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Chapter 1. Introduction 

1.1 Approaches and challenges in the development of iron-catalyzed reactions 

There is a growing interest in replacing palladium with iron, as iron is more abundant and less 

expensive.1-2 Studies employing iron catalysts are making strong contributions to the field of cross-

coupling reactions.1-18 Due to the strong reactivity of iron complexes, unpaired electrons complicating 

NMR spectroscopy, and transient nature of the iron-containing intermediate species,1-2, 12-16 mechanistic 

insights and thorough catalyst characterizations are much more challenging than the palladium 

counterparts. Two distinct approaches have been employed for the development of new iron-catalyzed 

processes. The first approach concentrates on optimizing the catalyst,19-20 and the second focuses on 

optimizing the substrates and reaction conditions. 10, 21-22 

1.2 Mononuclear iron-containing metalloenzymes 

Iron-containing enzymes exist in many forms, including, monomeric heme, non-heme and diiron 

heme, non-heme complexes.23-27 These iron-based enzymes are capable of both oxidative and reductive 

chemistry. The study of metalloenzymes is intertwined with the fundamental study of synthetic iron 

complexes. For example, the structures of iron-catalysts are often designed based on the binding motifs 

found in enzymes. The increased simplicity and control over the properties of synthetic iron complexes 

compared to iron-containing enzymes has been used to identify and isolate the active species in many 

systems.28-30 Such work has resulted in the identification and characterize of several  active iron species 

(Fe(III)OOH, Fe(IV)=O, or Fe(V)=O) as key players in both oxidative iron catalysis and enzymatic 

reactions.17, 29, 31  
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1.2.1  Hemoglobin and cytochrome P450 

 
Figure 1.1. Active site of hemoglobin and cytochrome P450. 

 

Tetra-azamacrocycles are cyclic organic molecules that contain four nitrogen atoms, which 

typically serve as coordinate covalent donors to metal ions. The most classic examples of such molecules 

are the naturally-occurring porphyrins. Porphyrins are known to bind iron in the 2+ and 3+ oxidation 

state. Iron-containing porphyrins represent a class of molecules known as hemes and are active sites of 

many enzymes. Figure 1.1 shows the active site of hemoglobin and cytochrome P450. In hemoglobin the 

axial site is filled with a histidine residue; the histidine can tune the reactivity of the iron center to 

facilitate the reversible coordination to dioxygen. The resulting hemoglobin-dioxygen adduct does not 

afford chemical transformations, which contrasts with cytochrome P450. The axial site in cytochrome 

P450 is occupied by a cysteine residue that facilitates the formation of high-valent iron species.32 

Cytochrome P450 catalyzes several organic transformations such as hydroxylation, epoxidation, 

oxidative cyclization, and C-C coupling.33-34 The cytochrome P450 enzyme has been thoroughly studied 

and a rebound mechanism has been proposed for the hydroxylation of alkanes (Scheme 1.1).33 In the 

resting state, the enzyme contains a ferric ion and metal bound water molecule. The substrate enters 

the protein and binds close to the iron-active site. Although the substrate does not bind to the iron 

center, it displaces the water molecule resulting in a five-coordinate iron. The iron can then accept an 

electron from NADPH and bind dioxygen. Through a series of electron transfers and protonation events 

several active species form, specifically, an iron(III) peroxo (compound 0), Iron(V) oxo (compound I), 

iron(IV) hydroxyl (compound II), and an organic radical (Scheme 1.1). The iron(III) peroxo has been 
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shown to catalyzes epoxidation and C-C coupling reactions, and the iron(V) oxo species has been 

implicated as the active catalyst in hydroxylation reactions.33 The iron(IV) hydroxyl is capable of 

hydrogen atom abstraction as well as desaturation of alkanes.33 The organic radical can participate in 

radical rearrangements resulting in C-C bond formation.33 For a more comprehensive review of the 

reactivity and mechanistic explanation for the reactions described above the reader should refer to the 

recently published review by Guengerich and Yoshimoto.33 

 

 
 
 

Scheme 1.1. Proposed mechanism for the hydroxylation of alkanes by cytochrome P450.  

 

Compound I 

Compound II 

Compound 0 
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1.2.2 Diiron containing enzymes 

Nature also uses dimeric iron species to facilitate a wide range of chemical reactions such as 

those shown in Figure 1.2.24 The enzymes that catalyze each process are located over the reaction arrow 

in blue text. Mechanistic investigations of diiron enzymes have implicated a range of pathways through 

which diiron enzymes activate oxygen (Scheme 1.2). To date, three active species have been identified: a 

mixed valent Fe(III)O2/Fe(II), µ-O2 diferric, and µ-O diiron(IV). The catalytic mechanisms shown in 

Schemes 1.1 and 1.2 illustrate the complexity of iron-based enzymes. The intricacy of these processes 

stem from the ability of iron complexes to form multiple species and activate dioxygen by more than 

one pathway.24 The identification of the active iron species in enzymes has led to the development of 

synthetic iron complexes designed to harness the reactivity described here. 

 

Figure 1.2. Chemical transformation performed by various diiron enzymes. Modified from the recent 
review, reference 24. The pre-catalyst is indicated by a red box, and the enzymes which afford the 
specific transformation are shown in blue. 
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Scheme 1.2. Possible oxygen activation pathways of diiron enzymes. Modified from the recent review, 
reference 24. The active iron species are indicated by a purple box.  
 

1.3 Tetra-azamacrocyclic complexes 

 Synthetic tetra-azamacrocycles were initially developed to determine how the cyclic nature of 

porphyrin ligands effect the metal center in biological systems.35 This could not be determined using the 

natural systems because porphyrins are not only cyclic, but contain an extended π-system and two 

anionic nitrogen donors. These three properties lead to complex ligand-metal interactions that cannot 

be separated from the interactions due solely to the effect of a cyclic ligand scaffold. However, 

saturated tetra-azamacrocycles containing secondary amines (Figure 1.3) exhibited a more 

straightforward metal-ligand bonding, due to presence of only σ-donating ligands and a lack of steric 

bulk. The use of the synthetic macrocycles allowed investigations which determined the effect of cyclic 

chelates, such as porphyrins, on metal centers.35 
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The first two synthetic non-porphyrin tetra-azamacrocyclic complexes were reported in 1965 by 

Bosnich and co-workers ([trans-Ni2+Cyclam(Cl)2] and [trans-Co3+Cyclam(Cl)2]+).36 By 1979 saturated 

macrocyclic ligands with varying ring sizes (12-16 membered) had been synthesized.35, 37-38 The 

macrocyclic complexes were shown to be more thermodynamically and kinetically stable than the open 

chain counter-parts.39-40 Furthermore, varying the ring size, rigidity, and charge of the macrocycle were 

shown to tune the properties of the metal complexes in predictable ways.35 Specifically, decreasing the 

size of the macrocyclic core increased ligand field strength. The tuning power of macrocyclic ligands 

illustrated that the reactivity of hemoglobin and cytochrome P450 can, in part, be attributed to the 

complexation of iron to the porphyrin ligand. 

1.3.1 Speciation of iron-containing tetra-azamacrocycles 

The ligand effects described above are based on investigations performed on the trans isomers 

of the 13- to 16-membered macrocyclic nickel and cobalt complexes.35 The iron(II) complexes of the 13- 

to 16-membered tetra-azamacrocycles were first published in 1976 by Watkins Jr. and co-workers.37 In 

this later series, three spin-states of the iron(II) complexes were identified as S = 1/2, 0, 2. The different 

spin-states obtained were attributed to the effect of ring size on ligand field strength, decreased size 

leads to increased ligand field strength of the macrocycle. All ring sizes afforded monomeric trans 

isomers; however, a cis-isomer was observed in the presence of a 15-membered macrocycle.37 The 

ability to modulate spin-state by varying the size of the macrocyclic ring speaks to the tunability of tetra-

macrocycles. Like porphyrins, the macrocyclic cavity of the 14-membered cyclam (Figure 1.3) is large 

enough to fully encapsulate a ferric or ferrous ion as observed in heme containing enzymes.37 Porphyrins 

(16-membered macrocycles) are very rigid ligand scaffolds due to the presence of an extended π-

system; therefore, these species only form trans- iron complexes. However, due to the saturated nature 

of the ring, cyclam is not as rigid as the porphyrins. The flexibility and ability of the ligand to fully 

encapsulate the iron center allows for the formation of both trans and cis isomers (Figure 1.4). The spin-
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state of the iron center has been shown to differ between these species. The complex cis-

[Fe3+Cyclam(N3)2]+ contains a ferric iron in the high-spin state (S = 5/2). When the cis-complex is heated 

to 50 oC, a low-spin (S= ½) complex, trans-[Fe3+Cyclam(N3)2]+, is formed.41 Reduction in the size of the 

macrocycle from 14- to 12-membered results in a macrocyclic cavity too small to fully engulf the iron 

center. Therefore, only cis-isomers form, independent of the temperature at which the complex is 

synthesized. Like the cis-cyclam complexes, [Fe3+Cyclen(Cl)2]+ contains a high-spin iron center. Although 

the use of cyclen prevents the formation of the trans-species, it does not result in the formation of only 

one type of iron complex. The monomeric complexes of cyclen-based ligands readily form µ-oxodiiron 

species such as [µ-O(Fe3+LCl)2]2+ shown in Figure 1.3.42  

 

 

Figure 1.3. (Top) Structure of cyclen and cyclam. (Bottom) Possible species that may form upon 
complexation of iron with cyclam- and cyclen-based ligands. 

 

1.3.2 Oxidative reactivity of iron-containing tetra-azamacrocycles 

As stated above, tetra-azamacrocycles were developed to gain insight into the metal-based 

properties of iron-containing enzymes.35 Amine-containing macrocycles and open chain iron complexes 
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that harness the oxidative reactivity of natural systems have become an important part of bioinorganic 

chemistry. Several review articles which outline the structure, reactivity, and active iron species of these 

synthetic complexes have been reported, providing invaluable spectroscopic comparisons to 

metalloenzymes in nature.5, 20, 23, 28-29, 43-46  

 

Figure 1.4. Tetra-azamacrocyclic iron complexes that catalyze oxidation of organic substrates. 

 

Figures 1.3 and 1.4 show examples of tetra-azamacrocyclic complexes that have been tested as 

catalysts for the oxidation of organic substrates. Table 1.1 lists the reactions tested for each complex 

shown in Figures 1.3 and 1.4, along with the oxidants used. The iron(III)-cyclen complex catalyzes water 

oxidation in the presence of [Ru(bpy)3]Cl2,47 and cis-[Fe3+Cyclam(OTf)2]+ catalyzes electrochemical water 

oxidation.23 The trans isomer, trans-[Fe3+Cyclam(OTf)2]+, was not tested for use in water oxidation, as it 

has shown that water oxidation is only catalyzed by complexes with labile cis-sites.23 Instead, trans-

[Fe3+Cyclam(OTf)2]+ was shown to catalyze the epoxidation of alkenes.48 The methylated derivative 

[Fe2+TMC(OTf)2] was also investigated for the ability to functionalize olefins and perform water 

oxidation, however, no catalytic activity of this kind was observed.23, 49 Although [Fe2+TMC(OTf)2] did not 

show catalytic activity like the cyclam derivatives, it proved to stabilize high-valent iron-oxo species 

allowing for the first single-crystal XRD analysis of an iron(IV)=O complex ([Fe4+TMC(O)CH3CN)]2+).50-52 

Since this report, [Fe3+TMC-O2]+, [Fe3+TMC-(OH)]2+ and [Fe3+TMC-OOH]2+ have also been synthesized.53-54
 

The [Fe3+TMC-(OH)]2+ species is capable of oxidizing TEMPOH.54 
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Table 1.1. Reactivity of complexes in Figure 1.3 and 1.4. 

Catalyst Reaction Oxidant No Reaction 

[Fe3+Cyclen(Cl)2]+ Water oxidation47 [Ru(bpy)3]Cl2  

trans-[Fe2+Cyclam]2+ Alkene epoxidation48 H2O2 cis-hydroxylation48 

cis-[Fe3+Cyclam(OTf)2]+ water oxidation23 Electrochemical  
[Fe2+TMC(X)2] 
 

Aldehyde deformylation51
 

 
O2 

 
Epoxidation/cis-
hydroxylation49 

   water oxidation23 

[Fe3+TMC-py(OH)]2+ Oxidation of TEMPOH54 -  
[Fe2+L8(Cl)2] 
 

Epoxidation and 
cis-hydroxylation of alkene49 H2O2 

Kumada type C-C 
coupling15 

[Fe3+L8(Cl)2]+ water oxidation55 NaIO4  

 oxidation of alcohols55 NaIO4  

[Fe3+LN4H2(Cl)2]+ Epoxidation of cyclooctene56 Oxone  

[Fe3+LN4Me2(Cl)2]+ Water oxidation57 *CAN or Oxone  

 Cis-hydroxylation of cyclooctene56 Oxone  

 Intradiol cleavage58 O2  

[Fe2+L4(OTf)2] Oxidation of alkenes17-18 peracetic acid  

*CAN ([NH4]2[Ce4+(NO3)6)  
 

The compound L8 represents a class of ligands that contain an ethylene cross-bridge. These 

ligands are designed to prevent the formation of µ-oxodiiron species and guarantee iron complexes with 

two cis-labile ligands. The ferrous and ferric complexes of L8 have also been synthesized. The ferrous 

complex catalyzes epoxidation and cis-hydroxylation of alkenes,49 while the ferric complex catalyzes the 

oxidation of water and alcohols.55 The incorporation of one or two pyridine rings into 12-membered 

macrocyclic ligands has also been accomplished, resulting in ligands LN4H2, LN4Me2, and L4.18, 59-61 Iron 

complexes of each have been studied. The epoxidation of cyclooctene can be catalyzed by 

[Fe3+LN4H2(Cl)2]+  in the presence of oxone,56 while the methylated congener [Fe3+LN4Me2(Cl)2]+ will 

catalyzes the cis-hydroxylation of cyclooctene opposed to the epoxidations chemistry demonstrated 

with the LN4H2 congener.56 [Fe3+LN4Me2(Cl)2]+ also catalyzes water oxidation and intradiol cleavage, 

making it the most versatile ligand in this series, to date.57 Lastly, [Fe2+L4(OTf)2] facilitates the oxidation 

of alkenes.17-18 The active catalytic species in each of these reactions has been identified as either an 
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Fe(III)OOH, Fe(IV)=O, or Fe(V)=O species. In all cases, these species have been spectroscopically 

characterized. For example, the oxidation catalyst [Fe2+L4(OTf)2] has been shown to form an iron(V)=O, 

which has been characterized by EPR spectroscopy and exhibits three signals consistent with a S = ½ 

species.18  

1.4 C-C coupling reactions 

Carbon-carbon cross-coupling reactions catalyzed by transition metals are invaluable 

components in a chemist’s toolbox.16 Palladium is the most common metal used to facilitate these 

transformations despite the low availability and cost of the precious metal.1-2, 12-16 Several types of 

palladium-catalyzed coupling reactions have been developed including Suzuki-Miyaura and Kumada.62-63 

Typical palladium-catalyzed C-C coupling reactions require a palladium source, aryl halide, and an 

electron deficient substrate. In Suzuki-Miyaura reactions the electron deficient substrate is a boronic 

acid or ester. In contrast, the Kumada reactions the electron deficient substrate is Grignard reagent. The 

majority of palladium catalyzed reactions are thought to follow the mechanism shown in Scheme 1.3. 

The first step of the mechanism is oxidative addition of an aryl halide to the Pd(0). The ArPd2+X species 

reacts with the electron deficient substrate via transmetalation to produce ArPd2+R. The formation of a 

C-C bond occurs through a reductive elimination step, thus regenerating the catalyst.  
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Scheme 1.3. Accepted mechanism of palladium-catalyzed coupling reactions. 

 

1.4.1  Iron-catalyzed Kumada-type C-C coupling reactions 

The complex [Fe2+L8(Cl)2] has also been tested for the ability to catalyze Kumada type C-C 

coupling reactions, however, under the conditions tested no catalysis was observed.15 Iron-catalyzed 

Kumada type C-C coupling reactions are proposed to produce low-valent iron(I) species rather than the 

high-valent species proposed in oxidative chemistry. This low-valent iron(I) species has also been 

characterized by EPR spectroscopy and identified as a S = ½ species.64 Therefore, a mechanism like Pd-

catalyzed C-C coupling has been proposed and is shown in Scheme 1.4.  

 

Scheme 1.4. Proposed mechanism for iron-catalyzed Kumada-type C-C coupling. 

 



12 
 

1.4.2 Iron-catalyzed Suzuki-Miyaura-type C-C coupling reactions 

The studies that investigate other iron-catalysts for C-C bond formation focus largely on the 

scope of the catalysts and less on the properties of the active metal center or catalyst itself. Suzuki-

Miyaura C-C coupling reactions facilitated by iron have been pioneered by Hu and co-workers.3, 65 Tetra-

azamacrocycles and iron(II) salts were shown to catalyze the coupling of pyrrole and phenylboronic acid 

only in the presence of oxygen.19 In a preliminary mechanistic investigation, an iron-oxo species was 

proposed as the active catalyst. Initial attempts to characterize the active iron species in-situ were 

inconclusive. The only other mechanistic study performed on iron-catalyzed direct Suzuki-Miyaura 

coupling that employed tetra-azamacrocyclic ligands was performed by Dong et al. Using mass 

spectrometry and computational methods the authors purposed a catalytic cycle in which the active 

catalyst is an iron(III)-oxo species.3 The two catalytic mechanisms proposed for iron-catalyzed Suzuki-

Miyaura-type C-C coupling reactions are shown in Scheme 1.5.  

 

 

Scheme 1.5. Proposed mechanism for iron-catalyzed Suzuki-Miyaura-type C-C coupling, (left) mechanism 
purposed by Wen et al. and (right) mechanism purposed by Dong et al.3, 19 
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Although not explicitly stated in the main text, Wen et al. suggested an iron(IV)-oxo species 

performs the C-H activation step.19 Dong et al. suggested an iron(III)-oxo species performs the C-H 

activation.3 The two mechanisms are similar yet conflicting. Both mechanism resemble the palladium 

catalyzed process consisting of three-steps, C-H activation, transmetalation, and reductive elimination. 

However, the mechanisms differ in the assignment of the oxidation state of the iron center throughout 

the catalytic cycle. 

Several mechanistic questions remain. Specifically, the identity of the iron complex throughout 

the catalytic cycle, the ability of the ligand to enhance catalytic yields, the role of the sacrificial oxidant, 

the participation of a radical, and the presence of off-cycle species. Therefore, in this dissertation 

several iron complexes were investigated as catalysts in the coupling of pyrrole and phenylboronic acid. 

The oxidation state and spin state of the iron complexes were characterized using X-ray crystallography, 

UV-vis absorbance spectroscopy, electron paramagnetic resonance spectroscopy, cyclic voltammetry, 

and mass spectrometry. Characterization of the iron complexes and subsequent catalytic testing were 

used to obtain a more detailed understanding of the catalytic mechanism. Furthermore, the results 

indicated that the iron(III) complexes are essential for catalytic and regioselective production of the 2-

phenylpyrrole product. 

Chapters 2-4 will focus on the investigations into the iron-catalyzed C-C coupling of pyrrole and 

phenylboronic acid. Chapter 2 describes the synthesis, characterization, and catalytic application of 

three high-spin iron complexes. Chapter 3 compares a library of eight iron complexes with tetra-

azamacrocyclic ligands to determine the ligand properties that promote catalytic activity. In Chapter 4, a 

series of studies were conducted to expand the mechanistic understanding of iron-catalyzed Suzuki-

Miyaura C-C coupling reactions facilitated by macrocyclic supported complexes. 
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1.5 MRI contrast agents 

Gadolinium agents shorten the longitudinal and transverse relaxation times of bulk water 

protons, thus increasing signal intensity in T1-weighted images.66 Although gadolinium agents give good 

resolution, they are unable to respond to environmental factors that could give information related to 

disease states. In contrast, chemical exchange saturation transfer (CEST) agents can be sensitive to 

changes in the environment.67 CEST agents must have exchangeable protons, for example -NH, -OH, or 

water. To produce a CEST image, these protons are spin saturated by the application of a specific radio-

frequency pulse in the presence of a magnetic field. When the condition Keq ≤ Δω (Keq is the water 

exchange rate, Δω is the frequency separation between the bulk water resonance and the resonance of 

the exchangeable proton) is satisfied, the exchange of irradiated protons with bulk water protons results 

in MRI images with increased contrast. Put simply, when Δω is small the water exchange rate must be 

slow; increasing Δω allows for protons with faster exchange rate to produce a CEST spectrum.67 The Δω 

may be increased by the presence of paramagnetic metal ions, which shifts the resonance of the 

exchangeable proton out of the diamagnetic NMR spectrum range. CEST is a versatile approach as it can 

be turned on or off by using or not using pre-saturation pulse. The effectiveness of CEST agents are tied 

to the water exchange process. The water exchange process is defined as the interchange of bulk water 

with the water molecule(s) covalently interacting with the metal center. In Ln3+ complexes the water 

exchange rate must be slow to intermediate. The Eu3+ ion has a co-ordination number of 8-9 (in 

equilibrium) and the slowest water exchange rate of the lanthanides.67 The Eu3+ species is the lanthanide 

of choice for PARACEST applications to date because it has the slowest water exchange rate and low 

paramagnetic relaxation enhancement.67 In contrast to Eu3+ systems, iron-complexes typically have a 

coordination number of 6, but 7- and 8- coordinate iron complexes have also been reported. Due to the 

lower coordination number of iron compared to europium complexes, iron-based CEST agents are not 

affected by the water exchange rate. Instead, exchange rate of -OH or -NH protons are responsible for 
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CEST behavior. Due to the fast relaxivity of water and protons that are in proximity to the iron(III) ions, 

only iron(II) complexes result in viable CEST agents. In 2011 Morrow and co-workers reported the first 

iron-based contrast agents.68 Since this time, a range of agents containing 9-, 12-, 14-, and 15- 

membered macrocycles have also been reported. The next section details the PARACEST behavior of 

several transition metal complexes containing macrocyclic ligands.  

1.5.1 Advances in transition-metal PARACEST agents 

 

Figure 1.5. Macrocyclic transition metal complexes synthesized and test by Morrow and co-workers as 
CEST agents.68-73 
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The first transition-metal based PARACEST agents reported were the iron(II) complexes of L20, 

L21, and L22.68 Each ligand stabilized the 2+ oxidation of the iron center, even in the presence of air. The 

ligands were designed to be 6-coordinate and contained a 9-membered tri-azamacrocycle (TACN) with 

varying pendant arms (Figure 1.5; L20 (amide pendant arms), L21 (5-amino-6-methyl-2-pyridyl), L22 (2-

pyridyl). At a pH of 7 the PARACEST signal varied greatly among the series. Complexes [Fe(L20)]2+and 

[Fe(L21)]2+ exhibited  signals at 69 ppm and 6 ppm downfield of bulk water, respectively. However, 

complex [Fe(L22)]2+ did not afford a CEST signal, most likely due to the lack of exchangeable protons or a 

water molecule. The following year, Morrow and co-workers studied the iron(II) complexes of TCMC and 

s-THP.69 TCMC and s-THP contain a 12-membered tetra-azamacrocycle, but differ in the identity of 

pendent arms. TCMC (also referred to as DOTAM throughout literature) contains 4 pendant amide arms 

and s-THP contains four pendant hydroxypropyl arms (Figure 1.5). The iron complexes exhibit CEST 

signals at 50 ppm ([Fe(TCMC)]2+) and 54 ppm ([Fe(s-THP)]2+) downfield of bulk water. The CEST signal of 

these complexes were pH dependent between pH 6 and 8. The pH dependence was studied because 

identification of pH in-vivo may allow differentiation between malignant tumors and benign growths.69 

The iron complexes showed great stability even in the presence of Zn(II), Cu(II), carbonate, phosphate, 

and NaCl.70 Furthermore, in-vitro studies concluded that the complexes should be non-toxic as redox 

cycling was not observed in presence of ascorbate/oxygen or ascorbate/H2O2. The three studies 

mentioned above were summarized in a perspective and a microreview published in 2012.71-72 In 2014, 

the iron(II), cobalt(II), and nickel(II) complexes of L23 were synthesized. The ligand L23 is a 15-

membered macrocycle containing 2 nitrogen and 3 oxygen donors and is functionalized with 2 pendant 

amide arms (Figure 1.5).73 The iron complex, [Fe(L23)]2+, was determined to be 7-coordinate and adopt a 

pentagonal bipyramidal geometry; the complex afforded a CEST signal at 92 ppm downfield of bulk 

water. In 2014, Harris and co-workers reported two spin-crossover iron(II) complexes for use as 

PARACEST MRI thermometers as the determination of tissue temperature has many medical 
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applications.74 Both complexes studied showed CEST signals that had linear temperature dependence of 

0.23(1) ppm/oC ([Fe(3-bpp)2]2+) and 1.02(1) ppm/oC ([(Me2NPY5Me2)Fe(H2O)]2+), for the high-spin 

species. Although the complexes exhibited a temperature-dependent CEST signals, they suffered from 

low stability, due to the use of open -chain ligands. Following the report by Harris, Morrow and co-

workers reported a more stable complex, [Co(TCMC)]2+, with a linear temperature-dependence of -0.66 

ppm/oC.75 Overall, Morrow’s work has shown that amine functionalized pyridine-, amide-, and isopropyl- 

containing macrocyclic complexes result in iron(II) and Co(II) complexes that produce CEST spectra 

sensitive to pH and temperature, and may function as sensory contrast agents.75 

Given our extensive experience in the synthesis and characterization of iron macrocyclic 

complexes, alternative applications for daughter complexes of L1, L2, and L3 were explored. Chapter 5 

consists of the synthesis and application of several pentadentate ligands for use as iron-based contrast 

agents. The preliminary studies are presented to establish a foundation for future synthetic methods in 

the Green Research Group, which will potentially lead to the production of responsive, theranostic, and 

non-toxic europium- and iron-based PARACEST agents.  
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Chapter 2. Isolation and identification of the pre-catalyst in iron-catalyzed direct arylation of 
pyrrole with phenylboronic acid 

2.1 Introduction 

In 2010, Wen et al. reported that the tetra-azamacrocycles (cyclen, L1. LN4H2 and Me4cyclen) 

shown in Figure 2.1, when mixed with iron(II) salts in the presence of oxygen, facilitate direct arylation 

of pyrrole with phenylboronic acid to form 2-phenylpyrrole.19 A preliminary mechanism was proposed in 

which an iron-oxo species acts as the active catalyst; however, no metal oxidation states were assigned 

or catalyst characterization reported, aside from a mass spectrum that proved to be tenuous in its 

assignment. Since the release of this publication, it has been cited over 70 times 3, 6, 11, 21-22, 76-140 To date 

the synthesis and characterization of iron complexes of LN4H2 and cyclen have been reported (Figure 

2.2). 44, 47, 141-142 Both complexes [(LN4H2)Fe(Cl)2]+ and [(cyclen)Fe(Cl)2]+ were identified as high-spin 

iron(III) systems. Of the four mixtures tested for catalytic ability by Wen and co-workers, the mixture 

containing L1 afforded the highest yield. Therefore, and reported here, we identified the spin-state and 

oxidation state of the complex formed by L1 and iron(II) in the presence of oxygen and compared the 

structural and electronic properties to [(LN4H2)Fe(Cl)2]+, [(cyclen)Fe(Cl)2]+, and other iron(III) complexes. 

We have previously explored L1 and its derivatives (L2 and L3, Figure 2.3) as chelates for Cu(II), Ni(II), 

and Zn(II); the donor capacity of the ligand was affected by the presence and position of the hydroxyl 

group.143 In this chapter, the iron complexes of L1, L2, and L3 were also isolated, characterized, and 

compared within the series. The bona-fide iron(III) high-spin complexes derived from L1, L2, and L3 were 

identified as pre-catalysts for direct Suzuki-Miyaura coupling of pyrrole and phenylboronic acid to yield 

2-phenylpyrrole. A pre-catalyst is a species which, in-situ, undergoes further derivatization resulting in 

an active catalytic species. In nature, the pre-catalyst is often referred to as the resting state of an 

enzyme. Finally, further experiments suggested that L2 and L3 can promote a small amount of 

background reactivity yielding multiple products. However, the iron(III) pre-catalysts are critical for 
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focusing the reactivity to produce only 2-phenylpyrrole, thus validating the need for the intact iron 

complex as the catalyst. The goal of this chapter is to demonstrate that [Fe3+L1(Cl)2]+, [Fe3+L1(Cl)2]+, and 

[Fe3+L3(Cl)2]+ are capable of coupling pyrrole and phenylboronic acid, and that the coupling does not 

occur when an iron salt or tetra-azamacrocycle are used independently. 

 

 

Figure 2.1. Tetra-azamacrocycles studied by Wen et al. in combination with iron(II) salts to facilitate the 
coupling of pyrrole and phenylboronic acid to produce 2-phenylpyrrole.19 

 

 

Figure 2.2. Iron(III) complexes derived from cyclen, LN4H2, and L8. 

 

2.2  Results and discussion 

2.2.1 Synthesis and characterization 

The corresponding iron complexes of L1-L3, shown in Figure 2.3, were synthesized in 

water at pH ~5 to compensate for the protonation of the isolated ligands. An iron(II) salt was 

used in metalation of L1-L3 and was oxidized in air to iron(III) prior to isolation of the 

[Fe3+L1(Cl)2]+ -[Fe3+L3(Cl)2]+ complexes. The iron(II) perchlorate salt was exploited to facilitate the 

growth of X-ray quality crystals, discussed below. Attempts to form complex using Fe(ClO4)3 did 

not afford product in water. The presence and position of the hydroxyl group on the aromatic 

ring of the ligand affected the metalation efficiency and solubility of the resulting complexes; 
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therefore, divergent synthetic strategies were developed for each complex produced. For 

example, mixtures of CH3CN/Et2O or DMF/Et2O were used to isolate metal complexes 

[Fe3+L1(Cl)2]+ (62% yield) and L3Fe (63% yield), respectively, as solids precipitates. L2Fe was easily 

isolated as a precipitate from the aqueous reaction mixture, albeit with a low yield (30%). 

Nevertheless, the resulting ferric complexes of L1-L3 were stable to both air and light and can be 

stored indefinitely once isolated as dark red ([Fe3+L3(Cl)2]+) or light brown ([Fe3+L1(Cl)2]+, 

[Fe3+L2(Cl)2]+) solids.  

 

 

Figure 2.3. Chemical structure of ligands L1-L3 (L1 = 1,4,7,10-tetra-aza-2,6-pyridinophane, 35, 144 
L2 = 1,4,7,10-tetra-aza-2,6-pyridinophane-14-ol, 145 L3 = 1,4,7,10-tetra-aza-2,6-pyridinophane-13-ol).143 
Pictorial representation of [Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and [Fe3+L3(Cl)2]+. 

 

2.2.2 X-ray crystallography 

Figure 2.4 shows the results of single crystal diffraction analysis on crystalline solids of 

[Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and [Fe3+L3(Cl)2]+. Yellow, X-ray quality crystals of [Fe3+L1(Cl)2]+ were 

obtained through vapor diffusion of diethyl ether into a solution of DMF; yellow [Fe3+L2(Cl)2]+ and 

brown [Fe3+L3(Cl)2]+ crystalline materials were isolated by slow evaporation of aqueous solutions. 

Table A 1 contains the crystal data, intensity collections, and structure refinement parameters; a 

full list of bond lengths and angles are also located in the supporting information. Analysis of the 

structures determined through X-ray diffraction experiments showed that each complex adopts 

a six coordinate, distorted octahedral geometry (N(2)-Fe-N(4), ~85o; N(1)-Fe-N(3), ~147o). The 

coordination sphere consists of four nitrogen donors from the ligand set and two chloride ions. 
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Each complex adopts a cis-folded geometry due to the rigidity of the 12-membered ligand set, in 

which one chloride is cis and the other is trans to the pyridol ring.16 This finding is consistent 

with previous structure determination of [Fe3+L1(Cl)2]BF4, reported by Alcock et al.146 The charge 

of the [Fe3+Lx(Cl)2]+ systems are balanced by one perchlorate counter ion. The position of the 

hydroxyl group and the flexibility of the aliphatic portion of the ligand results in an enantiomeric 

mixture of [Fe3+L3(Cl)2]+. The hydroxyl group was modeled for disorder to account for both 

enantiomers, as shown in Figure 2.4c. 

 

Figure 2.4. ORTEP (50%) representations of [Fe3+L1(Cl)2]+ (A), [Fe3+L2(Cl)2]+ (B), and [Fe3+L3(Cl)2]+  (C). The 
perchlorate anion has been omitted for clarity; modelling of disorder for [Fe3+L3(Cl)2]+ is shown in grey. 
All complexes take on a cis-folded distorted octahedral geometry. The Fe-N bond lengths are greater 
than 2.0 Å, consistent with other high-spin ferric systems.44, 142, 147  

 

The geometry of complexes [Fe3+L1(Cl)2]+ - [Fe3+L3(Cl)2]+ can be compared to other 

macrocycles in the literature. For example, N(1)-Fe-N(3) bond angles have been reported for two 

12-membered macrocycles (Figure 2.1), [(LN4H2)Fe(Cl)2]+ (142.41°) and [(LN4Me2)Fe(Cl)2]+ 

(146.55°), where the latter complex provides the closest bond angle to the [Fe3+L1(Cl)2]+- 

[Fe3+L3(Cl)2]+ systems.56, 142, 148 The [Fe3+L2(Cl)2]+ complex provides slightly longer Fe-N bonds 
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compared to [Fe3+L1(Cl)2]+ and [Fe3+L3(Cl)2]+. For example, the Fe-N(2) bond of [Fe3+L2(Cl)2]+ was 

determined to be 2.2023(10) Å, while [Fe3+L1(Cl)2]+ and [Fe3+L3(Cl)2]+
 were slightly shorter with 

2.2001(6) and 2.181(2) Å, respectively. The only exception was observed with the Fe-N(4) bond, 

which was slightly shorter in [Fe3+L2(Cl)2]+ (2.0967(10) Å) compared to [Fe3+L1(Cl)2]+ (2.1074(5) Å) 

and [Fe3+L3(Cl)2]+
 (2.107(2) Å). The difference in the equatorial Fe-N(4) pyridine-derived bond 

length is consistent with a stronger interaction between the pyridol nitrogen of L2 vs. L1 and L3. 

Throughout the series, the equatorial Fe-N(2) (pyridine atom) bond is the longest and thus the 

weakest Fe-N interaction. The Fe-N bond lengths of [Fe3+L1(Cl)2]+- [Fe3+L3(Cl)2]+ are greater than 

2.00 Å (Tables 2.1-2.2 and Figure 2.4) and are consistent with iron(III) high-spin systems.149 For 

example, the iron center of [(LN4Me2)Fe(Cl)2]+ was assigned as a high-spin iron(III) by EPR, and 

the Fe-N bond lengths within the high-spin complex were measured as 2.128 and 2.221 Å.148, 150 

Altogether, the results indicate that ligands L1-L3 stabilize the high-spin iron(III) in similar 

manner and that L2 is a slightly stronger σ-donor to iron(III) compared to L1 and L3. However, 

the differences in bond lengths and angles within [Fe3+L1(Cl)2]+- [Fe3+L3(Cl)2]+ are much smaller 

than the nickel(II), copper(II), and zinc(II) congeners of L1-L3.143  

 

Table 2.1. Selected bond lengths and angles of complexes [Fe3+L1(Cl)2]+ - [Fe3+L3(Cl)2]+. 

Bond Length (Å)  [Fe3+L1(Cl)2]+ [Fe3+L2(Cl)2]+ [Fe3+L3(Cl)2]+ 

Fe(1)-N(1) 2.1641(6) 2.1787(11) 2.162(2) 

Fe(1)-N(2) 2.2001(6) 2.2023(10) 2.181(2) 

Fe(1)-N(3) 2.1676(6) 2.1812(11) 2.172(2) 

Fe(1)-N(4) 2.1074(5) 2.0970(10) 2.107(2) 

Bond Angle (o)    

N(1)-Fe(1)-N(3) 147.25(2) 146.70(4) 147.17(8) 

N(2)-Fe(1)-N(4) 85.56(2) 85.47(4) 85.72(8) 
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2.2.3 Mass spectrometry 

Mass spectrometry further confirmed the oxidation state of the iron(III) in [Fe3+L1(Cl)2]+- 

[Fe3+L3(Cl)2]+. The mass spectrum obtained for [Fe3+L1(Cl)2]+ consisted of three isotopic envelopes 

that correspond to the complex: 260.1519 m/z = [L1Fe(III)-2H+]+, 296.1358 m/z = [L1Fe(III)Cl--

H+]+, and 322.1209 m/z = [L1Fe(III)2Cl-]+ (Figure A 4). Similar fragmentation patterns were 

obtained for complexes [Fe3+L2(Cl)2]+ and [Fe3+L3(Cl)2]+ and are detailed in experimental methods 

related to each complex. Mass spectrometry analysis of the coupling reaction performed by Wen et al. 

revealed three isotopic envelopes: m/z = 207.1532, 353.1956, and 369.1956.19 The isotopic envelopes 

were assigned as [L1]+, [L1 + Fe +C2O4]+, and [L1 + Fe + C2O4  + O]+, respectively, with no indication of iron 

oxidation states or charge balance. The isotopic envelope observed at m/z = 207.1532 indeed 

corresponds to the singly protonated free ligand [L1 + H+]+, which we observe as well with studies of free 

ligand L1. However, the assignment of m/z = 353.1965 as [L1 + Fe +C2O4]+ is incorrect, as the exact mass 

the expected species is modeled to have m/z = 350.0672, three mass units less than the observed ion 

reported. Similarly, the assignment of m/z = 369.1897 as [L1 + Fe + C2O4  + O]+ (Theoretical m/z = 

366.0621) as a component of the catalytic reaction does not correlate as well. Therefore, the results 

reported herein serve as the first validation of the composition and oxidation state of the pre-catalyst 

involved in the C-C coupling of pyrrole and phenylboronic acid. 

2.2.4 Spin-state determination 

 The spin and oxidation states of complexes [Fe3+L1(Cl)2]+ - [Fe3+L3(Cl)2]+ were also validated 

at low temperature via electron paramagnetic resonance (EPR) spectroscopy. As shown in Figure 

2.5 (left), the EPR spectra (solid lines) for all complexes ([Fe3+L1(Cl)2]+ - [Fe3+L1(Cl)2]+) exhibit 

features typical of high-spin ferric iron (S = 5/2). For analytical purposes, all data were recorded 

under non-saturating microwave power. The simulations overlaid on each spectrum (dashed 

lines) consist of contributions from two separate doublets. As indicated by the energy diagram 
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shown in Figure 2.5 (right), the dominant transition for these complexes arises from the ground 

ms = ± 1/2 doublet of a S = 5/2 spin state with near axial symmetry (E/D = 0.07). Transitions 

within this doublet yield the observed g-values of 7.6, 4.3, and 1.7. The linewidth of this 

transition can be reasonably simulated by assuming a Gaussian distribution in rhombicity (E/D) 

[designated σE/D], which broadens the g ~ 1.7 resonance significantly. The lower intensity 

features observed at g ~ 5.8 and 1.97 are nearly absent at low temperature (4 K) but reach a 

maximal intensity near ~8 K before decreasing again as temperature approaches 20 K. The 

alternating temperature dependence of these features confirm that this signal must originate 

from the middle ms = ± 3/2 doublet of the S = 5/2 spin state. The magnitude of the zero-field 

splitting parameter (|D| = 0.7 ± 0.2 cm-1) was determined by plotting the EPR signal intensity of 

the ms = ± 1/2 doublet versus 1/T and fitting the data to a Boltzmann population distribution for 

a 3-level system. Additional corroboration of the axial zero-field splitting term was obtained by 

simultaneous simulation of EPR spectra collected at temperatures ranging from 4 to 20 K (n = 5). 

Within this temperature regime, all simulations accurately reproduce the relative intensity for 

each transition (± 1/2 and ± 3/2 ms-states) using a D-value of 0.7 ± 0.2 cm-1. Within error, all 

complexes ([Fe3+L1(Cl)2]+ - [Fe3+L3(Cl)2]+) exhibited equivalent temperature dependence and thus 

all EPR simulations shown in Figure 2.5 utilized the same axial zero field splitting term. Indeed, 

except for minor perturbations in the extent of E/D-distribution (σE/D), all complexes [Fe3+L1(Cl)2]+ 

- [Fe3+L3(Cl)2]+ exhibit nearly equivalent EPR spectroscopic properties. The near equivalent of EPR 

spectra observed for these complexes is understandable given the close agreement in Fe-

coordination sphere bond length and coordination geometry observed crystallographically 

(Table 2.1).  
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Table 2.2. Comparison of spin-state and bond lengths within iron(III) complexes derived from 12-
membered tetra-azamacrocyclic ligands.11,12 

 

 

 

Figure 2.5. (left) X-band EPR spectra of [Fe3+L1(Cl)2]+ (A), [Fe3+L2(Cl)2]+ (B), and [Fe3+L3(Cl)2]+ (C). 
Quantitative simulations (dashed lines) are overlaid on each spectrum for comparison. The black 
circle observed at g ~ 4.92 in [Fe3+L2(Cl)2]+ is from a minor (< 10%) high-spin iron(III)-impurity. 
Instrumental parameters: frequency, 9.643 GHz, microwave power, 6 μW; modulation amplitude, 
0.9 mT; temperature, 10 K.  Simulation parameters: S = 5/2; g1,2,3 ~2.0; |D|, 0.7 ± 0.2 cm-1; E/D, 
0.07; σE/D, 0.01; σB, 0.9 mT.  (right) Energy level diagram illustrating the splitting of doublets 
within the S = 5/2 spin state along each principle axis (X, red; Y, green; Z, black). 

 

Complex Spin State Fe-N4 (Å) Fe-N2 (Å) N1-Fe-N3 () Ref. 

[(cyclen)Fe(Cl)2]Cl 5/2 - 2.1461(16) 146.40(6) 44 

[(LN4H2)Fe(Cl)2]Cl  2.094(1) 2.189(1) 142.41(7) 56, 142, 148 

[(L8)Fe(Cl)2]PF6
 5/2 - 2.163 (2) 153.20 147 

[Fe3+L1(Cl)2]ClO4 5/2 2.1074(5) 2.2001(6) 147.25(2) This work 

[Fe3+L2(Cl)2]ClO4 5/2 2.0967(10) 2.2023(10) 146.71(4) This work 

[Fe3+L3(Cl)2]ClO4 5/2 2.107(2) 2.181(2) 147.19(8) This work 
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2.2.5  Electrochemistry 

Cyclic voltammetry was used to evaluate the electrochemical behavior of [Fe3+L1(Cl)2]+- 

[Fe3+L3(Cl)2]+. The cyclic voltammograms corresponding to the iron(III/II) couple of [Fe3+L1(Cl)2]+- 

[Fe3+L3(Cl)2]+ are shown in Figure 2.6. Of the three complexes, [Fe3+L2(Cl)2]+ (E1/2 = -486 mV) has 

the most negative half potential, followed by [Fe3+L3(Cl)2]+ (E1/2 = -468 mV) and [Fe3+L1(Cl)2]+ (E1/2 = 

-465 mV). The difference in the half potentials indicated derivatization of the pyridine ring 

effects the electron density around the iron center to a small extent. Figure 2.7 compares the 

electrochemical potentials of iron complexes containing 12-membered tetra-azamacrocycles; a 

wide range (-865 mV to -290 mV) of half potentials is achieved by changing the donor capacity of 

the ligand set, L8 < L1 ≈ L3 < L2 < cyclen.94, 105, 122 

The reversibility of the redox process was investigated by determining the ΔEp and Ipa/Ipc. 

The iron(III/II) redox processes are quasi-reversible (ΔEp, Ipa/Ipc): [Fe3+L1(Cl)2]+ (105 mV, 1.2583), 

[Fe3+L2(Cl)2]+ (112 mV, 0.7264), and [Fe3+L3(Cl)2]+ (101 mV, 0.7485). Lastly, the electrochemical 

events are diffusion controlled for all three iron complexes, as shown by the linear relationship 

between Ip and the square-root of the scan rate (Figure A 6).151  

It should be noted that an additional ligand-based oxidation event around 900 mV is 

observed in the full solvent window (1.4 to -1.2 mV, Figure A 5, top) for [Fe3+L1(Cl)2]+- 

[Fe3+L3(Cl)2]+. We have previously postulated that this event was ligand derived, based on 

electrochemical analysis of the corresponding zinc(II) complexes providing a similar behavior.143 

Electrochemical analysis of L1-L3 in DMF solvent with TBAP electrolyte provide direct 

confirmation that this positive oxidation wave is ligand based (Figure A5, bottom).  
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Figure 2.6. Cyclic voltammogram overlay of the FeIII/II couple measured for [Fe3+L1(Cl)2]+- 
[Fe3+L3(Cl)2]+ in DMF containing 0.1 M [Bu4N][BF4] as electrolyte, Ag/Ag+ reference electrode, 
glassy carbon working electrode, and platinum auxiliary electrode at a scan rate of 100 mV/sec. 
All scans were referenced to Fc/Fc+ = 0.00 mV. 

 

 

 

Figure 2.7. Iron(III)/(II) halfway potentials of iron complexes in literature containing 12-membered 
tetra-azamacrocycles. The potentials are reported as referenced to Fc/Fc+ = 0.00 mV. 44, 147-148, 152 
 

 

Table 2.3. The anodic wave potential (Epa), cathodic wave potential (Epc), peak potential 
separation (ΔEp), and halfway potential (E1/2) of  [Fe3+L1(Cl)2]+ - [Fe3+L3(Cl)2]+. [Fe3+L2(Cl)2]+ contains 
the most stable iron(III) ion in the series according to the E1/2 values.  

Complex Epc (mV) Epa (mV) E1/2 (mV) ΔEp (mV) Ipc (A) Ipa (A) Ipa/Ipc 

[Fe3+L1(Cl)2]+ -517 -412 -465 105 10.5837 -13.3181 1.2583 

[Fe3+L2(Cl)2]+ -542 -430 -486 112 18.4176 -13.3791 0.7264 

[Fe3+L3(Cl)2]+ -519 -418 -468 101 11.9661 -8.9570 0.7485 
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Figure 2.8. The electronic absorbance spectra of ligands L1-L3 and complexes [Fe3+L1(Cl)2]+- 
[Fe3+L3(Cl)2]+ obtained in 1 M HCl. 

 

2.2.6 Electronic absorbance spectroscopy 

The spectrophotometric behaviors of [Fe3+L1(Cl)2]+ - [Fe3+L3(Cl)2]+ are shown in Figure 2.8. 

The aromatic components of the ligands (sans metal) result in absorbance bands between 210 

and 290 nm when measured in 1 M HCl, which was used to avoid the formation of multiple 

protonated species in solution. The iron(III) complexes showed no appreciable shift in the π→π* 

region (210-300 nm). Instead, the appearance of LMCT bands were observed at wavelengths 

greater than 300 nm: [Fe3+L1(Cl)2]+ (311 nm), [Fe3+L2(Cl)2]+ (306 and 356 nm), [Fe3+L3(Cl)2]+ (458 

nm), which is consistent with high-spin d5 complexes.153 These metal based assignments are 

supported by comparison to the 12-membered macrocycle, [(cyclen)Fe(NCMe)2]3+ that Hua et 

al. reported to have absorbance bands at 259 and 358 nm and corresponding extinction 

coefficients below 500 M-1cm-1
.
153

 Furthermore, the difference in the absorbance spectra of 

[Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and [Fe3+L3(Cl)2]+ is reflected in the visible color of the complexes. The 

[Fe3+L1(Cl)2]+ and [Fe3+L2(Cl)2]+ complexes are light brown solids, while [Fe3+L3(Cl)2]+ is a red solid; 

in solution [Fe3+L1(Cl)2]+ and [Fe3+L2(Cl)2]+ are yellow and [Fe3+L3(Cl)2]+ is brown. Low solubility of 

[Fe3+L1(Cl)2]+ 

[Fe3+L2(Cl)2]+ 

[Fe3+L3(Cl)2]+ 

  L1 

 L2 

 L3 
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the complexes in other solvents precluded a full study of solvent effects. The electronic 

absorption differences between  [Fe3+L3(Cl)2]+ compared to the [Fe3+L1(Cl)2]+ and [Fe3+L2(Cl)2]+ 

complexes could be attributed to the lack of symmetry originating from the hydroxyl-moiety in 

the meta-position of the pyridine ring of the ligand.  

 

Table 2.4. Catalytic reaction yields of 2-phenylpyrrole in the presence of 10 mole% [Fe3+L1(Cl)2]+ - 

[Fe3+L3(Cl)2]+. 

 

 

Catalyst 
Yield 
(%) 

[Fe3+L1(Cl)2]+ 57 ± 3 

[Fe3+L2(Cl)2]+ 58 ± 7 

[Fe3+L3(Cl)2]+ 52 ± 7 

 

2.2.7 Catalytic activity of iron(III) complexes 

Motivated by the report that addition of a tetra-azamacrocycle, iron(II) salt, and oxygen 

to phenylboronic and pyrrole results in the formation of 2-phenylpyrrole,19 we explored the 

oxidation state of the pre-catalyst by testing [Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and [Fe3+L3(Cl)2]+ for 

catalytic activity. Yields are shown in Table 2.4. In this series of experiments, each catalyst was 

tested at 10% loading, open to air. The ferric complexes afforded 2-phenylpyrrole in yields of 

57% ([Fe3+L1(Cl)2]+), 58% ([Fe3+L2(Cl)2]+), and 52% ([Fe3+L3(Cl)2]+), thereby identifying the oxidation 

state of the pre-catalyst as an iron(III) species. The realization that the iron(III) complexes enter 

the catalytic cycle will allow for better foundation to determine the oxidation state and identity 

of the active catalytic species. The following discussion focuses on the experiments used to 
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validate that the iron + ligand catalyst species is solely responsible for providing the selective 

reactivity observed. 

  

Table 2.5. Control reactions used to determine the yield of product in the absence of the high-spin 
iron(III) complexes. 

Test Compound Oxidant Yield (%) 

* * 0 

* 20 eq. oxygen 0 

Fe(ClO4)3 20 eq. oxygen 0 

L1 20 eq. oxygen 0 

L2 20 eq. oxygen Trace 

L3 20 eq. oxygen Trace 

L3 Atmosphere Trace 

*Not present  

 

Control reactions were performed to ensure that the catalytic reactivity observed with 

[Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and [Fe3+L3(Cl)2]+ was due only to the iron complexes. The substrates, 

pyrrole and phenylboronic acid, were heated to 130 oC in both the absence or presence of 

oxygen (Table 2.5). No reaction was observed under these conditions. This indicates that the 

reaction requires a catalyst to proceed. Additionally, four control reactions consisting of iron(III) 

perchlorate, L1, L2, and L3 were performed in the presence of 10 mL O2. The production of 2-

phenylpyrrole was determined by both GC-MS and NMR due to the low quantities observed. 

Iron(III) perchlorate and L1 did not afford 2-phenylpyrrole, however, L2 and L3 afforded trace 

amounts of 2-phenylpyrrole. Interestingly GC-MS analysis of the control reaction, which included 
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pyrrole, phenylboronic acid, L3, and atmospheric air also showed the formation of trace 

amounts of 2-phenylpyrrole, 3-phenylpyrrole, and two butenolides. The formation of 3-

phenylpyrrole and butenolides was previously observed by Campi et al. when 3-phenylprop-2-

yn-1-amine is exposed to CO/H2 at 400 psi at 70oC for 20 hours in the presence of a rhodium 

catalyst. These results indicate that the ligand is capable of background reactivity thus producing 

pyrrole derivative. Additionally, it indicates that the derivatives produced are controlled by the 

composition of the oxidant (O2 and CO2) used in the reaction. Importantly, comparison of the 

products formed in the presence of L3 and [Fe3+L3(Cl)2]+ and atmosphere showed that the use of 

the iron complex is essential to obtain catalytic and regioselective production of 2-phenylpyrrole 

product.  

2.3 Conclusions 

The addition of iron(II) perchlorate to the tetra-azamacrocycles L1, L2, and L3 in the 

presence of oxygen yielded high-spin iron(III) complexes [Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and 

[Fe3+L3(Cl)2]+ as shown by X-ray crystallography and EPR spectroscopy. Furthermore, it was 

demonstrated that the high-spin iron(III) complexes participate in the coupling of pyrrole and 

phenylboronic acid to produce 2-phenylpyrrole. Although a small amount of background 

reactivity was observed with L2 and L3, the results showed that the iron complexes are 

responsible for controlling the reaction to produce 2-phenylpyrrole alone. Finally, the 

characterization of the complexes using electrochemistry, UV-vis spectroscopy, and mass 

spectrometry lays a foundation for mechanistic investigations concerning the oxidation state of 

the iron center throughout the catalytic process. 
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2.4 Experimental methods 

General methods: Iron(II) perchlorate was freeze dried prior to use, all other reagents were 

obtained from commercial sources and used as received, unless noted otherwise.  NMR spectra 

were obtained on a 400-MHz Bruker Advance spectrometer, using deuterated solvents (CDCl3). 

NMR spectra were referenced using the corresponding solvent resonance (in parts per million; 

CDCl3 δ = 7.26).154 The following abbreviations were used for proper identification of the NMR 

signals: s = singlet, d = doublet, t = triplet, m = multiplet. ESI-MS experiments were carried out 

using an Agilent 6224 Accurate-Mass Time-of-Flight (TOF) mass spectrometer using 175 V to 

ionize the complexes. Elemental analysis was performed by Canadian Microanalytical Service 

Ltd. Electronic absorption spectra were recorded on a DU 800 UV-vis spectrophotometer 

(Beckman Coulter) using a 3 mL quartz cuvette with a 1 cm path length. GC-MS analysis was 

carried out using a Bruker Scion 436-GC-MS equipped with an auto sampler 8410 and a Br-5ms 

column 29.9m.  

 

Synthesis of ligands: Stability of transition-metal complexes containing a tetra-azamacrocycle are 

facilitated by the macrocyclic effect. The ease with which these processes occur depends upon 

ring size, the number of donor atoms, electronic characteristics, and other factors.35, 39 The 

formation of 14-membered tetra-azamacrocyclic ligands, for example, typically involves the use 

of transition metal ions to template the cyclization step between two independent units to form 

the ligand. The product of this reaction is, therefore, a transition metal macrocyclic complex. 

However, tetra-azamacrocyclic amines, comprised of 12 atoms in the ring, form through metal-

independent cyclization pathways.155-161 Therefore, for the work described herein, the 12-

membered pyridine and pyridol based tetra-azamacrocyclic amines ligands, L1-L3, were 

produced previously reported procedures developed in our group and isolated as the 
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corresponding HCl salts.143, 145 Caution! Perchlorate salts are explosive and should be handled in 

small quantities. Such compounds should never be heated as solids.  

 

[Fe3+L1(Cl)2]ClO4: Ligand (L1·3HCl) (101.1 mg, 0.3216 mmol) and Fe(ClO4)2 (83.7 mg, 0.330 mmol) 

were dissolved in 3 mL DI water; the solution was adjusted to pH= 6 using 1M KOH. The resulting 

red solution was stirred open to air for 15 hours at 40oC. After 15 hours, a tan precipitate was 

removed by centrifugation followed by filtration using a 0.45 m PTFE filter. The water was 

removed using an azeotrope formed with acetonitrile. The resulting solid was taken up in CH3CN 

and dried with Na2SO4. The addition of Et2O to the CH3CN solution, followed by centrifugation 

yielded the product as a brown powder. Yield: 62% (92.8 mg, 0.198 mmol).  Yellow X-ray quality 

crystals were obtained by slow diffusion of ether into DMF at 4oC, CCDC# 1422489. ESI-MS (m/z) 

Found: 260.1515, [L1Fe(III)-2H+]+
, (34%); 296.1360, [L1Fe(III)Cl-H+]+

, (58%), 332.1209, [L1Fe(III)2Cl-

]+, (14%). Theoretical: 260.0724, [L1Fe(III)-2H+]+, 296.0491, [L1Fe(III)Cl-H+]+, 332.0258, 

[L1Fe(III)2Cl-]+. UV-vis, λmax, ε (M-1·cm-1): 261 nm (3,600), 311 nm (800), 416 nm (170). Elemental 

analysis: [L1Fe3+(Cl)2]ClO4 (Formula:C11H18N4FeO4Cl3); Calc(Found): C 30.50, (30.66); H 4.20, 

(4.09); N 12.95, (13.04).   

 

[Fe3+L2(Cl)2]ClO4: Ligand (L2·3HCl) (65.0mg, 0.208 mmol) was dissolved in 2.5 mL DI water. The pH 

of the solution was adjusted to 5 using 1M KOH. Fe(ClO4)2 (53.6 mg, 0.211 mmol) was dissolved 

in 1 mL DI water and added dropwise to the ligand solution; the pH was maintained between 3.5 

and 5.2. After all iron(II) solution was added, the pH was adjusted to 5.3. The solution was 

allowed to stir open to air 2 days resulting in precipitation of a brown solid that was isolated by 

centrifugation. Yield: 30% (27.4 mg, 0.061 mmol). Yellow crystals suitable for XRD analysis were 

obtained by slow evaporation of water at room temperature, CCDC # 1422490. ESI-MS (m/z) 
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Found: 276.1529, [L2Fe(III)-2H+]+  (35%); 312.1377, [L2Fe(III)Cl-H+]+ (45%). Theoretical: 276.0674, 

[L2Fe(III)2-H+]+
;
  312.0440  [L2Fe(III)Cl-H+]+. UV-vis, λmax, ε (M-1·cm-1): 249 nm (6,700), 306 nm 

(4,000), 356 nm (2,700). Elemental analysis: [Fe3+L2(Cl)2]ClO4 (Formula: C11H18N4FeO5Cl3); Calc 

(Found): C 29.46, (29.88); H 4.05, (4.08); N 12.49, (11.75).   

 

[Fe3+L3(Cl)2]ClO4: Ligand (L3·3HCl) (206.4 mg, 0.6223 mmol) was dissolved in 20 mL DI water and 

the pH was adjusted to 5 using 1M KOH. Fe(ClO4)2 (164 mg, 0.6155 mmol) was dissolved in 10 mL 

DI water, added drop wise to ligand, and the pH was re-adjusted to 5. The solution was allowed 

to stir open to air for 2 days at 40oC. The solvent was removed under reduced pressure. The 

resulting dark brown solid was dissolved in DMF, dried with Na2SO4, and filtered. Ether was 

added to the DMF solution and a red-brown powder was isolated by centrifugation. Yield = 

63.2% (235.6 mg, 0.3932 mmol). Brown crystals suitable for XRD analysis were obtained by slow 

evaporation from water at room temperature, CCDC # 950048. ESI-MS (m/z) Found: 276.1481, 

[L3Fe(III)-2H+]+  (30%), 312.1322, [L3Fe(III)Cl-H+]+ (55%). Theoretical: 276.0674, [L3Fe(III)2-H+]+ 

312.0440  [L3Fe(III)Cl-H+]+. UV-vis, λmax, ε (M-1·cm-1): 205 nm (14,000), 219 nm (10,000), 284 nm 

(5,600), 458 nm (300). Elemental analysis: [Fe3+L3(Cl)2]ClO4 (Formula: 

C11H18N4FeO5Cl3);  Calc(Found): C 29.46, (29.03); H 4.05, (4.05); N 12.49, (12.57).  

 

X-ray diffraction analysis: Crystal diffraction data were collected at 100 K on a Bruker D8 Quest 

Diffractometer. Data collection, frame integration, data reduction (multi-scan), and structure 

determination were carried out using APEX2 software.162  Structural refinements were 

performed with XSHELL (v 6.3.1), by the full-matrix least-squares method.163  All non-hydrogen 

atoms were refined using anisotropic thermal parameters, while the hydrogen atoms were 
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treated as mixed.  The ORTEP molecular plots (50%) were produced using APEX2 (Version 

2014.9-0).  

 

Electrochemistry: Cyclic voltammetry experiments were obtained using 2.2 mM complex and 100 

mM tetrabutylammonium tetraflouroborate as the supporting electrolyte in DMF. The 

electrochemical cell was composed of a working glassy carbon electrode, a Pt auxiliary 

electrode, and a silver wire as the reference electrode.  To facilitate solubility, all samples were 

first dissolved in 1M HCl, thoroughly dried, and then dissolved in DMF for electrochemical 

analysis. the potential was scanned in the negative direction at a rate of 100 mV/s, starting at 

the open circuit potential. The potential values presented here have been normalized to the 

half-wave potential of the Fc/Fc+ redox couple set equal to 0.00 V. For comparison purposes 

half-wave potential in cited references were converted to reflect Fc/Fc+ = 0 mV; [Fe3+L8(Cl)2]PF6
, 

(Fc/Fc+ = 400 mV), and [Fe3+(cyclen) (Cl)2]Cl, (Fc/Fc+ = 515 mV).44, 147-148 

 

X-band EPR spectroscopy and analytical simulations: X-band (9 GHz) EPR spectra were recorded on a 

Bruker EMX Plus spectrometer equipped with a bimodal resonator (Bruker model 4116DM). 

Low-temperature measurements were made using an Oxford ESR900 cryostat and an Oxford ITC 

503 temperature controller. A modulation frequency of 100 kHz was used for all EPR spectra.  All 

experimental data used for spin-quantitation were collected under non-saturating conditions.  

Analysis of the EPR spectra utilized the general spin Hamiltonian,  

                                                 Equation 1 

where D and E are the axial and rhombic zero-field splitting parameters and g is the g-tensor.164  

EPR spectra were simulated and quantified using Spin Count (ver. 5.8.6218.29549), written by 
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Professor M. P. Hendrich at Carnegie Mellon University.  The simulations were generated with 

consideration of all intensity factors, both theoretical and experimental, to allow concentration 

determination of species. The only unknown factor relating the spin concentration to signal 

intensity was an instrumental factor that depended on the microwave detection system. 

However, this was determined by the spin standard, Cu(EDTA), prepared from a copper atomic 

absorption standard solution purchased from Sigma–Aldrich. 

 

2-phenylpyrrole yield determination: Phenylboronic acid (24 mg, 0.2 mmol) and crystalline material 

of the iron complex (0.02 mmol) were added to a 5 or 10 mL flask equipped with a stir bar. 

Pyrrole (1 mL) was added to flask, the mixture was heated to 130oC for 10 hours. The reaction 

was cooled to room temperature and the pyrrole was removed under vacuum until no visible 

liquid was present. Increasing the time the reaction was kept under reduced pressure decreased 

yields. The product mixture was dissolved in a minimum amount of CDCl3, 5 µL of 

dimethyldiphenylsilane was added to the solution. The solution was filtered through a 0.2 µm 

nylon filter and a known amount of sample was added to a pre-weighed NMR tube. Yield 

determinations were performed using three resonances 6.875, 6.532, and 6.307 ppm 

corresponding to 2-phenylpyrrole and a resonance at 0.533 ppm corresponding to 

dimethyldiphenylsilane. The reported values are averages of all resonances; each measurement 

was run in triplicate. 

 

Control reactions: Phenylboronic acid (24 mg, 0.2 mmol) and ligand (0.02 mmol), if used, were 

added to a 2 mL flask equipped with a stir bar, the system was then placed under an atmosphere 

of nitrogen. Pyrrole (1 mL) was added to flask and the mixture was heated to 130 oC for 15 
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minutes, if used, 10 mL O2 was injected directly into the pyrrole, the system was closed, and 

heated for 10 hours. Yields were determined as stated above. 

 

GC-MS details: Method, 80C 2 min, ramp 5C/min to 170C, ramp 20C/min to 300C, hold 5 

min. GC-MS Compound Identification L3 coupling: 3-methyl-4-phenylfuran-2(5H)-one: (trace) RT. 

14.909 min. Found (Cal.): M+· 174.1 (174.1);  (6%) 3-phenylpyrrole: RT. 15.002 min. Found (Cal.) 

M+· 142.9 (143.0); (trace) 3-methyl-5-phenylfuran-2(4H)-one: 16.330 min. Found (Cal.) 174.1 

(174.1); (16%) 2-phenylpyrrole: RT: 16.460 min Found (Cal.): M+· 142.9 (143.0). 
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Chapter 3. Increase of direct C-C coupling reaction yield by identifying structural and electronic 
properties of high-spin iron tetra-azamacrocyclic complexes 

3.1 Introduction  

This chapter seeks to evaluate the effect of five different properties (1. coordination number, 2. 

redox properties, 3. complex rigidity/topological constraint, 4. resistance to oxidative degradation, and 

5. complex geometric parameters) on the catalytic efficiency of a series of iron complexes. Our 

approach, below, will discuss each parameter separately. However, these parameters cannot be 

considered completely in isolation from one another, as they are related in a complex interplay that 

defines a given transition metal catalyst (relationships are discussed in respective sections).  

A comparison of the catalytic reaction yields of four high-spin iron(III) and four high-spin iron(II) 

complexes for the coupling of phenylboronic acid and pyrrole to form 2-phenylpyrrole were used to 

identify key properties of the iron catalyst responsible for providing enhanced yields. Specifically, the 

ligands in Figure 3.1 were chosen to vary five properties: 1) the coordination requirements of the 

catalyst, 2) increasing oxidative stability of the complex, 3) topological constraint/rigidity, 4) N-atom 

modification(s), and 5) geometric parameters around the metal center of the complexes. Complexes 

[Fe2+L5(Cl)]Cl, [Fe2+L6(Cl)2], [Fe3+L7(Cl)2]PF6,165 [Fe3+L8(Cl)2]PF6,165 [Fe2+L9(Cl)]PF6, and [Fe2+L10(Cl)]PF6
152, 

were synthesized by Hubin and co-workers. However, complexes [Fe3+L4(Cl)2]PF6 and [Fe3+L1(Cl)2]Cl 

were produced by Green and co-workers. As noted above, many of these ligands or similar systems have 

been used to support metal-catalyzed oxidation, hydroxylation, or other reactions.56,166-168,71 This study 

serves to show the versatility of macrocyclic systems and specific features that should be retained in 

these ligands to obtain optimized yields in the coupling C-C coupling of phenylboronic acid and pyrrole.  
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Figure 3.1. Tetra-azamacrocycles and high-spin iron catalysts described herein and comparison of 
structures.144, 169, 19, 170, 171 172 165, 169, 152 

 

Table 3.1. Detailed comparison of tetra-azamacrocycles described in Chapter 3. 

     

 

 

 

 

 

 

 

Ligand 
Size of 
Macrocycle 

N-Donor 
Atoms 

Cross- 
Bridged 
(CB) -NH -NMe -N(CB)N- -PyN 

L1-L3 12 3 0 0 1 X 

L4 12 0 3 0 1 X 

L5 12 2 2 0 0 X 

L6 14 2 2 0 0 X 

L7 12 0 2 2 0 ✓  

L8 14 0 2 2 0 ✓  

L9 12 0 2 2 1 ✓  

L10 14 0 2 2 1 ✓  
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3.2 Results and discussion 

As previously shown in chapter 2, the iron(III) complexes [Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and 

[Fe3+L3(Cl)2]+ catalyze the C-C coupling reaction between pyrrole and phenylboronic acid to yield 2-

phenylpyrrole.169 This study established that the macrocyclic ligand, iron salt, and oxygen were all 

required for the reaction to proceed, and that L1-L3 iron(III) complexes provided similar reaction yields. 

Encouraged by our preliminary results, the availability of a library of macrocyclic scaffolds, and the 

positive attributes of an iron catalyst to carry out direct C-C coupling reactions, we set out to (1) 

exemplify/expand the versatility of macrocyclic ligands, previously shown to facilitate other catalytic 

transformations,12,166-168,71 to C-C chemistry to produce 2-phenylpyrrole for the first time and (2) identify 

properties of such an iron catalyst that result in increased catalytic yields. Modifications to tetra-

azamacrocyclic ligands abound in the literature and are known to impact electronic and structural 

features of metal complexes.11, 56, 140, 142, 148-149, 153, 165, 173-176 The complexes [Fe3+L1(Cl)2]+, [Fe3+L4(Cl)2]+, 

[Fe2+L5(Cl)]+, [Fe2+L6(Cl)2], [Fe3+L7(Cl)2]+, [Fe3+L8(Cl)2]+, [Fe2+L9(Cl)]+, and [Fe2+L10(Cl)]+ (Figure 3.1) were 

studied to determine impact electronic and structural variation of macrocyclic iron complexes have on 

the catalytic production of 2-phenylpyrrole. At 10% loading, catalytic yields ranging from 19-81% were 

achieved (Table 3.2). The reported catalytic reactions yields were determined after a ten-hour reflux and 

are based on the amount of phenylboronic acid used. Given that each catalyst was isolated and 

characterized prior to the catalytic studies, the inorganic properties of the iron catalysts could be 

compared for correlations to catalytic yield.  

3.2.1 Rationale for ligand/complex comparison 

 As detailed in Figure 3.1 and Table 3.1, ligands L1-L8 have four N-atom donor atoms but vary 

from one another by ring size (12 versus 14), N-atom substitution (secondary versus tertiary amine), and 

the presence of the ethylene cross-bridge between N-atom donors. Ligands L9-L10 are 12- and 14-
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membered systems, respectively, and provide five N-atom donors. Therefore, the importance of 

coordination requirements (property 1) of the resulting iron catalyst was achieved by comparing 

complexes with tetra-dentate ligands ([Fe3+L7(Cl)2]+ and [Fe3+L8(Cl)2]+) to penta-dentate ligands 

([Fe2+L9(Cl)]+ and [Fe2+L10(Cl)]+). The importance of the reductive and oxidative properties of the 

complexes (property 2) was determined by comparing the iron(III/II) half-wave potentials versus 

catalytic reaction yields of [Fe3+L1(Cl)2]+, [Fe3+L4(Cl)2]+, [Fe2+L5(Cl)]+, [Fe2+L6(Cl)2], [Fe3+L7(Cl)2]+
, 

[Fe3+L8(Cl)2]+, [Fe2+L9(Cl)]+, and [Fe2+L10(Cl)]+. The effect of rigidity/topological ligand constraint 

(property 3) was investigated by comparing the most rigid metal complexes ([Fe3+L7(Cl)2]+ and 

[Fe3+L8(Cl)2]+) to the least rigid metal complexes ([Fe3+L1(Cl)2]+, [Fe2+L5(Cl)]+, and [Fe2+L6(Cl)2]), based on 

the factors described in Chapter 1. The presence of tertiary amines has been shown to increase the 

stability of complexes toward oxidative degradation; therefore, the impact of complex stability against 

oxidative degradation (property 4) on C-C catalytic reaction yields was evaluated directly by comparing 

the [Fe3+L1(Cl)2]+ (N-atom donors) with [Fe3+L4(Cl)2]+ (-NMe donor atoms).56 Finally, geometric 

parameters about the iron center (property 5) were probed by comparing geometric parameters of 

[Fe3+L1(Cl)2]+, [Fe2+L6(Cl)2],  [Fen+L7(Cl)2]+, and [Fen+L8(Cl)2]+ determined through X-ray diffraction 

analysis.  

3.2.2  Property 1: Coordination requirements 

Mechanistic studies pertaining to catalytic oxygen-atom transfer and insertion reactions indicate 

that two exchangeable cis-sites are needed for oxygen activation during the catalytic cycle.49, 58 To date, 

the need for two cis-labile coordination sites has not been identified in iron-catalyzed direct Suzuki-

Miyaura C-C coupling reactions. Herein, the requirement for two labile cis-cites was determined by 

comparing catalysts with one exchangeable site ([Fe2+L9(Cl)]+, [Fe2+L10(Cl)]+) versus two cis-sites 

([Fe3+L7(Cl)2]+, [Fe3+L8(Cl)2]+). The loss of an exchangeable cis-site led to a 42% reduction in 2-

phenylpyrrole formation ([Fe3+L7(Cl)2]+ (74 ± 3%), [Fe2+L9(Cl)]+ (32 ± 5%)). Similarly, a yield decrease of 
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49% was observed when comparing [Fe3+L8(Cl)2]+ (68 ± 4%) with [Fe2+L10(Cl)]+ (19 ± 2%). Next, catalytic 

yields obtained from a mixture of L3 and iron(II) oxalate (an iron(II) complex of L3 was not isolable) were 

compared to [Fe3+L1(Cl)2]+ (Table 3.2) to validate that it was not the iron(II) oxidation states of 

[Fe2+L9(Cl)]+ and [Fe2+L10(Cl)]+ that contribute to a decrease in catalytic yields versus the loss of a 

coordination site. As with all of the studies described herein, the conditions used mimic those reported 

previously.19 The mixture of L3 and iron(II) oxalate afforded 61 ± 5% of 2-phenylpyrrole, which is 

comparable to the 57 ± 3% obtained when [Fe3+L1(Cl)2]+ was used. Therefore, the use of an iron(II) 

complex as opposed to the iron(III) complex does not decrease the amount of 2-phenylpyrrole 

produced. This is further supported when comparing [Fe2+L5(Cl)]+ (30 ± 3%) and [Fe2+L6(Cl)2] (81 ± 7%), 

which provide the lowest and highest reaction yields, respectively, within the series of four-coordinate 

ligand-based complexes explored. Furthermore, no significant differences are observed between 

catalytic yields of bona fide complexes with chloride or perchlorate counter ions versus conditions 

mixing iron oxalate and L3 (Table 3.2).19 This is in contrast to the results obtained by Wen et al., which 

reported that when mixtures of iron salts and L1 are used in the catalytic reaction, the oxalate salt 

afforded better yields than sulfate or chloride salts. The counter-ion effect previously reported may be 

attributed to solubility of the iron salts being prohibitive of catalyst formation in situ. Altogether, these 

results show that the addition of a 5th coordinating amine to the ligand scaffold significantly decreased 

catalytic yields, and therefore confirms the need for two exchangeable cis-sites.  

3.2.3 Property 2: Reductive and oxidative properties of the complexes  

 Ligand modifications are known to result in tuning the redox potential of the subsequent metal 

ion complexes.177-179 In nature, the electrochemical potential of metalloenzymes is tuned by the ligand 

environment to produce different reactivities.180-182 Therefore, the catalytic reaction yields of 

[Fe3+L1(Cl)2]+, [Fe3+L4(Cl)2]+, [Fe2+L5(Cl)]+, [Fe2+L6(Cl)2], [Fe3+L7(Cl)2]+
,  [Fe3+L8(Cl)2]+, [Fe2+L9(Cl)]+, and 

[Fe2+L10(Cl)]+ were compared to the iron(III/II) electrochemical potential of each catalyst to determine if 
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the position of the iron redox potential affects the efficiency of 2-phenylpyrrole production (Table 3.2 

and Figure 3.3 - 3.4). Cyclic voltammetry studies were carried out under identical conditions to one 

another and standardized to Fc/Fc+ (0.00 mV). As indicated in Figure 3.2, each scan was collected  

beginning with the resting potential of each complex. The results indicate that the [Fe3+L1(Cl)2]+ complex 

affords the  

most negative iron(III/II) half potential (-465 mV), followed by [Fe2+L5(Cl)]+ (-442 mV), [Fe2+L6(Cl)2] (-405 

mV),  [Fe3+L7(Cl)2]+ (-391 mV), [Fe3+L8(Cl)2]+ (-306 mV), [Fe3+L4(Cl)2]+ (-285 mV), [Fe2+L9(Cl)]+ (-232 mV), 

and [Fe2+L10(Cl)]+ (73 mV). The more positive half-wave potentials derived from the pyridine pendant 

arm containing complexes, [Fe2+L9(Cl)]+ and [Fe2+L10(Cl)]+, could be related to having only one 

negatively charged chloride ion to stabilize the higher oxidation state of the iron center versus two in 

the remainder of the complexes. This observation is in accordance with previous reports of similar 

manganese complexes.152 The half potentials of the iron complexes, thereby, indicates that L1 is the 

most donating followed by L5 > L6 > L7 > L8 > L4 > L9 > L10. This order is in accordance to ring size and 

modifications of the N-atom donors from the macrocycle scaffold. Overall, the 14-membered complexes 

result in more positive iron(III/II) potentials compared to 12-membered congeners; e.g. a shift of +85 mV 

is observed for [Fe3+L7(Cl)2]+
 versus [Fe3+L8(Cl)2]+. Conversion of –NH to –NMe donors also results in a 

shift to more positive potentials, consistent with the N-atoms becoming weaker donors upon 

methylation. For example, a difference of +180 mV is observed for [Fe3+L1(Cl)2]+ versus [Fe3+L4(Cl)2]+. 

Finally, the topological constraint obtained by substituting the -NH donor ligands (L5 and L6) with an 

ethylene cross-bridge (L7 and L8) results in a more positive iron(III/II) potential; [Fe3+L5(Cl)]+ versus 

[Fe2+L7(Cl)2]+ results in a shift of +51 mV.  

Figure 3.3 shows a plot of the iron(III/II) half-potentials versus catalytic reaction yields for each 

complex. Both a linear and Lorentzian relationship between catalytic yield and half-wave potential were 

considered. A linear relationship was realized; however, to obtain a statistically reasonable fit of the 
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data, two catalysts [Fe3+L5(Cl)]+ and [Fe2+L9(Cl)]+ must be excluded. Conversely, Lorentzian fitting of the 

data (including [Fe3+L5(Cl)]+ and [Fe2+L9(Cl)]+) afforded a statistically reasonable fit and predicts that a 

complex with iron(III/II) potentials in the range of -325.5 to -389.0 mV would be optimal for this C-C 

coupling reaction. The Lorentzian fitting parameters can be found in the supporting information (Table A 

8). The use of a Lorentzian function is further supported by the Sabatier’s principle, which states that the 

most active catalyst for a given process must not bind too strongly or weekly to the substrates.183 

Analysis of the direct relationship between catalytic reaction yield and iron(III/II) redox potentials 

suggests that the reaction mechanism depends upon an iron-based electron transfer, which can be 

modulated by ligand choice. Altogether, this comparison shows redox potentials of the iron center 

should be a factor to consider when tuning a catalyst. This redox potential is clearly tied to the rigidity 

and modification to the donor and could serve as a more direct predictor for catalytic success. Finally, 

this result helps to explain why the C-C coupling reaction does not proceed without a ligand donor 

present;169 the redox chemistry of the iron center needs to be tuned to match that of the key step(s) 

involved in the C-C coupling reaction cycle being carried out. 

 
Table 3.2. Half-potential and catalytic reaction yield of iron complexes used to couple pyrrole and 
phenylboronic acid to produce 2-phenylpyrrole using 10% catalyst loading in the presence of air. 

 

Catalyst Yield (%)a E1/2 (mV)b  Catalyst Yield (%)a E1/2 (mV)b 

[Fe3+L1(Cl)2]+ 57 ± 3 -465  [Fe3+L8(Cl)2]+ 68 ± 4 -306 

[Fe3+L4(Cl)2]+ 60 ± 1 -285  [Fe2+L9(Cl)]+ 32 ± 5 -285 

[Fe2+L5(Cl)]+ 30 ± 2 -442  [Fe2+L10(Cl)]+ 19 ± 2 73 

[Fe2+L6(Cl)2] 81 ± 7 -405  L3 + FeC2O4 ·2H2O 61 ± 5 - 

[Fe3+L7(Cl)2]+ 74 ± 3 -391     
a Yields determined by NMR analysis.  
b Referenced vs. Fc/Fc+ 0.0 mV. 

    

 



45 
 

 

Figure 3.2. Cyclic voltammogram overlay of the iron(III/II) couple measured for [Fe3+L1(Cl)2]+, 
[Fe3+L4(Cl)2]+, [Fe2+L5(Cl)]+, [Fe2+L6(Cl)2], [Fe3+L7(Cl)2]+,  [Fe3+L8(Cl)2]+, [Fe2+L9(Cl)]+, and [Fe2+L10(Cl)]+ in 
DMF containing 0.1 M [Bu4N][BF4] as electrolyte, Ag wire as the reference electrode, a glassy carbon 
working electrode, and a platinum auxiliary electrode at a scan rate of 100 mV/s. The trace color 
indicates the initial direction of each scan: Black trace (toward more positive potential), Blue trace 
(toward more negative potential). 
 

 

Figure 3.3. Plot of iron(III/II)  half-potentials versus yield for complexes: [Fe2+L10(Cl)]+ (●);[Fe2+L9(Cl)]+ 

(□); [Fe3+L4(Cl)2]+ (); [Fe3+L8(Cl)2]+ (◊); [Fe3+L7(Cl)2]+ (○); [Fe2+L6(Cl)2] (𝜵); [Fe2+L5(Cl)]+ (-); [Fe3+L1(Cl)2]+ 
(x). 
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3.2.4 Property 3: Effect of rigidity/topological constraint 

The series of cross-bridge free ([Fe3+L1(Cl)2]+, [Fe2+L5(Cl)]+, and [Fe2+L6(Cl)2]) versus cross-

bridged complexes ([Fe3+L7(Cl)2]+ and [Fe3+L8(Cl)2]+) provide a good comparison to evaluate the impact 

of rigidity on catalytic reaction yields as they vary by both ring size and presence of the rigidifying 

ethylene cross-bridge (CB). To the best of our knowledge, the incorporation of a cross-bridge into a 

ligand has not been explored as supports for direct C-C coupling reactions, particularly iron catalysts. For 

an example of a cross-bridged ligand supporting indirect C-C coupling (pre-activated substrates), see 

reference 15. The rigidity of a complex can be controlled by the presence of an ethylene cross-bridge and 

the size of the macrocyclic ligand (12 versus 14).42 Specifically, topological constraint,35 a term that 

describes making a ligand’s donor atoms more interconnected, leads to more kinetically stable 

interactions between the metal ion and the ligand.184 Topological constraint has been observed 

experimentally and is similar to the macrocyclic effect. The simple bridging of two nitrogen atoms of a 

cyclic ligand by a two-carbon chain dramatically changes how the ligand coordinates the metal ion, 

vastly increases the kinetic stability and ability to catalyze oxidation reactions.49, 168 In addition, smaller 

macrocyclic rings (12- versus 14- membered rings) also impart greater rigidity through ring strain that 

results when metals bind to the donor atoms. Based on these principles, the order of rigidity in the 

series studied is [Fe3+L7(Cl)2]+ (12-membered, CB) > [Fe3+L8(Cl)2]+ (14-membered, CB) > [Fe3+L1(Cl)2]+ (12-

membered) ≥ [Fe2+L5(Cl)]+ (12-membered) > [Fe2+L6(Cl)2] (14-membered). The catalytic reaction yields 

do not parallel the rigidity/topological constraint: [Fe2+L6(Cl)2] (81 ± 7%) > [Fe3+L7(Cl)2]+ (74 ± 3%)  > 

[Fe3+L8(Cl)2]+ (68 ± 4%) >  [Fe3+L1(Cl)2]+ (57 ± 3%) > [Fe2+L5(Cl)]+ (30 ± 2%). The results indicated that 

cross-bridged complexes ([Fe3+L7(Cl)2]+ and [Fe3+L8(Cl)2]+) in general result in higher yields compared to 

12-membered noncross-bridged complexes ([Fe3+L1(Cl)2]+ and [Fe2+L5(Cl)]+). Conversely, the absence of 

a cross-bridge in [Fe2+L6(Cl)2] compared to [Fe2+L8(Cl)2] results in a higher (+13 %) catalytic reaction 

yield. This supported that the presence of a cross-bridge and ring strain (12- versus 14-membered rings) 



47 
 

tunes the reactivity. However, the effect on reduction and oxidation properties was dominant compared 

to structural and stability considerations typically associated with cross-bridged systems alone.  

3.2.5 Property 4: Stability of the complex against oxidative degradation 

The comparison of protected versus unmodified N-atoms in the ligands was prompted by Chow 

and co-workers, who reported that the use of iron catalysts for oxygen atom transfer reactions derived 

from azamacrocycle ligands with the N-atoms methylated (-NMe) afforded a 99% conversion of 

substrate. 56 This is in contrast to the non-methylated congeners, which resulted in only 38% substrate 

conversion. The observed increase in conversion with N-atom protected complexes was attributed to 

the presence of tertiary versus secondary amine donors, that provided an increased stability by 

resistance to oxidative degradation of the catalyst.56 The effect of increased stability against oxidative 

degradation through protection of the N-atoms was evaluated for C-C coupling chemistry by comparison 

of [Fe3+L1(Cl)2]+ and [Fe3+L4(Cl)2]+, which utilize unprotected, secondary (-NH) amine donors versus 

tertiary (-NMe) donors, respectively (Figure 3.1). The [Fe3+L1(Cl)2]+ (57 ± 3%) and [Fe3+L4(Cl)2]+ (60 ± 1%) 

complexes afforded comparable yields under identical conditions. Therefore, the substitution of the N-

atoms as protection from catalyst decomposition is not a property to be considered in catalyst design 

for this reaction. Furthermore, this, along with the need for oxygen, suggests that the catalytic cycle may 

not involve highly reactive oxidative intermediates or conditions.  

3.2.6 Property 5: Effect of geometric parameters  

A brief structural comparison between the novel catalysts presented here and related literature 

analogues may be helpful to orient the rationalization of catalytic performance with structural 

parameters. Figure 3.4 contains solid-state structures of each relevant complex and Table 3.3 includes 

useful geometric parameters for comparison.  



 

Table 3.3. Comparison of the catalytic reaction yields and useful geometric parameters, derived from solid-state structural data. 

Fig. 
3.4 

Complex 
(Coord Geometry) 

Catalytic 
Yield (%) 

Mn+ ar 
(pm) 

Nax-Fe-Nax  
Angle (o) 

Neq-Fe-Neq  
Angle (o) 

Cl-Fe-Cl  
Angle (o) 

Cl-Cl Bond  
Dist (Å) 

M-N Bond  
Dist (Å) 

M-Cl Bond  
Dist (Å) Ref 

a 
[Fe2+L7(Cl)2]+ 
(Octahedral) (74) Fe2+ 92 145.78 77.31 93.42 3.511 

2.276 
2.269 
2.248 
2.240 

2.416 
2.407 

168 

b 
[Fe2+L8(Cl)2] 
(Octahedral) (68) Fe2+ 92 161.88 78.36 95.53 3.593 

2.275 
2.287 
2.257 
2.263 

2.426 
2.427 

168 

c 
[Fe3+L7(Cl)2]+ 
(Octahedral) 74 Fe3+ 79 153.20 77.81 95.10 3.377 

2.179 
2.158 
2.171 
2.163 

2.2853 
2.2911 
 

147 

d 
[Fe3+L8(Cl)2]+ 
(Octahedral) 68 Fe3+ 79 166.8 79.8 95.70 3.412 

2.188 
2.197 
2.223 
2.229 

2.278 
2.288 

185 

e [Fe2+L5Cl]+ 
(Square Pyramidal 
(τ) = 0.098b) 

30 Fe2+ 92 131.14 125.27 - - 
2.296 
2.278 
2.228 
2.232 

2.304 This 
Work 

f [Fe2+L6(Cl)2] 
(Octahedral) 81 Fe2+ 92 162.4 91.5 94.4 3.58 2.27 

2.31 
2.438 
2.438 

This 
work 

 
g [Fe3+L1(Cl)2]+ 

(Octahedral) 57 Fe3+ 79 146.68 86.62 95.78 3.388 
2.181 
2.182 
2.161 
2.098(Npy) 

2.2862 
2.2805 

This 
work 

h 

[Fe2+L10(Cl)]+ 
(Octahedral) 19 Fe2+ 92 168.27 80.82 - - 

2.204 
2.232 
2.246 
2.285 
2.215(Npy) 

2.3805 152 

a Shannon, R. D. Acta Crystallogr. Sect. A 1976, 32, 751-767. 
b

 Addison, A. W.  et al. J Chem Soc Dalton 1984, 7, 1349-1356. 
Values in () indicate yields based on congener with complementary oxidation state to the species used for catalysis. 

4
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a)                                       b)                                        c)                               d) 

 

                   e)               f)                                g)                                   h) 

 

Figure 3.4. ORTEP (50% TELP) representation of a) [Fe2+L7(Cl)2], b) [Fe2+L8(Cl)2], c) [Fe3+L7(Cl)2]+, d) 
[Fe3+L8(Cl)2]+, e) [Fe2+(L5)Cl]+, f) [Fe2+(L6)Cl2], g) [Fe3+L1(Cl)2]+, h) [Fe2+L10(Cl)]+. Hydrogen atoms and 
counter-ions have been omitted for clarity.147, 168, 185 

 

The X-ray derived crystal structures of iron(II) and (III) dimethyl cross-bridged cyclen and cyclam 

complexes are found in Figure 3.4a-d and all have distorted octahedral geometries with the macrocyclic 

nitrogen atoms at the axial and two cis equatorial positions, leaving the remaining cis equatorial 

positions filled by chloro- ligands. The iron(II) complexes (Figure 3.4a-b,h) are presented for comparison 

with the other iron(II) structures, since we were unable to obtain iron(III) structures of [Fe2+L5(Cl)]+, 

[Fe2+(L6)Cl2], and [Fe2+L10(Cl)]+. For our purposes, these structures mainly differ by the extent to which 

the metal ion extends from the macrocyclic cavity to be available for catalytic reactivity. The iron ion 

extends further from the cavity in both cyclen analogues (L5, L7) than the larger cyclam analogues (L6, 

L8), which can more fully engulf the metal ion and thereby more closely approach octahedral geometry. 

Finally, the larger iron(II) cations are extended further away from the macrocycle cavity than the smaller 

iron(III) cations. 
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The unbridged analogues ([Fe2+L5(Cl)]+ and [Fe2+(L6)Cl2]) of these just-discussed iron(II) 

complexes are found in Figure 3.4e-f and demonstrate the enhanced flexibility available without the 

ethylene cross-bridges. A direct comparison can be made between both octahedral cross-bridged 

cyclam complexes, which have Neq-Fe-Neq bond angles of 79.8o and 78.36o, respectively, to the Neq-Fe-

Neq bond angle of 91.5o in the likewise octahedral [Fe2+L6(Cl)2] (Figure 3.4f). The Fe-N and Fe-Cl bond 

distances change less than 0.02 Å between the cross-bridged and unbridged iron(II) complexes even as 

the bond angles are adjusted. The unbridged ligand has more nearly octahedral bond angles and likely 

better orbital overlap for bonding, while the cross-bridged complex has gained topological constraint 

that is most readily demonstrated as higher kinetic stability.40 The [Fe2+L5(Cl)]+ (Figure 3.4e) complex, on 

the other hand, has a unique 5-coordinate geometry that is best described as distorted square 

pyramidal (τ = 0.098).186 The flexible cyclen macrocycle unfolds from its tight cis-configuration in the two 

cross-bridged cyclen octahedral structures in Figure 3.4a,c which have Neq-Fe-Neq bond angles of 77.81o 

and 77.3o, respectively, to the analogous smallest Neq-Fe-Neq bond angle of 125.27o in the square 

pyramidal structure of [Fe2+L5(Cl)]+. This expansion of the macrocycle around the “equator” allows steric 

space for only one chloro-ligand, which is more tightly held, as would be expected, in this 5-coordinate 

complex (Fe2+-Cl = 2.304 Å) than in the octahedral iron(II) bridged cyclen complex (Fe2+-Cl = 2.407 Å and 

2.416 Å). Presumably, the unbridged ligand could have folded more tightly to accommodate an 

octahedral structure with a second chloro-ligand, but at least in the solid state, the 5-coordinate mono 

chloro-complex was favored. 

The [Fe3+L1(Cl)2]+ complex (Figure 3.4g) is pseudo-octahedral, folded like the cross-bridged 

ligands, with two cis chloro-ligands and the pyridine donor located equatorially. This complex has a Neq-

Fe-Neq bond angle of 86.62o, which is larger than the 77.81o of the constrained complex [Fe3+L7(Cl)2]+, 

but much smaller than the highly flexible 125.27o of [Fe2+L5(Cl)]+. Interestingly, the Nax-Fe-Nax bond angle 

of 146.68o for [Fe3+L1(Cl)2]+ is also intermediate between the 153.20o of [Fe3+L7(Cl)2]+ and the 131.14o of 
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[Fe2+L5(Cl)]+. It appears that inclusion of a pyridine in the macrocyclic ring is an effective strategy to 

select these intermediate bond angles between those of the ethylene cross-bridged and unbridged 

cyclen analogues and could be used for tuning complexes in future ligand design. 

Finally, the octahedral [Fe2+L10(Cl)]+ complex (Figure 3.4h) has metric parameters fairly similar 

to its L8 analogue (Figure 3.4b), with the trend of slightly larger N-Fe-N bond angles, as the pyridine 

pendant arm helps pull the iron(II) ion more fully into the ligand cavity.152 However, this ligand is 

pentadentate donor, and its pendant pyridine may interfere with the catalytic process rather than 

enhance it, as the catalytic yield of [Fe2+L10(Cl)]+ is the lowest studied. Presumably, the [Fe2+L9(Cl)]+ 

complex, though no crystal structure was obtained, would also have a pentadentate macrocyclic ligand 

and was likewise not a very active catalyst. 

In summary, comparison of the N-Fe-N angles versus reaction yields indicate that equatorial 

space about the exchangeable cis-sites and/or iron accessibility does not correlate to increased catalytic 

reaction yield; the Neq-Fe-Neq and Nax-Fe-Nax were 91.5o and 162.4o for [Fe2+L6(Cl)2], 86.62o and 146.68o 

for [Fe3+L1(Cl)2]+
, 79.83o

 and 166.8o for [Fe3+L8(Cl)2]+, and 79.62o
 and 153.20o for [Fe3+L7(Cl)2]+

. Likewise, 

the differences in the corresponding Cl-Fe-Cl() and Cl-Cl(Å) geometric parameters for the cis-chloride 

ions are derived from the chelate composition and were analyzed as well. Small variations between 

[Fe3+L1(Cl)2]+ (95.78o, 3.388 Å),  [Fe3+L7(Cl)2]+ (95.10o, 3.377 Å), and [Fe3+L8(Cl)2]+ (95.70o, 3.412 Å) are 

noted, but, like N-Fe-N angles, none correlate to the observed trends in catalytic yields. These studies 

help to support that the redox chemistry of the iron center plays the key role in controlling the catalytic 

reaction yields. Although, the accessibility to the iron center is a factor to consider, as shown by the 

need for two labile cis sites (property 1), the small changes in the axial and equatorial iron angles within 

the series studied does not correlate to catalytic reaction yields. This encourages the use of the range of 

tetra azamacrocycles available to synthetic chemists as considerations for tuning redox potentials to 

optimal ranges for this reaction.  
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3.3  Conclusion 

Catalytic reaction yields of a library of high-spin iron complexes [Fe3+L1(Cl)2]+, [Fe3+L4(Cl)2]+, 

[Fe2+L5(Cl)]+, [Fe2+L6(Cl)2], [Fe3+L7(Cl)2]+, [Fe3+L8(Cl)2]+, [Fe2+L9(Cl)]+, and [Fe2+L10(Cl)]+ has been 

determined for the C-C coupling reaction that yields 2-phenylpyrrole. Complex [Fe2+L6(Cl)2] afforded the 

highest yield (81%). The systematic evaluation of the coordination requirements, the reductive and 

oxidative properties of the complex, rigidity/topological constraint of the complex, the stability of the 

complex toward oxidative degradation, and geometric parameters about the iron center revealed that 

optimized iron redox potential are responsible for the increase in catalytic reaction yield. The need for 

two labile cis-sites was probed and confirmed as a 42% decrease in yield was observed when only one 

labile labile-site was present. Altogether the fundamental approach to this series of catalysts for C-C 

coupling reactions shows some similarities to iron catalysts used in oxidation catalytic reactions, but 

there are differences that should be taken in to consideration when carrying out these reactions. The 

studies in this chapter suggested that electronic control of the iron center via rationalized modification 

of the macrocycle ring size, modification to the N-atoms (methylation or cross-bridging) and/or further 

modification to the pyridine for electronic tuning could be used to improved yields obtained to date. 

Such a new class of molecules is the focus of our future studies. Altogether, this work provides an 

inorganic/coordination chemistry focused approach to optimizing catalytic reactions and expands the 

applications in which macrocycles and cross-bridged macrocycles are used. 

3.4 Experimental methods 

General methods: Pyrrole was distilled under reduced pressure prior to use; all other reagents including 

anhydrous iron(II) chloride (Sigma Aldrich) used were obtained from commercial sources and used as 

received, unless noted otherwise. 1H-NMR spectra were obtained on a 300- or 400-MHz Bruker Avance 

spectrometer using deuterated solvents and spectra were referenced using the corresponding solvent 
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resonance (in parts per million; CDCl3, δ = 7.26 ppm).154 No NMR data were obtainable for 

[Fe3+L4(Cl)2]PF6 and [Fe3+L1(Cl)2]Cl. Elemental analysis was performed by Canadian Microanalytical 

Service Ltd. The following compounds were synthesized using previously published procedures: L1 – 

L3,143, 145 PyNMe3 (L4),59 Me2Cyclen (L5;1,7-dimethyl-1,4,7,10-tetraazacyclododecane)187, Me2Cyclam 

(L6; 1,8-dimethyl-1,4,8,11-tetraazacyclotetradecane)188, Me2BCyclen (L7),171 Me2EBC (L8),168 CB-

MePyCyclen (L9),172 PyMeEBC (L10),152 [Fe3+L7(Cl)2]PF6,165 [Fe3+L8(Cl)2]PF6,165 and [Fe2+L10]PF6. 

 

Synthesis. [Fe3+L4(Cl)2]PF6: FeCl3·6H2O (109 mg, 0.404 mmol) was dissolved in 9 mL methanol and added 

drop-wise to L4 (124 mg, 0.500 mmol) dissolved in minimum volume of methanol. A large amount of 

precipitate formed when half of the iron solution was added, the reaction was allowed to stir overnight 

at which time the majority of precipitate re-dissolved. The remaining solid was removed by filtration 

through celite, and [(Bu)4N]PF6 (787 mg, 2.03 mmol) was added as a solid resulting in precipitate of a 

yellow powder. The product was isolated via filtration and washed with small amount of methanol. 

Yield: 78% (164 mg, 0.316 mmol). ESI-MS+ Calc (Found):  374.0727 (373.9824). Absorption spectrum 

(CH3CN), λmax, (ε, M-1·cm-1): 326 (5,000) and 408 (sh; 1,400) nm; ([Fe3+L4(Cl)2]+). Elemental Analysis: 

Calc. (Found) for C14H24Cl2FeN4PF6: C, 32.33(32.15); H, 4.65(4.90); N, 10.77(10.67). 

 

[Fe3+L1(Cl)2]Cl: Ligand (L1) (252 mg, 0.799 mmol) was dissolved in 3 mL DI water. Iron(III) chloride 

hexahydrate (222.3 mg, 0.823 mmol) was dissolved in 3 mL methanol, the metal was added dropwise to 

the ligand. Slow evaporation of methanol yielded yellow X-ray quality crystals. Yield: 12% (34 mg, 0.0932 

mmol). Absorption spectrum (CH3CN), λmax, (ε, M-1·cm-1): 319 (4,500) and 390 (sh; 1,600) nm. 

Elemental analysis: Calc (Found) for C12H18Cl3FeN4·3H2O:  C 35.85(35.29); H 4.92(4.95); N 15.20(14.92). 

ESI-MS+ was consistent with the ClO4
- congener from previous reports.169  
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Catalytic Reactions: Phenylboronic acid (24 mg, 0.20 mmol) and iron complex (0.02 mmol) were added 

to a 2-10 mL flask equipped with a stir bar. Pyrrole (1 mL) was added to flask, the mixture was heated to 

130 oC for 10 hours.  

 

Yield determination: Reactions were cooled to room temperature, and the pyrrole was removed in vacuo 

until no visible liquid was present. Care was taken to avoid product loss under high vacuum. The 

reaction was dissolved in a minimum amount of CDCl3 and 5 µL of dimethyldiphenyl silane was added. 

The solution was filtered through a 0.2 µm nylon filter and a known amount of sample was added to a 

pre-weighed NMR tube. Yield determinations were performed using three resonances 6.875, 6.532, and 

6.307 ppm, corresponding to 2-phenylpyrrole and a resonance at 0.533 ppm corresponding to 

dimethyldiphenyl silane. The reported values are averages of all resonances; each reaction was run in 

triplicate. 

 

Electrochemistry: Cyclic voltammetry experiments utilized 2-3 mM complex and 100 mM 

tetrabutylammonium hexafluoroborate in DMF. The electrochemical cell was composed of a working 

glassy carbon electrode, a Pt auxiliary electrode, and a silver wire as the reference electrode.  The 

potential values presented here are normalized to the half-wave potential of the Fc+/Fc = 0.00 mV. 

 

X-ray crystallography: Crystal diffraction data for [Fe3+L1(Cl)2]+ were collected at 100 K on a Bruker D8 

Quest Diffractometer. Data collection, frame integration, data reduction (multi-scan) were carried out 

using APEX3 software.162 The structure was solved via intrinsic phasing methods using ShelXT189 and 

refined with ShelXL189 within the Olex2 graphical user interface.190 All non-hydrogen atoms were refined 

using anisotropic thermal parameters, while the hydrogen atoms were treated as mixed. The ORTEP 

molecular plots (50 %) were produced using Platon.191   
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Chapter 4. Mechanistic insight into iron-catalyzed Suzuki-Miyaura type  C-C coupling 

4.1 Introduction 

Direct Suzuki-Miyaura C-C coupling reactions facilitated by iron have been pioneered by Wen 

and co-workers.65 Using tetra-azamacrocycles and iron salts, pyridine and pyrrole were independently 

coupled to phenylboronic acid to produce 2-phenylpyridine (41%) and 2-phenylpyrole (66%), 

respectively. The coupling of pyridine and phenylboronic acid was performed in the presence of an 

iron(III) salt. Conversely, pyrrole coupling to phenylboronic acid was performed using an iron(II) salt. 

Wen and co-workers proposed mechanism for the iron(II)-catalyzed coupling of pyrrole and 

phenylboronic acid. In this mechanism, shown in Scheme 1.5 (left), the iron(II) complex enters that 

catalytic cycle and is activated by oxygen to form an Fe-O species. The Fe-O species is proposed to 

activate the C2-H bond of pyrrole. Following the report by Wen and co-workers, Dong et al. showed by 

mass spectrometry that an iron(III)-oxo species is present in the iron(III)-catalyzed Suzuki-Miyaura C-C of 

pyridine and phenylboronic acid.3 An Fe(III)/Fe(I) process was proposed based on a computational study 

that began with the iron(III)-oxo species. Although some mechanistic studies have been performed on 

the iron-catalyzed Suzuki-Miyaura reaction, several questions remain: (1) Do the iron(III) complexes act 

as stoichiometric reagents to afford Suzuki-Miyaura type reactions? (2) Does oxygen oxidize pyrrole or 

the metal center? (3) What type of interaction does oxygen have with iron(III) catalysts? (4) Are any off-

cycle species formed that may decrease catalytic efficiency? (5) What is the oxidation state of the active 

catalytic species? 

Here we investigate (1) the ability of the iron(III) complexes to act as stoichiometric reagents to 

afford Suzuki-Miyaura type reactions, (2) the role of oxygen, (3) the type of interaction that occurs 

between the iron catalyst and oxygen, and (4) the presence of off-cycle species such as µ-oxodiiron 

complexes. The ability of the iron complex to act as a stoichiometric reagent (1) was investigated by 

altering the reaction conditions to eliminate all sources of oxygen, including dioxygen, water, and oxy-



 

56 
 

containing counter-ions. Next, the role of oxygen (2) was investigated by determining if 3-pyrroline-2-

one could serve as a starting martial in the production of 2-phenylpyrrole. The radical nature of the iron-

oxygen interaction (3) was tested by varying the radical scavenging ability of the catalyst used. Finally, 

the formation of µ-oxodiiron complexes under reaction conditions (4) was studied using absorbance 

spectroscopy. Overall this study provides a more detailed mechanism for the iron-catalyzed Suzuki-

Miyaura C-C coupling process.  

4.2 Results and discussion  

4.2.1 [Fe3+L2(Cl)2]Cl as a stochiometric reagent in Suzuki-Miyaura type coupling 

To determine if the iron-complexes act as a stoichiometric reagent in Suzuki-Miyaura type 

coupling, the iron catalyst [Fe3+L2(Cl)2]Cl was tested for the ability to produce 2-phenylpyrrole in the 

absence of oxygen. When [Fe3+L2(Cl)2]Cl  
 was loaded at 100 mole% and the reaction was heated for 10 

hours under anaerobic conditions (Table 4.1) no 2-phenylpyrrole was produced. Therefore, the coupling 

only occurs in the presence of an oxygen source, and a stoichiometric pathway does not need to be 

included in the catalytic mechanism. Interestingly, the use of [Fe3+L2(Cl)2]ClO4 at 100% loading under 

anaerobic conditions resulted in 16 ± 4% product formation. Indicating that the perchlorate counter-ion 

is capable of acting as sacrificial oxidant in iron catalysis. Although the perchlorate counter-ion was able 

to act as a sacrificial oxidant, a 1:1 mole ratio of perchlorate to iron was not able to produce comparable 

yields to those obtained when 10 mole% [Fe3+L2(Cl)2]Cl was used open to air (58 ± 7%). This can be 

explained in one of two ways: 1) the perchlorate is not as effective an oxidant as air or 2) more than one 

equivalent oxidant is required to facilitate one turnover.  
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Table 4.1. Catalytic yields used to determine the role of the sacrificial oxidant in the coupling reaction. 

 

 Loading Catalyst Oxidant Yield (%) 

 10% [Fe3+L2(Cl)2]Cl air 58 ± 7 

 100% [Fe3+L2(Cl)2]ClO4 * 16 ± 4 

 100% [Fe3+L2(Cl)2]Cl * Trace 

                   * excluded 

 

4.2.2 The role of oxygen in the catalytic cycle 

After establishing the need for an oxidant, vide infra, an alternative mechanism to metal 

oxidation was considered. Specifically, pyrrole has been shown to oxidize to 3-pyrroline-2-one; 

therefore, oxidation of the reagent prior to entering the catalytic cycle was explored.192 To evaluate this, 

3-pyrroline-2-one was independently synthesized using a previously reported procedure in which 

hydrogen peroxide is used to oxidize pyrrole in the presence of Ca(CO3)2  (Scheme 4.1).193 No 2-

phenylpyrrole was isolated when 3-pyrroline-2-one was combined with phenylboronic acid in the 

presence of [Fe3+L1(Cl)2]+. Based on these results, oxygen is required for oxidation chemistry with the 

iron and not the pyrrole substrate.  

 

 

Scheme 4.1. Synthesis 3-pyrroline-2-one as a potential starting material for pyrrole and phenylboronic 
acid coupling, 2-phenylpyrrole is not produced. 
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4.2.3 Radical participation 

Many catalytic processes progress through a mechanism involving radicals.23, 194-195 Therefore, 

the catalytic coupling of pyrrole with phenylboronic acid was evaluated to determine if a radical species 

is involved. Previously, the ligands L1, L2, and L3 were tested for radical scavenging ability using the 

DPPH (2,2-diphenyl-1-picrylhydrazyl) assay, which allows for analysis of radical scavenging ability in 

solution.196-198 When DPPH is dissolved in ethanol an intense purple solution is obtained, with a 

corresponding absorbance band at 515 nm. The intensity of the absorbance band is concentration 

dependent, therefore, as radical scavenging systems react with DPPH the intensity of the absorbance 

band decreases. The decrease in intensity of the absorbance band at 515 nm is directly related to the 

radical scavenging ability of the test compound. Quantification of radical scavenging ability is obtained 

by comparison to a positive control such as BHT (2,6-di-tert-butyl-4-methylphenol). Ligands L2 and L3 

were previously shown to be potent radical scavengers, but L1 did not show any reactivity.199-200 The 

radical scavenging activity of L2 and L3 was attributed to the pyridol moiety, which scavenges radicals in 

a similar manner to tannins. However, the radical scavenging activity of metal congeners was not 

explored. Therefore, a DPPH assay was performed with [Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and [Fe3+L3(Cl)2]+ 

(Figure 4.1); complex [Fe3+L1(Cl)2]+ did not scavenge radicals at or below 0.75 mM. In contrast, 

[Fe3+L2(Cl)2]+ and [Fe3+L3(Cl)2]+ provided concentration-dependent radical scavenging activity at 

concentrations greater than 250 µM. The catalytic yields obtained in the presence of 198 mM 

[Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and [Fe3+L3(Cl)2]+  were compared to the radical scavenging ability of a 1 mM 

solution of each complex (Table 4.2). Complex [Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+,and [Fe3+L3(Cl)2] afforded 57 ± 

3%, 58 ± 7%, and 52 ± 7% 2-phenylpyrrole and a 0%, 50%, and 50% reduction of the DPPH radical, 

respectively. Therefore, a radical process is not plausible because the radical scavenging activity differs 

among the iron complexes, but the catalytic yields for each are nearly identical. 
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Figure 4.1. DPPH assay showing radical scavenging ability of [Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and 
[Fe3+L3(Cl)2]+; BHT serves as a positive control. 
 

 
Table 4.2. Catalytic yields obtained for [Fe3+L1(Cl)2]+, [Fe3+L2(Cl)2]+, and [Fe3+L3(Cl)2]+. 

 

 

Catalyst Yield (%) 

[Fe3+L1(Cl)2]+ 57 ± 3 

[Fe3+L2(Cl)2]+ 58 ± 7 

[Fe3+L3(Cl)2]+ 52 ± 7 

 

4.2.4 Implication and participation of µ-oxodiiron complexes in C-C coupling reactions 

µ-oxodiiron complexes are known to play a role in oxygen atom transfer reactions, but their role 

in C-C coupling reactions has not been established.26, 201-235 The complexes [Fe3+L1(Cl2)]+, [Fe3+L4(Cl2)]+, 

and [Fe3+L7(Cl)2]+  were explored due to the well-documented and  facile formation of µ-oxodiiron 

complexes in solutions with a pH above 1.236-238 In the presence of triethylamine and water, [Fe3+L1(Cl2)]+ 

and [Fe3+L4(Cl2)]+ readily formed µ-oxodiiron complexes 1 and 2 (Scheme 4.2). However, [Fe3+L7(Cl)2]+ 
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formed a monomeric species 3 (Scheme 4.2). The inability of [Fe3+L7(Cl)2]+ to form diiron species under 

basic conditions expands on previous reports that dimer formation is not observed upon oxidation of 

the iron(II) complex to the iron(III) in the presence of O2.147, 236-237 The participation of a µ-oxo dimer in 

the catalytic mechanism is unlikely because increased catalytic yields were observed with [Fe3+L7(Cl)2]+ 

compared to [Fe3+L1(Cl2)]+ and [Fe3+L4(Cl2)]+. The µ-oxo complexes 1 and 2 (Figure 4.2) were 

characterized by single crystal X-ray diffraction, NMR, and absorbance spectroscopy, which are 

discussed in depth below. Moreover, the absorbance spectra of [Fe3+L1(Cl2)]+ in the presence of pyrrole 

showed the formation of 1. Therefore, 1 and 2 are assigned as off-cycle species that decrease catalytic 

efficiency of [Fe3+L1(Cl2)]+ and [Fe3+L4(Cl2)]+.  

4.2.5 Reactivity of [Fe3+L1(Cl2)] +, [Fe3+L4(Cl2)] +, and [Fe3+L7(Cl)2]+  with Et3N and H2O 

As noted above, [Fe3+L1(Cl)2]+, [Fe3+L4(Cl)2]+,and  [Fe3+L7(Cl)2]+ were treated with Et3N in the 

presence of water in either methanol ([Fe3+L1(Cl)2]+) or acetonitrile ([Fe3+L4(Cl)2]+and  [Fe3+L7(Cl)2]+) as 

shown in Scheme 4.2. Dimers 1 ([µ-O(Fe3+L1Cl)2]2+) and 2 ([µ-O(Fe3+L4Cl)2]2+), as well as, monomer 3 

([Fe3+L7(Cl)(OH)]+) were isolated from the reaction mixtures as X-ray quality crystalline materials. 

Complex 1 crystalized in two separate forms, 1a and 1b, depending on the solvent used for crystal 

growth. Due to the small amount (3 mg) of [Fe3+L7(Cl)2]+ available, the only characterization possible on 

complex 3 was solid state determination. 
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Scheme 4.2. Synthesis and structures of 1 and 2, and monomer 3. 

 

4.2.6 Solid-state structure determination of 1, 2, and 3. 

The solid-state structures of 1a, 1b, 2, and 3 are shown in Figure 4.2 and selected bond lengths and 

angles are in Table 4.3. X-ray quality crystals of 1a were obtained by slow evaporation of methanol; 

isolation of the X-ray quality crystals resulted in a 50% yield. The crystals of 1a were dark brown with a 

brick morphology. Several unsuccessful attempts were made to slow the crystallization process, to 

eliminate the presence of disorder, twinning, and pseudo-symmetry found when crystals were grown by 

slow evaporation at room temperature. The twinning and pseudo-symmetry were identified using the 

program PLATON. The diffraction data for 1a was refined in the space group C2 rather than C2/m, 

because the crystallographic data did not support a centrosymmetric system. Like [Fe3+L1(Cl)2]+, the 

ferric iron took on a cis-distorted octahedral geometry in which the equatorial plane was occupied by 

two nitrogen atoms of the macrocycle, a bridging-oxide, and a chloride; the axial positions were filled by 

the two remaining nitrogen atoms in the macrocycle completing the coordination sphere.  
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Figure 4.2. ORTEP (50% TELP) representation of solid-state structure of 1a, 1b, 2, and 3. Counter-ions 
and solvent molecules have been removed for clarity. 

 

 

Table 4.3. Selected bond lengths and angles for 1a, 1b, 2, and 3. 

Bond Length (Å) 1a 1b 2 3 Bond Length (Å) 1b’ 

Fe(1)-O(1) 1.765(3) 1.775(4) 1.80035(16) 1.75(3) Fe(2)-O(1) 1.782(4) 

Fe(1)-Cl(1) 2.3230(15) 2.3298(17) 2.2857(3) 2.283(8) Fe(2)-Cl(2) 2.3279(19) 

Fe…Fe 3.592 3.533 3.592 - 
  

Bond Angle (o) 1a 1b 2  Bond Angle (o) 1b’ 

Fe-O(1)-Fe 171(2) 166.7(3) 171.91(6) - Fe(1)-O(1)-Fe(2) 166.7(3) 

Twist Angle 0* 35.53(4) 90* - 
  

*Assigned based on point group symmetry 
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Table 4.4. Crystal data, intensity collections, and structure refinement parameters 1a, 1b, 2, and 3. 

Complex 1a 1b 2 3 

Formula C22H36Cl4Fe2N8O9 C24H39Cl4Fe2N9O5 C32H54Cl2F12Fe2N10OP2 C12H19Cl1.5F4FeN4O2.83P0.67 

M.W. 810.09 787.14 1067.39 470.32 

Unit cell Monoclinic Tetragonal Monoclinic Hexagonal 

Space group C2 I41/a C2/c P63/m 

a (Å)  12.6640(7) 31.963(2) 14.6320(8) 13.5637(16) 

b (Å) 10.3637(6) 31.963(2) 13.1936(7) 13.5637(16) 

c (Å) 12.2668(7) 12.5812(10) 23.4564(13) 17.377(2) 

α  90o 90o 90o 90o 

β  103.254(2)° 90o 92.817(2)o 90o 

γ  90o 90o 90o 120o 

Volume (Å3) 1567.08(15) 12854(2) 4522.8(4) 2768.6(8) 

Z  2 16 4 6 

Dcalc.(g/cm3) 1.717 1.627 1.568 1.692 

Reflections 

Collected 

32172 134293 86353 66760 

 

Independent 

Reflections  

3063 6578 6649 1636 

 

Rint 0.0516 0.1629 0.0257 0.0731 

Completeness 

to θ 

99.3% 99.8% 99.7% 100% 

GooF  1.041 1.144 1.082 2.221 

R1,wR2 

[I>2sigma(I)]  

R1 = 0.0429 

wR2 = 0.0965 

R1 = 0.0926 

wR2 = 0.1619 

R1 = 0.0223 

wR2 = 0.0544 
R1 = 0.1529 

wR2 = 0.4561 

R1, wR2 
R1 = 0.0648 

wR2 = 0.1072 

R1 = 0.1194 

wR2 = 0.1729 

R1 = 0.0249 

wR2 = 0.0561 
R1 = 0.1686 

wR2 = 0.47211 

 

The asymmetric unit of 1a consisted of half of the molecule (O-Fe3+L1(Cl)) and two perchlorate counter-

ions. The complete complex is symmetry generated by a two-fold rotation about the oxygen atom, 

resulting in a 180o twist angle between the two pyridine moieties of the L1 backbone. The Fe-O bond 
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length, Fe(1)-O-Fe(1A) bond angle, and Fe…Fe distance (1.765(3) Å, 170.30, 3.592 Å, respectively) are 

consistent with previously reported µ-oxodiiron species containing chloride ligands.211, 236 

The inability to avoid twinned crystals of 1a using slow evaporation of methanol prompted us to 

investigate other crystal growth conditions. The slow diffusion of ether into a solution of 1a in CH3CN 

afforded dark brown brick shaped X-ray quality crystals that formed in the I41/a point group. The 

asymmetric unit consisted of the diiron(III) complex (L1ClFe-O-FeL1Cl), a perchlorate counter-ion, a 

chloride counter-ion, and a molecule of CH3CN. This was the first indication that 1 may exist in multiple 

isomers. The orientation of the ligands with respect to one another was quantified by the twist angle 

between the pyridine moieties. The twist angle of 1b was 35.53(4)o, a difference of 144o compared to 1a. 

Otherwise, the Fe(1)-O bond length (1.775(4) Å), the Fe(2)-O bond length (1.782(4) Å), Fe(1)-O-Fe(2) 

bond angle (166.7(3)), and the Fe...Fe distance (3.533 Å) are comparable to 1a. The ability to isolate 

multiple solid-state species of 1 indicated that multiple isomers may be thermodynamically similar in 

energy.  

X-ray quality crystals of 2 were obtained by slow diffusion of ether into CH3CN at room 

temperature. A 55% yield was achieved by isolation of the brown brick-shaped crystals. As shown in 

Figure 4.2, the complex crystalized in the space group C2/c and a cis-folded octahedral geometry. The 

cis-coordination sites of both ferric ions were filled by a µ-oxide and a chloride ligand. The asymmetric 

unit of 2 resembled that of 1a rather than 1b, and consisted of one half of the dimer, two PF6 counter-

ions, and a molecule of CH3CN. The oxygen atom was positioned on a 21-screw axis resulting in a 90o 

twist angle between the pyridine moieties. The Fe(1)-O bond length (1.775(4) Å), Fe(2)-O bond length 

(1.782(4) Å),  Fe(1)-O-Fe(2) bond angle (166.7(3)), and Fe...Fe distance (3.592 Å) were consistent with 

those observed in 1a and 1b. 

Slow evaporation of the reaction solution containing CH3CN, triethylamine, water, and 

[Fe3+L7(Cl)2]+ resulted in red plate-shaped X-ray quality crystals of 3. The solid-state structure, shown in 
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Figure 4.2, indicated that 3 is a stable ferric hydroxide containing species, [Fe3+L7(OH)(Cl)]+. The 

asymmetric unit consisted of half of the molecule (L71/2Fe(O)(Cl)), two water molecules, and one-third of 

the PF6 counter-ion. Over half of the molecule exhibits disorder and two solvent water molecules are 

located on a special position (Figure A15). The combination of many distorted atoms and the presence 

of water molecules on special positions explains the unfavorable statistical values corresponding the 

refinement model (Table 4.4). Therefore, this is considered an accurate representation of the complex. 

The presence of an Fe-OH bond was supported by the Fe(1)-O(1a) bond length of 1.75(3) Å, which is 

much longer than a typical Fe(IV)=O bond (1.6 Å) and much shorter than an Fe(III)-Cl bond (2.3 Å).239-241  

The higher catalytic efficiency of [Fe3+L7(Cl)2]+ compared to [Fe3+L1(Cl)2]+ and [Fe3+L4(Cl)2]+ in 

combination with the stability of [Fe3+L7(OH)(Cl)]+, suggested that the active catalytic species is an 

iron(III) hydroxide or an iron(V)-oxo species. Attempts to spectroscopically characterize or isolate a high 

valent species were unsuccessful. However, Serrano-Plana et al. have reported an acylperoxo-Fe(III) in 

equilibrium with an oxo-Fe(V) when [Fe2+L4(OTf)2] is exposed to excess peracetic acid.17  

4.2.7  1H-NMR analysis of 1a and 2. 

 

 

Figure 4.3. 1H-NMR of 1a in MeOD. 

 



 

66 
 

 

Figure 4.4. 1H-NMR of 2 in MeOD. 

 

The stability and magnetic properties of 1 and 2 in methanol were studied using 1H-NMR (Figure 

4.3 and 4.4). Both complexes exhibit resonances between 0-40 ppm. The presence of paramagnetically 

shifted resonances indicated that the dimers are stable in methanol because the monomeric congeners 

of 1 and 2 are not visible by NMR. Furthermore, the observation of resonances at 40 ppm are typical for 

large antiferromagnetically coupled iron centers.223 

4.2.8 Absorbance analysis of 1a and 2 in MeOH and CH3CN 

The absorbance spectra of µ-oxodiiron(III) complexes have been shown to exhibit three types of 

transitions in the visible region: an allowed oxo-Fe charge transfer (LMCT) (300-400 nm), d-d transition 

(400-550 nm), and a forbidden oxo-Fe CT (550-700 nm).238 The allowed oxo-Fe CT is believed to alter the 

electronics of µ-oxodiiron(III) complexes in such a way that the spin forbidden d-d and oxo-Fe CT are 

observed. This principle is explained fully in reference 242 and summarized here. The identity of the 

transitions were assigned based on the analysis of absorbance spectra of a series of 

[Fe2(TPA)2O(L)](ClO4)n complexes; variations in the ligand field strength of L resulted in Fe-O-Fe bond 

angles ranging from 125o to 180o.242 The series of [Fe2(TPA)2O(L)2](ClO4)n complexes exhibited a band at 
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490 nm indicating that this transition was not affected by the Fe-O-Fe angle or ligand field strength. 

Therefore, the transition was assigned as a spin-forbidden 6A1→(4E and 4A1), because the d5 Tanabe-

Sugano diagram showed that the energy of two states, 4E and 4A1, are independent of ligand field 

strength in high-spin complexes. This transition was assigned as a forbidden oxo-Fe CT Because the 

absorbance bands between 550-700 nm varied with Fe-O-Fe angle and are accompanied by a low 

extinction coefficient. For linear µ-oxodiiron(III) complexes absorbance bands at 550-580 nm are 

expected corresponding to a d-d and oxo-Fe CT transition.211, 223, 238, 242  

 

Table 4.5. Absorbance data and transition assignments for [Fe3+L1(Cl)2]+, [Fe3+L4(Cl)2]+, 1a, and 2 in 
acetonitrile, and [Fe3+L1(Cl)2]+ and 1a in methanol. 

Complex λ in nm (ɛ in M
-1

cm
-1

)  

Acetonitrile MLCT Allowed oxo-Fe CT 
6
A

1
 → (

4
E, 

4
A

1
)  oxo-Fe CT 

[Fe3+L1(Cl)2]+ 319 (4 500) 390 (sh; 1 600) 

  [Fe3+L4(Cl)2]+ 326 (5 000) 408 (sh; 1 400) 

  1a 335 (10 000)* 381 (sh, 6 0863) 481 (932), 500 (878) 
 2 332 (sh; 13 000)* 385 (10 000)* 495 (sh; 51) 567 (sh; 161) 

Methanol     

[Fe3+L1(Cl)2]+ 319 (4 200) 390 (sh; 1 400)   

1a 330 (sh; 3 500)  500 (170)  

* MLCT & oxo-LMCT 

 

Solid-state analysis showed that the use of methanol and acetonitrile for crystal growth resulted 

in two different complexes, 1a (MeOH) and 1b (CH3CN). Examination of the Fe-O-Fe bond angle 

indicated that the absorbance spectra of 1a would vary in MeOH vs CH3CN, if 1a and 1b persist as 

independent species in solution. Therefore, the absorbance spectra of 1a was obtained in MeOH and 

CH3CN. The absorbance maxima are available in Table 4.5 and the absorbance spectra are shown in 

Figures 4.5 and 4.6, for MeOH and CH3CN, respectively. When dissolved, the brown solution of 1a 

exhibited absorbance bands between 330 and 600 nm. The allowed oxo-Fe charge transfer band of 1a 
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was observed at 330 nm (3 500 M-1 cm-1) in MeOH and 335 nm (10 000 M-1cm-1) in CH3CN. In MeOH, the 

absorbance band at 500 nm (170 M-1, cm-1) was consistent with a 6A1 →(4E, 4A1) transition, however, in 

CH3CN two absorbance bands are observed (481 nm, ɛ = 932 M-1, cm-1; 500 nm ɛ = 878 M-1, cm-1). The 

extinction coefficient observed in CH3CN is inconsistent with a d-d transition and cannot be assigned at 

this time. However, computational studies are currently under way to determine species responsible. 

The forbidden oxo-Fe CT was not observed in methanol or acetonitrile. 

 

Figure 4.5 .(left) Visible spectra of 1a in methanol (dashed-line), [Fe3+L1(Cl)2]+ in 8% water/methanol 
(dotted-line), and [Fe3+L1(Cl)2]+ in 8% water/methanol/25 µL acid (solid-line). (right) Visible absorbance 
spectra of [Fe3+L1(Cl)2]+ in CH3CN (tan) and 8% water/methanol solution after addition of 25 µL HClcon. 
(black). 

 

Attempts to compare spectra of [Fe3+L1(Cl)2]+ to 1a in methanol were limited by solubility. 

Therefore, an 8% water/methanol solution was used to dissolve [Fe3+L1(Cl)2]+. An absorbance band at 

498 nm was observed, indicating that 1a forms in the presence of water as (Figure 4.5). The addition of 

25 µL of concentrated HCl resulted in the disappearance of the band at 498 nm, confirming the 

existence of an equilibrium between 1a and [Fe3+L1(Cl)2]+. 
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Figure 4.6. The absorbance spectra of complexes (left) [Fe3+L1(Cl)2]+ (0.13 mM/0.94 mM) and 1a (0.13 
mM/ 0.99 mM); (right) [Fe3+L4(Cl)2]+ (0.16 mM/ 1.0 mM) and 2  (0.12 mM/1.0 mM) in CH3CN. Monomers 
are represented in orange and dimers in yellow. 

 

Acetonitrile solutions of [Fe3+L1(Cl)2]+  and [Fe3+L4(Cl)2]+  were pale yellow, while 1a and 2 were 

brown. The absorbance data can be found in Figure 4.6 and Table 4.5. Two LMCT bands are observed: 

[Fe3+L1(Cl)2]+, at 319 nm (4 500 M-1cm-1) and 390 nm (sh; 1 600 M-1cm-1); and [Fe3+L4(Cl)2]+, at 326 nm (5 

000 M-1cm-1) and 408 nm (sh; 1 400 M-1cm-1). No other absorbance bands were observed for, 

[Fe3+L1(Cl)2]+ and [Fe3+L4(Cl)2]+. Complexes 1a and 2 exhibited four absorbance bands between 300 and 

700 nm, which are consistent with other µ-oxodiiron(III) complexes.211, 223, 242 The formation of an Fe-O-Fe 

bridged complex greatly increased the extinction coefficient of bands between 300 – 410 nm. This is 

attributed to a two-fold increase in iron atom concentration in combination with the additive effect of 

the LMCT and the oxo-Fe CT transitions. The signature absorbance bands at 490 nm and 550 nm 

corresponding to the forbidden 6A1 →(4E, 4A1) and oxo-Fe CT are observed at 481 nm (932 M-1cm-1) and 

500 nm (878 M-1cm-1) for 1a and 495 nm (sh; 51 M-1cm-1) and 567 (sh; 161 M-1cm-1) for 2. 

4.2.9  Pyrrole promoted dimerization of [Fe3+L1(Cl)2]+   

Finally, the ability of pyrrole to promote formation of 1a was tested. Interestingly, the addition 

of up to 4 equivalents of pyrrole had no effect on the absorbance spectra of [Fe3+L1(Cl)2]+, but the 
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addition of excess pyrrole, 200 µL (800 eq.), resulted in dimer formation based on the appearance of an 

absorbance band at 498 nm upon pyrrole addition (Figure 4.7). The conversion of monomeric iron 

complexes into µ-oxodiiron complexes may occur in the presence of excess water. Therefore, the large 

excess of pyrrole needed is most likely due to the low water continent in the pyrrole, however, the 200 

µL used is 1/5th of the amount used during the catalytic reaction. These results indicate dimer formation 

can be promoted under coupling reaction conditions, due to the presence of water in the pyrrole used. 

In the catalytic cycle, complexes 1a and 2 are assigned as off-cycle species. Therefore, the formation of 

1a and 2 may attribute to the decreased activity of [Fe3+L1(Cl)2]+ and [Fe3+L4(Cl)2]+ compared to 

[Fe3+L7(Cl)2]+ in the coupling of pyrrole and phenylboronic acid. 

 

Figure 4.7. Absorbance spectra of [Fe3+L1(Cl)2]+  in acetonitrile (solid-line), [Fe3+L1(Cl)2]+  after the 
addition of 200 µL pyrrole (dashed-line), and [Fe3+L1(Cl)2]+  after addition of 700 µL pyrrole (dotted-line) 
showing the effect of addition of excess pyrrole to [Fe3+L1(Cl)2]+  in CH3CN. Under reaction conditions 
pyrrole promotes the formation of 1a and other species. 

 

 The identification of dimer formation in the presence of pyrrole, the need for oxygen, the 

inability of oxidized pyrrole to act as a starting material to produce 2-phenylpyrrole, and the fact that 

radical scavenging catalysts [Fe3+L2(Cl)2]+ and [Fe3+L3(Cl)2]+  give comparable yields to [Fe3+L1(Cl)2]+. Have 

led to a more detailed mechanism shown in Scheme 4.3. Specifically, both possible oxidation state of the 

active catalyst and the off-cycle µ-oxodiiron species are represented. 
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4.3 Conclusion 

 In conclusion, it has been shown that an oxidant is needed in the iron(III)-catalyzed Suzuki-

Miyaura C-C coupling reactions. Air and perchlorate are viable sacrificial oxidants; however, more 

experiments are needed to understand the true reactivity of perchlorate as a sacrificial oxidant. Oxidized 

pyrrole was tested and found unable to react with phenylboronic acid to produce 2-phenylpyrrole, 

thereby, implicating oxygen reacts with the iron center. Furthermore, the presence of radical scavengers 

in the form of complexes [Fe3+L2(Cl)2]+  and [Fe3+L3(Cl)2]+  did not decrease catalytic yields. Therefore, 

the participation of an iron(IV) species has been ruled out. The monomeric iron complexes [Fe3+L1(Cl)2]+  

and [Fe3+L4(Cl)2]+  readily form µ-oxodiiron species in the presence of a base and water. The more 

topologically constrained [Fe3+L7(Cl)2]+  does not form a dimeric complex, but instead one chloride is 

replaced with a hydroxide. The formation of [Fe3+L7(Cl)(OH)]+ is consistent with the first step in the 

proposed mechanism of µ-oxodiiron formation. Comparison of the absorbance spectra of 1a in 

acetonitrile to that of the monomer [Fe3+L1(Cl)2]+  after addition of pyrrole, indicates that 1a can form 

during the coupling of pyrrole and phenylboronic acid. The µ-oxodiiron species (1 and 2) are assigned as 

off-cycle complexes that lowers catalytic yield, because [Fe3+L1(Cl)2]+  affords less 2-phenylpyrrole than 

[Fe3+L7(Cl)2]+. Additionally, it is known that the formation of µ-oxodiiron complexes proceeds through an 

Fe3+OH species. Therefore, iron-catalyzed Suzuki-Miyaura C-C coupling may include an Fe3+OH or an 

Fe(V)-O as the catalytically active species.238 The studies presented here have resulted in experimental 

evidence to develop a more detailed catalytic mechanism for the coupling of pyrrole and phenylboronic 

acid in the presence of an iron(III) catalyst. To fully understand the catalytic process kinetic studies such 

as those reported by Blackmond are needed.243 
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Scheme 4.3. More detailed catalytic mechanism proposed for iron-catalyzed Suzuki-Miyaura C-C 
coupling. 

 

4.4 Experimental methods 

General methods: Pyrrole was distilled before use, all other reagents were obtained from 

commercial sources and used as received, unless noted otherwise.  NMR spectra were obtained 

on a 400-MHz Bruker Avance spectrometer, using deuterated solvents (MeOD, D2O). NMR 

spectra were referenced using the corresponding solvent resonance (in parts per million; MeOD 

δ =3.31 D2O δ = 4.79).154 Elemental analysis was performed by Canadian Microanalytical Service 

Ltd. Electronic absorption spectra were recorded on a Cary 60 UV-vis spectrophotometer using a 

3 mL quartz cuvette with a 1 cm path length. Caution! Perchlorate salts are explosive and should 

be handled in small quantities.  In particular, such compounds should never be heated as solids. 

X-ray diffraction analysis: Crystal diffraction data were collected at 100 K on a Bruker D8 Quest 

Diffractometer. Data collection, frame integration, data reduction (multi-scan), and structure 
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determination were carried out using APEX3 software.162 Structural refinements were performed 

with XSHELL (v 6.3.1), by the full-matrix least-squares method.163 All non-hydrogen atoms were 

refined using anisotropic thermal parameters, while the hydrogen atoms were treated as mixed. 

The ORTEP molecular plots (50 %) were produced using PLATON. 

 

[µ-O(FeL1Cl)2](ClO4)2 (1a) : Crystalline [Fe3+L1(Cl)2]ClO4 (34.0 mg, 0.08 mmol) was dissolved in 1 ml water 

and diluted with 5 ml methanol. Triethylamine (10.9 µL, 0.0786 mmol) was dissolved in 600 µL of 

methanol and added dropwise to [Fe3+L1(Cl)2]ClO4. The solution was stirred for 1hr, followed by slow 

evaporation of solvent to afford black X-ray quality crystals over the course of several days. Yield: 100 % 

(32.0 mg, 0.04 mmol). Elemental analysis Calc (Found): C22H36Cl4Fe2N8O9: C 32.62 (32.22); H 4.48 (4.50); 

N 13.83 (13.70). CCDC # 1578765. 

 

[µ-O(FeL4Cl)2](PF6)2·CH3CN (2): Complex [Fe3+L4(Cl)2]PF6 (39.7 mg, 0.076 mmol) was dissolved in 12.5 µL 

water and 1 mL CH3CN. Triethylamine (16.17 µL, 0.116 mmol) was dissolved in 300 µL CH3CN and added 

dropwise to [Fe3+L4(Cl)2]PF6. The reaction was stirred for 1 hour, then placed in ether. Black X-ray quality 

crystals formed over the course of six hours. Yield: 55.2% (22.8 mg, 0.021 mmol).   Elemental analysis 

Calc (Found): C30H51N8Fe2Cl2OP2F12: C 35.11 (35.50); H 5.01 (5.09); N 12.28 (12.81). CCDC # 1813235. 

 

2-phenylpyrrole yield determination: Phenylboronic acid (24 mg, 0.2 mmol) and crystalline material 

of the iron complex (0.02 mmol) were added to a 20 mL vial equipped with a stir bar in a 

glovebox. Degassed pyrrole (1 mL) was added to flask, the mixture was heated to 130oC for 10 

hours. The reaction was cooled to room temperature and the pyrrole was removed under 

vacuum until no visible liquid was present. Increasing the time the reaction was kept under 

reduced pressure decreased yields. The product mixture was dissolved in a minimum amount of 
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CDCl3, 5 µL of dimethyldiphenylsilane was added to the solution. The solution was filtered 

through a 0.2 µm nylon filter and a known amount of sample was added to a pre-weighed NMR 

tube. Yield determinations were performed using three resonances 6.875, 6.532, and 6.307 ppm 

corresponding to 2-phenylpyrrole and a resonance at 0.533 ppm corresponding to 

dimethyldiphenylsilane. The reported values are averages of all resonances; each measurement 

was run in triplicate. 

 

Coupling reactions oxidation amount controlled: Phenylboronic acid (24 mg, 0.20 mmol) and catalyst 

(0.02 mmol, 0.20 mmol), if used, were added to a 2 mL flask equipped with a stir bar, the system 

was then placed under an atmosphere of nitrogen. Pyrrole (1ml) was added to flask and the 

mixture was heated to 130oC for 10 hours.  

 

3-pyrroline-2-one coupling reactions: Open to Air: Phenylboronic acid (24 mg, 0.20 mmol) and 

[Fe3+L1(Cl)2]ClO4 (8 mg, 0.02 mmol) were added to a test tube equipped with a stir bar. 3-

pyrroline-2-one (1 mL) was added to flask and the mixture was heated to 130 oC. After 10 hours 

at refluxed the reaction was cooled to room temperature, the crude product was dried under 

reduced pressure until no visible liquid was present. NMR of the crude reaction showed no 

formation of 2-phenylpyrrole. Inert atmosphere: Phenylboronic acid (24 mg, 0.20 mmol) and 

[Fe3+L1(Cl)2]ClO4 (8 mg, 0.02 mmol) were added to a 2 mL reaction vessel equipped with a stir 

bar, the system was placed under an inert atmosphere using Schlenk techniques, 1 mL 3-

pyrroline-2-one was added and the system was heated to 130oC for 10 hour. Formation of 2-

phenylpyrrole was not observed. 
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DPPH assay: A 2,2-diphenyl-1-picrylhydrazyl (DPPH) stock solution was made by dissolving 25 mg 

of DPPH in 100 mL of absolute EtOH. The solution was standardized to 1.32 absorbance units 

(0.137 mM) by dilution with absolute ethanol. 1 mg of each complex was dissolved in 2 mL of 

water to yield the following concentrations: 1.2 mM [Fe3+L1(Cl)2]ClO4, 1.4 mM [Fe3+L2(Cl)2]ClO4, 

1.0 mM [Fe3+L3(Cl)2]ClO4. The pH was adjusted with HCl gas to dissolve the compounds in water. 

1 mg of BHT was dissolved in 2 mL of absolute EtOH to make a 2.3 mM stock solution of BHT. 

Each complex and BHT were diluted to reach the following concentrations: 0.75 mM, 0.5 mM, 

0.25 mM, and 0.1 mM. 150 μL of each solution were put into a microplate well with 150 μL of 

0.137 M DPPH. The solutions were incubated in the dark for 24 hours, and the absorbance was 

measured at 515 nm. The experiment was done in triplicate. A 50:50 mixture of EtOH and water 

served as the negative control. A mixture of 150 μL of water and 150 μL of DPPH, as well as, a 

mixture of 150 μL of absolute EtOH and 150 μL of DPPH served as positive controls for the 

complexes and BHT respectively. 
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Chapter 5. Synthesis, characterization, and application of hexa- and hepta-dentate pyridine-
containing macrocycles  

5.1  Introduction 

Magnetic resonance imaging (MRI) is a noninvasive technique most commonly used to analyze 

soft tissue. Gadolinium-based contrast agents are often used to enhance the clarity of the images by 

altering the relaxation rate of bulk water protons.72 Although gadolinium-based agents yield acceptable 

contrast, they can be toxic to patients with compromised renal function. Iron(II) and europium(III) 

complexes are currently being investigates as a less toxic alternative to gadolinium-based systems.67, 70, 

244-245  

Iron- and europium-based agents enhance MRI images through a process termed PARACEST 

(Paramagnetic Chemical Exchange Saturation Transfer).67, 244 In the PARACEST process the paramagnetic 

nature of the metal ion results in a shift of the chelates protons resonance up to 300 ppm from the 

diamagnetic region (0-12 ppm) of the NMR spectrum.71-72 The paramagnetically shifted protons are 

magnetically saturated by a radio frequency pulse. The exchange of these protons with the bulk water 

protons produces decrease the NMR signal of the bulk water protons resulting in a negative contrast. 

Not all iron(II) or europium(III) complexes are satisfactory PARACEST agents. In fact, several 

properties must be considered concerning the metal and the ligand. First, the properties of the complex 

should be such that a 1H-NMR of the complex exhibits paramagnetically shifted resonances without 

excess broadening of the resonances. For iron agents, this is typically observed in high-spin 2+ 

complexes; for europium agents the 3+ oxidation state is typically needed to achieve a suitable 

spectrum. Other considerations include ligand properties. The ligand should contain exchangeable 

paramagnetically shifted protons; this can be achieved by incorporation of amines and alcohols into the 

ligand scaffold or adjusting the denticity of the ligand to allow for an exchangeable water molecule.  
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In 2011, the first iron-based PARACEST contrasts agents were reported. The work of Morrow 

and coworkers, 68-73, 75, 244, 246-249 laid the foundation for the development of transition-metal based 

contrast agents. Furthermore, independent reports by Morrow and co-works and Harris and co-workers 

have shown that transition metal agents can be used in responsive and theranostic applications.244, 250 

The versatility of europium-agents has also been thoroughly studied.67, 245, 251  

 

 

Figure 5.1. A) Cyclen-based ligands used in previously reported contrast agents;67, 246, 252 B) new ligands 
reported here, with the exception of PCTA. 

 

Decreased flexibility of the ligand backbone increased the thermodynamic stability of CEST 

contrast agents.68, 253 Therefore, we set out to synthesize five ligands for use in PARACEST agents. The 

ligand designs are based on previously reported ligands shown in Figure 5.1a, which contain a cyclen 

core. Here, the tetra-azamacrocycle pyclen was used as the macrocyclic core (Figure 5.1b), as it should 

engender more rigidity and stability than the previously reported cyclen derivatives.254 The ligands PCTA, 

Bnp-PCTA (L11), and Bnm-PCTA (L13) contain three carboxylic acid pendent arms but vary in the 
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presence and/or position of a benzyl protected alcohol. Ligand PCTHP (L15) contains three isopropanol 

arms, and ligand PCDAM (L16) contains two amide arms. The synthesis and characterization of these 

ligands, the synthesis and solid-state analysis of [Fe3+PCTA], and NMR and CEST analysis of [Fe2+PCTA]- 

are presented here.   

5.2 Results and discussion 

5.2.1  Synthesis of PCTA 

The synthesis and imaging applications of PCTA has been reported several times.253, 255-258 In 

general, the synthesis of PCTA begins with a Richman-Atkins cyclization of an alkyl halide and a N-atom 

protected diethylenetriamine, establishing the macrocyclic core (Scheme 5.1b). After deprotection of 

the macrocycle, the acetate arms are added using potassium chloroacetate in an aqueous solution at 

pH= 10. Isolated yields of 64, 49, and 78% have been reported after chromatographic separation using 

sephadexG-10 or DOWEX 1X8 as the stationary phase.253, 255-258 Here we report an alternate synthesis of 

PCTA that does not require chromatographic separation. Similar to previous reports, the macrocyclic 

core (L1) is constructed first by reacting an alkyl halide (2,6-bis(chloromethyl)pyridine (1)) with a 

secondary amine (1,4,7-tris(2-nitrobenzenesulfonyl)-1,4,7-triazaheptane (7)) in the presence of an 

inorganic base such as K2CO3. Deprotection of the cyclized product with thiophenol and KOH, followed 

by an acidic work-up yielded L1·3HCl (Scheme 5.1a). Contrary to previous reports, the carboxylic acid 

arms were added in acetonitrile. The use of acetonitrile simplified the synthesis as the pH of the solution 

did not need to be monitored, however, it was imperative to add the arms to the free base form of L1. 

After dropwise addition of tert-butyl bromoacetate to L1 and K2CO3 in acetonitrile the reaction was 

stirred for 12 hours at which time all the L1 had reacted based on TLC-analysis. The product PCTA·4HCl 

was obtained in 48% yield after recrystallization from a 60 oC, 20% HCl solution (scheme 5.1c). This 

synthetic route was followed because the use of expensive separation techniques was not required; 

despite the isolated yield is lower than those obtained by Aime et al.  and Siaugue et al.253, 258  
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5.2.2 Synthesis of L11 and L12 

Ligands L13 and L14 were designed with a goal to produce theranostic PARACEST agents. A 

theranostic agent is defined as an agent that can both treat and detect disease states.  Ligands L13 and 

L14 were designed to incorporate the radical scavenging ability of L2, L3, [Fe3+L2]+, and [Fe3+L3]+ with 

the high stability of PCTA. The synthetic route used to produce PCTA afforded the benzyl ethers, L11 and 

L12, in 28 and 48% yields, respectively (Scheme 5.1). However, hydrogenation of L11 and L12 in acid 

solution using PdO resulted in partial dearomatization of the pyridine ring rather than formation of L13 

and L14 (Scheme 5.1d). The dearomatization of pyridines in acidic media has been previously reported 

but using stronger catalysts and higher hydrogen pressure.259-260 Furthermore, BnL2 and BnL3 do not 

undergo dearomatization under identical conditions. Multiple attempts to remove the dearomatized 

side product by chromatography were either unsuccessful or produced limited amount of product. 

When purification was unsuccessful, alternative deprotection methods were explored such as 12h reflux 

in TFA and hydrogenation using 10% Pd on carbon; no reaction occurred under these conditions. In 

future studies careful investigation of catalyst loading, hydrogen pressure, and reaction time ligand may 

yield L13 and L14. 
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Scheme 5.1. Synthesis of PCTA, L11, L12, L13, and L14. PCTA a) CH3CN, K2CO3, 90 oC, 2d; b)  CH3CN, KOH, 
60 oC, 12h; c) i. CH3CN, K2CO3, RT, ii. 20% HCl, 12h, 60 oC to RT. L13 a) DMF, K2CO3, 100 oC, 2d; b) DMF, 
KOH, 60 oC, 12h; c) i. CH3CN, K2CO3, RT, ii. 20% HCl, 12h, 60 oC to RT (L11), d) PdO, 44 psi H2O. L14 a) 
DMF, K2CO3, 100 oC, 2d; b) DMF, KOH, 60 oC, 12h; c) i. CH3CN, K2CO3, RT, ii. 20% HCl, 12h, 60 oC to RT 
(L12), d) H2O, PdO, 44 psi H2. 
 

5.2.3 Alternative synthesis of L11 

 An alternative approach to synthesize L11 was employed (Scheme 5.2). The alkylation of BnL2 

only afforded 315 mg of L11 (28% yield), as opposed to the almost 50% yield obtained for PCTA and L12. 

When BnL2 is alkylated to produce L11, 2.69 mmol of 5 are needed to produce 0.472 mmol of L11·5HCl. 

In an alternative, approach 0.851 mmol of 5 produce 0.305 mmol L11·4HCl, a 2.6-fold increase in yield. 

The first step in the alternative approach is the protection of diethylenetriamine. This protection is a 

two-step process, first an imine is formed using benzaldehyde to prevent over-alkylation of the amine. 

The imine is then reduced to an amine in-situ. Next, the now protected amine (8) is alkylated using tert-

butyl bromoacetate in the presence of an inorganic base, K2CO3. At this point in the synthesis, the amine 
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(9) is purified by column chromatography, a technique not viable with the previously described 

macrocyclic ligands. Hydrogenation of the protected amine affords 10. The cyclization was performed 

under optimized conditions reported by Ferroud et al. (Na2CO3 and 100 mM reactant concentrations).261 

In the same report it was also described that the use of chloride as a leaving group greatly decreased 

yields. Therefore, tetrabutylammonium iodide was added to the reaction mixture in catalytic amounts 

to produce the iodo-halide in-situ. This reaction is complete within 16 hours compared to the original 

approach which required 4 days. Overall this approach affords higher yields, decreased reaction times, 

and increased atom economy compared to alkylation of BnL2. 

  

 

Scheme 5.2. Alternative synthesis of L11. 

 

5.2.4 Synthesis of L15 

Churchill and co-workers have reported the synthesis of THP, a cyclen based ligand with four 2-

hydroxypropyl pendent arms.252 Here we present a similar synthetic route used to obtain PCTHP (L15). 

The macrocycle (L1·3HCl), K2CO3, and (±)-propylene oxide were dissolved in water and stirred at room 

temperature for 2 days (Scheme 5.3). The product (L15·4.5HCl) was precipitated by addition of ethanol 
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and HCl. The use of racemic propylene oxide resulted in several isomers. Each pendant arm of L15 

consists of a chiral center; therefore, four stereoisomers are possible (R, R, R; R, R, S; R, S, S; S, S, S). The 

presence of multiple isomers resulted in a very complex proton and carbon NMR spectra (Figure 5.2 and 

5.3). However, the identity of the ligand was confirmed using HR-MS ([M+ H]+ = 381.2849) and 

elemental analysis. 

 

Scheme 5.3. Synthesis of PCTHP (L15). 

 

 

 
Figure 5.2. 1H-NMR of L15 in D2O. 
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Figure 5.3. 13C-NMR of L15 in D2O. 

 

5.2.5  Synthesis of L16 

 The addition of amide arms to the macrocyclic core guarantees exchangeable protons into the 

ligand scaffold, which are necessary for PARACEST agents.67 Amin et al. reported the synthesis of 

DOTAM, a cyclen based macrocycle with four amide pendant arms.246  The synthesis of L16 was 

performed in ethanol in the presence of triethylamine (base) and 2-bromoacetamide (alkylating agent, 

Scheme 5.4). Of the ligands synthesized, the alkylation of L1 to form L16 was the fastest; 1 hour after 

addition of triethylamine and 2-bromoacetamide the product had precipitated out of solution. After 

filtration L16 was isolated in 81% yield as a white solid.  Although excess 2-bromoacetamide was used 

(4.5 eq.), only two pendant arms were added to L1. A longer reaction time may afford the tri-substituted 

PCTAM, but this was not explored further. However, the isolation of L16 will allow for comparison of 

hexadentate (L16) and heptadentate (PCTA, L15) ligands. Complex L16 may allow enough space for an 

exchangeable water molecule as iron(II) systems have been reported to have coordination numbers of 6, 

7, and 8.73 The ability of iron to bind a water molecule even in the presence of a 6-coordinate ligand will 

be discussed further below. Attempts to synthesize L16 in water using the alkylating agent 2-

chloroacteamide were unsuccessful. 
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Scheme 5.4 Synthesis of L16. 
 

5.2.6 Synthesis and solid-state XRD analysis of iron(III) PCTA 

The synthesis of [Fe3+PCTA] was achieved using iron(III) chloride hexahydrate in water at a pH of 

7 (Scheme 5.5). After stirring for 13 days, the reaction mixture was filtered and dried under reduced 

pressure. X-ray quality crystals of [Fe3+PCTA] were obtained by slow evaporation of ether into a solution 

of methanol. Isolation of the crystals resulted in 85% yield. The complex crystalized in the Pbca point 

group. The solid-state structure is shown in Figure 5.4 and selective bond lengths and angles are in Table 

5.1. The iron(III) center coordinates to the four nitrogen atoms in the macrocycle and three carboxylate 

oxygen atoms. Seven coordinate metals, such as [Fe3+PCTA] have been observed in three geometries: 

capped octahedral (C3v, point group), capped trigonal prism (C2v, point group), and pentagonal 

bipyramidal (D5h, point group) (Figure 5.4).262 Like the 7-coordinate iron(II) complexes reported by 

Morrow and Co-workers, [Fe3+PCTA] adopts a pentagonal bipyramidal geometry. The 3+ charge of the 

iron center is balanced by the presence of the three carboxylate arms. The iron(III)-nitrogen and iron(III)-

oxygen bond lengths are Fe(1)- O(1) 2.042(2), Fe(1)-O(3) 2.056(3), Fe(1)-O(2) 1.937(3), Fe(1)-N(4) 

2.087(3), Fe(1)-N(1) 2.311(3), Fe(1)-N(3) 2.337(3), Fe(1)-N(2) 2.385(3) Å, which are consistent with 

iron(III) pentagonal bipyramidal complexes. The axial positions are occupied by N(4) and O(2); these 

bonds are overall shorter than the equatorial bonds. Such a decrease in the axial bond lengths is 

observed in other iron(II) and iron(III) pentagonal bipyramidal complexes as shown in Table 5.1. The 

compression of the axial bonds has been explained by a Hückel derived population analysis. The axial 
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ligands were shown to harbor more of the negative charge, which would result in shorter bond 

lengths.263   

 

 

Scheme 5.5. Synthesis of [Fe3+PCTA]. 

 

Table 5.1. Selected bond lengths for iron(II) and iron(III) pentagonal bipyramidal complexes. 

Bond length (Å) [Fe3+PCTA] 4Fe3+ 6Fe3+ 7Fe2+ 

Equatorial Bond Length (Å) 

Fe-N 2.311(3)-2.385(3) 2.188(3), 2.194(3) 2.332(5) 2.185(6) 2.2873(11)-2.2896(11) 

Fe-O 2.042(2)-2.056(3) 2.029(2),2.033(2) 2.163(4), 2.161(4) 2.1978-2.2952(9) 

Axial 
    Fe-N 2.087(3) - 1.955(4), 2.153(4) - 

Fe-O 1.937(3) 2.033(2), 2.035(2) - 2.0938(9)-2.0866(9) 

Reference This Work 264 265 73 
  

        

Figure 5.4. ORTEP (50% TELP) representation of [Fe3+PCTA] and possible geometry of 7 coordinate 
systems. 
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5.2.7 1H-NMR and CEST analysis of iron(II) PCTA 

Ferrous and ferric iron exhibit different relaxivities. Only the ferrous species are visible by 

proton NMR and CEST experiments. Following the synthesis and solid-state analysis of the iron(III) PCTA 

complex, the iron(II) derivative was synthesized and characterized by 1H-NMR in-situ. Due to the large 

donating capacity of PCTA, the iron(II) derivative readily oxidized to the iron(III) derivative. Therefore, 

[Fe2+PCTA]- was synthesized under inert conditions. The reduced iron(II) center of [Fe2+PCTA]- was 

confirmed by 1H-NMR analysis. In DMSO-d6 (top Figure 5.5) eight paramagnetically shifted resonances 

are observed (103.786, 88.960, 71.410, 63.038, 48.413, 30.208, 21.483, and -8.858 ppm). The ligand 

contains seven unique protons. Therefore, water (5 µL) was added to the NMR sample to determine if 

one of the resonances corresponded to a bound water molecule. The addition of water resulted in 

several changes in the proton spectra. After the addition of water, nine paramagnetically shifted 

resonances were observed (94.882, 87.659, 84.013, 75.668, 52.666, 24.965, 23.773, -3.016, and -8.345 

ppm). A new resonance at -3 ppm is accompanied by a change of the chemical shift of all resonances. 

One explanation for the changes in the NMR spectra with the addition of water is the presence of an 

exchangeable water molecule. Encouraged by the change in the proton NMR spectrum upon the 

addition of water, [Fe2+PCTA]- was investigated for CEST properties. Analysis of the Z spectrum (Mz/Mo 

versus ppm) of [Fe2+PCTA]-  (Figure 5.6) revealed no observable CEST effect. The lack of CEST may be due 

to absence of exchangeable protons or a rapid water exchange rate.67 
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Figure 5.5. 1H-NMR of [Fe2+PCTA],
 (bottom), in DMSO-d6 (top) DMSO-d6 with 5 µL H2O. 

  

 

Figure 5.6. The Z-spectrum of [Fe2+PCTA]- obtained at 25oC in H2O. 

5.3 Conclusion 

 Five tetra-azamacrocyclic ligands have been synthesized for use in PARACEST imaging. Ligands 

PCTA, L12, L15, and L16 were synthesized by direct alkylation of the macrocycle back-bone. An 

alternative pathway was used to synthesize L11. In this process the amine was functionalized with tert-

butyl ester pendent arms. Ligand L11 was thereby isolated after cyclization and acidic work-up. A 

preliminary CEST experiments performed on [Fe2+PCTA]- indicated that carboxylic acid pendent side 

arms are not ideal for iron based PARACEST agent. Therefore, further CEST investigation of L11 and L13 

should concentrate on the synthesis of Eu3+ complexes. The ligands L15 and L16 contain either 
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exchangeable -OH or -NH protons, making them better suited for iron based PARACEST agents. Future 

studies will concentrate on the synthesis of [Fe2+L15]2+ and [Fe2+L16]2+.  

5.4 Experimental methods 

General methods:. All other reagents were obtained from commercial sources and used as received, 

unless noted otherwise.  Ligands L1-L3 were produced using methods previously reported by our 

group.143, 145 1H-NMR spectra were obtained on a 400-MHz Bruker Avance spectrometer, using 

deuterated solvents (D2O and DMSO-d6). NMR spectra were referenced using the corresponding 

solvent resonance (in parts per million; D2O = 4.79; DMSO-d6 = 2.50).154 The following 

abbreviations were used for proper identification of the NMR signals: s = singlet, d = doublet, t = 

triplet, m = multiplet. Elemental analysis was performed by Canadian Microanalytical Service Ltd. Mass 

spectra were recorded using ion trap instruments (LCQ Deca or LTQ Velos Orbitrap Pro; Thermo 

Fisher Scientific, San Jose, CA, USA) using electrospray ionization (ESI). Samples were dissolved in 

methanol containing 1% (v/v) acetic acid, and the solutions were introduced into the ion source 

by the systems’ built-in syringe pump. Accurate mass measurements, when required, were 

performed in the Orbitrap at mass resolution of >35,000 (specified at m/z 400).Crystal diffraction 

data were collected at 100 K on a Bruker D8 Quest Diffractometer. Data collection, frame integration, 

data reduction (multi-scan) were carried out using APEX3 software.76 The structure was solved via 

intrinsic phasing methods using ShelXT77 and refined with ShelXL78 within the Olex2 graphical user 

interface.79 All non-hydrogen atoms were refined using anisotropic thermal parameters, while the 

hydrogen atoms were treated as mixed. The ORTEP molecular plots (50%) were produced using Platon.80  

 

PCTA·4HCl (1,4,7,10-tetra-aza-2,6-pyridinophane-1,4,7-triacetic acid): L1·3HCl was dissolved in 10 mL 

50% NaOH, extracted three times with 20 mL DCM, dried with Na2SO4, and the solvent was removed 

under reduced pressure, 719.4 mg (3.492 mmol) of L1 was obtained. Potassium carbonate (1.496 g, 
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10.82 mmol) and L1 were dissolved in 10 mL of CH3CN and heated to 60 oC. Tert-butyl bromoacetate 

(1.597 mL, 10.82 mmol) was dissolved in 10 mL CH3CN and added drop-wise to the L1 solution, the 

solution was stirred for twelve hours. Acetonitrile was removed and the resulting powder was dissolved 

in DCM, extracted 3x’s with water, dried with Na2SO4. The DCM was removed under reduced pressure. 

The ligand was dissolved using 20% HCl solution preheated heated to 60oC. The solution was stirred for 

12h at room temperature. A white solid formed, which was isolated by filtration and washed with 

methanol. Yield = 47.82% (878.7 mg, 1.669 mmol). 1H-NMR (400 MHz, D2O) δ: 8.068 (t, 1H), 7.548 (d, 

1H), 4.876 (s, 4H), 4.273 (s, 4H), 3.682 (s, 2H), 3.566 (s, 4H) 2.996 (b, 4H). 13C NMR δ: 174.53, 169.03, 

149.65, 140.87, 122.57, 59.50, 56.41, 54.54, 54.31, 50.87. Elemental analysis: 

C24H30N4O7·5HCl Calc(Found): C, 38.80(38.50); H, 5.36(5.69); N, 10.65(10.47). 

 

Bnp-PCTA (L11): (14-benzyloxy-1,4,7,10-tetra-aza-2,6-pyridinophane-triacetic acid): Potassium 

carbonate (770.9 g, 5.586 mmol) and BnL23HCl (409.1 g, 1.311 mmol) were dissolved in 30 mL DMF to 

this a solution of tert-Butyl bromoacetate (586 µL, 3.97 mmol) in 9 mL DMF was added at room 

temperature. The reaction was stirred under a blanket of nitrogen for 5 days. The reaction was filtered, 

and the DMF was removed with the aid of toluene under reduced pressure. Crude product was 

dissolved in DCM, washed three times with NaHCO3 (aq), and dried with Na2SO4. After filtration, the DCM 

was extracted three times with 20% HCl (200 mL total). Pure white solid product was obtained after 

lyophilization of the water layer as a white solid. Yield = 27.49% (315.7 mg, 0.3603 mmol). 1H NMR (400 

MHz, D2O, pD=3) δ: 7.534-7.429 (m, 5H), 7.262 (s, 2H), 5.387 (s, 2H), 4.514 (s, 4H), 4.003 (s, 4H),3.882 (s, 

2H), 3.3.317-2.60 (broad, 8H). 13C NMR δ: 172.79, 170.84, 170.26, 152.75, 134.34, 128.99, 128.94, 

128.15, 110.12, 71.84, 57.95, 56.28, 54.56, 53.07, 51.33. ESI-MS (m/z) Found: 397.1247, [M-Bn+H+]+ 

(44%), 487.1827, [M+H+]+  (100 %). Theoretical: 397.1723, [M-Bn+H+]+ 487.2193 [M+H+]+. Elemental 

analysis: C24H30N4O7·5HCl Calc(Found): C, 43.10(42.97); H, 5.28(5.81); N, 8.38(8.70).  
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Bnp-PCTA(2) (L11): Alkyl halide (240.9 mg, 0.8543 mmol) was dissolved in 8.86 mL DMF, to make a 0.1 M 

solution. The alkyl halide solution was added drop-wise to an 8.86 mL DMF solution at 80 oC containing 

amine (398.8 mg, 0.8950 mmol), sodium carbonate (383.6 mg, 3.6202), and a catalytic amount of 

tetrabutylammonium iodide. The reaction was stirred for 4 h at 80 oC and 12h at room temperature. The 

DMF was removed under reduced pressure. The resulting solid was dissolved in ether, extracted twice 

with water and once with brine. The ether was dried with Na2SO4 and removed under reduced pressure. 

The crude product was recrystallized from hot 20% HCl to yield a white solid. Yield = 34.02% (193.1 mg, 

0.2906 mmol). Elemental analysis: C24H30N4O7·4HCl·H2O Calc(Found): C, 44.32(43.91); H, 5.58(6.00); N, 

8.61(8.78).  

 

Bnm-PCTA (L12) (13-benzyloxy-1,4,7,10-tetra-aza-2,6-pyridinophane-triacetic acid): Potassium 

carbonate (1.395g, 10.11 mmol) and BnL33HCl (1.001g, 2.373 mmol) were dissolved in 20 mL CH3CN. To 

this a 9 mL solution of tert-Butyl bromoacetate (1.06 mL, 7.179 mmol) was added at room temperature 

(BnL33HCl does not dissolve). The reaction was blanketed with N2 (g) heated to 60 0C for 4 days and 

dried under reduced pressure. Crude product was dissolved in DCM and washed three times with 

NaHCO3 (aq), and dried with Na2SO4. Pure product was obtained by recrystallization from 20% HCl. Excess 

water was removed by lyophilization, resulting in a white solid. Yield = 48 % (548.7 mg, 1.128 mmol). 1H 

NMR (400 MHz, D2O) δ 7.651 (d, 1H), 7.455-7.345 (m, 6H), 5.239 (s, 2H), 4.280 (s, 4H), 3.559 (s, 2H) 

3.503 (b, 5H), 2.838 (b, 3-OH). 13C NMR δ: 175.01, 168.61, 151.81, 140.53, 139.52, 135.53, 128.89, 

128.79, 128.08, 123.66, 123.18, 71.80, 59.26, 56.71, 56.43, 53.43, 50.61, 50.55. Elemental analysis: 

C24H30N4O7·4 HCl Calc(Found): C, 45.59(45.33); H, 5.42(5.75); N, 8.86(8.79).  
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PCTHP (L15) (1,4,7-tri(2-hydroxypropyl)-1,4,7,10-tetra-aza-2,6-pyridinophane): Potassium carbonate 

(1.417 g, 10.27 mmol) and L1·3HCl (500.0 mg, 1.587 mmol) were dissolved in 10 mL water. (±)-Propylene 

oxide (2.0 mL, 28 mmol) was added dropwise at room temperature, and the reaction was stirred for 4 

days. Absolute ethanol (50 mL) and concentrated HCl (4 mL) was added to the reaction mixture resulting 

in a white solid. The crude product was recrystallized using ethanol and ethyl acetate. Yield = 44.4 % 

(434.0 mg, 0.706 mmol). 1H NMR (400 MHz, D2O) δ: 7.959 (t, 1H), 7.469 (d, 2H), 4.95-4.56, 4.241-2.637 

(m, 20H), 1.417-0.963 (m, 12H). 13C NMR δ: 149.56, 149.24, 149.10, 140.31, 140.22, 123.18, 122.98, 

122.37, 70.39, 67.84, 66.49, 64.87, 64.23, 63.10, 61.66, 61.74, 61.23, 60.95, 60.40, 58.51, 58.24, 57.76, 

56.70, 53.07, 49.47, 49.33, 49.26, 49.02, 48.80, 20.96, 20.54, 20.15, 20.02, 19.92, 19.75. Elemental 

analysis Cal (Found): C20H37N4O3 · 4.5 HCl · 1.5 EtOH: C 45.33 (45.15); H 8.88 (8.50); N 9.19 (9.00). FT-MS 

(m/z) Found: 191.14627, [M+2H+]2+ (100%), 381.28485 [M+H+]+ (55%). Theoretical: 191.14665, 

[M+2H+]2+, 381.28657 [M+H+]+. 

 

PCDAM (L16) (1,4,7-di(amide)-1,4,7,10-tetra-aza-2,6-pyridinophane): L1·3HCl was dissolved in 10 mL 

50% NaOH, extracted three times with 20 mL DCM, dried with Na2SO4, and the solvent was removed 

under reduced pressure, yielding 326.3 mg (1.584 mmol) of L1. Triethylamine (1.1 mL, 7.7 mmol) was 

added to oven dried 50 mL round bottom flask equipped with a stir bar. A 12 mL absolute ethanol 

solution of L1 (326.3 mg, 1.584 mmol) was added followed by 2-bromoacetamide (984.7 mg, 7.138 

mmol). The reaction was heated to 78 oC for 1 hour at which time a large amount of solid formed. The 

solid was isolated using a centrifuge, followed by 3 X 6 mL washes of absolute ethanol. The excess 

solvent was removed under reduced pressure yielding a white solid. Yield = 80.11% (409.6mg, 1.28 

mmol). 1H NMR (400 MHz, D2O) δ: 7.747 (t, 1H), 7.253 (d, 2H), 3.783 (s, 4H), 3.367 (s, 4H), 2.579 (s, 4H), 

2.087 (s, 4H). 13C NMR δ: 176.62, 157.50, 138.55, 122.80, 60.82, 58.99, 51.70.  
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[Fe3+PCTA]: Ligand PCTA (50.5 mg, 0.096 mmol) was dissolved in 1.6 mL water and 0.4 mL MeOH, the pH 

was adjusted to 4 using 1 M NaOH. Iron(III) chloride hexahydrate (27.0 mg, 0.100 mmol) was added as a 

solid. The pH was adjusted to 7.03 using 1 M NaOH; a precipitate formed at pH = 3. The reaction was 

stirred for 13 days at room temperature. The reaction was filtered and dried under reduced pressure. 

Orange X-ray quality crystal were obtained by slow diffusion of ether into methanol. Yield = 81% (35.6 

mg, 0.0822 mmol). 

 

[Fe2+PCTA]--: In a glovebox at 0.1 ppm O2 PCTA (61.3 mg, 0.116 mmol) was dissolved in 2 mL water. The 

pH was adjusted to 11.11. Iron(II) chloride tetrahydrate was dissolved in 1 mL MeOH and added 

dropwise to ligand solution resulting in an orange solution. The pH was adjusted to 8 and allowed to stir 

for 10 days. The solvent was removed under reduced pressure resulting in a green solid. The green solid 

was dissolved in minimum amount of methanol and filtered through a 0.2 µm nylon filter. Methanol was 

removed under reduced pressure. 1H NMR (400 MHz, DMSO-d6): 103.786, 88.960, 71.410, 63.038, 

48.413, 30.208, 21.483, -8.858. 
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Chapter 6. Conclusion 
 

 The first three studies contained herein shed new light on the iron-catalyzed Suzuki-Miyaura 

process. The analysis of several control reactions indicted that the coupling of pyrrole and phenylboronic 

acid only occurs in a stereoselective manner, when both an iron ion and a tetra-azamacrocycle are 

present. However, the use of hydroxyl containing macrocyclic ligand (L3) resulted in trace amounts of a 

mixture of products. Furthermore, it was shown that under the reaction condition used in the 

preliminary study by Wen et al. an iron(III) complex forms.  

The use of isolated and fully characterized iron complexes established the identity of the pre-

catalyst as a high-spin iron(III) species. Comparison of the catalytic reaction yields resulting from a 

library of ten iron-containing tetra-azamacrocyclic complexes revealed that the electrochemical 

potential of the iron center could be correlated to the amount of product formed. This relationship was 

used to predict an optimal range of electrochemical potentials (-325.5 to -389.0 mV) of iron catalysts in 

the coupling of pyrrole and phenylboronic acid.  

Several additional studies are needed to determine the industrial relevance of the catalysts 

presented here, including: the ability to catalyze a large-scale coupling, the ability to recycle the catalyst, 

the amount of residual iron in the isolated product, the rate of the reaction, and turnover number for 

each catalyst. However, the best performing iron complex [Fe2+L6(Cl)2] afforded 23 mg of 2-

phenylpyrrole an 81% yield; which compares well with yields obtain with industrial palladium-catalyzed 

Suzuki-Miyaura reactions (77 - 99%).266 Furthermore, the iron catalysts require less additives than the 

palladium catalysts; making them an attractive alternative. 

Lastly, the need for a sacrificial oxidant, two labile cis sites, a two-electron process, and the 

presence of an off-cycle -µ-oxodiiron species were established. Furthermore, solid-state structure of a 
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rare hydroxoiron(III) complexes was obtained,54 indicating the active iron catalyst may contain an 

Fe3+OH or Fe5+=O species. These studies were used to propose a more complete catalytic cycle.  

The final study presented here, has established several synthetic routes to a new hexadentate 

and four heptadentate ligands in iron and/or europium PARACEST contrast agent. Based on current 

literature the metal complexes may function as theranostic or sensory contrast agents.   
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Appendix 

Table A 1. Crystal data, intensity collections, and structure refinement parameters for [Fe3+L1(Cl)2]ClO4, 
[Fe3+L2(Cl)2]ClO4, and [Fe3+L3(Cl)2]ClO4. 

Complex [Fe3+L1(Cl)2]ClO4 [Fe3+L2(Cl)2]ClO4 [Fe3+L3(Cl)2]ClO4 

Formula C11H18Cl3FeN4O4 C11H18Cl3FeN4O5 C11H18Cl3FeN4O5 

M.W. 435.52 448.49 448.49 

Unit cell Monoclinic Monoclinic Triclinic 

Space group P 2 1/c P 2 1/c P 1 

a (Å) 7.0287(10) 9.2816(7) 7.0773(3) 

b (Å) 12.9457(19) 12.7956(9) 9.4652(4) 

c (Å) 18.578(3) 14.4652(11) 12.9941(6) 

α 90° 90° 85.329(2) ° 

β 90.850(6) ° 95.565(3) ° 81.642(2) ° 

γ 90° 90° 89.546(2) ° 

Volume (Å3) 1690.3(4) 1709.8(2) 858.34(6) 

Z 4 4 2 

Dcalc.(g/cm3) 1.711 1.742 1.735 

 

Reflections Collected 

 

122566 32234 37488 

Independent Reflections 
 

15087 7088 3797 

Rint 0.0310 0.0281 0.0565 

Completeness to θ 99.6% 99.9% 99.8% 

GooF 1.050 1.024 0.954 

R1,wR2 [I>2sigma(I)] 
R1 = 0.0289, 

wR2 = 0.0673 

R1 = 0.0307, 

wR2 = 0.0779 

R1 = 0.0358, 

wR2 = 0.0710 

R1, wR2 
R1 = 0.0431, 

wR2 = 0.0727 

R1 = 0.0411, 

wR2 = 0.0828 

R1 = 0.0520, 

wR2 = 0.0779 
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Figure A 1. Solid state structure of [Fe3+L1(Cl)2]ClO4. 

 

Table A 2. Bond lengths [Fe3+L1(Cl)2]ClO4. 

Atom Atom Length/Å 
 

Atom Atom Length/Å 

Fe1 N4 2.1074(5) 
 

N4 C5 1.3394(8) 

Fe1 N1 2.1641(6) 
 

N3 C6 1.4835(9) 

Fe1 N3 2.1676(6) 
 

N3 C7 1.4917(9) 

Fe1 N2 2.2001(6) 
 

N2 C9 1.4756(8) 

Fe1 Cl1 2.2638(3) 
 

N2 C8 1.4770(8) 

Fe1 Cl2 2.2819(3) 
 

C11 C1 1.5061(10) 

Cl3 O3 1.4304(7) 
 

C1 C2 1.3913(9) 

Cl3 O4 1.4381(7) 
 

C5 C4 1.3882(9) 

Cl3 O2 1.4492(6) 
 

C5 C6 1.5061(9) 

Cl3 O1 1.4497(6) 
 

C7 C8 1.5136(9) 

N1 C11 1.4869(9) 
 

C9 C10 1.5149(10) 

N1 C10 1.4894(9) 
 

C4 C3 1.3927(11) 

N4 C1 1.3388(8) 
 

C3 C2 1.3881(12) 

 
 
 
 

 

 
 
 



 

97 
 

Table A 3. Bond angles [Fe3+L1(Cl)2]ClO4. 

Atom Atom Atom Angle/˚ 
 

Atom Atom Atom Angle/˚ 

N4 Fe1 N1 76.75(2) 
 

C1 N4 C5 121.60(5) 

N4 Fe1 N3 76.93(2) 
 

C1 N4 Fe1 119.15(4) 

N1 Fe1 N3 147.25(2) 
 

C5 N4 Fe1 118.31(4) 

N4 Fe1 N2 85.56(2) 
 

C6 N3 C7 113.37(5) 

N1 Fe1 N2 79.72(2) 
 

C6 N3 Fe1 110.99(4) 

N3 Fe1 N2 79.15(2) 
 

C7 N3 Fe1 108.58(4) 

N4 Fe1 Cl1 172.862(15) 
 

C9 N2 C8 116.24(5) 

N1 Fe1 Cl1 98.990(17) 
 

C9 N2 Fe1 109.79(4) 

N3 Fe1 Cl1 104.983(15) 
 

C8 N2 Fe1 110.15(4) 

N2 Fe1 Cl1 88.044(18) 
 

N1 C11 C1 111.89(5) 

N4 Fe1 Cl2 87.187(19) 
 

N4 C1 C2 120.65(6) 

N1 Fe1 Cl2 100.485(17) 
 

N4 C1 C11 115.58(5) 

N3 Fe1 Cl2 97.332(16) 
 

C2 C1 C11 123.66(6) 

N2 Fe1 Cl2 172.500(15) 
 

N4 C5 C4 120.76(6) 

Cl1 Fe1 Cl2 99.297(12) 
 

N4 C5 C6 115.46(5) 

O3 Cl3 O4 110.65(5) 
 

C4 C5 C6 123.67(6) 

O3 Cl3 O2 109.47(4) 
 

N3 C6 C5 112.07(5) 

O4 Cl3 O2 109.31(5) 
 

N3 C7 C8 109.75(5) 

O3 Cl3 O1 109.07(4) 
 

N2 C8 C7 106.53(5) 

O4 Cl3 O1 109.94(4) 
 

N2 C9 C10 107.18(5) 

O2 Cl3 O1 108.36(4) 
 

N1 C10 C9 109.30(5) 

C11 N1 C10 113.27(5) 
 

C5 C4 C3 118.33(7) 

C11 N1 Fe1 112.56(4) 
 

C2 C3 C4 120.24(6) 

C10 N1 Fe1 107.19(4) 
 

C3 C2 C1 118.41(7) 
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Figure A 2. Solid state structure of [Fe3+L2(Cl)2]ClO4. 
 
Table A 4. Bond lengths [Fe3+L2(Cl)2]ClO4. 

Atom Atom Length/Å 
 

Atom Atom Length/Å 

Fe1 Cl1 2.2852(4) 
 

N3 C6 1.4880(16) 

Fe1 Cl2 2.2666(4) 
 

N4 C5 1.3410(15) 

Fe1 N2 2.2023(10) 
 

N4 C1 1.3422(15) 

Fe1 N3 2.1812(11) 
 

N1 C11 1.4885(16) 

Fe1 N4 2.0970(10) 
 

N1 C10 1.4902(16) 

Fe1 N1 2.1787(11) 
 

C8 C7 1.5183(19) 

Cl3 O1 1.4337(12) 
 

C6 C5 1.5021(16) 

Cl3 O2 1.4603(10) 
 

C5 C4 1.3821(16) 

Cl3 O3 1.4453(10) 
 

C1 C2 1.3801(16) 

Cl3 O4 1.4231(12) 
 

C1 C11 1.5116(17) 

O5 C3 1.3499(14) 
 

C2 C3 1.3989(17) 

N2 C8 1.4758(16) 
 

C3 C4 1.3950(17) 

N2 C9 1.4740(16) 
 

C10 C9 1.5144(18) 

N3 C7 1.4870(17) 
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Table A 5. Bond angles [Fe3+L2(Cl)2]ClO4. 

Atom Atom Atom Angle/˚ 
 

Atom Atom Atom Angle/˚ 

Cl2 Fe1 Cl1 95.754(13) 
 

C6 N3 Fe1 110.20(7) 

N2 Fe1 Cl1 86.93(3) 
 

C6 N3 C7 112.97(10) 

N2 Fe1 Cl2 176.13(3) 
 

C5 N4 Fe1 119.45(8) 

N3 Fe1 Cl1 103.72(3) 
 

C1 N4 Fe1 120.11(8) 

N3 Fe1 Cl2 98.21(3) 
 

C1 N4 C5 120.43(10) 

N3 Fe1 N2 78.42(4) 
 

C11 N1 Fe1 111.52(7) 

N4 Fe1 Cl1 172.07(3) 
 

C10 N1 Fe1 107.75(7) 

N4 Fe1 Cl2 91.95(3) 
 

C10 N1 C11 113.52(10) 

N4 Fe1 N2 85.47(4) 
 

C7 C8 N2 107.14(10) 

N4 Fe1 N3 76.97(4) 
 

C8 C7 N3 109.40(10) 

N1 Fe1 Cl1 99.94(3) 
 

C5 C6 N3 111.55(10) 

N1 Fe1 Cl2 102.41(3) 
 

C6 C5 N4 114.63(10) 

N1 Fe1 N2 79.81(4) 
 

C4 C5 N4 121.79(11) 

N1 Fe1 N3 146.70(4) 
 

C4 C5 C6 123.53(11) 

N1 Fe1 N4 76.47(4) 
 

C2 C1 N4 121.77(11) 

O2 Cl3 O1 108.35(7) 
 

C11 C1 N4 114.59(10) 

O3 Cl3 O1 107.99(7) 
 

C11 C1 C2 123.61(10) 

O3 Cl3 O2 108.99(6) 
 

C3 C2 C1 117.79(11) 

O4 Cl3 O1 111.94(9) 
 

C2 C3 O5 117.29(11) 

O4 Cl3 O2 109.91(7) 
 

C4 C3 O5 122.27(11) 

O4 Cl3 O3 109.58(7) 
 

C4 C3 C2 120.43(11) 

C8 N2 Fe1 111.10(7) 
 

C3 C4 C5 117.79(11) 

C9 N2 Fe1 109.76(7) 
 

C1 C11 N1 110.77(10) 

C9 N2 C8 115.47(10) 
 

C9 C10 N1 110.06(10) 

C7 N3 Fe1 109.53(8) 
 

C10 C9 N2 108.24(10) 
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Figure A 3. Solid state structure of [Fe3+L3(Cl)2]ClO4. 
 
Table A 6. Bond Lengths [Fe3+L3(Cl)2]ClO4. 

Atom Atom Length/Å 
 

Atom Atom Length/Å 

Fe1 Cl1 2.2479(7) 
 

C3AA O1 1.485(7) 

Fe1 Cl2 2.2880(7) 
 

C3AA C3 1.376(5) 

Fe1 N2 2.181(2) 
 

C4 C3 1.376(5) 

Fe1 N3 2.172(2) 
 

C3 C1AA 1.390(4) 

Fe1 N4 2.107(2) 
 

C3 C2 1.390(4) 

Fe1 N1 2.162(2) 
 

C1AA C1 1.391(4) 

N2 C8 1.473(3) 
 

C2 O1' 1.425(4) 

N2 C9 1.471(3) 
 

C2 C1 1.391(4) 

C8 C7 1.510(4) 
 

C1 C11 1.504(4) 

C7 N3 1.491(3) 
 

C11 N1 1.484(4) 

N3 C6 1.477(3) 
 

N1 C10 1.487(3) 

C6 C5 1.499(4) 
 

C10 C9 1.509(4) 

C5 N4 1.337(3) 
 

Cl3 O2 1.430(2) 

C5 C3AA 1.385(4) 
 

Cl3 O3 1.425(2) 

C5 C4 1.385(4) 
 

Cl3 O4 1.431(2) 

N4 C1 1.336(3) 
 

Cl3 O5 1.429(2) 
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Table A 7. Bond angles [Fe3+L3(Cl)2]ClO4. 

Atom Atom Atom Angle/˚ 
 

Atom Atom Atom Angle/˚ 

Cl2 Fe1 Cl1 97.55(3) 
 

N4 C5 C6 116.0(2) 

N2 Fe1 Cl1 87.96(6) 
 

C5 N4 Fe1 118.52(17) 

N2 Fe1 Cl2 174.37(6) 
 

C1 N4 Fe1 119.10(17) 

N3 Fe1 Cl1 100.09(6) 
 

C1 N4 C5 122.1(2) 

N3 Fe1 Cl2 100.40(6) 
 

C3 C3AA C5 119.1(3) 

N3 Fe1 N2 79.71(8) 
 

C3 C4 C5 119.1(3) 

N4 Fe1 Cl1 173.33(6) 
 

C1AA C3 C3AA 120.1(3) 

N4 Fe1 Cl2 88.82(6) 
 

C2 C3 C4 120.1(3) 

N4 Fe1 N2 85.72(8) 
 

C1 C1AA C3 118.5(3) 

N4 Fe1 N3 76.71(8) 
 

C1 C2 C3 118.5(3) 

N1 Fe1 Cl1 104.24(6) 
 

C11 C1 N4 115.8(2) 

N1 Fe1 Cl2 97.93(6) 
 

N1 C11 C1 111.3(2) 

N1 Fe1 N2 79.47(8) 
 

C11 N1 Fe1 112.56(16) 

N1 Fe1 N3 147.17(8) 
 

C10 N1 Fe1 107.45(15) 

N1 Fe1 N4 76.68(8) 
 

C10 N1 C11 113.3(2) 

C8 N2 Fe1 109.97(14) 
 

C9 C10 N1 109.6(2) 

C9 N2 Fe1 110.72(15) 
 

C10 C9 N2 106.9(2) 

C9 N2 C8 116.07(19) 
 

O3 Cl3 O2 111.55(17) 

C7 C8 N2 107.1(2) 
 

O4 Cl3 O2 108.16(15) 

N3 C7 C8 109.6(2) 
 

O4 Cl3 O3 107.78(14) 

C7 N3 Fe1 107.59(15) 
 

O5 Cl3 O2 110.17(14) 

C6 N3 Fe1 111.71(16) 
 

O5 Cl3 O3 109.87(16) 

C6 N3 C7 112.9(2) 
 

O5 Cl3 O4 109.22(15) 

C5 C6 N3 111.7(2) 
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Figure A 4. (a) Mass spectrometry of [Fe3+L1(Cl)2]ClO4 showing (m/z) = 260.1515, [L1Fe(III)-2H+]+
, 

(34%), 296.1360, [L1Fe(III)Cl-H+]+
, (58%), 332.1209, [L1Fe(III)2Cl-]+, (14%), all other complexes 

follow the same trend. (b) Comparison of experimental isotopic envelope vs calculated isotopic 
envelope showing that [Fe3+L1(Cl)2]ClO4 is reduced inside the mass spectrometer. 
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Figure A 5. (Top) Cyclic voltammograms of [Fe3+L1(Cl)2]ClO4 - [Fe3+L3(Cl)2]ClO4 showing two 
electrochemical events, (bottom) cyclic voltammograms of L1 – L3 showing a large positive oxidation 
event. 
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Figure A 6. Cyclic voltammograms [Fe3+L1(Cl)2]ClO4 - [Fe3+L3(Cl)2]ClO4 at various scan rates with 

corresponding plots of the Ipc and Ipa versus √𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒 . The results indicate that the FeIII/II
 couples of 

[Fe3+L1(Cl)2]ClO4 - [Fe3+L3(Cl)2]ClO4 are diffusion controlled under the conditions used in the 
electrochemistry experiments. 
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Figure A 7. 1H-NMR of coupling reaction used to calculate percent yield obtained in CDCl3. 
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Mass spectrometry analysis of the coupling reaction performed by Wen. et al. revealed three isotopic 

envelopes, 207.1532, 353.1956, and 369.1956. The isotopic envelopes were assigned as [L1]+, 

[(L1)(Fe)(C2O4)]+, and [(L1)(Fe)(C2O4) (O)]+, respectively. The isotopic envelope seen at 207.1532 corresponds 

to the singly protonated free ligand [(L1)(H+)]+ (Figure S1a), which the authors may have considered apparent 

in the labeling [L1]+. The assignment of 353.1965 as [(L1)(Fe)(C2O4)]+ (Figure S1b) is incorrect as the exact 

mass is 350.0672, three mass units less than the observed ion. Similarly, the assignment of 369.1956 as 

[(L1)(Fe)(C2O4)(O)]+ (366.0621) shown in Figure S1c is three mass units less than the observed value of 

369.1897. 

 

Chemical Formula: C11H19N4
+ 

m/z: 207.1604 (100.0%), 208.1638 (11.9%), 208.1575 (1.5%) 

 

 

 

Chemical Formula: C13H18FeN4O4
+ 

m/z: 350.0672 (100.0%), 351.0706 (14.1%), 348.0719 (6.4%), 351.0677 (2.3%), 351.0642 (1.5%) 

 

 

Chemical Formula: C13H18FeN4O5
+ 

m/z: 366.0621 (100.0%), 367.0655 (14.1%), 364.0668 (6.4%), 367.0626 (2.3%), 367.0591 (1.5%), 

368.0664 (1.0%) 

Figure A 8. Exact mass analysis of the mass spectrometry assignments made by Wen et al.19 

a [(L1)(H+)]+ 

Theoretical: 207.1604 

Found: 207.1532 

[(L1)(Fe3+)(C2O4
2-)]+ 

Theoretical: 350.0672 

Found: 353.1956 

 

b 

[(L1)(Fe5+)(C2O4 
2-) (O2-)]+ 

Theoretical: 366.0621 

Found: 369.1897 

 

c 
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Table A 8.  Lorentzian fitting parameters used to produce Figure 3.3. 

Lorentizan  

Best-fit values  

Amplitude 84.93 

Center -357.2 

Width 106.4 

Std. Error  

Amplitude 15.38 

Center 12.35 

Width 33.52 

95% Confidence Intervals  

Amplitude 45.38 to 124.5 

Center -389.0 to -325.5 

Width 20.21 to 192.6 

Goodness of Fit  

Degrees of Freedom 5 

R square 0.7159 

Absolute Sum of Squares 1035 

Sy.x 14.39 

Number of points  

Analyzed 8 
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Table A 9. Crystal data, intensity collections, and structure refinement parameters for [Fe3+L1(Cl)2]Cl, 
[Fe3+L2(Cl)2]Cl, and [Fe3+L3(Cl)2]Cl. 

 
Complex 

 
[Fe3+L1(Cl)2]Cl [Fe3+L2(Cl)2]Cl 

 
[Fe3+L3(Cl)2]Cl 

Formula 
C11H21Cl3FeN4 C11H21Cl3FeN4O 

+ solvent 
C11H19Cl3FeN4O2 

 
M.W. 371.52 384.49 400.68 

Unit cell Monoclinic Monoclinic Monoclinic 

Space group P 21/c P 21/n P 21/c 

a (Å) 9.0709(12) 7.4373(3) 8.6125(5) 

b (Å) 12.9066(16) 16.4820(6) 7.0103(4) 

c (Å) 12.6919(16) 13.8530(6) 27.2333(13) 

α 90° 90o 90° 

β 90.823(6)° 101.807(2) ° 98.438(2) ° 

γ 90° 90 90° 

Volume (Å3) 1475.4(3) 1662.20(12) 1626.44(15) 

Z 4 4 4 

Dcalc.(g/cm3) 1.673 1.536 1.636 

Reflections Collected 65481 59062 67807 

Independent Reflections 4302 4121 4720 

Rint 0.0990 0.0614 0.0481 

Completeness to θ 97.1% 99.7% 98.4% 

GooF 1.070 1.082 1.257 

R1,wR2 [I>2sigma(I)] 
R1 = 0.0545, 

wR2 = 0.1368 

R1 = 0.0374, 

wR2 = 0.0803 

R1 = 0.0577, 

wR2 = 0.1196 

R1, wR2 
R1 = 0.0655, 

wR2 = 0.1437 

R1 = 0.0525 

wR2 = 0.0849 

R1 = 0.0623, 

wR2 = 0.1213 
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Figure A 9.  Solid-state structure of [Fe3+L1(Cl)2]Cl. 

 

 
Table A 10. Bond lengths [Fe3+L1(Cl)2]Cl. 

Atom Atom Length/Å 
 

Atom Atom Length/Å 

Fe1 Cl1 2.2862(8) 
 

N3 C7 1.489(4) 

Fe1 Cl2 2.2805(8) 
 

N4 C1 1.324(3) 

Fe1 N1 2.181(2) 
 

N4 C5 1.345(3) 

Fe1 N2 2.182(2) 
 

C1 C2 1.396(4) 

Fe1 N3 2.161(2) 
 

C1 C11 1.509(4) 

Fe1 N4 2.098(2) 
 

C2 C3 1.380(4) 

N1 C10 1.487(4) 
 

C3 C4 1.392(4) 

N1 C11 1.485(4) 
 

C4 C5 1.380(4) 

N2 C8 1.469(4) 
 

C5 C6 1.496(4) 

N2 C9 1.476(4) 
 

C7 C8 1.518(4) 

N3 C6 1.483(4) 
 

C9 C10 1.524(4) 
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Table A 11. Bond angles [Fe3+L1(Cl)2]Cl. 

Atom Atom Atom Angle/˚ 
 

Atom Atom Atom Angle/˚ 

Cl2 Fe1 Cl1 95.78(3) 
 

C6 N3 Fe1 107.75(17) 

N1 Fe1 Cl1 99.28(7) 
 

C6 N3 C7 113.4(2) 

N1 Fe1 Cl2 104.56(7) 
 

C7 N3 Fe1 110.84(18) 

N1 Fe1 N2 79.93(9) 
 

C1 N4 Fe1 121.03(19) 

N2 Fe1 Cl1 86.35(7) 
 

C1 N4 C5 121.3(2) 

N2 Fe1 Cl2 174.59(7) 
 

C5 N4 Fe1 117.58(18) 

N3 Fe1 Cl1 104.59(7) 
 

N4 C1 C2 120.9(3) 

N3 Fe1 Cl2 95.89(7) 
 

N4 C1 C11 116.0(2) 

N3 Fe1 N1 146.67(9) 
 

C2 C1 C11 123.1(2) 

N3 Fe1 N2 78.76(9) 
 

C3 C2 C1 118.4(3) 

N4 Fe1 Cl1 172.25(7) 
 

C2 C3 C4 120.0(3) 

N4 Fe1 Cl2 91.50(7) 
 

C5 C4 C3 118.5(3) 

N4 Fe1 N1 76.26(9) 
 

N4 C5 C4 120.8(3) 

N4 Fe1 N2 86.62(9) 
 

N4 C5 C6 114.2(2) 

N4 Fe1 N3 77.19(9) 
 

C4 C5 C6 125.0(3) 

C10 N1 Fe1 106.00(17) 
 

N3 C6 C5 111.6(2) 

C11 N1 Fe1 113.96(17) 
 

N3 C7 C8 110.8(2) 

C11 N1 C10 112.1(2) 
 

N2 C8 C7 106.7(2) 

C8 N2 Fe1 110.64(17) 
 

N2 C9 C10 108.9(2) 

C8 N2 C9 115.5(2) 
 

N1 C10 C9 108.9(2) 

C9 N2 Fe1 110.75(18) 
 

N1 C11 C1 111.4(2) 
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Figure A 10. Solid-state structure [Fe3+L2(Cl)2]Cl. SQEEZE analysis was performed, asymmetric unit 
contains a molecule of methanol. 

 
 
 
Table A 12. Bond lengths [Fe3+L2(Cl)2]Cl. 

Atom Atom Length/Å  Atom Atom Length/Å 

Fe1 Cl1 2.2895(7)  N1 C11 1.482(3) 

Fe1 Cl2 2.2563(7)  N4 C1 1.344(3) 

Fe1 N2 2.200(2)  N4 C5 1.344(3) 

Fe1 N3 2.173(2)  C1 C2 1.376(3) 

Fe1 N1 2.178(2)  C1 C11 1.510(3) 

Fe1 N4 2.0997(19)  C2 C3 1.399(3) 

O1 C3 1.337(3)  C3 C4 1.400(3) 

N2 C8 1.477(3)  C4 C5 1.378(3) 

N2 C9 1.474(3)  C5 C6 1.511(3) 

N3 C6 1.487(3)  C7 C8 1.513(3) 

N3 C7 1.489(3)  C9 C10 1.517(3) 

N1 C10 1.490(3)  
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Table A 13. Bond angles [Fe3+L2(Cl)2]Cl. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 
Cl2 Fe1 Cl1 96.94(3)  C11 N1 Fe1 111.78(14) 
N2 Fe1 Cl1 85.38(5)  C11 N1 C10 112.41(19) 
N2 Fe1 Cl2 175.18(6)  C1 N4 Fe1 120.15(15) 
N3 Fe1 Cl1 104.22(6)  C5 N4 Fe1 119.52(15) 
N3 Fe1 Cl2 95.59(6)  C5 N4 C1 119.2(2) 
N3 Fe1 N2 79.73(7)  N4 C1 C2 122.5(2) 
N3 Fe1 N1 147.49(8)  N4 C1 C11 113.5(2) 
N1 Fe1 Cl1 99.07(6)  C2 C1 C11 124.0(2) 
N1 Fe1 Cl2 103.86(6)  C1 C2 C3 118.1(2) 
N1 Fe1 N2 79.87(8)  O1 C3 C2 123.0(2) 
N4 Fe1 Cl1 169.80(6)  O1 C3 C4 117.3(2) 
N4 Fe1 Cl2 93.02(5)  C2 C3 C4 119.7(2) 
N4 Fe1 N2 84.85(7)  C5 C4 C3 117.9(2) 
N4 Fe1 N3 76.91(7)  N4 C5 C4 122.6(2) 
N4 Fe1 N1 76.28(7)  N4 C5 C6 113.3(2) 
C8 N2 Fe1 110.06(14)  C4 C5 C6 124.1(2) 
C9 N2 Fe1 109.49(14)  N3 C6 C5 110.33(18) 
C9 N2 C8 116.38(19)  N3 C7 C8 110.49(19) 
C6 N3 Fe1 110.59(14)  N2 C8 C7 107.41(19) 
C6 N3 C7 112.67(19)  N2 C9 C10 107.01(19) 
C7 N3 Fe1 107.75(14)  N1 C10 C9   109.75(19) 

C10 N1 Fe1 106.91(15)  N1 C11 C1 110.11(19) 
 

 

 
Figure A 11. Solid-state structure [Fe3+L3(Cl)2]Cl, the hydroxyl group has been modeled for disorder. 
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Table A 14. Bond lengths [Fe3+L3(Cl)2]Cl. 

Atom Atom Length/Å  
 
Atom Atom Length/Å 

Fe01 Cl02 2.2321(9)  
 

N3 C6 1.481(4) 

Fe01 Cl03 2.3036(9)  
 

N3 C7 1.491(4) 

Fe01 N4 2.115(3)  
 

O1' C2 1.361(7) 

Fe01 N2 2.199(3)  
 

C5 C4 1.390(4) 

Fe01 N1 2.164(3)  
 

C5 C6 1.506(5) 

Fe01 N3 2.174(3)  
 

C4 C3 1.383(5) 

N4 C5 1.340(4)  
 

C4 O1 1.23(3) 

N4 C1 1.331(4)  
 

C9 C10 1.517(5) 

N2 C9 1.483(4)  
 

C3 C2 1.389(5) 

N2 C8 1.478(4)  
 

C1 C2 1.386(5) 

N1 C10 1.483(4)  
 

C1 C11 1.506(5) 

N1 C11 1.491(4)  
 

C8 C7 1.521(5) 

 
 
 

Table A 15. Bond angles [Fe3+L3(Cl)2]Cl. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 
Cl02 Fe01 Cl03 97.82(4)  C11 N1 Fe01 110.7(2) 
N4 Fe01 Cl02 174.06(8)  C6 N3 Fe01 112.2(2) 
N4 Fe01 Cl03 87.85(7)  C6 N3 C7 112.8(3) 
N4 Fe01 N2 86.36(10)  C7 N3 Fe01 107.1(2) 
N4 Fe01 N1 77.18(10)  N4 C5 C4 119.9(3) 
N4 Fe01 N3 76.53(11)  N4 C5 C6 115.2(3) 
N2 Fe01 Cl02 88.14(8)  C4 C5 C6 124.8(3) 
N2 Fe01 Cl03 172.30(8)  C3 C4 C5 118.8(3) 
N1 Fe01 Cl02 104.02(8)  O1 C4 C5 118.1(11) 
N1 Fe01 Cl03 94.14(8)  O1 C4 C3 123.0(11) 
N1 Fe01 N2 79.63(10)  N2 C9 C10 106.6(3) 
N1 Fe01 N3 147.55(11)  C4 C3 C2 120.1(3) 
N3 Fe01 Cl02 100.32(8)  N4 C1 C2 120.4(3) 
N3 Fe01 Cl03 103.52(8)  N4 C1 C11 115.9(3) 
N3 Fe01 N2 80.05(10)  C2 C1 C11 123.7(3) 
C5 N4 Fe01 119.4(2)  O1' C2 C3 125.0(3) 
C1 N4 Fe01 118.2(2)  O1' C2 C1 116.4(3) 
C1 N4 C5 122.3(3)  C1 C2 C3 118.6(3) 
C9 N2 Fe01 110.15(19)  N2 C8 C7 107.0(3) 
C8 N2 Fe01 109.82(19)  N3 C6 C5 112.0(3) 
C8 N2 C9 115.0(3)  N1 C10 C9 111.0(3) 

C10 N1 Fe01 108.5(2)  N3 C7 C8 110.3(3) 
C10 N1 C11 113.5(3)  N1 C11 C1 111.2(3) 
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Figure A 12. 1H-NMR of 3-pyrroline-2-one. 
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Figure A 13. 1H-NMR comparing (a) 2-phenylpyrrole, (b) the result of mixing phenylboronic acid 
and 3-pyrroline-2-one at 130oC, (c) 3-pyrroline-2-one, and (d) the result of mixing phenylboronic 
acid and 3-pyrroline-2-one at room temperature. 
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Figure A 14. Solid-state structure of 1a. 
 
Table A 16. Bond lengths 1a. 

Atom Atom Length/Å    Atom Atom Length/Å 

Fe1 Cl1 2.3230(15)    C1 C11 1.44(2) 

Fe1 O1 1.765(3)    C2 C3 1.377(16) 

Fe1 N1 2.200(16)    C3 C4 1.340(15) 

Fe1 N2 2.206(5)    C4 C5 1.358(19) 

Fe1 N3 2.148(15)    C5 C6 1.55(2) 

Fe1 N4 2.127(4)    C7 C8 1.34(3) 

N1 C10 1.41(2)    C9 C10 1.65(3) 

N1 C11 1.58(2)    Cl2 O5 1.443(19) 

N2 C8 1.56(3)    Cl2 O7 1.430(16) 

N2 C9 1.37(3)    Cl2 O8 1.454(16) 

N3 C6 1.37(2)    Cl2 O9 1.424(18) 

N3 C7 1.56(2)    Cl4 O2 1.508(14) 

N4 C1 1.23(2)    Cl4 O3 1.366(13) 

N4 C5 1.44(3)    Cl4 O4 1.502(13) 

C1 C2 1.46(2)    Cl4 O6 1.378(10) 
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Table A 17. Bond angles 1a. 

Atom Atom Atom Angle/˚    Atom Atom Atom Angle/˚ 

O1 Fe1 Cl1 93.70(5)    N4 C1 C2 115.8(16) 

O1 Fe1 N1 100.0(11)    N4 C1 C11 112.3(15) 

O1 Fe1 N2 91.59(14)    C11 C1 C2 131.2(14) 

O1 Fe1 N3 107.7(11)    C3 C2 C1 122.2(11) 

O1 Fe1 N4 173.2(11)    C4 C3 C2 121.9(9) 

N1 Fe1 Cl1 99.6(5)    C3 C4 C5 112.7(12) 

N1 Fe1 N2 78.5(8)    N4 C5 C6 116.7(14) 

N2 Fe1 Cl1 174.63(17)    C4 C5 N4 126.4(15) 

N3 Fe1 Cl1 99.9(4)    C4 C5 C6 116.8(15) 

N3 Fe1 N1 144.8(2)    N3 C6 C5 109.8(13) 

N3 Fe1 N2 79.3(7)    C8 C7 N3 110.5(16) 

N4 Fe1 Cl1 89.32(13)    C7 C8 N2 105.4(18) 

N4 Fe1 N1 73.5(7)    N2 C9 C10 108.3(16) 

N4 Fe1 N2 85.32(19)    N1 C10 C9 109.2(14) 

N4 Fe1 N3 77.7(7)    C1 C11 N1 112.6(12) 

Fe1 O1 Fe11 171(2)    O5 Cl2 O8 107.8(14) 

C10 N1 Fe1 110.9(13)    O7 Cl2 O5 109.4(16) 

C10 N1 C11 114.7(17)    O7 Cl2 O8 109.8(14) 

C11 N1 Fe1 106.9(10)    O9 Cl2 O5 109.8(14) 

C8 N2 Fe1 107.1(12)    O9 Cl2 O7 110.2(17) 

C9 N2 Fe1 112.5(13)    O9 Cl2 O8 109.8(15) 

C9 N2 C8 114.0(6)    O3 Cl4 O2 110.4(14) 

C6 N3 Fe1 117.0(12)    O3 Cl4 O4 111.5(16) 

C6 N3 C7 113.0(17)    O3 Cl4 O6 120.6(10) 

C7 N3 Fe1 105.0(11)    O4 Cl4 O2 97.6(7) 

C1 N4 Fe1 126.1(14)    O6 Cl4 O2 108.8(13) 

C1 N4 C5 120.5(7)    O6 Cl4 O4 105.5(13) 

C5 N4 Fe1 113.3(11)            

1-X,+Y,-Z 
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Figure A 15. Solid-state structure of 1b. 
 
Table A 18. Bond length 1b. 

Atom  Atom     Length/Å   Atom  Atom             Length/Å  
Fe1 Cl1 2.3298(17)   N7 C17 1.460(9) 
Fe1 O1 1.775(4)   N1 C11 1.492(9) 
Fe1 N4 2.137(5)   N1 C10 1.478(9) 
Fe1 N3 2.187(5)   C6 C5 1.513(9) 
Fe1 N2 2.215(5)   C5 C4 1.386(9) 
Fe1 N1 2.202(5)   C12 C22 1.499(9) 
Fe2 Cl2 2.3279(19)   C12 C13 1.371(9) 
Fe2 O1 1.782(4)   C7 C8 1.520(9) 
Fe2 N6 2.218(5)   C20 C21 1.513(9) 
Fe2 N5 2.179(5)   C1 C11 1.502(9) 
Fe2 N8 2.136(5)   C1 C2 1.379(10) 
Fe2 N7 2.210(5)   C19 C18 1.511(9) 
N6 C20 1.474(8)   C15 C16 1.376(10) 
N6 C19 1.467(8)   C15 C14 1.383(10) 
N5 C21 1.478(8)   C4 C3 1.386(10) 
N5 C22 1.477(8)   C16 C17 1.513(9) 
N4 C5 1.338(8)   C14 C13 1.382(10) 
N4 C1 1.335(8)   C10 C9 1.514(10) 
N3 C6 1.472(8)   C3 C2 1.378(10) 
N3 C7 1.488(8)   N9 C23 1.084(15) 
N8 C12 1.339(8)   C24 C23 1.550(18) 
N8 C16 1.336(8)   Cl3 O2 1.417(8) 
N2 C8 1.478(8)   Cl3 O5 1.391(9) 
N2 C9 1.467(8)   Cl3 O3 1.441(8) 
N7 C18 1.481(9)   Cl3 O4 1.388(9) 
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Table A 19. Bond angles 1b. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 Fe1 Cl1 100.37(16)   C8 N2 Fe1 109.9(4) 
O1 Fe1 N4 170.3(2)   C9 N2 Fe1 110.6(4) 
O1 Fe1 N3 97.6(2)   C9 N2 C8 116.4(5) 
O1 Fe1 N2 87.7(2)   C18 N7 Fe2 108.5(4) 
O1 Fe1 N1 107.6(2)   C17 N7 Fe2 110.0(4) 
N4 Fe1 Cl1 88.02(15)   C17 N7 C18 114.1(6) 
N4 Fe1 N3 75.86(19)   C11 N1 Fe1 110.4(4) 
N4 Fe1 N2 84.1(2)   C10 N1 Fe1 108.0(4) 
N4 Fe1 N1 75.8(2)   C10 N1 C11 113.5(5) 
N3 Fe1 Cl1 100.45(14)   N3 C6 C5 111.2(5) 
N3 Fe1 N2 79.78(19)   N4 C5 C6 114.7(5) 
N3 Fe1 N1 145.8(2)   N4 C5 C4 121.2(6) 
N2 Fe1 Cl1 171.80(16)   C4 C5 C6 124.0(6) 
N1 Fe1 Cl1 97.37(16)   N8 C12 C22 114.0(6) 
N1 Fe1 N2 78.6(2)   N8 C12 C13 120.7(6) 
O1 Fe2 Cl2 98.68(16)   C13 C12 C22 125.3(6) 
O1 Fe2 N6 87.0(2)   N3 C7 C8 110.4(5) 
O1 Fe2 N5 98.4(2)   N6 C20 C21 108.0(5) 
O1 Fe2 N8 170.5(2)   N4 C1 C11 114.6(6) 
O1 Fe2 N7 106.9(2)   N4 C1 C2 120.9(6) 
N6 Fe2 Cl2 172.04(15)   C2 C1 C11 124.5(6) 
N5 Fe2 Cl2 104.54(15)   N6 C19 C18 107.7(5) 
N5 Fe2 N6 79.96(19)   C16 C15 C14 118.3(6) 
N5 Fe2 N7 145.5(2)   C5 C4 C3 118.1(6) 
N8 Fe2 Cl2 90.12(14)   N5 C21 C20 111.3(5) 
N8 Fe2 N6 84.6(2)   N5 C22 C12 112.1(5) 
N8 Fe2 N5 75.8(2)   N8 C16 C15 121.6(6) 
N8 Fe2 N7 75.7(2)   N8 C16 C17 113.6(6) 
N7 Fe2 Cl2 94.65(15)   C15 C16 C17 124.7(6) 
N7 Fe2 N6 78.30(19)   N7 C18 C19 110.4(5) 
Fe1 O1 Fe2 166.7(3)   N7 C17 C16 112.4(5) 
C20 N6 Fe2 109.6(4)   C13 C14 C15 119.6(6) 
C19 N6 Fe2 110.7(4)   N2 C8 C7 108.1(5) 
C19 N6 C20 116.6(5)   N1 C11 C1 111.6(5) 
C21 N5 Fe2 106.5(4)   C12 C13 C14 119.4(6) 
C22 N5 Fe2 112.0(4)   N1 C10 C9 110.7(5) 
C22 N5 C21 114.3(5)   C2 C3 C4 119.9(6) 
C5 N4 Fe1 119.6(4)   N2 C9 C10 107.0(5) 
C1 N4 Fe1 119.7(4)   C3 C2 C1 119.1(7) 
C1 N4 C5 120.7(6)   N9 C23 C24 172.8(19) 
C6 N3 Fe1 112.5(4)   O2 Cl3 O3 105.9(6) 
C6 N3 C7 112.9(5)   O5 Cl3 O2 109.7(5) 
C7 N3 Fe1 106.9(4)   O5 Cl3 O3 104.3(6) 
C12 N8 Fe2 119.9(4)   O4 Cl3 O2 113.6(6) 
C16 N8 Fe2 119.6(4)   O4 Cl3 O5 117.0(7) 
C16 N8 C12 120.5(6)   O4 Cl3 O3 105.2(6) 
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Figure A 16. Solid-state structure of 2. 
  
Table A 20. Bond lengths of 2. 

Atom Atom Length/Å    Atom Atom Length/Å 

C1 C2 1.3924(14)    Fe01 N3 2.2230(8) 

C1 C11 1.5032(14)    Fe01 N4 2.1174(8) 

C1 N4 1.3378(12)    Fe01 O1 1.80035(16) 

C2 C3 1.3860(17)    F4 P2 1.592(8) 

C3 C4 1.3909(16)    F5 P2 1.585(9) 

C4 C5 1.3887(13)    F6 P2 1.605(8) 

C5 C6 1.5022(14)    F7 P2 1.590(9) 

C5 N4 1.3397(12)    F8 P2 1.602(5) 

C6 N3 1.4857(13)    F9 P2 1.578(5) 

C7 C8 1.5170(15)    F10 F121 0.249(19) 

C7 N3 1.4889(13)    F10 P3 1.590(9) 

C8 N2 1.4773(13)    F11 F131 0.21(3) 

C9 C10 1.5143(14)    F11 P3 1.601(10) 

C9 N2 1.4815(13)    F12 P3 1.598(8) 

C10 N1 1.4906(12)    F13 P3 1.594(10) 

C11 N1 1.4873(13)    F14 F151 0.26(3) 

C12 N1 1.4882(13)    F14 P3 1.597(11) 

C13 N2 1.4821(13)    F15 P3 1.612(11) 

C14 N3 1.4886(13)    C0AA C16 1.489(11) 

Cl1 Fe01 2.2857(3)    C0AB C16 1.475(10) 

Fe01 N1 2.2259(8)    C16 N0AA 1.144(11) 

Fe01 N2 2.3669(8)    C16 N0AB 1.10(2) 

11/2-X,1/2-Y,1-Z 
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Table A 21. Bond angles 2. 

Atom Atom Atom Angle/˚     Atom Atom Atom Angle/˚ 

C2 C1 C11 124.11(9)     F152 F14 P3 89(5) 

N4 C1 C2 120.58(10)     F142 F15 P3 82(5) 

N4 C1 C11 115.18(8)     F102 P3 F10 180.0 

C3 C2 C1 118.56(10)     F10 P3 F112 89.1(6) 

C2 C3 C4 120.29(10)     F102 P3 F112 90.9(6) 

C5 C4 C3 118.11(10)     F102 P3 F11 89.1(6) 

C4 C5 C6 124.24(9)     F10 P3 F11 90.9(6) 

N4 C5 C4 121.06(9)     F102 P3 F12 8.9(7) 

N4 C5 C6 114.57(8)     F10 P3 F12 171.1(7) 

N3 C6 C5 111.78(8)     F102 P3 F122 171.1(7) 

N3 C7 C8 112.64(8)     F10 P3 F122 8.9(7) 

N2 C8 C7 108.91(8)     F10 P3 F132 97.1(6) 

N2 C9 C10 109.09(8)     F10 P3 F13 82.9(6) 

N1 C10 C9 110.76(8)     F102 P3 F13 97.1(6) 

N1 C11 C1 112.71(8)     F102 P3 F132 82.9(6) 

Cl1 Fe01 N2 88.73(2)     F10 P3 F14 86.1(5) 

N1 Fe01 Cl1 98.48(2)     F10 P3 F142 93.9(5) 

N1 Fe01 N2 78.65(3)     F102 P3 F14 93.9(5) 

N3 Fe01 Cl1 105.68(2)     F102 P3 F142 86.1(5) 

N3 Fe01 N1 145.45(3)     F102 P3 F15 93.9(5) 

N3 Fe01 N2 77.59(3)     F102 P3 F152 86.1(5) 

N4 Fe01 Cl1 170.95(2)     F10 P3 F15 86.1(5) 

N4 Fe01 N1 76.10(3)     F10 P3 F152 93.9(5) 

N4 Fe01 N2 83.13(3)     F112 P3 F11 180.0 

N4 Fe01 N3 76.47(3)     F11 P3 F152 90.1(5) 

O1 Fe01 Cl1 98.763(19)     F112 P3 F152 89.9(5) 

O1 Fe01 N1 102.41(4)     F112 P3 F15 90.1(5) 

O1 Fe01 N2 172.14(2)     F11 P3 F15 89.9(5) 

O1 Fe01 N3 97.97(3)     F12 P3 F112 82.0(6) 

O1 Fe01 N4 89.55(3)     F12 P3 F11 98.0(6) 

C10 N1 Fe01 107.35(6)     F122 P3 F11 82.0(6) 

C11 N1 C10 110.24(8)     F122 P3 F112 98.0(6) 

C11 N1 C12 109.46(8)     F12 P3 F122 180.0 

C11 N1 Fe01 110.84(6)     F12 P3 F152 87.0(5) 

C12 N1 C10 108.67(8)     F122 P3 F152 93.0(5) 

C12 N1 Fe01 110.23(6)     F122 P3 F15 87.0(5) 

C8 N2 C9 112.27(8)     F12 P3 F15 93.0(5) 

C8 N2 C13 108.67(8)     F13 P3 F112 7.6(10) 

C8 N2 Fe01 105.69(6)     F132 P3 F11 7.6(10) 

C9 N2 C13 108.40(8)     F132 P3 F112 172.4(10) 

C9 N2 Fe01 105.25(6)     F13 P3 F11 172.4(10) 
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C13 N2 Fe01 116.62(6)     F13 P3 F122 91.8(5) 

C6 N3 C7 110.72(8)     F132 P3 F122 88.2(5) 

C6 N3 C14 108.65(8)     F13 P3 F12 88.2(5) 

C6 N3 Fe01 106.28(6)     F132 P3 F12 91.8(5) 

C7 N3 Fe01 111.00(6)     F13 P3 F132 180.0 

C14 N3 C7 108.30(8)     F132 P3 F142 88.5(5) 

C14 N3 Fe01 111.88(6)     F132 P3 F14 91.5(5) 

C1 N4 C5 121.37(9)     F13 P3 F14 88.5(5) 

C1 N4 Fe01 120.45(7)     F13 P3 F142 91.5(5) 

C5 N4 Fe01 117.97(6)     F13 P3 F15 85.5(5) 

Fe01 O1 Fe011 171.91(6)     F132 P3 F15 94.5(5) 

F4 P2 F6 177.8(4)     F132 P3 F152 85.5(5) 

F4 P2 F8 89.6(2)     F13 P3 F152 94.5(5) 

F5 P2 F4 90.6(5)     F14 P3 F11 95.4(5) 

F5 P2 F6 89.5(4)     F142 P3 F11 84.6(5) 

F5 P2 F7 179.5(5)     F14 P3 F112 84.6(5) 

F5 P2 F8 89.9(4)     F142 P3 F112 95.4(5) 

F7 P2 F4 89.5(4)     F142 P3 F12 86.1(5) 

F7 P2 F6 90.3(5)     F14 P3 F122 86.1(5) 

F7 P2 F8 89.7(3)     F142 P3 F122 93.9(5) 

F8 P2 F6 88.2(4)     F14 P3 F12 93.9(5) 

F9 P2 F4 91.2(5)     F14 P3 F142 180.0 

F9 P2 F5 91.0(4)     F142 P3 F15 9.4(10) 

F9 P2 F6 91.0(2)     F14 P3 F152 9.4(10) 

F9 P2 F7 89.5(4)     F142 P3 F152 170.6(10) 

F9 P2 F8 178.8(7)     F14 P3 F15 170.6(10) 

F122 F10 P3 87(4)     F152 P3 F15 180.0 

F132 F11 P3 84(6)     N0AA C16 C0AA 174.0(8) 

F102 F12 P3 84(4)     N0AB C16 C0AB 178(4) 

F112 F13 P3 88(6)             

11-X,+Y,1/2-Z; 21/2-X,1/2-Y,1-Z 
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Figure A 17. Solid-state structure of 3. 

 

Table A 22. Bond lengths 3. 

Atom Atom Length/Å    Atom Atom Length/Å 

Fe1 Cl1B1 2.395(9)    N2 C31 1.480(13) 

Fe1 Cl1B 2.395(9)    N1 C4 1.478(14) 

Fe1 O1B1 1.865(18)    N1 C5B 1.36(3) 

Fe1 O1B 1.865(18)    N1 C10B 1.64(3) 

Fe1 N4 2.208(11)    N1 C5A 1.75(3) 

Fe1 N2 2.186(12)    N1 C10A 1.47(3) 

Fe1 N11 2.177(14)    C1 C11 0.70(4) 

Fe1 N1 2.177(14)    C1 C2 1.55(3) 

Fe1 Cl1A 2.284(8)    C3 C4 1.48(2) 

Fe1 O1A 1.65(4)    C5B C6 1.547(19) 

Cl1B Cl1B1 1.155(18)    C6 C5A 1.526(18) 

O1B O1B1 1.18(3)    P1 F62 1.586(8) 

N4 C11 1.46(2)    P1 F63 1.586(8) 

N4 C1 1.46(2)    P1 F6 1.586(8) 

N4 C61 1.516(12)    P1 F5 1.574(8) 

N4 C6 1.516(12)    P1 F52 1.574(8) 

N2 C2 1.443(19)    P1 F53 1.574(8) 

N2 C3 1.480(13)          

1+X,+Y,3/2-Z; 2+Y-X,1-X,+Z; 31-Y,1+X-Y,+Z 
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Table A 23. Bond angles of 3. 

Atom Atom Atom Angle/˚     Atom Atom Atom Angle/˚ 

O1B1 Fe1 Cl1B 93.5(9)     C61 N4 C6 113.8(13) 

O1B Fe1 Cl1B 102.4(9)     C2 N2 Fe1 117.3(10) 

O1B Fe1 N4 158.6(7)     C2 N2 C31 111.5(8) 

O1B1 Fe1 N4 158.6(7)     C2 N2 C3 111.5(8) 

O1B1 Fe1 N2 91.8(9)     C31 N2 Fe1 101.5(7) 

O1B Fe1 N2 91.8(9)     C3 N2 Fe1 101.5(7) 

O1B Fe1 N1 118.1(7)     C3 N2 C31 112.9(13) 

O1B1 Fe1 N1 82.0(7)     C4 N1 Fe1 108.0(8) 

N4 Fe1 Cl1B 92.3(4)     C4 N1 C10B 99.4(15) 

N4 Fe1 Cl1B1 92.3(4)     C4 N1 C5A 98.1(13) 

N4 Fe1 Cl1A 92.2(4)     C5B N1 Fe1 104.0(13) 

N2 Fe1 Cl1B1 162.6(3)     C5B N1 C4 132.0(19) 

N2 Fe1 Cl1B 162.6(3)     C5B N1 C10B 112.4(17) 

N2 Fe1 N4 77.1(4)     C10B N1 Fe1 95.0(13) 

N2 Fe1 Cl1A 169.3(4)     C5A N1 Fe1 109.8(9) 

N11 Fe1 Cl1B 113.2(4)     C10A N1 Fe1 127.2(16) 

N1 Fe1 Cl1B 85.9(3)     C10A N1 C4 112.0(18) 

N1 Fe1 Cl1B1 113.2(4)     C10A N1 C5A 97.2(17) 

N11 Fe1 Cl1B1 85.9(3)     N4 C1 C2 112.8(13) 

N1 Fe1 N4 78.0(4)     C11 C1 N4 76.1(9) 

N11 Fe1 N4 78.0(4)     C11 C1 C2 77.0(8) 

N11 Fe1 N2 78.5(3)     N2 C2 C1 112.3(13) 

N1 Fe1 N2 78.5(3)     N2 C2 C11 112.3(13) 

N1 Fe1 N11 149.8(7)     C1 C2 C11 26.1(17) 

N1 Fe1 Cl1A 99.5(3)     C4 C3 N2 109.4(10) 

N11 Fe1 Cl1A 99.5(3)     C3 C4 N1 115.2(12) 

Cl1A Fe1 Cl1B1 14.0(2)     N1 C5B C6 118.8(18) 

O1A Fe1 Cl1B1 100(2)     N4 C6 C5B 111.2(13) 

O1A Fe1 O1B1 18.5(6)     N4 C6 C5A 102.5(12) 

O1A Fe1 N4 167(2)     F62 P1 F63 92.2(5) 

O1A Fe1 N2 90(2)     F63 P1 F6 92.2(5) 

O1A Fe1 N11 99.7(6)     F62 P1 F6 92.2(5) 

O1A Fe1 N1 99.7(6)     F52 P1 F63 178.2(4) 

O1A Fe1 Cl1A 100(2)     F53 P1 F6 178.2(4) 

Cl1B1 Cl1B Fe1 76.0(2)     F5 P1 F62 178.2(4) 

O1B1 O1B Fe1 71.6(6)     F53 P1 F62 89.2(5) 

C11 N4 Fe1 114.1(10)     F52 P1 F6 89.2(5) 

C1 N4 Fe1 114.0(10)     F53 P1 F63 86.7(5) 

C11 N4 C1 27.8(17)     F5 P1 F6 86.7(5) 

C11 N4 C6 123.4(12)     F52 P1 F62 86.7(5) 

C1 N4 C6 98.6(11)     F5 P1 F63 89.2(5) 
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C11 N4 C61 98.6(11)     F53 P1 F52 92.0(6) 

C1 N4 C61 123.4(12)     F53 P1 F5 92.0(6) 

C6 N4 Fe1 102.7(7)     F52 P1 F5 92.0(6) 

C61 N4 Fe1 102.7(7)     C6 C5A N1 99.3(14) 

1+X,+Y,3/2-Z; 2+Y-X,1-X,+Z; 31-Y,1+X-Y,+Z 

 

Figure A 18. 1H-NMR of PCTA in D2O. 

 

 

Figure A 19.  13C-NMR of PCTA in D2O. 
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Figure A 20. 1H-NMR of L11 in D2O. 

 

 

Figure A 21. 13C-NMR of L11 in D2O. 

 



 

127 
 

 

Figure A 22. 1H-NMR of 8 in D2O. 

 

Figure A 23. 1H-NMR of 9 in D2O. 
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Figure A 24. 1H-NMR of 10 in D2O. 
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Figure A 25. 1H-NMR of L12 in D2O. 

 

Figure A 26. 13C-NMR of L12 in D2O. 
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Figure A 27. 1H-NMR of L16 in D2O. 

 
Figure A 28. 13-C-NMR of L16 in D2O. 

Figure A 29. 13C-NMR of L16 in D2O.  
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Table A 24. Crystal data, intensity collections, and structure refinement parameters for [µ-
O(Fe3+L4Cl)(Fe3+Cl3)] and L3·2Cl·ClO4. 
 

Complex [µ-O(Fe3+L4Cl)(Fe3+Cl3)] L3·2Cl·ClO4 

Formula C14H24Cl4Fe2N4O C11H25N4Cl3O7 

M.W. 517.87 431.70 

Unit cell Monoclinic Monoclinic 

Space group C2/c P21/c 

a (Å) 33.6834(15) 6.8884(14) 

b (Å) 7.4237(3) 17.442(4) 

c (Å) 19.0393(8) 14.703(3) 

α 90o 90o 

β 122.0280(10)o 95.42(3) 

γ 90o 90o 

Volume (Å3) 4036.2(3) 1758.7(6) 

Z 8 4 

Dcalc.(g/cm3) 1.704 1.630 

Reflections Collected 126139 
5427 

Independent Reflections 3991 
5427 

Rint 3.53 10.68 

Completeness to θ 99.6% 99.5% 

GooF 1.102 1.217 

R1,wR2 [I>2sigma(I)] 
R1 = 0.0353 

wR2 = 0.0583 

R1 = 0.1068 

wR2 = 0.1142 

R1, wR2 
R1 = 0.0495 

wR2 = 0.0625 

R1 =0.2942  

wR2 = 0.2942 
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Synthesis of [µ-O(Fe3+L4Cl)(FeCl3)]: Sodium perchlorate (24.7 mg, 0.201 mmol) was dissolved in 1.5 ml 

MeOH and was added to 53.8 mg (0.217 mmol) L4. Iron(III) chloride hexahydrate (58.3 mg, 0.216 mmol) 

was dissolved in 3 ml MeOH and added dropwise to ligand solution. Precipitate formed immediately, the 

solution was filter through celite and solvent was allowed to evaporate slowly affording yellow X-ray 

quality crystals. Yield 34% (19 mg, 0.037 mmol). ESI-MS+ Cal(Found)= Parent ion not seen, [Fe3+Me3P1-

12(Cl)-(H+)]+ 338.096( 338.1770), [Fe3+Me3P1-12(2MeOH)-(2H+)]+ 366.1718(366.1732). 

 

 
Figure A 30. Solid-state structure of [µ-O(Fe3+L4Cl)(Fe3+Cl3)]. 
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Table A 25. Bond lengths for [µ-O(Fe3+L4Cl)(Fe3+Cl3)]. 

Atom Atom Length/Å   Atom Atom Length/Å 

C1 C2 1.384(4)   C11 N1 1.490(3) 

C1 C11 1.502(4)   C12 N3 1.488(4) 

C1 N4 1.334(3)   C13 N2 1.489(3) 

C2 C3 1.383(4)   C14 N1 1.481(3) 

C3 C4 1.389(4)   Cl1 Fe2 2.2465(8) 

C4 C5 1.375(4)   Cl2 Fe2 2.2459(8) 

C5 C6 1.499(4)   Cl3 Fe2 2.2238(8) 

C5 N4 1.346(3)   Cl4 Fe1 2.3312(7) 

C6 N3 1.492(3)   Fe1 N1 2.234(2) 

C7 C8 1.513(4)   Fe1 N2 2.247(2) 

C7 N3 1.490(3)   Fe1 N4 2.134(2) 

C8 N2 1.485(3)   Fe1 N3 2.252(2) 

C9 C10 1.510(4)   Fe1 O1 1.7948(18) 

C9 N2 1.485(3)   Fe2 O1 1.7729(17) 

C10 N1 1.491(3)       
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Table A 26. Bond angles [µ-O(Fe3+L4Cl)(Fe3+Cl3)]. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C2 C1 C11 123.6(2)   O1 Fe1 N3 108.39(8) 

N4 C1 C2 121.5(2)   Cl2 Fe2 Cl1 107.77(3) 

N4 C1 C11 114.8(2)   Cl3 Fe2 Cl1 107.77(3) 

C3 C2 C1 118.5(3)   Cl3 Fe2 Cl2 107.56(3) 

C2 C3 C4 119.7(3)   O1 Fe2 Cl1 109.47(7) 

C5 C4 C3 118.8(3)   O1 Fe2 Cl2 110.33(6) 

C4 C5 C6 123.9(2)   O1 Fe2 Cl3 113.73(7) 

N4 C5 C4 121.2(3)   C10 N1 Fe1 105.58(15) 

N4 C5 C6 114.8(2)   C11 N1 C10 110.6(2) 

N3 C6 C5 112.1(2)   C11 N1 Fe1 111.44(15) 

N3 C7 C8 111.8(2)   C14 N1 C10 108.7(2) 

N2 C8 C7 109.1(2)   C14 N1 C11 108.3(2) 

N2 C9 C10 109.5(2)   C14 N1 Fe1 112.17(16) 

N1 C10 C9 110.8(2)   C8 N2 C13 109.2(2) 

N1 C11 C1 112.7(2)   C8 N2 Fe1 108.37(16) 

N1 Fe1 Cl4 100.95(6)   C9 N2 C8 111.7(2) 

N1 Fe1 N2 80.23(8)   C9 N2 C13 108.9(2) 

N1 Fe1 N3 145.93(8)   C9 N2 Fe1 107.51(15) 

N2 Fe1 Cl4 168.77(6)   C13 N2 Fe1 111.15(16) 

N2 Fe1 N3 78.49(8)   C1 N4 C5 120.3(2) 

N4 Fe1 Cl4 85.37(6)   C1 N4 Fe1 121.11(17) 

N4 Fe1 N1 75.51(8)   C5 N4 Fe1 118.58(18) 

N4 Fe1 N2 84.13(8)   C6 N3 Fe1 106.86(15) 

N4 Fe1 N3 76.11(8)   C7 N3 C6 110.7(2) 

N3 Fe1 Cl4 95.14(6)   C7 N3 Fe1 109.44(15) 

O1 Fe1 Cl4 97.55(6)   C12 N3 C6 107.7(2) 

O1 Fe1 N1 99.07(8)   C12 N3 C7 108.5(2) 

O1 Fe1 N2 93.26(8)   C12 N3 Fe1 113.58(16) 

O1 Fe1 N4 174.29(9)   Fe2 O1 Fe1 155.49(11) 
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Synthesis of L3·2Cl·ClO4: Ligand (L3) (110 mg, 0.332 mmol) was dissolved in 1 mL DI water. Iron(III) 

perchlorate (105 mg, 0.297 mmol) was dissolved in 5 mL methanol, the metal was added dropwise to 

the ligand. Slow evaporation of methanol yielded red X-ray quality crystals. 

 

 
 

Figure A 31. X-ray quality crystals of  L3·2Cl·ClO4. 

 

 
Figure A 32. Solid-state structure of L3·2Cl·ClO4. 
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Table A 27. Bond lengths for L3·2Cl·ClO4. 

Atom Atom Length/Å   Atom Atom Length/Å 

Cl00 O1 1.430(7)   C4 C3 1.378(9) 

Cl00 O2 1.430(6)   C3 C2 1.379(9) 

Cl00 O3 1.433(6)   C2 O9 1.337(8) 

Cl00 O4 1.432(6)   C2 C1 1.394(8) 

C8 C7 1.510(9)   N2 C9 1.498(8) 

C8 N2 1.488(8)   C9 C10 1.507(9) 

C7 N3 1.504(8)   C10 N1 1.486(8) 

N3 C6 1.486(8)   N1 C2AA 1.487(8) 

C6 C5 1.506(9)   C2AA C1 1.500(8) 

C5 C4 1.384(8)   C1 N4 1.325(8) 

C5 N4 1.336(7) 
    

 

 
Table A 28. Bond angles for L3·2Cl·ClO4. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

O2 Cl00 O1 106.8(5)   C2 C3 C4 119.6(6) 

O3 Cl00 O1 112.5(5)   O9 C2 C3 124.5(6) 

O3 Cl00 O2 110.3(4)   C1 C2 C3 118.3(6) 

O4 Cl00 O1 108.2(4)   C1 C2 O9 117.2(6) 

O4 Cl00 O2 110.9(4)   C9 N2 C8 115.0(5) 

O4 Cl00 O3 108.0(4)   C10 C9 N2 113.9(5) 

N2 C8 C7 111.7(5)   N1 C10 C9 112.6(5) 

N3 C7 C8 113.2(5)   C2AA N1 C10 113.8(5) 

C6 N3 C7 115.5(5)   C1 C2AA N1 110.5(5) 

C5 C6 N3 112.4(5)   C2AA C1 C2 118.7(5) 

C4 C5 C6 121.0(5)   N4 C1 C2 122.7(6) 

N4 C5 C6 115.6(5)   N4 C1 C2AA 118.6(5) 

N4 C5 C4 123.3(6)   C1 N4 C5 118.2(5) 

C3 C4 C5 117.9(6) 
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Herein we describe the synthesis, charcterization, and role of several iron complexes in the 

coupling of pyrrole and phenylboronic acid to form 2-phenylpyrrole. The oxidation state and spin state 

of the iron complexes were characterized using X-ray crystallography, UV-vis absorbance spectroscopy, 

cyclic voltammetry, and in some cases electron paramagnetic reasonance spectroscopy. Furthermore, 

the results indicate that the iron(III) complexes are essential for catalytic and regioselective production 

of the 2-phenylpyrrole product. The complexes were compared to evaluate the effect of five properties 

on catalyst reaction yields: the coordination requirements of the catalyst, half-potential, topological 

constraint/rigidity, N-atom modification(s), increasing oxidative stability of the complex, and geometric 

parameters. The need for two labile cis-coordination sites was confirmed based on a 42% decrease in 

catalytic reaction yield observed when complexes containing penta-dentate ligands were used in place 

of complexes with tetra-dentate ligands. A strong correlation between iron(III/II) redox potential and 

catalytic reaction yields was also observed, with [Fe2+L6(Cl)2] providing the highest yield (81%, -405 mV). 

A Lorentzian fitting of redox potential versus yields predicts that these catalysts can undergo more fine 

tuning to further increase yields. Interestingly, the remaining properties explored did not show a direct, 

strong relationship to catalytic reaction yields. Furthermore, the role of the sacrificial oxidant, the lack of 

radical participation, and the formation of µ-oxodiiron species was established leading to a more 

detailed mechanistic cycle. Finally, a library of five pyclen-based ligands have been developed for use as 

iron and europium chelators. A preliminary investigation into iron PCTA complexes indicate that the iron 

center can bind to all seven of the ligand donors, however, the iron complex does not afford a CEST 



 

 

signal. Establishing that heptadentate ligands containing carboxylic acid pendent arms are not ideal for 

the developments of iron PARACEST agents. 


