

Figure V.5 Low resolution X-ray data refined isotropically for cis-

[Rh2(DTolF)2(qxnp)(np)][BF4]2 in the presence of HCl. 

 

 

 

 

Figure V.6 Low resolution X-ray crystal data of V.1 after a two-week exposure to HBF4 

at room temperature. 
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Electrochemistry and Electronic Absorption Spectroscopy 

Table V-1. summarizes the electrochemical data and the steady state absorption 

spectra for V.1 and V.2.  Compounds V.1 and V.2 exhibit a one-electron oxidation in 0.1 

M Bu4NPF6 CH3CN with E1/2 values of +0.82 and +0.80 V vs Ag/AgCl, respectively 

(Figure V.7). These first oxidation couples are assigned as Rh-formamidinate in character 

as reported for other formamidinate complexes.63, 74 Upon scanning cathodically, V.1 and 

V.2 were observed to exhibit three one-electron reduction events, in contrast to related 

complexes such as cis-[Rh2(DTolF)2(qxnp)2][BF4]2 which display four one-electron 

reduction events. This can be explained by the fact that the qxnp ligands undergo two 

electrons reductions whereas the np ligand is reduced by one electron. The first reduction 

event is assigned to the qxnp/qnnp ligands and their shift in potential is consistent with the 

shift in the ML-LCT band observed in the absorption spectrum for V.2 as compared to 

V.1. That is, the more red-shifted compound V.1 is easier one to reduce due to the presence 

of a quinoxalinyl moiety in contrast with V.2 which contains a quinolinyl moiety. 

The steady state absorption spectra of complexes V.1 and V.2 are shown in Figure 

V.8 and their maxima and molar extinction coefficients are listed in Table V-1. Both 

compounds exhibit ligand-centered ππ* transitions in the ultraviolet (UV) region at 252 

nm. In addition, the spectra display Rh2/DTolF→np charge transfer transitions at ~ 365 

and 584 which is similar to previously assigned transitions for related complexes.127 Due 

to the b1u symmetry of the π* orbitals of the formamidinate bridging ligands, they can 

interact with the δ* orbitals of the same symmetry of the dirhodium core imparting 

DTolF(π*)/Rh2(δ*) character to the HOMO of these complexes in contrast with the 
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archetypal electronic configuration of (σ)2(π)4(δ)2(δ*)2(π*)4(σ*)0 for other d7-d7 

paddlewheel complexes. Interestingly, the presence of two distinct π-accepting ligands 

yields two low-energy ML-LCT bands which are Rh2/DTolF→np and 

Rh2/DTolF→qnnp/qxnp in nature which increases the absorption coefficients of these 

complexes throughout the visible region into the near-IR. This situation is an improvement 

over their bis-substituted counterparts which display only one low-energy ML-LCT band 

making them less effective panchromatic absorbers compared to the asymmetric 

complexes. In addition, V.1 is red-shifted by 32 nm (535 cm-1) with respect to cis-

[Rh2(DTolF)2(qxnp)2][BF4]2 making it` a better candidate for DSSC applications for 

which the use of a low-energy sensitizer is required.   

 

 

Figure V.7 Cyclic voltammograms of and V.1 (green) and V.2 (blue). 
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Figure V.8 Electronic absorption spectra for V.1 (green) and V.2 (blue). 

 

 

 

Table V-1 Electronic Absorption Maxima with Molar Absorptivities in Acetonitrile, 

Reduction Potentials, Singlet (τS) and Triplet (τT) Lifetimes for V.1 and V.2. 

Complex λabs / nm (ε / 103 M−1 cm−1) E1/2 / V
a t1/psb t2/nsb 

V.1 252 (98), 365 (29), 584 (3.9), 790 (1.9) +0.82, –0.60 6 1.5 

V.2 252 (109), 352 (31), 582 (4.3), 712 (2.4) +0.80, –0.69 10 4 

avs Ag/AgCl in 0.1 M Bu4NPF6/CH3CN.  bFrom transient absorption 

experiments in acetonitrile at 298 K ( exc = 720 nm, 2.5 μJ).  
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Ground State Protonation  

The complexes undergo protonation in the presence of a strong acid such as TsOH 

(Figure V.9) that leads to a blue-shift of the absorption profile as evidenced by the steady 

state absorption spectra presented in Figure V.10. This phenomenon has not been observed 

before by our groups with formamidinate bridged complexes exposed to acid in the course 

of studying theor electrocatalytic and photocatalytic properties. In order to elucidate the 

number of equivalents required to fully protonate this complex, a titration experiment was 

carried out by sequential addition of TsOH followed by steady state absorption. The 

maximum at 581 nm for 2 was plotted as a function of the number of equivalents of TsOH 

added to the solution. Least-squares linear regression analysis of the data indicates that the 

there is a 1:1 ratio of proton to complex as shown in Figure V.11. These data, however, 

do not provide insight as to where this proton is located in the complexes, that is, what is 

the most basic site.  

 

 

 

 

Figure V.9 Protonation of V.1 and V.2 in the presence of TsOH. 
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Figure V.10 Electronic absorption spectra of V.1 as a function of TsOH equivalents. 

 

 

 

 

Figure V.11 Acid titration of V.2 with a solution of TsOH in acetonitrile followed by UV-

vis spectroscopy at 581 nm. 
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In order to characterize the protonated complexes, a series of measurements and 

computational studies were performed. The protonation was also followed by 1H NMR 

spectroscopy for both complexes as shown in Figures V.12 and 13. To a solution of the 

complexes in acetonitrile-d3 a solution of DCl in D2O was added increments of 1 

equivalent of acid. The shift of the signals observed at higher fields is consistent with the 

protonation of the complex which leads to a reduction of the electron donation of the 

formamidinate ligand. In addition, the spectra reveal that the signal which shifts more 

significantly with the addition of acid is the doublet of doublets corresponding to the α-H 

of the naphthyridine moieties of the π-accepting ligands. These ligands are located trans 

to the formamidinate bridging ligands which exert a marked trans effect and protonation 

of the formamidinate ligand leads to a decrease in the trans effect which results a shielding 

of the signals that correspond to the protons of the π-accepting ligands across the Rh-Rh 

bond. These data are also consistent with what is observed in the low-resolution X-ray 

data obtained for the product of V.1 after a two-week exposure to HBF4 at room 

temperature. The structure revealed that there is one less formamidinate bridging ligand 

in the complex which is consistent with it being the most nucleophilic site in the complexes 

and that it dissociates.  
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Figure V.12 Aromatic region of the 1H NMR for V.1 in acetonitrily-d3 after protonation 

with DCl in D2O. 

 

 

 

 

Figure V.13 Aromatic region of the 1H NMR for V.2 in acetonitrily-d3 after protonation 

with DCl in D2O. 
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Computational studies were performed to provide further evidence to support the 

conclusion that the protonation occurs at the formamidinate lignad. In this approach, a 

proton was added to the gas-phase optimized structures of the complexes at different 

positions and the effect on the resulting UV-vis absorption spectra was studied via TD-

DFT calculations. In addition, the possibility of axial coordination of an anion as the 

source of the blue-shift was also investigated (vide infra). The results shown in Figure 

V.20 indicate that only protonation at the N atom of the formamidinate ligand produces a 

blue shift in the absorption profile. These results further support the results of 1H NMR 

and low-resolution X-ray crystallography. 

Electrocatalytic H2 Production  

In order to assess the electrocatalytic activity of these complexes, cyclic 

voltammetry experiments were performed in the presence of AcOH as an acid source. 

Solutions of AcOH in acetonitrile were prepared and added to the complexes in the 

electrochemical cell in small increments as a function of the quantity of compound. The 

cathodic potential was scanned for increasing amounts of acid and then recorded, and 

plotted against the current generated (Figures V.14 and 15). The studies reveal that both 

compounds have the ability to electrocatalytically produce H2 in the presence of an acid 

source. Although AcOH is not strong enough to fully protonate the complex in the 

amounts added, a small shift in the first reduction potential was observed for both 

compounds which is taken as an indication of a minor degree of protonation. Compounds 

V.1 and V.2 respond very similarly to the addition of acid although the onset of catalytic 

activity for V.2 occurs after the second reduction event whereas for V.1 it occurs after the 
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first one-electron reduction event. These observations are attributed to the difference in 

the axial blocking moiety for both complexes. Although qxnp is easier to reduce than the 

qnnp ligand, the electron donation through the Rh-Rh has a larger effect on the 

nucleophilicity of the remaining unoccupied axial position which leads to V.2 being a 

better catalyst.  

Electronic Structure Calculations  

In order to better understand the origin of the electronic transitions for these 

complexes, density functional theory (DFT) computational calculations were performed. 

DFT calculations were carried out using the geometrical parameters of a low-resolution 

crystal structure obtained for complex V.1 as a starting point. This structure was optimized 

in the gas-phase and used to model the structure of V.2 as well (Figure V.16, Table V.2). 

The results show that the HOMO for complexes V.1 and V.2 are 31% Rh(π*) in character 

with a large contribution of 64% of the formamidinate ligands. On the other hand, the 

LUMOs are 90% qxnp and qnnp in character for complexes V.1 and V.2 respectively 

(Tables V.3 and 4). The MO diagram shown in Figure V.17 highlights a major difference 

in the asymmetric complexes with respect to their symmetric bis-counterparts, namely that 

the first two LUMOs are no longer degenerate. Since V.1 and V.2 contain two different 

π-accepting ligands each, the first two LUMOs now have markedly different energies due 

to the orbital contributions of the np to the LUMO+1 and qxnp or qnnp to the LUMO. 

Lastly, asymmetric axial chelation leads to Rh(σ*) orbitals that have energies that are 

intermediate between those of the fully blocked and the axially free complexes.  
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Figure V.14 Cyclic voltammograms of V.1 in the presence of AcOH 

 

 

 

 

Figure V.15 Cyclic voltammograms of V.2 in the presence of AcOH. 
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The lowest energy transitions for the compounds appear in the visible region and 

extend into the near-IR region; TD-DFT calculations were performed to assign the nature 

of these transitions (Figure V.18 and Table V.5). The lowest energy transitions for V.1 are 

assigned to ML-LCT transitions that are Rh2(π*)/DTolF → qxnp and Rh2(π*)/DTolF → 

np in nature and are assigned to the lowest and second lowest energy transitions 

respectively. Similarly, V.2 displays two ML-LCT transitions that are Rh2(π*)/DTolF → 

qnnp and Rh2(π*)/DTolF → np in character. The difference in energy between the lowest 

energy transitions for V.1 and V.2 can be attributed to the difference in energies of the 

qxnp and qnnp ligands which are the major contributors to the LUMOs, leading to a 

smaller energy gap for V.1 compared to V.2.  

 

 

 

 

Figure V.16 Gas-phase optimized structures for V.1 (a) and V.2 (b). 
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Table V-2 Calculated bond distances and dihedral angles for V.1 and V.2. 

Bond distance (Å) 

/ dihedral angle (º) 
V.1 V.2 

Rh1-Rh2 2.49259 2.49317 

Rh1-N1 2.09727 2.10413 

Rh1-N3 2.07174 2.07296 

Rh1-N5 2.11259 2.10990 

Rh1-N7 2.12883 2.12632 

Rh1-N9 2.54907 2.54529 

Rh2-N2 2.06565 2.06540 

Rh2-N4 2.08002 2.08080 

Rh2-N6 2.13669 2.13453 

Rh2-N8 2.13666 2.13462 

Rh2-N10 2.25871 2.26470 

N1-Rh1-Rh2-N2 -14.40571 -14.73908 

N7-Rh1-Rh2-N8 -15.74080 -15.92198 

 

 

 

 

Figure V.17 A comparison of the calculated MO diagrams for V.1 and V.2 with the bis 

substituted cis-[Rh2(DTolF)2(np)2(MeCN)2][BF4]2 and cis-[Rh2(DtolF)2(qxnp)2][BF4]2 

complexes. 



 

179 

 

 

Figure V.18 TD-DFT calculated oscillator frequencies for V.1 (green) and V.2 (blue). 

 

 

 

Table V-3 Orbital contributions for V.1 and V.2 as predicted by TD-DFT calculations in 

acetonitrile (HOMO-5 through LUMO+6).a 

Orbital V.1 V.2 

HOMO–5 83% Rh, 11% DtolF 67% Rh, 28% DtolF 

HOMO–4 68% Rh, 25% DtolF 59% Rh, 18% DtolF, 20% qnnp 

HOMO–3 44% Rh, 51% DtolF 47% Rh, 49% DtolF 

HOMO–2 38% Rh, 58% DtolF 53% Rh, 41 DtolF 

HOMO–1 9% Rh, 89% DtolF 10% Rh, 88% DtolF 

HOMO 31% Rh, 64% DtolF 31% Rh, 64% DtolF 

LUMO 7% Rh, 90% qxnp 7% Rh, 90% qnnp 

LUMO+1 10% Rh, 86% np 11% Rh, 85% np 

LUMO+2 26% Rh, 65% qxnp 56% Rh, 8% DtolF, 27% qnnp 

LUMO+3 53% Rh, 7% DtolF, 30% qxnp 24% Rh, 68% qnnp 

LUMO+4 10% Rh, 84% qxnp 11% Rh, 68% qnnp 

LUMO+5 26% Rh, 15% DtolF, 50% np 
17% Rh, 7% DtolF, 56% np, 

19% qnnp 

LUMO+6 
32% Rh, 16% DtolF, 36% np, 

16% qxnp 

39% Rh, 22% DtolF, 22% np, 

16% qnnp 
aOnly ontributions higher than 5% are listed. 
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Table V-4 Electron density maps for V.1 and V.2 from its HOMO–1 to its LUMO+3 with 

an isovalue = 0.04. 

Orbital V.1 V.2 

LUMO+3 

 

 

LUMO+2 

 

 

LUMO+1 
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Table V-4 Continued. 

LUMO 

 
 

HOMO 

 

 

HOMO–1 
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Table V-5 Vertical energies of the singlet excited states, oscillator strengths, ƒ, and major 

orbital contributionsa calculated for V.1 and V.2 in acetonitrile (H = HOMO; L = LUMO).b 

Excited 

State 
V.1 V.2 

1 11,442 cm–1 (874 nm), ƒ = 0.018, 

H → L (98.0%) 

12,579 cm–1 (795 nm), ƒ = 0.020, 

H → L (98.0%) 

2 15,152 cm–1 (660 nm), ƒ = 0.020, 

H–1 → L (94.1%) 

15,504 cm–1 (645 nm), ƒ = 0.032, 

H → L+1 (94.1%) 

3 15,625 cm–1 (640 nm), ƒ = 0.029, 

H → L+1 (88.1%) 

16,207 cm–1 (617 nm), ƒ = 0.005, 

H → L+2 (54.8%) 

H–1 → L (32.5%) 

4 16,181 cm–1 (618 nm), ƒ = 0.004, 

H→ L+2 (47.6%) 

H→ L+3 (37.2%) 

16,611 cm–1 (602 nm), ƒ = 0.017, 

H–1 → L (64.0%) 

H → L+2 (27.0%) 

5 18,553 cm–1 (539 nm), ƒ = 0.002, 

H–3 → L (33.6%) 

H–4 → L (27.0%) 

18,727 cm–1 (534 nm), ƒ = 0.006, 

H–1 → L+1 (96.0%) 

6 18,832 cm–1 (531 nm), ƒ = 0.006, 

H–1 → L+1 (96.0%) 

19,084 cm–1 (524 nm), ƒ = 0.003, 

H–3 → L+2 (15.2%) 

7 19,157 cm–1 (522 nm), ƒ = 0.003, 

H–5 → L (34.1%) 

H–2 → L (24.0%) 

19,569 cm–1 (511 nm), ƒ = 0.001, 

H–4 → L+2 (22.1%) 

8 19,569 cm–1 (511 nm), ƒ = 0.005, 

H → L+3 (44.0%) 

H → L+2 (41.0%) 

20,576 cm–1 (486 nm), ƒ = 0.009, 

H–2 → L (46.2%) 

aOnly contributions of ≥ 20% are listed. bYellow = ML-LCT (Rh/DtolF→qxnp), blue = 

LLCT (DtolF→qxnp), green = 1MC (Rh2(π*)→Rh2(σ*)). 

 

 

 

Computational calculations were also performed in order to elucidate the site for 

protonation of these complexes. To do this, a proton was placed on different N atoms in 

the ligands and their predicted absorption profiles were compared to the experimentally 

observed blue-shift in the presence of acid. Compound V.2 was protonated at the qnnp 

ligand and two possible products were proposed, namely one that includes ligand 

dissociation from the axial position and a second one that involves the formation of a 
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cyclometalated complex with the qnnp ligand (Figure V.19). The calculated spectra for 

both proposed protonated complexes leads to a red-shift which is not consistent with what 

is observed experimentally. This is a reasonable finding, since protonation of the π-

accepting ligand would decrease the energy of the LUMO leading to a lower energy gap 

and a concomitant decrease in the energy of the lowest energy ML-LCT band. In contrast, 

protonation of V.1 at the N atom of one of the formamidinate ligands leads to a predicted 

red-shift, in accord with the experimental results (Figure V.20). Protonation at this site 

would be expected to reduce the electron donating capabilities of the formamidinate ligand 

which has a large contribution to the HOMO of these complexes. This effect would lead 

to a decrease in the energy of the HOMO with an overall increase in the HOMO-LUMO 

gap which causes a blue-shift of the lowest energy ML-LCT band. In addition, changing 

the identity of the axial ligand from acetonitrile to chloride does not have a marked effect 

on the resulting spectra which supports the notion that the explanation for the observed 

blue-shift is protonation and not axial chelation of the counterion.  
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Figure V.19 Calculated oscillator strengths for V.2 (blue), for the complex protonated at 

the qnnp ligand (purple), and the protonated cyclometalated qnnp ligand on the dirhodium 

unit (red). 

 

 

 

 

Figure V.20 Calculated oscillator strengths for V.1 (green) and the protonated analogues 

with acetonitrile (purple) or a chloride ion (red) in the axial positions respectively. 
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Time-Resolved Spectroscopy  

Femtosecond transient absorption (fsTA) spectra were collected at a 720 nm 

excitation for V.1 (Figure V.21). A peak centered at 450 nm was observed with a lower 

intensity feature at ~ 590 nm which is the result of the subtraction of the ground state 

absorption maximum at 590 nm. A kinetic trace at 450 nm was fitted biexponentially with 

τ1 = 5.6 ps (68%) and τ2 ~ 1.5 ns (32%); these lifetimes are assigned to 1ML-LCT and 

3ML-LCT as their symmetric analogues cis-[Rh2(DTolF)2(qxnp)2][BF4]2 and cis-

[Rh2(DTolF)2(qnnp)2][BF4]2. Similar results were observed for V.2, with the lower 

intensity ~ 550 nm feature being due to the ground state absorption maximum bleach 

(Figure V.22). The singlet excited state lifetime, τ1, was fitted to ~ 10 ps (47%). The triplet 

excited state is beyond the scope of the fsTA measurement and were obtained from 

nanosecond transient absorption (nsTA, Figures V.23 and 24). Upon 650 nm excitation, 

the kinetic trace at 450 nm was deconvoluted from the instrument response function with 

a lifetime ~ 4 ns (53%) which is assigned to the 3ML-LCT decay. The shorter triplet 

lifetimes of V.1 and V.2 compared to their fully blocked symmetric analogues is due to 

the lengthening and concomitant weakening of the Rh-Rh σ* interaction due to the lack 

of one axial blocking ligand which results in more accessible metal center (3MC) excited 

states that facilitate excited state deactivation mechanisms. 

Similarly, fsTA and nsTA experiments were performed for the protonated 

complexes in the presence of TsOH as the proton source. Acid was added to solutions of 

the complexes in acetonitrile until the spectra were no longer shifting to higher energies. 

The fully protonated compounds V.1 and V.2 exhibit the same excited state kinetics 
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compared to the original complexes, namely they have the same lifetimes for their excited 

states and the same energies of the 1ML-LCT and 3ML-LCT bands. These results indicate 

that protonation at the formamidinate bridging ligand does not disturb the excited state 

properties of the complexes, and, therefore, does not interfere with their electron-transfer 

capabilities. 

 

 

 

 

Figure V.21 fsTA of V.1 in CH3CN (λex = 720 nm, 2.5 μJ). 
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Figure V.22 fsTA of V.2 in CH3CN (λex = 720 nm, 2.5 μJ). 

 

 

 

 

Figure V.23 Nanosecond transient absorption spectrum of V.1 in CH3CN after excitation 

with 650 nm light (5 J) with the trace measured at 460 nm. 
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Figure V.24 Nanosecond transient absorption spectrum of V.2 in CH3CN after excitation 

with 650 nm light (5 J) with the trace taken at 470 nm. 

 

 

 

Photocatalytic Activity  

The photocatalytic performance for hydrogen production of V.1 and V.2 were 

evaluated and a summary for these experiments can be found in Table V-6. The 

compounds were dissolved in acetonitrile and irradiated with low energy light (λirr = 655 

nm) in the presence of p-toluensulfonic acid as the proton source and BNAH as the 

sacrificial donor. The compounds were initially irradiated for 4 hours and the headspace 

of the cell was measured for H2 content using gas chromatography. Compound V.2 had a 

TON of ~ 4 which represents a notable improvement given that the previously reported 

two-electron mixed-valence dirhodium complexes such as 

Rh2
0,II(tfepma)2(CNtBu)2Cl2 (tfepma = CH3N[P(OCH2CF3)2]2) exhibits a  TON of 7 after 

144 h with λexc > 305 nm.68  In contrast, V.1 does not produce a significant amount of H2 
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after a 4 h irradiation period which is attributed to the shorter lifetimes of the excited states 

compared to V.1. These short lifetimes suppress the ability of the compound to participate 

in electron transfer reactions with the electron donor BNAH and therefore hinder the 

formation of the reduced bimetallic species which is most likely the catalytically active 

species. After 23 hours, however, some H2 production is detected, which suggests that V.1 

is capable of reducing a proton that it does not have the necessary lifetime to do it 

efficiently. The controls that were performed indicate that all the components are 

necessary for H2 production and that the compounds cannot reduce a proton without an 

appropriate source of light and an electron donor. 

 

 

 

Table V-6 Photocatalytic H2 production of V.1 and V.2. 

Rh2 BNAH TsOH Light TON (4 h) TON (23 h) a 

1 (22mM) 120mM 100mM 655nm - 1.1 

1 120mM 100mM - - - 

1 - 100mM 655nm - - 

2 (19mM) 120mM 100mM 655nm 3.9 N/A 

2 120mM 100mM - - N/A 

X 120mM 100mM 655nm - N/A 

4 120mM 100mM 655nm - N/A 
aComplex V.1 showed very minimal H2 peak after 4 h irradiation as determined by 

GC, so extended irradiation for 23 h was examined. 
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Conclusions 

Two new asymmetric dirhodium complexes, cis-[Rh2(DTolF)2(qxnp)(np)][BF4]2 

and cis-[Rh2(DTolF)2(qnnp)(np)][BF4]2, were prepared and their ability to photocatalyze 

H2 production with low energy light was evaluated. Steady state absorption experiments 

revealed that the compounds display a panchromatic absorption profile that extends into 

the near-IR with two low energy features that cover the entire visible region. 

Computational calculations indicate that these features can be assigned to ML-LCT 

transitions which are Rh2(π*)/DTolF → qxnp/qnnp and Rh2(π*)/DTolF → np in nature 

for V.1 and V.2 respectively. Cyclic voltammetry experiments in the presence of acid 

showed that both compounds are capable of electrocatalytically reducing a proton to form 

H2. It was shown experimentally that, upon addition of acid, the compounds are protonated 

which leads to a blue-shift of their absorption profile. The results of low-resolution X-ray 

data, UV-vis titrations, and computational calculations, taken together, point to the 

conclusion that the protonation takes place at a bridging formamidinate ligand. This 

protonation reduces the donor properties of the ligand (makes it a weaker ligand) which is 

consistent with a shift of the absorption spectra to higher energies. In addition, V.2 features 

relatively long-lived 1ML-LCT and 3ML-LCT states accessible with low energy light in 

contrast to V.1 which has significantly shorter excited state lifetimes as concluded from 

transient absorption experiments. The excited state lifetimes of complex V.2 are suitable 

for electron transfer reactions which makes it a good candidate for photocatalysis. In the 

presence of a sacrificial donor, an acid source, and light (λirr = 655 nm) V.2 is capable of 

reducing protons to form H2 with a TON of ~ 4. The new aspects of this new class of 
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photocatalysts are the presence of an axial chelating moiety which imparts rigidity to the 

molecule, leading to a lengthening of excited states lifetimes, and the availability of an 

open axial position for catalytic activity. In contrast, fully blocked complexes with 

inaccessible metal sites do not display photocatalytic activity even though their excited 

state lifetimes are considerably longer. This work highlights how a careful choice of 

ligands around the dirhodium core can impart lifetimes suitable for electron transfer 

reactions while allowing the core to be accessed by a substrate. This new approach aimed 

at introducing two different acceptors into the coordination sphere opens up unexplored 

possibilities for the design of more efficient asymmetric dirhodium molecules for 

photocatalytic H2 production with low energy light. 
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CHAPTER VI  

CONCLUSIONS AND FUTURE DIRECTIONS 

 

The synthesis of new and improved sensitizers is of paramount importance in a 

variety of diverse fields that include photodynamic therapy (PDT) and photoactivated 

chemotherapy (PCT) for anticancer treatment, as well as dye-sensitized solar cells 

(DSSCs) as a renewable source of energy, and photocatalysis for carbon-neutral fuel 

production among others. The highly tunable excited and ground states of dirhodium 

complexes which can be achieved by modifying the ligand field around the metal centers, 

as well as their stability under ambient conditions and solubility in a variety of solvents 

including water, makes these types of complexes great candidates for such applications. 

In this dissertation research, a new family of dirhodium complexes as potential PCT drugs 

and the role of the equatorial positions in the photoinduced biological activity was 

explored. In addition, a new class of p-type sensitizers was designed and characterized and 

the first reported example of a trans-formamidinate complex was obtained following a 

new synthetic methodology. Lastly, careful and judicious ligand design around the 

bimetallic core led to the synthesis of a new class of low energy photocatalysts for H2 

production that represent a leap forward in the efficiency of these types of complexes.  

In Chapter II, the two new dirhodium complexes cis-

[Rh2(AcO)2(qxnp)(MeCN)3][BF4]2 and cis-[Rh2(AcO)2(qxnp)2][BF4]2 were synthesized 

and characterized. The ligands were chosen in order to tune the electronic absorption 

properties of these complexes while retaining equatorial ligands to improve the 
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photoinduced biological activity of the previously published cis-

[Rh2(AcO)2(MeCN)6][BF4]2 analogue.11 The incorporation of the qxnp ligand proved to 

be an effective way to modify the absorption profile which led to the appearance of a low-

lying MLCT band. There was also a concomitant increase of the absorption coefficient by 

20-fold compared to the partially solvated complex as a result of the incorporation of 

highly conjugated ligands that yield low-lying LUMO orbitals that are π-accepting in 

character. These complexes are also highly water soluble and stable in the dark as 

demonstrated by steady state absorption experiments in aqueous media. The fully blocked 

complex, cis-[Rh2(AcO)2(qxnp)2][BF4]2, does not bind to DNA as evidenced by gel 

electrophoresis experiments in the presence of the pUC-18 plasmid. This result is not 

surprising given that the complex is fully blocked and the qxnp ligands cannot be photo-

hydrolyzed. The cis-[Rh2(AcO)2(qxnp)(MeCN)3][BF4]2 compound,  however, can 

undergo photoaquation yielding a species that is capable of binding to DNA and behaves 

similarly to the previously published cis-[Rh2(AcO)2(MeCN)6][BF4]2 compound. These 

experiments revealed that there must be at least one open equatorial position available 

after irradiation to imbue relevant biological activity to the desired complexes.  

In order to further red-shift the absorption profile of these complexes to achieve 

photoaquation with light that falls in the PDT window, a series of modifications to the 

bridging ligands was undertaken. The first attempt was substitution of the acetate bridging 

ligands for the highly electron donating formamidinate ligands. Photoaquation of the 

trans-[Rh2(DTolF)2(qxnp)(MeCN)3][BF4]2 complex showed that the high electronic 

donation of these new bridging ligands makes the resulting complexes capable of 
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exchanging acetonitrile molecules even without irradiation and renders them unstable 

when irradiated (Figure VI.1). These undesirable features indicate that there is a balance 

required between electron donation and the stability in water of the complexes. To address 

this issue, a compound with supporting bridging ligands of intermediate electron donation 

capabilities such as 6-chloro-2-oxypyridine (chp) was considered (Figure VI.2). The 

partially solvated complex cis-[Rh2(chp)2(MeCN)6][BF4]2 had already been reported and 

showed a 16.4-fold increase in cytotoxicity against HeLa cells upon irradiation when 

compared to the dark.9 This, however, was achieved only with high energy light (λirr > 400 

nm) and it was proposed that the incorporation of one equivalent of qxnp could potentially 

shift the absorption and improve the photoinduced biological activity of these complexes 

in the PDT window. 

 

 

 

 

Figure VI.1 Electronic absorption spectra for trans-[Rh2(DTolF)2(qxnp)(MeCN)3][BF4]2 

(3.X) in water in the dark (a) and upon irradiation (b).  
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Figure VI.2 Synthetic route to generate the proposed complex cis-

[Rh2(mhp)2(qxnp)(MeCN)3][BF4]2. 

 

 

 

The fully blocked complex cis-[Rh2(AcO)2(qxnp)2][BF4]2  ̧although unremarkable 

for biological applications, inspired the design, synthesis, and characterization of a new 

family of formamidinate-bridged axially-blocked dirhodium complexes that was 

described in Chapter III. The complexes of general formula cis-[Rh2(DTolF)2(L)2][BF4]2 

(where L = pynp, qnnp, and qxnp) exhibited an extraordinary red-shift of their absorption 

profiles into the near-IR compared to the 1,8-naphthyridine analogue which does not 

absorb beyond 700 nm. More importantly, the lifetimes of the excited states of the axially 

blocked complexes were found to be markedly longer than the axially free analogue due 

to the rigidity imparted by the π-accepting ligands. Moreover, the excited states of these 

complexes are sufficiently oxidizing to transfer a hole to an electron donor such as p-

phenylenediamine upon irradiation with low-energy light (λirr = 600 nm). In the case of 

the pynp complex, the excited states are also capable of transferring an electron to the 

methyl viologen dication upon irradiation. This family of dirhodium dyes represents the 

first example of bimetallic complexes reported in the literature capable of accepting an 

electron from an electron donor with low energy light with an estimated redox potential 
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that makes them ideal candidates for p-types sensitization of NiO semiconductors for 

DSSC applications.  

These complexes, albeit great sensitizers, do not possess the ability to bind to a 

semiconductor due to the lack of anchoring groups. A series of ligands was proposed for 

n- and p-type sensitization in the case of cis-[Rh2(DTolF)2(pynp)2][BF4]2 that can transfer 

electrons or holes to electron acceptors and donors respectively from its excited state.  Two 

possible binding modes to semiconductors are possible, namely, through the 

formamidinate or the axially-blocking ligand. An anchoring group on the formamidinate 

bridging ligand would lead to a complex that could potentially sensitized NiO since the 

hole localizes in the formamidinate moiety upon excitation. On the other hand, placing the 

anchoring group on the π-accepting ligand would yield a species potentially capable of 

transferring an electron to a n-type semiconductor such as TiO2. Figure VI.3 depicts the 

synthetic scheme for the proposed ligands; the 1H-NMR of the Form-COOEt molecule is 

displayed in Figure VI.4.  Schematic diagrams of the route to the dirhodium complexes 

are depicted in Figure VI.5. The pynp-COOEt ligands were used to synthesized two types 

of complexes that would allow us to investigate if anchoring through the equatorial moiety 

of the pynp ligand leads to more efficient electron transfer reactions than the axially bound 

one (Figure VI.6). To assess the ability of these complexes to transfer electrons to a 

semiconductor, the ester groups will be hydrolyzed with tetrabutylammonium hydroxide 

(TBAOH) in the presence of TiO2 or NiO nanoparticles (NP) for n- and p-type 

sensitization respectively to generate the Rh-NP complexes. TA experiments will be 

carried out to assess the electron transfer properties of the Rh-NP complexes.   
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Figure VI.3 Synthetic scheme for the π-accepting and axially blocking ligands with 

anchoring groups (a) and the formamidine electron donating bridging ligand with 

protected anchoring groups (b). 

 

 

 

 

Figure VI.4 Aromatic region of the 1H NMR for the Form-COOEt ligand.  
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Figure VI.5 Proposed synthetic scheme for the synthesis of a series of potential p-type dirhodium sensitizers of the type cis-

[Rh2(Form-COO)2(L)2]
2–  where L = pynp, qnnp, and qxnp.   
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Figure VI.6 Thermal ellipsoid plots for the compounds cis-[Rh2(DTolF)2(2COOEt-

pynp)2][BF4]2 (a) and cis-[Rh2(DTolF)2(4COOEt-pynp)2][BF4]2 (b) at the 50% probability 

level. Counterions, hydrogen atoms, and solvent molecules were omitted for the sake of 

clarity. 

 

 

Figure VI.7 Schematic representations of cis-[Rh2(DTolF)2(4COO-pynp)2][BF4]2 (a) and 

cis-[Rh2(COO-Form)2(pynp)2][BF4]2 (b) bound to TiO2 for n-type sensitization and NiO 

for p-type sensitization respectively.  
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The vast majority of bis-substituted dirhodium partial paddlewheel complexes 

reported in the literature are of the cis configuration. Of specific note with respect to the 

work presented in this dissertation, there are no examples in the literature of trans-

dirhodium formamidinate compounds due to the marked trans effect that these ligands 

exert across the Rh atoms which determines the geometric arrangement of the final 

products. In Chapter IV, a carefully designed synthetic methodology, supported by DFT 

calculations, led to the synthesis of the first example of a bis-substituted trans-dirhodium 

complex with two formamidinate bridging ligands. The trans-

[Rh2(DTolF)2(qxnp)2][BF4]2 complex was synthesized by addition of a single equivalent 

of the axially-blocking qxnp ligand which facilitates the migration of a formamidinate 

ligand to a trans intermediate as supported by DFT calculations. This intermediate, trans-

[Rh2(DTolF)2(qxnp)(MeCN)3][BF4]2, can subsequently accept a second equivalent of 

qxnp to yield the final product. This compound, as shown by TA spectroscopy 

experiments, can also transfer a hole to an electron acceptor when irradiated with low 

energy light. This result is important because it opens a new avenue of exploration for 

different types or architectures that have been unexplored. In particular, as shown in 

Figure VI.8, the development of a variety supramolecular architectures is possible with 

the use of the newly discovered trans isomer as the ~ 180º between ligands allows for the 

formation of several different types of polygonal structures such as triangles, squares, and 

hexagons, among others. In contrast, the cis analogs are limited to the synthesis of squares 

and highly distorted triangles due to the ~ 90º between ligands.  
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Figure VI.8 Schematic representation of cis and trans dirhodium complexes as building 

blocks for supramolecular architectures.  

 

 

 

 Motivated by these findings, we proposed the synthesis of the partially solvated 

trans-[Rh2(DTolF)2(MeCN)6][BF4]2 precursor. The reaction scheme presented in Figure 

VI.9 would lead to the desired trans building block. The critical step is the synthesis of 

the mono-substituted [Rh2(DTolF)(MeCN)8][BF4]3 complex from protonation of cis-

[Rh2(DTolF)2(MeCN)6][BF4]2 with HBF4, followed by the addition of a second equivalent 

of a formamidinate ligand to yield the desired trans product. This approach is entirely 

feasible due to the trans effect exerted by the strong electron donor DTolF bridging ligand 

that weakens the Rh-MeCNeq bonds of the solvent molecules opposite to the N donors of 

the formamidiante which makes the formation of the trans isomer favored over the cis 

analog. This new building block would open new synthetic possibilities such as the 

synthesis of polygonal, extended, or ladder structures with potentially interesting 

photophysical properties (Figure VI.9).  
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Figure VI.9 Synthetic scheme to generate trans-[Rh2(DTolF)2(MeCN)6][BF4]2 as a building block for hexagonal supramolecular 

architectures and ladder-type structures in the presence of appropriate linkers.  
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The synthesis of the novel class of sensitizers discussed in Chapter IV led to the 

design, synthesis, and characterization of a new class of photocatalysts that was discussed 

in Chapter V. The sensitizers from Chapter IV, although ideal for electron transfer 

reactions, are not catalytically active due to the metal centers being fully blocked. On the 

other hand, compounds such as cis-[Rh2(DTolF)2(np)2(MeCN)2][BF4]2 with two labile 

axial positions and which are electrocatalytically active, do not have excited states that are 

sufficiently long-lived to participate in electron transfer reactions. Therefore, in the search 

for better photosensitizers, a new class of compounds was designed that supports two 

different types of π-accepting ligands, namely one that can block an axial position to 

impart rigidity to the complex and another that leaves an axial position free to engage in 

catalytic processes. The compounds cis-[Rh2(DTolF)2(L)(np)][BF4]2 (L = qxnp or qnnp) 

were prepared and found to exhibit two ML-LCT features in their electronic spectra that 

extend into the near-IR. Their panchromatic absorption profiles poise them as excellent 

candidates as sensitizers. In addition, both compounds are electrocatalytically active as 

was evidenced by CV experiments in the presence of acid. Most importantly, the excited 

state lifetimes of the qnnp-bearing complexes are suitable for electron transfer reactions 

that are crucial for photocatalytic processes. The complexes were irradiated with low 

energy light (λirr > 655 nm) in the presence of the sacrificial donor BNAH and TsOH as 

the acid source and the H2 efficiency was evaluated. The compound with suitable excited 

state lifetimes, cis-[Rh2(DTolF)2(qnnp)(np)][BF4]2, had a TON of ~ 4 for H2 production 

after 3 hours of irradiation. This result represents a great improvement over previously 
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reported complexes that had similar TONs but which required UV-light for the production 

of H2.
67, 191, 192 The mechanism for H2 production has not been elucidated and a series of 

experiments is proposed to gain information. Cyclic voltammetry experiments in the 

presence of a strong acid should confirm the protonation of the complex in the 

formamidinate ligand by observation of a shift in the potential of the first oxidation that is 

Rh/Form in character. In addition, chemical reduction by one or two electrons followed 

by irradiation in the presence of acid should provide insight as to which species is 

photocatalytically active. These experiments, along with intensive DFT calculations, will 

provide valuable information to rule out some possible mechanisms of H2 production.  

Apart from the elucidation of the mechanism, these compounds present some 

drawbacks which serve to lower the TON for H2 production. Since the complexes only 

contain one axial site occupied by a chelating donor, the Rh-Rh bond lengthens making 

metal-centered states more accessible which causes a shortening in the lifetimes of the 

excited states and lower efficiencies. To overcome this issue, the use of the ligand bncn 

(benzo[c]cinnoline) is proposed as a substitute for the bridging np ligand. This new ligand 

has a much shorter N-N bite distance which should lead to a target complex (Figure VI.10) 

with a shorter Rh-Rh bond and longer excited state lifetimes with respect to the np analog. 
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Figure VI.10 Schematic representation of the target complexes cis-

[Rh2(DTolF)2(qxnp)(bncn)][BF4]2 and cis-[Rh2(DTolF)2(qnnp)(bncn)][BF4]2 for 

photocatalytic H2 production with low-energy light.  

 

 

 

 The synthetic route proposed for these target complexes is presented in Figure 

VI.11 and involves the reaction of the partially solvated cis-[Rh2(DTolF)2(MeCN)6][BF4]2 

complex with one equivalent of the bncn ligand and one equivalent of the axial blocking 

ligand (qnnp or qxnp). This synthetic scheme is expected to lead to the formation of a 

mixture of products with the major product being the target complexes. The desired final 

products should be easily separated using column chromatography. Similar studies must 

be carried out to determine the lifetime of the excited states, the electrocatalytic activity, 

and the photocatalytic properties of the resulting complexes that should, in principle, 

display higher TON for H2 production with low energy light.  
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Figure VI.11 Synthetic route proposed for the syntheses of cis-[Rh2(DTolF)2(qxnp)(bncn)][BF4]2 and cis-

[Rh2(DTolF)2(qnnp)(bncn)][BF4]2. 
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The new compounds presented in this dissertation were found to be viable for a 

variety of applications including photoactivated chemotherapy, p-type sensitization for 

DSSCs, and as photocatalysts for H2 production. This body of work, as a whole, highlights 

the importance of ligand design for inorganic complexes and the prominent impact that 

the coordination sphere has over the final properties of the complexes. The work presented 

in this dissertation includes the synthesis of the first family of dinuclear metal-metal 

bonded complexes capable of p-type sensitization, the first example of trans-

formamidinate bridged dirhodium complexes which can be used in future work as building 

blocks for supramolecular assemblies, and the first example of low energy light dirhodium 

photocatalysts for H2 production. These projects expand on the dirhodium tool library and 

open new doors for novel and interesting applications.  
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