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Two families of nontraditional tetrapyrrole scaffold, biladiene and isocorrole, 

which contain one sp3 hybridized carbon at different meso-positions, were 

synthesized. The two series of freebases were characterized by NMR spectrometry, 

UV-vis spectra and X-ray diffraction experiment. Their metal complexes, cobalt and 

palladium derivatives, were also synthesized to investigate their applications for 

electrocatalytic oxygen reduction reaction, carbon monoxide activation and 

photodynamic therapy.   

Both cobalt 5-isocorrole and cobalt 10-isocorrole derivatives, which have sp3 

hybridized carbon on the 5 or 10 position, performed extraordinary selectivity for 

dioxygen reduction, compared with literature reported cobalt 

tetrapentafluorophenylporphyrin and cobalt tripentafluorophenylcorrole. The oxygen 

reduction has two main product which is 2e–, 2H+ pathway to produce hydrogen 

peroxide and 4e–, 4H+ pathway to produce water. Each pathway has potential 

applications for fuel cells and energy storage. The two series of cobalt isocorrole 

complexes were characterized by cyclic voltammetry, UV-vis absorption and X-ray 

diffraction experiments. They displayed strong absorption features and rich multi-

electron redox electrochemistry. Their electrocatalytic oxygen reduction performance 

were examined by rotating ring disk electrode technique.  The cobalt 10,10-dimethyl-

5,15-bis(pentafluorophenyl)-isocorrole showed the highest water production yield 

form O2, which is 85%. 

ABSTRACT 



 xix 

Cobalt(III) macrocycles with alkyl or acetyl group as axial ligand also can 

serve as a radical source for polymerization reaction via irradiation or heating. The 

cobalt 10,10-dimethyl-5,15-bis(pentafluorophenyl)-isocorrole can be used as a cobalt 

precursor with phenethyl alcohol and sodium phosphate to realize the 1-

phenethyloxycarbonyl cobalt 10, 10-dimethyl-5,15-bis(pentafluorophenyl)-isocorrole. 

It showed unique near IR absorption features and the radical dissociation process was 

approved by adding TEMPO as a radical trap when irradiated at 450 nm. This process 

is monitored by both NMR spectrometry and time related UV-vis experiment. The 

cobalt(II) precursor can be recycled after the irradiation. It also has potential 

applications for polymerization reactions or drug delivery process. 

Another series of tetrapyrrole scaffold with sp3 hybridized meso-carbon on the 

10-position, biladiene derivatives which have methyl or phenyl substituents, were also 

investigated for its singlet oxygen sensitizer with palladium(II) metal center. It is 

interesting that even though the three complexes performed multi-electron redox 

electrochemistry, however, switching with one or both methyl groups to phenyl 

substituent didn’t change the redox potential, but their absorption features did increase 

when introducing more phenyl groups than methyl groups. It is also interesting that 

the palladium 10, 10-diphenyl-5,15-bis(pentafluorophenyl)-biladiene displayed the 

highest fluorescent quantum yield and singlet quantum yield, as well as the lowest 

phosphorus quantum yield. All the three palladium biladiene derivatives can be 

applied as potential photodynamic therapy sensitizers.
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INTRODUCTION 

1.1 Applications of Porphyrinoid Compounds in Catalysis Inspired by Nature 

1.1.1 Porphyrins and Porphyrinoids 

Porphyrins are known as a family of well-studied organic chromophores which 

contain tetrapyrrole macrocycle scaffolds1. Compounds such as porphyrin, 

phthalocyanine and corrole2 can be considered as typical porphyrins. Porphyrinoids 

are also considered as members of porphyrins that bearing some different structural 

characterizations. Thus, cyclic oligopyrroles3, heteroatom-substituted (for example, 

oxygen and sulfur) porphyrins4, N-confused porphyrins5 and other peripherally 

functionalized tetrapyrroles or core-redesigned macrocycles6,7 (e.g. phlorin, 

isocorrole) are thought of porphyrinoids (shown in Figure 1). The reason for arousing 

scientists’ focus for exploring porphyrins and porphyrinoids is their extraordinary 

absorption features and unique electrochemical properties which have potential 

applications for catalysis, dye-sensing and light related applications, such as 

photodynamic therapy8.  

Chapter 1 
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Figure 1 Examples for porphyrins (first row) and porhyrinoids (second row). 

1.1.2 Porphyrinoids in Nature 

There are several well-known porphyrinoid complexes that scientists have 

investigated for decades, such as heme9 and Chlorophyll10,11, as shown in Figure 2. 

Heme9 is one of the most famous porphyrin complexes in world perhaps 

because it represents the core structure, which provides dioxygen binding sites for 

hemoglobin and myoglobin in the circulatory system among the most non-plant 

multicellular organisms. Each hemoglobin is constituted by four myoglobin units, and 

each myoglobin unit contains one heme subunit. The Fe(II) cation in the center of 

heme allows a molecule of dioxygen to bind as an axial ligand at the very beginning of 

the oxygen transportation in the circulatory system. It also provides platforms for 

activation of the O–O bond by cytochrome P-4509, and other biological processes such as 

removing superoxides or peroxides through catalases and peroxidases12. 
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Figure 2 Chemical structures of porphyrinoids in nature: heme (left), Chlorophyll 

(right). 

 

Porphyrinoids are not only applied in biological catalysis processes but also in 

light introduced catalytic processes like solar energy conversions, inspired by 

chlorophyll, which is a magnesium complex of porphyrin13,14. Chlorophyll represents 

a group of photosynthetic pigments that primarily consume and convert photons, 

collected from the sunlight for example, into the chemical energy, which is required 

by biosynthetic processes in nature. Many studies have been carried out for long time 

to explain the reason why chlorophyll can realize the photochemical conversion 

process. The main explanation is its characteristic absorption features that allow it to 

harvest light form sunlight in a region of 600 – 700 nm8.  

1.1.3 Applications in Catalysis by Using Porphyrins 

Inspired by nature, several applications in catalysis by porphyrins or 

porphyrinoids have been explored in recent decades. Considering their light harvesting 

characteristics, porphyrins are potential efficient photocatalysts in different area. For 

example, many photosensitizers based on porphyrin skeletons have been synthesized 
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and characterized their performance as an anticancer drug15. Compounds such as 

Photofrin®, Hemoporfin® and Photocyanine® have been approved worldwide15 as  

promising drugs for certain cancers and diseases like bladder cancer, early gastric 

cancer and colon cancer, etc.  

Porphyrins can also be applied as photocatalysts in organic synthesis16, carbon 

dioxide reduction reaction17 and hydrogen gas formation14 reactions. Porphyrin related 

compounds can serve as photocatalysts because of their significant properties of single 

electron transfer (SET) and energy transfer (ET)16. Reactions such as alkylation/ 

arylation of heteroarenes with aryldiazonium salts can be realized by using 

pentafluorophenylporphyrin (TPFPP) as photocatalyst18. On the other hand, Copper 

porphyrin19, Cu(II)TCPP, can generate methane and carbon monoxide irradiated by a 

300 W Xenon lamp by reducing CO2 when immobilized on TiO2 nanoparticles. Iron 

porphyrins like FeTMAPP20 can be used as a homogenous photocatalyst to produce 

pure CO gas.  

Cobalt porphyrins and corroles have been shown to have great catalytic 

performance of dioxygen activation21. Cofacial porphyrins22–24 and correlated pacman 

porphyrins23, hangman porphyrins and corroles25,26 have been proved their excellent 

oxygen reduction reaction performance. 

Porphyrins can also be served as core unit of self-assembly functional 

materials for highly functional optoelectronic applications27. Covalent organic 

frameworks (COFs) containing porphyrin and phthalocyanine as organic building 

blocks also have been attracted many attentions as a new series of highly porous 

materials with united pore size and various potential applications such as gas storage, 

electrical/photocatalytic processes and energy storage28. 
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1.2 Oxygen Reduction Reaction and Its Important Application in Fuel Cells as 

Renewable Energy Sources  

1.2.1 World Energy Consumptions and Production  

Based on the annul energy outlook 2020 with projections to 205029 revealed by 

the US Department of Energy’s Energy Information Administration (EIA), the need 

for consumption grows moderately according to the assumptions of current regulations 

and laws, shown in Figure 3. However, the energy production (shown in Figure 4) 

indicates that the production of natural gas will increase to almost 50 quadrillion Btu 

by 2025 and the production of crude oil and lease condensate will decrease back to 25 

quadrillion Btu in 2050, which is close to the same amount of production in 2020. 

What is worth to be notify is that other than the hydro and nuclear energy, the 

prediction of the production of other renewable energy (in green trace) increases 

around 10 quadrillion Btu during the future, which is the second largest amount of 

energy production. Thus, in the next decades, there is still a lot of space for the 

scientists to figure out what kind of renewable energy and how to improve the usage 

efficiencies for the energy. 
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Figure 3 Energy consumption by sector reported by Energy Information 

Administration (EIA), US in 2020. 

 
Figure 4. History and projections of energy production from Energy Information 

Administration (EIA), US in 2020. 
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1.2.2 Fuel Cells as Renewable Energy Sources 

To fulfill the anticipated energy production, the storage and conversion of solar 

energy have aroused many interests during the decades with high efficiency and low 

cost. Systems that combining the solar fuel cell30 and hydrogen fuel cell31, shown in 

Figure 5, are ideal assembly for the application for clean, renewable energy32–34. 

 

 
Figure 5 One plausible assembly by combining solar fuel cell and solar energy for new 

replaceable energy sources 

For the solar fuel cell part, it imitates the photosynthetic process by green 

plants, which splits water to hydrogen and oxygen gas by concentrating and 

converting sunlight. The produced hydrogen gas and oxygen gas then can be 

transported to the hydrogen fuel cell units. For the hydrogen fuel cell assembly, 

hydrogen is combusted at the anode and oxygen is reduced to water ideally to generate 

electricity. Finally, the water produced on the cathode from the hydrogen fuel cell can 

be recycled to the solar fuel cell assembly to realize the energy converting circle. 
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However, several shortcomings hinder the wide spread of this replaceable 

energy model, mainly on the cathode of the hydrogen fuel cell assembly, which is the 

oxygen reduction reaction (ORR) side35. Oxygen can be reduced through two main 

pathways: one is the 2e–, 2H+ pathway to produce hydrogen peroxide, the other is 4e–, 

4H+ pathway to produce two equivalence of water, as shown in Scheme 1.1. Both 

reduction pathways are energetically favorable but producing H2O2  displays almost 

half a volt of energy, comparing with the pathway to produce water36. On the other 

hand, the produced H2O2 can poison the Nafion based proton exchange membrane in 

the hydrogen fuel cell assembly37.  

 

 

 

Scheme 1.1 The two pathways for oxygen reduction reaction to form hydrogen 

peroxide or water. 

To realize the efficient oxygen reduction reaction in both high selectivity 

product and fast kinetic compared with the anode, huge amount of expensive platinum 

catalysts must be sacrificed on the cathode. So, the major challenge is to design and 

synthesize catalysts with efficient ORR selectivity with inexpensive costs. 
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1.3 Cobalt Macrocycle Complexes in Nature Involving Homolytic Co–C Bond 

Cleavage 

Coenzyme B12 and its correlated derivatives, shown in Scheme 1.2 , serve as 

necessary cofactors in a wide range of enzyme-catalyzed processes in biological 

systems38. It is one of the most complicated organometallic cofactors in nature39. The 

core structure of the coenzyme B12 is cobalamin, which is also called as vitamin B12, 

containing different axial ligand such as cyanide, methyl and hydroxyl group40. 

 

 
Scheme 1.2 Chemical structures of coenzyme B12 and its correlated derivatives 

 

Vitamin B12, which is a cyanide-containing cobalt (III) corrin derivative, was 

isolated in red crystals and characterized as the anti-pernicious anemia factor in 

194841. Vitamin B12 is biologically inert but is an important commercially available 

form that provides precursors for forming related biologically active coenzyme B12. 

Coenzyme B12 and its derivatives have been investigated deeply for their 

biological performance involving a reversible Co–C bond dissociation to for carbon 
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centered radical. For example, 5'-deoxyadenosyl or ethyl free radicals can be 

generated after the irradiation of certain wavelength, as well as forming Co(II) 

corrin42. The Co(II) corrin product can be reduced to Co(I) intermediate then be able 

to regenerate the Co(III) precursor to restart the catalytic cycle, shown in Scheme 1.3. 

The released 5’-deooxyadenosyl or ethyl radical can subtract a proton radical form the 

surroundings to go through further steps of biological catalytic cycles. 

 

 
 

Scheme 1.3. Homolytic mechanism for coenzyme B12, the structure of coenzyme B12 

is simplified. 

1.4 Photodynamic Therapy  

1.4.1 Challenges of current traditional cancer treatments 

According to Cancer facts & figures 202043, published from American Cancer 

Society, more than 1.8 million new cancer cases were expected to be diagnosed in 

2020. However, the number of cases did not include carcinoma in situ (noninvasive 

cancer) of any site except urinary bladder. Basal cell or squamous cell skin cancers did 

not includer neither because these types of skin cancer are not required to be reported 

to cancer registries. It is also estimated that about 606,520 Americans were expected 

to die of cancer in 2020, which indicated about 1,660 deaths per day. Cancer is the 

second most common cause of death in the United States, that the first is heart 
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diseases. Most common cancer treatments44,45 are still focusing heavily on surgical 

excision, radiotherapy and chemotherapy, either as standalone treatments or in 

combination with each other or additional therapies.  

1.4.2 Photodynamic therapy as an alternative cancer treatment 

Photodynamic therapy has been arousing great interests as an alternative 

strategy for some types of cancers, age-related macular degeneration and skin 

conditions46, 47, 48. PDT relies on a photosensitizer (PS) that, when activated by light of 

specific wavelength, generates reactive oxygen species (ROS), in particularly, singlet 

oxygen (1O2). 
1O2 is toxic to cells and can kill cells directly by causing oxidative 

damage to cellular components, or indirectly by damaging the vasculature that 

supports the tumor and cutting off its supply of nutrients48. Both apoptotic and 

necrotic cell death have been observed following PDT; however, numerous factors 

such as the light fluence and photosensitizer dose used, the intracellular location where 

the photosensitizer tends to accumulate, and the type of cells receiving treatment are 

thought to govern which of the two pathways prevails49. 

Current cancer treatments rely heavily on three strategies. One is surgery or 

resection, the other is radiation therapy, and chemotherapy. Each of these strategies 

suffers from major negative side effects: it may involve invasive surgery and increased 

risk of metastasis, the radiation therapy may cause radiation poisoning and increase 

the risk of secondary tumors, Finally, the chemotherapy may have systemic toxicity 

due to lack of specificity50–52. PDT is an attractive alternative cancer treatment because 

of its fewer side effects and multiple advantages compared to the traditional treatment 

strategies. PDT can minimize the damage to healthy tissues because its light-activated 

mechanism allows selectively targeting the diseased tumor and controlling the 
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irradiation area53. Furthermore, PDT provides better cosmetic outcomes than the 

invasive surgical excision54. Some studies also indicate that PDT can promote an anti-

tumor immune response by causing localized inflammation55. The photosensitizers 

that have been approved for PDT so far do not accumulate in cell nuclei making DNA 

damage and its associated risks of developing secondary cancers or drug resistance 

minimal, and it can often be performed in an outpatient setting, which helps to lower 

costs48. 

1.4.3 Photochemical mechanism of PDT 

An electron can be promoted by the photosensitizer ground state to the singlet 

excited state after this photosensitizer is irradiated at a wavelength that it can absorb 

by a certain light source. Then, there are several pathways available based on the 

Jablonski’s diagram56. As Scheme 1.4 shows, at the beginning, the excited molecule 

can be fluorescent, which emits a photon of light and relax back to its original ground 

state. Or, it may go through a non-radiative pathway, which includes an internal 

conversion process from the lowest vibrational level of the first singlet excited state to 

an isoenergetic excited vibrational level of the singlet ground state followed by 

vibrational relaxation. The energy of this process is released as the form of heat to the 

surroundings until the molecule reaches the lowest vibrational level of the ground 

state. The third pathway is the intersystem crossing that happens from the lowest 

vibrational level of the first singlet excited state to an isoenergetic higher vibrational 

level of the triplet excited state with subsequent vibrational relaxation to the lowest 

vibrational level of the triplet excited state. A compound in the triplet excited state can 

also decay to emit a photon to phosphorescent and return to the ground state. Finally, 

if ground triplet state molecular oxygen is available around, the excited triplet 
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photosensitizer can engage in energy transfer with it to produce excited 1O2. The 

energy difference between 1O2 and its ground state is about 1 eV, and 1O2 emits 

phosphorescence around 1270 nm57. 

 

 
Scheme 1.4 Jablonski Diagram that explains the several pathways for  a 

photosensitizer to go through after irradiated with a certain of wavelength that it can 

absorb. 

  Moreover, compounds containing heavy atoms typically show higher 

amounts of spin‒orbit coupling and more efficient intersystem crossing. Additionally, 

it can undergo intersystem crossing a second time to a higher singlet ground state 

vibrational level and return to the lowest ground state vibrational level via vibrational 

relaxation. 

1.4.4 Requirements for an ideal photosensitizer for PDT  

Firstly, the photosensitizer must be excited by light that penetrates as deeply 

into the tissue as possible to reach the cancerous tumors. Human tissue contains many 

components that absorb throughout the UV-visible region, leaving a therapeutic 

window of 600-900 nm58. This absorption requirement has largely limited PDT cancer 

treatments to the surface of, or just under the skin, or in the lining of organs that can 

be reached with a light source. Secondly, the photosensitizer must efficiently undergo 
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intersystem crossing to generate the excited triplet state, which subsequently engages 

in energy transfer with the ground triplet state of molecular oxygen to generate singlet 

oxygen, in other word, it must have high singlet oxygen quantum yield. Finally, it is 

also highly desirable that photosensitizer agents be selective for tumors, as off-target 

PDT can result in troubling side effects, including acute skin sensitivity for patients. 

Also, simple synthesis steps with easy purifications, feasible large-scale preparation 

and aqueous solubility are another few requirement if the potent photosensitizer is 

trying to realize the widespread applications. 



 15 

EXPERIMENTAL SECTION 

2.1 General Procedure 

Reactions that were required an inert atmosphere were performed in the oven-

dried Schlenk flasks fitted with Suba-Seal rubber septa or in a nitrogen-filled glovebox 

and protected under a positive pressure of N2. Air- and moisture-sensitive reagents 

were transferred using standard syringe or cannula techniques.  

2.1.1 Materials 

Reagents and solvents were purchased from Sigma-Aldrich, Acros, Fisher, 

Strem, VWR, Matrix Scientific, Tokyo Chemical Industry Co. LTD or Cambridge 

Isotopes Laboratories. Solvents for synthesis were of reagent grade or better and were 

dried by passage through activated alumina and then stored over 4 Å molecular sieves 

prior to use. The DMBil1 ligand was prepared using published methods. Column 

chromatography was performed with 40−63 μm silica gel from Silicycle or neutral 

alumina gel from Acros. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was purchased from 

Tokyo Chemical Industry Co. LTD, recrystallized from ethyl alcohol, and dried under 

vacuum at 40 °C for at least one week prior to use. Pyrrole (reagent grade, 98%) was 

purchased from Acros Organics, distilled at 150 °C and stored under nitrogen at 4 °C 

before use. Phenethyl alcohol was also purchased from Acros Organics and distilled at 

210 °C and stored in the N2 filled glovebox. 

Chapter 2 
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2.1.2 Compound Characterization 

1H NMR, 13C NMR and 19F NMR spectra were recorded at 25 ˚C on a Bruker 

400 MHz spectrometer with a cryogenic QNP probe or Bruker 600 MHz spectrometer 

with a 5-mm Bruker SMART probe. Proton spectra are referenced to the residual 

proton resonance of the deuterated solvent (CDCl3 = δ 7.26, DMSO = δ 2.50, CD3CN 

= δ 1.94, CD2Cl2 = δ 5.32) and carbon spectra are referenced to the carbon resonances 

of the solvent (CDCl3 = δ 77.16, DMSO = δ 39.52, CD3CN = δ 1.32, CD2Cl2 = δ 

53.84)59. All chemical shifts are reported using the standard δ notation in parts-per-

million, and positive chemical shifts are to higher frequency from the given reference. 

High-resolution mass spectrometry analyses were performed by the University of 

Delaware Mass Spectrometry Laboratory in the Department of Chemistry and 

Biochemistry. 

2.1.3 Electrochemical Measurements 

2.1.3.1 Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

Experiments were performed using a CHI-620D potentiostat/galvanostat using 

a standard three-electrode configuration. The working electrode was a polished glassy 

carbon electrode (GCE, 3.0 mm diameter, CH Instruments) and the auxiliary electrode 

was a piece of platinum wire. Electrochemical potentials were measured against a 

silver wire pseudo reference, unless otherwise noted, with ferrocene as internal 

potential standard and calibrated to Ag/AgCl (Sat. KCl). The supporting electrolyte 

employed for CV and DPV experiments was 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6), dissolved in CH3CN or DCM. The analyte 

concentration was 1.0 mM, and all CV experiments were carried out using a scan rate 
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of 100 mV/s unless otherwise noted. All the CV and DPV experiments were 

performed in the inert atmosphere. 

2.1.3.2 Rotating ring disk electrode (RRDE) voltammetry 

Experiments were performed using a CHI-720D bipotentiostat and a 

modulated speed rotator from Pine Research Instrumentation. The working electrodes 

were a polished glassy carbon disk electrode (5.61 mm diameter) and a platinum ring 

electrode (6.25 mm inner diameter, 7.92 mm outer diameter) compacted in a ThinGap 

RRDE tip (E7R9 Series, Pine Research Instrumentation) that was attached to the 

rotator by a shaft (AFE6M, Pine Research Instrumentation). The auxiliary electrode 

for RRDE experiments was platinum mesh. Potentials were measured against a 

Ag/AgCl (1.0 M KCl) reference electrode. The supporting electrolyte employed for 

RRDE voltammetry was 0.5 M H2SO4 aqueous solution by using MQ-water. Linear 

sweep voltammetry (LSV) experiments were carried out using a scan rate of 20 mV/s 

unless otherwise noted. A stream of water saturated O2 was used to saturate the 

electrolyte solution prior to initiating voltammetry experiments and was maintained 

over the headspace of the solution during RRDE experiments. 

2.1.4 UV-vis Absorption Experiments 

The UV-vis spectra were acquired on a Stellar Net CCD array UV−vis 

spectrometer using screw-cap quartz cuvettes (7Q or 6Q) of 1 cm path length from 

Starna. The air-sensitive samples were prepared in anhydrous solvent at concentrations 

of 4.0, 8.0, 12.0, 16.0, and 20.0 μM in a nitrogen filled glovebox. All the absorbance 

data were collected at room temperature. 
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2.1.5 Emission Experiments 

Emission spectra were recorded on an automated Photon Technology 

International (PTI) QuantaMaser 40 fluorometer equipped with a 75-W xenon arc 

lamp, an LPS-220B lamp power supply, and a Hamamatsu R2658 photomultiplier 

tube. All samples were prepared in screw cap quartz cuvettes of 1.0 cm path length 

from Starna Cells, Inc. Solutions of [Ru(bpy)3][PF6]2 in acetonitrile and each biladiene 

derivative in methanol were prepared in a nitrogen-filled glove box such that the 

absorbance values of all samples at  = 500 nm ranged between 0.74  10-1 and 5.07  

10-1(1 cm pathlength). The samples were excited at ex = 500 nm, and emission was 

monitored from em = 515 to 950 nm using a step size of 1 nm and an integration time 

of 0.25 s. Emission spectra were also taken measured for samples following 30-minute 

exposure to air. All reported spectra are the average of five individual acquisitions. 

Emission quantum yields were calculated using a solution of [Ru(bpy)3][PF6]2 

in nitrogen saturated acetonitrile as reference and the expression below: 

 

s = ref (
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where S and ref are the emission quantum yields of the sample and the 

reference (ref = 0.094 for [Ru(bpy)3][PF6]2 in acetonitrile) respectively, Is and Iref are 

the integrated emission intensities of the samples and reference, As and Aref are the 

measured absorbances of the sample and reference at the excitation wavelength, and 

s and ref are the refractive indices of the solvents used for the sample and reference. 

2.1.6 Singlet Oxygen Sensitization 

Generation of 1O2 was quantified by monitoring the fluorescence of 1,3-

diphenylisobenzofuran (DPBF), which is a 1O2 trapping reagent. The measurements of 
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fluorescence were carried out by an automated Photon Technology International (PTI) 

Quanta-Master 40 fluorometer equipped with a 150 W Xenon arc lamp, an LPS-220B 

lamp power supply, and a Hammamatsu R2658 photomultiplier tube using quartz 

cuvettes (6Q) with 1.0 cm path length.  

Consumption of DPBF was monitored by observing the change in its 

integrated emission intensity following irradiation with light from an 150 W AmScope 

series haloid lamp cold-light source fitted with a 10 nm (fwhm) bandpass filter 

centered at 500 nm (Thor Labs, FB500-10). The cuvettes were irradiated for 10 second 

intervals for a total of 40 seconds. DPBF emission spectra were obtained by exciting at 

ex = 405 nm and scanning from em = 400 – 600 nm using a step size of 1 nm and an 

integration time of 0.25 seconds.  

Calibration curves of the integrated emission intensity versus the concentration of 

unreacted DPBF remaining in solution were generated to correct for absorption of the 

photosensitizers between 400 – 600 nm. Emission spectra were collected from 10 μM 

solutions of Pd complexes and [Ru(bpy)3][PF6]2 containing DPBF concentrations of 10, 20, 

30, 40 or 50 μM.  Linear regression lines were fit to the calibration data from each solution, 

and the integrated emission intensity values obtained from the 1O2 experiments were then used 

for linear regression analyses, enabling the corresponding concentrations of unreacted DPBF 

to be obtained. A final plot of the concentration of unreacted DPBF versus irradiation time 

formed a straight line with slope m, which was used with the following equation to calculate 

the 1O2 quantum yields: 
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Where Фs and Фref are the 1O2 sensitization quantum yields for the sample and 

[Ru(bpy)3][PF6]2 reference (Фref = 0.81), respectively, ms and mref are the slopes of the 

concentration of DPBF vs. irradiation time plots for the sample and reference, and εs and εref 

are the extinction coefficients at the wavelength of irradiation (500 nm) for the sample and 

reference, respectively. Reported 1O2 quantum yields were obtained from an average of three 

trials. 

2.2 Preparation of Biladiene Ligand Platform 

2.2.1 Synthesis of Dipyrromethane Starting Materials 

5-Methyl-5-phenyldipyrromethane. Pyrrole (18 mL, 259 mmol) and 

acetophenone (1.5 mL, 12.5 mmol) were combined in a round bottom flask and the 

resulting solution was sparged with N2 in ice bath for 5 min. To the degassed solution 

was added trifluoroacetic acid (350 L 5 mmol). The mixture was stirred for 4 h, from 

0 °C to room temperature. The reaction was quenched with 2 M NaOH. The product 

was extracted with ethyl acetate three times. The combined organic layer was washed 

with water and brine, then dried over Na2SO4. The solvent was removed by rotary 

evaporation, and the crude was purified via flash chromatography on silica gel by 

using hexanes and ethyl acetate (10:1) as the eluent to deliver a sticky oil. This oil was 

then dried under vacuum at 50 °C for 3 days to deliver 3.75 g of desired compound as 

white solid (yield = 64%). 1H NMR (600 MHz, DMSO, 25 °C) /ppm: 10.36 (s, 2H), 

7.28 (m, 2H), 7.20 (m, 1H), 7.01 (d, J = 7.8 Hz, 2H), 6.67 (m, 2H), 5.92 (d, J = 2.4 Hz, 

2H), 5.61 (s, 2H), 1.99 (s, 3H). 13C NMR (150 MHz, DMSO, 25 °C) /ppm: 148.86, 

137.58, 127.60, 127.14, 126.87, 117.13, 106.22, 105.93, 44.26, 28.06. HR-ESI-MS [M 

+ H]+ m/z: calcd for C16H17N2, 237.1392; found, 237.1387. 
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Figure 6 1H NMR and 13C NMR of 5-methyl-5-phenyldipyrromethane in deuterated 

DMSO. 
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5,5-diphenyldipyrromethane. 10 g of benzophenone (54 mmol) was added 100 mL 

dry ethanol in a 200 mL Schlenk flask under an atmosphere of N2. Fresh distilled pyrrole (10 

mL, 144 mmol) and boron trifluoride etherate (10 mL, 81 mmol) was then added sequentially. 

The mixture was stirred for 5 d at room temperature under positive N2 atmosphere. The crude 

product was separated via a simple filtration and wash with cold ethanol for three times. 6.8 g 

white solid was collected as product (yield = 42%). 1H NMR (600 MHz, DMSO, 25 °C) 

/ppm: 10.28 (s, 2H), 7.25 (m, 6H), 6.94 (d, J = 6 Hz, 2H), 6.71 (s, 2H), 6.70 (m, 2H), 5.91 (s, 

2H), 5.56 (s, 2H). 13C NMR (151 MHz, CD2Cl2) δ/ppm: 146.50, 135.68, 129.60, 128.24, 

127.14, 117.78, 109.75, 108.24, 54.20, 54.02, 53.84, 53.66, 53.48. HR-ESI-MS [M + H]+ m/z: 

calcd for C21H19N2, 299.1548; found, 299.1541. 
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Figure 7 1H NMR and 13C NMR of 5, 5-diphenyldipyrromethane in CD2Cl2. 

2.2.2 Synthesis of Diacylation Intermediates 

5-Methyl-5-phenyl-1,9-bis(pentafluorobenzoyl)dipyrromethene. 5-methyl-

5-phenyldipyrromethane (1.18 g, 5 mmol) was transferred to an oven baked Schlenk 

flask, then 100 mL of dry toluene was added under positive atmosphere of N2. Ethyl 

magnesium bromide (25 mL, 25 mmol, 1M in THF) was added dropwise into the 

resulting solution over 5 min. The mixture was stirred for 30 min at room temperature. 

A solution of 1.8 mL pentafluorobenzoyl chloride (12.5 mmol) in 12.5 mL dry toluene 

was then added to the stirred reaction dropwise over 5 min. The mixture was stirred 

for an additional 30 min at room temperature. The reaction was quenched with 

saturated NH4Cl and the aqueous layer was extracted with ethyl acetate three times. 

The combined organic layer was washed with water and brine, and then dried over 

Na2SO4. Following the removal of solvent via rotary evaporation, the crude product 

was purified via flash chromatography on silica using hexanes and ethyl acetate (5:1) 
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as the eluent. Recrystallization of the product at −35 °C from CH2Cl2/hexanes 

delivered 2.6 g of the title compound as a white solid (yield = 43%). 1H NMR (600 

MHz, CDCl3, 25 °C) /ppm: 9.68 (s, 2H), 7.31 (m, 3H), 7.10 (d, J = 7.8 Hz, 2H), 6.67 

(s, 2H), 6.17 (d, J = 3 Hz, 2H), 2.17 (s, 3H). 13C NMR (150 MHz, CDCl3, 25 °C) 

/ppm: 172.25, 146.80, 144.89, 143.67, 143.25, 138.53, 136.84, 131.53, 129.08, 

128.02, 127.20, 121.99, 111.50, 45.86, 28.29.19F NMR (565 MHz, CDCl3, 25 

°C) /ppm: −139.74 (dd, J = 23.7, 8.5 Hz, 4F), −151.01 (t, J = 20.7 Hz, 2F), −160.22 

(td, J = 22.2, 8.2 Hz, 4F). HR-ESI-MS [M + H]+ m/z: calcd for C30H15F10N2O2, 

625.0974; found, 625.0971. 
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Figure 8 1H, 19F and 13C NMR of 5-methyl-5-phenyl-1,9-

bis(pentafluorobenzoyl)dipyrromethene in CDCl3. 
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5,5-diphenyl-1,9-bis(pentafluorobenzoyl)dipyrromethene. 5, 5-

diphenyldipyrromethane (1.5 g, 5 mmol) was transferred to an oven baked Schlenk 

flask and 100 mL of dry THF was added under an atmosphere of N2. Ethyl magnesium 

bromide (25 mL, 25 mmol, 1M in THF) was added dropwise into the resulting 

solution over 5 min. The mixture was stirred for 30 min at room temperature. A 

solution of 1.8 mL pentafluorobenzoyl chloride (12.5 mmol) in 12.5 mL dry toluene 

was then added to the stirred mixture dropwise over 5 min. The mixture was stirred for 

an additional 30 min at room temperature. The reaction was quenched with saturated 

NH4Cl and the aqueous layer was extracted with ethyl acetate three times. The 

combined organic layer was washed with water and brine, and then dried over 

Na2SO4. Following the removal of solvent via rotary evaporation, the crude product 

was purified via flash chromatography on silica using hexanes and ethyl acetate (5:1) 

as the eluent. Recrystallization of the product at −35 °C from CH2Cl2/hexanes 

delivered 2.9 g of the title compound as a white powder (yield = 30%). 1H NMR (600 

MHz, CDCl3, 25 °C) /ppm: 9.13 (s, 2H), 7.40 (m, 6H), 7.10 (m, 4H), 6.71 (s, 2H), 

6.22 (dd, J = 4.1, 2.7 Hz, 2H). 13C NMR (150 MHz, CDCl3, 25 °C) /ppm: 172.18, 

144.78, 144.35, 143.13, 142.03, 138.45, 136.76, 131.05, 129.12, 128.97, 128.40, 

121.16, 113.83. 19F NMR (565 MHz, CDCl3, 25 °C) /ppm: −139.78 (dd, J = 23.6, 8.3 

Hz, 4F), −150.65 (t, J = 20.7 Hz, 2F), −159.96 (td, J = 29.8, 16.4 Hz, 4F). HR-ESI-MS 

[M + H]+ m/z: calcd for C35H17F10N2O2, 687.1130; found, 687.1122. 
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Figure 9 1H, 19F and 13C NMR of 5, 5-diphenyl-1,9-

bis(pentafluorobenzoyl)dipyrromethene in CDCl3 

2.2.3 Synthesis of Biladiene Derivatives 

10-Methyl-10-phenyl-5,15-bis(pentafluorophenyl)-biladiene. To a solution 

of 5-methyl-5-phenyl-1,9-bis(pentafluorobenzoyl)dipyrromethene (312 mg, 0.5 mmol) 

dissolved in 40 mL of THF and MeOH (3:1) was added 946 mg of NaBH4 (25 mmol). 

The resulting mixture was stirred at room temperature for 2 h. The reaction was 

quenched with saturated NH4Cl and extracted with CH2Cl2. The organic layer was 

washed sequentially with water and brine and dried over Na2SO4. Solvent was then 

removed via rotary evaporation and the resulting residue was dissolved in 200 mL of 

CH2Cl2. To this solution was added InCl3 (15 mg, 68 mol) and pyrrole (100 L, 1.44 

mmol) and stirred at room temperature under air for 30 min. The solution turned into 

light pink. Then 180 mg of DDQ (0.8 mmol) was added to the stirred solution. After 5 

min stirring, 14 mL of triethylamine (100 mmol) was added, and the mixture was 
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stirred for another 2 h. Following removal of the solvent under reduced pressure, the 

crude product was purified by flash chromatography on silica using a mixture of 

hexanes and CH2Cl2 (2:1) as the eluent to give 329 mg of the title compound as an 

orange solid (yield = 46%). 1H NMR (600 MHz, CD3CN, 25 °C) /ppm: 12.11 (s, 

2H), 7.36 (m, 5H), 7.16 (s, 2H), 6.84 (d, J = 4.6 Hz, 2H), 6.60 (d, J = 4.4 Hz, 2H), 6.35 

(d, J = 3.90 Hz, 2H), 6.25 (dd, J = 4.0, 2.3 Hz, 2H), 2.25 (s, 3H). 13C NMR (150 MHz, 

CD3CN, 25 °C) /ppm: 177.62, 148.40, 146.29, 144.69, 143.20, 141.54, 139.30, 

137.65, 133.47, 132.09, 131.32, 129.10, 128.26, 127.74, 126.70, 122.84, 121.22, 

112.92, 111.66, 51.65, 24.82.19F NMR (565 MHz, CD3CN, 25 °C) /ppm: −142.08 

(dd, J = 19.4, 8.5 Hz, 4F), −156.04 (t, J = 20.2 Hz, 2F), −163.51 (td, J = 20.5, 8.2 Hz, 

4F). HR-ESI-MS [M + H]+ m/z: calcd for C38H21F10N4, 723.1607; found, 723.1594. 
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Figure 10 1H, 19F and 13C NMR of 10-methyl-10-phenyl-5,15-bis(pentafluorophenyl)-

biladiene in CD3CN. 

10,10-diphenyl-5,15-bis(pentafluorophenyl)-biladiene. To a solution of 5,5-

diphenyl-1,9-bis(pentafluorobenzoyl)dipyrromethene (343 mg, 0.5 mmol) dissolved in 
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40 mL of THF and MeOH (3:1) was added 946 mg of NaBH4 (25 mmol). The 

resulting mixture was stirred at room temperature for 2 h. The reaction was quenched 

with saturated NH4Cl and extracted with CH2Cl2. The organic layer was washed 

sequentially with water and brine and dried over Na2SO4. Solvent was then removed 

via rotary evaporation and the resulting residue was dissolved in 200 mL of CH2Cl2. 

To this solution was added InCl3 (15 mg, 68 mol) and pyrrole (100 L, 1.44 mmol) 

and stirred at room temperature under air for 30 min. The solution turned into light 

green/yellow. Then 180 mg of DDQ (0.8 mmol) was added to the stirred solution. 

After 5 min stirring, 14 mL of triethylamine (100 mmol) was added, and the mixture 

was stirred for another 2 h. Following removal of the solvent under reduced pressure, 

the crude product was purified by flash chromatography on silica using a mixture of 

hexanes and CH2Cl2 (2:1) as the eluent to give 283 mg of the title compound as an 

orange solid (yield = 36%). 1H NMR (600 MHz, DMSO, 25 °C) /ppm: 11.82 (s, 2H), 

7.46 (m, 4H), 7.40 (m, 2H), 7.21 (d, J = 6 Hz, 4H), 7.17 (s, 2H), 7.04 (d, J = 6.0 Hz, 

2H), 6.55 (d, J = 6.0 Hz, 4H), 6.25 (m, 2H). 13C NMR (151 MHz, DMSO) δ/ppm: 

175.51, 147.24, 144.03, 142.63, 132.70, 131.49, 131.35, 130.11, 128.61, 128.47, 

127.84, 122.85, 121.83, 113.15, 40.54, 40.40, 40.26, 40.13, 39.99, 39.85, 39.71. 19F 

NMR (376 MHz, DMSO) δ/ppm: −140.81, −154.34, −161.94. HR-ESI-MS [M + H]+ 

m/z: calcd for C43H23F10N4, 785.1763; found, 785.1746. 
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Figure 11 1H, 19F and 13C NMR of 10, 10-diphenyl-5,15-bis(pentafluorophenyl)-

biladiene in deuterated DMSO. 

2.3 Preparation of 5-Isocorrole Ligand Platform 

2-Pentafluorobenzyl pyrrole. An oven baked Schlenk flask was charged with 

200 mL dry toluene and 2 mL freshly distilled pyrrole under a positive atmosphere of 

N2. Ethyl magnesium bromide (35 mL, 1M in THF) was added dropwise to the flask 

over 10 min. The mixture was stirred at room temperature for 30 min. Cool the 

mixture to 0 °C, dropwise 2 mL pentafluorobenzyl chloride over 10 min. The mixture 

was stirred for 1 h, from 0 °C to room temperature. The reaction was quenched with 

saturated NH4Cl and the aqueous layer was extracted with ethyl acetate three times. 

The combined organic layer was washed with water and brine, and then dried over 

Na2SO4. Following the removal of solvent via rotary evaporation, the crude product 

was recrystallized with CH2Cl2/hexanes. 3.1 g white solid was filtered and washed 

with cold hexanes as desired product (42%). 1H NMR (400 MHz, CDCl3, 25 °C) 



 34 

δ/ppm: 9.94 (s, 1H), 7.27 – 7.22 (m, 1H), 6.72 (ddq, J = 3.8, 2.5, 1.2 Hz, 1H), 6.36 (dt, 

J = 4.3, 2.4 Hz, 1H). 19F NMR (565 MHz, CDCl3, 25 °C) δ/ppm: −139.99 – −140.27 

(m, 2H), −151.13 (t, J = 20.6 Hz, 1H), −160.05 – −160.39 (m, 2H). 13C NMR (151 

MHz, CDCl3) δ/ppm: 172.58, 144.81, 144.78, 144.75, 144.73, 144.70, 143.09, 143.06, 

143.03, 141.42, 138.53, 138.50, 138.42, 138.34, 138.30, 136.73, 136.62, 131.61, 

128.30, 121.60, 114.16, 114.02, 112.17, 77.23, 77.02, 76.80. 
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Figure 12 1H, 19F and 13C NMR of  2-pentafluorobenzyl pyrrole in CDCl3. 

 

5-methyl-5-phenyl-10,15-bis(pentafluorophenyl)isocorrole 5-MPIC. 2-

pentafluorobenzyl pyrrole (392 mg, 1.5 mmol) was dissolved in 40 mL MeOH/THF 
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(1:3) in a 200 mL round bottom flask, then NaBH4 (946 mg, 25 mmol) was slowly 

added to the solution, the mixture was stirred at room temperature for 2 h. The 

reaction was quenched with saturated NH4Cl and extracted with CH2Cl2. The organic 

layer was washed sequentially with water and brine and dried over Na2SO4. Solvent 

was then removed via rotary evaporation and the resulting residue was dissolved in 

200 mL of CH2Cl2. InCl3 (15 mg, 68 mol) and 5-methyl-5-phenyldipyrromethane 

(118 mg, 0.5 mmol) were then added and stirred at room temperature under air 

overnight. The solution turned into dark red. Then 341 mg of DDQ (1.5 mmol) was 

added to the stirred solution. After 5 min stirring, 14 mL of triethylamine (100 mmol) 

was added, and the mixture was stirred for another 2 h. The solvent was removed 

under reduced pressure, and the crude was purified by column chromatography on 

silica using hexanes and CH2Cl2 (5:1) as eluent. Green eluent was collected for further 

purification. Usually it was combined with tetra-pentafluorophenylporphyrin as a by-

product. A further purification was needed. 1H NMR (400 MHz, DMSO-d6) δ 14.17 (s, 

1H), 14.04 (s, 1H), 7.38 (d, J = 6.5 Hz, 4H), 7.26 (q, J = 3.0 Hz, 3H), 7.10 (d, J = 4.7 Hz, 1H), 

7.06 (dd, J = 3.8, 2.5 Hz, 1H), 6.91 (d, J = 4.7 Hz, 1H), 6.83 – 6.77 (m, 2H), 6.32 (dd, J = 3.8, 

2.3 Hz, 1H), 2.25 (s, 3H). 13C NMR (151 MHz, DMSO) δ/ppm: 182.96, 161.59, 153.95, 

148.77, 148.34, 141.10, 137.70, 136.98, 135.59, 134.13, 129.41, 128.52, 128.10, 127.18, 

126.96, 124.22, 123.97, 120.30, 115.57, 111.98, 110.57, 46.28, 20.47. 19F NMR (565 MHz, 

DMSO-d6, 25 °C ) δ/ppm: −139.93 (ddd, J = 53.2, 25.5, 7.2 Hz), −141.27 (dd, J = 25.4, 6.9 

Hz), −141.41 (dd, J = 25.3, 6.9 Hz), −154.16 (dt, J = 44.9, 22.3 Hz), −161.77 (td, J = 24.0, 7.1 

Hz), −161.97 (td, J = 23.7, 23.1, 7.0 Hz). HR-ESI-MS [M + H]+ m/z: calcd for C38H19N4F10, 

721.1450; found, 721.1431. 
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Figure 13 1H, 19F and 13C NMR of 5-methyl-5-phenyl-10,15-

bis(pentafluorophenyl)isocorrole in deuterated DMSO.  

5,5-diphenyl-10,15-bis(pentafluorophenyl)isocorrole 5-DPIC. 2-

pentafluorobenzyl pyrrole (392 mg, 1.5 mmol) was dissolved in 40 mL MeOH/THF 

(1:3) in a 200 mL round bottom flask, then NaBH4 (946 mg, 25 mmol) was slowly 

added to the solution, the mixture was stirred at room temperature for 2 h. The 

reaction was quenched with saturated NH4Cl and extracted with CH2Cl2. The organic 

layer was washed sequentially with water and brine and dried over Na2SO4. Solvent 

was then removed via rotary evaporation and the resulting residue was dissolved in 

200 mL of CH2Cl2. InCl3 (15 mg, 68 mol) and 5, 5-diphenyldipyrromethane (149 

mg, 0.5 mmol) were then added and stirred at room temperature under air overnight. 

The solution turned into dark red. Then 341 mg of DDQ (1.5 mmol) was added to the 

stirred solution. After 5 min stirring, 14 mL of triethylamine (100 mmol) was added, 

and the mixture was stirred for another 2 h. The solvent was removed under reduced 

pressure, and the crude was purified by column chromatography on silica using 
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hexanes and CH2Cl2 (5:1) as eluent. Green eluent was collected for further 

purification. Usually it was combined with tetra-pentafluorophenylporhyrin as a by-

product. A further purification was needed. 1H NMR (600 MHz, DMSO-d6, 25 °C) δ/ppm: 

14.84 (s, 1H), 14.70 (s, 1H), 7.38 – 7.26 (m, 12H), 6.99 (d, J = 4.7 Hz, 1H), 6.96 – 6.92 (m, 

1H), 6.74 (dd, J = 4.4, 2.3 Hz, 1H), 6.73 – 6.69 (m, 2H), 6.02 – 5.98 (m, 1H). 13C NMR (151 

MHz, DMSO-d6, 25 °C) δ/ppm: 182.59, 161.83, 154.23, 149.11, 149.09, 148.16, 145.75, 

144.14, 142.72, 142.63, 142.51, 141.66, 141.05, 140.84, 138.76, 138.67, 137.22, 137.12, 

136.99, 134.75, 134.42, 129.79, 129.19, 129.16, 128.81, 128.67, 127.15, 124.53, 124.46, 

121.13, 120.46, 114.84, 112.60, 112.03, 111.90, 111.77, 110.22, 110.10, 110.08, 109.96, 

57.57, 40.44, 40.30, 40.16, 40.02, 39.88, 39.74, 39.60, 30.84, 29.42. 19F NMR (565 MHz, 

DMSO-d6, 25 °C) δ/ppm: −139.86 (t, J = 18.0 Hz), −140.95 – −141.37 (m), −153.88 – −154.36 

(m), −161.65 – −161.85 (m), −161.84 – −162.10 (m). HR-ESI-MS [M + H]+ m/z: calcd for 

C43H21N4F10, 783.1607; found, 783.1581. 
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Figure 14 1H, 19F and 13C NMR of 5,5-dphenyl-10,15-

bis(pentafluorophenyl)isocorrole in deuterated DMSO.  
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Further Purification: Dissolve the green solid and 1.5 g zinc acetate 

dihydrate in 50 mL acetonitrile in a 200 mL round bottom flask, then the mixture was 

stirred at 60 °C for 4 h. The solvent was removed under reduced pressure and the 

crude was purified by column chromatography on silica using hexanes and CH2Cl2 

(20:1 to 5:1 gradually) as eluent. The green eluent was collected as the title product 

(31%). 

2.4 Preparation of Co(10-Isocorrole) Complexes 

Cobalt 10-Methyl-10-phenyl-5,15-bis(pentafluorophenyl)-isocorrole 

Co(10-MPIC).  

Method 1: An oven baked Schlenk flask was charged with 10-Methyl-10-

phenyl-5,15-bis(pentafluorophenyl)-biladiene (36 mg, 0.05 mmol), Co(OAc)2 (18 mg) 

and 10 mL degassed acetonitrile in the glovebox. The mixture was stirred at 60 °C 

under positive N2 atmosphere for 12 h outside of glove box. Immediately after solvent 

removal from the Schlenk manifold, the flask was pumped back into glovebox. The 

crude material was purified by column chromatography on neutral alumina using 

pentane and Et2O (10:1 to 1:10 gradually) as the eluent to afford 8 mg of dark green 

solid (10%). 

Method 2: In the glovebox, transfer 10-Methyl-10-phenyl-5,15-

bis(pentafluorophenyl)-biladiene (36 mg, 0.05 mmol), Co(OAc)2 (18 mg) and 10 mL 

degassed acetonitrile to a Schlenk flask. The mixture was stirred at 60 °C under 

positive N2 atmosphere for 4 h outside of glove box. Then, the solvent was removed 

from the Schlenk manifold and the flask was pumped back into glovebox. The crude 

was dissolved by small amount of THF and went through a short celite bed. After 

removing THF, the crude and Co(OAc)2 (18 mg) were redissolved in 10 mL 
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acetonitrile in a new Schlenk flask. The mixture was stirred at 60 °C under positive N2 

atmosphere for 12 h outside of glove box. The solvent was removed from the Schlenk 

manifold and the flask was pumped back into the glovebox. The crude was purified by 

flash chromatography on neutral alumina with diethyl ether as eluent to get dark green 

solid (75%). 1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 29.48 (s, 2H), 27.58 (s, 3H), 

24.97 (s, 2H), 16.55 (s, 2H), 11.68 (s, 1H), 11.50 (s, 2H), −1.98 (s, 2H), −13.93 (s, 

2H). HR-LIFDI: M+ m/z: calcd for C38H16N4F10Co 777.0547; found, 777.0563. 

 

 
Figure 15 1H NMR of Co(10-MPIC) in CDCl3. 

Cobalt 10, 10-diphenyl-5,15-bis(pentafluorophenyl)-isocorrole Co(10-

DPIC).  

Method 1: An oven baked Schlenk flask was charged with 10, 10-diphenyl-

5,15-bis(pentafluorophenyl)-biladiene (39 mg, 0.05 mmol), Co(OAc)2 (18 mg) and 10 

mL degassed acetonitrile in the glovebox. The mixture was stirred at 60 °C under 
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positive N2 atmosphere for 12 h outside of glove box. Immediately after solvent 

removal from the Schlenk manifold, the flask was pumped back into glovebox. The 

crude material was purified by column chromatography on neutral alumina using 

pentane and Et2O (10:1 to 1:10 gradually) as the eluent to afford 8 mg of dark green 

solid (8%). 

Method 2: In the glovebox, transfer 10, 10-diphenyl-5,15-

bis(pentafluorophenyl)-biladiene (39 mg, 0.05 mmol), Co(OAc)2 (18 mg) and 10 mL 

degassed acetonitrile to a Schlenk flask. The mixture was stirred at 60 °C under 

positive N2 atmosphere for 4 h outside of glove box. Then, the solvent was removed 

from the Schlenk manifold and the flask was pumped back into glovebox. The crude 

was dissolved by small amount of THF and went through a short celite bed. After 

removing THF, the crude and Co(OAc)2 (18 mg) were redissolved in 10 mL 

acetonitrile in a new Schlenk flask. The mixture was stirred at 60 °C under positive N2 

atmosphere for 12 h outside of glove box. The solvent was removed from the Schlenk 

manifold and the flask was pumped back into the glovebox. The crude was purified by 

flash chromatography on neutral alumina with diethyl ether as eluent to get dark green 

solid (50%). 1H NMR (400 MHz, CDCl3, 25 °C) δ 29.16 (s, 2H), 24.91 (s, 4H), 16.76 

(s, 2H), 10.50 (s, 4H), 10.32 (s, 2H), −1.85 (s, 2H), −11.34 (s, 2H). HR-LIFDI: M+ 

m/z: calcd for C43H18N4F10Co 839.0704; found, 839.0738. 
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Figure 16 1H NMR of Co(10-MPIC) in CDCl3. 

2.5 Preparation of Co(5-Isocorrole) Complexes 

In the glovebox, transfer 5,5-dimethyl-10,15-bis(pentafluorophenyl)isocorrole 

(33 mg, 0.05 mmol) , or 5-methyl-5-phenyl-10,15-bis(pentafluorophenyl)isocorrole 

(36 mg, 0.05 mmol), or 5,5-diphenyl-10,15-bis(pentafluorophenyl)isocorrole (39 mg, 

0.05 mmol), KOAc (70 mg, 0.7 mmol) and 15 mL acetonitrile in a 50 mL round 

bottom flask. The mixture was stirred at room temperature for 1 h. Then, Co(OAc)2 ( 

27 mg, 0.15 mmol) was added to the mixture. Then, the flask was sealed with septum, 

copper wire and electric tape and pumped out of the glovebox. The mixture was 

heated to 90 °C and stirred overnight. The solvent was removed directly by Schlenk 

manifold and the flask was pumped back into glovebox. The crude product was 

purified by column chromatography on neutral alumina using pentane and Et2O (20:1 

to 5:1 gradually) as the eluent to collect the second grass green band (35 % yield). The 

 



 45 

first green band is the unreacted freebase. Second column chromatography could be 

performed if needed. 

Cobalt 5,5-dimethyl-10,15-bis(pentafluorophenyl)isocorrole Co(5-DMIC): 

1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 46.40 (s, 1H), 38.02 (s, 1H), 31.30 (s, 1H), 

11.22 (s, 1H), −1.98 (s, 1H), −3.06 (s, 1H), −19.45 (s, 1H), −22.95 (s, 6H), −51.58 (s, 

1H). HR-LIFDI: M+ m/z: calcd for C33H14N4F10Co 715.0391; found, 715.0419. 

 
Figure 17 1H NMR of Co(5-DMIC) in CDCl3. 

Cobalt 5-methyl-5-phenyl-10,15-bis(pentafluorophenyl)isocorrole Co(5-

MPIC): 1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 46.21 (s, 1H), 37.69 (s, 1H), 

30.72 (s, 1H), 10.36 (s, 1H), 1.76 (s, 1H), −1.55 (s, 3H), −3.32 (s, 1H), −19.82 (s, 1H), 

−23.70 (s, 2H), −24.18 (s, 3H), −53.84 (s, 1H). HR-LIFDI: M+ m/z: calcd for 

C38H16N4F10Co 777.0547; found, 777.0569. 
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Figure 18 1H NMR of Co(5-MPIC) in CDCl3. 

 

Cobalt 5,5-diphenyl-10,15-bis(pentafluorophenyl)isocorrole Co(5-DPIC): 1H 

NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 46.34 (s, 1H), 37.16 (s, 1H), 31.55 (s, 1H), 11.61 (s, 

1H), 3.67 (s, 2H), 1.85 (s, 1H), 0.21 (s, 1H), −0.97 (s, 4H), −2.88 (s, 1H), −14.16 (s, 4H), 

−19.35 (s, 1H), −50.94 (s, 1H). HR-LIFDI: M+ m/z: calcd for C43H18N4F10Co 839.0704; 

found, 839.0786. 
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Figure 19 1H NMR of Co(5-DPIC) in CDCl3 

2.6 Cobalt porphyrin and Cobalt corrole Complexes 

Both cobalt complexes were synthesized according to the reported method. 

Cobalt 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin60. In a 200 mL 

round bottom flask, 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin (0.97 g, 1 

mmol) and cobalt acetate tetrahydrate (0.5 g, 2 mmol) was dissolved in 100 mL DMF. 

The mixture was stirred at 130 °C for 4.5 h. After cooling to room temperature, 100 

mL diethyl ether was added. The mixture was washed with water three times and dry 

over MgSO4. The crude was purified by column chromatography on silica using 

hexanes and CH2Cl2 (20:1 to 5:1 gradually) as eluent to afford the target product as red 

solid (82%) 

Cobalt 5,10,15-Tris(pentafluorophenyl)corrole triphenylphosphine61,62. A 50 mL 

round bottom flask was charged with 5,10,15-Tris(pentafluorophenyl)corrole (40 mg, 0.05 

mmol), NaOAc (60 mg, 0.72 mmol), cobalt acetate tetrahydrate (60 mg, 0.24 mmol), 
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triphenylphosphine (100 mg, 0.4 mmol) and 10 mL MeOH. The mixture was stirred at room 

temperature for 1.5 h. After removing the solvent under vaco, the crude was purified by 

column chromatography on silica using hexanes and CH2Cl2 (5:1) to afford the red powder as 

the target product (96%) 1H NMR (600 MHz, CDCl3, 25 °C) δ/ppm: 8.70 (d, J = 4.4 Hz, 2H), 

8.35 (dd, J = 4.7, 1.5 Hz, 2H), 8.25 (d, J = 4.7 Hz, 2H), 8.10 (d, J = 4.4 Hz, 2H), 7.02 (td, J = 

7.7, 2.6 Hz, 3H), 6.66 (td, J = 7.8, 2.6 Hz, 6H), 4.62 – 4.57 (m, 6H). 19F NMR (565 MHz, 

CDCl3, 25 °C) δ/ppm: −136.77 (dd, J = 24.2, 8.3 Hz, 2F), −137.09 (dd, J = 24.4, 8.2 Hz, 1F), 

−138.08 (dd, J = 24.8, 8.1 Hz, 2F), −138.42 (dd, J = 24.6, 8.1 Hz, 1F), −153.74 (td, J = 20.7, 

9.4 Hz, 3F), −161.82 (td, J = 22.5, 7.8 Hz, 3F), −162.24 (td, J = 22.8, 8.2 Hz, 1F), −162.43 (td, 

J = 22.6, 8.2 Hz, 2F). 13C NMR (151 MHz, CDCl3, 25 °C) δ/ppm: 146.04, 145.74, 145.55, 

144.11, 143.90, 143.59, 142.29, 140.53, 138.46, 136.79, 135.84, 131.34, 131.28, 129.82, 

129.80, 128.36, 127.11, 127.04, 124.79, 123.94, 122.58, 122.26, 121.36, 115.58, 105.72, 

104.59, 77.22, 77.01, 76.80, 29.71.  

2.7 Preparation of Palladium Biladiene Complexes 

Palladium 10-Methyl-10-phenyl-5,15-bis(pentafluorophenyl)-biladiene 

Pd[MPBil]. To a solution of 10-methyl-10-phenyl-5,15-bis(pentafluorophenyl)-

biladiene (100 mg) dissolved in 50 mL of acetonitrile was added Pd(OAc)2. The 

reaction was stirred at 60 °C for 4 h. After cooling to room temperature, the solvent 

was removed under reduced pressure. The desired product was purified by flash 

chromatography on silica using a mixture of pentane and toluene (2:1) as the eluent to 

give of the title compound as a bright red solid. 1H NMR (600 MHz, CD3CN, 25 °C) 

/ppm: 7.30 (m, 4H), 7.22 (m, 3H), 6.76 (d, J = 4.2 Hz, 2H), 6.72 (d, J = 4.2 Hz, 2H), 

6.49 (dd, J = 4.2, 1.2 Hz, 2H), 6.28 (d, J = 4.2 Hz, 2H), 2.03 (s, 3H). 13C NMR (150 

MHz, CD3CN, 25 °C) /ppm: 166.70, 153.15, 146.84, 146.60, 144.97, 143.70, 142.03, 
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139.59, 137.93, 135.25, 135.17, 132.33, 129.87, 129.67, 129.44, 128.24, 127.88, 

120.43, 119.67, 51.61, 29.49. 19F NMR (565 MHz, CD3CN, 25 °C) /ppm: −142.16 

(dd, J = 19.4, 8.5 Hz, 4F), −155.66 (t, J = 20.0 Hz, 2F), −163.32 (td, J = 21.3, 10.5 Hz, 

4F). HR-ESI-MS [M + H]+ m/z: calcd for C38H19F10N4Pd, 827.0485; found, 827.0488. 
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Figure 20 1H, 19F and 13C NMR of palladium 10-methyl-10-phenyl-5,15-

bis(pentafluorophenyl)-biladiene, Pd[MPBil] in CD3CN. 
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Palladium 10,10-diphenyl-5,15-bis(pentafluorophenyl)-biladiene Pd[DPBil]. To a 

solution of 10,10-diphenyl-5,15-bis(pentafluorophenyl)-biladiene (100 mg) dissolved in 50 

mL of acetonitrile was added Pd(OAc)2. The reaction was stirred at 60 °C for 4 h. After 

cooling to room temperature, the solvent was removed under reduced pressure. The desired 

product was purified by flash chromatography on silica using a mixture of pentane and toluene 

(2:1) as the eluent to give of the title compound as a bright red solid. 1H NMR (600 MHz, 

CD3CN, 25 °C) δ /ppm: 7.30 (m, 4H), 7.22 (m, 3H), 6.76 (d, J = 4.2 Hz, 2H), 6.72 (d, J = 4.2 

Hz, 2H), 6.49 (dd, J = 4.2, 1.2 Hz, 2H), 6.28 (d, J = 4.2 Hz, 2H), 2.03 (s, 3H). 13C NMR (151 

MHz, CD3CN) δ 165.40, 154.39, 145.87, 135.67, 135.42, 131.30, 130.90, 130.24, 129.32, 

128.59, 122.82, 120.16. 19F NMR (565 MHz, CD3CN, 25 °C) δ /ppm:  −142.03 – −142.42 (m, 

2F), −155.57 (t, J = 20.2 Hz, 1F), −163.31 (td, J = 22.5, 8.2 Hz, 2F). HR-ESI-MS [M + H]+ 

m/z: calcd for C43H20F10N4Pd, 889.0641; found, 889.0652. 
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Figure 21 1H, 19F and 13C NMR of palladium 10,10-diphenyl-5,15-

bis(pentafluorophenyl)-biladiene, Pd[DPBil] in CD3CN 



 53 

2.8 Synthesis of Palladium 5,5-disubstituted Isocorrole 

Transfer 5,5-dimethyl-10,15-bis(pentafluorophenyl)isocorrole (33 mg, 0.05 

mmol) , or 5-methyl-5-phenyl-10,15-bis(pentafluorophenyl)isocorrole (36 mg, 0.05 

mmol), or 5,5-diphenyl-10,15-bis(pentafluorophenyl)isocorrole (39 mg, 0.05 mmol), 

KOAc (70 mg, 0.7 mmol) and 15 mL acetonitrile in a 50 mL round bottom flask. The 

mixture was stirred at room temperature for 1 h. Then, Pd(OAc)2 ( 35 mg, 0.15 mmol) 

was added to the mixture. The mixture was heated to reflux with a condenser and 

stirred overnight. The solvent was removed directly by rotary evaporation. The crude 

product was purified by column chromatography on silica using hexanes and diethyl 

ether (50:1 to 10:1 gradually) as eluent to collect the second grass green band (35 % 

yield). The first green band is the unreacted freebase. Second column chromatography 

could be performed if needed.  

Pd(5-DMIC): 1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 7.14 (d, J = 4.7 Hz, 1H), 

7.10 (d, J = 4.1 Hz, 1H), 7.07 (d, J = 5.0 Hz, 1H), 6.93 (d, J = 4.7 Hz, 1H), 6.83 – 6.79 (m, 

1H), 6.68 (d, J = 4.5 Hz, 1H), 6.61 (d, J = 4.1 Hz, 1H), 6.59 – 6.54 (m, 1H), 1.88 (s, 6H). 19F 

NMR (376 MHz, CDCl3, 25 °C) δ/ppm: −137.39 (dd, J = 23.5, 8.1 Hz, 2F), −137.74 – 

−138.29 (m, 2F), −152.19 (t, J = 20.9 Hz, 1F), −152.55 (t, J = 21.0 Hz, 1F), −160.97 (tt, J = 

23.2, 7.6 Hz, 4F). 13C NMR (101 MHz, CDCl3, 25 °C) δ/ppm 167.73, 161.68, 158.13, 145.58, 

141.50, 138.34, 135.60, 134.52, 134.17, 129.24, 126.92, 124.58, 124.19, 122.53, 113.56, 

77.35, 77.03, 76.72, 44.47, 31.95. HR-ESI-MS [M + H]+ m/z: calcd for C33H15N4F10Pd, 

763.0172; found, 763.0163. 
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Figure 22 1H, 19F and 13C NMR of  Pd(5-DMIC) in CDCl3 

Pd(5-MPIC): 1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 7.38 – 7.34 (m, 2H), 7.23 

(m, 2H), 7.00 – 6.97 (m, 2H), 6.92 (d, J = 4.1 Hz, 1H), 6.76 (d, J = 5.0 Hz, 1H), 6.71 (d, J = 

4.7 Hz, 1H), 6.64 – 6.59 (m, 2H), 6.52 (dt, J = 4.5, 1.0 Hz, 1H), 6.14 (d, J = 4.2 Hz, 1H), 2.29 

(s, 3H). 19F NMR (376 MHz, CDCl3, 25 °C) δ/ppm: −137.40 (ddd, J = 31.4, 24.3, 9.1 Hz, 2F), 

−137.85 (dd, J = 23.9, 7.7 Hz, 1F), −137.97 – −138.24 (m, 1F), −152.09 (t, J = 21.2 Hz, 1F), 

−152.48 (t, J = 21.0 Hz, 1F), −160.90 (ddt, J = 32.2, 19.3, 8.3 Hz, 4F). 13C NMR (151 MHz, 

CDCl3) δ 167.32, 162.17, 158.05, 145.96, 141.90, 138.76, 136.03, 134.75, 134.56, 133.39, 

129.39, 129.28, 128.28, 127.08, 126.41, 124.76, 124.31, 124.21, 122.92, 52.28, 30.48. (C-F 

splitting peaks are not presented). HR-ESI-MS [M + H]+ m/z: calcd for C38H17N4F10Pd, 

825.0328; found, 824.0308. 
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Figure 23 1H, 19F and 13C NMR of  Pd(5-MPIC) in CDCl3 

Pd(5-DPIC): 1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 7.48 – 7.43 (m, 4H), 7.38 – 

7.30 (m, 4H), 7.24 (d, J = 1.3 Hz, 2H), 6.89 (d, J = 5.1 Hz, 1H), 6.80 (d, J = 4.2 Hz, 1H), 6.67 

(d, J = 5.0 Hz, 1H), 6.62 – 6.57 (m, 2H), 6.53 (d, J = 4.5 Hz, 1H), 6.41 (d, J = 4.6 Hz, 1H), 

6.06 (d, J = 4.2 Hz, 1H). 19F NMR (376 MHz, CDCl3, 25 °C) δ/ppm: −137.42 (dd, J = 23.6, 

8.2 Hz, 2F), −137.87 (dd, J = 23.0, 7.8 Hz, 2F), −152.02 (t, J = 21.0 Hz, 1F), −152.42 (t, J = 

21.0 Hz, 1F), −160.84 (tdd, J = 22.6, 17.0, 7.6 Hz, 4F). 13C NMR (151 MHz, CDCl3) δ 167.38, 

162.54, 159.11, 146.40, 142.22, 139.04, 136.37, 135.29, 135.19, 134.90, 128.91, 128.80, 

128.71, 128.53, 128.47, 127.26, 125.92, 124.76, 124.38, 122.38, 116.95, 30.47. (C-F splitting 

peaks are not presented). HR-ESI-MS [M + H]+ m/z: calcd for C43H19N4F10Pd, 887.0485; 

found, 887.04898. 
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Figure 24 1H, 19F and 13C NMR of  Pd(5-DPIC) in CDCl3 

2.9 Synthesis of Zinc 5,5-disubstituted Isocorrole 

5,5-dimethyl-10,15-bis(pentafluorophenyl)isocorrole (33 mg, 0.05 mmol) , or 

5-methyl-5-phenyl-10,15-bis(pentafluorophenyl)isocorrole (36 mg, 0.05 mmol), or 

5,5-diphenyl-10,15-bis(pentafluorophenyl)isocorrole (39 mg, 0.05 mmol) and KOAc ( 

17 mg) were dissolved in 10 mL acetonitrile. The mixture was stirred at room 

temperature for one hour. Then, Zinc acetate dihydrate (50 mg) was added to the 

mixture. The flask was wrapped with aluminum foil. The mixture was heated to reflux 

and stirred overnight in the dark. Then, the mixture was cooled to room temperature 

and the solvent was removed under vacuum. The crude was purified by going through 

a celite bed twice in DCM to give the brown solid (91% yield). 

Zn(5-DMIC): 1H NMR (600 MHz, CDCl3, 25 °C) δ/ppm: 7.07 (d, J = 4.6 Hz, 1H), 

6.89 (m, 2H), 6.85 (d, J = 3.7 Hz, 1H), 6.59 (d, J = 4.3 Hz, 1H), 6.51 (d, J = 4.2 Hz, 1H), 6.47 

(d, J = 3.7 Hz, 1H), 6.32 (d, J = 4.2 Hz, 1H), 1.78 (s, 6H). 19F NMR (565 MHz, CDCl3, 25 °C) 
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δ/ppm: −138.13 (d, J = 23.9 Hz, 2F), −139.19 (d, J = 23.0 Hz, 2F), −153.35 (t, J = 21.0 Hz, 

1F), −153.85 (t, J = 21.7 Hz, 1F), −161.66 (dt, J = 72.9, 23.0 Hz, 4F). HR-ESI-MS [M + H]+ 

m/z: calcd for C33H15N4F10Zn, 721.0429; found, 721.0409. 
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Figure 25 1H, 19F and 13C NMR of  Zn(5-DMIC) in CDCl3 

Zn(5-MPIC): 1H NMR (600 MHz, C6D6, 25 °C) δ/ppm: 7.31 (d, J = 7.4 Hz, 

2H), 7.10 – 7.01 (m, 3H), 6.86 (d, J = 3.6 Hz, 1H), 6.79 (d, J = 4.6 Hz, 1H), 6.60 (d, J 

= 4.6 Hz, 1H), 6.50 (d, J = 4.3 Hz, 1H), 6.38 (t, J = 5.9 Hz, 2H), 6.32 (d, J = 4.3 Hz, 

1H), 6.24 (s, 1H), 2.07 (s, 3H). 19F NMR (565 MHz, C6D6, 25 °C) δ/ppm:  −138.37 – 

−138.83 (m), −139.52 (d, J = 24.0 Hz), −139.67 – −140.16 (m), −152.80 (t, J = 21.9 

Hz), −153.62 (t, J = 21.6 Hz), −161.33 – −161.96 (m). 13C NMR (151 MHz, C6D6, 25 

°C) δ/ppm: 182.63, 176.64, 173.52, 162.27, 154.56, 151.06, 146.56, 146.24, 145.09, 

144.95, 144.67, 142.25, 140.87, 140.76, 138.76, 138.44, 137.09, 136.66, 132.04, 

128.99, 128.90, 128.35, 127.64, 125.82, 123.40, 121.34, 117.72, 114.73, 114.14, 

113.50, 108.81, 65.87, 30.53. HR-ESI-MS [M + H]+ m/z: calcd for C38H17N4F10Zn, 

783.0585; found, 783.0560. 
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Figure 26 1H, 19F and 13C NMR of  Zn(5-MPIC) in C6D6. 

Zn(5-DPIC): 1H NMR (600 MHz, C6D6, 25 °C) δ/ppm: 7.33 – 7.26 (m, 4H), 7.10 – 

7.02 (m, 6H), 6.64 (q, J = 3.9, 3.2 Hz, 2H), 6.47 – 6.43 (m, 1H), 6.33 (t, J = 3.3 Hz, 1H), 6.19 

(dt, J = 15.1, 3.4 Hz, 2H), 6.11 (t, J = 3.3 Hz, 1H), 5.97 (t, J = 3.0 Hz, 1H). 19F NMR (565 

MHz, C6D6, 25 °C) δ/ppm: −138.61, −139.82 (d, J = 23.0 Hz), −152.63 (t, J = 21.9 Hz), 

−153.54 (t, J = 21.8 Hz), −161.56 (q, J = 29.4, 26.8 Hz). 13C NMR (151 MHz, C6D6, 25 °C) 

δ/ppm: 186.98, 180.63, 162.59, 155.90, 151.59, 146.48, 146.15, 145.65, 144.82, 144.55, 

142.59, 142.35, 140.55, 138.72, 138.44, 136.99, 131.57, 129.78, 128.86, 128.69, 126.75, 

126.22, 124.34, 123.52, 123.17, 116.80, 115.72, 113.81, 113.03, 109.44, 66.26, 59.96, 30.54. 

HR-ESI-MS [M + H]+ m/z: calcd for C43H19N4F10Zn, 845.0742; found, 845.0709. 
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Figure 27 1H, 19F and 13C NMR of  Zn(5-DPIC) in C6D6 

2.9.1 Synthesis of 1–phenyloxycarbonyl cobalt 10,10-dimethyl-5,15-

bis(pentafluorophenyl) isocorrole 

Transfer CoIII(10-DMIC)(PF6) (30 mg, 0.05 mmol), Na2HPO4 (15 mg), 

Benzenemethanol (0.1 mL, excess) in an oven dried round bottom flask in the glove 

box, dissolve the mixture by 3 mL dry toluene and 1 mL dry acetonitrile. Then, the 

sealed flask was pumped out and wrapped with aluminum foil to keep it away from 

light. The mixture was sparged by CO gas for 10 min, then charged with 1 atm CO 

(CO balloon), the mixture was stirred for 24 h at rt, in the dark. After that, the solvent 

was removed by schlenck line and the flask was pumped back to the glove box, also 

the crude was worked up in the dark. The crude was recrystallized by DCM and 

pentane. The filtrate solution was concentrated. The crude was purified by prep-TLC 

technique by using DCM/pentane (1:5, v/v) to get a green solid (42% yield). 1H NMR 

(600 MHz, CD3CN, 25 °C) δ/ppm:  7.90 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 7.3 Hz, 1H), 
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7.45 (t, J = 7.5 Hz, 2H), 7.01 (dt, J = 14.2, 7.0 Hz, 4H), 6.94 (d, J = 4.0 Hz, 1H), 6.91 

(d, J = 4.0 Hz, 1H), 6.84 (d, J = 3.6 Hz, 1H), 6.81 (d, J = 3.6 Hz, 1H), 6.52 (d, J = 7.1 

Hz, 2H), 5.19 (q, J = 6.6 Hz, 1H), 2.55 (s, 3H), 1.78 (d, J = 5.9 Hz, 3H), 0.74 (d, J = 

6.6 Hz, 2H). 19F NMR (376 MHz, CD3CN, 25 °C) δ/ppm: −140.87 (dddd, J = 57.2, 

23.4, 8.3, 3.3 Hz), −142.00 (dtd, J = 21.7, 8.7, 3.0 Hz), −156.59 (t, J = 20.0 Hz), 

−163.70 – −164.17 (m). HR-LIFDI-MS M+ m/z: calcd for C42H23N4O2F10Co, 864.0993; 

found, 864.0988. 

2.10 X-ray Crystallography 

2.10.1 X-ray Structure Solution and Refinement 

Crystals were mounted onto a plastic mesh using viscous oil and cooled to the 

data collection temperature. Data were collected on a Bruker-AXS APEX II DUO 

CCD diffractometer with Cu Kα radiation (λ = 1.5418 Å) or Mo-Kα radiation (λ = 

0.7107 Å). Unit cell parameters were obtained from 48 data frames, 0.5° ω, from three 

different sections of the Ewald sphere63. The data sets were treated with multi-scan 

absorption corrections (Apex3 software suite, Madison, WI, 2015) or with SADABS 

absorption corrections based on redundant multi-scan data (Sheldrick, G,.Bruker-

AXS, 2001). The structures were solved using intrinsic phasing methods and refined 

with full-matrix, least-squares procedures on F2.64,65 All non-hydrogen atoms were 

refined with anisotropic displacement parameters. H-atoms were constrained in 

idealized positions with isotropic parameters based on their attached atoms. The 

penultimate difference maps were treated with Squeeze to model disordered solvent 

molecules as diffused contributions66. Atomic scattering factors are contained in the 

SHELXTL program library. Crystallographic data were collected by Maxwell Martin 
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and Dr. Glenn P. A. Yap, Department of Chemistry and Biochemistry, University of 

Delaware. 

2.10.1.1 DPBil freebase 

Crystals of DPBil were obtained through slow evaporation of a concentrated 

solution of dichloromethane and hexanes at room temperature. A suitable crystal was 

selected and coated with Paratone® oil and mounted onto a Nylon loop. The data 

collection temperature for the crystals was 200K. The systematic absences in the 

diffraction data are consistent with the asymmetric monoclinic space group, P21/n. 

The compound co-crystallized with a molecule of dichloromethane. Hydrogen atoms 

were treated as idealized contributions. The detailed data collection and refinement 

parameter were listed in Table 2.1. 

2.10.1.2 Pd[MPBil] and Pd[DPBil] 

Crystals of Pd[MPBil] and Pd[DPBil] were obtained via slow evaporation of a 

concentrated solution of dichloromethane and hexanes at room temperature. The data 

collection temperature for the crystals was 200K for Pd[MPBil] and 105K for 

Pd[DPBil]. The systematic absences in the diffraction data are consistent with the 

asymmetric monoclinic space group, P21/c for Pd[MPBil] and P-1 for Pd[DPBil], 

respectively. Hydrogen atoms were treated as idealized contributions. The detailed 

data collection and refinement parameter were listed in Table 2.2. 

2.10.1.3 5-DMIC, 5-MPIC and 5-DPIC 

Crystals of 5-DMIC, 5-MPIC and 5-DPIC were obtained through slow 

evaporation of a concentrated solution of dichloromethane and hexanes at room 

temperature. A suitable crystal was selected and coated with Paratone® oil and 
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mounted onto a Nylon loop. The data collection temperature for the crystals was 150K 

for 5-DMIC and 200K for both 5-MPIC and 5-DPIC. The systematic absences in the 

diffraction data are consistent with the asymmetric monoclinic space group, P21/n for 

5-DMIC and 5-DPIC. The space group for 5-MPIC is C 2/c. Hydrogen atoms were 

treated as idealized contributions. The detailed data collection and refinement 

parameter were listed in Table 2.3. 

2.10.1.4 Co(10-MPIC) and Co(10-DPIC) 

Crystals of Co(10-MPIC) and Co(10-DPIC) were obtained through slow 

evaporation of a mixed solution of anhydrous dichloromethane, diethyl ether and 

pentane in the N2 filled glove box at room temperature. A suitable crystal was selected 

and coated with Paratone® oil and mounted onto a Nylon loop. The data collection 

temperature for the crystals was 200K. The systematic absences in the diffraction data 

are consistent with the asymmetric monoclinic space group, P21/n for Co(10-MPIC) 

and C 2/c for Co(10-DPIC). Hydrogen atoms were treated as idealized contributions. 

The detailed data collection and refinement parameter were listed in Table 2.4. 

2.10.1.5 Co(5-DMIC), Co(5-MPIC) and Co(5-DPIC) 

Crystals of Co(5-DMIC), Co(5-MPIC) and Co(5-DPIC) were obtained through 

slow evaporation of a mixed solution of anhydrous dichloromethane, diethyl ether and 

pentane in the N2 filled glove box at room temperature. A suitable crystal was selected 

and coated with Paratone® oil and mounted onto a Nylon loop. The data collection 

temperature for the crystals was 150, 200 and 120K, respectively. The systematic 

absences in the diffraction data are consistent with the orthorhombic, monoclinic and 

triclinic space group. The compound co-crystallized with a molecule of 
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dichloromethane. Hydrogen atoms were treated as idealized contributions. The 

detailed data collection and refinement parameter were listed in Table 2.5. 

2.10.1.6 Pd(5-DMIC), Pd(5-MPIC) and Pd(5-DPIC) 

The crystals of Pd(5-DMIC), Pd(5-MPIC) and Pd(5-DPIC) were obtained 

through slow evaporation of a mixed solution of anhydrous dichloromethane and 

hexanes at room temperature. A suitable crystal was selected and coated with 

Paratone® oil and mounted onto a Nylon loop. The data collection temperature for the 

crystals was 200K. The systematic absences in the diffraction data are consistent with 

the asymmetric monoclinic space group, C 2/c for Pd(5-MPIC) and P21/n for Pd(5-

DMIC) and Pd(5-DPIC). Hydrogen atoms were treated as idealized contributions. The 

detailed data collection and refinement parameter were listed in Table 2.6. 

2.10.1.7 Zn(5-DPIC) 

Crystals of Zn(5-DPIC) were obtained through slow evaporation of a 

concentrated solution of methanol and chloroform at room temperature. A suitable 

crystal was selected and coated with Paratone® oil and mounted onto a Nylon loop. 

The data collection temperature for the crystals was 200K. The systematic absences in 

the diffraction data are consistent with the asymmetric monoclinic space group, P c. 

The compound co-crystallized with two molecules of methanol. Hydrogen atoms were 

treated as idealized contributions. The detailed data collection and refinement 

parameter were listed in Table 2.7. 

2.10.2 Crystallographic Information Tables 

 

Table 2.1. Crystallographic Data for DPBil freebase 
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 DPBil freebase 

Empirical Formula C44H24Cl2F10N4 

Formula Weight 869.57 

Crystal System monoclinic 

Space Group P21/n 

a 8.2507(2) Å 

b 22.1150(6) Å 

c 21.0697(6) Å 

 90° 

 96.4860(10)° 

 90° 

Volume 3819.86(18) Å3 

Z 4 

Temperature 200(2) K 

Dcalcd 1.512 g/cm–3  

2 range 2.906° – 75.137°  

μ 2.317 mm–1 (Mo Kα)  

Reflections 72428  

Unique 7858  

R(int) 0.0487  

R1 0.0579  

wR2 0.1634  

 

 

Table 2.2. Crystallographic Data for Pd[MPBil] and Pd[DPBil] 

 

 Pd[MPBil] Pd[DPBil] 

Empirical Formula C38H18F10N4Pd C43H20F10N4Pd 

Formula Weight 826.96 889.03 

Crystal System Monoclinic Triclinic 

Space Group P21/c P-1 

a 15.1965(6) Å 9.2976(3) Å 

b 10.3049(4) Å 14.3221(5) Å 

c 26.695(1) Å 14.5571(5) Å 

 90° 92.171(2)° 

 103.936(2)° 100.234(2)° 

 90° 90.638(3)° 

Volume 4057.4(3) Å3 1905.9(11) Å3 

Z 4 2 

Temperature 200(2) K 105(2) K 

Dcalcd 1.354 g/cm–3 1.549 g/cm–3 

2 range 2.996° – 75.717° 3.09° – 75.14° 



 71 

μ 4.367 mm–1 (Cu Kα) 4.696 mm–1 (Mo Kα) 

Reflections 66763 51319 

Unique 8341 7559 

R(int) 0.0475 0.1231 

R1 0.0317 0.0548 

wR2 0.0815 0.1552 

 

Table 2.3. Crystallographic Data for 5-isocorrole derivatives: 5-DMIC, 5-MPIC and 5-

DPIC 

 

 5-DMIC 5-MPIC 5-DPIC 

Empirical Formula C33H16F10N4 C38H18F10N4 C43H20F10N4 

Formula Weight 658.50 720.56 782.63 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P 21/n C 2/c P 21/n 

a 9.3323(19) 28.0197(8) Å 17.7426(6) Å 

b 11.006(2) 11.4314(3) Å 13.4012(4) Å 

c 26.806(6) 22.5090(7) Å 18.6609(6) Å 

 90° 90° 90° 

 92.337(12)° 105.107(2)° 116.283(2)° 

 90° 90° 90° 

Volume 2751.0(10) Å3 6960.6(4) Å3 3978.3(2) Å3 

Z 4 8 4 

Temperature 150(2) K 200(2) K 200(2) K 

Dcalcd 1.590 g/cm–3 1.375 g/cm–3 1.307 g/cm–3 

2 range 3.300° – 83.576° 3.267° – 75.158° 2.862° – 75.590° 

μ 1.258 mm–1 (Cu Kα) 1.046 mm–1 (Cu Kα) 0.960 mm–1 (Cu Kα) 

Reflections 41444 66377 62138 

Unique 5713 7029 7972 

R(int) 0.1201 0.0914 0.0964 

R1 0.0767 0.0555 0.0569 

wR2 0.1863 0.1526 0.1897 

 

Table 2.4. Crystallographic Data for Co(10-MPIC) and Co(10-DPIC) 

 

 Co(10-MPIC) Co(10-DPIC) 

Empirical Formula C38H16CoF10N4 C47H28CoF10N4O 

Formula Weight 777.48 913.66 

Crystal System monoclinic monoclinic 

Space Group P21/n C 2/c 

a 14.6124(5) Å 31.3050(14) Å 
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b 9.9800(3) Å 18.7780(8) Å 

c 44.7134(15) Å 15.4314(7) Å 

 90° 90° 

 92.404(2)° 118.738(2)° 

 90° 90° 

Volume 6514.9(4) Å3 7953.9(6) Å3 

Z 8 8 

Temperature 200(2) K 200(2) K 

Dcalcd 1.585 g/cm–3 (Block) 1.526 g/cm–3 (Block) 

2 range 1.978° – 75.815° 2.851° – 75.755°  

μ 4.973 mm–1 (Cu Kα) 2.317 mm–1 (Cu Kα)  

Reflections 90145 68774 

Unique 13104 7994 

R(int) 0.2497 0.0932 

R1 0.1063 0.0564 

wR2 0.2613 0.1545 

 

Table 2.5. Crystallographic Data for Co(5-isocorrole) derivatives 

 

 Co(5-DMIC) Co(5-MPIC) Co(5-DPIC) 

Empirical 

Formula 

C33H14CoF10N4 C38H16CoF10N4 C43H18CoF10N4 

Formula 

Weight 

715.41 777.48 987.78 

Crystal 

System 

orthorhombic monoclinic triclinic 

Space 

Group 

Pbca C 2/c P-1 

a 17.2066(3) Å 27.981(4) Å 15.3754(7) Å 

b 11.8365(3) Å 11.4618(16) Å 17.7025(9) Å 

c 27.1385(6) Å 22.519(4) Å 18.4983(9) Å 

 90° 90° 87.774(4)° 

 90° 106.586(9)° 72.136(4)° 

 90° 90° 68.312(3)° 

Volume 5527.2(2) Å3 6921.5(18) Å3 4437.1(4) Å3 

Z 8 8 4 

Temperature 150(2) K 150(2) K 120(2) K 

Dcalcd 1.719 g/cm–3  1.492 g/cm–3 1.479 g/cm–3 (Block) 

2 range 3.257° – 75.377°  3.296° – 75.656°  2.518° – 68.537°  

μ 5.796 mm–1 (Cu Kα)  4.681 mm–1 (Cu Kα)  3.812 mm–1 (Cu Kα)  

Reflections 58758 32529  62261 

Unique 5703 7014 15669  
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R(int) 0.1412 0.1100 0.1028 

R1 0.0620 0.0938 0.0830 

wR2 0.1444 0.2622 0.2081 

 

Table 2.6. Crystallographic Data for Pd(5-DMIC), Pd(5-MPIC) and Pd(5-DPIC) 

 

 Pd(5-DMIC) Pd(5-MPIC) Pd(5-DPIC) 

Empirical Formula C33H14F10N4Pd C38H16F10N4Pd C43H18F10N4Pd 

Formula Weight 762.88 824.95 887.01 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P 21/n C 2/c P 21/n 

a 9.4214(8) 27.625(2) 17.5646(14) 

b 11.0516(10) 11.5442(9) 13.5785(11) 

c 26.825(2) 23.1776(19) 18.1709(15) 

 90° 90° 90° 

 93.430(2)° 104.6690(10)° 116.1420(10)° 

 90° 90° 90° 

Volume 2788.0(4) Å3 7150.7(10) Å3 3890.5(5) Å3 

Z 4 8 4 

Temperature 200(2) K 200(2) K 200(2) K 

Dcalcd 1.817 g/cm–3 1.533 g/cm–3 1.514 g/cm–3 

2 range 1.994° – 27.723° 1.816° – 27.820° 1.951° – 27.663° 

μ 
0.766 mm–1 (Mo 

Kα) 

0.604 mm–1 (Mo 

Kα) 

0.561 mm–1 (Mo 

Kα) 

Reflections 31038 26711 44415 

Unique 6545 8358 9067 

R(int) 0.0597 0.0624 0.1308 

R1 0.0522 0.0628 0.0658 

wR2 0.1165 0.1624 0.1523 

 

 

Table 2.7. Crystallographic Data for Zn(-DPIC) with methanol binded as the fifth 

coordination ligand. 

 

 Zn(5-DPIC)(MeOH) 

Empirical Formula C45H26F10N4O2Zn 

Formula Weight 910.07 

Crystal System Monoclinic 

Space Group P c 

a 13.4671(14) 

b 14.9524(15) 

c 9.3797(9) 
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 90° 

 101.9200(10)° 

 90° 

Volume 1848.0(3) Å3 

Z 2 

Temperature 200(2) K 

Dcalcd 1.635 g/cm–3 

2 range 2.060° – 31.346° 

μ 0.763 mm–1 (Mo Kα) 

Reflections 35881 

Unique 11993 

R(int) 0.0377 

R1 0.0387 

wR2 0.0788 
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SYNTHESIS OF NONTRADITIONAL TETRAPTRROLE PLATFORM: 

BILADIENE AND 5-ISOCORROLE DERIVATIVES 

3.1 Introduction 

Nonmacrocyclic linear tetrapyrroles such as biladienes and biliverdins67 ( 

Figure 28), which have been synthesized and studied in recent decade of 

years, have been proved to perform unique photophysical properties. On the other 

hand, the metalation products of these nonmacrocyclic linear tetrapyrroles68 still 

remain a huge blank space to explore. Recent coordination products of 

nonmacrocyclic linear tetrapyrroles69 are mostly with copper70,71, nickel72 and 

cobalt73,74, which are the common transition metals. As a result, the coordination 

chemistry of nonmacrocyclic oligopyrrole constructs has been much more limited than 

that which is known for porphyrins, corroles, phthalocyanines and other polypyrrole 

macrocycles.  

 

 
 

Figure 28. Structures of a,c-Biladiene and Biliverdin 

 

Chapter 3 



 76 

One of the drawbacks that hinders the exploration of coordination chemistry of 

nonmacrocyclic linear tetrapyrroles is the instability of such frameworks caused by 

their nonaromaticity, unlike the traditional aromatic tetrapyrroles. For example, a,c-

biladienes, where the two protons on the 10 meso-carbon interrupt the aromaticity by 

forming an sp3-hybridized meso-carbon, are not stable in the presence of air (Scheme 

3.1). In addition, if there is no functional modification at the tetrapyrrole termini, such 

as the 1 and 19-postion, the a,c-biladiene can decompose back to the corresponding 

aromatic corrole architecture75,76. 

 

 

 

Scheme 3.1 Oxidation from a,c-Biladiene to Corrole in the air 

To address the problem, it is possible to add alky or/and aryl groups at the 10-

position of the biladiene framework to increase the stability of this series of linear 

tetrapyrrole compound.  

Another porphyrinoid tetrapyrrole ligand which hadn’t been investigated too 

much is the isocorrole, as shown in Figure 29. It has two isomers which contains a 

sp3-hybridized meso-carbon on the 5 or 10-position. The concept of isocorrole was 

mentioned by Vogel’s group in 2003 when they discussed Spirodicorrole and its 

dinickel complexes77, which now are considered as isocorrole derivatives. Then, in 

2006, Setsune’s group first synthesized free base isocorrole and they also synthesized 

and characterized several metallated isocorrole metal complexes78.  
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Figure 29 Two isomers of isocorrole    

However, most of the reported metallated isocorrole complexes’ synthetic 

routes are based on available meso-triaryl corrole as the precursor. This type of 

synthetic route includes an oxidation of the sp2 hybridized meso-carbon by 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) with a nucleophile, usually methanol 

or ethanol79,80.  

 

 
 

Scheme 3.2. The isocorrole-corrole conversion after the metalation 

 

Although the presence of the methoxy or the hydroxy substituent group on the 

meso-carbon can stabilize the free base isocorrole, there was an isocorrole-corrole 

conversion during the metalation step79, as shown in Scheme 3.2 the methoxy or the 

hydroxy group interrupted the reaction as a leaving group with the coordination 

chemistry of nickel, copper and manganese was attempted. 
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Another synthetic method was discovered as a by-product that can be separated 

during the demetalation of metallocorrole complexes by using concentrated sulfuric 

acid81. The formation of 10/5-hydroxy-isocorrole was rationalized that the target 

molecule, corrole freebase, could be easily oxidized, then attacked by a molecule of 

water, which was observed in the preparation of isocorrole by oxidation of corrole 

with DDQ79. With this approach, nickel/ cobalt b-octabromo-meso-triphenylisocorrole 

derivatives were prepared from the demetallation reaction of copper b-octabromo-

meso- triphenylcorrole with concentrated H2SO4 in chloroform82.  

It is also worth mentioned that isocorrole could be a key intermediate in the 

process of the functionalization of corrole83. Bröring’s group reported another 

isocorrole synthesis method in 2016, including copper, palladium, platinum and nickel 

metalation product84. One of the synthesis methods is shown in Scheme 3.3. However, 

they failed to use the direct isocorrole ligand metalation method, instead, they 

synthesized biladiene derivatives as the starting material, in the presence of oxidant, 

such as p-chloranil, and metal source salt in chloroform. This method displayed many 

unwanted by-products, which would lower the yield of the target products. 
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Scheme 3.3. Synthesis of palladium isocorrole complex and its by-products. 

 

In 2009, Naho Okazaki’s group reported a synthesis method of 10-isocorrole 

freebase from 5,5-dipyrrolmethane and bisazafulvene under neutral conditions 

followed by DDQ oxidation giving rise to 27% yield85. They also successfully 

metallated the freebase with nickel, copper, iron, manganese and rhodium. They 

provided a new isocorrole platform that can be a potential ligand for four-, five-, and 

six-coordinate metal complexes. However, the zinc isocorrole is not stable in their 

system.  

A year later, meso-alkyl substituted 5/10-isocorroles was prepared by addition 

of Grignard reagent, ethyl magnesium bromide, to 5,10,15-tritolylcorrole before the 

DDQ oxidation step in satisfying yield86. This work expanded the properties of the 

isocorroles for use in real applications, instead of the limitations on the sp3-hybridized 

meso-position only with alcohol or alkyl ether groups. Instead of using Grignard 
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reagent or alcohol, pyrrole was also applied in the formation of isocorroles form the 

corrole platform87.  

Richard Geier, III’s group did an in-depth investigation of the formation of 

5,5-dimethyl-isocorrole through two different reaction routes with decent yields, 

which is the most recent reported method88. Metalation products of copper and zinc 

was also characterized by X-ray and UV-vis experiments89. 

Therefore, it is a great challenge to design a new method to synthesize the 

isocorrole free base to utilize it as a potential tetrapyrrole ligand with different metal 

sources. In this chapter, the synthesis of 10,10-disubstituted biladiene and 5,5-

disubstituted isocorrole will be shown. The use of 5-isocorrole as a ligand platform for 

transition metals, such as palladium and zinc will be characterized by solid-state 

structures, NMR spectroscopy and UV-Vis absorptions. 

3.2 Synthesis of 10,10-disubstituted-5,15-diphenylpentafluorophenylbiladiene 

The detailed synthesis procedure of 10,10-disubstitued-5,15-

diphenylpentafluorophenylbiladine (DMBil1, MPBil and DPBil) were presented in 

Chapter 2. It started with the coordinated 5,5-disubstituted dipyrromethene, which was 

prepared from the condensation reaction with ketone and different lewis acids. Then, 

the dipyrromethene was treated with ethyl magnesium bromide (EtMgBr) and 

pentafluorobenzyl chloride (C6F5COCl) to realize the diacylation reaction. The 

diacylated product was then reduced with NaBH4 in THF and methanol (3/1: v/v). The 

reaction was quenched by saturated NH4Cl aqueous solution and extracted with DCM. 

After that, the concentrated reduced diol crude product was dissolved in DCM and 

stirred with InCl3 and pyrrole at room temperature for 2 hours. The following 

oxidation process was realized by adding DDQ and triethylamine. The product was 
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purified by column chromatography with hexanes and DCM as eluent, shown in 

Scheme 3.4. 

 

 
 

Scheme 3.4 Synthesis of 10,10-disubstitued-5,15-diphenylpentafluorophenylbiladine 

(MPBil and DPBil) 

3.2.1 Crystal Structures of DPBil 

The solid-state crystal structure of DPBil is shown in Figure 30. The 

dipyrromethane unit next to the sp3-hybridized meso carbon is distorted significantly, 

that the dihedral angle is 73.77°, which is larger than the reported DMBil1 ligand 

(66.08°). The two pentafluorophenyl groups are canted with the coordinated 

dipyrromethane moieties with the angle of 80.50° and 69.98° respectively which is 

also larger than the same angles in DMBil1. 
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Figure 30 The crystal structure of DPBil, view from side and front. Hydrogen atoms 

are omitted for clarity. 

3.2.2 UV-vis Spectra of Biladiene Derivatives 

The UV-vis experiment were carried out in dichloromethane at room 

temperature, shown in Figure 31. The MPBil and DPBil displayed very distinct 

absorption features comparing with the dimethyl derivative, they displayed one broad 

absorption peak from 350 – 550 nm, instead of presenting two broad peaks in the same 

region. More phenyl substituents, the higher extinction coefficient it had.  

 
Figure 31 UV-vis absorption of biladiene derivatives in DCM at room temperature 

3.3 Synthesis of 5,5-disubstituedd Isocorrole 

The 5,5-dimethyl-10,15-diphenylpentafluorophenylisocorrole (5-DMIC) was 

prepared by the reported literature procedure. The detailed synthesis and 

characterization of 5-MPIC and 5-DPIC were presented in Chapter 2. The freebase of 
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5-MPIC and 5-DPIC began with an acylation reaction of pyrrole, then, the 

pentafluorobenzyl pyrrole was reduced by NaBH4 in THF/MeOH (v/v: 3:1). The 

reaction was quenched by saturated NH4Cl aqueous solution. The reduced 

intermediate was dissolved again together with InCl3 and 5,5-disubsituted 

dipyrromethene in DCM without purification. The mixture was stirred at room 

temperature overnight and oxidized by adding DDQ and triethylamine. The crude 

product was purified by column chromatography, as shown in Scheme 3.5. 

 

 
Scheme 3.5 Synthesis of 5-MPIC and 5-DPIC 

3.3.1 Crystals Structures of 5-Isocorrole Freebase 

The solid-state structures of 5-isocorrole freebases are shown in Figure 32. For 

all the freebases, there are two N–H protons in the core of the ring: one of the proton is 

located in the pyrrole ring that is in between the two perfluorophenyl groups, the other 

proton is located in the pyrrole ring that is in the unit of bipyrrole. These two 

asymmetric protons are consistent with the analysis of proton NMR (shown in Figure 

13 and Figure 14), which displays two broad peaks in the down field. By measuring 

the N–N separations (Table 3.1), the shortest separate N–N distance (~2.50 Å) is the 

bottom two pyrrole units without meso carbon in between, the longest N–N distance 

(~3.00 Å) is the rest two pyrrole units opposite the pyrrole rings mentioned before. 
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The huge difference of the N–N distance is also an indication of the asymmetry for the 

structure of freebases. What can be notified is that the sp3 meso-carbon is not in the 

plane of the core ring for the 5-DPIC, the angle between the core ring and the sp3 

meso-carbon is 16.29°. The C–C bond distance for the bipyrrole unit is 1.416 Å, 1.424 

Å and 1.429 Å respectively, which is also similar as the C–C bond distance in 

traditional corroles90. 

 

 
Figure 32 Crystal structures of 5-DMIC (left), 5-MPIC (middle) and 5-DPIC (right), 

viewing form top and side. H atoms are omitted for clarities, except for the N–H 

protons.  

 

Table 3.1 Relevant dihedral angles and atom distances measured for 5-DMIC, 5-

MPIC, and 5-DPIC 

 5-DMIC 5-MPIC 5-DPIC 
Dipyrromethane 

units and meso C6F5 

groups 

68.80° (close to 

sp3 meso carbon) 

68.80° 

65.06° (close to 

sp3 meso carbon) 

74.98° 

69.24° (close to 

sp3 meso carbon) 

57.06° 
N–N separations (Å) 2.625(5) 

2.565(5) 

2.976(4) 

2.635(4) 

2.627(2) 

2.558(2) 

2.611(2) 

2.988(2) 

2.996(4) 

2.605(4) 

2.574(4) 

2.619(4) 
C–C bond distance 

for the bipyrrole unit 

(Å) 

1.416 1.424 1.429 
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3.4 UV-vis Absorption Features 

The UV-vis absorption experiments were carried out in methanol at room 

temperature. The UV-vis plot is presented in Figure 33. All three freebases displayed 

strong traditional porphyrin type Soret absorption features around 400 nm and two 

weak absorption features between 600 – 800 nm.  

 
Figure 33 UV-Vis absorption spectrometry of 5-isocorrole derivatives in methanol 

 

3.5 Synthesis of Zinc and Palladium 5-Isocorrole: Zn(5-IC) and Pd (5-IC) 

Pd(5-IC)s were synthesized with adding excess KOAc and Pd(OAc)2 to the 5-

isocorrole freebase in acetonitrile. The mixture was refluxed in the dark overnight and 

purified by column chromatography. 

The zinc 5-isocorrole derivates was also prepared by a similar method as the 

palladium products by refluxing with excess KOAc and Zn(OAc)2· 2H2O, both shown 

in Scheme 3.6. It should be notified that the zinc complexes were not stable on the 

silica, the metal center would be removed on the silica column chromatography. As a 

result, the work up for Zn(5-IC) derivatives was let it go through the celite bed twice 

in DCM. 
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Scheme 3.6 Synthesis of Zn(5-IC) and Pd(5-IC) 

3.5.1 Crystal Structures of Zn(5-DPIC) and Pd(5-IC) 

The Pd(5-IC) derivatives are the first examples in palladium 5-isocorrole 

complexes, shown in Figure 34. All palladium derivatives exhibit square planner or 

pseudo geometry with quite equal Pd–N bond distances (~1.95 Å), which is slightly 

shorter than the traditional palladium tetrapentafluorophenyl porphyrin91, ranging from 

2.010(4) Å to 2.050(4) Å. The Zn(5-DPIC), shown in Figure 35, has a fifth 

coordination with a molecule of methanol, which is consistent with the crystal 

structure of Zn189 reported by Geier’s group. The zinc cation is hanging above the 

core ring of 5-DPIC, making the puckered geometry, which shows the larger angle 

between the core ring and the sp3 meso-carbon (27.35°) than the 5-DPIC freebase and 

Pd[5-DPIC]. The Zn–N bonds, ranging from 2.007(3) Å to2.031(3) Å, are longer than 

the Pd–N bonds and Zn1 complex, however, the Zn–O bond is 2.067(3) Å, which is in 

the range of Zn–O bond reported for the Zn1 complex. The other bond distance and 

dihedral angle information is summarized inTable 3.2 below. 



 87 

 

Figure 34 Crystal structure of metallo 5-isocorrole viewed from top and in profile, 

from left to right: Pd(5-DMIC) (first column), Pd(5-MPIC) (second column), Pd(5-

DPIC) (third column). 

 

 

 

 

 

 

Figure 35. Crystal structure of Zn(5-DPIC) with a molecule of methanol as the fifth 

coordinated ligand. 

 

Table 3.2. Relevant dihedral angles and atom distances measured for Pd(5-DMIC), 

Pd(5-MPIC), Pd(5-DPIC), and Zn(5-DPIC) 

 Pd[5-DMIC] Pd[5-MPIC] Pd[5-DPIC] Zn[5-DPIC] 

Dipyrromethane 

units and meso 

C6F5 groups 

68.15° (close 

to sp3 meso 

carbon) 

69.73° 

63.85° (close 

to sp3 meso 

carbon) 

73.42° 

66.47° (close 

to sp3 meso 

carbon) 

68.94° 

78.81° (close 

to sp3 meso 

carbon) 

67.03° 

N–N 

separations(Å) 

2.787(5) 

2.496(5) 

2.800(5) 

2.895(5) 

2.494(5) 

2.784(5) 

2.907(5) 

2.784(5) 

2.783(8) 

2.502(7) 

2.789(8) 

2.913(7) 

2.924(4) 

2.793(4) 

2.556(3) 

2.723(4) 
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M–N distance 

(Å) 

1.920(4) 

1.936(3) 

1.968(3) 

1.947(4) 

1.934(4) 

1.910(4) 

1.967(4) 

1.952(4) 

1.964(6) 

1.928(4) 

1.931(6) 

1.956(4) 

2.013(3) 

2.007(3) 

2.012(2) 

2.031(3) 

 

3.5.2 UV-vis Absorption Features 

The absorption profiles of the two series of zinc 5-isocorrole (Figure 36) and 

palladium 5-isocorrole (Figure 37) were collected in methanol at room temperature 

under air. Their maximum absorption wavelength and extinction coefficient were 

summarized in Table 3.3.  

 
Figure 36 UV-vis spectroscopy of zinc 5-isocorrole derivatives in methanol at room  

temperature. 

Comparing with the freebases, the metalation products displayed farther weak 

absorption from 800 – 1000 nm. Both absorption features for Zn(5-DPIC) and Pd(5-

IC) tailed off at 1000 nm. 
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Figure 37 UV-vis spectroscopy of palladium 5-isocorrole derivatives in methanol at 

room temperature. 

 

Table 3.3. The selected absorption maxima and its coordinated extinction coefficient 

 
Complexes abs/nm 

(ε x 103)/M‒1cm‒1 

 abs/nm 
(ε x 103)/M‒1cm‒1 

Pd(5-DMIC) 363 (24.0), 446.5 (29.4), 888 

(17.8) 

Zn(5-DMIC) 457 (42.8), 849 

(16.1) 

Pd(5-MPIC) 367 (26.9), 448 (30.4), 910.5 

(15.4) 

Zn(5-MPIC) 460.5 (43.5). 868 

(14.6) 

Pd(5-DPIC) 368 (26.3), 449.5 (29.4), 934.5 

(11.5) 

Zn(5-DPIC) 462 (47.6), 907 

(11.8) 

3.6 Electrochemical properties of Freebase, Palladium 5-Isocorrole and Zinc 5-

Isocorrole Derivatives 

The cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

experiments of the 5-isocorrole freebase, Pd(5-IC) and Zn(5-IC) were carried out in 

anhydrous DCM under N2 atmosphere with ferrocene as internal standard and 

TBAPF6 as supporting electrolyte. Their CV and DPV plots are shown in Figure 38, 

Figure 39 and Figure 40 and the parent redox performances based on DPV are 

summarized in Table 3.4. 
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Figure 38 CV (left) and DPV (right) plots of 5-isocorrole freebase in anhydrous DCM 

under nitrogen. 

 
 

Figure 39 CV (left) and DPV (right) plots of Zn(5-IC) derivatives in anhydrous DCM 

under nitrogen. 

  
Figure 40 CV (left) and DPV (right) plots of Pd(5-IC) derivatives in anhydrous DCM 

under nitrogen. 
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For the 5-isocorrole freebases, they all displayed two reversible reduction 

peaks and three irreversible oxidation peaks. The redox window for the 5-DMIC was 

narrower than the one for 5-MPIC and 5-DPIC. The redox potentials for both 5-MPIC 

and 5-DPIC didn’t show much difference. On the other hand, based on DPV plots, the 

third oxidation peak of 5-DMIC was much broader than the rest of two, so the 

potential for the third oxidation peak was omitted in Table 3.4.  

However, after the metalation of Pd(II) cation, it displayed obvious potential 

shifts for all three palladium derivatives. Their redox performance windows are much 

narrower than the one for the freebase. Similar as the freebase, the palladium 

derivatives displayed two reversible reduction peaks, but more oxidation peaks than 

the freebase based on the DPV. It is interesting that in the oxidation region, Pd(5-

DMIC) and Pd(5-MPIC) showed another weak oxidation property just following the 

first oxidation performance, which was 0.588 V and 0.560 V respectively. However, 

this performance disappeared for the Pd(5-DPIC). 

The zinc derivatives also performed two 1e− reductions and two 1e− oxidations. 

Assume Zn(II) is electrochemically inactive, the two reduction peaks are ligand based 

reductions. The reduction potentials for the zinc derivatives are similar as the 

reduction potentials for the freebases, which prove the reduction performance are 

triggered by the ligand center. The zinc derivatives displayed one less oxidation peak 

compared with the freebases, which is probably caused by the insertion of Zn(II) 

cation. 
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Table 3.4 Redox properties of 5-isocorrole freebase, Pd(5-IC) and Zn(5-IC) based on 

DPV 

 Eox (vs. Fc/Fc+) (V) Ered (vs. Fc/Fc+) (V) 

5-DMIC 0.504, 0.920 –1.176, –1.484 

5-MPIC 0.504, 0.900, 1.160 –1.212, –1.492 

5-DPIC 0.508, 0.904, 1.164 –1.208, –1.488 

Pd(5-DMIC) 0.424, 0.588, 1.036 –1.044, –1.480 

Pd(5-MPIC) 0.408, 0.560, 1.068 –0.936, –1.364 

Pd(5-DPIC) 0.436, 0.952, 1.270 –0.908, –1.352 

Zn(5-DMIC) 0.044, 0.932 –1.172, –1.464 

Zn(5-MPIC) 0.100. 0.984 –1.064, –1.420 

Zn(5-DPIC) 0.156, 0.992 –1.132, –1.456 

 

3.7 Summary 

In conclusion, in this chapter, the synthesis of 10,10-disubstituted biladiene, 

5,5-disubstituted isocorrole and its zinc and palladium complexes were reported. The 

crystal structures of zinc and palladium derivatives of 5-isocorroles proved that both 

10,10-disubstituted and 5,5-disubstituted isocorrole could serve as ligand platforms for 

metals such as zinc and palladium. The cyclic voltammetry plots displayed not only 

the freebase of 5-isocorrole had multi-redox electrochemistry, both zinc and palladium 

5-isocorrole derivatives can also display multi-redox electrochemistry, which had 

narrower redox windows. The UV-vis spectra of 5-isocorrole freebase displayed weak 

absorption in the 600 – 800 region and this absorption features displayed red shift after 

metalation with Zn(II) and Pd(II) metal cation, which was 800 – 1000 nm. 

Furthermore, the more phenyl substituents, the higher extinction coefficient it had. 
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These near IR absorption features provide potential applications for light harvest study 

such as photodynamic therapy. 
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OXYGEN REDUCTION REACTION CATALYZED BY TWO FAMILIES OF 

COBALT ISOCORROLE 

4.1 Introduction 

Platinum based catalysts are still considered as the most common cathode 

catalyst because it can reduce dioxygen through 4e–, 4H+ pathway to produce 100% 

H2O
92. However, because of the durability and high cost of manufacturing, it is 

necessary for scientists to develop an efficient cathode catalyst with non-precious 

metal source25,37,93. During the last few decades, cobalt catalysts have been 

investigated as inexpensive catalysts to enhance the oxygen reduction on the cathode 

of the fuel cells instead of platinum containing catalysts. Besides, cobalt complexes 

can form the relatively stable Co–O2 adduct94. 

The first cobalt tetrapyrrole complex that showed ORR performance is cobalt 

phthalocyanine (CoPc)95, as shown in Scheme 4.1, which was reported by Jasinski’s 

group in 1964. It was immobilized on the surface of a nickel electrode and activated 

O2 at – 0.21V vs. NHE. However, it just performed 100% H2O2 oxygen reduction 

product, which went through the 2e–, 2H+ pathway. Other cobalt catalysts, such as 

cobalt tripentafluorophenylcorrole96 (Co(tpfc)) and cobalt tetrapyridylporphyrin97 

(CoP(py)4) (Scheme 4.1) also displayed the 2e–, 2H+ pathway for ORR. 

 

Chapter 4 
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Scheme 4.1. From left to right: cobalt phthalocyanine (CoPc), cobalt 

tripentafluorophenylcorrole (Co(tpfc)) and cobalt tetrapyridylporphyrin (CoP(py)4) 

      As time went, in order to enhance the O2 reduction selectivity to water, 

designing catalysts with multilayers98 is one of the efficient strategies. For example, 

many cofacial bis(cobalt) diporphyrins99 with various linkages were prepared and 

quantified their ORR performance, shown in Scheme 4.2. This work was initially 

pioneered by Collman100,101: cobalt porphyrins were connected through flexible amide 

linkages forming a “face to face” structure ([Co2(FTF)])102. It was immobilized on 

edge plane graphite (EPG) electrode and performed high selectivity reduction of 

oxygen, from two to four electrons. However, the distance of the porphyrins had a 

strong impact on the selectivity for O2 reduction. For instance, the Co2FTF6-3,2-NH 

complex with five-atom linkages only performed 50% H2O production at 0.5 V vs 

NHE, but the Co2FTF4-2,1-NH complex with three-atom linkages could reduce O2 

completely to H2O at more positive potential (0.7 V vs NHE). Other types of 

linkages22 have been synthesized to have a deeper understand of the distance, such as 

Co(DPA) and Co(DPB), they perform excellent 4e–, 4H+ pathway O2 reduction to 

water around 0.4 V vs. NHE. To explore more cofacial cobalt catalyst, “Pacman” 

cobalt porphyrins22,101,103 were designed. Co2(DPX) and Co2(DPD) delivered 80% 

water production at 0.38 V vs. Ag/AgCl and 90% water production at 0.33 V vs. 
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Ag/AgCl. The most recent cofacial cobalt catalyst for ORR was reported by Timothy 

Cook’s group in 201724, which is a self-assembled cofacial cobalt porphyrin prism. It 

performed produce over 50% water at speed of 2500 rpm by using the RRDE 

technique with an onset potential at 0.0 V vs. Ag/AgNO3. Later, he was able to 

increase the water production to 97% yield by switching to a shorter ruthenium 

containing linkage104. 

 

 
 

Scheme 4.2 Examples of cofacial cobalt catalysts 
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 However, not all Pacman cobalt catalysts displayed high ORR selectivity 

product as water because the distance between the cofacial layer might hinder the 

protonation process and release of two-electron peroxo-type intermediates, resulting 

H2O2 as the major product. As a result, it was realized that the pKa of the dioxygen 

adduct played an important role on the formation of water. Processes such as proton-

coupled multi-electron transfer reactions (PCmET) were favored36, which can 

facilitate the cleavage of dioxygen bond, instead of forming hydrogen peroxide. 

Therefore, “Hangman” cobalt tetrapyrrole complexes25,26,105–107 as monomeric 

catalysts were also designed to investigate the ORR performance instead of the 

bimetallic systems, shown in Scheme 4.3. It is a kind of cobalt tetrapyrrolic 

complexes that poise an acid or base group over the face of the porphyrin macrocycle 

containing a cobalt metal center. It can adjust the pKa of dioxygen intermediate and go 

through the proton-coupled multi-electron transfer process to promote the O–O bond 

cleavage. The CoHPX-3 yielded 71% water production at 0.8 V vs. NHE. Similar 

complexes as “hangman” corroles showed similar catalytic ORR selectivity.  

 

 
 

Scheme 4.3. Examples of cobalt hangman tetrapyrrole complexes. 

Furthermore, there are other type of cobalt tetrapyrrole catalysts that can 

promote the 4e–, 4H+ pathway reduction of O2, which imitated the natural cytochrome 
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c oxidase model. One example of such cobalt catalysts was synthesized by Collman in 

1997108 that produced almost 95% water at around 0.2 V vs. NHE. 

So far, tremendous progresses have been made for the development of cobalt 

tetrapyrrole catalysts for ORR, however, the fatal weakness of the cobalt catalysts 

above is the complicated synthesis and they cannot be prepared in large scales with 

high yield. For example, the [Co2(DPX)]22,36,101 took 18 synthesis steps to prepare, 

yielding less than 1%. Also, to synthesize the CoHPX-326, it involved 9 steps of 

synthesis, which increased the cost for purification procedures and labors. The catalyst 

that Collman108 designs in 1997, even though they did not report the total yield, but it 

is believed that the high cost purification techniques were needed, and the yield was 

low. 

So, the challenge for the era of designing the new cobalt monomeric ORR 

catalysts is to synthesize the catalyst with large scale, low cost and simple purification 

processes, which perform high selectivity for O2 reduction. As mentioned in Chapter 

3, several tetrapyrrole ligand platforms have been prepared, so it is beneficial for us to 

take advantage of the existed ligand to synthesize the new series of cobalt catalysts 

using biladiene and 5-isocorrole freebases. 

4.2 Synthesis and Characterization of Two Families of Cobalt Isocorrole 

Catalysts: Cobalt 5-isocorrole and Cobalt 10-isocorrole 

As mentioned in Chapter 2, cobalt 5-isocorrole can be prepared through the 

metalation reaction with potassium acetate and cobalt acetate anhydrous reflux in 

anhydrous acetonitrile overnight in the inert atmosphere, shown in Scheme 4.4. 
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Scheme 4.4. Synthesis of cobalt 5-isocorrole derivatives. 

 

Cobalt 10-isocorrole can be prepared through an oxidation reaction with DDQ 

and triethylamine after a direct metalation reaction with coordinated biladiene freebase 

and cobalt acetate anhydrous in CH3CN (Scheme 4.5). 

 

 
 

Scheme 4.5. Synthesis of cobalt 10-isocorrole derivatives. 

 

The detailed synthesis and characterization were provided in Chapter 2. Cobalt 

tetrapentafluorophenylporphyrin (Co(TPFPP)) and cobalt tripentafluorophenylcorrole 

(Co(TPFPC)) were also prepared according to the reported method as the control 

standard catalysts for RRDE experiments. 

4.3 Electrochemistry and UV-vis Absorption Spectrometry for Cobalt 

Isocorrole 

Cyclic voltammetry and differential pulse voltammetry measurements for the 

both series of cobalt isocorrole complexes were carried out in anhydrous CH3CN 

under nitrogen, shown in Figure 41 and Figure 42. 
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Figure 41. Cyclic voltammetry (left) at a scan rate of 100 mV/s and differential pulse 

voltammetry (right) of Co(5-DMIC), Co(5-MPIC) and Co(5-DPIC) in anhydrous 

acetonitrile under nitrogen. 

 

 
Figure 42. Cyclic voltammetry (left) at a scan rate of 100 mV/s and differential pulse 

voltammetry (right) of Co(10-DMIC), Co(10-MPIC) and Co(10-DPIC) in anhydrous 

acetonitrile under nitrogen. 

 

All cobalt catalysts displayed two reversible reduction peaks and one 

irreversible oxidation peak, one reversible oxidation peak and a pseudo reversible 

oxidation peak, except Co(5-DMIC), which has two reversible oxidation peak and one 

pseudo reversible oxidation peak. The potentials were summarized according to the 

DPV spectrometry in Table 4.1.  Both series of cobalt complexes performed multi-

electron redox electrochemistry. In general, cobalt 5-isocorrole complexes had less 
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negative reduction potentials than cobalt 10-isocorrole complexes, but the difference 

of the reduction potentials was not significant. 

 

 

Table 4.1. Redox potentials for cobalt isocorrole complexes according to DPV 

experiment. 

 Red. vs. NHE (V) Ox. vs. NHE (V) 

Co(5-DMIC) – 0.686, – 1.158 1.214, 0.825, 0.025 

Co(5– MPIC) – 0.495, – 0.939 1.313, 0.913, 0.181 

Co(5– DPIC) – 0.819, – 1.335 1.293, 0.853, 0.121 

Co(10– DMIC) – 1.158, – 1.514 1.294, 0.918, 0.482 

Co(10– MPIC) – 0.839, – 1.355 1.277, 0.853, 0.113 

Co(10– DPIC) – 0.771, – 1.307 1.277, 0.865, 0.133 

 

The absorption profiles (Figure 43) for cobalt 5-isocorrole and cobalt 10- 

isocorrole differ a lot at the near IR region even though they were dark green after 

dissolving in the anhydrous THF.  They all displayed strong Soret absorption around 

450 nm and weak near IR absorption features farther than 700 nm. It is interesting that 

Co(5-DPIC) performed farthest near IR absorption and the max difference for Co(5-

IC)s’ near IR region is larger than the one for Co(10- IC)s. 
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Figure 43. UV-vis absorption spectra of cobalt 5-isocorrole (left) and cobalt 10– 

isocorrole (right) in THF in the inert atmosphere.  

 

4.4 Electrochemical O2 Reduction by Cobalt Isocorroles as Heterogeneous 

Catalysts  

The O2 reduction reactivity of three cobalt catalysts was performed through 

rotating ring disc electrode (RRDE) technique. The illustration figure of the RRDE is 

shown in Figure 44. The most common electrochemical measurement method to 

quantify the catalytic performance of ORR for the catalysts is the RRDE 

technique109,110. As the demonstrated figure shows, one RRDE is usually made up of a 

glassy carbon disk electrode and a platinum ring electrode, the materials for both 

electrodes can be exchanged to gold, copper or platinum, which depend on the 

requirements for the experiments111. On the disk electrode, the catalyst ink is 

immobilized on the surface with Nafion. As the RRDE is rotating, the flow of the 

electrolyte which contains O2 is moving constantly to the surface of the electrode. The 

O2 reduction reaction happens at the disk electrode: the oxygen can be reduced to 

water through 4H+/4e– pathway or to hydrogen peroxide through 2H+/2e– pathway. 

Then, the formed H2O2 is forced to diffuse to the surface of the Pt ring electrode by 

the electrolyte flow. At the ring electrode, the H2O2 is reoxidized back to oxygen at a 

specific overpotential. So that, the catalytic performance of ORR for the catalysts can 

be analyzed by the current from both disk electrode (Id) and ring electrode (Ir)
112. 
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Figure 44 The demonstration figure of RRDE. 

The catalyst ink is immobilized on the glassy carbon electrode (GCE), which 

the catalyst ink consists of multi-wall carbon nanotube (MWCNT) and 5% Nafion in 

THF. In an O2-saturated 0.5 M H2SO4 electrolyte solution, the linear sweep 

voltammograms (LSVs) were recorded at 0, 100, 400, 900, and 1600 rpm rotation 

rates with the disk potential scanning cathodically at 20 mV/s105. The oxidation 

potential for the platinum ring electrode was fixed at 1.23V (vs. Ag/AgCl). The 

number of electrons (n) transferred during the ORR process at 1600 rpm (Figure 45) 

and percentage yield for H2O (H2O%) and H2O2 (H2O2%) were calculated using both 

the disk and ring current density according to                                                 Equation 

4.4.1 and                     Equation 4.4.2 and summarized in Table 4.2. Co(10-DMIC) 

showed highest water production at 1600 rpm around 85%, and it is interesting that as 

the number of phenyl groups increased for the Co(10-IC)s, we can switch the O2 

reduction selectivity from the 4-electron pathway to 2-electron pathway. 

 

n = 4Id / (Id + Ir/N)                                                    Equation 4.4.1 

% H2O = 100 × (Id – Ir/N) / (Id + Ir/N)                     Equation 4.4.2 

where Id is the disk current density, Ir is the ring current density, N is the collection 

coefficient which was determined to be 0.51 using the reversible [Fe(CN)6]
2–/3– redox 

couple according to the manufacturer’s instruction113,114. 
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Figure 45. RRDE voltammetry of Co(5-IC) (left) and Co(10-IC) (right) with modified 

electrodes under O2-saturated conditions in 0.5 M H2SO4 aqueous solution at 20 mV/s 

scan rate and 1600 rpm. 

 

Table 4.2 Ring vs. Disk analysis results for cobalt catalysts at 1600 rpm. 

 

Ring vs Disk  n H2O% H2O2% 

Co(10-DMIC) 3.5 ± 0.1 75.6 ± 4.6 24.4 ± 4.6 

Co(10-MPIC) 3.0 ± 0.06 47.2 ± 3.3 52.7 ± 3.3 

Co(10-DPIC) 2.5 ± 0.02 25.3 ± 1.2 74.7 ± 1.2 

Co(5-DMIC) 3.1 ± 0.14 50.6 ± 7.2 49.4 ± 7.2 

Co(5-MPIC) 3.3 ± 0.08 65.0 ± 4.1 35.0 ± 4.1 

Co(5-DPIC) 3.2 ± 0.18 62.5 ± 8.0 37.6 ±8.0 

Co(TPFPP) 2.3 ± 0.04 15.5 ± 2.2 84.4 ± 2.2 
Co(TPFPC) 2.2 ± 0.01 10.0 ± 0.6 90.0 ± 0.5 

 

The Koutecky-Levich115 (KL) plots of reciprocal measured current density (j–1) 

vs reciprocal square root of rotation rate (–1/2) were obtained (Figure 41) using the 

current density at the glassy carbon disc electrode of the RDE voltammograms. From 

the KL plots, the number of electrons for oxygen reduction and the kinetic current 

density (summarized in Table 4.3) can be determined on the basis of Equation 4.4.3. 
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where jk is kinetic current density, jl is limiting current density, n is the number 

of electrons transferred, F is Faraday’s constant (96485 C/mol), A is the electrode area 

(0.2475 cm2), Do is the diffusion coefficient of O2 (1.15 x 10-5mol/cm3), 𝑣 is the 

kinematic viscosity of electrolyte (1.0 x 10-2 V s-1), Co is concentration of O2 (1.4 x 10-

6 M), and  is the angular rotation rate of the electrode (2πf, f is revolutions per 

second). 

  
Figure 46. Koutecky-Levich plots for Co(5-IC) (left) and Co(10-IC) (right) with 

modified electrodes under O2-saturated conditions in 0.5 M H2SO4 (the dashed lines 

represent the theoretical slopes for two-electron and four-electron ORR). 

 

Table 4.3 Catalytic ORR performance for Co(5-IC) and Co(10-IC) based on 

Koutecky-Levich analysis method. 

 

KL analysis n H2O% Jk
 
(mA/cm2) Vonset (vs. Ag/AgCl)  

Co(10-DMIC) 3.7 ± 0.19 85 ± 10 8.7 ± 2.5 200 mV 

Co(10-MPIC) 3.0 ± 0.18 48 ± 8 4.4 ± 1.0 350 mV 

Co(10-DPIC) 2.2 ± 0.11 8 ± 6 6.4 ± 0.9 420 mV 

Co(5-DMIC) 2.7 ± 0.18 30 ± 8 5.7 ± 1.3 320 mV 

Co(5-MPIC) 3.3 ± 0.16 65 ± 8 7.8 ± 1.5 450 mV 

Co(5-DPIC) 2.8 ± 0.18 40 ± 9 8.2 ± 1.8 150 mV 

Co(TPFPP) 2.3 ± 0.3 15 ± 15 2.4 ± 0.5 250 mV 

Co(TPFPC) 2.0 ± 0.04 0 ± 2 5.5 ± 1 350 mV 
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4.5 Summary 

In summary, two series of cobalt monomeric isocorrole catalysts had been 

prepared. They were basically characterized by high-resolution mass spectroscopy, 

NMR spectroscopy and X-ray crystallography. They displayed extraordinary multi-

redox electrochemistry and rich photophysical properties according to cyclic 

voltammetry and UV-vis spectroscopy experiments. Their performance toward oxygen 

reduction reaction were quantified by rotating ring disk electrode technique. Co(10-

DMIC) displayed best ORR catalytic performance, based on both KL and Ring vs. 

Disk analysis methods. Co(10-DMIC) facilitated the reduce of O2 to H2O by 3.7 ± 0.2 

electrons, with the most significant kinetic performace, which is 8.7 ± 2.5 mA/cm2. 

The Ring vs. Disk analysis at 1600 rpm data also confirmed Co(10-DMIC) produced 

highest yield of water production, which is around 80%. For the cobalt 10-isocorrole 

series, we can turn the oxygen reduction reaction product form water to 100% 

hydrogen peroxide by substituting the two methyl groups on the sp3 hybridized meso-

position to one/ two phenyl groups. However, the cobalt 5-isocorrole series showed 

closer all around 3-electron ORR products, which are 50% water and 50% hydrogen 

peroxide. 
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SYNTHESIS OF 1– PHENETYLOXYCARBONYL COBALT 10,10– 

DIMETHYL– 5,15– BIS(PENTAFLUOROPHENYL)– ISOCORROLE AND ITS 

Co–C BOND PHOTOCLEAVGE  

5.1 Introduction 

Coenzyme B12 and its correlated analogues (e.g. adenosylcobalamin, 

methylcobalamin, etc.) have been studied extensively because they are regarded as one 

of the most complicated cobalt complexes that can be found in nature. Cobalt 

corrinoid is the core structure of these coenzyme B12 and its derivatives. Vitamin 

B12, which is a commercially available nutrition supplement for human beings, is an 

inactivated form of coenzyme B12 containing axial ligands such as methyl, 5’-

deooxyadenosyl and hydroxyl groups. The cobalt corrinoid works as a key center for 

the important biological catalytic cycles among the nature. These processes can be 

classified to four main groups40: B12-dependent methyl transfers, isomerases and 

ribonucleotide reductases, dehalogenases and others. The mechanisms for the B12-

dependent biocatalytic processes have been investigated in very detailed. It have been 

proved that these reactions are started with a homolytic Co–C bond cleavage process 

to generate a carbon centered radical and cobalt(II) corrinoid.  The Co(II) corrinoid 

intermediate can be then reduced to Co(I) species and rebinding the coordinated alkyl 

precursor to regenerate the radicals. Many cobalt complexes systems with different 

ligand platforms such as salen, salophen, dimethylglyoxime and porphyrin have been 

developed to imitate the homolysis procedure through irradiation or heating to realize 

Chapter 5 



 108 

the carbon centered radical release. Systems like alkyl Co(III) complexes, acyl Co(III) 

complexes and Co(III) alkoxycarbonyl complexes, shown in Scheme 5.1. have been 

studied widely. 

 

 

 

Scheme 5.1 Co(III) complexes with alkyl, acyl and alkoxycarbonyl groups as axial 

ligand and porphyrin, salen, salophen and dimethylglyoxime as ligand platforms. 

The alkyl Co(III) complexes, as well as the acyl Co(III) complexes have been 

applied as an radical initiator for organic synthesis and polymerization chemistry. For 
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example, acyl radical from the cobalt salen complex can be released after irradiation 

and then get involved in the Michael addition type C–C bond formation with alkenes 

reaction116. Cobalt-mediated intramolecular radical cyclization reactions is also 

reported by using sodium Co(I) salen complex and iodo/bromoarylally compounds as  

precursors to form Co(III) intermediates, then this Co(III) intermediates can go 

through the light introduced radical formation and go back to Co(II) product117. 

Another intramolecular Heck-type cross coupling reaction between olefins and alkyl 

iodides with irradiation at 465 nm is catalyzed by cobalt dimethylglyoxime complex, 

with triphenyl tin or isopropyl groups as axial binding ligand118. Acrylate 

polymerization reactions can be controlled by acyl cobalt porphyrin119. Several new 

alkoxycarbonyl Co(III) porphyrins have been synthesized and examined to release 

alkyl radicals and a molecule of carbon monoxide with absorption of green/blue 

light120. So we are interested in if we can utilize the Co(10-DMIC) reported in Chapter 

2 and Chapter 4, which displays unique electrochemical (multi-redox) and strong 

absorption in both soret and near IR regions features to realize the photo-introduced 

Co–C bond cleavage, especially form the Co(III) alkoxycarbonyl complexes. 

Even though many cobalt complexes mentioned before have been synthesized 

and characterized, the synthetic approached for these complexes are still limited. 

There are three main strategies, shown in Scheme 5.2. The first method that reported 

by Xuefeng Fu’s group only tolerated the methyl group119. For the second strategy, it 

is usually started with Co(II) or Co(III) halide complexes and reduced by toxic sodium 

amalgam followed by adding expensive acid chloride or chloroformate reagents. Or it 

is oxidized by potassium persulfate with alcohol and high pressure of CO gas121. The 

most recent reported method by David B. C. Martin’s group is that the Co(III) 
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porphyrin product can be synthesized with DDQ, different sorts of alcohols and 7 atm 

CO gas120. As a result, there are still space for us to explore the synthetic methods. 

 

 
 

Scheme 5.2 Synthesis approaches for Co(III) complexes 

5.2 Synthesis of 1–phenyloxycarbonyl cobalt 10,10-dimethyl-5,15-

bis(pentafluorophenyl) isocorrole 

To test if our Co(10-DMIC) can be activated by carbon monoxide and alcohols 

with an oxidant, the first trial was carried out by dissolving  33 mg (0.05 mmol) 
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Co(10-DMIC), 7 mg DDQ, 0.1mL distilled benzenemethanol in a sealed round bottom 

flask and charged with 1 atm CO. The mixture was stirred for 1 day under CO 

atmosphere at room temperature. The reaction was monitored by NMR spectroscopy, 

no desired product was found by crude NMR. Several trials had been carried out also, 

and finally, the synthesis method was determined by stirring the mixture of Co(III)(10-

DMIC), sodium phosphate and benzenemethanol under 1 atm CO atmosphere in 

anhydrous toluene/acetonitrile at room temperature for 24 hours, as shown in Scheme 

5.3. The synthesis procedure and characterization details were provided in Chapter 2. 

 

 

Scheme 5.3 Synthesis of Co(III) target complex 

5.3 Irradiation study of 1–phenyloxycarbonyl cobalt 10,10-dimethyl-5,15-

bis(pentafluorophenyl) isocorrole 

The irradiation study was monitored by both NMR spectroscopy and UV-vis 

spectroscopy methods. 

5.3.1 NMR Spectroscopy Method 

The primary irradiation study was carried out by using a halogen lamp as light 

source. Around 5 mg of Co(III) product was dissolved in CDCl3 in a J-Young tube. 
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The J-Young tube was placed in a water filled beaker so that heat could be avoided as 

an extra energy source during the irradiation. The crude NMRs were collected every 

two hours before and after the irradiation. Figure 47 is showing how the crude NMRs 

look like after the irradiation: after the 2-hour irradiation, the signals for the 

diamagnetic Co(10-DMIC) (Figure 48)showed up and after the 4-hour irradiation, the 

signals for Co(10-DMIC) increased and the intensity of the signals no longer increased 

after the 6-hour irradiation. So that we can conclude that 6-hour is long enough to 

realize the Co–C bond dissociation chemistry. However, from the crude NMR, the 

other product ethylbenzene was hard to find. To confirm that it was a radical 

dissociation mechanism in the period of irradiation process, (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl (TEMPO) was added as a radical trap to examine the 

proposed mechanism. 

In an oven dried J-Young tube, around 5 mg of Co(III) product, 2 mg ( 2.5 

equiv) TEMPO and 0.5 mg of 1,3,5-trimethoxylbenzene (TMB) as internal NMR yield 

standard were dissolved in CDCl3. The similar experimental procedure was carried out 

to get the NMR results. Fortunately, the trap product (Scheme 5.4) could be quantified 

by the internal standard of TMB, which is 37%. The Co(10-DMIC) also had 37% 

yield, both yields agree with each other. 

 
Scheme 5.4 The radical trap experiment 
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Figure 47 Time-related NMR spectroscopies during the irradiation with halogen lamp 

every two hours: from bottom to top is 2 hours, 4 hours and 6 hours’ irradiation 

 

 
 

Figure 48 NMR of Co(10-DMIC) in CDCl3 at room temperature. 
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5.3.2 Episodic Capture of UV-vis spectra 

Because we are interested in exploring the which region of the light triggered 

this bond cleavage process, UV-vis absorption experiments were carried out as a more 

efficient monitor method instead of NMR spectroscopy. The UV-vis spectra were 

collected every 5 minutes. In a sealed 7Q UV-vis cuvette, 20 mM of Co(III) complex 

and 45 mM TEMPO in anhydrous DCM were prepared. The cuvette was then 

irradiated by the halogen lamp with different light filters at 800, 750, 700, 650, 600, 

550, 500 and 450 nm. The UV-vis data were plotted below, as shown in Figure 49. 
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Figure 49. The episodic capture of UV-vis spectra of Co(III) complex by irradiation at 

wavelength of 400, 450, 500, 550, 600, 650, 700, 750 and 800 nm. 

Unfortunately, absorption features only changed by irradiation at 450nm 

(Figure). To determine if the product is Co(10-DMIC) after the irradiation, beer’s law 

experiment was performed and for comparison, the absorption features of Co(III) 

precursor was also collected, as shown in Figure 50. For the Co(10-DMIC), it 

displayed unique near IR absorption characterizations at 700.5 nm (9.43 x 103 M–1cm–

1) and 780 nm (5.67 x 103 M–1cm–1), which agreed with the episodic UV-vis spectra on 

the left. What is interesting that by adding the fifth axial ligand to Co(10-DMIC), the 

soret absorption decreased a lot from 50.32 x 103 M–1cm–1 (425.5 nm) to 24.83 x 103 

M–1cm–1 (430.5 nm). As a result the conversion yield was calculated by measuring the 

first and last absorption intensities of Co(III) starting material and Co(II) product, 

which is 39%, the yield for the trap product was calculated by NMR spectroscopy, 

which is 37%. The two numbers agreed with each other. 
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Figure 50. Left: Zoomed in episodic capture UV-vis spectra of Co(III) starting 

material by irradiation at 450 nm. Right: UV-vis spectra of Co(10-DMIC) (green) and 

the Co(III) starting material (red). 

5.4 Summary  

A new cobalt(III) 1–phenyloxycarbonyl complexes with 10,10-dimethyl 

isocorrole as the ligand platform has been synthesized and characterized by NMR 

spectroscopy, high resolution LIFDI mass spectrometry and UV-vis absorption 

experiments. It displays extraordinary absorption features from 800 – 1100 nm, 

however, this Co(III) product can only perform the Co−C bond cleavage reaction with 

the irradiation at 450 nm, which doesn’t make use of the unique absorption features in 

the near IR region. Further studies can be carried out to understand why the longer 

wavelength absorption does not trigger the photocatalytic radical production process. 

The Co−C bond cleavage is proved to be a radical process which was confirmed by 

TEMPO as the radical trap. This approach also provides a new method by utilizing the 

abundant alcohol source to produce deoxygenation products. 
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DEVELOPMENT OF A FAMILY OF PALLADIUM BILADIENE 

DERIVATIVES VARING AT THE sp3 HYBRIDIZED meso–POSITION 

6.1 Introduction 

Current FDA-approved PDT agents are chlorin and bac-teriochlorin like 

tetrapyrrole structures which is based on porphyrin. The most widely used around the 

world is a haematoporphyrin derivative called Photofrin50,52, as shown in Figure 51. 

Photofrin was the first photosensitizer that approved by FDA for photodynamic 

therapy: it is a mixture of monomers, dimers and oligomers that hematoporphyrin is 

treated with acetic acid and sulfuric acid with partial purification to get rid of the most 

monomers122,123. This preparation method hampers the wide use of it because its 

reproducibility varies batch by batch124, meaning that it is hard for the industries to 

control the qualities of the drug products. In addition, Photofrin performs a low 

extinction coefficient at longer wavelengths and only absorbs out to 630 nm where the 

tissue penetration depth is 2 to 3 mm125. It also takes Photofrin about 6 to 10 weeks to 

metabolize it completely, which means that the patients must avoid light exposure 

during the metabolism process. 

 

 

Chapter 6 
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Figure 51 Structure of Photofrin 

 

A large amount of second generation of photosensitizers15,53,125 have been 

synthesized and studied to cover the shortcomings of Phtofrin, shown in Figure 52. 

Even though these compounds are monomers with high 1O2 quantum yields, they still 

have various drawbacks. For example, Purlytin and Foscan can cause skin 

photosensitivity after treatment; Protoporphin does not absorb well within the 

therapeutic window; Silicon and Tookad Phthalocyanine’s poor water solubility; 

complicated synthetic procedure and poor stability of Verteporfin, Lutrin and 

Photochlor. Consequently, research aimed at identifying improved photosensitizers is 

ongoing. 

 

 



 119 

Figure 52. Second generation of porphyrinoid photosensitizers for PDT 

 

6.2 Synthesis and Characterization of Palladium Biladiene Derivatives: 

Pd[MPBil] and Pd]DPBil] 

The palladium biladiene derivatives were synthesized by stirring biladiene 

freebase with excess Pd(OAc)2 in acetonitrile at 60℃ for 4 hours (Scheme 6.1). The 

crude product was purified by silica column chromatography with DCM/hexanes as 

eluent to get the red solid product. The detailed synthesis and characterizations 

including NMR spectroscopy and high-resolution mass spectroscopy were presented 

in Chapter 2. 

 

 
Scheme 6.1 Synthesis of palladium biladiene derivatives 

The crystal structures of Pd[MPBil] and Pd[DPBil] are shown in  

Figure 53 from a profile and above view, combining the crystal structures of 

Pd[DMBil1] we reported before126. Pd(II) metal cations show similar coordination to 

the four nitrogen atoms on the pyrrole units as the previous reported Pd[DMBil1]. 

Based on all the crystal structures, they don not satisfy the square planar geometry of 

d8 metal species which is commonly displayed in the traditional palladium tetrapyrrole 

complexes127. This is probably due to the steric interaction between the protons on C1 

and C19 of the biladiene ligand scaffolds. Similar as the Pd[DMBil1], the meso-
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pentafluorophenyl rings are almost perpendicular for both Pd[MPBil] and Pd[DPBil], 

Table 6.1 summarizes these and other significant dihedral angles for both species. The 

Pd-N bonds for Pd[MPBil] range from 2.009‒2.015 Å and 2.005‒2.031 Å for 

Pd[DPBil], both within previously published palladium tetrapyrrolesa including 

Pd[DMBil1]’s 2.000‒2.043 Å. These characteristics are important to indicate that the 

core structures of palladium tetrapyrrole for each complex do not change significantly 

from one another, signifying that any other physical variations are due to the 

electronic effects of the substitution of the phenyl rings. 

 

 
               Pd[DMBil1]                        Pd[MPBil]                          Pd[DPBil] 

 

Figure 53 Crystal structures of Pd[DMBil1] left, Pd[MPBil] (middle) and Pd[DPBil] 

(right) 

 

 

Table 6.1 Relevant dihedral angles measured for Pd[MPBil] and Pd[DPBil], 

including the Pd[DMBil1] for comparison.  

 

Dihedral angles 

between 

Pd[DMBil1] Pd[MPBil] Pd[DPBil] 

Interior pyrrolesa 44.73° 16.92° 31.84° 

Terminal pyrrolesb 52.74° 49.58° 51.50° 

Dipyrromethane units 

and meso C6F5 groups 

83.02° 

83.80° 

81.64° 

69.75° 

70.62° 

70.41° 
aThe DMBil1 interrior pyrroles are the pyrroles connected to the sp3-hybridized meso carbon.  
bThe DMBil1 terminal pyrroles are the pyrroles on the open end of the tetrapyrrole scaffold.  
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6.3 Electrochemistry and UV-Vis Study of Pd[MPBil] and Pd]DPBil] 

The electrochemical experiments were carried out by using a method of cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) in anhydrous 

dichloromethane with 0.1 M TBAPF6 as supporting electrolyte under N2 atmosphere. 

The CV and DPV plots for the three Pd(II) complexes are shown in Figure 54. and 

their parent redox potentials were summarized in the Table 3.  

 
Figure 54 CV and DPV of Pd[DMBil1], Pd[MPBil] and Pd[DPBil] in anhydrous 

DCM under N2 with ferrocene as an internal standard. 

 

Comparing with the Pd[DMBil1],  the other two palladium biladiene 

derivatives performed similar electrochemical redox performance of two 1e− 

reductions and two 1e− oxidations versus Fc/Fc+. Based on both CV and DPV plots 

(Figure 54), the first reduction potential for Pd[DMBil1] is −1.536 V (vs Fc/Fc+). The 

first reduction potential for Pd[MPBil] and Pd[DPBil] are −1.536 V and −1.540 V 

respectively. The second reduction potential is −1.822 V, −1.808 V and −1.816 V for 

each of the Pd(II) complexes. The two oxidation potentials for each Pd(II) for 

Pd[DMBil1] was 0.922 V and 0.712 V; Pd[MPBil] was 0.908 V and 0.708 V and 

Pd[DPBil] was 0.924 V and 0.746 V. According to the electrochemical performance 
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of three Pd(II) complexes, incorporating one or two phenyl groups on the sp3-

hybridized meso-position doesn’t change the electronic properties. 

The UV-vis absorption spectra of Pd[DMBil1], Pd[MPBil] and Pd[DPBil] in 

MeOH are displayed in Figure 55. It is interesting that as the number of phenyl 

substituents increases, the extinction coefficient increased. Specifically, at 482 nm, the 

extinction coefficient of Pd[DPBil] almost doubled comparing with Pd[DMBil1]. 

 
Figure 55 UV-vis absorption spectra of Pd[DMBil1], Pd[MPBil] and Pd[DPBil] were 

collected in methanol at room temperature. 

 

Table 6.2 Electrochemical and UV-vis absorption data for Pd(II) complexes 

 

 

 

 

Eox1, 2 (V) 

 

Ered1, 2 (V) 
abs/nm  

(ε x 103)/M‒1cm‒1 

 

Pd[DMBil1] 

 

0.922, 0.712 

 

1.536, 1.822 

393 (13.6), 482 (31.0), 

544 (6.9) 

 

Pd[MPBil] 

 

0.908, 0.708 

 

1.536, 1.808 

396 (16.2), 482 (43.6), 

543 (8.3) 

 

Pd[DPBil] 

 

0.924, 0.746 

 

1.540, 1.816 

405 (23.9), 489 (71.2), 

548 (11.5) 
 

All redox potentials reported are collected from DPVs (vs Fc/Fc+) in CH2Cl2. All spectroscopic data 

recorded in MeOH. 
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6.4 Emission Study of Pd[MPBil] and Pd]DPBil] 

    The emission study suggested that both Pd[MPBil] and Pd[DPBil] also 

performed weak luminescent as Pd[DMBil1], as Figure 56 showed. Pd[MPBil] 

produced two emission features with maximum emission intensity at 559 nm and 804 

nm in a solution of N2 saturated methanol when irradiated at 500 nm. Under the same 

condition, Pd[DPBil] displayed a broad emission spectrum with maxima at 538 and 

801 nm. On the other hand, both Pd[MPBil] and Pd[DPBil] both displayed 

phosphorescence, indicated by the longer emission wavelength . Furthermore, the 

solutions of Pd(II) complexes were exposed to air for 20 minutes, the new-take 

emission spectra displayed the disappearance of their longer wavelength emission 

profiles, meaning that introducing phenyl substituents to the sp3-hybridized meso-

carbon would still produce 1O2 , indicated by the quenched phosphorescence of 

Pd[MPBil] and Pd[DPBil]. However, the shorter wavelength emissions do not change 

upon exposure to air.  

 
Figure 56 Emission spectra recorded at 298 K in methanol for Pd[MPBil] (left) and 

Pd[DPBil] (right). 

The fluorescence and phosphorescence quantum yields were summarized in 

Table 6.3. The fluorescence quantum yields decreased in the following sequence: 

Pd[DPBil] > Pd[DMBil1] > Pd[MPBil], which were not in consistent with the number 
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of phenyl substituents introduced. However, the phosphorescence quantum yield 

decreased in the opposite order as the increase number of phenyl groups: Pd[DMBil1] 

displayed the highest phosphorescence quantum yield, followed by Pd[MPBil] and 

Pd[DPBil].  

 

Table 6.3 Photophysical data of Pd[DMBil1], Pd[MPBil] and Pd[DPBil] 

 

 

 

 

fl/nm (Фfl) 

 

ph/nm (Фph) 

 

Ф 

 

Pd[DMBil1] 

537  

(1.6 x 10–4) 

805  

(1.8 x 10–4) 

 

0.81± 0.04 

 

Pd[MPBil] 

559  

(1.4 x 10–4) 

804  

(1.5 x 10–4) 

 

0.86 ± 0.07 

 

Pd[DPBil] 

538  

(2.3 x 10–4) 

801  

(1.4 x 10–4) 

 

0.76 ± 0.03 

 

6.5 Singlet Oxygen Sensitization of Pd[MPBil] and Pd]DPBil] 

Singlet oxygen studies were quantified by monitoring the fluorescence of 1,3-

diphenylisobenzofuran (DPBF), which is a 1O2 trapping reagent in methanol. 

[Ru(bpy)3]2[PF6]2 was used as an actinometer (Фref = 0.81 in methanol). The quantum 

yields of 1O2 of Pd[DMBil1], Pd[MPBil] and Pd[DPBil] were calculated to be Ф = 

81% , 86% and 78% respectively where irradiated with light of  at ex = 500 nm, the 

detailed procedure for the experimental set ups and procedures were presented in 

Chapter 2. It needs to be notified that, Pd[MPBil] has the highest 1O2 sensitization 

quantum yields among the three complexed, as well as Pd[DPBil] has the lowest 

singlet oxygen quantum yield. However, they still display the higher 1O2 production 

compared with the current FDA approved drugs for PDT125. 
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6.6 Summary 

Palladium biladiene bearing geminal methyl or phenyl substituents on the sp3-

hybridized meso-position were synthesized and characterized by NMR, X-ray 

crystallography, UV-vis and emission spectra. All three derivatives showed similar 

electrochemical characteristics based on CV and DPV experiments. Substituting the 

two methyl groups on the parent Pd[DMBil1] with one or two phenyl functional 

groups does not influence the isolation yield and stability of the two new Pd(II) 

biladienes whose synthetic routes are the typical preparation steps for the palladium 

biladiene.  However, incorporating one or two phenyl substituents results in a drastic 

enhancement in absorption capabilities. These two new Pd[MPBil] and Pd[DPBil] also 

maintain significant 1O2 production, even though both show lower phosphorescence 

emission  quantum yields than Pd[DMBil1] under the same concentration in methanol. 

If the absorption performance is taken into considerations, Pd[MPBil] and Pd[DPBil] 

actually are the better candidates for the photodynamic therapy because the intake 

dose can be lowered to half to keep the similar 1O2 production yield. 
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Appendix 

A. FULLY LABELED SOLID STATE STRUCTURE WITH BOND 

LENGTH AND ANGLES 

 

 

 
Figure A. 1. Fully labeled solid state structure of DPBil.  

 

Table A. 1. Bond Lengths (Å) and Bond angles (°) determined for DPBil 

Bond  Length Bond  Length 

C(1)-N(1) 1.346(3) C(22)-F(3) 1.337(2) 

C(1)-C(2) 1.377(3) C(22)-C(23) 1.372(3) 

C(1)-H(1) 0.95 C(23)-F(4) 1.335(2) 

C(2)-C(3) 1.396(3) C(23)-C(24) 1.381(3) 

C(2)-H(2) 0.95 C(24)-F(5) 1.333(2) 

C(3)-C(4) 1.397(3) C(24)-C(25) 1.389(3) 

C(3)-H(3) 0.95 C(26)-C(27) 1.386(3) 

C(4)-N(1) 1.379(2) C(26)-C(31) 1.392(3) 

C(4)-C(5) 1.426(3) C(26)-H(26) 0.95 

C(5)-C(6) 1.371(2) C(27)-C(28) 1.382(3) 

C(5)-C(25) 1.494(2) C(27)-H(27) 0.95 

C(6)-N(2) 1.410(2) C(28)-C(29) 1.384(3) 

C(6)-C(7) 1.449(3) C(28)-H(28) 0.95 

C(7)-C(8) 1.350(3) C(29)-C(30) 1.388(3) 

C(7)-H(7) 0.95 C(29)-H(29) 0.95 

C(8)-C(9) 1.461(3) C(30)-C(31) 1.390(2) 

C(8)-H(8) 0.95 C(30)-H(30) 0.95 
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C(9)-N(2) 1.304(2) C(32)-C(33) 1.390(3) 

C(9)-C(10) 1.527(2) C(32)-C(37) 1.395(3) 

C(10)-C(11) 1.532(2) C(32)-H(32) 0.95 

C(10)-C(31) 1.538(2) C(33)-C(34) 1.381(3) 

C(10)-C(37) 1.543(2) C(33)-H(33) 0.95 

C(11)-N(3) 1.302(2) C(34)-C(35) 1.376(4) 

C(11)-C(12) 1.460(2) C(34)-H(34) 0.95 

C(12)-C(13) 1.347(3) C(35)-C(36) 1.391(3) 

C(12)-H(12) 0.95 C(35)-H(35) 0.95 

C(13)-C(14) 1.448(3) C(36)-C(37) 1.391(3) 

C(13)-H(13) 0.95 C(36)-H(36) 0.95 

C(14)-C(15) 1.365(3) C(38)-F(6) 1.344(2) 

C(14)-N(3) 1.405(2) C(38)-C(43) 1.384(3) 

C(15)-C(16) 1.428(3) C(38)-C(39) 1.386(3) 

C(15)-C(43) 1.499(3) C(39)-F(7) 1.337(3) 

C(16)-N(4) 1.377(3) C(39)-C(40) 1.369(3) 

C(16)-C(17) 1.394(3) C(40)-F(8) 1.334(2) 

C(17)-C(18) 1.395(3) C(40)-C(41) 1.369(3) 

C(17)-H(17) 0.95 C(41)-F(9) 1.331(2) 

C(18)-C(19) 1.376(3) C(41)-C(42) 1.386(3) 

C(18)-H(18) 0.95 C(42)-F(10) 1.337(2) 

C(19)-N(4) 1.348(3) C(42)-C(43) 1.386(3) 

C(19)-H(19) 0.95 N(1)-H(1N) 0.86(3) 

C(20)-F(1) 1.338(2) N(4)-H(2N) 0.81(3) 

C(20)-C(21) 1.383(3) C(44)-Cl(2) 1.706(3) 

C(20)-C(25) 1.386(3) C(44)-Cl(1) 1.751(3) 

C(21)-F(2) 1.337(2) C(44)-H(44A) 0.99 

C(21)-C(22) 1.376(3) C(44)-H(44B) 0.99 

 

Bond Angle Bond Angle 

N(1)-C(1)-C(2) 108.84(19) F(5)-C(24)-C(25) 119.88(16) 

N(1)-C(1)-H(1) 125.6 C(23)-C(24)-C(25) 121.76(17) 

C(2)-C(1)-H(1) 125.6 C(20)-C(25)-C(24) 116.95(16) 

C(1)-C(2)-C(3) 107.04(19) C(20)-C(25)-C(5) 121.62(16) 

C(1)-C(2)-H(2) 126.5 C(24)-C(25)-C(5) 121.43(16) 

C(3)-C(2)-H(2) 126.5 C(27)-C(26)-C(31) 121.0(2) 

C(4)-C(3)-C(2) 107.93(18) C(27)-C(26)-H(26) 119.5 

C(4)-C(3)-H(3) 126 C(31)-C(26)-H(26) 119.5 

C(2)-C(3)-H(3) 126 C(28)-C(27)-C(26) 120.5(2) 

N(1)-C(4)-C(3) 106.33(17) C(28)-C(27)-H(27) 119.8 

N(1)-C(4)-C(5) 123.20(17) C(26)-C(27)-H(27) 119.8 

C(3)-C(4)-C(5) 130.45(17) C(27)-C(28)-C(29) 119.2(2) 

C(6)-C(5)-C(4) 125.50(16) C(27)-C(28)-H(28) 120.4 
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C(6)-C(5)-C(25) 118.31(16) C(29)-C(28)-H(28) 120.4 

C(4)-C(5)-C(25) 116.19(15) C(28)-C(29)-C(30) 120.31(19) 

C(5)-C(6)-N(2) 121.01(16) C(28)-C(29)-H(29) 119.8 

C(5)-C(6)-C(7) 129.40(16) C(30)-C(29)-H(29) 119.8 

N(2)-C(6)-C(7) 109.53(15) C(31)-C(30)-C(29) 121.04(18) 

C(8)-C(7)-C(6) 106.15(16) C(31)-C(30)-H(30) 119.5 

C(8)-C(7)-H(7) 126.9 C(29)-C(30)-H(30) 119.5 

C(6)-C(7)-H(7) 126.9 C(30)-C(31)-C(26) 118.02(18) 

C(7)-C(8)-C(9) 106.37(16) C(30)-C(31)-C(10) 122.69(16) 

C(7)-C(8)-H(8) 126.8 C(26)-C(31)-C(10) 119.29(16) 

C(9)-C(8)-H(8) 126.8 C(33)-C(32)-C(37) 121.26(19) 

N(2)-C(9)-C(8) 112.13(15) C(33)-C(32)-H(32) 119.4 

N(2)-C(9)-C(10) 122.24(16) C(37)-C(32)-H(32) 119.4 

C(8)-C(9)-C(10) 125.59(15) C(34)-C(33)-C(32) 120.0(2) 

C(9)-C(10)-C(11) 106.76(13) C(34)-C(33)-H(33) 120 

C(9)-C(10)-C(31) 108.40(14) C(32)-C(33)-H(33) 120 

C(11)-C(10)-C(31) 111.91(14) C(35)-C(34)-C(33) 119.6(2) 

C(9)-C(10)-C(37) 109.76(14) C(35)-C(34)-H(34) 120.2 

C(11)-C(10)-C(37) 106.85(14) C(33)-C(34)-H(34) 120.2 

C(31)-C(10)-C(37) 112.98(14) C(34)-C(35)-C(36) 120.6(2) 

N(3)-C(11)-C(12) 111.68(15) C(34)-C(35)-H(35) 119.7 

N(3)-C(11)-C(10) 121.23(15) C(36)-C(35)-H(35) 119.7 

C(12)-C(11)-C(10) 126.92(16) C(35)-C(36)-C(37) 120.8(2) 

C(13)-C(12)-C(11) 106.43(16) C(35)-C(36)-H(36) 119.6 

C(13)-C(12)-H(12) 126.8 C(37)-C(36)-H(36) 119.6 

C(11)-C(12)-H(12) 126.8 C(36)-C(37)-C(32) 117.83(18) 

C(12)-C(13)-C(14) 106.42(17) C(36)-C(37)-C(10) 123.11(17) 

C(12)-C(13)-H(13) 126.8 C(32)-C(37)-C(10) 119.06(16) 

C(14)-C(13)-H(13) 126.8 F(6)-C(38)-C(43) 119.63(18) 

C(15)-C(14)-N(3) 121.77(16) F(6)-C(38)-C(39) 117.85(19) 

C(15)-C(14)-C(13) 129.03(17) C(43)-C(38)-C(39) 122.53(19) 

N(3)-C(14)-C(13) 109.03(15) F(7)-C(39)-C(40) 120.3(2) 

C(14)-C(15)-C(16) 124.82(17) F(7)-C(39)-C(38) 120.2(2) 

C(14)-C(15)-C(43) 119.23(17) C(40)-C(39)-C(38) 119.5(2) 

C(16)-C(15)-C(43) 115.93(16) F(8)-C(40)-C(39) 119.9(2) 

N(4)-C(16)-C(17) 106.60(18) F(8)-C(40)-C(41) 120.1(2) 

N(4)-C(16)-C(15) 123.16(17) C(39)-C(40)-C(41) 119.96(19) 

C(17)-C(16)-C(15) 130.22(19) F(9)-C(41)-C(40) 119.50(19) 

C(18)-C(17)-C(16) 107.6(2) F(9)-C(41)-C(42) 120.8(2) 

C(18)-C(17)-H(17) 126.2 C(40)-C(41)-C(42) 119.68(19) 

C(16)-C(17)-H(17) 126.2 F(10)-C(42)-C(41) 118.00(19) 

C(19)-C(18)-C(17) 107.54(18) F(10)-C(42)-C(43) 119.73(18) 

C(19)-C(18)-H(18) 126.2 C(41)-C(42)-C(43) 122.26(19) 
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C(17)-C(18)-H(18) 126.2 C(38)-C(43)-C(42) 116.05(18) 

N(4)-C(19)-C(18) 108.4(2) C(38)-C(43)-C(15) 122.09(17) 

N(4)-C(19)-H(19) 125.8 C(42)-C(43)-C(15) 121.84(17) 

C(18)-C(19)-H(19) 125.8 C(1)-N(1)-C(4) 109.84(18) 

F(1)-C(20)-C(21) 117.96(17) C(1)-N(1)-H(1N) 128.2(18) 

F(1)-C(20)-C(25) 120.03(16) C(4)-N(1)-H(1N) 122.0(18) 

C(21)-C(20)-C(25) 122.01(18) C(9)-N(2)-C(6) 105.78(15) 

F(2)-C(21)-C(22) 120.11(18) C(11)-N(3)-C(14) 106.43(14) 

F(2)-C(21)-C(20) 120.54(19) C(19)-N(4)-C(16) 109.89(18) 

C(22)-C(21)-C(20) 119.33(18) C(19)-N(4)-H(2N) 128.3(18) 

F(3)-C(22)-C(23) 119.60(19) C(16)-N(4)-H(2N) 121.7(18) 

F(3)-C(22)-C(21) 120.12(19) Cl(2)-C(44)-Cl(1) 114.56(18) 

C(23)-C(22)-C(21) 120.24(17) Cl(2)-C(44)-H(44A) 108.6 

F(4)-C(23)-C(22) 119.27(17) Cl(1)-C(44)-H(44A) 108.6 

F(4)-C(23)-C(24) 121.02(18) Cl(2)-C(44)-H(44B) 108.6 

C(22)-C(23)-C(24) 119.70(18) Cl(1)-C(44)-H(44B) 108.6 

F(5)-C(24)-C(23) 118.36(17) H(44A)-C(44)-H(44B) 107.6 

 

 
Figure A. 2 Fully labeled solid state structure of Pd[MPBil]. All non N-H hydrogens 

have been omitted for clarity. 

 

Table A. 2 Bond Lengths (Å) and Bond angles (°) determined for Pd[MPBil] 

 

Bond  Length Bond  Length 

Pd(1)-N(1) 2.0093(17) C(11)-C(12) 1.428(3) 

Pd(1)-N(2) 2.0109(15) C(12)-C(13) 1.356(3) 

Pd(1)-N(4) 2.0127(16) C(12)-H(12) 0.95 
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Pd(1)-N(3) 2.0150(16) C(13)-C(14) 1.424(3) 

F(1)-C(20) 1.337(3) C(13)-H(13) 0.95 

F(2)-C(21) 1.342(3) C(14)-C(15) 1.381(3) 

F(3)-C(22) 1.334(3) C(15)-C(16) 1.397(3) 

F(4)-C(23) 1.332(3) C(15)-C(38) 1.500(3) 

F(5)-C(24) 1.330(3) C(16)-C(17) 1.415(3) 

F(6)-C(33) 1.339(3) C(17)-C(18) 1.372(4) 

F(7)-C(34) 1.337(3) C(17)-H(17) 0.95 

F(8)-C(35) 1.343(3) C(18)-C(19) 1.401(3) 

F(9)-C(36) 1.336(3) C(18)-H(18) 0.95 

F(10)-C(37) 1.338(3) C(19)-H(19) 0.95 

N(1)-C(1) 1.342(3) C(20)-C(25) 1.381(3) 

N(1)-C(4) 1.385(3) C(20)-C(21) 1.385(3) 

N(2)-C(9) 1.328(3) C(21)-C(22) 1.371(4) 

N(2)-C(6) 1.407(2) C(22)-C(23) 1.371(4) 

N(3)-C(11) 1.333(3) C(23)-C(24) 1.387(3) 

N(3)-C(14) 1.410(2) C(24)-C(25) 1.384(3) 

N(4)-C(19) 1.343(3) C(26)-H(26A) 0.98 

N(4)-C(16) 1.387(3) C(26)-H(26B) 0.98 

C(1)-C(2) 1.403(3) C(26)-H(26C) 0.98 

C(1)-H(1) 0.95 C(27)-C(28) 1.387(4) 

C(2)-C(3) 1.375(4) C(27)-C(32) 1.394(4) 

C(2)-H(2) 0.95 C(27)-H(27) 0.95 

C(3)-C(4) 1.411(3) C(28)-C(29) 1.362(6) 

C(3)-H(3) 0.95 C(28)-H(28) 0.95 

C(4)-C(5) 1.398(3) C(29)-C(30) 1.369(7) 

C(5)-C(6) 1.386(3) C(29)-H(29) 0.95 

C(5)-C(25) 1.503(3) C(30)-C(31) 1.406(5) 

C(6)-C(7) 1.424(3) C(30)-H(30) 0.95 

C(7)-C(8) 1.358(3) C(31)-C(32) 1.389(3) 

C(7)-H(7) 0.95 C(31)-H(31) 0.95 

C(8)-C(9) 1.425(3) C(33)-C(38) 1.383(3) 

C(8)-H(8) 0.95 C(33)-C(34) 1.384(3) 

C(9)-C(10) 1.513(3) C(34)-C(35) 1.368(4) 

C(10)-C(11) 1.507(3) C(35)-C(36) 1.363(5) 

C(10)-C(32) 1.537(3) C(36)-C(37) 1.387(3) 

C(10)-C(26) 1.552(3) C(37)-C(38) 1.387(3) 
 

Bond Angle Bond Angle 

N(1)-Pd(1)-N(2) 89.39(7) C(18)-C(17)-C(16) 107.1(2) 

N(1)-Pd(1)-N(4) 91.49(7) C(18)-C(17)-H(17) 126.4 

N(2)-Pd(1)-N(4) 167.06(7) C(16)-C(17)-H(17) 126.4 

N(1)-Pd(1)-N(3) 169.24(7) C(17)-C(18)-C(19) 106.6(2) 
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N(2)-Pd(1)-N(3) 91.30(6) C(17)-C(18)-H(18) 126.7 

N(4)-Pd(1)-N(3) 90.23(7) C(19)-C(18)-H(18) 126.7 

C(1)-N(1)-C(4) 107.10(17) N(4)-C(19)-C(18) 111.0(2) 

C(1)-N(1)-Pd(1) 125.72(15) N(4)-C(19)-H(19) 124.5 

C(4)-N(1)-Pd(1) 127.15(14) C(18)-C(19)-H(19) 124.5 

C(9)-N(2)-C(6) 106.49(15) F(1)-C(20)-C(25) 120.45(19) 

C(9)-N(2)-Pd(1) 126.82(13) F(1)-C(20)-C(21) 117.8(2) 

C(6)-N(2)-Pd(1) 123.97(12) C(25)-C(20)-C(21) 121.8(2) 

C(11)-N(3)-C(14) 107.05(16) F(2)-C(21)-C(22) 120.0(2) 

C(11)-N(3)-Pd(1) 126.79(13) F(2)-C(21)-C(20) 120.0(2) 

C(14)-N(3)-Pd(1) 123.98(13) C(22)-C(21)-C(20) 120.0(2) 

C(19)-N(4)-C(16) 106.65(17) F(3)-C(22)-C(23) 120.0(2) 

C(19)-N(4)-Pd(1) 125.74(14) F(3)-C(22)-C(21) 120.3(2) 

C(16)-N(4)-Pd(1) 126.92(13) C(23)-C(22)-C(21) 119.7(2) 

N(1)-C(1)-C(2) 110.5(2) F(4)-C(23)-C(22) 120.2(2) 

N(1)-C(1)-H(1) 124.7 F(4)-C(23)-C(24) 120.3(2) 

C(2)-C(1)-H(1) 124.7 C(22)-C(23)-C(24) 119.5(2) 

C(3)-C(2)-C(1) 106.7(2) F(5)-C(24)-C(25) 120.18(19) 

C(3)-C(2)-H(2) 126.6 F(5)-C(24)-C(23) 117.7(2) 

C(1)-C(2)-H(2) 126.6 C(25)-C(24)-C(23) 122.2(2) 

C(2)-C(3)-C(4) 107.1(2) C(20)-C(25)-C(24) 116.79(19) 

C(2)-C(3)-H(3) 126.4 C(20)-C(25)-C(5) 121.78(19) 

C(4)-C(3)-H(3) 126.4 C(24)-C(25)-C(5) 121.41(19) 

N(1)-C(4)-C(5) 122.94(17) C(10)-C(26)-H(26A) 109.5 

N(1)-C(4)-C(3) 108.49(19) C(10)-C(26)-H(26B) 109.5 

C(5)-C(4)-C(3) 127.8(2) H(26A)-C(26)-H(26B) 109.5 

C(6)-C(5)-C(4) 126.15(18) C(10)-C(26)-H(26C) 109.5 

C(6)-C(5)-C(25) 116.63(17) H(26A)-C(26)-H(26C) 109.5 

C(4)-C(5)-C(25) 117.11(17) H(26B)-C(26)-H(26C) 109.5 

C(5)-C(6)-N(2) 124.95(17) C(28)-C(27)-C(32) 121.0(3) 

C(5)-C(6)-C(7) 126.67(18) C(28)-C(27)-H(27) 119.5 

N(2)-C(6)-C(7) 108.36(16) C(32)-C(27)-H(27) 119.5 

C(8)-C(7)-C(6) 107.26(18) C(29)-C(28)-C(27) 120.0(4) 

C(8)-C(7)-H(7) 126.4 C(29)-C(28)-H(28) 120 

C(6)-C(7)-H(7) 126.4 C(27)-C(28)-H(28) 120 

C(7)-C(8)-C(9) 106.78(19) C(28)-C(29)-C(30) 120.1(3) 

C(7)-C(8)-H(8) 126.6 C(28)-C(29)-H(29) 119.9 

C(9)-C(8)-H(8) 126.6 C(30)-C(29)-H(29) 119.9 

N(2)-C(9)-C(8) 111.10(17) C(29)-C(30)-C(31) 121.1(3) 

N(2)-C(9)-C(10) 126.46(18) C(29)-C(30)-H(30) 119.5 

C(8)-C(9)-C(10) 122.15(18) C(31)-C(30)-H(30) 119.5 

C(11)-C(10)-C(9) 116.73(16) C(32)-C(31)-C(30) 119.0(3) 

C(11)-C(10)-C(32) 106.80(16) C(32)-C(31)-H(31) 120.5 
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C(9)-C(10)-C(32) 108.10(17) C(30)-C(31)-H(31) 120.5 

C(11)-C(10)-C(26) 107.47(17) C(31)-C(32)-C(27) 118.8(2) 

C(9)-C(10)-C(26) 105.09(16) C(31)-C(32)-C(10) 122.4(2) 

C(32)-C(10)-C(26) 112.83(18) C(27)-C(32)-C(10) 118.78(19) 

N(3)-C(11)-C(12) 110.32(17) F(6)-C(33)-C(38) 120.06(19) 

N(3)-C(11)-C(10) 127.49(17) F(6)-C(33)-C(34) 117.2(2) 

C(12)-C(11)-C(10) 122.19(18) C(38)-C(33)-C(34) 122.8(2) 

C(13)-C(12)-C(11) 107.16(19) F(7)-C(34)-C(35) 120.8(2) 

C(13)-C(12)-H(12) 126.4 F(7)-C(34)-C(33) 120.0(3) 

C(11)-C(12)-H(12) 126.4 C(35)-C(34)-C(33) 119.2(3) 

C(12)-C(13)-C(14) 107.49(18) F(8)-C(35)-C(36) 120.1(3) 

C(12)-C(13)-H(13) 126.3 F(8)-C(35)-C(34) 119.7(3) 

C(14)-C(13)-H(13) 126.3 C(36)-C(35)-C(34) 120.2(2) 

C(15)-C(14)-N(3) 124.98(18) F(9)-C(36)-C(35) 120.3(3) 

C(15)-C(14)-C(13) 127.00(18) F(9)-C(36)-C(37) 119.9(3) 

N(3)-C(14)-C(13) 107.96(18) C(35)-C(36)-C(37) 119.9(3) 

C(14)-C(15)-C(16) 126.18(18) F(10)-C(37)-C(36) 117.9(2) 

C(14)-C(15)-C(38) 117.60(19) F(10)-C(37)-C(38) 120.2(2) 

C(16)-C(15)-C(38) 116.20(18) C(36)-C(37)-C(38) 121.9(3) 

N(4)-C(16)-C(15) 123.69(18) C(33)-C(38)-C(37) 116.0(2) 

N(4)-C(16)-C(17) 108.59(18) C(33)-C(38)-C(15) 122.99(19) 

C(15)-C(16)-C(17) 127.12(19) C(37)-C(38)-C(15) 121.0(2) 
 

 
Figure A. 3 Fully labeled solid state structure of Pd[DPBil]. All non N-H hydrogens 

have been omitted for clarity. 

 

Table A. 3 Bond Lengths (Å) and Bond angles (°) determined for Pd[DPBil] 

Bond  Length Bond  Length 

Pd(1)-N(2) 2.005(4) C(13)-C(14) 1.404(7) 
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Pd(1)-N(1) 2.017(4) C(13)-H(13) 0.95 

Pd(1)-N(3) 2.028(4) C(14)-C(15) 1.400(7) 

Pd(1)-N(4) 2.031(4) C(15)-C(16) 1.387(7) 

F(1)-C(21) 1.342(6) C(15)-C(38) 1.504(7) 

F(2)-C(22) 1.358(6) C(16)-C(17) 1.445(7) 

F(3)-C(23) 1.330(7) C(17)-C(18) 1.353(7) 

F(4)-C(24) 1.351(6) C(17)-H(17) 0.95 

F(5)-C(25) 1.347(6) C(18)-C(19) 1.408(7) 

F(6)-C(39) 1.345(6) C(18)-H(18) 0.95 

F(7)-C(40) 1.343(6) C(19)-H(19) 0.95 

F(8)-C(41) 1.351(6) C(20)-C(21) 1.389(7) 

F(9)-C(42) 1.333(6) C(20)-C(25) 1.404(7) 

F(10)-C(43) 1.334(6) C(21)-C(22) 1.363(8) 

N(1)-C(1) 1.347(6) C(22)-C(23) 1.369(9) 

N(1)-C(4) 1.395(6) C(23)-C(24) 1.380(9) 

N(2)-C(9) 1.340(6) C(24)-C(25) 1.362(8) 

N(2)-C(6) 1.402(6) C(26)-C(27) 1.387(7) 

N(3)-C(11) 1.349(6) C(26)-C(31) 1.389(7) 

N(3)-C(14) 1.387(6) C(27)-C(28) 1.383(8) 

N(4)-C(19) 1.332(6) C(27)-H(27) 0.95 

N(4)-C(16) 1.401(6) C(28)-C(29) 1.376(9) 

C(1)-C(2) 1.410(7) C(28)-H(28) 0.95 

C(1)-H(1) 0.95 C(29)-C(30) 1.384(8) 

C(2)-C(3) 1.359(7) C(29)-H(29) 0.95 

C(2)-H(2) 0.95 C(30)-C(31) 1.387(7) 

C(3)-C(4) 1.429(7) C(30)-H(30) 0.95 

C(3)-H(3) 0.95 C(31)-H(31) 0.95 

C(4)-C(5) 1.388(7) C(32)-C(33) 1.402(7) 

C(5)-C(6) 1.400(7) C(32)-C(37) 1.403(7) 

C(5)-C(20) 1.505(7) C(33)-C(34) 1.394(7) 

C(6)-C(7) 1.411(7) C(33)-H(33) 0.95 

C(7)-C(8) 1.368(7) C(34)-C(35) 1.382(7) 

C(7)-H(7) 0.95 C(34)-H(34) 0.95 

C(8)-C(9) 1.422(6) C(35)-C(36) 1.372(8) 

C(8)-H(8) 0.95 C(35)-H(35) 0.95 

C(9)-C(10) 1.495(6) C(36)-C(37) 1.392(7) 

C(10)-C(11) 1.520(7) C(36)-H(36) 0.95 

C(10)-C(32) 1.543(7) C(37)-H(37) 0.95 

C(10)-C(26) 1.548(6) C(38)-C(43) 1.383(7) 

C(11)-C(12) 1.404(7) C(38)-C(39) 1.389(7) 

C(12)-C(13) 1.371(7) C(39)-C(40) 1.389(7) 

C(12)-H(12) 0.95 C(40)-C(41) 1.364(8) 

C(41)-C(42) 1.386(8) C(42)-C(43) 1.378(7) 
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Bond Angle Bond Angle 

N(2)-Pd(1)-N(1) 88.22(16) C(19)-C(18)-H(18) 126.4 

N(2)-Pd(1)-N(3) 89.77(16) N(4)-C(19)-C(18) 111.6(5) 

N(1)-Pd(1)-N(3) 170.93(15) N(4)-C(19)-H(19) 124.2 

N(2)-Pd(1)-N(4) 165.80(16) C(18)-C(19)-H(19) 124.2 

N(1)-Pd(1)-N(4) 92.94(16) C(21)-C(20)-C(25) 115.6(5) 

N(3)-Pd(1)-N(4) 91.19(16) C(21)-C(20)-C(5) 123.7(4) 

C(1)-N(1)-C(4) 106.7(4) C(25)-C(20)-C(5) 120.6(4) 

C(1)-N(1)-Pd(1) 127.3(3) F(1)-C(21)-C(22) 118.7(5) 

C(4)-N(1)-Pd(1) 126.0(3) F(1)-C(21)-C(20) 118.9(5) 

C(9)-N(2)-C(6) 107.5(4) C(22)-C(21)-C(20) 122.4(5) 

C(9)-N(2)-Pd(1) 127.3(3) F(2)-C(22)-C(21) 120.4(6) 

C(6)-N(2)-Pd(1) 122.4(3) F(2)-C(22)-C(23) 119.1(5) 

C(11)-N(3)-C(14) 106.7(4) C(21)-C(22)-C(23) 120.4(5) 

C(11)-N(3)-Pd(1) 126.3(3) F(3)-C(23)-C(22) 121.0(6) 

C(14)-N(3)-Pd(1) 126.5(3) F(3)-C(23)-C(24) 119.9(6) 

C(19)-N(4)-C(16) 106.5(4) C(22)-C(23)-C(24) 119.1(5) 

C(19)-N(4)-Pd(1) 126.8(4) F(4)-C(24)-C(25) 120.7(5) 

C(16)-N(4)-Pd(1) 125.6(3) F(4)-C(24)-C(23) 119.1(5) 

N(1)-C(1)-C(2) 110.5(4) C(25)-C(24)-C(23) 120.1(5) 

N(1)-C(1)-H(1) 124.8 F(5)-C(25)-C(24) 118.8(5) 

C(2)-C(1)-H(1) 124.8 F(5)-C(25)-C(20) 119.1(5) 

C(3)-C(2)-C(1) 107.5(4) C(24)-C(25)-C(20) 122.1(5) 

C(3)-C(2)-H(2) 126.3 C(27)-C(26)-C(31) 117.8(5) 

C(1)-C(2)-H(2) 126.3 C(27)-C(26)-C(10) 119.6(4) 

C(2)-C(3)-C(4) 107.0(5) C(31)-C(26)-C(10) 122.5(4) 

C(2)-C(3)-H(3) 126.5 C(28)-C(27)-C(26) 120.9(5) 

C(4)-C(3)-H(3) 126.5 C(28)-C(27)-H(27) 119.5 

C(5)-C(4)-N(1) 121.8(4) C(26)-C(27)-H(27) 119.5 

C(5)-C(4)-C(3) 129.1(5) C(29)-C(28)-C(27) 120.8(5) 

N(1)-C(4)-C(3) 108.3(4) C(29)-C(28)-H(28) 119.6 

C(4)-C(5)-C(6) 126.7(5) C(27)-C(28)-H(28) 119.6 

C(4)-C(5)-C(20) 117.1(4) C(28)-C(29)-C(30) 119.2(5) 

C(6)-C(5)-C(20) 115.9(4) C(28)-C(29)-H(29) 120.4 

C(5)-C(6)-N(2) 123.6(4) C(30)-C(29)-H(29) 120.4 

C(5)-C(6)-C(7) 127.8(5) C(29)-C(30)-C(31) 119.8(5) 

N(2)-C(6)-C(7) 108.0(4) C(29)-C(30)-H(30) 120.1 

C(8)-C(7)-C(6) 107.7(4) C(31)-C(30)-H(30) 120.1 

C(8)-C(7)-H(7) 126.2 C(30)-C(31)-C(26) 121.4(5) 

C(6)-C(7)-H(7) 126.2 C(30)-C(31)-H(31) 119.3 

C(7)-C(8)-C(9) 107.0(4) C(26)-C(31)-H(31) 119.3 

C(7)-C(8)-H(8) 126.5 C(33)-C(32)-C(37) 117.3(5) 
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C(9)-C(8)-H(8) 126.5 C(33)-C(32)-C(10) 121.1(4) 

N(2)-C(9)-C(8) 109.8(4) C(37)-C(32)-C(10) 121.5(4) 

N(2)-C(9)-C(10) 121.3(4) C(34)-C(33)-C(32) 120.9(5) 

C(8)-C(9)-C(10) 128.1(4) C(34)-C(33)-H(33) 119.5 

C(9)-C(10)-C(11) 113.0(4) C(32)-C(33)-H(33) 119.5 

C(9)-C(10)-C(32) 108.3(4) C(35)-C(34)-C(33) 120.5(5) 

C(11)-C(10)-C(32) 109.0(4) C(35)-C(34)-H(34) 119.7 

C(9)-C(10)-C(26) 109.6(4) C(33)-C(34)-H(34) 119.7 

C(11)-C(10)-C(26) 106.8(4) C(36)-C(35)-C(34) 119.4(5) 

C(32)-C(10)-C(26) 110.1(4) C(36)-C(35)-H(35) 120.3 

N(3)-C(11)-C(12) 109.7(5) C(34)-C(35)-H(35) 120.3 

N(3)-C(11)-C(10) 124.1(4) C(35)-C(36)-C(37) 120.8(5) 

C(12)-C(11)-C(10) 125.8(5) C(35)-C(36)-H(36) 119.6 

C(13)-C(12)-C(11) 107.7(5) C(37)-C(36)-H(36) 119.6 

C(13)-C(12)-H(12) 126.1 C(36)-C(37)-C(32) 121.0(5) 

C(11)-C(12)-H(12) 126.1 C(36)-C(37)-H(37) 119.5 

C(12)-C(13)-C(14) 106.4(5) C(32)-C(37)-H(37) 119.5 

C(12)-C(13)-H(13) 126.8 C(43)-C(38)-C(39) 116.5(5) 

C(14)-C(13)-H(13) 126.8 C(43)-C(38)-C(15) 121.0(4) 

N(3)-C(14)-C(15) 124.2(5) C(39)-C(38)-C(15) 122.6(5) 

N(3)-C(14)-C(13) 109.4(4) F(6)-C(39)-C(40) 118.2(5) 

C(15)-C(14)-C(13) 126.4(5) F(6)-C(39)-C(38) 119.7(5) 

C(16)-C(15)-C(14) 127.5(5) C(40)-C(39)-C(38) 122.1(5) 

C(16)-C(15)-C(38) 115.7(4) F(7)-C(40)-C(41) 120.5(5) 

C(14)-C(15)-C(38) 116.8(5) F(7)-C(40)-C(39) 120.1(5) 

C(15)-C(16)-N(4) 124.7(5) C(41)-C(40)-C(39) 119.3(5) 

C(15)-C(16)-C(17) 127.2(5) F(8)-C(41)-C(40) 119.5(5) 

N(4)-C(16)-C(17) 107.8(4) F(8)-C(41)-C(42) 119.9(5) 

C(18)-C(17)-C(16) 106.9(5) C(40)-C(41)-C(42) 120.5(5) 

C(18)-C(17)-H(17) 126.6 F(9)-C(42)-C(43) 121.1(5) 

C(16)-C(17)-H(17) 126.6 F(9)-C(42)-C(41) 120.0(5) 

C(17)-C(18)-C(19) 107.3(5) C(43)-C(42)-C(41) 118.9(5) 

C(17)-C(18)-H(18) 126.4 F(10)-C(43)-C(42) 117.6(4) 

C(42)-C(43)-C(38) 122.7(5) F(10)-C(43)-C(38) 119.7(5) 
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Figure A. 4 Fully labeled solid state structure of Co(10-MPIC). All non N-H 

hydrogens have been omitted for clarity. 

 

Table A. 4Bond Lengths (Å) and Bond angles (°) determined for Co(10-MPIC) 

 

Bond  Length Bond  Length 

Co(1)-N(1) 1.860(6) C(11)-C(12) 1.394(12) 

Co(1)-N(4) 1.880(7) C(12)-C(13) 1.346(13) 

Co(1)-N(3) 1.880(7) C(12)-H(12) 0.95 

Co(1)-N(2) 1.907(7) C(13)-C(14) 1.426(11) 

F(1)-C(21) 1.315(13) C(13)-H(13) 0.95 

F(2)-C(22) 1.352(16) C(14)-C(15) 1.400(12) 

F(3)-C(23) 1.332(14) C(15)-C(16) 1.393(11) 

F(4)-C(24) 1.345(17) C(15)-C(33) 1.510(12) 

F(5)-C(25) 1.321(14) C(16)-C(17) 1.418(11) 

F(6)-C(34) 1.338(10) C(17)-C(18) 1.358(11) 

F(7)-C(35) 1.329(12) C(17)-H(17) 0.95 

F(8)-C(36) 1.328(11) C(18)-C(19) 1.396(12) 

F(9)-C(37) 1.351(11) C(18)-H(18) 0.95 

F(10)-C(38) 1.336(10) C(20)-C(25) 1.347(14) 

N(1)-C(1) 1.358(10) C(20)-C(21) 1.406(14) 

N(1)-C(4) 1.362(10) C(21)-C(22) 1.380(15) 

N(2)-C(9) 1.343(10) C(22)-C(23) 1.30(2) 

N(2)-C(6) 1.411(10) C(23)-C(24) 1.40(2) 

N(3)-C(11) 1.351(10) C(24)-C(25) 1.457(18) 

N(3)-C(14) 1.401(11) C(26)-H(26A) 0.98 

N(4)-C(16) 1.356(10) C(26)-H(26B) 0.98 

N(4)-C(19) 1.359(9) C(26)-H(26C) 0.98 

C(1)-C(2) 1.410(11) C(27)-C(28) 1.377(11) 

C(1)-C(19) 1.442(12) C(27)-C(32) 1.390(12) 
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C(2)-C(3) 1.353(13) C(28)-C(29) 1.400(12) 

C(2)-H(2) 0.95 C(28)-H(28) 0.95 

C(3)-C(4) 1.420(12) C(29)-C(30) 1.371(13) 

C(3)-H(3) 0.95 C(29)-H(29) 0.95 

C(4)-C(5) 1.414(12) C(30)-C(31) 1.385(13) 

C(5)-C(6) 1.388(12) C(30)-H(30) 0.95 

C(5)-C(20) 1.492(12) C(31)-C(32) 1.374(12) 

C(6)-C(7) 1.402(12) C(31)-H(31) 0.95 

C(7)-C(8) 1.353(13) C(32)-H(32) 0.95 

C(7)-H(7) 0.95 C(33)-C(34) 1.370(12) 

C(8)-C(9) 1.422(12) C(33)-C(38) 1.374(11) 

C(8)-H(8) 0.95 C(34)-C(35) 1.370(13) 

C(9)-C(10) 1.502(11) C(35)-C(36) 1.390(16) 

C(10)-C(11) 1.499(12) C(36)-C(37) 1.340(14) 

C(10)-C(26) 1.526(12) C(37)-C(38) 1.392(13) 

C(10)-C(27) 1.569(11)   

 

Bond Angle Bond Angle 

N(1)-Co(1)-N(4) 81.6(3) C(18)-C(17)-H(17) 125.8 

N(1)-Co(1)-N(3) 172.6(3) C(16)-C(17)-H(17) 125.8 

N(4)-Co(1)-N(3) 91.2(3) C(17)-C(18)-C(19) 107.0(8) 

N(1)-Co(1)-N(2) 91.2(3) C(17)-C(18)-H(18) 126.5 

N(4)-Co(1)-N(2) 172.7(3) C(19)-C(18)-H(18) 126.5 

N(3)-Co(1)-N(2) 96.0(3) N(4)-C(19)-C(18) 108.6(7) 

C(1)-N(1)-C(4) 108.7(7) N(4)-C(19)-C(1) 111.5(7) 

C(1)-N(1)-Co(1) 117.8(5) C(18)-C(19)-C(1) 139.9(8) 

C(4)-N(1)-Co(1) 133.5(6) C(25)-C(20)-C(21) 117.8(10) 

C(9)-N(2)-C(6) 106.8(7) C(25)-C(20)-C(5) 121.6(10) 

C(9)-N(2)-Co(1) 126.2(6) C(21)-C(20)-C(5) 120.5(9) 

C(6)-N(2)-Co(1) 127.0(6) F(1)-C(21)-C(22) 116.2(12) 

C(11)-N(3)-C(14) 106.2(7) F(1)-C(21)-C(20) 122.6(9) 

C(11)-N(3)-Co(1) 127.6(6) C(22)-C(21)-C(20) 121.2(13) 

C(14)-N(3)-Co(1) 126.1(6) C(23)-C(22)-F(2) 117.5(14) 

C(16)-N(4)-C(19) 109.2(7) C(23)-C(22)-C(21) 122.3(16) 

C(16)-N(4)-Co(1) 133.5(5) F(2)-C(22)-C(21) 120.2(15) 

C(19)-N(4)-Co(1) 117.3(6) C(22)-C(23)-F(3) 123.6(19) 

N(1)-C(1)-C(2) 108.1(8) C(22)-C(23)-C(24) 119.7(13) 

N(1)-C(1)-C(19) 111.8(7) F(3)-C(23)-C(24) 116.7(17) 

C(2)-C(1)-C(19) 140.0(8) F(4)-C(24)-C(23) 124.2(14) 

C(3)-C(2)-C(1) 107.9(8) F(4)-C(24)-C(25) 116.9(16) 

C(3)-C(2)-H(2) 126 C(23)-C(24)-C(25) 118.8(14) 

C(1)-C(2)-H(2) 126 F(5)-C(25)-C(20) 121.6(11) 

C(2)-C(3)-C(4) 107.3(8) F(5)-C(25)-C(24) 118.2(12) 
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C(2)-C(3)-H(3) 126.4 C(20)-C(25)-C(24) 120.2(14) 

C(4)-C(3)-H(3) 126.4 C(10)-C(26)-H(26A) 109.5 

N(1)-C(4)-C(5) 119.4(7) C(10)-C(26)-H(26B) 109.5 

N(1)-C(4)-C(3) 107.9(8) H(26A)-C(26)-H(26B) 109.5 

C(5)-C(4)-C(3) 132.7(9) C(10)-C(26)-H(26C) 109.5 

C(6)-C(5)-C(4) 125.7(8) H(26A)-C(26)-H(26C) 109.5 

C(6)-C(5)-C(20) 115.8(8) H(26B)-C(26)-H(26C) 109.5 

C(4)-C(5)-C(20) 118.6(8) C(28)-C(27)-C(32) 118.4(8) 

C(5)-C(6)-C(7) 128.8(8) C(28)-C(27)-C(10) 123.2(8) 

C(5)-C(6)-N(2) 123.0(8) C(32)-C(27)-C(10) 118.4(7) 

C(7)-C(6)-N(2) 107.9(8) C(27)-C(28)-C(29) 120.9(9) 

C(8)-C(7)-C(6) 108.5(8) C(27)-C(28)-H(28) 119.6 

C(8)-C(7)-H(7) 125.8 C(29)-C(28)-H(28) 119.6 

C(6)-C(7)-H(7) 125.8 C(30)-C(29)-C(28) 119.8(8) 

C(7)-C(8)-C(9) 106.9(8) C(30)-C(29)-H(29) 120.1 

C(7)-C(8)-H(8) 126.5 C(28)-C(29)-H(29) 120.1 

C(9)-C(8)-H(8) 126.5 C(29)-C(30)-C(31) 119.6(9) 

N(2)-C(9)-C(8) 109.9(8) C(29)-C(30)-H(30) 120.2 

N(2)-C(9)-C(10) 125.6(8) C(31)-C(30)-H(30) 120.2 

C(8)-C(9)-C(10) 124.1(8) C(32)-C(31)-C(30) 120.4(9) 

C(11)-C(10)-C(9) 118.2(7) C(32)-C(31)-H(31) 119.8 

C(11)-C(10)-C(26) 108.6(7) C(30)-C(31)-H(31) 119.8 

C(9)-C(10)-C(26) 108.5(7) C(31)-C(32)-C(27) 120.9(8) 

C(11)-C(10)-C(27) 103.6(7) C(31)-C(32)-H(32) 119.5 

C(9)-C(10)-C(27) 106.3(6) C(27)-C(32)-H(32) 119.5 

C(26)-C(10)-C(27) 111.5(7) C(34)-C(33)-C(38) 116.3(8) 

N(3)-C(11)-C(12) 110.0(8) C(34)-C(33)-C(15) 122.7(8) 

N(3)-C(11)-C(10) 124.9(7) C(38)-C(33)-C(15) 121.0(8) 

C(12)-C(11)-C(10) 124.8(8) F(6)-C(34)-C(33) 119.2(8) 

C(13)-C(12)-C(11) 109.0(8) F(6)-C(34)-C(35) 117.0(9) 

C(13)-C(12)-H(12) 125.5 C(33)-C(34)-C(35) 123.8(9) 

C(11)-C(12)-H(12) 125.5 F(7)-C(35)-C(34) 121.6(11) 

C(12)-C(13)-C(14) 106.3(8) F(7)-C(35)-C(36) 119.8(10) 

C(12)-C(13)-H(13) 126.8 C(34)-C(35)-C(36) 118.6(10) 

C(14)-C(13)-H(13) 126.8 F(8)-C(36)-C(37) 122.0(11) 

C(15)-C(14)-N(3) 125.1(7) F(8)-C(36)-C(35) 119.1(11) 

C(15)-C(14)-C(13) 126.4(8) C(37)-C(36)-C(35) 118.9(10) 

N(3)-C(14)-C(13) 108.4(8) C(36)-C(37)-F(9) 120.4(10) 

C(16)-C(15)-C(14) 124.3(8) C(36)-C(37)-C(38) 121.7(10) 

C(16)-C(15)-C(33) 118.2(8) F(9)-C(37)-C(38) 117.9(10) 

C(14)-C(15)-C(33) 117.4(7) F(10)-C(38)-C(33) 120.8(8) 

N(4)-C(16)-C(15) 119.3(8) F(10)-C(38)-C(37) 118.4(8) 

N(4)-C(16)-C(17) 106.8(7) C(33)-C(38)-C(37) 120.8(9) 
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C(15)-C(16)-C(17) 133.8(8) C(18)-C(17)-C(16) 108.3(8) 
    

 
 

Figure A. 5 Fully labeled solid state structure of Co(10-DPIC) with a molecule of 

diethyl ether as an axial ligand. All non N-H hydrogens have been omitted for clarity. 

 

Table A. 5 Bond Lengths (Å) and Bond angles (°) determined for Co(10-DPIC) 

Bond  Length Bond  Length 

Co(1)-N(4) 1.867(2) C(23)-C(24) 1.382(4) 

Co(1)-N(1) 1.873(2) C(24)-C(25) 1.379(4) 

Co(1)-N(2) 1.902(2) C(26)-C(27) 1.393(5) 

Co(1)-N(3) 1.904(2) C(26)-C(31) 1.397(4) 

Co(1)-O(1) 2.312(3) C(26)-H(26) 0.95 

F(1)-C(20) 1.348(4) C(27)-C(28) 1.380(6) 

F(2)-C(21) 1.335(4) C(27)-H(27) 0.95 

F(3)-C(22) 1.338(4) C(28)-C(29) 1.379(5) 

F(4)-C(23) 1.344(4) C(28)-H(28) 0.95 

F(5)-C(24) 1.338(4) C(29)-C(30) 1.383(5) 

F(6)-C(38) 1.345(4) C(29)-H(29) 0.95 

F(7)-C(39) 1.334(4) C(30)-C(31) 1.392(4) 

F(8)-C(40) 1.332(4) C(30)-H(30) 0.95 

F(9)-C(41) 1.345(4) C(32)-C(37) 1.391(4) 

F(10)-C(42) 1.337(4) C(32)-C(33) 1.391(5) 

N(1)-C(1) 1.354(4) C(32)-H(32) 0.95 

N(1)-C(4) 1.369(4) C(33)-C(34) 1.382(6) 

N(2)-C(9) 1.344(4) C(33)-H(33) 0.95 

N(2)-C(6) 1.407(4) C(34)-C(35) 1.381(5) 

N(3)-C(11) 1.334(4) C(34)-H(34) 0.95 

N(3)-C(14) 1.409(3) C(35)-C(36) 1.388(5) 
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N(4)-C(19) 1.357(4) C(35)-H(35) 0.95 

N(4)-C(16) 1.375(4) C(36)-C(37) 1.388(4) 

C(1)-C(2) 1.411(4) C(36)-H(36) 0.95 

C(1)-C(19) 1.447(4) C(38)-C(43) 1.379(4) 

C(2)-C(3) 1.372(5) C(38)-C(39) 1.382(4) 

C(2)-H(2) 0.95 C(39)-C(40) 1.373(5) 

C(3)-C(4) 1.442(4) C(40)-C(41) 1.368(6) 

C(3)-H(3) 0.95 C(41)-C(42) 1.389(5) 

C(4)-C(5) 1.394(4) C(42)-C(43) 1.389(4) 

C(5)-C(6) 1.399(4) O(1)-C(44B) 1.393(9) 

C(5)-C(25) 1.493(4) O(1)-C(44A) 1.423(8) 

C(6)-C(7) 1.415(4) O(1)-C(46A) 1.435(9) 

C(7)-C(8) 1.363(4) O(1)-C(46B) 1.492(10) 

C(7)-H(7) 0.95 C(44A)-C(45A) 1.454(12) 

C(8)-C(9) 1.430(4) C(44A)-H(44A) 0.99 

C(8)-H(8) 0.95 C(44A)-H(44B) 0.99 

C(9)-C(10) 1.512(4) C(45A)-H(45A) 0.98 

C(10)-C(11) 1.530(4) C(45A)-H(45B) 0.98 

C(10)-C(37) 1.548(4) C(45A)-H(45C) 0.98 

C(10)-C(31) 1.559(4) C(46A)-C(47A) 1.341(12) 

C(11)-C(12) 1.422(4) C(46A)-H(46A) 0.99 

C(12)-C(13) 1.361(4) C(46A)-H(46B) 0.99 

C(12)-H(12) 0.95 C(47A)-H(47A) 0.98 

C(13)-C(14) 1.426(4) C(47A)-H(47B) 0.98 

C(13)-H(13) 0.95 C(47A)-H(47C) 0.98 

C(14)-C(15) 1.399(4) C(44B)-C(45B) 1.371(12) 

C(15)-C(16) 1.397(4) C(44B)-H(44C) 0.99 

C(15)-C(43) 1.498(4) C(44B)-H(44D) 0.99 

C(16)-C(17) 1.438(4) C(45B)-H(45D) 0.98 

C(17)-C(18) 1.368(5) C(45B)-H(45E) 0.98 

C(17)-H(17) 0.95 C(45B)-H(45F) 0.98 

C(18)-C(19) 1.418(4) C(46B)-C(47B) 1.477(13) 

C(18)-H(18) 0.95 C(46B)-H(46C) 0.99 

C(20)-C(21) 1.370(5) C(46B)-H(46D) 0.99 

C(20)-C(25) 1.392(5) C(47B)-H(47D) 0.98 

C(21)-C(22) 1.382(6) C(47B)-H(47E) 0.98 

C(22)-C(23) 1.371(5) C(47B)-H(47F) 0.98 

 

Bond Angle Bond Angle 

N(4)-Co(1)-N(1) 80.79(11) C(28)-C(27)-H(27) 119.8 

N(4)-Co(1)-N(2) 170.13(11) C(26)-C(27)-H(27) 119.8 

N(1)-Co(1)-N(2) 91.39(11) C(29)-C(28)-C(27) 119.8(4) 

N(4)-Co(1)-N(3) 91.71(10) C(29)-C(28)-H(28) 120.1 
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N(1)-Co(1)-N(3) 170.49(11) C(27)-C(28)-H(28) 120.1 

N(2)-Co(1)-N(3) 95.39(10) C(28)-C(29)-C(30) 120.1(4) 

N(4)-Co(1)-O(1) 93.44(11) C(28)-C(29)-H(29) 120 

N(1)-Co(1)-O(1) 92.60(10) C(30)-C(29)-H(29) 120 

N(2)-Co(1)-O(1) 92.93(11) C(29)-C(30)-C(31) 121.2(3) 

N(3)-Co(1)-O(1) 93.70(10) C(29)-C(30)-H(30) 119.4 

C(1)-N(1)-C(4) 108.6(2) C(31)-C(30)-H(30) 119.4 

C(1)-N(1)-Co(1) 118.3(2) C(30)-C(31)-C(26) 118.3(3) 

C(4)-N(1)-Co(1) 133.1(2) C(30)-C(31)-C(10) 120.4(3) 

C(9)-N(2)-C(6) 106.5(2) C(26)-C(31)-C(10) 121.1(3) 

C(9)-N(2)-Co(1) 127.6(2) C(37)-C(32)-C(33) 121.2(3) 

C(6)-N(2)-Co(1) 125.7(2) C(37)-C(32)-H(32) 119.4 

C(11)-N(3)-C(14) 106.7(2) C(33)-C(32)-H(32) 119.4 

C(11)-N(3)-Co(1) 127.8(2) C(34)-C(33)-C(32) 120.0(3) 

C(14)-N(3)-Co(1) 125.6(2) C(34)-C(33)-H(33) 120 

C(19)-N(4)-C(16) 107.9(3) C(32)-C(33)-H(33) 120 

C(19)-N(4)-Co(1) 118.6(2) C(35)-C(34)-C(33) 119.1(3) 

C(16)-N(4)-Co(1) 133.4(2) C(35)-C(34)-H(34) 120.5 

N(1)-C(1)-C(2) 109.7(3) C(33)-C(34)-H(34) 120.5 

N(1)-C(1)-C(19) 111.3(3) C(34)-C(35)-C(36) 120.9(4) 

C(2)-C(1)-C(19) 138.9(3) C(34)-C(35)-H(35) 119.5 

C(3)-C(2)-C(1) 106.9(3) C(36)-C(35)-H(35) 119.5 

C(3)-C(2)-H(2) 126.6 C(35)-C(36)-C(37) 120.6(3) 

C(1)-C(2)-H(2) 126.6 C(35)-C(36)-H(36) 119.7 

C(2)-C(3)-C(4) 107.3(3) C(37)-C(36)-H(36) 119.7 

C(2)-C(3)-H(3) 126.3 C(36)-C(37)-C(32) 118.1(3) 

C(4)-C(3)-H(3) 126.3 C(36)-C(37)-C(10) 122.8(3) 

N(1)-C(4)-C(5) 119.6(3) C(32)-C(37)-C(10) 119.0(3) 

N(1)-C(4)-C(3) 107.5(3) F(6)-C(38)-C(43) 119.7(3) 

C(5)-C(4)-C(3) 133.0(3) F(6)-C(38)-C(39) 117.7(3) 

C(4)-C(5)-C(6) 124.9(3) C(43)-C(38)-C(39) 122.6(3) 

C(4)-C(5)-C(25) 116.7(3) F(7)-C(39)-C(40) 120.2(3) 

C(6)-C(5)-C(25) 118.5(3) F(7)-C(39)-C(38) 120.7(4) 

C(5)-C(6)-N(2) 124.8(3) C(40)-C(39)-C(38) 119.1(3) 

C(5)-C(6)-C(7) 126.7(3) F(8)-C(40)-C(41) 119.9(4) 

N(2)-C(6)-C(7) 108.5(3) F(8)-C(40)-C(39) 119.9(4) 

C(8)-C(7)-C(6) 107.8(3) C(41)-C(40)-C(39) 120.2(3) 

C(8)-C(7)-H(7) 126.1 F(9)-C(41)-C(40) 120.5(3) 

C(6)-C(7)-H(7) 126.1 F(9)-C(41)-C(42) 119.6(4) 

C(7)-C(8)-C(9) 106.6(3) C(40)-C(41)-C(42) 119.9(3) 

C(7)-C(8)-H(8) 126.7 F(10)-C(42)-C(41) 118.3(3) 

C(9)-C(8)-H(8) 126.7 F(10)-C(42)-C(43) 120.3(3) 

N(2)-C(9)-C(8) 110.5(3) C(41)-C(42)-C(43) 121.4(3) 
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N(2)-C(9)-C(10) 124.9(3) C(38)-C(43)-C(42) 116.8(3) 

C(8)-C(9)-C(10) 124.4(3) C(38)-C(43)-C(15) 122.3(3) 

C(9)-C(10)-C(11) 117.6(2) C(42)-C(43)-C(15) 120.9(3) 

C(9)-C(10)-C(37) 109.0(2) C(44A)-O(1)-C(46A) 116.9(6) 

C(11)-C(10)-C(37) 106.4(2) C(44B)-O(1)-C(46B) 112.0(7) 

C(9)-C(10)-C(31) 103.6(2) C(44B)-O(1)-Co(1) 123.4(5) 

C(11)-C(10)-C(31) 106.9(2) C(44A)-O(1)-Co(1) 120.7(4) 

C(37)-C(10)-C(31) 113.4(2) C(46A)-O(1)-Co(1) 121.8(4) 

N(3)-C(11)-C(12) 111.0(3) C(46B)-O(1)-Co(1) 119.8(5) 

N(3)-C(11)-C(10) 124.7(3) O(1)-C(44A)-C(45A) 116.0(8) 

C(12)-C(11)-C(10) 123.6(3) O(1)-C(44A)-H(44A) 108.3 

C(13)-C(12)-C(11) 106.7(3) C(45A)-C(44A)-H(44A) 108.3 

C(13)-C(12)-H(12) 126.6 O(1)-C(44A)-H(44B) 108.3 

C(11)-C(12)-H(12) 126.6 C(45A)-C(44A)-H(44B) 108.3 

C(12)-C(13)-C(14) 107.6(3) H(44A)-C(44A)-H(44B) 107.4 

C(12)-C(13)-H(13) 126.2 C(44A)-C(45A)-H(45A) 109.5 

C(14)-C(13)-H(13) 126.2 C(44A)-C(45A)-H(45B) 109.5 

C(15)-C(14)-N(3) 124.8(3) H(45A)-C(45A)-H(45B) 109.5 

C(15)-C(14)-C(13) 127.1(3) C(44A)-C(45A)-H(45C) 109.5 

N(3)-C(14)-C(13) 108.0(3) H(45A)-C(45A)-H(45C) 109.5 

C(16)-C(15)-C(14) 125.2(3) H(45B)-C(45A)-H(45C) 109.5 

C(16)-C(15)-C(43) 117.8(3) C(47A)-C(46A)-O(1) 112.8(9) 

C(14)-C(15)-C(43) 117.0(3) C(47A)-C(46A)-H(46A) 109 

N(4)-C(16)-C(15) 119.1(3) O(1)-C(46A)-H(46A) 109 

N(4)-C(16)-C(17) 108.2(3) C(47A)-C(46A)-H(46B) 109 

C(15)-C(16)-C(17) 132.7(3) O(1)-C(46A)-H(46B) 109 

C(18)-C(17)-C(16) 107.2(3) H(46A)-C(46A)-H(46B) 107.8 

C(18)-C(17)-H(17) 126.4 C(46A)-C(47A)-H(47A) 109.5 

C(16)-C(17)-H(17) 126.4 C(46A)-C(47A)-H(47B) 109.5 

C(17)-C(18)-C(19) 107.1(3) H(47A)-C(47A)-H(47B) 109.5 

C(17)-C(18)-H(18) 126.5 C(46A)-C(47A)-H(47C) 109.5 

C(19)-C(18)-H(18) 126.5 H(47A)-C(47A)-H(47C) 109.5 

N(4)-C(19)-C(18) 109.8(3) H(47B)-C(47A)-H(47C) 109.5 

N(4)-C(19)-C(1) 110.9(3) C(45B)-C(44B)-O(1) 123.5(11) 

C(18)-C(19)-C(1) 139.3(3) C(45B)-C(44B)-H(44C) 106.4 

F(1)-C(20)-C(21) 117.3(3) O(1)-C(44B)-H(44C) 106.4 

F(1)-C(20)-C(25) 119.9(3) C(45B)-C(44B)-H(44D) 106.4 

C(21)-C(20)-C(25) 122.8(3) O(1)-C(44B)-H(44D) 106.4 

F(2)-C(21)-C(20) 120.7(4) H(44C)-C(44B)-H(44D) 106.5 

F(2)-C(21)-C(22) 120.3(3) C(44B)-C(45B)-H(45D) 109.5 

C(20)-C(21)-C(22) 119.0(3) C(44B)-C(45B)-H(45E) 109.5 

F(3)-C(22)-C(23) 119.8(4) H(45D)-C(45B)-H(45E) 109.5 

F(3)-C(22)-C(21) 120.2(4) C(44B)-C(45B)-H(45F) 109.5 



 154 

C(23)-C(22)-C(21) 120.0(3) H(45D)-C(45B)-H(45F) 109.5 

F(4)-C(23)-C(22) 119.5(3) H(45E)-C(45B)-H(45F) 109.5 

F(4)-C(23)-C(24) 120.7(3) C(47B)-C(46B)-O(1) 107.9(10) 

C(22)-C(23)-C(24) 119.8(3) C(47B)-C(46B)-H(46C) 110.1 

F(5)-C(24)-C(25) 119.8(3) O(1)-C(46B)-H(46C) 110.1 

F(5)-C(24)-C(23) 118.1(3) C(47B)-C(46B)-H(46D) 110.1 

C(25)-C(24)-C(23) 122.1(3) O(1)-C(46B)-H(46D) 110.1 

C(24)-C(25)-C(20) 116.3(3) H(46C)-C(46B)-H(46D) 108.4 

C(24)-C(25)-C(5) 122.0(3) C(46B)-C(47B)-H(47D) 109.5 

C(20)-C(25)-C(5) 121.5(3) C(46B)-C(47B)-H(47E) 109.5 

C(27)-C(26)-C(31) 120.3(3) H(47D)-C(47B)-H(47E) 109.5 

C(27)-C(26)-H(26) 119.9 C(46B)-C(47B)-H(47F) 109.5 

C(31)-C(26)-H(26) 119.9 H(47D)-C(47B)-H(47F) 109.5 

C(28)-C(27)-C(26) 120.4(4) H(47E)-C(47B)-H(47F) 109.5 

 
 

Figure A. 6 Fully labeled solid state structure of 5-DMIC. All non N-H hydrogens 

have been omitted for clarity. 

 

Table A. 6 Bond Lengths (Å) and Bond angles (°) determined for 5-DMIC 

Bond  Length Bond  Length 

F(1)-C(23) 1.343(4) C(9)-C(10) 1.378(5) 

F(2)-C(24) 1.336(5) C(10)-C(11) 1.432(5) 

F(3)-C(25) 1.339(4) C(10)-C(22) 1.506(5) 

F(4)-C(26) 1.337(4) C(11)-C(12) 1.412(4) 

F(5)-C(27) 1.331(4) C(12)-C(13) 1.372(5) 

F(6)-C(29) 1.340(4) C(12)-H(12) 0.95 

F(7)-C(30) 1.332(4) C(13)-C(14) 1.406(5) 

F(8)-C(31) 1.340(4) C(13)-H(13) 0.95 

F(9)-C(32) 1.345(5) C(14)-C(15) 1.433(5) 
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F(10)-C(33) 1.338(4) C(15)-C(16) 1.380(5) 

N(1)-C(4) 1.330(5) C(15)-C(28) 1.485(5) 

N(1)-C(1) 1.364(5) C(16)-C(17) 1.459(5) 

N(1)-H(1) 0.89(5) C(17)-C(18) 1.352(5) 

N(2)-C(6) 1.322(4) C(17)-H(17) 0.95 

N(2)-C(9) 1.410(4) C(18)-C(19) 1.460(5) 

N(3)-C(11) 1.361(4) C(18)-H(18) 0.95 

N(3)-C(14) 1.375(4) C(20)-H(01D) 0.98 

N(3)-H(4) 0.85(4) C(20)-H(01E) 0.98 

N(4)-C(19) 1.334(4) C(20)-H(01F) 0.98 

N(4)-C(16) 1.378(5) C(21)-H(21) 0.98 

C(1)-C(2) 1.400(5) C(21)-H(01B) 0.98 

C(1)-C(19) 1.416(5) C(21)-H(01C) 0.98 

C(2)-C(3) 1.394(6) C(22)-C(23) 1.388(5) 

C(2)-H(2) 0.95 C(22)-C(27) 1.389(5) 

C(3)-C(4) 1.401(5) C(23)-C(24) 1.385(5) 

C(3)-H(3) 0.95 C(24)-C(25) 1.378(6) 

C(4)-C(5) 1.501(5) C(25)-C(26) 1.386(6) 

C(5)-C(6) 1.536(5) C(26)-C(27) 1.385(5) 

C(5)-C(20) 1.546(5) C(28)-C(29) 1.384(5) 

C(5)-C(21) 1.559(5) C(28)-C(33) 1.396(5) 

C(6)-C(7) 1.446(5) C(29)-C(30) 1.384(5) 

C(7)-C(8) 1.345(5) C(30)-C(31) 1.382(6) 

C(7)-H(7) 0.95 C(31)-C(32) 1.363(6) 

C(8)-C(9) 1.455(5) C(32)-C(33) 1.387(5) 

C(8)-H(8) 0.95   

 

Bond Angle Bond Angle 

C(4)-N(1)-C(1) 112.3(3) C(15)-C(16)-C(17) 130.0(3) 

C(4)-N(1)-H(1) 123(3) C(18)-C(17)-C(16) 106.8(3) 

C(1)-N(1)-H(1) 125(3) C(18)-C(17)-H(17) 126.6 

C(6)-N(2)-C(9) 106.5(3) C(16)-C(17)-H(17) 126.6 

C(11)-N(3)-C(14) 110.2(3) C(17)-C(18)-C(19) 106.4(3) 

C(11)-N(3)-H(4) 129(2) C(17)-C(18)-H(18) 126.8 

C(14)-N(3)-H(4) 121(2) C(19)-C(18)-H(18) 126.8 

C(19)-N(4)-C(16) 107.5(3) N(4)-C(19)-C(1) 116.3(3) 

N(1)-C(1)-C(2) 105.9(3) N(4)-C(19)-C(18) 110.5(3) 

N(1)-C(1)-C(19) 114.1(3) C(1)-C(19)-C(18) 133.1(3) 

C(2)-C(1)-C(19) 139.6(4) C(5)-C(20)-H(01D) 109.5 

C(3)-C(2)-C(1) 107.4(3) C(5)-C(20)-H(01E) 109.5 

C(3)-C(2)-H(2) 126.3 H(01D)-C(20)-H(01E) 109.5 

C(1)-C(2)-H(2) 126.3 C(5)-C(20)-H(01F) 109.5 

C(2)-C(3)-C(4) 107.7(3) H(01D)-C(20)-H(01F) 109.5 
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C(2)-C(3)-H(3) 126.2 H(01E)-C(20)-H(01F) 109.5 

C(4)-C(3)-H(3) 126.2 C(5)-C(21)-H(21) 109.5 

N(1)-C(4)-C(3) 106.7(3) C(5)-C(21)-H(01B) 109.5 

N(1)-C(4)-C(5) 119.6(3) H(21)-C(21)-H(01B) 109.5 

C(3)-C(4)-C(5) 133.7(3) C(5)-C(21)-H(01C) 109.5 

C(4)-C(5)-C(6) 115.1(3) H(21)-C(21)-H(01C) 109.5 

C(4)-C(5)-C(20) 108.8(3) H(01B)-C(21)-H(01C) 109.5 

C(6)-C(5)-C(20) 108.9(3) C(23)-C(22)-C(27) 117.0(3) 

C(4)-C(5)-C(21) 107.5(3) C(23)-C(22)-C(10) 121.0(3) 

C(6)-C(5)-C(21) 107.2(3) C(27)-C(22)-C(10) 121.9(3) 

C(20)-C(5)-C(21) 109.2(3) F(1)-C(23)-C(24) 117.8(3) 

N(2)-C(6)-C(7) 111.2(3) F(1)-C(23)-C(22) 119.9(3) 

N(2)-C(6)-C(5) 126.9(3) C(24)-C(23)-C(22) 122.4(3) 

C(7)-C(6)-C(5) 121.9(3) F(2)-C(24)-C(25) 120.4(4) 

C(8)-C(7)-C(6) 107.3(3) F(2)-C(24)-C(23) 120.4(4) 

C(8)-C(7)-H(7) 126.3 C(25)-C(24)-C(23) 119.2(4) 

C(6)-C(7)-H(7) 126.3 F(3)-C(25)-C(24) 119.4(4) 

C(7)-C(8)-C(9) 106.6(3) F(3)-C(25)-C(26) 120.5(4) 

C(7)-C(8)-H(8) 126.7 C(24)-C(25)-C(26) 120.0(3) 

C(9)-C(8)-H(8) 126.7 F(4)-C(26)-C(27) 120.4(4) 

C(10)-C(9)-N(2) 125.7(3) F(4)-C(26)-C(25) 119.9(3) 

C(10)-C(9)-C(8) 125.9(3) C(27)-C(26)-C(25) 119.6(3) 

N(2)-C(9)-C(8) 108.5(3) F(5)-C(27)-C(26) 117.9(3) 

C(9)-C(10)-C(11) 128.9(3) F(5)-C(27)-C(22) 120.4(3) 

C(9)-C(10)-C(22) 116.2(3) C(26)-C(27)-C(22) 121.7(3) 

C(11)-C(10)-C(22) 114.8(3) C(29)-C(28)-C(33) 116.4(3) 

N(3)-C(11)-C(12) 107.0(3) C(29)-C(28)-C(15) 122.5(3) 

N(3)-C(11)-C(10) 123.6(3) C(33)-C(28)-C(15) 121.0(3) 

C(12)-C(11)-C(10) 129.4(3) F(6)-C(29)-C(30) 117.4(3) 

C(13)-C(12)-C(11) 107.8(3) F(6)-C(29)-C(28) 119.8(3) 

C(13)-C(12)-H(12) 126.1 C(30)-C(29)-C(28) 122.8(4) 

C(11)-C(12)-H(12) 126.1 F(7)-C(30)-C(31) 120.5(3) 

C(12)-C(13)-C(14) 108.2(3) F(7)-C(30)-C(29) 120.5(4) 

C(12)-C(13)-H(13) 125.9 C(31)-C(30)-C(29) 118.9(4) 

C(14)-C(13)-H(13) 125.9 F(8)-C(31)-C(32) 120.1(4) 

N(3)-C(14)-C(13) 106.7(3) F(8)-C(31)-C(30) 119.8(4) 

N(3)-C(14)-C(15) 122.2(3) C(32)-C(31)-C(30) 120.1(3) 

C(13)-C(14)-C(15) 131.1(3) F(9)-C(32)-C(31) 120.5(4) 

C(16)-C(15)-C(14) 123.1(3) F(9)-C(32)-C(33) 119.1(4) 

C(16)-C(15)-C(28) 118.6(3) C(31)-C(32)-C(33) 120.3(4) 

C(14)-C(15)-C(28) 118.3(3) F(10)-C(33)-C(32) 118.5(4) 

N(4)-C(16)-C(15) 120.8(3) F(10)-C(33)-C(28) 120.1(3) 

N(4)-C(16)-C(17) 108.8(3) C(32)-C(33)-C(28) 121.4(4) 
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Figure A. 7 Fully labeled solid state structure of 5-MPIC. All non N-H hydrogens 

have been omitted for clarity. 

 

Table A. 7 Bond Lengths (Å) and Bond angles (°) determined for 5-MPIC 

 

Bond  Length Bond  Length 

N1-C4 1.329(2) C18-C19 1.459(3) 

N1-C1 1.367(2) C18-H18 0.93 

N1-H1N 0.86 C20-H20A 0.96 

N2-C6 1.324(2) C20-H20B 0.96 

N2-C9 1.408(2) C20-H20C 0.96 

N3-C14 1.368(2) C21-C26 1.388(3) 

N3-C11 1.366(2) C21-C22 1.387(3) 

N3-H3N 0.86 C21-H21 0.93 

N4-C19 1.325(2) C22-C23 1.372(3) 

N4-C16 1.375(2) C22-H22 0.93 

C1-C2 1.391(3) C23-C24 1.375(3) 

C1-C19 1.424(3) C23-H23 0.93 

C2-C3 1.399(3) C24-C25 1.394(3) 

C2-H2 0.93 C24-H24 0.93 

C3-C4 1.399(3) C25-C26 1.381(3) 

C3-H3 0.93 C25-H25 0.93 

C4-C5 1.511(3) C27-F5 1.341(2) 

C5-C6 1.533(2) C27-C28 1.378(3) 

C5-C26 1.544(2) C27-C32 1.388(2) 

C5-C20 1.552(2) C28-F4 1.337(2) 

C6-C7 1.450(3) C28-C29 1.378(3) 
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C7-C8 1.348(3) C29-F3 1.328(2) 

C7-H7 0.93 C29-C30 1.379(3) 

C8-C9 1.450(2) C30-F2 1.340(2) 

C8-H8 0.93 C30-C31 1.377(3) 

C9-C10 1.385(2) C31-F1 1.338(2) 

C10-C11 1.430(2) C31-C32 1.389(3) 

C10-C32 1.492(2) C33-F10 1.341(2) 

C11-C12 1.415(2) C33-C38 1.387(3) 

C12-C13 1.388(3) C33-C34 1.381(3) 

C12-H12 0.93 C34-F9 1.340(2) 

C13-C14 1.404(2) C34-C35 1.376(3) 

C13-H13 0.93 C35-F8 1.332(2) 

C14-C15 1.438(2) C35-C36 1.383(3) 

C15-C16 1.377(3) C36-F7 1.334(2) 

C15-C38 1.488(2) C36-C37 1.379(3) 

C16-C17 1.459(3) C37-F6 1.336(2) 

C17-C18 1.350(3) C37-C38 1.383(2) 

C17-H17 0.93 C18-C19 1.459(3) 
 

Bond Angle Bond Angle 

C4-N1-C1 112.23(15) C19-C18-H18 126.9 

C4-N1-H1N 123.9 N4-C19-C1 116.05(17) 

C1-N1-H1N 123.9 N4-C19-C18 110.80(17) 

C6-N2-C9 106.29(14) C1-C19-C18 133.15(17) 

C14-N3-C11 110.97(14) C5-C20-H20A 109.5 

C14-N3-H3N 124.5 C5-C20-H20B 109.5 

C11-N3-H3N 124.5 H20A-C20-H20B 109.5 

C19-N4-C16 107.31(16) C5-C20-H20C 109.5 

N1-C1-C2 106.03(17) H20A-C20-H20C 109.5 

N1-C1-C19 113.72(16) H20B-C20-H20C 109.5 

C2-C1-C19 140.25(19) C26-C21-C22 120.82(19) 

C1-C2-C3 107.51(17) C26-C21-H21 119.6 

C1-C2-H2 126.2 C22-C21-H21 119.6 

C3-C2-H2 126.2 C23-C22-C21 120.3(2) 

C4-C3-C2 107.52(16) C23-C22-H22 119.8 

C4-C3-H3 126.2 C21-C22-H22 119.8 

C2-C3-H3 126.2 C22-C23-C24 119.49(19) 

N1-C4-C3 106.71(17) C22-C23-H23 120.3 

N1-C4-C5 120.03(16) C24-C23-H23 120.3 

C3-C4-C5 133.23(16) C23-C24-C25 120.5(2) 

C4-C5-C6 115.01(14) C23-C24-H24 119.8 

C4-C5-C26 107.09(14) C25-C24-H24 119.8 

C6-C5-C26 107.16(14) C26-C25-C24 120.4(2) 
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C4-C5-C20 107.97(15) C26-C25-H25 119.8 

C6-C5-C20 107.56(14) C24-C25-H25 119.8 

C26-C5-C20 112.16(14) C25-C26-C21 118.47(17) 

N2-C6-C7 111.41(15) C25-C26-C5 122.83(17) 

N2-C6-C5 127.53(16) C21-C26-C5 118.62(16) 

C7-C6-C5 121.05(15) F5-C27-C28 117.79(16) 

C8-C7-C6 106.73(16) F5-C27-C32 119.71(17) 

C8-C7-H7 126.6 C28-C27-C32 122.48(18) 

C6-C7-H7 126.6 F4-C28-C29 119.97(18) 

C7-C8-C9 106.90(16) F4-C28-C27 120.11(19) 

C7-C8-H8 126.6 C29-C28-C27 119.91(17) 

C9-C8-H8 126.6 F3-C29-C28 120.55(19) 

C10-C9-N2 125.05(16) F3-C29-C30 120.3(2) 

C10-C9-C8 126.28(16) C28-C29-C30 119.14(18) 

N2-C9-C8 108.67(15) F2-C30-C31 119.78(18) 

C9-C10-C11 128.70(16) F2-C30-C29 120.13(18) 

C9-C10-C32 116.57(15) C31-C30-C29 120.08(18) 

C11-C10-C32 114.73(14) F1-C31-C30 118.06(17) 

N3-C11-C12 106.31(15) F1-C31-C32 119.64(16) 

N3-C11-C10 124.80(15) C30-C31-C32 122.30(17) 

C12-C11-C10 128.89(16) C27-C32-C31 116.09(16) 

C13-C12-C11 108.02(16) C27-C32-C10 121.97(16) 

C13-C12-H12 126 C31-C32-C10 121.92(15) 

C11-C12-H12 126 F10-C33-C38 120.06(16) 

C12-C13-C14 107.70(15) F10-C33-C34 117.93(17) 

C12-C13-H13 126.2 C38-C33-C34 122.01(18) 

C14-C13-H13 126.2 F9-C34-C35 120.01(19) 

N3-C14-C13 107.00(15) F9-C34-C33 120.0(2) 

N3-C14-C15 122.37(15) C35-C34-C33 119.94(19) 

C13-C14-C15 130.60(16) F8-C35-C34 120.2(2) 

C16-C15-C14 122.63(16) F8-C35-C36 120.4(2) 

C16-C15-C38 117.76(16) C34-C35-C36 119.42(18) 

C14-C15-C38 119.62(15) F7-C36-C37 120.47(19) 

N4-C16-C15 120.84(17) F7-C36-C35 120.03(18) 

N4-C16-C17 109.01(16) C37-C36-C35 119.50(18) 

C15-C16-C17 130.13(17) F6-C37-C36 117.92(17) 

C18-C17-C16 106.64(17) F6-C37-C38 119.62(16) 

C18-C17-H17 126.7 C36-C37-C38 122.46(18) 

C16-C17-H17 126.7 C33-C38-C37 116.58(16) 

C17-C18-C19 106.25(17) C33-C38-C15 120.79(16) 

C17-C18-H18 126.9 C37-C38-C15 122.41(16) 
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Figure A.8 Fully labeled solid state structure of 5-DPIC. All non N-H hydrogens have 

been omitted for clarity. 

 

Table A. 8 Bond Lengths (Å) and Bond angles (°) determined for 5-DPIC 

 

Bond  Length Bond  Length 

F(1)-C(32) 1.337(4) C(14)-C(15) 1.443(4) 

F(2)-C(33) 1.335(4) C(15)-C(16) 1.374(4) 

F(3)-C(34) 1.333(4) C(15)-C(43) 1.490(4) 

F(4)-C(35) 1.337(4) C(16)-C(17) 1.465(4) 

F(5)-C(36) 1.343(4) C(17)-C(18) 1.354(5) 

F(6)-C(38) 1.341(4) C(17)-H(17) 0.95 

F(7)-C(39) 1.338(4) C(18)-C(19) 1.460(4) 

F(8)-C(40) 1.341(4) C(18)-H(18) 0.95 

F(9)-C(41) 1.338(4) C(20)-C(21) 1.385(5) 

F(10)-C(42) 1.346(4) C(20)-C(25) 1.385(5) 

N(1)-C(4) 1.342(4) C(20)-H(20) 0.95 

N(1)-C(1) 1.372(4) C(21)-C(22) 1.373(6) 

N(1)-H(1N3) 0.95(4) C(21)-H(21) 0.95 

N(2)-C(6) 1.323(4) C(22)-C(23) 1.363(6) 

N(2)-C(9) 1.415(4) C(22)-H(22) 0.95 

N(3)-C(11) 1.365(4) C(23)-C(24) 1.395(5) 

N(3)-C(14) 1.370(4) C(23)-H(23) 0.95 

N(3)-H(1N1) 0.81(4) C(24)-C(25) 1.387(5) 

N(4)-C(19) 1.328(4) C(24)-H(24) 0.95 

N(4)-C(16) 1.377(4) C(26)-C(27) 1.376(5) 

C(1)-C(2) 1.389(4) C(26)-C(31) 1.398(4) 

C(1)-C(19) 1.428(4) C(26)-H(26) 0.95 
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C(2)-C(3) 1.401(4) C(27)-C(28) 1.380(5) 

C(2)-H(2) 0.95 C(27)-H(27) 0.95 

C(3)-C(4) 1.397(4) C(28)-C(29) 1.379(5) 

C(3)-H(3) 0.95 C(28)-H(28) 0.95 

C(4)-C(5) 1.504(4) C(29)-C(30) 1.376(5) 

C(5)-C(6) 1.535(4) C(29)-H(29) 0.95 

C(5)-C(25) 1.537(4) C(30)-C(31) 1.394(4) 

C(5)-C(31) 1.556(4) C(30)-H(30) 0.95 

C(6)-C(7) 1.455(4) C(32)-C(33) 1.372(4) 

C(7)-C(8) 1.344(4) C(32)-C(37) 1.383(4) 

C(7)-H(7) 0.95 C(33)-C(34) 1.369(5) 

C(8)-C(9) 1.444(4) C(34)-C(35) 1.376(5) 

C(8)-H(8) 0.95 C(35)-C(36) 1.378(5) 

C(9)-C(10) 1.382(4) C(36)-C(37) 1.388(5) 

C(10)-C(11) 1.433(4) C(38)-C(39) 1.376(4) 

C(10)-C(37) 1.501(4) C(38)-C(43) 1.387(4) 

C(11)-C(12) 1.411(4) C(39)-C(40) 1.366(5) 

C(12)-C(13) 1.384(5) C(40)-C(41) 1.370(5) 

C(12)-H(12) 0.95 C(41)-C(42) 1.368(5) 

C(13)-C(14) 1.405(4) C(42)-C(43) 1.386(4) 

C(13)-H(13) 0.95   

 

Bond Angle Bond Angle 

C(4)-N(1)-C(1) 111.8(2) C(25)-C(20)-H(20) 119.6 

C(4)-N(1)-H(1N3) 119(3) C(22)-C(21)-C(20) 120.3(4) 

C(1)-N(1)-H(1N3) 129(3) C(22)-C(21)-H(21) 119.8 

C(6)-N(2)-C(9) 106.1(2) C(20)-C(21)-H(21) 119.8 

C(11)-N(3)-C(14) 110.9(3) C(23)-C(22)-C(21) 119.8(3) 

C(11)-N(3)-H(1N1) 129(3) C(23)-C(22)-H(22) 120.1 

C(14)-N(3)-H(1N1) 120(3) C(21)-C(22)-H(22) 120.1 

C(19)-N(4)-C(16) 107.6(3) C(22)-C(23)-C(24) 120.4(4) 

N(1)-C(1)-C(2) 106.3(3) C(22)-C(23)-H(23) 119.8 

N(1)-C(1)-C(19) 113.8(3) C(24)-C(23)-H(23) 119.8 

C(2)-C(1)-C(19) 139.7(3) C(25)-C(24)-C(23) 120.4(4) 

C(1)-C(2)-C(3) 107.5(3) C(25)-C(24)-H(24) 119.8 

C(1)-C(2)-H(2) 126.2 C(23)-C(24)-H(24) 119.8 

C(3)-C(2)-H(2) 126.2 C(20)-C(25)-C(24) 118.4(3) 

C(4)-C(3)-C(2) 107.8(3) C(20)-C(25)-C(5) 120.1(3) 

C(4)-C(3)-H(3) 126.1 C(24)-C(25)-C(5) 121.3(3) 

C(2)-C(3)-H(3) 126.1 C(27)-C(26)-C(31) 120.3(3) 

N(1)-C(4)-C(3) 106.6(3) C(27)-C(26)-H(26) 119.8 

N(1)-C(4)-C(5) 119.7(2) C(31)-C(26)-H(26) 119.8 

C(3)-C(4)-C(5) 133.8(3) C(26)-C(27)-C(28) 120.7(3) 
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C(4)-C(5)-C(6) 114.2(2) C(26)-C(27)-H(27) 119.6 

C(4)-C(5)-C(25) 106.1(2) C(28)-C(27)-H(27) 119.6 

C(6)-C(5)-C(25) 111.1(2) C(29)-C(28)-C(27) 119.4(3) 

C(4)-C(5)-C(31) 110.4(2) C(29)-C(28)-H(28) 120.3 

C(6)-C(5)-C(31) 103.0(2) C(27)-C(28)-H(28) 120.3 

C(25)-C(5)-C(31) 112.2(2) C(30)-C(29)-C(28) 120.6(3) 

N(2)-C(6)-C(7) 111.2(2) C(30)-C(29)-H(29) 119.7 

N(2)-C(6)-C(5) 126.0(3) C(28)-C(29)-H(29) 119.7 

C(7)-C(6)-C(5) 122.5(2) C(29)-C(30)-C(31) 120.6(3) 

C(8)-C(7)-C(6) 106.9(3) C(29)-C(30)-H(30) 119.7 

C(8)-C(7)-H(7) 126.5 C(31)-C(30)-H(30) 119.7 

C(6)-C(7)-H(7) 126.5 C(30)-C(31)-C(26) 118.4(3) 

C(7)-C(8)-C(9) 106.9(3) C(30)-C(31)-C(5) 120.4(3) 

C(7)-C(8)-H(8) 126.5 C(26)-C(31)-C(5) 121.1(3) 

C(9)-C(8)-H(8) 126.5 F(1)-C(32)-C(33) 117.6(3) 

C(10)-C(9)-N(2) 125.1(3) F(1)-C(32)-C(37) 119.3(3) 

C(10)-C(9)-C(8) 126.0(3) C(33)-C(32)-C(37) 123.0(3) 

N(2)-C(9)-C(8) 108.9(2) F(2)-C(33)-C(34) 120.0(3) 

C(9)-C(10)-C(11) 128.9(3) F(2)-C(33)-C(32) 120.8(3) 

C(9)-C(10)-C(37) 116.3(3) C(34)-C(33)-C(32) 119.2(3) 

C(11)-C(10)-C(37) 114.8(2) F(3)-C(34)-C(33) 120.3(3) 

N(3)-C(11)-C(12) 106.6(3) F(3)-C(34)-C(35) 119.7(3) 

N(3)-C(11)-C(10) 124.7(3) C(33)-C(34)-C(35) 120.0(3) 

C(12)-C(11)-C(10) 128.8(3) F(4)-C(35)-C(34) 120.2(3) 

C(13)-C(12)-C(11) 107.9(3) F(4)-C(35)-C(36) 120.0(3) 

C(13)-C(12)-H(12) 126.1 C(34)-C(35)-C(36) 119.8(3) 

C(11)-C(12)-H(12) 126.1 F(5)-C(36)-C(35) 118.4(3) 

C(12)-C(13)-C(14) 108.1(3) F(5)-C(36)-C(37) 119.8(3) 

C(12)-C(13)-H(13) 126 C(35)-C(36)-C(37) 121.9(3) 

C(14)-C(13)-H(13) 126 C(32)-C(37)-C(36) 116.1(3) 

N(3)-C(14)-C(13) 106.6(3) C(32)-C(37)-C(10) 121.7(3) 

N(3)-C(14)-C(15) 122.8(3) C(36)-C(37)-C(10) 122.1(3) 

C(13)-C(14)-C(15) 130.6(3) F(6)-C(38)-C(39) 117.6(3) 

C(16)-C(15)-C(14) 122.5(3) F(6)-C(38)-C(43) 120.3(3) 

C(16)-C(15)-C(43) 119.3(3) C(39)-C(38)-C(43) 122.1(3) 

C(14)-C(15)-C(43) 118.2(3) F(7)-C(39)-C(40) 119.9(3) 

C(15)-C(16)-N(4) 120.1(3) F(7)-C(39)-C(38) 120.0(3) 

C(15)-C(16)-C(17) 131.0(3) C(40)-C(39)-C(38) 120.1(3) 

N(4)-C(16)-C(17) 108.8(3) F(8)-C(40)-C(39) 120.4(3) 

C(18)-C(17)-C(16) 106.5(3) F(8)-C(40)-C(41) 119.9(3) 

C(18)-C(17)-H(17) 126.7 C(39)-C(40)-C(41) 119.6(3) 

C(16)-C(17)-H(17) 126.7 F(9)-C(41)-C(42) 120.8(3) 

C(17)-C(18)-C(19) 106.4(3) F(9)-C(41)-C(40) 119.8(3) 



 163 

C(17)-C(18)-H(18) 126.8 C(42)-C(41)-C(40) 119.4(3) 

C(19)-C(18)-H(18) 126.8 F(10)-C(42)-C(41) 117.1(3) 

N(4)-C(19)-C(1) 116.4(3) F(10)-C(42)-C(43) 119.7(3) 

N(4)-C(19)-C(18) 110.6(3) C(41)-C(42)-C(43) 123.1(3) 

C(1)-C(19)-C(18) 132.9(3) C(42)-C(43)-C(38) 115.5(3) 

C(21)-C(20)-C(25) 120.7(3) C(42)-C(43)-C(15) 121.1(3) 

C(21)-C(20)-H(20) 119.6 C(38)-C(43)-C(15) 123.3(3) 
 

 
 

Figure A. 9Fully labeled solid state structure of Co(5-DMIC). All non N-H hydrogens 

have been omitted for clarity. 

 

Table A. 9 Bond Lengths (Å) and Bond angles (°) determined for Co(5-DMIC) 

 

Bond  Length Bond  Length 

Co(1)-N(4) 1.839(4) C(8)-H(4) 0.90(4) 

Co(1)-N(1) 1.863(3) C(9)-C(10) 1.385(5) 

Co(1)-N(3) 1.877(3) C(10)-C(11) 1.405(5) 

Co(1)-N(2) 1.880(3) C(10)-C(22) 1.495(5) 

F(1)-C(23) 1.338(5) C(11)-C(12) 1.432(5) 

F(2)-C(24) 1.343(5) C(12)-C(13) 1.349(6) 

F(3)-C(25) 1.337(5) C(12)-H(5) 0.89(6) 

F(4)-C(26) 1.343(5) C(13)-C(14) 1.423(5) 

F(5)-C(27) 1.338(4) C(13)-H(6) 0.87(4) 

F(6)-C(29) 1.346(5) C(14)-C(15) 1.426(5) 

F(7)-C(30) 1.339(5) C(15)-C(16) 1.374(5) 

F(8)-C(31) 1.349(5) C(15)-C(28) 1.497(5) 
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F(9)-C(32) 1.337(5) C(16)-C(17) 1.456(6) 

F(10)-C(33) 1.347(5) C(17)-C(18) 1.352(6) 

N(1)-C(4) 1.325(5) C(17)-H(7) 1.00(5) 

N(1)-C(1) 1.397(5) C(18)-C(19) 1.446(6) 

N(2)-C(6) 1.345(5) C(18)-H(8) 0.92(5) 

N(2)-C(9) 1.416(5) C(20)-H(9) 0.91(4) 

N(3)-C(14) 1.378(5) C(20)-H(10) 1.03(5) 

N(3)-C(11) 1.385(5) C(20)-H(11) 0.96(5) 

N(4)-C(16) 1.373(5) C(21)-H(12) 0.97(6) 

N(4)-C(19) 1.378(5) C(21)-H(13) 1.03(6) 

C(1)-C(19) 1.394(6) C(21)-H(14) 0.98(5) 

C(1)-C(2) 1.417(6) C(22)-C(27) 1.390(6) 

C(2)-C(3) 1.364(7) C(22)-C(23) 1.391(5) 

C(2)-H(1) 0.95(5) C(23)-C(24) 1.373(6) 

C(3)-C(4) 1.444(6) C(24)-C(25) 1.377(6) 

C(3)-H(2) 0.92(6) C(25)-C(26) 1.380(6) 

C(4)-C(5) 1.486(6) C(26)-C(27) 1.379(6) 

C(5)-C(6) 1.531(5) C(28)-C(29) 1.378(6) 

C(5)-C(20) 1.544(6) C(28)-C(33) 1.381(6) 

C(5)-C(21) 1.561(5) C(29)-C(30) 1.374(7) 

C(6)-C(7) 1.418(6) C(30)-C(31) 1.368(7) 

C(7)-C(8) 1.377(6) C(31)-C(32) 1.376(7) 

C(7)-H(3) 0.91(5) C(32)-C(33) 1.369(6) 

C(8)-C(9) 1.435(5)   

 

Bond Angle Bond Angle 

N(4)-Co(1)-N(1) 81.97(15) C(16)-C(15)-C(14) 122.2(4) 

N(4)-Co(1)-N(3) 90.64(14) C(16)-C(15)-C(28) 118.9(4) 

N(1)-Co(1)-N(3) 172.56(15) C(14)-C(15)-C(28) 118.9(3) 

N(4)-Co(1)-N(2) 173.20(14) N(4)-C(16)-C(15) 120.5(4) 

N(1)-Co(1)-N(2) 91.33(15) N(4)-C(16)-C(17) 107.8(4) 

N(3)-Co(1)-N(2) 96.03(14) C(15)-C(16)-C(17) 131.7(4) 

C(4)-N(1)-C(1) 108.7(3) C(18)-C(17)-C(16) 108.3(4) 

C(4)-N(1)-Co(1) 134.8(3) C(18)-C(17)-H(7) 128(3) 

C(1)-N(1)-Co(1) 116.5(3) C(16)-C(17)-H(7) 124(3) 

C(6)-N(2)-C(9) 106.7(3) C(17)-C(18)-C(19) 106.7(4) 

C(6)-N(2)-Co(1) 128.4(3) C(17)-C(18)-H(8) 130(3) 

C(9)-N(2)-Co(1) 124.9(3) C(19)-C(18)-H(8) 123(3) 

C(14)-N(3)-C(11) 106.5(3) N(4)-C(19)-C(1) 112.2(4) 

C(14)-N(3)-Co(1) 127.2(3) N(4)-C(19)-C(18) 109.1(4) 

C(11)-N(3)-Co(1) 126.2(3) C(1)-C(19)-C(18) 138.6(4) 

C(16)-N(4)-C(19) 108.0(4) C(5)-C(20)-H(9) 108(3) 

C(16)-N(4)-Co(1) 134.0(3) C(5)-C(20)-H(10) 108(3) 
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C(19)-N(4)-Co(1) 117.7(3) H(9)-C(20)-H(10) 111(4) 

C(19)-C(1)-N(1) 111.5(3) C(5)-C(20)-H(11) 112(3) 

C(19)-C(1)-C(2) 140.0(4) H(9)-C(20)-H(11) 106(4) 

N(1)-C(1)-C(2) 108.4(4) H(10)-C(20)-H(11) 112(4) 

C(3)-C(2)-C(1) 106.5(4) C(5)-C(21)-H(12) 109(3) 

C(3)-C(2)-H(1) 131(3) C(5)-C(21)-H(13) 107(3) 

C(1)-C(2)-H(1) 122(3) H(12)-C(21)-H(13) 110(4) 

C(2)-C(3)-C(4) 108.0(4) C(5)-C(21)-H(14) 108(3) 

C(2)-C(3)-H(2) 126(4) H(12)-C(21)-H(14) 111(4) 

C(4)-C(3)-H(2) 126(4) H(13)-C(21)-H(14) 112(4) 

N(1)-C(4)-C(3) 108.3(4) C(27)-C(22)-C(23) 116.0(4) 

N(1)-C(4)-C(5) 122.7(4) C(27)-C(22)-C(10) 122.9(4) 

C(3)-C(4)-C(5) 128.9(4) C(23)-C(22)-C(10) 121.1(4) 

C(4)-C(5)-C(6) 115.5(3) F(1)-C(23)-C(24) 118.7(4) 

C(4)-C(5)-C(20) 107.4(4) F(1)-C(23)-C(22) 118.8(4) 

C(6)-C(5)-C(20) 108.7(3) C(24)-C(23)-C(22) 122.4(4) 

C(4)-C(5)-C(21) 108.4(3) F(2)-C(24)-C(23) 120.7(4) 

C(6)-C(5)-C(21) 107.4(3) F(2)-C(24)-C(25) 119.1(4) 

C(20)-C(5)-C(21) 109.2(4) C(23)-C(24)-C(25) 120.2(4) 

N(2)-C(6)-C(7) 110.7(3) F(3)-C(25)-C(24) 119.8(4) 

N(2)-C(6)-C(5) 127.0(4) F(3)-C(25)-C(26) 121.0(4) 

C(7)-C(6)-C(5) 122.3(3) C(24)-C(25)-C(26) 119.1(4) 

C(8)-C(7)-C(6) 107.7(4) F(4)-C(26)-C(27) 119.9(4) 

C(8)-C(7)-H(3) 123(3) F(4)-C(26)-C(25) 120.1(4) 

C(6)-C(7)-H(3) 128(3) C(27)-C(26)-C(25) 120.0(4) 

C(7)-C(8)-C(9) 106.5(4) F(5)-C(27)-C(26) 117.8(4) 

C(7)-C(8)-H(4) 127(3) F(5)-C(27)-C(22) 120.0(4) 

C(9)-C(8)-H(4) 126(3) C(26)-C(27)-C(22) 122.3(4) 

C(10)-C(9)-N(2) 123.9(4) C(29)-C(28)-C(33) 116.4(4) 

C(10)-C(9)-C(8) 127.6(4) C(29)-C(28)-C(15) 121.7(4) 

N(2)-C(9)-C(8) 108.4(3) C(33)-C(28)-C(15) 121.9(4) 

C(9)-C(10)-C(11) 125.4(4) F(6)-C(29)-C(30) 118.3(4) 

C(9)-C(10)-C(22) 117.5(4) F(6)-C(29)-C(28) 119.0(4) 

C(11)-C(10)-C(22) 117.1(3) C(30)-C(29)-C(28) 122.7(5) 

N(3)-C(11)-C(10) 123.4(3) F(7)-C(30)-C(31) 120.6(5) 

N(3)-C(11)-C(12) 109.0(3) F(7)-C(30)-C(29) 120.6(5) 

C(10)-C(11)-C(12) 127.5(4) C(31)-C(30)-C(29) 118.7(4) 

C(13)-C(12)-C(11) 107.1(4) F(8)-C(31)-C(30) 120.1(5) 

C(13)-C(12)-H(5) 133(4) F(8)-C(31)-C(32) 119.2(5) 

C(11)-C(12)-H(5) 119(4) C(30)-C(31)-C(32) 120.7(4) 

C(12)-C(13)-C(14) 108.1(4) F(9)-C(32)-C(33) 121.0(4) 

C(12)-C(13)-H(6) 127(3) F(9)-C(32)-C(31) 120.0(4) 

C(14)-C(13)-H(6) 125(3) C(33)-C(32)-C(31) 119.0(4) 
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N(3)-C(14)-C(13) 109.1(4) F(10)-C(33)-C(32) 118.0(4) 

N(3)-C(14)-C(15) 125.3(3) F(10)-C(33)-C(28) 119.6(4) 

C(13)-C(14)-C(15) 125.6(4) C(32)-C(33)-C(28) 122.4(4) 
 

 
 

Figure A. 10 Fully labeled solid state structure of Co(5-MPIC).  All non N-H 

hydrogens have been omitted for clarity. 

 

Table A. 10 Bond Lengths (Å) and Bond angles (°) determined for Co(5-MPIC) 

 

Bond  Length Bond  Length 

Co(1)-N(4) 1.821(5) C(11)-C(12) 1.422(8) 

Co(1)-N(2) 1.867(5) C(12)-C(13) 1.371(8) 

Co(1)-N(1) 1.875(5) C(12)-H(12) 0.95 

Co(1)-N(3) 1.909(5) C(13)-C(14) 1.431(8) 

F(1)-C(28) 1.349(7) C(13)-H(13) 0.95 

F(2)-C(29) 1.333(8) C(14)-C(15) 1.424(7) 

F(3)-C(30) 1.343(7) C(15)-C(16) 1.381(9) 

F(4)-C(31) 1.346(7) C(15)-C(33) 1.499(8) 

F(5)-C(32) 1.346(8) C(16)-C(17) 1.467(8) 

F(6)-C(34) 1.352(8) C(17)-C(18) 1.353(10) 

F(7)-C(35) 1.321(8) C(17)-H(17) 0.95 

F(8)-C(36) 1.330(7) C(18)-C(19) 1.450(9) 

F(9)-C(37) 1.346(8) C(18)-H(18) 0.95 

F(10)-C(38) 1.323(7) C(20)-H(20A) 0.98 

N(1)-C(4) 1.319(7) C(20)-H(20B) 0.98 

N(1)-C(1) 1.388(7) C(20)-H(20C) 0.98 
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N(2)-C(6) 1.347(7) C(21)-C(22) 1.382(9) 

N(2)-C(9) 1.406(7) C(21)-C(26) 1.390(9) 

N(3)-C(14) 1.372(7) C(22)-C(23) 1.395(10) 

N(3)-C(11) 1.375(7) C(22)-H(22) 0.95 

N(4)-C(16) 1.358(7) C(23)-C(24) 1.390(11) 

N(4)-C(19) 1.363(8) C(23)-H(23) 0.95 

C(1)-C(19) 1.394(9) C(24)-C(25) 1.338(12) 

C(1)-C(2) 1.420(9) C(24)-H(24) 0.95 

C(2)-C(3) 1.376(9) C(25)-C(26) 1.409(10) 

C(2)-H(2) 0.95 C(25)-H(25) 0.95 

C(3)-C(4) 1.431(8) C(26)-H(26) 0.95 

C(3)-H(3) 0.95 C(27)-C(28) 1.378(8) 

C(4)-C(5) 1.499(8) C(27)-C(32) 1.390(8) 

C(5)-C(6) 1.526(8) C(28)-C(29) 1.371(9) 

C(5)-C(21) 1.542(8) C(29)-C(30) 1.390(10) 

C(5)-C(20) 1.549(9) C(30)-C(31) 1.343(11) 

C(6)-C(7) 1.432(8) C(31)-C(32) 1.374(9) 

C(7)-C(8) 1.354(9) C(33)-C(34) 1.370(8) 

C(7)-H(7) 0.95 C(33)-C(38) 1.384(9) 

C(8)-C(9) 1.419(8) C(34)-C(35) 1.372(9) 

C(8)-H(8) 0.95 C(35)-C(36) 1.394(11) 

C(9)-C(10) 1.398(8) C(36)-C(37) 1.361(10) 

C(10)-C(11) 1.398(7) C(37)-C(38) 1.376(9) 

C(10)-C(27) 1.494(8)   

 

Bond Angle Bond Angle 

N(4)-Co(1)-N(2) 173.3(2) C(18)-C(17)-C(16) 107.3(5) 

N(4)-Co(1)-N(1) 82.9(2) C(18)-C(17)-H(17) 126.4 

N(2)-Co(1)-N(1) 90.3(2) C(16)-C(17)-H(17) 126.4 

N(4)-Co(1)-N(3) 89.8(2) C(17)-C(18)-C(19) 106.7(5) 

N(2)-Co(1)-N(3) 96.9(2) C(17)-C(18)-H(18) 126.6 

N(1)-Co(1)-N(3) 172.8(2) C(19)-C(18)-H(18) 126.6 

C(4)-N(1)-C(1) 108.9(5) N(4)-C(19)-C(1) 113.4(5) 

C(4)-N(1)-Co(1) 136.1(4) N(4)-C(19)-C(18) 109.4(6) 

C(1)-N(1)-Co(1) 115.0(4) C(1)-C(19)-C(18) 137.2(6) 

C(6)-N(2)-C(9) 106.1(5) C(5)-C(20)-H(20A) 109.5 

C(6)-N(2)-Co(1) 129.0(4) C(5)-C(20)-H(20B) 109.5 

C(9)-N(2)-Co(1) 124.9(4) H(20A)-C(20)-H(20B) 109.5 

C(14)-N(3)-C(11) 107.6(5) C(5)-C(20)-H(20C) 109.5 

C(14)-N(3)-Co(1) 127.5(4) H(20A)-C(20)-H(20C) 109.5 

C(11)-N(3)-Co(1) 124.9(4) H(20B)-C(20)-H(20C) 109.5 

C(16)-N(4)-C(19) 108.3(5) C(22)-C(21)-C(26) 118.3(6) 

C(16)-N(4)-Co(1) 134.7(4) C(22)-C(21)-C(5) 118.9(5) 
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C(19)-N(4)-Co(1) 116.9(4) C(26)-C(21)-C(5) 122.6(6) 

N(1)-C(1)-C(19) 111.6(5) C(21)-C(22)-C(23) 121.7(7) 

N(1)-C(1)-C(2) 108.3(5) C(21)-C(22)-H(22) 119.1 

C(19)-C(1)-C(2) 140.1(6) C(23)-C(22)-H(22) 119.1 

C(3)-C(2)-C(1) 106.3(6) C(24)-C(23)-C(22) 118.7(7) 

C(3)-C(2)-H(2) 126.8 C(24)-C(23)-H(23) 120.6 

C(1)-C(2)-H(2) 126.8 C(22)-C(23)-H(23) 120.6 

C(2)-C(3)-C(4) 107.3(6) C(25)-C(24)-C(23) 120.4(7) 

C(2)-C(3)-H(3) 126.3 C(25)-C(24)-H(24) 119.8 

C(4)-C(3)-H(3) 126.3 C(23)-C(24)-H(24) 119.8 

N(1)-C(4)-C(3) 109.2(5) C(24)-C(25)-C(26) 121.3(8) 

N(1)-C(4)-C(5) 122.1(5) C(24)-C(25)-H(25) 119.3 

C(3)-C(4)-C(5) 128.7(5) C(26)-C(25)-H(25) 119.3 

C(4)-C(5)-C(6) 114.6(5) C(21)-C(26)-C(25) 119.4(7) 

C(4)-C(5)-C(21) 106.8(5) C(21)-C(26)-H(26) 120.3 

C(6)-C(5)-C(21) 108.3(5) C(25)-C(26)-H(26) 120.3 

C(4)-C(5)-C(20) 107.8(5) C(28)-C(27)-C(32) 115.8(5) 

C(6)-C(5)-C(20) 107.3(5) C(28)-C(27)-C(10) 121.8(5) 

C(21)-C(5)-C(20) 112.2(5) C(32)-C(27)-C(10) 122.4(5) 

N(2)-C(6)-C(7) 110.3(5) F(1)-C(28)-C(29) 117.0(6) 

N(2)-C(6)-C(5) 127.9(5) F(1)-C(28)-C(27) 119.9(5) 

C(7)-C(6)-C(5) 121.6(5) C(29)-C(28)-C(27) 123.1(6) 

C(8)-C(7)-C(6) 107.2(5) F(2)-C(29)-C(28) 120.6(6) 

C(8)-C(7)-H(7) 126.4 F(2)-C(29)-C(30) 120.8(6) 

C(6)-C(7)-H(7) 126.4 C(28)-C(29)-C(30) 118.6(6) 

C(7)-C(8)-C(9) 107.3(5) C(31)-C(30)-F(3) 121.4(7) 

C(7)-C(8)-H(8) 126.3 C(31)-C(30)-C(29) 120.1(6) 

C(9)-C(8)-H(8) 126.3 F(3)-C(30)-C(29) 118.5(7) 

C(10)-C(9)-N(2) 122.9(5) C(30)-C(31)-F(4) 120.7(6) 

C(10)-C(9)-C(8) 128.1(6) C(30)-C(31)-C(32) 120.3(6) 

N(2)-C(9)-C(8) 109.0(5) F(4)-C(31)-C(32) 119.0(7) 

C(9)-C(10)-C(11) 127.3(5) F(5)-C(32)-C(31) 118.8(6) 

C(9)-C(10)-C(27) 116.1(5) F(5)-C(32)-C(27) 119.2(6) 

C(11)-C(10)-C(27) 116.6(5) C(31)-C(32)-C(27) 122.1(6) 

N(3)-C(11)-C(10) 123.1(5) C(34)-C(33)-C(38) 117.7(6) 

N(3)-C(11)-C(12) 109.1(5) C(34)-C(33)-C(15) 119.5(6) 

C(10)-C(11)-C(12) 127.9(5) C(38)-C(33)-C(15) 122.4(6) 

C(13)-C(12)-C(11) 107.4(5) F(6)-C(34)-C(33) 120.9(6) 

C(13)-C(12)-H(12) 126.3 F(6)-C(34)-C(35) 116.4(6) 

C(11)-C(12)-H(12) 126.3 C(33)-C(34)-C(35) 122.7(7) 

C(12)-C(13)-C(14) 107.1(5) F(7)-C(35)-C(34) 121.7(7) 

C(12)-C(13)-H(13) 126.4 F(7)-C(35)-C(36) 119.9(6) 

C(14)-C(13)-H(13) 126.4 C(34)-C(35)-C(36) 118.4(7) 
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N(3)-C(14)-C(15) 124.8(5) F(8)-C(36)-C(37) 120.5(7) 

N(3)-C(14)-C(13) 108.8(5) F(8)-C(36)-C(35) 119.8(7) 

C(15)-C(14)-C(13) 126.3(5) C(37)-C(36)-C(35) 119.6(6) 

C(16)-C(15)-C(14) 121.4(5) F(9)-C(37)-C(36) 120.5(6) 

C(16)-C(15)-C(33) 118.3(5) F(9)-C(37)-C(38) 118.7(7) 

C(14)-C(15)-C(33) 120.2(5) C(36)-C(37)-C(38) 120.8(6) 

N(4)-C(16)-C(15) 121.6(5) F(10)-C(38)-C(37) 119.3(6) 

N(4)-C(16)-C(17) 108.4(5) F(10)-C(38)-C(33) 120.1(6) 

C(15)-C(16)-C(17) 130.0(5) C(37)-C(38)-C(33) 120.6(6) 

 
 

Figure A. 11 Fully labeled solid state structure of Co(5-DPIC). All non N-H 

hydrogens have been omitted for clarity. 

 

Table A. 11 Bond Lengths (Å) and Bond angles (°) determined for Co(5-DPIC) 

 

Bond  Length Bond  Length 

Co(1)-N(4) 1.858(3) C(13)-H(13) 0.95 

Co(1)-N(1) 1.869(3) C(14)-C(15) 1.442(5) 

Co(1)-N(2) 1.889(3) C(15)-C(16) 1.378(5) 

Co(1)-N(3) 1.893(3) C(15)-C(38) 1.492(5) 

F(1)-C(33) 1.351(4) C(16)-C(17) 1.467(4) 

F(2)-C(34) 1.346(4) C(17)-C(18) 1.362(5) 

F(3)-C(35) 1.345(4) C(17)-H(17) 0.95 

F(4)-C(36) 1.346(4) C(18)-C(19) 1.462(4) 

F(5)-C(37) 1.358(4) C(18)-H(18) 0.95 

F(6)-C(39) 1.347(5) C(20)-C(21) 1.389(5) 

F(7)-C(40) 1.348(6) C(20)-C(25) 1.400(6) 

F(8)-C(41) 1.354(5) C(21)-C(22) 1.396(6) 

F(9)-C(42) 1.352(5) C(21)-H(21) 0.95 
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F(10)-C(43) 1.350(5) C(22)-C(23) 1.357(8) 

N(1)-C(4) 1.340(4) C(22)-H(22) 0.95 

N(1)-C(1) 1.400(4) C(23)-C(24) 1.390(8) 

N(2)-C(6) 1.359(4) C(23)-H(23) 0.95 

N(2)-C(9) 1.412(4) C(24)-C(25) 1.407(7) 

N(3)-C(14) 1.381(4) C(24)-H(24) 0.95 

N(3)-C(11) 1.384(4) C(25)-H(25) 0.95 

N(4)-C(19) 1.361(4) C(26)-C(27) 1.399(5) 

N(4)-C(16) 1.372(4) C(26)-C(31) 1.400(5) 

C(1)-C(19) 1.403(5) C(27)-C(28) 1.389(6) 

C(1)-C(2) 1.423(5) C(27)-H(27) 0.95 

C(2)-C(3) 1.392(5) C(28)-C(29) 1.364(7) 

C(2)-H(2) 0.95 C(28)-H(28) 0.95 

C(3)-C(4) 1.427(5) C(29)-C(30) 1.399(7) 

C(3)-H(3) 0.95 C(29)-H(29) 0.95 

C(4)-C(5) 1.513(5) C(30)-C(31) 1.392(6) 

C(5)-C(6) 1.541(4) C(30)-H(30) 0.95 

C(5)-C(26) 1.548(5) C(31)-H(31) 0.95 

C(5)-C(20) 1.562(5) C(32)-C(37) 1.380(5) 

C(6)-C(7) 1.432(5) C(32)-C(33) 1.386(5) 

C(7)-C(8) 1.373(5) C(33)-C(34) 1.385(5) 

C(7)-H(7) 0.95 C(34)-C(35) 1.370(5) 

C(8)-C(9) 1.429(5) C(35)-C(36) 1.390(5) 

C(8)-H(8) 0.95 C(36)-C(37) 1.383(5) 

C(9)-C(10) 1.392(5) C(38)-C(39) 1.388(5) 

C(10)-C(11) 1.416(5) C(38)-C(43) 1.395(5) 

C(10)-C(32) 1.500(4) C(39)-C(40) 1.395(5) 

C(11)-C(12) 1.435(5) C(40)-C(41) 1.381(7) 

C(12)-C(13) 1.365(5) C(41)-C(42) 1.369(7) 

C(12)-H(12) 0.95 C(42)-C(43) 1.382(6) 

C(13)-C(14) 1.425(4)   

 
Bond Angle Bond Angle 

N(4)-Co(1)-N(1) 82.47(12) N(4)-C(19)-C(1) 113.5(3) 

N(4)-Co(1)-N(2) 173.05(11) N(4)-C(19)-C(18) 108.7(3) 

N(1)-Co(1)-N(2) 90.59(12) C(1)-C(19)-C(18) 137.8(3) 

N(4)-Co(1)-N(3) 89.96(12) C(21)-C(20)-C(25) 118.6(4) 

N(1)-Co(1)-N(3) 172.26(12) C(21)-C(20)-C(5) 120.4(3) 

N(2)-Co(1)-N(3) 96.97(12) C(25)-C(20)-C(5) 121.1(4) 

C(4)-N(1)-C(1) 108.6(3) C(20)-C(21)-C(22) 121.1(5) 

C(4)-N(1)-Co(1) 135.6(2) C(20)-C(21)-H(21) 119.4 

C(1)-N(1)-Co(1) 115.7(2) C(22)-C(21)-H(21) 119.4 

C(6)-N(2)-C(9) 106.6(3) C(23)-C(22)-C(21) 120.4(5) 
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C(6)-N(2)-Co(1) 129.2(2) C(23)-C(22)-H(22) 119.8 

C(9)-N(2)-Co(1) 124.2(2) C(21)-C(22)-H(22) 119.8 

C(14)-N(3)-C(11) 106.3(3) C(22)-C(23)-C(24) 119.9(5) 

C(14)-N(3)-Co(1) 128.4(2) C(22)-C(23)-H(23) 120.1 

C(11)-N(3)-Co(1) 125.4(2) C(24)-C(23)-H(23) 120.1 

C(19)-N(4)-C(16) 109.6(3) C(23)-C(24)-C(25) 120.5(5) 

C(19)-N(4)-Co(1) 116.6(2) C(23)-C(24)-H(24) 119.7 

C(16)-N(4)-Co(1) 133.8(2) C(25)-C(24)-H(24) 119.7 

N(1)-C(1)-C(19) 111.4(3) C(20)-C(25)-C(24) 119.5(5) 

N(1)-C(1)-C(2) 108.2(3) C(20)-C(25)-H(25) 120.2 

C(19)-C(1)-C(2) 140.4(3) C(24)-C(25)-H(25) 120.2 

C(3)-C(2)-C(1) 106.5(3) C(27)-C(26)-C(31) 118.2(3) 

C(3)-C(2)-H(2) 126.8 C(27)-C(26)-C(5) 121.1(3) 

C(1)-C(2)-H(2) 126.8 C(31)-C(26)-C(5) 120.4(3) 

C(2)-C(3)-C(4) 107.5(3) C(28)-C(27)-C(26) 120.8(4) 

C(2)-C(3)-H(3) 126.2 C(28)-C(27)-H(27) 119.6 

C(4)-C(3)-H(3) 126.2 C(26)-C(27)-H(27) 119.6 

N(1)-C(4)-C(3) 109.2(3) C(29)-C(28)-C(27) 121.2(5) 

N(1)-C(4)-C(5) 121.8(3) C(29)-C(28)-H(28) 119.4 

C(3)-C(4)-C(5) 128.8(3) C(27)-C(28)-H(28) 119.4 

C(4)-C(5)-C(6) 114.3(3) C(28)-C(29)-C(30) 118.7(4) 

C(4)-C(5)-C(26) 106.1(3) C(28)-C(29)-H(29) 120.6 

C(6)-C(5)-C(26) 109.9(3) C(30)-C(29)-H(29) 120.6 

C(4)-C(5)-C(20) 109.2(3) C(31)-C(30)-C(29) 121.0(4) 

C(6)-C(5)-C(20) 105.2(3) C(31)-C(30)-H(30) 119.5 

C(26)-C(5)-C(20) 112.2(3) C(29)-C(30)-H(30) 119.5 

N(2)-C(6)-C(7) 109.9(3) C(30)-C(31)-C(26) 120.0(4) 

N(2)-C(6)-C(5) 126.6(3) C(30)-C(31)-H(31) 120 

C(7)-C(6)-C(5) 123.5(3) C(26)-C(31)-H(31) 120 

C(8)-C(7)-C(6) 107.7(3) C(37)-C(32)-C(33) 116.2(3) 

C(8)-C(7)-H(7) 126.1 C(37)-C(32)-C(10) 121.7(3) 

C(6)-C(7)-H(7) 126.1 C(33)-C(32)-C(10) 122.1(3) 

C(7)-C(8)-C(9) 106.8(3) F(1)-C(33)-C(34) 117.6(3) 

C(7)-C(8)-H(8) 126.6 F(1)-C(33)-C(32) 119.9(3) 

C(9)-C(8)-H(8) 126.6 C(34)-C(33)-C(32) 122.5(3) 

C(10)-C(9)-N(2) 123.8(3) F(2)-C(34)-C(35) 119.7(3) 

C(10)-C(9)-C(8) 127.2(3) F(2)-C(34)-C(33) 120.8(3) 

N(2)-C(9)-C(8) 109.0(3) C(35)-C(34)-C(33) 119.5(3) 

C(9)-C(10)-C(11) 126.5(3) F(3)-C(35)-C(34) 120.4(3) 

C(9)-C(10)-C(32) 117.3(3) F(3)-C(35)-C(36) 119.6(3) 

C(11)-C(10)-C(32) 116.2(3) C(34)-C(35)-C(36) 120.0(3) 

N(3)-C(11)-C(10) 123.0(3) F(4)-C(36)-C(37) 121.6(3) 

N(3)-C(11)-C(12) 109.6(3) F(4)-C(36)-C(35) 119.7(3) 



 172 

C(10)-C(11)-C(12) 127.4(3) C(37)-C(36)-C(35) 118.7(3) 

C(13)-C(12)-C(11) 106.9(3) F(5)-C(37)-C(32) 119.8(3) 

C(13)-C(12)-H(12) 126.6 F(5)-C(37)-C(36) 117.1(3) 

C(11)-C(12)-H(12) 126.6 C(32)-C(37)-C(36) 123.1(3) 

C(12)-C(13)-C(14) 107.6(3) C(39)-C(38)-C(43) 116.5(3) 

C(12)-C(13)-H(13) 126.2 C(39)-C(38)-C(15) 120.9(3) 

C(14)-C(13)-H(13) 126.2 C(43)-C(38)-C(15) 122.6(3) 

N(3)-C(14)-C(13) 109.7(3) F(6)-C(39)-C(38) 120.5(3) 

N(3)-C(14)-C(15) 124.2(3) F(6)-C(39)-C(40) 117.0(4) 

C(13)-C(14)-C(15) 126.1(3) C(38)-C(39)-C(40) 122.5(4) 

C(16)-C(15)-C(14) 122.1(3) F(7)-C(40)-C(41) 121.9(4) 

C(16)-C(15)-C(38) 118.5(3) F(7)-C(40)-C(39) 119.8(5) 

C(14)-C(15)-C(38) 119.3(3) C(41)-C(40)-C(39) 118.3(4) 

N(4)-C(16)-C(15) 121.3(3) F(8)-C(41)-C(42) 119.8(5) 

N(4)-C(16)-C(17) 107.2(3) F(8)-C(41)-C(40) 119.1(5) 

C(15)-C(16)-C(17) 131.4(3) C(42)-C(41)-C(40) 121.1(4) 

C(18)-C(17)-C(16) 108.0(3) F(9)-C(42)-C(41) 120.5(4) 

C(18)-C(17)-H(17) 126 F(9)-C(42)-C(43) 120.1(5) 

C(16)-C(17)-H(17) 126 C(41)-C(42)-C(43) 119.4(4) 

C(17)-C(18)-C(19) 106.6(3) F(10)-C(43)-C(42) 118.1(4) 

C(17)-C(18)-H(18) 126.7 F(10)-C(43)-C(38) 119.7(3) 

C(19)-C(18)-H(18) 126.7 C(42)-C(43)-C(38) 122.1(4) 

 
 

 
 

Figure A. 12 Fully labeled solid state structure of Pd(5-DMIC). All non N-H 

hydrogens have been omitted for clarity. 

 

Table A. 12 Bond Lengths (Å) and Bond angles (°) determined for Pd(5-DMIC) 
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Bond  Length Bond  Length 

Pd(1)-N(4) 1.920(3) C(8)-H(8) 0.95 

Pd(1)-N(1) 1.936(4) C(9)-C(10) 1.414(6) 

Pd(1)-N(2) 1.947(4) C(10)-C(11) 1.414(6) 

Pd(1)-N(3) 1.967(3) C(10)-C(22) 1.493(6) 

F(1)-C(23) 1.343(5) C(11)-C(12) 1.434(5) 

F(2)-C(24) 1.345(6) C(12)-C(13) 1.352(6) 

F(3)-C(25) 1.344(5) C(12)-H(12) 0.95 

F(4)-C(26) 1.334(6) C(13)-C(14) 1.437(6) 

F(5)-C(27) 1.345(5) C(13)-H(13) 0.95 

F(6)-C(29) 1.343(6) C(14)-C(15) 1.441(6) 

F(7)-C(30) 1.349(6) C(15)-C(16) 1.387(6) 

F(8)-C(31) 1.349(6) C(15)-C(28) 1.496(6) 

F(9)-C(32) 1.337(6) C(16)-C(17) 1.461(6) 

F(10)-C(33) 1.339(5) C(17)-C(18) 1.351(7) 

N(1)-C(4) 1.320(6) C(17)-H(17) 0.95 

N(1)-C(1) 1.409(6) C(18)-C(19) 1.452(6) 

N(2)-C(6) 1.350(5) C(18)-H(18) 0.95 

N(2)-C(9) 1.384(5) C(20)-H(20A) 0.98 

N(3)-C(14) 1.363(5) C(20)-H(20B) 0.98 

N(3)-C(11) 1.363(5) C(20)-H(20C) 0.98 

N(4)-C(16) 1.359(5) C(21)-H(21A) 0.98 

N(4)-C(19) 1.363(5) C(21)-H(21B) 0.98 

C(1)-C(2) 1.407(6) C(21)-H(21C) 0.98 

C(1)-C(19) 1.414(6) C(22)-C(27) 1.386(6) 

C(2)-C(3) 1.368(7) C(22)-C(23) 1.394(6) 

C(2)-H(2) 0.95 C(23)-C(24) 1.377(6) 

C(3)-C(4) 1.428(6) C(24)-C(25) 1.363(8) 

C(3)-H(3) 0.95 C(25)-C(26) 1.385(7) 

C(4)-C(5) 1.511(6) C(26)-C(27) 1.381(6) 

C(5)-C(6) 1.525(6) C(28)-C(33) 1.385(6) 

C(5)-C(20) 1.540(6) C(28)-C(29) 1.383(7) 

C(5)-C(21) 1.555(6) C(29)-C(30) 1.381(7) 

C(6)-C(7) 1.434(6) C(30)-C(31) 1.370(8) 

C(7)-C(8) 1.373(6) C(31)-C(32) 1.368(8) 

C(7)-H(7) 0.95 C(32)-C(33) 1.375(6) 

C(8)-C(9) 1.433(6)   

 

Bond Angle Bond Angle 

N(4)-Pd(1)-N(1) 80.69(15) C(16)-C(15)-C(14) 125.3(4) 

N(4)-Pd(1)-N(2) 172.71(14) C(16)-C(15)-C(28) 117.1(4) 

N(1)-Pd(1)-N(2) 92.27(15) C(14)-C(15)-C(28) 117.6(4) 

N(4)-Pd(1)-N(3) 91.57(14) N(4)-C(16)-C(15) 121.4(4) 
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N(1)-Pd(1)-N(3) 171.72(14) N(4)-C(16)-C(17) 106.1(4) 

N(2)-Pd(1)-N(3) 95.35(14) C(15)-C(16)-C(17) 132.3(4) 

C(4)-N(1)-C(1) 110.3(4) C(18)-C(17)-C(16) 108.4(4) 

C(4)-N(1)-Pd(1) 132.9(3) C(18)-C(17)-H(17) 125.8 

C(1)-N(1)-Pd(1) 116.1(3) C(16)-C(17)-H(17) 125.8 

C(6)-N(2)-C(9) 109.5(4) C(17)-C(18)-C(19) 107.3(4) 

C(6)-N(2)-Pd(1) 125.8(3) C(17)-C(18)-H(18) 126.4 

C(9)-N(2)-Pd(1) 124.6(3) C(19)-C(18)-H(18) 126.4 

C(14)-N(3)-C(11) 109.2(3) N(4)-C(19)-C(1) 114.7(4) 

C(14)-N(3)-Pd(1) 125.7(3) N(4)-C(19)-C(18) 107.1(4) 

C(11)-N(3)-Pd(1) 125.2(3) C(1)-C(19)-C(18) 138.1(4) 

C(16)-N(4)-C(19) 111.0(4) C(5)-C(20)-H(20A) 109.5 

C(16)-N(4)-Pd(1) 131.0(3) C(5)-C(20)-H(20B) 109.5 

C(19)-N(4)-Pd(1) 116.6(3) H(20A)-C(20)-H(20B) 109.5 

C(2)-C(1)-N(1) 106.4(4) C(5)-C(20)-H(20C) 109.5 

C(2)-C(1)-C(19) 142.1(5) H(20A)-C(20)-H(20C) 109.5 

N(1)-C(1)-C(19) 111.3(4) H(20B)-C(20)-H(20C) 109.5 

C(3)-C(2)-C(1) 107.5(4) C(5)-C(21)-H(21A) 109.5 

C(3)-C(2)-H(2) 126.2 C(5)-C(21)-H(21B) 109.5 

C(1)-C(2)-H(2) 126.2 H(21A)-C(21)-H(21B) 109.5 

C(2)-C(3)-C(4) 108.3(4) C(5)-C(21)-H(21C) 109.5 

C(2)-C(3)-H(3) 125.8 H(21A)-C(21)-H(21C) 109.5 

C(4)-C(3)-H(3) 125.8 H(21B)-C(21)-H(21C) 109.5 

N(1)-C(4)-C(3) 107.5(4) C(27)-C(22)-C(23) 116.2(4) 

N(1)-C(4)-C(5) 122.2(4) C(27)-C(22)-C(10) 122.6(4) 

C(3)-C(4)-C(5) 130.3(4) C(23)-C(22)-C(10) 121.1(4) 

C(4)-C(5)-C(6) 117.2(4) F(1)-C(23)-C(24) 118.0(4) 

C(4)-C(5)-C(20) 108.6(4) F(1)-C(23)-C(22) 120.2(4) 

C(6)-C(5)-C(20) 108.3(4) C(24)-C(23)-C(22) 121.8(4) 

C(4)-C(5)-C(21) 106.9(4) F(2)-C(24)-C(25) 119.4(4) 

C(6)-C(5)-C(21) 106.6(4) F(2)-C(24)-C(23) 120.4(5) 

C(20)-C(5)-C(21) 109.1(4) C(25)-C(24)-C(23) 120.2(4) 

N(2)-C(6)-C(7) 107.7(4) F(3)-C(25)-C(24) 120.4(5) 

N(2)-C(6)-C(5) 128.3(4) F(3)-C(25)-C(26) 119.5(5) 

C(7)-C(6)-C(5) 124.0(4) C(24)-C(25)-C(26) 120.1(4) 

C(8)-C(7)-C(6) 108.4(4) F(4)-C(26)-C(27) 120.3(4) 

C(8)-C(7)-H(7) 125.8 F(4)-C(26)-C(25) 120.9(4) 

C(6)-C(7)-H(7) 125.8 C(27)-C(26)-C(25) 118.8(5) 

C(7)-C(8)-C(9) 106.5(4) F(5)-C(27)-C(26) 118.0(4) 

C(7)-C(8)-H(8) 126.8 F(5)-C(27)-C(22) 119.2(4) 

C(9)-C(8)-H(8) 126.8 C(26)-C(27)-C(22) 122.8(4) 

N(2)-C(9)-C(10) 123.7(4) C(33)-C(28)-C(29) 116.2(4) 

N(2)-C(9)-C(8) 107.9(4) C(33)-C(28)-C(15) 122.5(4) 
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C(10)-C(9)-C(8) 128.4(4) C(29)-C(28)-C(15) 121.2(4) 

C(9)-C(10)-C(11) 127.8(4) F(6)-C(29)-C(30) 118.5(5) 

C(9)-C(10)-C(22) 115.0(4) F(6)-C(29)-C(28) 119.6(4) 

C(11)-C(10)-C(22) 117.2(4) C(30)-C(29)-C(28) 122.0(5) 

N(3)-C(11)-C(10) 123.4(4) F(7)-C(30)-C(31) 120.8(5) 

N(3)-C(11)-C(12) 108.0(4) F(7)-C(30)-C(29) 119.4(5) 

C(10)-C(11)-C(12) 128.7(4) C(31)-C(30)-C(29) 119.8(5) 

C(13)-C(12)-C(11) 107.4(4) F(8)-C(31)-C(32) 120.7(5) 

C(13)-C(12)-H(12) 126.3 F(8)-C(31)-C(30) 119.4(5) 

C(11)-C(12)-H(12) 126.3 C(32)-C(31)-C(30) 119.9(5) 

C(12)-C(13)-C(14) 107.8(4) F(9)-C(32)-C(31) 119.7(5) 

C(12)-C(13)-H(13) 126.1 F(9)-C(32)-C(33) 120.8(5) 

C(14)-C(13)-H(13) 126.1 C(31)-C(32)-C(33) 119.4(5) 

N(3)-C(14)-C(13) 107.6(4) F(10)-C(33)-C(32) 117.5(4) 

N(3)-C(14)-C(15) 124.6(4) F(10)-C(33)-C(28) 119.9(4) 

C(13)-C(14)-C(15) 127.7(4) C(32)-C(33)-C(28) 122.6(5) 
 

 
Figure A. 13 Fully labeled solid state structure of Pd(5-MPIC). All non N-H 

hydrogens have been omitted for clarity. 
 

Table A. 13 Bond Lengths (Å) and Bond angles (°) determined for Pd(5-MPIC) 

 

Bond  Length Bond  Length 

Pd(1)-N(4) 1.910(4) C(11)-C(12) 1.426(7) 

Pd(1)-N(1) 1.934(4) C(12)-C(13) 1.357(7) 

Pd(1)-N(2) 1.952(4) C(12)-H(12) 0.95 

Pd(1)-N(3) 1.967(4) C(13)-C(14) 1.424(6) 
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F(1)-C(28) 1.354(6) C(13)-H(13) 0.95 

F(2)-C(29) 1.349(6) C(14)-C(15) 1.440(7) 

F(3)-C(30) 1.338(6) C(15)-C(16) 1.405(7) 

F(4)-C(31) 1.346(6) C(15)-C(33) 1.489(7) 

F(5)-C(32) 1.352(6) C(16)-C(17) 1.442(7) 

F(6)-C(34) 1.346(6) C(17)-C(18) 1.360(8) 

F(7)-C(35) 1.327(6) C(17)-H(17) 0.95 

F(8)-C(36) 1.357(6) C(18)-C(19) 1.437(8) 

F(9)-C(37) 1.364(6) C(18)-H(18) 0.95 

F(10)-C(38) 1.331(6) C(20)-H(20A) 0.98 

N(1)-C(4) 1.323(6) C(20)-H(20B) 0.98 

N(1)-C(1) 1.407(6) C(20)-H(20C) 0.98 

N(2)-C(6) 1.342(6) C(21)-C(26) 1.354(7) 

N(2)-C(9) 1.410(6) C(21)-C(22) 1.358(8) 

N(3)-C(11) 1.357(6) C(22)-C(23) 1.398(10) 

N(3)-C(14) 1.383(6) C(22)-H(22) 0.95 

N(4)-C(19) 1.338(6) C(23)-C(24) 1.361(10) 

N(4)-C(16) 1.360(6) C(23)-H(23) 0.95 

C(1)-C(2) 1.401(7) C(24)-C(25) 1.333(9) 

C(1)-C(19) 1.429(8) C(24)-H(24) 0.95 

C(2)-C(3) 1.367(7) C(25)-C(26) 1.373(8) 

C(2)-H(2) 0.95 C(25)-H(25) 0.95 

C(3)-C(4) 1.443(7) C(26)-H(26) 0.95 

C(3)-H(3) 0.95 C(27)-C(28) 1.374(7) 

C(4)-C(5) 1.518(7) C(27)-C(32) 1.378(7) 

C(5)-C(20) 1.545(7) C(28)-C(29) 1.380(7) 

C(5)-C(21) 1.549(7) C(29)-C(30) 1.366(8) 

C(5)-C(6) 1.549(7) C(30)-C(31) 1.365(8) 

C(6)-C(7) 1.412(7) C(31)-C(32) 1.378(7) 

C(7)-C(8) 1.363(7) C(33)-C(34) 1.382(7) 

C(7)-H(7) 0.95 C(33)-C(38) 1.391(7) 

C(8)-C(9) 1.433(7) C(34)-C(35) 1.381(8) 

C(8)-H(8) 0.95 C(35)-C(36) 1.375(8) 

C(9)-C(10) 1.397(7) C(36)-C(37) 1.363(8) 

C(10)-C(11) 1.424(6) C(37)-C(38) 1.363(7) 

C(10)-C(27) 1.495(6)   

 

Bond Angle Bond Angle 

N(4)-Pd(1)-N(1) 80.93(17) C(18)-C(17)-C(16) 108.1(5) 

N(4)-Pd(1)-N(2) 172.46(16) C(18)-C(17)-H(17) 125.9 

N(1)-Pd(1)-N(2) 91.55(17) C(16)-C(17)-H(17) 125.9 

N(4)-Pd(1)-N(3) 91.76(16) C(17)-C(18)-C(19) 106.4(4) 

N(1)-Pd(1)-N(3) 172.69(17) C(17)-C(18)-H(18) 126.8 
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N(2)-Pd(1)-N(3) 95.76(16) C(19)-C(18)-H(18) 126.8 

C(4)-N(1)-C(1) 110.7(4) N(4)-C(19)-C(1) 114.0(5) 

C(4)-N(1)-Pd(1) 133.8(4) N(4)-C(19)-C(18) 108.6(5) 

C(1)-N(1)-Pd(1) 115.5(3) C(1)-C(19)-C(18) 137.4(5) 

C(6)-N(2)-C(9) 109.1(4) C(5)-C(20)-H(20A) 109.5 

C(6)-N(2)-Pd(1) 127.5(3) C(5)-C(20)-H(20B) 109.5 

C(9)-N(2)-Pd(1) 123.4(3) H(20A)-C(20)-H(20B) 109.5 

C(11)-N(3)-C(14) 109.2(4) C(5)-C(20)-H(20C) 109.5 

C(11)-N(3)-Pd(1) 125.3(3) H(20A)-C(20)-H(20C) 109.5 

C(14)-N(3)-Pd(1) 125.5(3) H(20B)-C(20)-H(20C) 109.5 

C(19)-N(4)-C(16) 110.3(4) C(26)-C(21)-C(22) 117.4(5) 

C(19)-N(4)-Pd(1) 117.8(4) C(26)-C(21)-C(5) 120.2(5) 

C(16)-N(4)-Pd(1) 131.8(3) C(22)-C(21)-C(5) 122.2(5) 

C(2)-C(1)-N(1) 106.8(5) C(21)-C(22)-C(23) 120.2(7) 

C(2)-C(1)-C(19) 141.6(5) C(21)-C(22)-H(22) 119.9 

N(1)-C(1)-C(19) 111.7(4) C(23)-C(22)-H(22) 119.9 

C(3)-C(2)-C(1) 107.5(5) C(24)-C(23)-C(22) 120.6(7) 

C(3)-C(2)-H(2) 126.3 C(24)-C(23)-H(23) 119.7 

C(1)-C(2)-H(2) 126.3 C(22)-C(23)-H(23) 119.7 

C(2)-C(3)-C(4) 108.5(5) C(25)-C(24)-C(23) 118.7(6) 

C(2)-C(3)-H(3) 125.7 C(25)-C(24)-H(24) 120.6 

C(4)-C(3)-H(3) 125.7 C(23)-C(24)-H(24) 120.6 

N(1)-C(4)-C(3) 106.5(5) C(24)-C(25)-C(26) 120.5(6) 

N(1)-C(4)-C(5) 122.7(4) C(24)-C(25)-H(25) 119.7 

C(3)-C(4)-C(5) 130.8(5) C(26)-C(25)-H(25) 119.7 

C(4)-C(5)-C(20) 108.6(4) C(21)-C(26)-C(25) 122.3(6) 

C(4)-C(5)-C(21) 105.0(4) C(21)-C(26)-H(26) 118.8 

C(20)-C(5)-C(21) 113.1(4) C(25)-C(26)-H(26) 118.8 

C(4)-C(5)-C(6) 117.2(4) C(28)-C(27)-C(32) 116.3(5) 

C(20)-C(5)-C(6) 106.7(4) C(28)-C(27)-C(10) 121.2(4) 

C(21)-C(5)-C(6) 106.4(4) C(32)-C(27)-C(10) 122.4(4) 

N(2)-C(6)-C(7) 109.2(4) F(1)-C(28)-C(27) 120.7(4) 

N(2)-C(6)-C(5) 127.3(5) F(1)-C(28)-C(29) 116.8(4) 

C(7)-C(6)-C(5) 123.5(4) C(27)-C(28)-C(29) 122.5(5) 

C(8)-C(7)-C(6) 107.7(5) F(2)-C(29)-C(30) 120.2(5) 

C(8)-C(7)-H(7) 126.2 F(2)-C(29)-C(28) 120.3(5) 

C(6)-C(7)-H(7) 126.2 C(30)-C(29)-C(28) 119.5(5) 

C(7)-C(8)-C(9) 108.3(5) F(3)-C(30)-C(31) 119.3(5) 

C(7)-C(8)-H(8) 125.8 F(3)-C(30)-C(29) 121.0(5) 

C(9)-C(8)-H(8) 125.8 C(31)-C(30)-C(29) 119.7(5) 

C(10)-C(9)-N(2) 124.4(4) F(4)-C(31)-C(30) 121.1(5) 

C(10)-C(9)-C(8) 129.8(5) F(4)-C(31)-C(32) 119.0(5) 

N(2)-C(9)-C(8) 105.7(4) C(30)-C(31)-C(32) 119.9(5) 
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C(9)-C(10)-C(11) 127.6(4) F(5)-C(32)-C(31) 118.2(4) 

C(9)-C(10)-C(27) 116.2(4) F(5)-C(32)-C(27) 119.6(4) 

C(11)-C(10)-C(27) 116.1(4) C(31)-C(32)-C(27) 122.1(5) 

N(3)-C(11)-C(10) 123.5(4) C(34)-C(33)-C(38) 116.3(4) 

N(3)-C(11)-C(12) 107.5(4) C(34)-C(33)-C(15) 121.1(4) 

C(10)-C(11)-C(12) 128.9(4) C(38)-C(33)-C(15) 122.3(4) 

C(13)-C(12)-C(11) 108.4(4) F(6)-C(34)-C(35) 117.5(5) 

C(13)-C(12)-H(12) 125.8 F(6)-C(34)-C(33) 119.5(5) 

C(11)-C(12)-H(12) 125.8 C(35)-C(34)-C(33) 123.0(5) 

C(12)-C(13)-C(14) 107.5(4) F(7)-C(35)-C(36) 120.6(5) 

C(12)-C(13)-H(13) 126.3 F(7)-C(35)-C(34) 121.2(5) 

C(14)-C(13)-H(13) 126.3 C(36)-C(35)-C(34) 118.2(5) 

N(3)-C(14)-C(13) 107.4(4) F(8)-C(36)-C(37) 120.7(5) 

N(3)-C(14)-C(15) 124.7(4) F(8)-C(36)-C(35) 119.0(6) 

C(13)-C(14)-C(15) 127.9(5) C(37)-C(36)-C(35) 120.3(5) 

C(16)-C(15)-C(14) 124.8(4) C(38)-C(37)-C(36) 120.6(5) 

C(16)-C(15)-C(33) 116.1(4) C(38)-C(37)-F(9) 119.7(5) 

C(14)-C(15)-C(33) 119.1(4) C(36)-C(37)-F(9) 119.7(5) 

N(4)-C(16)-C(15) 121.4(4) F(10)-C(38)-C(37) 119.2(5) 

N(4)-C(16)-C(17) 106.6(4) F(10)-C(38)-C(33) 119.4(4) 

C(15)-C(16)-C(17) 132.0(5) C(37)-C(38)-C(33) 121.4(5) 
 

 
 

Figure A. 14 Fully labeled solid state structure of  Pd(5-DPIC). All non N-H 

hydrogens have been omitted for clarity. 

 

Table A. 14 Bond Lengths (Å) and Bond angles (°) determined for Pd(5-DPIC) 

 

Bond  Length Bond  Length 

Pd(1)-N(4) 1.928(4) C(13)-H(13) 0.95 
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Pd(1)-N(1) 1.932(4) C(14)-C(15) 1.458(8) 

Pd(1)-N(2) 1.956(4) C(15)-C(16) 1.386(8) 

Pd(1)-N(3) 1.963(4) C(15)-C(38) 1.488(7) 

F(1)-C(33) 1.348(7) C(16)-C(17) 1.468(8) 

F(2)-C(34) 1.332(6) C(17)-C(18) 1.351(8) 

F(3)-C(35) 1.330(7) C(17)-H(17) 0.95 

F(4)-C(36) 1.325(7) C(18)-C(19) 1.451(7) 

F(5)-C(37) 1.336(6) C(18)-H(18) 0.95 

F(6)-C(39) 1.353(6) C(20)-C(25) 1.388(8) 

F(7)-C(40) 1.350(6) C(20)-C(21) 1.394(8) 

F(8)-C(41) 1.340(7) C(21)-C(22) 1.362(9) 

F(9)-C(42) 1.325(7) C(21)-H(21) 0.95 

F(10)-C(43) 1.342(7) C(22)-C(23) 1.374(9) 

N(1)-C(4) 1.329(6) C(22)-H(22) 0.95 

N(1)-C(1) 1.393(6) C(23)-C(24) 1.360(9) 

N(2)-C(6) 1.328(6) C(23)-H(23) 0.95 

N(2)-C(9) 1.396(7) C(24)-C(25) 1.383(8) 

N(3)-C(11) 1.360(7) C(24)-H(24) 0.95 

N(3)-C(14) 1.372(6) C(25)-H(25) 0.95 

N(4)-C(16) 1.360(6) C(26)-C(27) 1.373(8) 

N(4)-C(19) 1.354(7) C(26)-C(31) 1.405(8) 

C(1)-C(2) 1.379(7) C(27)-C(28) 1.394(8) 

C(1)-C(19) 1.428(7) C(27)-H(27) 0.95 

C(2)-C(3) 1.399(8) C(28)-C(29) 1.377(10) 

C(2)-H(2) 0.95 C(28)-H(28) 0.95 

C(3)-C(4) 1.406(8) C(29)-C(30) 1.361(11) 

C(3)-H(3) 0.95 C(29)-H(29) 0.95 

C(4)-C(5) 1.530(7) C(30)-C(31) 1.388(9) 

C(5)-C(26) 1.529(7) C(30)-H(30) 0.95 

C(5)-C(6) 1.549(7) C(31)-H(31) 0.95 

C(5)-C(20) 1.560(8) C(32)-C(37) 1.386(8) 

C(6)-C(7) 1.433(7) C(32)-C(33) 1.401(7) 

C(7)-C(8) 1.345(8) C(33)-C(34) 1.375(8) 

C(7)-H(7) 0.95 C(34)-C(35) 1.365(9) 

C(8)-C(9) 1.438(7) C(35)-C(36) 1.381(8) 

C(8)-H(8) 0.95 C(36)-C(37) 1.396(8) 

C(9)-C(10) 1.394(7) C(38)-C(43) 1.386(8) 

C(10)-C(11) 1.436(7) C(38)-C(39) 1.399(7) 

C(10)-C(32) 1.481(8) C(39)-C(40) 1.365(8) 

C(11)-C(12) 1.422(7) C(40)-C(41) 1.361(8) 

C(12)-C(13) 1.354(8) C(41)-C(42) 1.358(9) 

C(12)-H(12) 0.95 C(42)-C(43) 1.390(8) 

C(13)-C(14) 1.414(8)   
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Bond Angle Bond Angle 

N(4)-Pd(1)-N(1) 80.82(18) N(4)-C(19)-C(1) 114.4(5) 

N(4)-Pd(1)-N(2) 172.13(18) N(4)-C(19)-C(18) 107.1(5) 

N(1)-Pd(1)-N(2) 91.72(17) C(1)-C(19)-C(18) 138.5(5) 

N(4)-Pd(1)-N(3) 91.32(18) C(25)-C(20)-C(21) 117.0(5) 

N(1)-Pd(1)-N(3) 171.77(18) C(25)-C(20)-C(5) 121.1(5) 

N(2)-Pd(1)-N(3) 96.03(18) C(21)-C(20)-C(5) 121.7(5) 

C(4)-N(1)-C(1) 109.6(4) C(22)-C(21)-C(20) 121.9(6) 

C(4)-N(1)-Pd(1) 133.7(4) C(22)-C(21)-H(21) 119 

C(1)-N(1)-Pd(1) 116.2(3) C(20)-C(21)-H(21) 119 

C(6)-N(2)-C(9) 109.5(4) C(21)-C(22)-C(23) 120.0(6) 

C(6)-N(2)-Pd(1) 127.1(4) C(21)-C(22)-H(22) 120 

C(9)-N(2)-Pd(1) 123.2(3) C(23)-C(22)-H(22) 120 

C(11)-N(3)-C(14) 108.5(4) C(24)-C(23)-C(22) 119.8(6) 

C(11)-N(3)-Pd(1) 125.0(4) C(24)-C(23)-H(23) 120.1 

C(14)-N(3)-Pd(1) 126.5(4) C(22)-C(23)-H(23) 120.1 

C(16)-N(4)-C(19) 111.5(5) C(23)-C(24)-C(25) 120.4(6) 

C(16)-N(4)-Pd(1) 131.3(4) C(23)-C(24)-H(24) 119.8 

C(19)-N(4)-Pd(1) 116.4(3) C(25)-C(24)-H(24) 119.8 

C(2)-C(1)-N(1) 107.6(5) C(24)-C(25)-C(20) 120.9(6) 

C(2)-C(1)-C(19) 140.7(5) C(24)-C(25)-H(25) 119.6 

N(1)-C(1)-C(19) 111.7(5) C(20)-C(25)-H(25) 119.6 

C(1)-C(2)-C(3) 107.4(5) C(27)-C(26)-C(31) 116.6(5) 

C(1)-C(2)-H(2) 126.3 C(27)-C(26)-C(5) 121.4(5) 

C(3)-C(2)-H(2) 126.3 C(31)-C(26)-C(5) 121.8(5) 

C(2)-C(3)-C(4) 107.1(5) C(26)-C(27)-C(28) 122.4(6) 

C(2)-C(3)-H(3) 126.5 C(26)-C(27)-H(27) 118.8 

C(4)-C(3)-H(3) 126.5 C(28)-C(27)-H(27) 118.8 

N(1)-C(4)-C(3) 108.3(5) C(29)-C(28)-C(27) 119.6(6) 

N(1)-C(4)-C(5) 120.8(5) C(29)-C(28)-H(28) 120.2 

C(3)-C(4)-C(5) 130.7(5) C(27)-C(28)-H(28) 120.2 

C(26)-C(5)-C(4) 106.3(5) C(30)-C(29)-C(28) 119.7(6) 

C(26)-C(5)-C(6) 110.2(4) C(30)-C(29)-H(29) 120.1 

C(4)-C(5)-C(6) 116.6(4) C(28)-C(29)-H(29) 120.1 

C(26)-C(5)-C(20) 112.4(4) C(29)-C(30)-C(31) 120.5(7) 

C(4)-C(5)-C(20) 109.4(4) C(29)-C(30)-H(30) 119.7 

C(6)-C(5)-C(20) 102.0(4) C(31)-C(30)-H(30) 119.7 

N(2)-C(6)-C(7) 109.0(5) C(30)-C(31)-C(26) 121.3(7) 

N(2)-C(6)-C(5) 126.6(4) C(30)-C(31)-H(31) 119.4 

C(7)-C(6)-C(5) 123.9(4) C(26)-C(31)-H(31) 119.4 

C(8)-C(7)-C(6) 107.0(5) C(37)-C(32)-C(33) 115.7(5) 

C(8)-C(7)-H(7) 126.5 C(37)-C(32)-C(10) 123.1(5) 
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C(6)-C(7)-H(7) 126.5 C(33)-C(32)-C(10) 121.1(5) 

C(7)-C(8)-C(9) 108.7(5) F(1)-C(33)-C(34) 117.7(5) 

C(7)-C(8)-H(8) 125.6 F(1)-C(33)-C(32) 119.4(5) 

C(9)-C(8)-H(8) 125.6 C(34)-C(33)-C(32) 123.0(6) 

N(2)-C(9)-C(10) 124.9(5) F(2)-C(34)-C(33) 119.8(6) 

N(2)-C(9)-C(8) 105.7(4) F(2)-C(34)-C(35) 120.6(6) 

C(10)-C(9)-C(8) 129.3(5) C(33)-C(34)-C(35) 119.6(5) 

C(9)-C(10)-C(11) 127.3(5) F(3)-C(35)-C(34) 120.7(6) 

C(9)-C(10)-C(32) 116.0(5) F(3)-C(35)-C(36) 119.1(6) 

C(11)-C(10)-C(32) 116.6(5) C(34)-C(35)-C(36) 120.1(6) 

N(3)-C(11)-C(12) 108.4(5) F(4)-C(36)-C(35) 120.4(6) 

N(3)-C(11)-C(10) 123.3(5) F(4)-C(36)-C(37) 120.1(6) 

C(12)-C(11)-C(10) 128.2(5) C(35)-C(36)-C(37) 119.4(6) 

C(13)-C(12)-C(11) 107.2(5) F(5)-C(37)-C(32) 119.5(5) 

C(13)-C(12)-H(12) 126.4 F(5)-C(37)-C(36) 118.4(5) 

C(11)-C(12)-H(12) 126.4 C(32)-C(37)-C(36) 122.1(5) 

C(12)-C(13)-C(14) 108.2(5) C(43)-C(38)-C(39) 115.0(5) 

C(12)-C(13)-H(13) 125.9 C(43)-C(38)-C(15) 121.6(5) 

C(14)-C(13)-H(13) 125.9 C(39)-C(38)-C(15) 123.4(5) 

N(3)-C(14)-C(13) 107.8(5) F(6)-C(39)-C(40) 118.1(5) 

N(3)-C(14)-C(15) 123.6(5) F(6)-C(39)-C(38) 119.2(5) 

C(13)-C(14)-C(15) 128.6(5) C(40)-C(39)-C(38) 122.7(5) 

C(16)-C(15)-C(14) 125.4(5) F(7)-C(40)-C(39) 120.2(5) 

C(16)-C(15)-C(38) 118.1(5) F(7)-C(40)-C(41) 119.8(5) 

C(14)-C(15)-C(38) 116.6(5) C(39)-C(40)-C(41) 120.0(6) 

N(4)-C(16)-C(15) 121.6(5) F(8)-C(41)-C(42) 120.1(6) 

N(4)-C(16)-C(17) 105.8(5) F(8)-C(41)-C(40) 119.5(6) 

C(15)-C(16)-C(17) 132.6(5) C(42)-C(41)-C(40) 120.4(6) 

C(18)-C(17)-C(16) 108.1(5) F(9)-C(42)-C(41) 120.3(6) 

C(18)-C(17)-H(17) 126 F(9)-C(42)-C(43) 120.6(6) 

C(16)-C(17)-H(17) 126 C(41)-C(42)-C(43) 119.1(6) 

C(17)-C(18)-C(19) 107.5(5) F(10)-C(43)-C(38) 119.9(5) 

C(17)-C(18)-H(18) 126.2 F(10)-C(43)-C(42) 117.3(5) 

C(19)-C(18)-H(18) 126.2 C(38)-C(43)-C(42) 122.8(6) 
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Figure A. 15 Fully labeled solid state structure of Zn(5-DPIC) with a molecule of 

methanol as the fifth coordination ligand. All non N-H hydrogens have been omitted 

for clarity. 

 

Table A. 15 Bond Lengths (Å) and Bond angles (°) determined for Zn(5-DPIC) 

 

Bond  Length Bond  Length 

Zn(1)-N(2) 2.007(3) C(13)-H(13) 0.95 

Zn(1)-N(1) 2.012(2) C(14)-C(15) 1.458(4) 

Zn(1)-N(3) 2.013(3) C(15)-C(16) 1.387(4) 

Zn(1)-N(4) 2.031(2) C(15)-C(38) 1.492(4) 

Zn(1)-O(1) 2.066(3) C(16)-C(17) 1.472(4) 

F(1)-C(33) 1.337(4) C(17)-C(18) 1.352(4) 

F(2)-C(34) 1.340(4) C(17)-H(17) 0.95 

F(3)-C(35) 1.334(4) C(18)-C(19) 1.462(4) 

F(4)-C(36) 1.339(4) C(18)-H(18) 0.95 

F(5)-C(37) 1.340(3) C(20)-C(21) 1.380(5) 

F(6)-C(39) 1.334(4) C(20)-C(25) 1.396(4) 

F(7)-C(40) 1.335(4) C(21)-C(22) 1.396(5) 

F(8)-C(41) 1.340(4) C(21)-H(21) 0.95 

F(9)-C(42) 1.347(4) C(22)-C(23) 1.390(6) 

F(10)-C(43) 1.344(4) C(22)-H(22) 0.95 

O(1)-C(44) 1.425(5) C(23)-C(24) 1.369(5) 

O(1)-H(1) 0.70(4) C(23)-H(23) 0.95 

O(2)-C(45) 1.411(5) C(24)-C(25) 1.382(5) 

O(2)-H(4) 1.08(9) C(24)-H(24) 0.95 
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N(1)-C(4) 1.338(4) C(25)-H(25) 0.95 

N(1)-C(1) 1.390(4) C(26)-C(31) 1.387(4) 

N(2)-C(6) 1.337(4) C(26)-C(27) 1.401(5) 

N(2)-C(9) 1.395(4) C(27)-C(28) 1.386(5) 

N(3)-C(14) 1.360(4) C(27)-H(27) 0.95 

N(3)-C(11) 1.375(4) C(28)-C(29) 1.389(5) 

N(4)-C(19) 1.333(4) C(28)-H(28) 0.95 

N(4)-C(16) 1.370(4) C(29)-C(30) 1.373(6) 

C(1)-C(2) 1.407(4) C(29)-H(29) 0.95 

C(1)-C(19) 1.428(4) C(30)-C(31) 1.389(5) 

C(2)-C(3) 1.381(5) C(30)-H(30) 0.95 

C(2)-H(2) 0.95 C(31)-H(31) 0.95 

C(3)-C(4) 1.422(4) C(32)-C(33) 1.385(4) 

C(3)-H(3) 0.95 C(32)-C(37) 1.388(4) 

C(4)-C(5) 1.531(4) C(33)-C(34) 1.384(4) 

C(5)-C(6) 1.546(4) C(34)-C(35) 1.368(5) 

C(5)-C(26) 1.548(4) C(35)-C(36) 1.382(5) 

C(5)-C(20) 1.561(4) C(36)-C(37) 1.387(4) 

C(6)-C(7) 1.430(4) C(38)-C(39) 1.385(5) 

C(7)-C(8) 1.362(4) C(38)-C(43) 1.389(4) 

C(7)-H(7) 0.95 C(39)-C(40) 1.395(5) 

C(8)-C(9) 1.426(4) C(40)-C(41) 1.360(6) 

C(8)-H(8) 0.95 C(41)-C(42) 1.372(6) 

C(9)-C(10) 1.399(4) C(42)-C(43) 1.378(4) 

C(10)-C(11) 1.423(4) C(44)-H(44A) 0.98 

C(10)-C(32) 1.498(4) C(44)-H(44B) 0.98 

C(11)-C(12) 1.426(4) C(44)-H(44C) 0.98 

C(12)-C(13) 1.366(4) C(45)-H(45A) 0.98 

C(12)-H(12) 0.95 C(45)-H(45B) 0.98 

C(13)-C(14) 1.435(4) C(45)-H(45C) 0.98 

 

Bond Angle Bond Angle 

N(2)-Zn(1)-N(1) 88.07(10) C(1)-C(19)-C(18) 136.2(3) 

N(2)-Zn(1)-N(3) 93.34(10) C(21)-C(20)-C(25) 117.5(3) 

N(1)-Zn(1)-N(3) 149.43(10) C(21)-C(20)-C(5) 121.0(3) 

N(2)-Zn(1)-N(4) 148.20(11) C(25)-C(20)-C(5) 121.4(3) 

N(1)-Zn(1)-N(4) 78.42(10) C(20)-C(21)-C(22) 121.5(4) 

N(3)-Zn(1)-N(4) 84.65(10) C(20)-C(21)-H(21) 119.3 

N(2)-Zn(1)-O(1) 103.96(12) C(22)-C(21)-H(21) 119.3 

N(1)-Zn(1)-O(1) 110.19(11) C(23)-C(22)-C(21) 119.9(4) 

N(3)-Zn(1)-O(1) 99.10(11) C(23)-C(22)-H(22) 120.1 

N(4)-Zn(1)-O(1) 107.70(11) C(21)-C(22)-H(22) 120.1 

C(44)-O(1)-Zn(1) 124.5(2) C(24)-C(23)-C(22) 119.0(3) 
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C(44)-O(1)-H(1) 119(3) C(24)-C(23)-H(23) 120.5 

Zn(1)-O(1)-H(1) 101(3) C(22)-C(23)-H(23) 120.5 

C(45)-O(2)-H(4) 110(4) C(23)-C(24)-C(25) 120.9(3) 

C(4)-N(1)-C(1) 108.4(2) C(23)-C(24)-H(24) 119.6 

C(4)-N(1)-Zn(1) 131.7(2) C(25)-C(24)-H(24) 119.6 

C(1)-N(1)-Zn(1) 115.96(19) C(24)-C(25)-C(20) 121.3(3) 

C(6)-N(2)-C(9) 107.8(2) C(24)-C(25)-H(25) 119.4 

C(6)-N(2)-Zn(1) 129.4(2) C(20)-C(25)-H(25) 119.4 

C(9)-N(2)-Zn(1) 122.5(2) C(31)-C(26)-C(27) 118.2(3) 

C(14)-N(3)-C(11) 107.7(2) C(31)-C(26)-C(5) 122.9(3) 

C(14)-N(3)-Zn(1) 128.2(2) C(27)-C(26)-C(5) 118.9(3) 

C(11)-N(3)-Zn(1) 122.97(19) C(28)-C(27)-C(26) 120.9(3) 

C(19)-N(4)-C(16) 110.1(2) C(28)-C(27)-H(27) 119.5 

C(19)-N(4)-Zn(1) 116.12(19) C(26)-C(27)-H(27) 119.5 

C(16)-N(4)-Zn(1) 133.7(2) C(27)-C(28)-C(29) 119.9(4) 

N(1)-C(1)-C(2) 108.3(3) C(27)-C(28)-H(28) 120.1 

N(1)-C(1)-C(19) 113.3(3) C(29)-C(28)-H(28) 120.1 

C(2)-C(1)-C(19) 135.7(3) C(30)-C(29)-C(28) 119.6(3) 

C(3)-C(2)-C(1) 107.0(3) C(30)-C(29)-H(29) 120.2 

C(3)-C(2)-H(2) 126.5 C(28)-C(29)-H(29) 120.2 

C(1)-C(2)-H(2) 126.5 C(29)-C(30)-C(31) 120.8(3) 

C(2)-C(3)-C(4) 107.2(3) C(29)-C(30)-H(30) 119.6 

C(2)-C(3)-H(3) 126.4 C(31)-C(30)-H(30) 119.6 

C(4)-C(3)-H(3) 126.4 C(26)-C(31)-C(30) 120.6(3) 

N(1)-C(4)-C(3) 109.0(3) C(26)-C(31)-H(31) 119.7 

N(1)-C(4)-C(5) 120.3(2) C(30)-C(31)-H(31) 119.7 

C(3)-C(4)-C(5) 130.5(3) C(33)-C(32)-C(37) 116.8(3) 

C(4)-C(5)-C(6) 114.2(2) C(33)-C(32)-C(10) 122.7(3) 

C(4)-C(5)-C(26) 108.0(2) C(37)-C(32)-C(10) 120.4(3) 

C(6)-C(5)-C(26) 107.6(2) F(1)-C(33)-C(34) 118.2(3) 

C(4)-C(5)-C(20) 108.3(2) F(1)-C(33)-C(32) 120.0(3) 

C(6)-C(5)-C(20) 108.6(2) C(34)-C(33)-C(32) 121.7(3) 

C(26)-C(5)-C(20) 110.1(2) F(2)-C(34)-C(35) 119.6(3) 

N(2)-C(6)-C(7) 109.6(3) F(2)-C(34)-C(33) 120.2(3) 

N(2)-C(6)-C(5) 125.1(3) C(35)-C(34)-C(33) 120.2(3) 

C(7)-C(6)-C(5) 125.2(3) F(3)-C(35)-C(34) 120.0(3) 

C(8)-C(7)-C(6) 107.3(3) F(3)-C(35)-C(36) 120.2(3) 

C(8)-C(7)-H(7) 126.3 C(34)-C(35)-C(36) 119.7(3) 

C(6)-C(7)-H(7) 126.3 F(4)-C(36)-C(35) 120.5(3) 

C(7)-C(8)-C(9) 107.1(3) F(4)-C(36)-C(37) 120.2(3) 

C(7)-C(8)-H(8) 126.5 C(35)-C(36)-C(37) 119.3(3) 

C(9)-C(8)-H(8) 126.5 F(5)-C(37)-C(36) 117.6(3) 

N(2)-C(9)-C(10) 123.7(3) F(5)-C(37)-C(32) 120.2(3) 
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N(2)-C(9)-C(8) 108.2(3) C(36)-C(37)-C(32) 122.2(3) 

C(10)-C(9)-C(8) 127.9(3) C(39)-C(38)-C(43) 116.2(3) 

C(9)-C(10)-C(11) 128.7(3) C(39)-C(38)-C(15) 123.4(3) 

C(9)-C(10)-C(32) 116.7(2) C(43)-C(38)-C(15) 120.3(3) 

C(11)-C(10)-C(32) 114.6(2) F(6)-C(39)-C(38) 120.4(3) 

N(3)-C(11)-C(10) 123.1(3) F(6)-C(39)-C(40) 117.6(3) 

N(3)-C(11)-C(12) 109.2(2) C(38)-C(39)-C(40) 122.1(3) 

C(10)-C(11)-C(12) 127.6(3) F(7)-C(40)-C(41) 119.8(3) 

C(13)-C(12)-C(11) 106.8(3) F(7)-C(40)-C(39) 120.5(4) 

C(13)-C(12)-H(12) 126.6 C(41)-C(40)-C(39) 119.7(3) 

C(11)-C(12)-H(12) 126.6 F(8)-C(41)-C(40) 120.3(4) 

C(12)-C(13)-C(14) 107.4(3) F(8)-C(41)-C(42) 119.7(4) 

C(12)-C(13)-H(13) 126.3 C(40)-C(41)-C(42) 119.9(3) 

C(14)-C(13)-H(13) 126.3 F(9)-C(42)-C(41) 120.2(3) 

N(3)-C(14)-C(13) 108.8(3) F(9)-C(42)-C(43) 119.8(3) 

N(3)-C(14)-C(15) 125.1(3) C(41)-C(42)-C(43) 120.0(3) 

C(13)-C(14)-C(15) 125.9(3) F(10)-C(43)-C(42) 118.0(3) 

C(16)-C(15)-C(14) 123.8(3) F(10)-C(43)-C(38) 119.8(3) 

C(16)-C(15)-C(38) 119.9(3) C(42)-C(43)-C(38) 122.1(3) 

C(14)-C(15)-C(38) 116.2(3) O(1)-C(44)-H(44A) 109.5 

N(4)-C(16)-C(15) 119.9(3) O(1)-C(44)-H(44B) 109.5 

N(4)-C(16)-C(17) 107.2(3) H(44A)-C(44)-H(44B) 109.5 

C(15)-C(16)-C(17) 132.8(3) O(1)-C(44)-H(44C) 109.5 

C(18)-C(17)-C(16) 106.7(3) H(44A)-C(44)-H(44C) 109.5 

C(18)-C(17)-H(17) 126.7 H(44B)-C(44)-H(44C) 109.5 

C(16)-C(17)-H(17) 126.7 O(2)-C(45)-H(45A) 109.5 

C(17)-C(18)-C(19) 107.6(3) O(2)-C(45)-H(45B) 109.5 

C(17)-C(18)-H(18) 126.2 H(45A)-C(45)-H(45B) 109.5 

C(19)-C(18)-H(18) 126.2 O(2)-C(45)-H(45C) 109.5 

N(4)-C(19)-C(1) 115.4(3) H(45A)-C(45)-H(45C) 109.5 

N(4)-C(19)-C(18) 108.2(3) H(45B)-C(45)-H(45C) 109.5 

 

 


