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Abstract 

 

This dissertation describes advances made in the synthesis and reactivity of first row 

transition metal complexes featuring ligands with secondary sphere hydrogen bonding moieties. 

Inspiration for these complexes comes from biological systems, in which metalloenzymes 

incorporate outer sphere acidic residues for a variety of purposes, including substrate binding and 

stabilization of reactive intermediates. The difficulty of strategically modifying enzymes and 

characterization of the resulting species has led to the development of a wide array of synthetic 

complexes, with the intent of mimicking structures and reactivity observed in the related biological 

systems. Synthetic systems used to model biological active site reactivity and mechanism have 

more recently been modified with the addition of secondary sphere acidic residues to better mimic 

enzyme active sites. In enzymes, such acidic residues are naturally stable even in reducing 

environments, however, this can present synthetic challenges in model systems. Additionally, 

while secondary coordination sphere acidic residues can help in the capture and stabilization of 

elusive and reactive intermediates, observing these intermediates in synthetic model systems 

remains difficult. With these challenges in minds, we synthesized a series of nickel, iron, and 

copper complexes with a neutral ligand that features three hydrogen bond donor groups in the 

secondary coordination sphere. We set out to demonstrate that the secondary sphere hydrogen 

bonds would enable us to stabilize highly reactive complexes and capture intermediates along 

small molecule activation pathways. With a set of nickel(II) complexes, we found that the 

compounds are stable in the presence of strong reductants, allowing us to isolate and characterize 
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a rare nickel(I) complex with hydrogen bonds. This species showed enhanced stability and 

selective reactivity for fluoride abstraction that a related complex without hydrogen bonds did not. 

In another study, we used the same ligand to stabilize a high-valent intermediate of dioxygen 

activation using an iron(II) precursor. On the same timescale, no dioxygen activation was observed 

when using ligands without hydrogen bonds, indicating they may play a role in stabilizing of the 

intermediates and products of the oxygen reduction reaction. Finally, a series of copper(I) 

complexes were synthesized using several ligand variants with varying hydrogen bond donor 

strength. Capture and reduction of nitrite by these copper(I) complexes was observed, and 

hydrogen bond donor strength was shown to affect the stability of the complex. Reactions of 

analogous, stable copper(I) fluoride complexes with a nitrite source resulted in immediate 

reduction of nitrite, indicating the mechanism of reduction may be dependent on the binding of 

nitrite to the complex with hydrogen bonds. Together, these studies demonstrate how small 

molecule activation may be enabled by the presence of secondary sphere hydrogen bonds, which 

can stabilize reactive intermediates and/or their products, as observed in metalloenzymes. 
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Chapter 1 Introduction 

 

1.1 Secondary-sphere interactions in biology 

Transformations of small molecules in Nature are frequently mediated by transition metal 

active sites in enzymes.1 These active sites contain metals bound to amino acid residues (i.e. 

cysteine and histidine) that make up the primary coordination sphere, which control the geometry 

and electronic nature of the metal species.2 Since these active sites are embedded within the larger 

structure of the enzyme, the transition metal active sites also engage in contacts with acidic 

residues in the secondary coordination sphere.3 These non-covalent interactions can consist of 

Lewis and Brønsted acidic residues such as secondary sphere metals and/or amino acids. 

Specifically, secondary sphere amino acids can participate in hydrogen bonding (H-bonding) 

interactions that can play a role in substrate coordination, redox leveling, intermediate 

stabilization, proton and electron transfer reactions, and substrate activation at the metal active 

site.2, 4-6  

A growing body of work has established the prominence of H-bonding moieties in the 

secondary coordination sphere of enzymatic active sites. Recent work has identified amino acid 

residues in the [NiFe] hydrogenase enzyme that are critical to substrate binding and subsequent 

reactivity (Fig 1.1).7-8 Amino acid residues in the secondary coordination sphere of nitrogenases 

have been shown to be critical for N2 binding and protonation at the distal nitrogen.9-10 Work in 

the heme and non-heme literature has also established the necessity of secondary sphere acidic 

residues for substrate positioning at the active site.3, 11-12 The prevalence of these outer sphere 
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interactions suggests that while many current synthetic systems focus on tuning primary sphere 

ligands, those moieties in the secondary sphere may have significant effects on the chemistry 

performed by these systems. This could have important impacts on industrial processes, such as 

N2, CO2, and O2 reduction, which are energetically inefficient compared to the biological systems 

that perform the same reactions.  

 

Figure 1.1 Moving towards secondary sphere modifications for small molecule capture and 

activation in synthetic model systems. 

Synthetic models for metalloenzyme active sites often focus on primary coordinate sphere 

changes. Ligands that directly bind to the metal center have dramatic effects on the ligand field, 

electronics, and reactivity of the metal complex, however, do not necessarily provide secondary 

sphere interactions akin to those observed in enzyme active sites. More recently, synthetic model 

systems have begun to incorporate secondary sphere interactions into ligand scaffolds to promote 

intramolecular interactions.3, 13-22 Such appended groups have included sterically bulky groups, 

Lewis acids and bases, and hydrogen bonding moieties to model sterically protected active sites 

and outer sphere amino acid residues. By incorporating bulk and/or acidic groups into ligand 

scaffolds, particularly those which can be tuned, the effects of those secondary sphere interactions 

can be probed in relationship to binding, stabilization, and activation of small molecule substrates 

(Fig. 1.1). 
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1.1.1 Synthetic systems incorporating secondary sphere interactions 

Significant contributions have been made in recent years to incorporate secondary sphere 

moieties in synthetic transition metal complexes. General strategies have incorporated amine or 

urea-type H-bond donors and typically modify existing ligand frameworks. The Masuda group 

developed several tris(2-pyridyl)amine (TPA) ligands with steric bulk and H-bonds in the 

secondary sphere for use in O2 activation chemistry. The incorporation of pivaloylamino23 or 

neopentylamino24 groups in the secondary sphere as H-bond donors enabled isolation of 

mononuclear copper and iron complexes with biologically relevant coordination spheres for O2 

activation. Parallel work in the Que group incorporated a phenyl group in the TPA framework, 

which functioned well to provide steric bulk for the formation of mononuclear complexes, but also 

suffered from intramolecular C-H activation of the ligand by high-valent intermediates.25-26  

Other groups have developed a variety of nitrogen-containing ligands with secondary 

sphere H-bonding moieties. The Nocera group developed porphyrin ligands with appended H-

bonds for O2 and other small molecule activation.27-29 The Chang group developed non-heme style 

ligands with both with steric bulk30 and appended H-bonds31 for small molecule activation with 

first row transition metals. The pentadentate ligand N4Py can be appended with neopentyl or 

phenyl groups, and provide opportunity to compare appended alkyl and aryl amines for H-bonding 

interactions for O2 activation.31 Work in the Borovik group established a new tri-anionic ligand 

with three appended H-bonding groups – this new framework enabled the isolation of a the first 

Fe(III)-oxo complex derived from O2
13 and provided the basis for a wide range of studies for small 

molecule activation with varieties of the ligand ranging from 0-3 H-bond donors.32-37 Recent work 

from the Fout group has introduced a new series of tautomeric H-bond donor and acceptor ligands 

which have enabled nitrate, perchlorate, nitrite, and O2 reductions.38-41 Other ligands developed by 
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Goldberg and coworkers incorporated both sulfur ligands in the primary sphere and N-H bonds in 

the secondary sphere as models for dioxygenase enzymes.42-43 

Advances related to secondary sphere H-bonding in our own group has gone through 

several iterations. Our interest in structure-function relationship drove us to study the effects of 

strong H-bond donors for small molecule reductions. Early efforts appended hydroxyl group on 

the meridional tridentate terpyridine ligand for proton-responsive hydrogenation chemistry.44 We 

also designed a new variant of the TPA ligand which was synthesized from hydroxyl pyridine, and 

could undergo tautomerization to act as either a H-bond donor and/or acceptor.45 We established 

that these ligands were difficult to work with in the presence of strong bases and/or reductants, due 

to their propensity to form dimeric or cluster species. In order to prevent this, we drew from other 

groups’ success by providing additional steric bulk to protect the H-bonding groups. By switching 

to a phenylamine appended H-bond from a hydroxyl group, steric protection prevented unwanted 

dimerization, while also enabling a simple route to tune the H-bond donor strength by simply 

changing the electronics of the appended phenylamine. These -NHPh bond donors enabled 

isolation of an unusual geometry of copper(I),46 and isolation of both dicopper peroxo22 and dizinc 

peroxo18 complexes with H-bonding to the bridging O2 unit (Fig. 1.2). Other ligand development 

in our group has established difluoromethyl groups as weak H-bond donors that are reductively 

stable – this has potential to be useful in the study of synthetic models of low-valent active sites, 

as found in [NiFe] hydrogenase and nitrogenase.47 
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Figure 1.2 Dicopper- and dizinc 1,2-peroxo complexes stabilized by LH, with directed H-bonds 

the bridging O2 unit. 

1.2 Activation of small molecules: O2 and -NO2 

1.2.1 Activation of O2 

Capture and activation of dioxygen by metalloenzymes is necessary to perform O2 

reduction and substrate oxidation reactions in Nature. There are several classes of enzymes that 

can activate dioxygen, including cytochromes,48 mono- and dioxygenases,49 peroxidase, and 

oxidases,48 and different transition metals are used for activation and subsequent reactions. Heme 

active sites typically incorporate iron and manganese,11, 50 while non-heme enzymes can 

incorporate iron, manganese, and nickel,11, 51-52 and multiple enzyme classes are dependent upon 

copper for reactivity (e.g. blue copper proteins, copper superoxide dismutase).53-54 Substrates for 

these enzymes vary widely but reactions include alkane and alkene hydroxylation and oxidation 

(via C-H or C=C activation or O-atom insertion). 26, 55-59  

Reduction of dioxygen can occur via either a 4 or 2 electron pathway. The direct 4 electron 

route results in the formation of water (with addition of 4 H+), while the indirect 2 electron pathway 

proceeds via a peroxide intermediate.60 Coordination of O2 to metal active sites lowers the energy 

requirement for this reduction (for O2, E° = +1.23 V vs SHE in H2O) and provides an environment 

rich in proton-containing residues. The mechanism for mononuclear transition metal mediated 

activation of O2 has proposed to go through several high valent intermediates.13, 61 Dioxygen binds 
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as a superoxide ligand (end- or side-on), concomitant with oxidation by one electron of the metal 

center. Such superoxo species can react with another unit of the active metal site to form a dimetal-

peroxo species, or it can form a hydroperoxo species by sequestering a H-atom from the 

surrounding environment. This is followed by homolytic cleavage of the O–O bond and oxidation 

of the metal center to yield a high-valent M-oxo species. This high valent oxo can be reduced by 

abstracting hydrogen atoms from the substrate in one or two steps to form a M-OH or M-OH2. The 

high valent intermediates and their derivatives (peroxo, hydro- and alkyl-peroxo, oxo, and various 

bridging derivatives) have been implicated as the active species in substrate oxidation and 

hydroxylation, with different product distribution suggesting different active species.11, 13, 62  

Studying these small molecule reactions in their native enzyme structures presents several 

difficulties. The inability to easily modify primary and secondary residues, interactions with other 

portions of the protein ternary structure, and difficulties in collecting spectroscopic 

characterization data have pushed for the development of model systems.3 Model complexes for a 

variety of oxygen activation enzymes52 have been developed over the years (Fig. 1.3), varying in 

ligand class (heme and non-heme),11 denticity (tri-, tetra-, and pentadentate),58, 63-67 and in 

secondary coordination environments (i.e., steric bulk and/or H-bond donors or acceptors).68-69 

Heme-dioxygen chemistry dates back to the original discovery of hemoglobin; modern work has 

expanded to investigate incorporation of secondary sphere Lewis acids in the form of other metals 

for the formation of binuclear complexes70-72 and the addition of multiple appended H-bond donors 

to the primary sphere ligands for stabilization of the intermediates. Models of copper-containing 

enzymes represent a wide swath of literature for activation of O2 by CuI complexes to access 

elusive high-valent Cu-oxygen intermediates, as well as trapping the intermediates of O2 activation 

using di-copper systems. 
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Figure 1.3 Examples of transition metal complexes with a range of secondary sphere H-bonding 

moieties. 

Non-heme model complexes make up a significant portion of the O2 activation literature. 

The relative ease of synthesis of ligands for these complexes makes them attractive targets. With 

increasing literature on iron containing non-heme active sites in lipoxygenase,24, 73-74 mono- and 

dioxygenase enzymes,49, 75-77 models with similar structure or function are of great importance to 

help understand the requirements for the mechanisms of O2 activation and incorporation into 

substrates.78 In the mid-90s, the Que and Masuda groups began working with the TPA ligand and 

several of its derivatives to study the intermediates of O2 activation. Lim et al demonstrated the 

oxidation of FeIITPA by m-chloroperbenzoic and peracetic acids and observed an intermediate 

which was capable of oxidizing thioanisole to the corresponding sulfoxide, as well as oxidizing 

cyclooctene to the epoxide.79 Both of these substrate oxidations, along with supporting ESI-MS 

and Mössbauer spectra, confirm the active high valent intermediate they observed is a high valent 

FeIV-oxo. The Masuda group, using a TPA derivative featuring secondary sphere neopentylamino 

H-bonding groups, synthesized an FeIII-OH complex as a model for the active site of 

lipoxygenase.24 

In a report in Science in 2000, the Borovik group reported the first FeIII-oxo derived from 

O2 activation by an FeII species.13 The reaction was proposed to proceed through a high valent 

FeIV-oxo intermediate to form an FeIII-oxo complex. This was confirmed by 18O labeling studies 

and IR spectroscopy. The authors propose O2 activation occurs through bridging diiron peroxo 
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intermediate followed by O–O bond cleavage to form the FeIV-oxo, which undergoes HAT from 

solvent or dihydroanthracene (DHA) to form the FeIII-OH species. From there, intramolecular 

proton transfer to the basic ligand results in the formation of the FeIII-oxo (Fig. 1.4). The lack of a 

bridging FeIII-O-FeIII species is thought to be due to the fact that the oxo ligand is buried within 

the steric bulk of the H-bonding ligand. Crystal structure bond lengths, ab initio calculations, and 

Mössbauer spectroscopy support proposed formulation of an FeIII-oxo species. There have been 

numerous follow-up studies modifying this H3buea ligand scaffold and its derivatives for 

activation of O2 and capture of the terminal products of the reduction. Modifications include 

varying the number of H-bonding arms,32, 80 the transition metal used,36, 81-82 switching to H-bond 

acceptors,35, 81, 83 incorporation of outer sphere Lewis acids83 – all in an effort to characterize and/or 

capture the intermediates of O2 activation, and to demonstrate the effects that ligand coordination 

environments have on the coordination of oxo ligands  and subsequent reactivity of the metal 

complexes.84 

 

Figure 1.4 Mechanism of O2 capture, activation, and stabilization by a synthetic non-heme iron 

complex, Fe(H3buea). 
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Identification of the more elusive intermediates of O2 activation with iron (see: superoxo 

and peroxo species) remains a challenge.62, 76, 85-87 Examples of alkyl-88 and hydroperoxide27, 89-90 

complexes have been characterized and the reactivity and mechanism for substrate oxidation and 

hydroxylation have been studied extensively,56, 90-97 particularly in diiron systems.71, 87, 98-99 The 

Que group reported on the first evidence of a Fe-superoxo complex (Fig. 1.5), which was formed 

from the addition of O2 to a [Fe2(μ-OH)(6-Me3TPA)2]2+ dimer complex.87 Resonance Raman data 

support a diiron-superoxo species (νO–O: 1,310 cm-1), which is active for proton coupled electron 

transfer from di-tert-butylphenol via O-H cleavage.  

 

Figure 1.5 Capture of O2 at FeIITPA and observation of a superoxo intermediate. 

More recent work continues to work toward capture of the intermediates of dioxygen 

activation. To enable monomeric complexes similar to the Borovik FeIII-oxo species, incorporation 

of sterically bulky and/or hydrogen bonding groups has been utilized by several groups. The Fout 

group has demonstrated facile reduction of O2 using FeII complexes featuring their tautomerizing 

H-bonding complex.40 Similar to the Borovik group, they have been able to isolate and characterize 

an FeIII-oxo as well as FeIII-OH and Fe2
III(μ-O) dimers as the terminal products of O2 activation. 

Electrochemical studies supported the formation of an FeIV-oxo intermediate that rapidly abstracts 

an H-atom to form the terminal FeIII-OH species. Work in the Anderson group has used cobalt100-

101 and nickel102 species on bulky anionic tridentate ligands to isolate high valent species related 

to O2 activation. A series of high valent cobalt-oxo complexes represent an unusual example of a 

d6 oxo species; reactivity studies demonstrate its ease in activating C-H bonds with BDE up to 85 

kcal/mol, however this species is not derived directly from O2.100, 103 The nickel superoxo complex 

undergoes a ligand oxidation and could be induced to release O2 upon addition of silver triflate, 
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but is unreactive for HAT. Oxygen atom transfer (OAT) reactions, however, were successful; the 

unusual reactivity here suggests the redox active ligand plays a role in the reactivity of the superoxo 

ligand.  

Recent work by Goldberg and coworkers has demonstrated a series of sulfur or oxygen 

containing ligands metaled with FeII, which are active for O2 activation. Multiple intermediates of 

O2 activation, including a diiron 1,2-peroxo, an FeIV-oxo and a terminal FeIII-OH, were 

spectroscopically characterized.104 In a mixed N, S ligand framework with H-bonds, they also  

demonstrated hydroxyl radical rebound from O2 activation, although the high valent intermediates 

could not be observed, even at low temperature.105 Our group has been successful in using 

sterically bulky trifurcated H-bond donor ligands (LR) to capture and characterize dicopper and 

dizinc 1,2-peroxo intermediates of O2 reduction.18, 22 The dicopper species can then proceed 

through the O–O bond cleavage to yield a CuII species. These examples demonstrate the utility of 

sterically bulky groups and H-bonds for the formation of monomeric iron-oxygen species and 

helps us frame our own studies of dioxygen activation.  

1.2.2 Activation of -NO2 

The reduction of nitrogen-containing small molecules via denitrification constitutes a 

significant portion of the larger global nitrogen cycle.106 The individual steps of denitrification 

involve reduction of nitrate to nitrite, followed by nitrite reduction to nitric oxide, which can be 

converted back to dinitrogen through subsequent reactions. In working to improve catalytic 

systems for the reduction of nitrogenous intermediates back to N2, it is critical to understand the 

requirements that allow biological systems to readily perform these reactions. It is also worth 

noting that denitrification proceeds through nitric and nitrous oxides, both of which are considered 
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greenhouse gases, so efforts to transform these molecules by reversing denitrification to access the 

more useful and safer nitrogen source, ammonia, are of broad interest to the global community. 

Nitrite reductase enzymes (NiRs) typically rely on iron or copper as the transition metal in 

the active site.107 Iron-based NiRs feature low-spin heme structures and can readily bind π-acids. 

The secondary sphere of these porphyrin systems incorporates multiple H-bonding groups from 

surrounding amino acid residues, which are proposed to participate in proton shuttling for the 

reduction of -NO2 while it’s bound to the iron active site (Fig. 1.6).108-109 Copper containing 

enzymes (CuNiRs) feature two copper sites within the larger subunit – one site (type 1) is similar 

to other reported blue copper centers, while the second site (type 2), is bound by three histidine 

ligands and serves as the binding site for nitrite reduction. The type 1 Cu is proposed to be used 

for electron transfer to type 2 Cu.110 

 

Figure 1.6 Active site of CuNiR (E. coli) with -NO2 bound to Cu; secondary sphere interactions 

with Asp and H2O are visible. PDB 516K. 

Early work proposed a mechanism for reduction of -NO2 at copper that proceeds from a 

CuII-H2O resting state through a CuII-NO2 species, followed by proton transfer with loss of water 

to form a CuI-NO+ species, which decays to form a CuII-NO• before loss of NO (g). Later work 

suggested the CuII-NO• intermediate was in fact a CuI-NO+ intermediate following an electron 

transfer step before loss of NO (g).107, 110 Secondary sphere amino acid residues are proposed to 
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help position and rearrange the -NO2 during this process, as well as provide the protons necessary 

for the transformation. These mechanisms are still under investigation, as results from different 

spectroscopic and crystallographic experiments give conflicting information, especially regarding 

the CuI-NO species, and are often hindered by the difficulty of analyzing the intermediates in the 

larger protein structure.107 Thus, turning to synthetic systems to act as models can help to 

understand the mechanism of -NO2 reduction in CuNiRs. 

Model complexes for CuNiRs span a wide range of ligand styles, although most 

incorporate at least two nitrogen arms, and both neutral and ionic ligands have been used. Both 

CuI and CuII have been used as the active metal in studies of -NO2 reduction, in part because redox 

states have been invoked in the CuNiR mechanism. Work from the Lehnert group has 

demonstrated several iterations of Cu-NO2 reduction. The use of a monoanionic 

tris(triazolyl)borate ligand to support CuI-NO2 represented the first functional mimic of CuNiR, 

with near quantitative yields of NO (g) produced upon addition of H+.111 Work performed around 

the same time by the Hsu group also utilized a monoanionic scorpionate ligand for synthesis of a 

CuI-NO2 complex. Their direct comparison to a neutral isomer helped demonstrate different 

mechanistic pathways for the neutral vs. charged CuI species: specifically, the neutral CuI-NO2 is 

directly protonated and releases NO (g), while the charged CuI-NO2 could capture the NO at Cu 

before release.112 This mechanistic difference has potentially significant ramifications on other 

nitrite reduction experiments when starting from different redox states. 

Other groups have demonstrated the interplay of redox states for the reduction of -NO2 at 

copper. The Lehnert group reported the synthesis of CuII-NO2 complexes, which could be 

electrochemically reduced in aqueous media to produce NO (g). A series of ligands were tested in 

this study, and were able to tune the reduction potential to achieve high -NO2 and low O2 
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reduction.113 The Symes group showed that -NO2 could be electrocatalytically reduced at CuI via 

PCET assisted by a secondary sphere group capable of proton shuttling (Fig. 1.7).114  

  

Figure 1.7 Copper(I) complex with secondary sphere carboxylic acid residue capable of 

performing electrocatalytic nitrite reduction in the presences of benzoic acid (left); cyclic 

voltammograms showing catalytic wave of -NO2 reduction in the presence of increasing 

equivalents of benzoic acid (right, CV figure from ref. 112). 

Recent work has demonstrated differences in reactivity of Cu-NO2 complexes based on the 

binding mode of -NO2. While computational work has shown that the κ1-N and κ2-O,O isomers 

are nearly isoenergetic, their subsequent reactivity can be effected. The Patra group synthesized a 

model system for CuNiR which was capable of undergoing a -NO2 binding mode conversion from 

κ2-O,O to κ1-N upon reduction from CuII to CuI. Formation of NO (g) is proposed to come from a 

formal CuII-NO• species in this system, formed after the addition of H+ and in equilibrium with 

CuI-NO+.115 Work from the Warren group demonstrated that a CuI-NO2 (κ1-N) was incapable of 

performing OAT to PPh3, while the analogous CuII-NO2 (κ2-O,O) complex formed O=PPh3 in near 

quantitative yield.116  Work in our group has calculated that the CuI κ1-N, κ1-O, and κ2-O,O isomers 

are nearly isoenergetic, and the coordination of O-NO in a κ1-O fashion enables facile reduction 

and release of NO (g), although the intermediates of -NO2 binding prior to reduction have not been 

identified in this reaction.117  
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1.3 Low-valent metals and hydrogen bonds 

1.3.1 Low-valent metals for small molecule activation 

Low valent transition metal complexes have been implicated in a multitude of small 

molecule activations both in biological systems and in synthetic catalytic processes. In biological 

systems, low valent nickel and iron sites are implicated in the mechanism of hydrogenase,118-119 

carbon monoxide dehydrogenase,120 and methyl coenzyme M reductase enzymes.121 Copper(I) and 

nickel(I) have both been proposed redox states for activation of dioxygen and nitrite.122-123 These 

and other transition metals are also used broadly for small molecule activation by a variety of 

mechanisms.124-127 These mechanisms can proceed by two or one electron pathways, sometimes 

interchangeably, and depend both on the substrate and the nature of the metal used in the reaction. 

Activation and functionalization of C-H bonds by oxidation or insertion reactions make up a 

significant portion of the reactivity observed in first row transition metal- mediated biochemical 

reactions (see section above).  

In enzymes, low valent metal sites (< M2+) are less common than mid- to high-valent active 

sites, but spectroscopic and crystallographic data suggest that reduced metal centers contribute to 

important biological transformations. In hydrogenase enzymes, standard [NiFe] clusters can 

undergo a reduction to access mixed valent active species with relatively low reduction potentials 

(up to -0.5 V vs NHE), which can then react with protons to form bridging hydrides between nickel 

and iron.128-130 Nitrogenase enzymes incorporate multi-nuclear iron clusters which can carry 

additional electron density, effectively lowering the redox potential of the active site to potentials 

as negative as -0.6 V vs SHE (Fig. 1.8).2 In carbon monoxide dehydrogenase/acetyl CoA synthase, 

reduced nickel active sites enable binding of and reduction of CO2 due to increased electron 

density, and increased backdonation into the empty orbitals of CO enables binding and subsequent 
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activation.131-132 Copper(I) active sites are found in blue copper proteins and exhibit relatively 

oxidizing potentials in comparison to other M+1 active sites.133 The wide variety of reactivity that 

stems from these low valent active sites (CO coordination, N2 activation, H2 formation) indicates 

their important role and the necessity for further study through model complexes.  

 

Figure 1.8 Carbon monoxide bound to the FeMo cofactor of nitrogenase (A. vinelandii), with H-

bonds from a secondary sphere His interacting with the CO ligand. PDB 4TKV. 

In synthetic chemistry, accessing low valent oxidation states enables activation of a wide 

variety of chemical bonds through one and two electron pathways. In organometallic catalysis, 

oxidative addition and reductive elimination steps can proceed via M0 or MI active catalyst via two 

electron transfer mechanisms.134 Photoredox catalysis can proceed through one or two electron 

pathways, and numerous transformations can be induced by single electron transfers (SETs).135-136 

Often, the path for one or two electron chemistry is dictated by the transition metal: Pt and Pd 

typically function by two electron routes, while Ru and Ir can access both two and one electron 

paths.137-138 First row transition metals are typically capable of switching from one to two electron 

mechanisms and are dependent on the conditions and substrates present in the reaction. Iron(II) 

species can perform two electron transfer reactions when in oxidation conditions, but intermediate 

iron(III) species accessed by SET are also active for similar reactivity.139-140 Often, product 

distribution can help to distinguish between the two routes for reactivity. In nickel catalysis, 
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toggling between NiII/NiIV and NiI/NiIII reactions can be affected by substrates and reaction 

conditions, and switching from Pd to Ni catalysts enables access to the intermediate NiI species 

that are inaccessible with Pd0/PdII chemistry.134, 141 This opens up a wider range of chemical 

reactions that can be performed, including model reactions for enzyme active sites. 

1.3.2 Incompatibility of low valent metals and hydrogen bonds 

Due to the negative reduction potentials of low-valent transition metals, H-bonding 

moieties are typically incompatible with such species.142-145 At the same time, protein crystal 

structures of methyl coenzyme M reductase,146 nitrogenase,147-148 and even hydrogenase7, 149 

invoke secondary sphere amino acid residues that contribute H-bonds to the active site at the 

reduced metal center.2 This has been achieved through isolation of the active site, engaging 

substrates which intercept H-bonding interactions, using well-defined H+/e- transport methods, and 

functioning above the proton reduction potential (E° > -0.8 V vs SHE).6 These combined efforts 

enable low valent metals to function in enzymes laden with proton-containing amino acid residues 

and water molecules.  

However, the incorporation of H-bonding groups into synthetic systems with low valent 

metal centers remains a significant challenge. Prior work has demonstrated that multiple examples 

of ligand deprotonation with concomitant metal hydride formation. Milstein’s tautomerizing 

catalysts are an excellent example of ligand deprotonation and subsequent hydrogenation when 

acidic H-bond containing residues are in the presence of lower-valent transition metals. Other work 

has demonstrated general reactivity of H-bond donors with low valent metal species, resulting in 

protonation of the ligand rather than the substrate (see examples from Mock and Peters) or 

deprotonation, rather than formation of H-bonding adducts.143-145, 150 Work in our group has begun 

to address this issue with the use of reductively stable appended -CF2H moieties that are capable 
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of forming weak H-bonding interactions while avoiding deprotonation or deleterious reactivity 

with the metal. 47 Other work in our group has shown that a low valent Fe0-N2 compound could 

form stable adducts with certain Lewis acids but with Brønsted acids was rapidly protonated. 

Redesign of the system and tuning the redox potential by utilizing a slightly more oxidizing ReI-

N2 complex enabled isolation of a stable H-bonding adduct with exogenous acids (Fig. 1.9).145, 151 

 

Figure 1.9 Low-valent complex interactions with Lewis and Brønsted acids; Fe0-N2 is 

protonated, while ReI-N2 forms a stable adduct. 

1.4 Outline and scope of thesis 

While prior work has shown the importance of secondary sphere hydrogen bonding for 

substrate capture and activation, use of a single ligand platform for both low and high-valent 

transition metal complexes stabilized by transition metals is unusual, especially considering the 

similarities of amino acid residues within metalloenzyme metal active sites which can access low 

or high valent states, depending on the enzyme. Our goal has been to develop synthetic complexes 

which can model the effects of H-bonding like those found in enzyme active site; this includes the 

synthesis of the ligand platform, LR, for the purpose of accessing tunable secondary sphere H-bond 

donors. Efforts to demonstrate the robustness of the ligand platform LH for stabilization of the 

products of small molecule activation at different oxidation states across multiple transition metals, 
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as well as the influence of the H-bonding on the reactivity of these complexes will be described. 

The reductive stability of the LH ligand is introduced in Chapter 2, in which we establish that the 

H-bonds are crucial for stabilizing a series of low valent nickel(I) complexes. The stability of the 

complex enabled its isolation and solid state characterization, and also allowed us to investigate 

reactivity of the complexes for fluoride abstraction. In Chapter 3, we examine how secondary 

sphere H-bonding enables us to observe the intermediates of dioxygen activation at iron(II). The 

terminal product of this reaction is capable of performing hydroxyl radical rebound at higher 

conversions than a related complex without H-bonds. The activation of O2 is a direct result of the 

H-bonds in the FeII precursor, which we attribute to the kinetic stabilization of the intermediates 

of O2 reduction. Finally, in Chapter 4, the synthesis of copper(I) complexes with H-bonds of 

varying strength are used to interrogate the reduction of nitrite. Two different routes towards -NO2 

reduction are identified, and both result in evolution of NO (g) and comparable CuII products. The 

aim of this thesis is to demonstrate the utility of H-bonding interactions in transition metal 

complexes across multiple oxidation states to stabilize intermediates of biologically relevant small 

molecule activation, specifically, the use of H-bonds to establish divergent reactivity from 

analogous complexes without secondary sphere residues (Fig. 1.10).  

 

Figure 1.10 Schematics of research goals presented in Chapters 2-4. 
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Chapter 2 Hydrogen-bonded Nickel(I) Complexes 

 

Portions of this chapter have been published: 

Wilson, J. R., Zeller, M., and Szymczak, N. K.; Hydrogen-bonded nickel(i) complexes Chem. 

Commun., 2021, 57, 753-756 

 

2.1 Introduction 

Exploration into redox interconversions of nickel-based coordination complexes is 

motivated by relevance to both the bioinorganic52 and organometallic fields.134 In the latter, Ni has 

recently emerged as a prominent metal with catalytic applications. A key difference between Ni 

and its congeners (Pd and Pt) is the propensity to undergo single-rather than double-electron 

transfer during bond cleavage reactions, a feature that has facilitated an expansion of the available 

chemical transformations.134, 152 Single electron reduction of the common NiII state affords NiI 

complexes, many of which react with a variety of small molecule substrates.122, 153-154 Higher 

coordinate NiI complexes often feature supporting ligands that contain soft donor and/or π-

acceptor groups (e.g. phosphine, CO, CN).155 

In contrast to synthetic systems, less ligand diversity is available within the active sites of 

metalloenzymes, and stabilization of reduced states/substrates/intermediates is augmented by a 

network of secondary sphere interactions.3 These secondary sphere interactions are critical to the 

function of many biological transformations including H+/e- interconversions,8, 156-159 and CO2 

reduction.160 To emulate this design principle, study, and ultimately develop synthetic analogues, 
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complexes containing appended H-bond donors are increasingly used in biomimetic design3, 38, 161-

162 and catalytic transformations.38, 44, 163-169 However, a key limitation in synthetic systems is the 

general incompatibility of H-bond donors with low valent metal complexes.142-145 Thus, most 

studies are limited to mid- to high-oxidation-state transformations, and/or complexes undergo 

proton transfer if reduced to a low-valent state.150, 170 One synthetic strategy to achieve reductive 

stability is to use weakly acidic H-bond donors that can engage with metal-coordinated 

substrates.47 Such donor/acceptor interactions are straightforward to access and study using 

halides, the strongest acceptor of which is fluoride. Low valent late transition metal fluoride 

complexes are uncommon,171 a consequence of electron pair repulsion between occupied p- and 

d-orbitals on fluorine and the metal, respectively.172 This destabilizing interaction can be overcome 

by engaging secondary sphere H-bonds with fluoride, which alleviates the filled–filled repulsive 

interactions through donor/acceptor interactions. We recently demonstrated this and related 

principles using –EH-appended TPA based ligands (E = O, NAr),22, 173 and in one case, the 

secondary coordination sphere served to capture fluoride in a molecule that would otherwise 

undergo dissociation.173 Although both –NHAr and –OH groups engage in highly directed H-

bonding interactions,22, 173-174 –NHAr groups are less acidic, and thus, more stable at reduced 

potentials.175 We hypothesized that reductively stable, directed H-bonds could provide necessary 

stabilization to isolate low valent metal complexes, including NiI (Fig. 2.1). 

 

Figure 2.1 Strategy for stabilization of low valent Ni complexes with H-bonds. 
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2.2 Targeting Ni(II) precursors for access to Ni(I) 

We targeted a series of nickel(II) halide complexes containing the tris(6-phenylamino-2-

pyridylmethyl)amine ligand (LH). NiX2 compounds, where X = Cl or Br, were prepared by 

metalation of LH with either NiCl2•6H2O or NiBr2(DME) in CH3CN solvent. After 1 h, the 

precipitated compounds were decanted to afford NiCl2LH and NiBr2LH in moderate to high yields. 

To prepare the fluoride congener, NiF2LH, 2 equiv. CsF were combined with NiCl2LH, and a pale 

blue-green solid was isolated after 24 h. The 1H NMR spectrum revealed broad resonances ranging 

from 7 to 85 ppm. The solution state structure could not be assigned due to overlapping peaks in 

diamagnetic region of the 1H NMR spectrum. Structural characterization of NiCl2LH revealed a 

monomeric octahedral complex. Salt metathesis of NiX2LH with TlPF6 or TlBAr′4 (BAr′′4 = 

tetrakis[3,5-bis(trifluoromethyl)phenyl] borate) afforded the monohalide species [NiXLH]+, [1X]+. 

 

Figure 2.2 General structure of nickel(II)LH halide complexes (A) and stacked paramagnetic 1H 

NMR spectra of complexes [1X]+ (B). 

Complexes [1X]+ were characterized by 1H NMR and electronic absorption spectroscopy. 

The soluble, paramagnetic complexes exhibit C3-symmetric 1H NMR spectra, similar to previously 

characterized NiIITPA complexes (Fig. 2.2).176-178 Although 1Br-BAr′′4 and 1Cl-BAr′′4 are similar 

(Br: 656 nm, ε = 13 cm-1 M-1; 1075 nm, ε = 20 cm-1M-1; Cl: 638 nm, ε = 19 cm-1M-1, 1046 nm, ε 
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= 28 cm-1M-1), complex 1F-BAr′′4 features bands that are shifted to higher energy (581 nm, ε = 11 

cm-1 M-1; 937 nm, ε = 15 cm-1M-1), consistent with higher ligand field strength.179-180  

Across the halide series, we evaluated the structural metrics obtained from single crystals 

of 1Br-PF6, 1Cl-PF6, and 1F-PF6. All three complexes exhibit octahedral geometry, with a 

coordinated CH3CN molecule. In all cases, the halide engages in trifurcated H-bonding 

interactions to the appended aniline –NH groups, with average N–X distances decreasing from –

Br to –F (Br = 3.271 Å, Cl = 3.159 Å, F = 2.731 Å). These results are consistent with moderate H-

bond strength and increasing H-bond accepting ability across the halide series, Br > Cl > F.181 Of 

note, complexes 1Br-PF6 and 1Cl-PF6 crystallize in the same space group (P21/c) and are 

isomorphous, in contrast to 1F-PF6 (Pbca) (Fig. 2.3). The similarities between 1Br-PF6 and 1Cl-PF6 

may be a composite of H-bonding as well as crystal packing forces, which we note can have similar 

strengths.182  

 

Figure 2.3 Crystal structures of nickel(II) complexes. 

We interrogated H-bonding interactions in [1X]+ by examining the NH stretching frequencies 

in the infrared spectra.183 For the strongest acceptor, fluoride, we observed a shift in the νNH from 

3400 cm-1 to 3250 cm-1 for LH and 1F-BAr′′4, respectively, consistent with an H-bond interaction 

between –NH and the Ni–F (for νNH assignment, see Fig. 2.4).22 Across the halide series, νNH 

decreases as F > Cl > Br, which is opposite from their respective acceptor abilities. We attribute 



 

 

23 

this feature to distortions from planarity of the aniline N atoms as the halide size.184 Although [1X]+ 

exhibit octahedral solid-state structures, room temperature 1H NMR spectroscopy experiments 

indicated C3-symmetry. The spectra of 1Cl-PF6 and 1Br-PF6 are nearly identical, in contrast to 1F-

PF6, which exhibits resonances that are shifted downfield (see Fig. 2.2). To assess the role(s) of 

 

Figure 2.4 Overlay of IR spectra of LH and 1X-PF6 complexes, comparing νN-H. 

fluxional exchange processes on the solution structure, we performed a variable temperature 1H 

NMR experiment. When a THF solution of 1F-PF6 was cooled to -75 °C, additional resonances 

appeared (30–70 ppm). Similar resonances were observed at room temperature by adding 1 equiv. 

of a strongly coordinating ligand, N,N-dimethylaminopyridine. Collectively, these results are 

consistent with a dynamic ligand association in solution, in which the 5-coordinate NiII species 

coordinates a sixth ligand, which imparts a geometrical change from C3-symmetry to octahedral 

geometry: the latter geometry is common in related NiIITPA complexes.185-186 In contrast to the 

~100 structurally reported NiIITPA (or TPA-related) complexes, there are no structurally 

characterized low valent variants.187 To our knowledge, the only report of a NiITPA complex forms 

from [(Ni(Me2–TPA)(H))2]2+, which was not characterized in the solid state.177 We employed 

cyclic voltammetry experiments to assess the accessibility of a reduced NiI state. The free ligand, 

LH, is reductively stable up to 3 V (glassy carbon vs. Fc+/Fc; 0.1 M [NBu4][OTf] in CH3CN). 
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Complexes 1X-BAr′′4 exhibit a reversible reduction event at E1/2 = -1.81 V, -1.56 V and -1.48 V 

for 1F-BAr′4, 1Cl-BAr′′4, and 1Br-BAr′4, respectively (Fig. 2.5).  

 

Figure 2.5 Electrochemical analysis of 1X-BAr'4 and [NiClTPA]BAr″4 recorded in CH3CN with 

0.1 M [Bu4N][OTf]. 

2.3 Hydrogen bonding to low valent Ni(I) 

Chemical reduction of 1F-PF6 with potassium graphite (KC8) in THF at -78 °C immediately 

formed a dark blue-green complex (2F). Reductions of 1Cl-PF6 and 1Br-PF6 proceeded similarly to 

afford 2Cl (blue) and 2Br (purple). These complexes gradually decompose in THF at room 

temperature (for 2Cl, t1/2 = 5.1 h) but are stable at lower temperatures (-35 °C). Characterization of 

the series of 2X by electronic absorption spectroscopy revealed a single broad absorbance in the 

visible region (for 2Cl, λ = 593 nm, ε = 1950 cm-1M-1; for 2F, λ = 706 nm, ε = 1444 cm-1M-1; and 

2Br, λ = 550 nm, ε = 3030 cm-1M-1) (Fig. 2.6). An X-band EPR spectrum of 2Cl (110 K) revealed 

g values of 2.28, 2.21, and 2.02, consistent with a d9 NiI system,188-190 with similar spectra for 2F 

and 2Br (Fig. 2.7). It’s possible that the splitting observed in complex 2F is due to the presence of 

the fluoride ligand, which could cause hyperfine coupling in the EPR spectrum. 
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Figure 2.6 Electronic spectra of complexes 2X (THF, room temperature). 

The solid-state structure of 2F (Fig. 2.8) revealed a trigonal bipyramidal geometry (τ5= 

0.94)191 with an axial fluoride ligand. In this arrangement, the three appended –NH groups of the 

pendent anilines engage in moderately strong H-bonding interactions with the Ni–F (avg. N–X 

bond distance = 2.666 Å). We attempted to identify νNH by IR spectroscopy; unfortunately, the 

bands are not sufficiently resolved to include a definitive commentary on H-bonding interactions 

in the reduced complexes. Upon reduction of 1F-PF6 to 2F, the Ni–F distance increases from 

2.007(1) Å to 2.097(2) Å. We propose that elongation of the Ni–F bond imparts a higher H-bond 

acceptor strength, which is consistent with the shorter –NH–F contacts in 2F, compared to 1F-PF6. 

 

Figure 2.7 EPR spectra of complexes 2F (left), 2Cl (center), and 2Br (right) in toluene (110K). 

Experimental spectra are in black, fitted spectra in dashed red. Fitted parameters for complex 2F: 

gx = 2.270, gy =2.240, gz = 2.028, linewidth = 25, 25, 5 G, freq. = 9.312; 2Cl: gx = 2.020, gy = 2.280, 

gz = 2.210, linewidth = 50, 20, 90 G, freq. = 9.229; 2Br: gx = 2.055, gy = 2.245, gz = 2.265, linewidth 

= 18, 60, 60 G, freq. = 9.258 (Power: 10.28 W. Modulation: 100.00 kHz). 
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We acknowledge that the geometric change from octahedral to TBP can have a similar 

effect in the shortening of H-bonding contacts and may contribute to the change observed here. 

Although most reported NiI complexes contain soft donor ligands, the primary coordination sphere 

comprising 2F contains comparatively harder donors. Complex 2F represents a structurally rare 

example of a 5-coordinate NiI complex featuring halide ligands,189, 192-193 a feature that we propose 

is enabled by directed H-bonding interactions. Furthermore, 2F represents the first example of a 

NiI complex containing secondary sphere H-bonding groups.  

 

Figure 2.8 Solid state structure of 2F (50%probability ellipsoids, co-crystallized solvent 

molecules excluded for clarity). 

Several examples of formally NiI complexes containing pyridine-based ligands are best 

described as NiII–L•, rather than NiI.194-195 Wieghardt and co-workers showed that these two 

limiting cases can be distinguished by scrutinizing the pyridine intraligand bond distances.196-197 

The bond lengths of the pyridines in 2F and 1F-PF6 are normal for both C–C (2F: 1.387(5), 1F-PF6: 

1.390 (3)) and C–N bonds (2F: 1.353(5), 1F-PF6: 1.56(2)), (typical values for C–C and C–N: 1.38 

± 0.1 Å and 1.35 ± 0.1 Å, respectively), which is inconsistent with pyridine-based reduction.196 

These crystallographic bond metrics, along with the EPR spectrum are consistent with a Ni-

centered metalloradical (vide supra) for complex 2F (and by extension, 2Cl and 2Br). 
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Table 2.1 Selected bond lengths comparing the solid state structures of 1F-PF6 and 2F 

Bond (Å) [NiFLH]PF6 NiFLH 

NH-X (avg) 2.731 2.666 

Ni-F 2.007(1) 2.096(2) 

C=C (pyr, avg) 1.386 1.392 

 

2.4 Hydrogen bonding enables reactivity for fluoride transfer 

To assess the requirement of H-bonding interactions with Ni–X to isolate NiI complexes, 

we evaluated analogous syntheses using unsubstituted TPA. [NiCl(TPA)]+ was prepared in 

quantitative yield from NiCl2TPA176 when subjected to analogous reaction conditions as for [1Cl]+ 

. In contrast, when conditions used to prepare NiF2LH were applied to TPA, we did not observe 

the formation of NiF2TPA, in line with the absence of prior reports. Reduction of 

[NiCl(TPA)]BAr″4 with KC8 afforded a deep teal solution, which was characterized by 1H NMR, 

electronic, and EPR spectroscopies. The electronic absorption spectrum features a single broad 

absorbance at 720 nm (ε = 4271 cm-1M-1). Due to the inability to isolate the reduced species, this 

value represents the maximum extinction coefficient, calculated from the concentration of 

[NiCl(TPA)]BAr′4 prior to reduction. The X-band EPR spectrum (110 K) reveals g values of 2.10, 

2.20, and 2.09. These data are similar to a prior report that analyzed an in situ generated 

NiI(CH3CN)2(Me2-TPA) at low temperature (7 K).177 Despite their spectroscopic similarities, the 

solution behaviors of 2Cl and NiCl(TPA) are distinct. The unsubstituted variant is prone to rapid 

decomposition (t1/2 = 0.3 h at 25 °C) in comparison to 2Cl (t1/2 = 5.1 h, Fig. 2.9). These data indicate 

large differences in stability (2Cl is ~15× more stable than NiCl(TPA)), a feature that we propose 

is due to halide H-bonding interactions present in 2Cl. 
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Figure 2.9 Kinetic traces of room temperature half-life of 2Cl (left) and NiClTPA (right) in THF 

(insets show decomposition of λmax). 

Given the high affinity of halides to engage in H-bonding interactions to the pendent aniline 

groups, we sought to investigate dehalogenation reactivity induced by the strongest H-bond 

acceptor, fluoride. We accessed defluorination reactions using a putative halide-free [2]+ by adding 

TlBAr″4 to a solution of 2Br at 78 °C, followed by NaBF4. We observed [1F]+ as the only NMR 

active species. Directed H-bonding interactions to fluoride have been shown to induce E–F bond 

cleavage from B–F 198 and C–F199 moieties. The favorability of such reactions may be predicted 

using fluoride ion affinity values (FIAs). Since fluoride abstraction from BF4 (FIA of BF3 = 82.7 

kcal/mol-1)200 occurs readily in this system, the FIA value provides insight into the fluorophilicity 

of the H-bonding pocket of fluoride-free [1]2+. In contrast to NaBF4, NaSbF6 did not form [1F]+, 

consistent with a higher fluorophilicity of SbF5 (118.5 kcal/mol-1) than fluoride-free [1]2+. 
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Figure 2.10 Reaction of 2Br with E–F substrates to form 1F-BAr″4. Analogous reactions were 

performed using NiClTPA. 

Finally, we evaluated defluorination reactions with organic substrates containing N–F 

bonds. Using the protocol described above with both neutral N-fluorosulfonimide (BDE = 63.4 

kcal/mol-1)201 and ionic 1-fluoro-2,4,6-trimethylpyridnium triflate (BDE = 77.8 kcal/mol-1)202 (see 

Fig. 2.10), we observed exclusive formation of [1F]+.203 In contrast, reactions using NiCl(TPA) 

afforded multiple species. The disparate reactivity of otherwise identical complexes containing 

distinct secondary coordination sphere environments highlights the reactivity controlling role of 

H-bonding interactions and fluoride ion affinity to bias a defluorination reaction. 

We further investigated this route for activation of strong C-F bonds (BDE > 100 kcal/mol). 

Unfortunately, no C-F bond cleavage reactions were observed for any of the substrates tested. We 

hypothesize this could be due to two different issues – the geometry/steric bulk of the substrate 

does not allow for optimal position of the C-F bond within the H-bonding pocket for SET to occur, 

and/or the C-F BDE is simply too large for the NiI complex to access. 

2.5 Early investigations of dioxygen activation from NiI 

This dehalogenation experiment encouraged us to consider this as a route to access 

activation of dioxygen via nickel(I). Both NiI and NiII species as precursors for oxidation using O2 

have been reported, with recent examples demonstrating side-on nickel-peroxo complexes that can 

undergo oxygen atom transfer (OAT) reactions. Inspired by our group’s previous work with 

dimetal-peroxo complexes incorporating LH for stabilization of the peroxo intermediate of O2 
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activation, we set out to demonstrate dioxygen coordination to NiI. Dehalogenation of 2Br with 

TlPF6 at low temperature followed by addition of O2 results in the formation of multiple species, 

including 1F, as observed in previous reactions when using TlPF6. The other species we propose 

is the product O2 activation. Warming to room temperature results in consumption of the O2 

activation product (Fig. 2.11). Separate synthesis of NiII(OH)LHOTf (3) and comparison to the 

product from the reaction of dioxygen shows that 2Br is capable of activating O2 from the 

dehalogenated low valent state.  

 

Figure 2.11 Reaction of 2Br with O2 to form a proposed NiIIOH complex. 

2.6 Conclusions 

In summary, we prepared a series of nickel complexes featuring H-bonds to halides. These 

secondary sphere interactions are critical for the isolation and enhanced stability of NiI complexes, 

and even enable the isolation and solid state characterization of an unusual NiI species 

incorporating H-bonds. The H-bond interactions remain intact, even at -1.8 V (vs. Fc), showcasing 

the reductive stability of the appended aniline H-bond donors. The H-bond donor/acceptor 

interactions represent an attractive strategy wherein classically hard ligands, such as fluoride, can 

be rendered compatible with reduced and soft late metals. The ability to access the more reactive 

nickel(I) species via dehalogenation sets up an interesting route for capturing and activating 

biologically relevant small molecules, such as dioxygen. 
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2.9 Supporting Information 

2.9.1 Experimental Details 

2.9.2 General considerations 

All air‐ and moisture‐sensitive manipulations were performed using standard Schlenk 

techniques or in an inert atmosphere glovebox with an atmosphere of purified nitrogen. The 

glovebox was equipped with a cold well designed for low temperature experiments as well as 

a −35 °C freezer for cooling samples and crystallizations. Solvents were purified using a Glass 

Contour solvent purification system through percolation through a Cu catalyst, molecular sieves, 

and alumina. Solvents were then stored over sodium and/or molecular sieves. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories and used as received. 

Nickel dichloride hexahydrate and nickel dibromide dimethoxyethane were purchased 

from commercial vendors and used as received. Cesium fluoride, N-fluorobenzenesulfonimide 

(NFSI), and 1-fluoro-2,4,6-trimethylpyridinium triflate (NFTPT) were purchased from 

commercial vendors and dried under vacuum before transferring to a nitrogen glovebox. Ferrocene 
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was purchased from a commercial vendor and sublimed prior to use. Potassium graphite,204  

thallium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TlBAr″4),205 tris(6-phenylamino-2-

pyridylmethyl)amine (LH),22 and tris(2-pyridylmethyl)amine (TPA)206 were synthesized according 

to literature procedures. NiCl2TPA and NiBr2TPA were synthesized using modified procedure,176 

described below.  

Caution! Sodium metal and potassium graphite are potentially pyrophoric and/or explosive 

materials that should be handled with caution under an inert atmosphere if possible. 

NMR spectra were acquired on Varian 400 MHz, 500 MHz, or 600 MHz spectrometers as 

indicated below. 1H NMR spectra are referenced to non-deuterated internal solvent residuals and 

are reported in parts per million (ppm) relative to tetramethylsilane. 19F and 2H NMR spectra are 

referenced to their respective 1H spectra. Multiplicities are reported as follows: singlet (s), doublet 

(d), triplet (t), quartet (q). The spectra for paramagnetic molecules were obtained by using an 

acquisition time of 0.5 s, thus the peak widths reported have an error of ±2 Hz.  

IR spectra were recorded on a Nicolet iS10 FT-IR spectrometer with an ATR accessory or 

KBr pellets as specified. Solution IR spectra were recorded on a Nicolet iS50 FT-IR spectrometer 

using cell equipped with KBr plates and the solvent specified below. Mass spectra were recorded 

on either a Bruker AutoFlex Speed MALDI-TOF in anthracene matrix or an Agilent 6230 TOF 

HPLC-MS with a liquid phase of 95% acetonitrile, 5% water, 0.1% formic acid. Electronic 

absorption spectra were recorded at ambient temperature in sealed 1 cm or 0.1 cm quartz cuvettes 

(as specified) with a Varian Cary-50 spectrophotometer. EPR spectra were collected on a Bruker 

EMX electron spin resonance spectrometer, with a Bruker 4102-ST cavity, at liquid N2 

temperatures in frozen solvent (specified below). EPR were modeled using the program WinEPR 

(Bruker). 
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Electrochemistry was performed with a Pinewave Wavenow potentiostat under a 

dinitrogen atmosphere with a glassy carbon working electrode, a platinum counter electrode, and 

a silver wire pseudo-reference electrode. Measurements were referenced against an internal 

ferrocene standard. Electrolyte, [NBu4][OTf], was used in 0.1 M in CH3CN. 

Single crystal data for 1F-PF6, 1Cl-PF6, 1Br-PF6, NiCl2LH, NiCl2TPA, and [NiClTPA]PF6 

collected on a Bruker Quest diffractometer with a fixed chi angle, a Mo K wavelength (λ = 

0.71073 Å) sealed tube fine focus X-ray tube, single crystal curved graphite incident beam 

monochromator and a Photon100 area detector equipped with an Oxford Cryosystems low 

temperature device. Examination and data collection were performed at 150 K. Data were 

collected, reflections were indexed and processed, and the files scaled and corrected for absorption 

using APEX3207 and SADABS.208  

Single crystal data for 2F were collected using a Rigaku AFC10K Saturn 944+ CCD-based 

X-ray diffractometer equipped with a low temperature device and a Micromax-007HF Cu-target 

microfocus rotating anode (λ = 1.54187 Å) operated at 1.2 kW power (40 kV, 30 mA). The data 

were collected using CrystalClear 2.016.209 The X-ray intensities were measured at 85(1) K with 

the detector placed at a distance 42.00 mm from the crystal. A total of 2028 images were collected 

with an oscillation width of 1.0° in w. The exposure times were 1 sec. for the low angle images, 3 

sec. for high angle. Rigaku d*trek images were exported to CrysAlisPro 1.171.40.53 for processing 

and corrected for absorption.210 The integration of the data yielded a total of 57192 reflections to 

a maximum 2θ value of 138.68° of which 6999 were independent and 4293 were greater than 

2σ(I).  The final cell constants were based on the xyz centroids of 6999 reflections above 10σ(I). 

Empirical absorption correction was applied using spherical harmonics, as implemented in the 

SCALE3 ABSPACK scaling algorithm. 
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For all structures, the space groups were assigned using XPREP within the SHELXTL suite 

of programs211-212 and solved by direct methods using ShelXS107 and refined by full matrix least 

squares against F2 with all reflections using Shelxl2018213 using the graphical interface Shelxle.214 

H atoms attached to carbon atoms were positioned geometrically and constrained to ride on their 

parent atoms. C-H bond distances were constrained to 0.95 Å for aromatic C-H moieties, and to 

0.99 and 0.98 Å for aliphatic CH2 and CH3 moieties, respectively. Methyl CH3 H atoms were 

allowed to rotate but not to tip to best fit the experimental electron density. Uiso(H) values were set 

to a multiple of Ueq(C) with 1.5 for CH3, NH3
+ and OH, and 1.2 for C-H, CH2, B-H, N-H and NH2 

units, respectively. Positions for N-bound H atoms were freely refined. For 1F-PF6, NiCl2LH, and 

1Br-PF6 N-H distances were restrained to a target value of 0.88(2) Å. Their Uiso(H) values were 

either freely refined or set to 1.2 times Ueq(N) (1F-PF6) or 1.5 times Ueq(N) (2F). 

2.9.3 Synthesis of compounds 

Synthesis of NiBr2LH: On the benchtop, a 20 mL scintillation vial was charged with NiBr2(DME) 

(77 mg, 0.2495 mmol), LH (152 mg, 0.2696 mmol), and 18 mL CH3CN. The reaction was stirred 

for 2 hr, then precipitated with 50 mL Et2O. The solvent was decanted off the resulting green solid, 

the solids washed with 10 mL Et2O, and dried to afford a pale green powder (161.8 mg, 83% 

yield). MALDI-TOF of C36H33Br2N7Ni1 – Br: Calc. 700.133; Found 701.814. 1H NMR (CH3CN, 

25 °C) δ 7.06, 7.26, 7.36, 10.04, 34.92, 62.83. Selected IR data (ATR) ν = 3251, 3228, 3199, 1614, 

1593, 1575, 1525, 1470, 1445, 1343, 1165, 994, 782, 747, 699 cm-1. 

Synthesis of NiCl2LH: On the benchtop, a 20 mL scintillation vial was charged with NiCl2•6H2O 

(39 mg, 0.1641 mmol), LH (100 mg, 0.1774 mmol), and 18 mL CH3CN. The reaction was stirred 

for 2 hr, then precipitated with 50 mL Et2O. The resulting green solid was decanted, washed with 

10 mL Et2O, and dried to afford a pale green powder (100.2 mg, 88% yield). Single, X-ray quality 
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crystals were grown by diffusion of Et2O into a DCM solution of NiCl2LH at room temperature. 

MALDI-TOF of C36H33Cl2N7Ni1 – Cl: Calc. 656.184; Found 655.737. 1H NMR (CH3CN, 25 °C) 

δ 7.12, 7.33, 9.98, 34.75. Selected IR data (ATR) ν = 3246, 3198, 3106, 3032, 1614, 1592, 1575, 

1525, 1469, 1444, 1345, 1170, 995, 781, 751, 699 cm-1. 

Synthesis of NiF2LH: In the glovebox, a 20 mL scintillation vial was charged with NiCl2LH (48 

mg, 0.0692 mmol), CsF (24 mg, 0.1580 mmol), and 15 mL CH3CN. After the reaction was stirred 

for 24 hr, the solution was filtered and the solvent removed, leaving a blue-green crystalline solid 

(44 mg, 94% yield). MALDI-TOF of C36H33F2N7Ni1 – F: Calc. 640.214; Found 639.733. 1H NMR 

(CH3CN, 25 °C) δ 7.10, 7.44, 8.12, 11.47, 39.71, 61.17. Selected IR data (ATR) ν = 3243, 3178, 

3035, 2991, 2927, 1613, 1595, 1577, 1498, 1472, 1445, 1355, 1163, 999, 773, 748, 695 cm-1. 

Alternate synthesis of NiF2LH: In the glovebox, a 20 mL scintillation vial was charged with 

NiBr2LH (26 mg, 0.0332 mmol), CsF (11 mg, 0.0724 mmol), and 6 mL CH3CN. The reaction was 

stirred for 48 hr, filtered, and the blue solid extracted with CH2Cl2 before volatiles were removed, 

leaving a blue-green solid (16.2 mg, 74% yield). 1H NMR (CH3CN, 25 °C) δ 7.11, 7.44, 7.83, 

10.60, 38.09, 63.36. 

Synthesis of NiCl2TPA: On the benchtop, a 20 mL scintillation vial was charged with NiCl2•6H2O 

(123 mg, 0.5175 mmol), TPA (156 mg, 0.5373 mmol), and 18 mL CH3CN. The reaction was 

stirred for 2.5 hr, then precipitated with 50 mL Et2O. The solvents were decanted off the resulting 

bright blue solid, which was washed with 10 mL Et2O, and dried to afford a blue powder (182.5 

mg, 85% yield). Single, X-ray quality crystals were grown by diffusion of Et2O into a CH3CN 

solution of NiCl2TPA at room temperature. LC-MS C18H18Cl2N4Ni – 2Cl + H: Calc. 349.0963, 

Found 349.0988. 1H NMR (CH3CN, 25 °C) δ 13.83, 42.88, 50.19. Selected IR data (ATR) ν = 

1603, 1572, 1479, 1439, 1256, 1098, 1050, 1022, 771 cm-1. 
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Synthesis of NiBr2TPA: On the benchtop, a 20 mL scintillation vial was charged with 

NiBr2(DME) (40 mg, 0.1296 mmol), TPA (42 mg, 0.1481 mmol), and 5 mL CH3CN. The reaction 

was stirred for 2.5 hr, then precipitated with 15 mL Et2O. The solvent was decanted off the 

resulting bright blue solid, which was washed with Et2O (3 x 5 mL), and dried to afford a blue 

solid (60 mg, 91% yield). LC-MS of C18H18Br2N4Ni – 2 Br: Calc. 348.0885. Found 349.0988. 1H 

NMR (CH3CN, 25 °C) δ 14.11, 45.36, 50.97. Selected IR data (ATR) ν = 2895, 1604, 1476, 1432, 

1422, 1286, 1099, 1050, 1021, 757 cm-1.  

Attempted synthesis of NiF2TPA: A 20 mL scintillation vial was charged with NiCl2TPA (24.5 

mg, 0.0583 mmol), CsF (42 mg, 0.1284 mmol), and 10 mL CH3CN. The reaction was stirred for 

24 hr and the product characterized in situ by 1H NMR spectroscopy. The spectrum shows free 

ligand and a complex mixture of paramagnetic compounds. 

Synthesis of 1Br-PF6: A 20 mL scintillation vial was charged with NiBr2LH (25 mg, 0.0320 mmol) 

and 5 mL CH3CN. Separately, TlPF6 (12.2 mg, 0.0349 mmol) was dissolved in 1 mL CH3CN, and 

combined with the NiBr2LH solution. The solution was mixed and allowed to stand for 10 min for 

TlBr to precipitate. The green solution was filtered and dried to a green residue that was further 

washed with pentane to afford a green solid (25 mg, 93% yield). This sample was subjected to 

elemental analysis: Calc. for C36H33BrF6N7NiP+H2O C, 49.97; H, 4.08; N, 11.33. Found C, 49.58; 

H, 3.83; N, 11.32. Single, X-ray quality crystals were grown by diffusion of Et2O into a CH3CN 

solution of 1Br-PF6 at room temperature. MALDI-TOF of C36H33BrF6N7NiP: Calc. 700.133; 

Found 701.649. 1H NMR (CH3CN, 25 °C) δ 7.06, 7.26, 7.37, 10.07, 35.01, 63.14. 19F NMR 

(CH3CN, 25 °C) δ -72.87 (d). Selected IR data (KBr) ν = 3242, 3105, 3035, 1617, 1593, 1576, 

1528, 1473, 1456, 1349, 1169, 837 cm-1. μeff = 2.51 +/- 0.24 (25 °C, CH3CN).  
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Synthesis of 1Br-BAr″4: A 20 mL scintillation vial was charged with NiBr2LH (39.5 mg, 0.0505 

mmol) and 7 mL CH3CN. Separately, TlBAr'4 (59.7 mg, 0.0559 mmol) was dissolved in 3 mL 

CH3CN, and combined with the NiBr2LH solution. The solution was mixed and allowed to stand 

for 10 min for TlBr to precipitate. The green solution was filtered and dried to a green solid (76 

mg, 96% yield). MALDI-TOF of C68H45BBrF24N7Ni– BAr′4: Calc. 700.133; Found 699.224. 1H 

NMR (CH3CN, 25 °C) δ 7.05, 7.24, 7.36, 10.09, 35.51, 63.41. 19F NMR (CH3CN, 25 °C) δ -63.28 

(s). Selected IR data (KBr) ν = 3261, 3107, 3040, 1619, 1596, 1578, 1531, 1475, 1460, 1355, 1277, 

1124, 996, 887, 838, 785, 747, 714, 682 cm-1. UV-vis (THF, room temperature; λmax, molar 

absorptivity): 638 nm, 13 cm-1M-1; 1075 nm, 20 cm-1M-1). μeff = 2.64 +/- 0.16 (25 °C, CH3CN).  

Synthesis of 1Cl-PF6: A 20 mL scintillation vial was charged with NiCl2LH (39.2 mg, 0.0565 

mmol) and ~8 mL CH3CN. Separately, TlPF6 (20.6 mg, 0.0590 mmol) was dissolved in ~1 mL 

CH3CN and combined with the NiCl2LH solution. The solution was mixed and allowed to stand 

for 20 min for TlCl to precipitate. The green solution was filtered and dried, then extracted with 

CH2Cl2, filtered, and dried to a bright green residue that was further washed with pentane to afford 

a green solid (39.9 mg, 88% yield). This sample was subjected to elemental analysis: Calc. for 

C36H33ClF6N7NiP C, 53.86; H, 4.14; N, 12.21. Found C, 53.46; H, 4.34; N, 12.24. Single, X-ray 

quality crystals were grown by diffusion of Et2O into a CH3CN solution of 1Cl-PF6 at room 

temperature. MALDI-TOF of C36H33ClF6N7NiP – PF6: Calc. 656.184; Found: 655.720. 1H NMR 

(CH3CN, 25 °C) δ 7.09, 7.37, 10.07, 35.98, 63.24. 19F NMR (CH3CN, 25 °C) δ -72.87 (d). Selected 

IR data (KBr) ν = 3246, 3104, 3040, 1616, 1593, 1577, 1529, 1474, 1456, 1352, 1277, 1168, 118, 

837, 780, 748, 694 cm-1. μeff = 2.58 +/- 0.11 (25 °C, CH3CN). 

Synthesis of 1Cl-BAr″4: A 20 mL scintillation vial was charged with NiCl2LH (19.8 mg, 0.02865 

mmol) and ~5 mL CH3CN. Separately, TlBAr'4 (30.6 mg, 0.0287 mmol) was dissolved in ~1 mL 
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CH3CN and combined with the NiCl2LH solution. The solution was mixed and allowed to stand 

for 20 min for TlCl to precipitate. The green solution was filtered and dried to afford a green solid 

(40.5 mg, 92% yield). MALDI-TOF of C68H45BClF24N7Ni – BAr′4: Calc. 656.184; Found: 

655.357. 1H NMR (CH3CN, 25 °C) δ 7.08, 7.36, 10.06, 36.02, 63.41. 19F NMR (CH3CN, 25 °C) δ 

-63.27 (s). Selected IR data (KBr) ν = 3368, 3322, 3111, 3041, 2932, 1620, 1596, 1580, 1527, 

1477, 1458, 1355, 1278, 1123, 997, 839, 785, 746, 713, 682 cm-1, UV-vis (THF, room temperature; 

λmax, molar absorptivity): 638 nm, 19 cm-1M-1; 1046, 28 cm-1M-1. μeff = 2.22 +/- 0.13 (25°C, 

CH3CN). Synthesis of 1F-PF6: A 20 mL scintillation vial was charged with NiF2LH (34.9 mg, 

0.0529 mmol) and 5 mL CH3CN. Separately, TlPF6 (22 mg, 0.0630 mmol) was dissolved in 1 mL 

CH3CN, and combined with the NiF2LH solution. The solution was stirred for 2 h to allow TlF to 

precipitate. The blue-green solution was filtered and dried to a blue-green residue solid. The solid 

was extracted with CH2Cl2 and dried, then washed with 5 mL pentane and dried to afford a green 

solid (30.1 mg, 72% yield). This sample was subjected to elemental analysis: Calc. for 

C33H36F7N7NiP C, 54.99; H, 4.23; N, 12.47. Found C, 54.88; H, 4.25; N, 12.66. Single, X-ray 

quality crystals were grown by diffusion of Et2O into a CH3CN solution of 1F-PF6 at room 

temperature. MALDI-TOF of C33H36F7N7NiP – PF6: Calc. 640.213; Found 639.716. 1H NMR 

(CH3CN, 25 °C) δ 7.12, 7.46, 7.84, 10.45, 38.58, 65.03, 81.50. 19F NMR (CH3CN, 25 °C) δ -72.31 

(d). IR data (KBr) ν = 3247, 3111, 3035, 1616, 1594, 1578, 1533, 1475, 1458, 1352, 1167, 997, 

837, 782, 748, 695 cm-1. μeff = 2.49 +/- 0.05 (25°C, CH3CN). 

Synthesis of 1F-BAr″4: A 20 mL scintillation vial was charged with NiF2LH (18.9 mg, 0.02862 

mmol) and 5 mL CH3CN. Separately, TlBAr'4 (31 mg, 0.02904 mmol) was dissolved in 1 mL 

CH3CN, and combined with the NiF2LH solution. The solution was stirred for 1 h to allow TlF to 

precipitate. The blue-green solution was filtered and dried to a blue-green solid (41 mg, 95% yield). 
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This sample was subjected to elemental analysis: Calc. for C33H36F7N7NiP C, 54.99; H, 4.23; 

N, 12.47. Found C, 54.88; H, 4.25; N, 12.66. MALDI-TOF of C68H45BFF24N7Ni – BAr'4: Calc. 

640.214; Found 639.926 1H NMR (CD3CN, 25 °C) δ 7.12, 7.46, 7.66, 7.84, 10.45, 38.91, 65.25, 

81.52. 19F NMR (CH3CN, 25 °C) δ -63.29 (s). IR data (KBr), ν = 3359, 3108, 3042, 1666, 1620, 

1602, 1583, 1479, 1355, 1279, 1124, 888, 839, 786, 745, 713, 682 cm-1. UV-vis (THF, room 

temperature; λmax, molar absorptivity): 581 nm, 11 cm-1M-1; 937 nm, 15 cm-1M-1.  

Synthesis of [NiClTPA]PF6: A 20 mL scintillation vial was charged with NiCl2TPA (19.9 mg, 

0.0474 mmol) and ~8 mL CH3CN. Separately, TlPF6 (18 mg, 0.0515 mmol) was dissolved in ~2 

mL CH3CN and combined with the NiCl2TPA solution. The solution was mixed to allow TlCl to 

precipitate. The pale blue solution was filtered and dried to afford a pale blue solid (26 mg, 

quantitative yield). Single, X-ray quality crystals were grown by diffusion of Et2O into a CH3CN 

solution of [NiClTPA]PF6 at room temperature. LC-MS of C50H30BClF24N4Ni – PF6 – Cl: Calc. 

348.0885; Found 349.1031. 1H NMR (CH3CN, 25 °C) δ 13.86, 44.63, 52.07. 19F NMR (CH3CN, 

25 °C) δ -72.53 (d). IR data (ATR) ν = 1738, 1608, 1443, 1371, 1287, 1217, 1101, 1054, 1025,831, 

763 cm-1. 

Synthesis of [NiClTPA]BAr″4: A 20 mL scintillation vial was charged with NiCl2TPA (30 mg, 

0.0714 mmol) and ~8 mL CH3CN. Separately, TlBAr'4 (76.3 mg, 0.0715 mmol) was dissolved in 

~2 mL CH3CN and combined with the NiCl2TPA solution. The solution was mixed to allow TlCl 

to precipitate. The pale blue solution was filtered and dried to afford a pale blue solid (74 mg, 83% 

yield). This sample was subjected to elemental analysis: Calc. for C50H30BClF24N4Ni+H2O C, 

47.45; H, 2.55; N, 4.43. Found C, 47.15; H, 2.55; N, 4.13. Single, X-ray quality crystals were 

grown by diffusion of Et2O into a CH3CN solution of [NiClTPA]PF6 at room temperature. LC-MS 

of C50H30BClF24N4Ni – BAr'4 – Cl: Calc. 348.0885; Found 349.0958. 1H NMR (CH3CN, 25 °C) δ 
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7.66, 13.88, 44.82, 52.12. 19F NMR (CH3CN, 25 °C) δ -63.28 (s). IR data (ATR), ν = 1607, 1354, 

1274, 1109, 885, 838, 764, 714, 682, 669 cm-1. UV-vis (THF, room temperature; λmax, molar 

absorptivity): 611 nm, 23 cm-1M-1; 998 nm, 28 cm-1M-1. μeff = 2.50 +/- 0.16 (25 °C, CH3CN). 

Synthesis of [NiBrTPA]BAr″4: A 20 mL scintillation vial was charged with NiBr2TPA (30 mg, 

0.0590 mmol) and ~8 mL CH3CN. Separately, TlBAr'4 (63 mg, 0.0590 mmol) was dissolved in ~2 

mL CH3CN and combined with the NiBr2TPA solution. The solution was mixed to allow TlBr to 

precipitate. The pale blue solution was filtered and dried to afford a pale blue solid (69 mg, 91% 

yield). LC-MS of C50H30BBrF24N4Ni – BAr'4 – Br: Calc. 348.0885; Found 349.1022. 1H NMR 

(CH3CN, 25 °C) δ 7.65, 14.06, 45.91, 51.43. 19F NMR (CH3CN, 25 °C) δ -63.22 (s). Selected IR 

data (ATR), ν = 1610, 1440, 1350, 1270, 1120, 886, 838, 763 680 cm-1.  

Synthesis of 2Br: A 20 mL scintillation vial was charged with 1Br-PF6 (13.8 mg, 0.0163 mmol) 

and 3 mL THF. Separately, KC8 (2.7 mg, 0.0200 mmol) was combined with 2 mL THF in an 8 

mL vial, and both solutions were cooled to -78 °C in a cold-well. After 30 minutes, the KC8 stock 

solution was added dropwise to the cold solution of 1Br-PF6 with stirring. The pale green solution 

turned a dark purple upon addition, and was then allowed to stir for ~5 min. This solution was kept 

in the cold-well at -78°C for 30 minutes before filtering. This solution was dried, extracted with 5 

mL toluene, filtered and dried. The residue was redissolved in minimum toluene, filtered, and dried 

to a dark green solid (4.1 mg, 36% yield). 1H NMR (THF, 25 °C) δ 7.01, 7.24, 15.81, 18.38. IR 

data (KBr) ν = 3422, 3220, 3103, 3036, 2920, 1612, 1594, 1577, 1498, 1474, 1449, 1355, 1164, 

843, 782, 748, 696 cm-1. UV-vis (THF, room temperature; λmax, molar absorptivity): 555 nm, 3030 

cm-1M-1.  

Alternate synthesis of 2Br: A 20 mL scintillation vial was charged with 1Br-BAr″4 (25.6 mg, 

0.0164 mmol) and 3 mL THF. Separately, KC8 (2.8 mg, 0.0207 mmol) was combined with 2 mL 
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THF in an 8 mL vial, and both solutions were cooled to -78°C in the cold-well. After 30 minutes, 

the KC8 stock solution was added dropwise to the cold solution of 1Br-BAr″4 with stirring. The 

pale green solution turned a dark purple upon addition, and was then allowed to stir for ~5 min. 

This solution was kept in the cold-well at -78 °C for 30 minutes before filtering. The product was 

characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 °C) δ 6.72, 6.96, 7.52, 7.74, 

15.43, 17.94. EPR (toluene, 110K): gx = 2.055, gy = 2.245, gz = 2.265, linewidth = 18, 60, 60 G 

(Frequency: 9.258 GHz. Power: 10.28 W. Modulation: 100.00 kHz.). Elemental analysis of 2Br 

could not be obtained due to the thermal instability of the complex. 

Synthesis of 2Cl: A 20 mL scintillation vial was charged with 1Cl-PF6 (14.7 mg, 0.0183 mmol) 

and 3 mL THF. Separately, KC8 (3.0 mg, 0.0222 mmol) was combined with 2 mL THF in an 8 

mL vial, and both solutions were cooled to -78 °C in the cold-well. After 30 minutes, the KC8 

stock solution was added dropwise to the cold solution of 1Cl-PF6 with stirring. The pale green 

solution turned a dark blue upon addition, and was then allowed to stir for ~5 min. This solution 

was kept in the cold-well at -78 °C for 30 minutes before filtering. This solution was dried, 

extracted with 5 mL toluene, filtered and dried. The residue was redissolved in minimum toluene, 

filtered, and dried to a dark blue solid (7.1 mg, 59%). 1H NMR (THF, 25 °C) δ 6.78, 7.05, 19.21. 

IR data (KBr) ν = 3414, 3208, 3104, 3032, 1595, 1577, 1497, 1474, 1448, 1355, 1262, 1164, 997, 

844, 779, 749, 696 cm-1. UV-vis (THF, room temperature; λmax, molar absorptivity): 600 nm, 1941 

cm-1M-1.  

Alternate synthesis of 2Cl: A 20 mL scintillation vial was charged with 1Cl-BAr′″4 (24.0 mg, 

0.0158 mmol) and 3 mL THF. Separately, KC8 (2.6 mg, 0.01923 mmol) was combined with 2 mL 

THF in an 8 mL vial, and both solutions were cooled to -78 °C in the cold-well. After 30 minutes, 

the KC8 stock solution was added dropwise to the cold solution of 1Cl-BAr″4 with stirring. The 
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pale green solution turned a dark blue upon addition, and was then allowed to stir for ~5 min. This 

solution was kept in the cold-well at -78 °C for 30 minutes before filtering. The product was 

characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 °C) δ 6.77, 7.05, 7.52, 7.74, 

12.03, 18.98. EPR (toluene, 110K): gx = 2.020, gy = 2.280, gz = 2.210, linewidth = 50, 20, 90 G 

(Frequency: 9.229 GHz. Power: 10.28 W. Modulation: 100.00 kHz). t1/2 (THF, 25 °C) = 5.1 h. 

Elemental analysis of 2Cl could not be obtained due to the thermal instability of the complex. 

Synthesis of 2F: A 20 mL scintillation vial was charged with 1F-PF6 (9.9 mg, 0.0126 mmol) and 

3 mL THF. Separately, KC8 (2.2 mg, 0.0163 mmol) was combined with 1 mL THF in an 8 mL 

vial, and both solutions were cooled to -78°C in the cold-well. After 30 minutes, the KC8 stock 

solution was added dropwise to the cold solution of 1F-PF6 with stirring. The pale green solution 

turned a dark blue-green upon addition, and was then allowed to stir for ~5 min. This solution was 

kept in the cold-well at -78 °C for 30 minutes before filtering. This solution was dried, extracted 

with 5 mL toluene, filtered and dried. The residue was redissolved in minimum toluene, filtered, 

and dried to a dark green solid (3.0 mg, 37% yield). Single, X-ray quality crystals were grown by 

diffusion of pentane into a THF solution of 2F at -35 °C. 1H NMR (THF, 25 °C) δ 6.51, 7.03, 7.36, 

18.55. IR data (KBr) ν = 3415, 3185, 3037, 2920, 1613, 1597, 1579, 1498, 1476, 1450, 1356, 1278, 

1165, 841, 748, 696, 558 cm-1. UV-vis (THF, room temperature; λmax, molar absorptivity): 706 

nm, 1444 cm-1M-1. EPR (toluene, 110 K): gx = 2.270, gy =2.240, gz = 2.028, linewidth = 25, 25, 5 

G (Frequency: 9.312 GHz. Power: 10.28 W. Modulation: 100.00 kHz). Elemental analysis of 2F 

could not be obtained due to the thermal instability of the complex. 

Synthesis of NiClTPA: A 20 mL scintillation vial was charged with [NiClTPA]BAr″4 (20.7 mg, 

0.0166 mmol) and 3.0 mL THF. Separately, KC8 (2.6 mg, 0.0192 mmol) was combined with 2.0 

mL THF in an 8 mL vial, and both solutions were cooled to -78°C in the cold-well. After 30 
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minutes, the KC8 stock solution was added dropwise to the cold solution of [NiClTPA]BAr″4 with 

stirring. The pale blue solution turned a blue-green upon addition, and was then allowed to stir for 

~5 min. This solution was kept in the cold-well at -78 °C for 30 minutes before filtering. This 

solution was characterized in situ by 1H NMR, EPR, and electronic absorption spectroscopies. 1H 

NMR (THF, 25 °C) δ 7.53, 7.75, 32.18. UV-vis (THF, room temperature; λmax, molar absorptivity) 

726 nm, 4245 cm-1M-1. EPR (THF, 110 K): gx = 2.10, gy = 2.20, gz = 2.09, linewidth = 70.0, 20.0, 

and 70.0 G (Frequency: 9.258 GHz. Power: 10.28 W. Modulation: 100.00 kHz). t1/2 (THF, 25 °C) 

= 0.3 h. 

Synthesis of NiBrTPA: A 20 mL scintillation vial was charged with [NiBrTPA]BAr±4 (17 mg, 

0.0163 mmol) and 2.0 mL THF. Separately, KC8 (2.2 mg, 0.0185 mmol) was combined with 1.0 

mL THF in an 8 mL vial, and both solutions were cooled to -78 °C in the cold-well. After 30 

minutes, the KC8 stock solution was added dropwise to the cold solution of [NiBrTPA]BAr'4 with 

stirring. The pale blue solution turned a blue-green upon addition, and was then allowed to stir for 

~5 min. This solution was kept in the cold-well at -78 °C for 30 minutes before filtering. This 

solution was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 °C) δ 7.54, 7.75. 

2.9.4 in situ NMR characterization of 1F-PF6 

Low temperature 1H NMR study: A screw-cap NMR tube was charged with 1F-PF6 in THF. 

The 1H NMR spectrum of 1F-PF6 was taken at the following temperatures (shown from top to 

bottom in the stacked spectra): 25, 10, 0, -10, -20, -40, -60, -75°C. 

Preparation of 1F(DMAP)-PF6: A screw-cap NMR tube was charged with 1F-PF6 (8.9 mg, 

0.0113 mmol) and 1.8 mL THF. A stock solution of DMAP was prepared in THF (32.7 mg in 1.0 

mL THF, C = 0.2677 M) and 40 μL was delivered to the NMR tube. The tube was capped and 
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inverted to mix and the product characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 

25 °C) δ 7.07, 7.33, 7.81, 9.29, 10.33, 28.57, 36.68, 40.36, 60.79, 66.02, 78.17 

2.9.5 Half-life determination by UV-vis 

General procedure: In the cold well of the glovebox, the procedure for the reduction to NiI using 

KC8 (above) is followed, using an exact amount of THF (5.0 mL). Following filtration of graphite, 

0.7 mL of the solution was loaded into a 0.1 cm pathlength quartz UV-vis cuvette. The threads 

were then taped with Teflon tape, capped, and Teflon tape wrapped around the outside of the cap. 

This was brought out of the box and equilibrated at ambient temperature for 5 minutes before the 

kinetics scans on the Cary-50 instrument were started. Absorbance data from 1100 to 200 nm was 

collected every 2 min for 3.5 h. 

For 2Cl: 1Cl-BAr″4 (24 mg, 0.01578 mmol) dissolved in 3.0 mL THF was combined at -

78°C with a cold slurry of KC8 (2.6 mg, 0.01923) in 2.0 mL THF. This solution was filtered before 

being added to the cuvette for measurement. 

For NiClTPA: [NiClTPA]BAr″4 (20.7 mg, 0.01659 mmol) was dissolved in 3.0 mL THF 

and combined at -78 °C with a cold slurry of KC8 (2.6 mg, 0.01923 mmol) in 2.0 mL THF. This 

solution was filtered and transferred to the cuvette for measurement. 

2.9.6 Ligand deuteration 

A 20 mL scintillation vial was charged with LH (51 mg, 0.0905 mmol), 4.0 mL d3-MeCN, 1.0 mL 

D2O, and 330 μL of a stock solution of DCl in D2O (0.0063 M). The solution was stirred at 35°C 

for 1 hr before removing the solvent under vacuum at 40°C and drying for >1h at 40°C. A second 

iteration used 500 μL of the DCl stock solution and was dried for 1 hr at 40°C. The product was 

characterized by 1H and 2H NMR spectroscopy in CH2Cl2 using C6D6 as an internal standard. 
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Deuterium incorporation was determined by integrating the 2H NMR spectrum against the internal 

standard (36% incorporation based on relative integration). 

2.9.7 Fluoride abstraction reactions: 

General procedure: A THF solution of 2Br/NiXTPA (X = Br or Cl) was added to a vial equipped 

with a stir bar and chilled in the cold well in the glovebox for at least 15 min. A cold THF solution 

of TlBAr″4 was added followed by rapid addition of a cold solution of substrate by autopipette. 

This solution was mixed well and allowed to warm to room temperature. The products were 

characterized in situ by 1H NMR spectroscopy. 

NaBF4:  

2Br: The stock solutions were chilled prior to use at -78 °C in the cold well. 2Br (0.75 mL, 

0.0026 mmol), TlBAr″4 (119 L, 0.0033 mmol), and NaBF4/15c5 (140 L, 0.0028 mmol) were 

combined according to the general procedure at -78 °C and stirred at room temperature for 30 

minutes. The product was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 °C) 

δ 7.22, 7.53, 7.75, 9.56, 38.90, 63.82. 

NiBrTPA: The stock solutions were chilled prior to use at -78 °C in the cold well. NiBrTPA 

(0.60 mL, 0.0026 mmol), TlBAr″4 (121 L, 0.0034 mmol), and NaBF4/15c5 (142 L, 0.0029 

mmol) were combined according to the general procedure at -78°C and stirred at room temperature 

for 30 minutes. The product was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 

25 °C) δ 7.52, 7.74.  

NaSbF6:  

2Br: The stock solutions were chilled prior to use at -78 °C in the cold well. 2Br (0.50 mL, 

0.0027 mmol), TlBAr″4 (77 L, 0.0027 mmol), and NaSbF6/15c5 (138 L, 0.0027 mmol) were 

combined according to the general procedure at -78 °C and stirred at room temperature for 60 
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minutes. The product was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 °C) 

δ 7.09, 7.35, 7.53, 7.74, 9.47, 35.55, 61.66. 

NiClTPA: The stock solutions were chilled prior to use at -78 °C in the cold well. NiClTPA 

(0.50 mL, 0.0027 mmol), TlBAr″4 (77 L, 0.0027 mmol), and NaSbF6/15c5 (138 L, 0.0027 

mmol) were combined according to the general procedure at -78 °C and stirred at room temperature 

for 60 minutes. The product was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 

25 °C) δ 7.75, 7.74, 12.88, 43.83, 52.83. 

NFSI: 

2Br: The stock solutions were chilled prior to use at -98 °C in the cold well. 2Br (0.50 mL, 

0.0027 mmol), TlBAr″4 (155 L, 0.0027 mmol), and NFSI (83 L, 0.0027 mmol) were combined 

according to the general procedure at -98 °C and stirred at room temperature for 45 minutes. The 

product was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 °C) δ 6.95, 7.17, 

7.32, 7.54, 7.72, 7.91, 9.49, 9.74, 34.43, 37.00, 38.72, 40.68, 62.20, 64.08. 

NiClTPA: The stock solutions were chilled prior to use at -98 °C in the cold well. 2Br (0.50 

mL, 0.0027 mmol), TlBAr″4 (155 L, 0.0027 mmol), and NFSI (83 L, 0.0027 mmol) were 

combined according to the general procedure at -98 °C and stirred at room temperature for 45 

minutes. The product was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 °C) 

δ 7.53, 7.72, 7.92, 9.43, 12.53, 13.03, 13.63, 14.01, 40.69, 43.61, 47.62, 49.44, 53.02.  

NFTPT: 

2Br: The stock solutions were chilled prior to use at -98 °C in the cold well. 2Br (0.50 mL, 

0.0027 mmol), TlBAr″4 (155 L, 0.0027 mmol), and NFTPT (76 L, 0.0027 mmol) were 

combined according to the general procedure at -98 °C and stirred at room temperature for 45 
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minutes. The product was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 °C) 

δ 7.18, 7.46, 7.54, 7.73, 7.97, 9.52, 9.74, 35.54, 38.88, 40.73, 62.12, 64.09, 84.95.  

NiClTPA: The stock solutions were chilled prior to use at -98 °C in the cold well. NiClTPA 

(0.50 mL, 0.0027 mmol), TlBAr″4 (155 L, 0.0027 mmol), and NFTPT (76 L, 0.0027 mmol) 

were combined according to the general procedure at -98 °C and stirred at room temperature for 

45 minutes. The product was characterized in situ by 1H NMR spectroscopy. 1H NMR (THF, 25 

°C) δ -24.92, 6.77, 7.54, 7.73, 12.56, 13.00, 14.04, 40.77, 43.82, 46.96, 49.30, 52.33. 

2.9.8 Dioxygen activation 

O2 reaction with NiI 

Following the same dehalogenation procedure described for the fluoride abstraction reactions 

above, 2Br (500 μL of 0.0047 M stock solution in THF) was added to a J. Young tube, frozen in 

liquid N2, then layered with TlBAr″4 (54 μL, 50 mg, 0.0123 mmol, in 1.0 mL THF) and again. The 

tube was evacuated and refilled with O2 and thawed at -78 °C. The reaction was observed by 1H 

NMR spectroscopy after it was brought to room temperature slowly over an hour. New 

paramagnetic peaks formed within 1 h upon addition of O2, with complete consumption of the 

starting material. We have identified this as a [Ni(OH)LH]+  species (see synthesis below). 

Synthesis of Ni(OH)LHOTf (3). In a 20 mL vial, Ni(OTf)2 (75 mg, 0.210 mmol), LH (123 mg, 

0.218 mmol), and NaOH (9 mg, 0.225 mmol) were combined in CH3CN (18 mL) and stirred 

overnight at room temperature. The reaction was filtered, dried, extracted in CH2Cl2, filtered and 

dried. The solid was rinsed with THF and dried to yield a pale blue solid (68 mg, 49 %). Single 

crystals suitable for x-ray crystallography were grown from Et2O/CH3CN. 1H NMR (400 MHz, 

CH3CN) δ 7.13, 7.43, 7.88, 10.00, 40.63, 61.87. Selected IR (KBr) ν = 3548, 3185, 3035, 2751, 
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1617, 1594, 1579, 1498, 1479, 1455, 1361, 1296, 1267, 1229, 1213, 1166, 1024, 1005, 907, 782, 

750, 700, 634, 517 cm-1. μeff = 3.24 (25 °C, CH3CN). 
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Chapter 3 Activation of O2 by an Iron(II) Complex Featuring Secondary Sphere 

Hydrogen Bonds 

 

Portions of this chapter are in manuscript for publication: 

Wilson, J. R; Zeller, M.; Szymczak, N. K.; Hydrogen bonds enable activation of dioxygen at iron: 

observation of intermediates and subsequent reactivity. In manuscript. 

 

3.1 Introduction 

Activation of dioxygen in biological systems is critical for oxidation of substrates, 

specifically incorporation of O2 directing into C-H bonds.215 A wide range of enzymes incorporate 

heme and non-heme iron-containing active sites for the reduction of O2 using iron.11, 51 The 

reduction of O2 progresses through several high valent intermediates before ultimately reacting 

with the organic substrate. These intermediates include superoxo and peroxo species, and in a 

proposed mechanism of activation, high valent mononuclear or bridging Fe-oxo units are 

implicated as the active species for substrate oxidation.13, 61 Many routes to access the FeIII-OH 

arise from the FeII-OH precursor through chemical oxidation,56, 216-217 or through OAT reaction,79, 

218 rather than via O2 activation. Accessing the highly reactive superoxo and peroxo complexes is 

even more challenging.76, 85-87 Characterization of these intermediates, particularly the proposed 

catalytically active high valent oxo species, is of broad interest towards developing synthetic 

systems which can use O2 rather than chemical oxidants to access oxidized substrates.  

Enzymatic systems typically incorporate acidic residues from nearby amino acids in the 

secondary coordination sphere of the active sites,3, 8, 219 which can allow for capture of dioxygen 
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and positioning of the substrates for oxidation, as well as stabilization of key intermediates. In 

model systems for non-heme iron complexes, such secondary sphere H-bonding moieties are less 

common, and there are relatively few well characterized iron(III)-hydroxo complexes derived from 

O2 that also feature H-bonds. Recent reports from the Fout220 and Goldberg162 groups have 

demonstrated the ability to capture and activate O2 using FeII precursors with H-bonding groups. 

However, one of the key challenges remaining is the identification and characterization of the 

intermediates of the dioxygen activation to form the terminal FeIII-OH complexes.  

There has been extensive work from the Que group using TPA ligands to characterize high-

valent intermediates implicated in O2 activation. One of the early reports of an FeIVTPA oxo 

complex was synthesized at low temperature using m-chloroperbenzoic acid.79 More recent work 

used a soluble iodosoarene variant to generate FeIV-oxo, which is a proposed intermediates in 

hydrogen peroxide oxidation reactions of cyclohexene.55 Importantly, the high valent iron oxo 

alone was found to be active for HAT of the allyl position over OAT to the C=C bond, while 

addition of H2O2 shifts the product distribution to favor OAT (Fig. 3.1), suggesting a different 

mechanism of oxidation (i.e. the Fe-oxo is not the species directly responsible for oxidation of 

cyclohexene). Efforts to access these high valent intermediates directly from O2 require bridging 

Fe2(OH)2 precursors or result only in the formation of a bridging FeIII-O-FeIII terminal product 

with no observable intermediates – typically dinuclear species are observed.87  

 

Figure 3.1 Products of cyclohexene oxidation via HAT or OAT mechanisms with FeIV-oxo 

species. 
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Figure 3.2 Project overview for activation of O2 with Fe complexes featuring H-bonds 

Prior work in our group targeted using the aniline substituted tris(2-pyridyl)amine ligand, 

LR (R = p-OMe, H, CF3) to target bridging dimetal peroxo complexes with copper and zinc.18, 22 

The isolated peroxo adducts engaged in H-bonding interactions with the -NHPh moieties, which 

was proposed as the reason for their stability and isolation. We also reported a phenolic variant of 

the same ligand, tpaOPh, which provided steric bulk, but lacked H-bond donors. The addition of 

steric bulk as well as the H-bonds in LR provides an interesting route to study the effect the 

secondary sphere coordination environment has on synthetic systems for O2 activation (Fig 3.2). 

Based on these studies, we set out to use the LR platform as a route to access the high valent 

intermediates of O2 activation with iron. 

3.2 Synthesis and Characterization of a Terminal FeIII-Hydroxo Complex 

We began our investigation into the reaction of O2 with iron complexes by first establishing 

that a terminal FeIII-OH complex would be compatible with our existing H-bonding ligand, LH. 

Stirring Fe(OTf)2, LH, and NaOH in acetonitrile at room temperature overnight resulted in the 

formation of [Fe(OH)LH]OTf (1). The FeII-OH complex was isolated a bright yellow solid 

following recrystallization from acetonitrile/ether. This complex was characterized by 1H NMR, 

IR, electronic, and EPR spectroscopies, as well as by X-ray crystallography. The paramagnetic 

complex appears symmetric on the 1H NMR timescale, reminiscent of our previously reported 

[Ni(X)LH]+ complexes (X = Br, Cl, F).125  Infrared spectroscopy clearly shows both N-H and O-H 



 52 

stretches, and electronic absorption spectroscopy reveals strong absorbances in the visible region 

(404 nm (ε = 1689 M-1cm-1), and weak d-d transitions in the near-visible region 803 nm (ε = 17 

M-1cm-1). The EPR spectrum shows no signals which is consistent with a high spin S = 2 iron 

center. These data support a formulation of a monomeric Fe(OH) complex as described, and 

suggest the -OTf anion can weakly coordinate to the FeII center (as observed in the crystal structure, 

see Fig. 3.4). 

The solid state structure of 1 shows trifurcated H-bonds from the -NH groups of the ligand 

to the bound -OH (Fig. 3.4). The average N…O distance is 2.874 Å, which is within the range of 

moderately strong H-bonds.181 The sixth coordination site of the FeII complex is occupied by the 

OTf anion, with one of the triflate oxygen atoms engaging in a H-bonding interaction with the Fe-

bound -OH ligand (2.958 Å). 

The redox capabilities of 1 were evaluated using cyclic voltammetry. This complex 

displays an irreversible FeII/FeI reduction at -2.45 V vs Fc in CH3CN/[Bu4N][OTf] electrolyte 

solution. When scanned oxidatively, complex 1 has a fully reversible FeII/FeIII oxidation event at 

0.04 V, with reversibility maintained over three orders of magnitude of scan rate. This led us to 

investigate chemical oxidation reactions of 1 to identify and isolate the FeIII-OH complex. 

 

Figure 3.3 Synthesis of FeIII-OH complex, 2. 

Complex 1 was oxidized with one equivalent of acetylferrocenium tetrakis-

(pentafluorophenyl) borate ([FeCOMe]BAr′4) to yield [Fe(OH)LH(OTf)]BAr′4 (2) (Fig. 3.3). The 

complex is readily isolated as a deep blue solid following extraction of the acetylferrocene 
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byproduct. NMR characterization of this complex shows complete consumption of 1 and formation 

of a new complex, with incorporation of the BAr′4 anion. Electronic absorption spectroscopy 

shows a new absorbance at 640 nm (ε = 990 M-1cm-1). The EPR spectrum is a rhombic high-spin 

species, with g values of ~ 2.9, 2.55, 1.95 (E/D ~ 0.28, D = 2). Other FeIII-OH complexes report 

similar E/D values (~ 0.33; ~0.26) and highly shifted effective g values (4.3; 5.0, 3.7).220 

 

Figure 3.4 Crystal structures of complexes 1 (left) and 2 (right). BAr′4 anion associated with 

complex 2 not shown. H-bonds shown as blue dashed lines. 

X-ray crystallography of a single crystal grown form dichloromethane/ether solution at room 

temperature give an octahedral complex which is isostructural with complex 1, with the addition 

of an outer-sphere BAr′4 anion (Fig. 3.4). The FeIII-OH distance is contracted in 2 (1.850(1) Å) 

compared to 1 (1.959(1) Å) as is expected upon a one electron oxidation. The H-bonding 

interactions to the -OH group are maintained and in fact do not significantly change in distance 

(avg. O…NH distance for 2: 2.873 Å; for 1: 2.874 Å), suggesting the H-bond strength in the FeII 

to FeIII species are of similar, moderate strength. In the solid state, complex 2 also exhibits 

intermolecular H-bonding to the bound -OTf ligand on second molecule of the complex. With the 

FeII-OH and FeIII-OH complex well characterized, demonstrating the ability of this system to 

stabilize Fe-oxygen complexes, we turned to investigations of dioxygen activation. 
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3.3 Synthesis of Fe(III)-OH from O2. 

Recent reports from both Goldberg and Fout have detailed the synthesis of FeIII-OH 

complexes derived from O2. After establishing a route to the authentic FeIII-OH complex 2, and 

based on prior work in our group that showed we could use H-bonding ligand, LH, to capture O2,18, 

22 we set out to determine if we could synthesize 2 via activation of dioxygen. Previous work with 

TPA-derived ligands have identified high valent FeIV-oxo species as a relatively stable 

intermediate of dioxygen activation at low temperatures in acetonitrile. In an [Fe(OH)2Fe](TPA)2
+ 

complex, a superoxo intermediate is proposed prior to formation of an Fe(O)(OO)Fe core.87 With 

this precedent, we investigated O2 activation by an iron(II) complex with H-bonding ligand LH. 

Based on prior work that demonstrated a high affinity for X-type ligands in the secondary 

sphere H-bonding pocket, we determined we would need to start from a coordinatively unsaturated 

FeII complex. We initially synthesized Fe(OTf)2LH (3) as a precursor for O2 activation. Stirring a 

solution of LH and Fe(OTf)2 in acetonitrile readily yielded the bis-triflate complex 3 in high yields, 

which was characterized by 1H NMR. The asymmetric NMR spectrum indicates the complex is 

octahedral, with two triflate ions coordinated. When complex 3 was subjected to atmospheric 

pressure of O2 in dichloromethane, a color change from bright yellow to pale green was observed. 

After 3 days, the color darkened to a deeper green, and a single new broad paramagnetic peak was 

observed, although complex 3 is not significantly consumed, and no other peaks shifted. This data 

suggests that the bis-triflate complex is relatively stable, and the exchange for O2 is not readily 

favored at room temperature for complex 3.  

As an alternate route to dioxygen activation with FeII, we instead targeted a complex with 

bulky, non-coordinating counter anions. Iron(II) hexakis-acetonitrile bis-(tetrakis(bis-3,5-

trifluoromethylphenyl) borate (Fe(MeCN)4(BAr″4)2) was combined with an acetonitrile solution 
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of ligand, LH, and stirred for 10 min. at room temperature to yield complex 4, which was isolated 

as a pale yellow solid. Complex 4 was subjected to an atmosphere of O2 at -78 °C, and upon 

warming to room temperature, the yellow solution turned green. After 5 min, a new species was 

observed by 1H NMR with complete conversion of the FeII precursor. After 5 hours at room 

temperature, this intermediate had been completely consumed. To identify the product of this 

reaction, complex 4 was reacted with O2 at -45 °C and the electronic absorption spectrum was 

monitored. A broad peak at 700 nm grew in over the course of 1 h as the solution turned green in 

color and a new species (5) was formed. Addition of 5 equivalents of dihydroanthracene (DHA) 

at -45 °C did not result in an immediate reaction, however, after bringing the reaction to room 

temperature over 24 h, the peak at 705 nm underwent a hyposchromic shift to 685 nm. When 

excess [NBu4][OTf] is added to this species, the maximum absorbance shifts to 645 nm, consistent 

with the authentic FeIII-OH(OTf) complex, 2. We thus propose that the absorbance at 700 nm is 

consistent with an FeIV-oxo species (5), and the species at 685 nm is the corresponding 5-

coordinate FeIII-OH complex (2a) (Fig. 3.5).  

 

Figure 3.5 O2 activation by complex 4 as observed by UV-vis spectroscopy. 
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3.4 Identification of Intermediates in O2 Activation Route 

The intermediates described above from the activation of O2 by complex 4 at low 

temperature exhibits a LMCT at 700 nm in CH2Cl2. This absorbance is similar to the intermediate 

(724 nm) observed in the reaction of FeII(MeCN)TPA with O2, which leads us to propose complex 

5 is an FeIV-oxo species. In order to better establish this, we subjected complex 4 to 1 equiv. of 

iodosobenzene (PhIO) while monitoring the electronic absorption spectrum. After 30 min at -45 

°C, no reaction had occurred. Allowing the reaction to warm to 0 °C over 1 h resulted in the growth 

of a peak at 705 nm (Fig. 3.6), along with a shoulder peak at 490 nm. This species decayed over 2 

h at -10 °C to a species with an absorbance at 680 nm. When this reaction was allowed to react at 

-45 °C in the presence of DHA, the species at 685 nm begins to form immediately. We propose 

that this product at 685 nm is the FeIII-OH species, [Fe(OH)LH](BAr″4)2 (3). 

.  

Figure 3.6 Left: Overlay of UV-vis spectra from reaction of complex 4 with O2 (black) or PhIO 

(red). Right: Overlay of UV-vis spectra from reaction of complex 4 and DHA with O2 (black) or 

PhIO (red). 

Due to the insolubility of PhIO in CH2Cl2, both at room temperature and low temperature, 

we switched to a more soluble variant, 2-(tert-butylsulfonyl)iodosylbenzene, SPhIO.221 When 

SPhIO is added to complex 4 at -45 °C in CH2Cl2, no intermediate species at 700 nm is observed, 

and instead the solution immediately turns dark blue-green with the growth of a peak at 640 nm 
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within < 10 min. Repeating this reaction at -78 °C slows this reaction down slightly, but still no 

peak at 700 nm is observed. When performed at -90 °C with slow addition of a cold solution of 

SPhIO, we observe the peak at 705 nm form after 2 min and addition of ~ 0.5 eq SPhIO. Within 

another 10 min, the maximum peak shifts to 635 nm, consistent with the previously observed 

product. We attribute the shift from 685 nm to 635 nm for the FeIII-OH to the presence of the 

sulfone, which could act as a weakly binding ligand, which forms a similar six-coordinate FeIII-

OH species, similar to that of the FeIII-OH(OTf) complex (λmax = 640 nm). This has been reported 

with the related Fe(O)TPA complex, and the increased activity of the complex was also 

observed.222 Importantly, the formation of the same intermediate at 705 nm at low temperature as 

observed in the reaction of 4 and O2 supports our assignment of this species as the high-valent 

FeIV-oxo complex. 

In order to establish the necessity of secondary sphere H-bonds in the activation of O2, we 

synthesized control complexes [FeII(MeCN)2tpaOPh]BAr″4 (6) and  [FeII(MeCN)2TPA]BAr″4 (7) 

in the same manner as complex 4b (Fig. 3.7). When control complexes 6 and 7 are subjected to O2 

in CH2Cl2 at -45 °C, no reaction occurs. No new peaks are observed over the course of several 

hours, and even warming the reaction solutions to room temperature overnight resulted in no new 

absorbances. The lack of reactivity of both control complexes provides us with valuable 

information regarding complex 4, with its secondary sphere H-bonds. Prior reactions of 

FeTPA(OTf)2 with O2 in CH2Cl2 only yielded the terminal FeIII-O-FeIII species after 3 days at room 

temperate,223 so our observations with complex 7 in this shorter time frame (24 h) is not surprising. 
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Figure 3.7 Molecular structures of FeII complexes used to study O2 activation as an effect of H-

bonding and steric bulk. H-bonds shown as blue dashed lines. 

We turned to electrochemistry to establish if the variance in reactivity is due to differences 

in electronics of the different ligands. Cyclic voltammetry experiments were run using 

[Bu4N][BAr″4] in MeCN (0.1 M) as the electrolyte, scanning oxidatively from the open circuit 

potential, and referenced to ferrocene at the end of the data collection. For all three complexes, no 

significant signals were observed in a 4 V window; the small irreversible peaks which could be 

identified were centered near zero, indicating all three complexes should be capable of reduction 

O2 (E° in MeCN = +1.21 V vs Fc).224-225 With the addition of excess [Bu4N][Cl], clear redox events 

were observable (Fig. 3.8). For complexes 6 and 7, a clearly reversible oxidation event is observed 

(E1/2 = -0.47 and -0.31 V at 100 mV/s, respectively). Complex 4 exhibits an irreversible event with 

a peak oxidative current at -0.38 V, which is within 0.14 V of the oxidation peak currents for the 

other iron(II) complexes (6: -0.36 V; 7: -0.24 V). We note that the irreversibility of complex 4 is 

reminiscent of the quasi-reversible nature of the NiII/NiI reduction events for the Ni-F species we 

previously reported.125 We attribute this to a slower process of -Cl ion exchange at the metal center 

due to the H-bonding moieties in the complex. Indeed, when the scan rate is changed to slower 

scan rate (10 mV/s), the event remains irreversible. However, at faster scan rates (1000 mV/s), the 

reductive wave of the event is observed as the scan rate outpaces the chemical dissociation event. 

This allows us to obtain an E1/2 value of -0.37 V, which is intermediate to complexes 6 and 7. The 

more positive oxidation potential of 7 indicates it is less likely to react with O2 but with such 



 59 

similar potentials across the series (Δ = ~ 150 mV), it is unlikely that the electronic effect plays a 

significant role in the binding and activation of O2. 

 

Figure 3.8 Comparison of cyclic voltammetry for complex 4, 6, and 7 in the presence of excess 

[Bu4N][Cl] in 0.1 M [Bu4N][BAr′4] in CH3CN. 

If the activation of O2 was only related to secondary sphere steric bulk, we would expect 

to see a reaction with complex 6, which contains bulky secondary sphere -OPh groups, analogous 

to the -NHPh groups on complex 4, but lacks the ability to form H-bonding interactions. However, 

neither complex 6 nor complex 7 react with dioxygen under our standard conditions. These results 

suggest that steric bulk alone is not sufficient for dioxygen activation, but that incorporation of 

secondary sphere H-bonds is necessary enable the activation of O2. We propose that the interaction 

of the oxygen atom with the H-bonds provides a kinetic stabilization of the intermediates of O2 

activation (as indicated by our observation of the FeIV-oxo intermediate), which enables the 

reaction to proceed where similar complexes without H-bonds do not.  

3.5 Reactivity Studies 

A recent report from the Goldberg group reported FeIII-OH complexes derived from O2 

that were capable of undergoing a hydroxyl radical rebound to trityl radical.105 At the same time, 

the Fout group demonstrated the same reactivity with a different FeIII-OH complex. With our 
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established FeIII-OH complex 2 in hand, as well as a route to access the related species 3 via O2 

activation, we evaluated this system for its rebound hydroxylation ability. At room temperature 

under N2 atmosphere, [FeCOMe]BAr′4 was added to a solution of complex 1 to generate 2 in situ. 

Subsequent addition of excess Gomberg’s dimer yielded trityl alcohol in 62% yield (by 1H NMR) 

after 1 hr (Fig. 3.9). Performing the same reaction using [Fe(OH)TPA]2(OTf)2 as the precursor 

results in only 13% yield after 24 h. In order to establish the same reactivity as the Goldberg group, 

we subjected complex 4 to an O2 atmosphere at -45 °C in the presence of DHA and Gomberg’s 

dimer for 2 h to yield trityl alcohol in 42% yield (by GC). These results are consistent with the 

reports from Goldberg and Fout and establish the hydroxyl radical rebound reactivity of this FeIII-

OH complex. 

 

Figure 3.9 Rebound hydroxylation reaction from 2, generated in situ, to Gomberg's dimer. 

In addition to the reactivity of the FeIII-OH complex, we were interested in testing the 

reactivity of the high-valent intermediate. Following the reaction of 4 with O2 at -45 °C in CH2Cl2 

for 3 h to generate 5 and warming to room temperature, 30 eq. of cyclohexene (BDE = 81 kcal/mol, 

DMSO; 109.4 [vinyl], 83.9 [allyl] kcal/mol, gas phase)226-227 were added to the reaction (Fig. 3.10), 

at which time the absorbance corresponding to 5 began to immediately decrease. After reacting 

for 22 h, GC-MS analysis of the solution shows the formation of cyclohexenone, 2-cyclohexen-1-

ol, and 2-cyclohexen-1-ol as the major products of the reaction (Table 3.1). All three of these 

products are the products of hydrogen atom transfer (HAT), as opposed to oxygen atom transfer. 

There is no evidence of cyclohexene oxide, the product of oxygen atom transfer (OAT), which is 
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the major product of Fe(OTf)2TPA and cyclooctene with O2 in MeCN.79 Favoring HAT over OAT 

is consistent with other work from the Que group that showed the HAT products of cyclohexene 

with a high-valent FeIV(O)TPA complex can be favored over OAT products.55 Additionally, high-

spin FeIV-oxo complexes have been shown to follow a similar pattern of HAT reactivity over OAT 

into the C=C bond.228 

 

Figure 3.10 Reaction of cyclohexene with the product of O2 activation by complex 4. Products 

detected in the reaction are outlined in Table 3.1. 

Table 3.1 Products of cyclohexene oxidation via 5 as identified by GCMS. 

 

The products from the reaction with 5 are interesting – while the -enone and -enol products 

are observed with the high valent Fe(O)TPA complex, the C-C coupled was not reported. This 

suggests that the rate of HAT is significantly faster than the subsequent OAT and/or hydroxyl 

group to the carbon radical to form the oxygenated HAT products. This decrease in rate, along 
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with the low conversions for all compounds (no other species observed besides unreacted 

cyclohexene), is likely due to the H-bonding interactions with the oxygen atom, which enables the 

carbon radical coupling reaction to form competitively. We acknowledge that the lengthy reaction 

time with the substrate at warmer temperature may mean that some of these products could be 

formed as a result of cyclohexene reacting with the iron species formed from HAT (likely complex 

2a). There is an ongoing investigation in our group to determine the products derived directly from 

the high valent FeIV-oxo intermediate, 5, and from the Fe(III)-OH product, 2a.  

In order to show divergent reactivity between the Fe(III)-OH complex 2 and proposed FeIV-

oxo complex 5, we stirred a solution of complex 2 with 10 eq. of cyclohexene for 6 h at room 

temperature. The solution remained a deep blue color, and the GC-MS analysis showed only trace 

cyclohexanol and no other products from reactivity with the FeIII-OH. Additionally, reactions of 2 

with excess of DHA (BDE: 78 kcal/mol, DMSO)229 were unproductive, with no reaction observed 

after a day at room temperature. Complex 2 was only capable of performing HAT reactions with 

TEMPO-H (BDE: 67.5 kcal/mol, DMSO),230 forming a new FeII species we tentatively assign as 

the FeII-OH2. This, along with the product distribution from the reaction with cyclohexene, 

indicates that the high-valent intermediate 5 is likely responsible for the oxidation products of 

cyclohexene, and that complex 5 is best characterized as a FeIV-oxo species. This provides a 

starting point for determining the O-H BDE of the FeIII-OH species (> 82 kcal/mol). Furthermore, 

the reactivity of complex 2 for hydroxyl radical transfer makes this system comparable to those 

reported by Fout from a chemically oxidized FeIII-OH and Goldberg’s FeIII-OH derived from O2. 

3.6 Conclusions 

We have demonstrated the use of a coordinatively unsaturated FeIILH precursor featuring 

secondary sphere H-bonds for the activation of dioxygen to form the FeIII-OH as the terminal 
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product. We have independently synthesized and fully characterized this FeIII-OH complex which 

can readily undergo hydroxyl radical transfer to Gomberg’s dimer. More importantly, we have 

shown this system is able to capture one of the intermediates of O2 activation, a high-valent FeIV-

oxo species, which we have compared to relevant known complexes, and with which we can also 

perform oxidation of cyclohexene. The oxidation products are consistent with HAT reactions, 

rather than direct OAT, and product distribution is distinct compared to FeIITPA, which we 

specifically attribute to the engagement of the oxygen atom in H-bonding interactions with LH, 

which slows OAT reactivity. In comparison to reported iron complexes capable of activating 

dioxygen, our observation of the intermediates of O2 activation in a complex featuring secondary 

sphere H-bonds is, to the best of our knowledge, quite unusual. The high-valent Fe-oxo 

intermediate warrants further study, as does the O2 activation pathway that results in the formation 

of the high-valent oxo species. These and related studies will inform us on the interactions of H-

bonds to capture and reduce dioxygen and other oxygen-containing species. 

3.7 Acknowledgments 

We graciously acknowledge Prof. John Anderson and Norman Zhao at the University of 

Chicago for providing us with the compound SPhIO. We thank Dr. Jeff Kampf for X-ray 

crystallography data collection. We thank the members of the Lehnert lab for helpful discussions 

about EPR, and the Lehnert lab for the use of SpinCount. 

3.8 Author Contributions 

All synthetic, characterization, and reactivity work was performed by J.R.W. Single 

crystal X-ray experimental data and structure solution of complex 1 (Fe(OH)LHOTf) was 

collected by M.Z. The single crystal X-ray experimental data for 2 ([Fe(OH)LHOTf]BAr′4)was 



 64 

collected by Dr. Jeff Kampf and the structure solved by J.R.W. The manuscript was written by 

J.R.W. 

3.9 Supporting Information 

3.9.1 Experimental Details 

3.9.2 General considerations: 

All air‐ and moisture‐sensitive manipulations were performed using standard Schlenk 

techniques or in an inert atmosphere glovebox with an atmosphere of purified nitrogen. The 

glovebox was equipped with a cold well designed for low temperature experiments as well as a 

−30 °C freezer for cooling samples and crystallizations. Solvents were purified using a Glass 

Contour solvent purification system through percolation through a Cu catalyst, molecular sieves, 

and alumina. Solvents were then stored over sodium and/or molecular sieves. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories and used as received. 

Iron(II) trifluoromethanesulfonate, iron(II) bromide, sodium hydroxide, acetylferrocene, 

silver tetrafluorborate, lithium tetrakis(pentafluorophenyl)borate ethyl etherate, 

dihydroanthracene, and hexamethylbenzene were purchased from commercial vendors and dried 

under vacuum before transferring to a nitrogen glovebox. Ferrocene was purchased from a 

commercial vendor and sublimed prior to use. Thallium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (TlBAr″4),205 tris(6-phenylamino-2-pyridylmethyl)-amine 

(LH),22 tris(6-phenoxy-2-pyridylmethyl)amine (tpaOPh),22 tris(2-pyridylmethyl)amine (TPA),206 

and acetylferrocenium tetrafluoroborate ([FcCOMe]BF4) 231 were synthesized according to literature 

procedures. Fe(OTf)2TPA,223 [Fe2(OH)2(TPA)2](OTf)2,68 and acetylferrocenium 

tetrakis(pentafluorophenyl) borate ([FcCOMe]BAr′4)232 were synthesized using modified literature 

procedures, described below.  
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NMR spectra were acquired on Varian 400 MHz, 500 MHz, or 600 MHz spectrometers as 

indicated below. 1H NMR spectra are referenced to non-deuterated internal solvent residuals and 

are reported in parts per million (ppm) relative to tetramethylsilane. 19F NMR spectra are 

referenced to their respective 1H spectra. The spectra for paramagnetic molecules were obtained 

by using an acquisition time of 0.5 s and a relaxation delay of 0.05 s, thus the peak widths reported 

have an error of ±2 Hz.  

IR spectra were recorded on a Nicolet iS10 FT-IR spectrometer with an ATR accessory or 

KBr pellets as specified. Mass spectra were recorded on an Agilent 6230 TOF HPLC-MS with a 

liquid phase of 95% acetonitrile, 5% water, 0.1% formic acid. Electronic absorption spectra were 

recorded at ambient temperature in sealed 1 cm quartz cuvettes (as specified) or with a Hellma 

Analytics 661.200-QX quartz probe (0.5 cm pathlength) with a Varian Cary-50 spectrophotometer 

(resolution: <1.5 nm). EPR spectra were collected on a Bruker EMX electron spin resonance 

spectrometer, with a Bruker 4102-ST cavity, at liquid N2 temperatures in frozen solvent (specified 

below). The program SpinCount was used to model EPR spectra (using the Lehnert lab license). 

Electrochemistry was performed with a Pinewave Wavenow potentiostat under a 

dinitrogen atmosphere with a glassy carbon working electrode, a platinum counter electrode, and 

a silver wire pseudo-reference electrode. Measurements were referenced against an internal 

ferrocene standard. Electrolyte, [NBu4][OTf] or [NBu4][BAr″4], was used in 0.1 M in CH3CN or 

CH2Cl2 as specified. 

Single crystals of complex 1 were coated with a trace of Fomblin oil and were transferred 

to the goniometer head of a Bruker Quest diffractometer with kappa geometry, a Cu Kα 

wavelength (λ = 1.54178 Å) I-μ-S microsource X-ray tube, laterally graded multilayer (Goebel) 

mirror for monochromatization, and a Photon III C14 area detector. The instrument was equipped 
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with an Oxford Cryosystems low temperature device and examination and data collection were 

performed at 150 K. Data were collected, reflections were indexed and processed, and the files 

scaled and corrected for absorption using APEX3233 and SADABS.234 The space groups were 

assigned using XPREP within the SHELXTL suite of programs235 and solved by direct methods 

using ShelXS236 or dual methods using ShelXT237 and refined by full matrix least squares against 

F2 with all reflections using Shelxl2018238 using the graphical interface Shelxle.239  

H atoms attached to carbon were positioned geometrically and constrained to ride on their 

parent atoms. C-H bond distances were constrained to 0.95 Å for aromatic and alkene C-H 

moieties, and to 0.99 and 0.98 Å for aliphatic CH2 and CH3 moieties, respectively. Methyl CH3 

were allowed to rotate but not to tip to best fit the experimental electron density. H atoms of 

pyramidalized R2NH and of hydroxyl units were refined. N-H distances were restrained to 0.88(2) 

Å. In the final refinement cycles the damping factor was removed and disordered amine H atoms 

were set to ride on their carrying N atom. The O-H distances were restrained to 0.84(2) Å. Uiso(H) 

values were set to a multiple of Ueq(C) with 1.5 for CH3 and OH, and 1.2 for C-H, CH2 and N-H 

units, respectively. 

Single crystal data for 2 were collected using a Rigaku AFC10K Saturn 944+ CCD-based 

X-ray diffractometer equipped with a low temperature device and a Micromax-007HF Cu-target 

microfocus rotating anode (λ = 1.54187 Å) operated at 1.2 kW power (40 kV, 30 mA). The data 

were collected using CrystalClear 2.016.240 The X-ray intensities were measured at 293(2) K with 

the detector placed at a distance 42.00 mm from the crystal. A total of 2028 images were collected 

with an oscillation width of 1.0° in w. The exposure times were 1 sec. for the low angle images, 3 

sec. for high angle. Rigaku d*trek images were exported to CrysAlisPro 1.171.40.53 for processing 

and corrected for absorption.241 The integration of the data yielded a total of 44977 reflections to 



 67 

a maximum 2θ value of 69.4220° of which 10828 were independent and 10466 were greater than 

2σ(I). The final cell constants were based on the xyz centroids of 10828 reflections above 10σ(I). 

Reflections were merged by SHELXL242 and the structure solved using the Olex243 refinement 

program. 

3.9.3 Synthesis of Compounds 

Synthesis of [Fe(OH)LH]OTf (1). Fe(OTf)2 (34 mg, 0.0961 mmol) and LH (55 mg, 0.098 mmol) 

were combined in a 20 mL vial with acetonitrile (12 mL). A slurry of NaOH (3.8 mg, 0.095 mmol) 

in 2 mL acetonitrile was added and the reaction was stirred overnight at room temperature. The 

resulting orange solution was filtered and dried. The resulting yellow solid was recrystallized from 

layered acetonitrile/diethyl ether at room temperature to yield a yellow crystalline solid which was 

decanted, washed with ether, and dried (50 mg, 67%). A single crystal suitable for x-ray 

crystallography was grown from vapor deposition of Et2O into acetonitrile at room temperature. 

ESI HPLC-MS of Fe(COO-)LH: Calc. 664.2123, Found 664.2309; Fe(OH)LH-H+ Calc. 635.2096, 

Found 635.2079. Elemental analysis: C37H34F3FeN7O4S calculated C 56.57, H 4.36, N 12.48; 

found C 55.50, H 4.46, N 11.88. 1H NMR (400 MHz, CH3CN, 25 °C) δ 16, 6.26, 6.48, 19.22, 

40.48, 60.71, 64.59. 19F NMR (400 MHz, CH3CN, 25 °C) δ -79.14 ppm. Selected IR data (KBr) ν 

= 3541, 3235, 3185, 3035, 2618, 1616, 1595, 1578, 1498, 1474, 1455, 1355, 1297, 1272, 1230, 

1166, 1024, 1001, 784, 749, 697, 634, 518 cm-1. UV-vis (CH2Cl2): 404 nm (1689 M-1cm-1). E1/2 

(CH3CN): +0.04 V. μeff = 5.15 ± 0.17 (CH3CN, 25 °C). 

Synthesis of [FeCOMe]BAr′4. A slurry of [FcCOMe]BF4 (103 mg, 0.327 mmol) in CH2Cl2 was stirred 

with LiBAr′4•Et2O (284 mg, 0.326 mmol) at room temperature for 4 h. The dark blue solution was 

then filtered through Celite and the filtrate dried under vacuum. The blue solid was washed with 
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pentane (3 x 5 mL) and dried (275 mg, 93 %). 1H NMR (400 MHz, CH2Cl2, 25 °C) δ -12.60, 30.44, 

31.58, 36.51 ppm. 19F NMR (400 MHz, CH2Cl2, 25 °C) δ -169.05, -164.24, -135.20 ppm.  

Synthesis of [Fe(OH)(OTf)LH]BAr′4 (2). A solution of [FcCOMe]BAr′4 (41.5 mg, 0.0446 mmol) 

in CH2Cl2 (2 mL) was added to a solution of 1 (35 mg, 0.0457 mmol) in CH2Cl2 (8 mL) at -30 °C 

and warmed to room temperature with stirring over 1 h. A stark, rapid color change of the Fe 

complex from bright yellow to deep blue was observed. The blue solution was filtered and dried. 

The residue was dissolved in Et2O (2 mL), then pentane (10 mL) was added, and the solution was 

triturated to precipitate a blue solid. The orange FcCOMe solution was decanted, and the 

precipitation was repeated twice. The resulting dark blue solid was dried (57.7 mg, 89%). A single 

crystal suitable for x-ray crystallography was grown from layered pentane and CH2Cl2 at room 

temperature. 1H NMR (600 MHz, CH2Cl2, 25 °C) δ -11.05, -3.71, 8.88, 80.76 ppm. 19F NMR (400 

MHz, CH2Cl2, 25 °C) δ -164.97, -161.93, -130.51 ppm. Elemental analysis: C61H34BF23FeN7O4S 

+ 2 CH2Cl2 calculated C 46.29, H 2.34, N 6.00; found C 45.85, H 2.48, N 6.10.  IR (KBr) ν = 3448, 

3265, 3125, 2923, 2853, 1642, 1624, 1601, 1579, 1514, 1463, 1384, 1271, 1232, 1204, 1173, 1091, 

980, 774, 755, 661 cm-1. UV-vis (CH2Cl2): 264 nm (2,3966 M-1cm-1), 312 nm (12,532 M-1cm-1), 

642 nm (990 M-1cm-1). EPR (CH2Cl2/toluene, 130 K, freq. 9.258):  g = 2.9, 2.55, 1.95 (E/D ~ 0.28, 

D = 2). μeff = 6.09 ± 0.01 (CH2Cl2, 25 °C). 

Synthesis of Fe(OTf)2LH (3). We used a modified preparation of this complex from a prior 

report.223 Fe(OTf)2 (37.5 mg, 0.106 mmol) and LH (62 mg, 0.110 mmol) were stirred in acetonitrile 

for 4 h at room temperature. The solution was dried, redissolved in a minimum amount of 

acetonitrile, filtered, and layered with Et2O. The resulting residue was dried and redissolved in 

CH2Cl2, the precipitated with Et2O, then pentane, washed with pentane and dried to an off-white 

solid (38 mg, 39%). 1H NMR (400 MHz, CH3CN, 25 °C) δ -25.68, -3.95, -3.51, -1.74, 2.81, 2.95, 
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3.52, 4.45, 6.36, 7.54, 8.00, 11.29, 12.00, 14.92, 16.79, 19.61, 30.65, 34.10, 42.84, 56.54, 60.11, 

61.34, 65.83, 67.13, 77.90 ppm. Elemental analysis: C38H33F6FeN7O6S2 calculated C 49.74, H 

3.62, N 10.68; found C 48.00, H 3.92, N 10.60. 

Synthesis of [Fe(MeCN)2LH]BAr″4 (4). FeBr2 (19.5 mg, 0.0904 mmol) was dissolved in CH3CN 

(2 mL) and a solution of TlBAr″4 (204 mg, 0.1911 mmol) in CH3CN (3 mL) was added. A white 

precipitate immediately formed as TlBr was formed. The solution was mixed for 5 min and allowed 

to settle. The solution was filtered and a solution of LH (53.5 mg, 0.0949 mmol) in CH3CN (5 mL) 

was added. The pale yellow solution became a deeper yellow as the LH solution was combined. 

This solution was stirred for 10 min at room temperature, then filtered and dried under vacuum. 

The residue was redissolved in Et2O (3 mL) and pentane (6 mL) added to help precipitate the 

product, then the mixture was dried. The pale yellow solid was washed with additional pentane (4 

mL) and dried (195 mg, 95%). 1H NMR (400 MHz, CH3CN, 25 °C) δ -8.55, 4.86, 7.63, 7.66, 

49.55, 64.65, 91.87. 19F NMR (400 MHz, CH3CN, 25 °C) δ -63.29 ppm. Elemental analysis: 

C104H63B2F48FeN9 + C5H12 calculated C 52.55, H 3.09, 5.01; found C 53.55, H 2.89, N 5.32. 

Synthesis of [Fe(MeCN)2tpaOPh] BAr″4 (6). The same procedure as for complex 5 was used with 

the following reagents: FeBr2 (10.5 mg, 0.0487 mmol), TlBAr″4 (107 mg, 0.1002 mmol), and 

tpaOPh (27 mg, 0.0476 mmol). Desired compound was obtained as an off-white solid (80 mg, 68%). 

1H NMR (600 MHz, CH3CN, 25 °C) δ -1.92, -1.07, 4.16, 4.74, 7.64, 7.66, 46.99, 55.58, 69.52 

ppm. 1H NMR (500 MHz, CH2Cl2, 25 °C) δ -11.72, 0.14, 2.52, 6.67, 7.55, 7.74, 47.12, 71.58, 

85.86 ppm. 19F NMR (500 MHz, CH2Cl2, 25 °C) δ -61.99 ppm.  

Synthesis of [Fe(MeCN)2TPA] BAr″4 (7). The same procedure as for complex 5 was used with 

the following reagents: FeBr2 (9.7 mg, 0.0450 mmol), TlBAr″4 (107 mg, 0.1002 mmol), and TPA 

(13.9 mg, 0.0479 mmol). Desired compound was obtained as a pale red solid (92.5 mg, 93%). 1H 
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NMR (500 MHz, CH3CN, 25 °C) δ 6.48, 7.24, 7.62, 7.65, 8.50, 8.59, 11.10 ppm. 19F NMR (500 

MHz, CH3CN, 25 °C) δ -62.70 ppm. Elemental analysis: C86H48B2F48FeN6 + CH3CN calculated C 

48.14, H 2.34, N 4.47; found C 48.83, H 2.58, N 4.08. 

Synthesis of [Fe2(OH)2TPA2](OTf)2.We used a modified preparation of this complex based on a 

prior report.68 TPA (51 mg, 0.1756 mmol) was dissolved in CH3CN (2 mL) and added to Fe(OTF)2 

(58.5 mg, 0.1653 mmol) in CH3CN (5 mL) followed by addition of NaOH (7.5 mg, 0.1900 mmol) 

in CH3CN (3 mL). This solution was stirred overnight at room temperature, then filtered and dried 

under vacuum. Redissolved in CH3CN and layered with Et2O to precipitate a red-brown solid. This 

was extracted with CH2Cl2, filtered, and dried to a red solid (58 mg, 69 %). 1H NMR (400 MHz, 

CH3CN, 25 °C) δ 7.05, 7.16, 8.90, 9.01, 12.32 ppm. 19F NMR (400 MHz, CH3CN, 25 °C) δ -78.75 

ppm. 

3.9.4 Reactivity Studies 

Reaction of 3 with O2. A J. Young NMR tube was charged with a solution of complex 3 (10.3 

mg, 0.0112 mmol) in CH2Cl2 (1 mL), then subjected to freeze/pump/thaw cycles and thawed to -

78 °C. The tube was backfilled with O2 at -78 °C and the tube was inverted to mix and thawed to 

room temperature. The reaction was monitored by 1H NMR at room temperature over a week.  

Reaction of 3 and NaBAr″4 with O2. A J. Young NMR tube was charged with a solution of 

complex 3 (10.5 mg, 0.0114 mmol) and NaBAr″4 (21 mg, 0.0237 mmol) in CH2Cl2 (1 mL), then 

subjected to freeze/pump/thaw cycles and thawed to -78 °C. The tube was backfilled with O2 at -

78 °C and the tube was inverted to mix and thawed to room temperature. The solution turned from 

yellow to dark green after 2 h. The reaction was monitored by 1H NMR at room temperature over 

a week.  
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Reaction of 3 (generated in situ) with Gomberg’s dimer. Complex 2 (10.1 mg, 0.0129 mmol) 

was added to a tared vial with a stir bar, along with [FcCOMe][BAr′4] (13.7 mg, 0.0151 mmol) in a 

separate vial. Each was dissolved in 2.0 mL CH2Cl2, and cooled to -30 °C for 1.5 h. The solutions 

were combined and allowed to stir at room temperature for 1 h to form complex 3 in situ as a dark 

blue solution. Separately, Gomberg’s dimer (4.6 mg, 0.0082 mmol) was dissolved in 1.0 mL 

CH2Cl2 and cooled at -30 °C for 1.5 h. This was added to the stirring solution of 3 and stirred for 

1 h at room tempearture. After about 5 minutes, the solution turned a deep emerald green color. 

Hexamethylbenzene was added as an internal standard. A 600 μL aliquot was removed and put in 

an NMR tube for quantitative 1H NMR analysis (600 MHz. 25 °C). The product, Ph3COH, was 

identified and integrated to 1 H, corresponding to the -OH proton (2.85 ppm). 

NMR reaction of 4 with O2.  

1H NMR: A J. Young NMR tube was charged with a solution of complex 4 (8 mg, 0.0033 mmol) 

in CH2Cl2, then subjected to freeze/pump/thaw cycles and thawed to -78 °C. The tube was 

backfilled with O2 at -78 °C and the tube was inverted to mix and thawed to room temperature. 

The reaction was monitored by 1H NMR at room temperature overnight. 

NMR reaction of 4 with DHA and O2. 

1H NMR: A J. Young NMR tube was charged with a solution of complex 4 (10 mg, 0.0041 mmol), 

DHA (0.05 mL of a 0.0577 M solution in CH2Cl2) and Me6Ph (0.05 mL of a 0.0524 M solution in 

CH2Cl2) in CH2Cl2 (1 mL). The sample was subjected to freeze/pump/thaw cycles and thawed to 

-78 °C. The tube was backfilled with O2 at -78 °C and the tube was inverted to mix and thawed to 

room temperature. The reaction was monitored by 1H NMR at room temperature overnight. 

General Procedure for UV-vis experiments: 
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The 0.5 cm pathlength dip-probe was assembled with the solution cell and cooled under a flow of 

N2. CH2Cl2 (3.0 mL) was added via syringe transfer, and the solution cooled to the desired 

temperature. After equilibrating at temperature, a baseline/zero was collected. Then a background 

scan of the solution was obtained. A solution of FeII starting material in CH2Cl2 was injected via 

syringe and allowed to equilibrate to temperature. An initial scan of the FeII starting material was 

taken before O2 or the iodosoarene (with or without DHA) was introduced into the reaction and 

reaction monitoring began. 

Reactions with O2.  

In the UV-vis cell, the FeII complex was stirred in CH2Cl2 was sparged with O2 for 5 min, then the 

headspace of the reaction flask purged with O2 for 15-20 min before the flask was sealed. Kinetic 

scans were taken every 2 min for the first 3 hr, then switched to longer scan times to observe the 

reaction with O2 overtime. 

Complex 4: 0.0048 mmol in 0.5 mL CH2Cl2; formation of species 5 was observed with a λmax at 

700 nm over an hour. 

Complex 6: 0.007 mmol in 0.5 mL CH2Cl2; no new absorbances were observed. 

Complex 7: 0.007 mmol in 0.5 mL CH2Cl2; no new absorbances were observed. 

Reaction of 4 with DHA and O2. 

Complex 4: 0.0427 mmol in 0.5 mL CH2Cl2. DHA: 0.0427 mmol in 0.5 mL CH2Cl2. After reacting 

for 1.5 h, λmax was observed at 685 nm. Then TBAOTf (0.0097 mmol in 0.5 mL CH2Cl2) was 

added, and the λmax shifted to show the formation of complex 2 at λmax 645 nm. 

Reaction of 4 with PhIO. 

Complex 4: 0.007 mmol in 0.45 mL CH2Cl2. PhIO: Added 0.5 mL of a slurry in CH2Cl2 (3.2 mg, 

0.0145 mmol in 1.0 mL). With warming to -10 °C over 1h, λmax forms at 700 nm. 
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Reaction of 4 with DHA and PhIO. 

Complex 4: 0.006 mmol in 0.4 mL CH2Cl2. DHA: 0.0297 mmol in 0.4 mL CH2Cl2. PhIO: Added 

0.7 mL of a slurry in CH2Cl2 (2.7 mg, 0.0123 mmol in 1.0 mL). With warming to -10 °C over 1h, 

λmax is 685 nm. 

Reaction of 4 with SPhIO at -45 °C. 

Complex 4: 0.004 mmol in 0.5 mL CH2Cl2. SPhIO: 0.005 mmol in 0.55 mL CH2Cl2. Scan started 

within 30s of addition of SPhIO. Immediate formation of λmax at 656 nm, with the reaction complete 

after 5 min (λmax 638 nm). No λmax at 700 nm was observed. 

Reaction of 4 with SPhIO at -75 °C. 

Complex 4: 0.004 mmol in 0.5 mL CH2Cl2. SPhIO: 0.005 mmol in 0.5 mL CH2Cl2.Start scan within 

30s of addition of SPhIO. Formation of λmax at 656 nm occurred within 4 min, with the reaction 

complete after 10 min (λmax 645 nm). No λmax at 700 nm was observed. 

Reaction of 4 with SPhIO at -90 °C. 

Complex 4: 0.004 mmol in 0.5 mL CH2Cl2. SPhIO: 0.005 mmol in 0.5 mL CH2Cl2. SPhIO was 

added dropwise slowly (100 μL/2 min) over 10 min. Formation of λmax at 700 nm occurred within 

4 min. After 10 min, the λmax shifted to 645 nm with the full addition of SPhIO. 
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Chapter 4 Secondary Sphere Hydrogen Bonds for Reduction of Nitrite with Copper(I) 

 

 

4.1 Introduction 

The activation of dinitrogen, N2, is critical for biological processes.148, 244 The global 

nitrogen cycle consists of the uptake of nitrogen by plants and bacteria for use in converting it to 

NH3 and NOx species, which are later used in the formation of amino acids and promoting 

biological growth and processes. Some of these NOx species are involved in denitrification, which 

converts higher order NOx compounds back to N2 for reuse in the global cycle. The intermediates 

of denitrification, nitric and nitrous oxides, are noxious gases, and nitrous oxide is a potent 

greenhouse gas. Establishing routes for the reduction of the intermediates in NOx conversion to N2 

is thus a broad challenge within the larger scientific community.106  

One of the key steps in the denitrification route is the reduction of nitrite to nitric oxide. 

This reduction can be mediated by copper nitrite reductases (CuNiRs), which incorporate two 

copper sites: the T1 center provides the electron for reduction, and the catalytically active T2 site 

binds -NO2.110 Protein crystallography studies capture a side-on Cu-NO2 species,245 which should 

be quite reactive for the nitrosylation of surrounding amino acid residues. Indeed, studies of a 

synthetic model for CuNiR demonstrate that a κ2-O,O bound -NO2 ligand is capable of 

nitrosylation of nucleophiles leading credence to this mechanism.246 A different proposed 

mechanism involves protonation of -NO2 at the copper active site prior to reduction, after which 

NO (g) is released to form a CuII-OH species which can be turned over in the catalytic reaction.107 
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In both cases, secondary sphere H-bonding interactions are crucial for the positioning and binding 

of -NO2 in the active site.  

 

Figure 4.1 Redesigned H-bonding ligand for nitrite reduction with CuI complexes. 

Prior work in our group demonstrated reduction of -NO2 via a copper(I) complex with 

secondary sphere H-bonds, which are capable of tautomerization (Fig. 4.1). This reaction resulted 

in immediate reduction of nitrite, and no intermediates of the reduction were observed.117 Our 

redesigned ligand featuring tunable -NHPh H-bond donors (LR) is poised to aid in the capture and 

observation of the intermediates of nitrite reduction using copper(I).  

4.2 Synthesis of CuI(NO2)LR complexes 

4.2.1 Stable complexes: R = p-CF3, p-H, p-OCH3 

In order to better understand the requirements of H-bond strength for stabilizing the 

intermediates of -NO2 reduction, we thought we could utilize our modular -HNPhR appended 

ligand, LR, for the synthesis of CuI complexes. When a solution of LR (R = p-CF3, H, OMe) in 

acetonitrile was combined with copper tetrakisacetonitrile tetrakis(3,5-bistrifluoromethylphenyl)-

borate (Cu(MeCN)4BAr′4) in the presence of tetrabutylammonium nitirite (TBANO2), we obtained 

CuI(NO2) complexes 1CF3, 1H and 1OMe (Fig. 4.2). Characterization by 1H NMR spectroscopy 

showed coordination of the LR ligand, with the -NH proton shifted downfield of the aromatic 

protons, indicative of H-bonding interactions (LCF3:9.32 ppm, LH: 9.05 ppm, LOMe: 8.67 ppm) with 
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a Cu-coordinated X-type ligand. Analysis of these complexes by vibrational spectroscopy 

indicated weak NH-X interactions compared to the free ligand (~ 3200 cm-1). Of the two expected 

frequencies for the asymmetric -NO2 stretches, only one could be identified due to overlapping 

with ligand frequencies (*LCF3: 1322, LH: 1328, LOMe: 1339 cm-1). These fall within the same range 

of frequencies as previously reported copper-nitrite complexes.247-248 

 

Figure 4.2 Structure of CuI(NO2)LR complexes, 1R (left), and associated N-H resonances in the 
1H NMR spectrum (right). H-bonds shown as blue dashed lines. 

We were able to obtain solid state crystal structures of both 1H and 1OMe (Fig.4.3). Both 

exhibit η1-N bound -NO2 with H-bonding from two of the -NHPh arms to one O-atom (O1), and 

the third -NHPh arm H-bonding to the second O-atom (O2, Fig. xx). The distances between the 

two heavy atoms (N and O) range from 2.825-3.036 Å (1H) and 2.875-3.004 Å (1OMe); these 

distances are well within the sum of the Van der Waals radii of N and O, consistent with H-bonding 

interactions.249 Further, these distances are consistent with moderately strong NH–O bonds. While 

the nitrite group is formally η1-N bound in both cases, short contact distances (2.723 and 2.781 Å 

for 1H and 1OMe, respectively) between the Cu and O1 atom are observed in both structures. This 

could be an effect of having two H-bonding interactions to the same O-atom that pull it closer into 

the same plane as the -NH groups.  

Closer inspection of the N-O bond lengths in 1H and 1OMe show slight contraction of one 

N-O bond, interestingly, the one engaged in a direct 1:1 H-bond contact. We would expect that H-
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bonding would weaken the N-O bond, but rather the contraction of the bond suggests a larger 

electronic effect from the CuI center, rather than the H-bonding interaction. The bond lengths 

(1.196(3), 1.267(2) Å for 1OMe and 1.238(2), 1.273(3) Å for 1H) are comparable to other CuI-NO2 

complexes,248 suggesting that binding to copper(I) and crystal packing dictate these bond lengths 

of the -NO2 ligand more than H-bonding interactions.  

Another interesting feature of the solid state structures of 1H and 1OMe is the pyridine of the 

ligand arm engaged in only one O–HN interaction is not bound to copper. The 1H NMR spectrum 

does not indicate an asymmetric binding of the three arms, suggesting that in solution, on the NMR 

time scale, these molecules are C3-symmetric. The -NH proton resonance is also symmetric, 

suggesting equivalent the O–HN interactions are also symmetric on the NMR timescale. Even at 

low temperature (-80 °C), the -NH resonance of 1H is not split, suggesting the molecule retains its 

symmetry in solution. This suggests that the asymmetry observed in the solid state structures are 

likely an effect of crystal packing.  

  

Figure 4.3 Crystal structures of 1H and 1OMe (50% ellipsoids). H-bonds shown as blue dashed 

lines. 

The H-bonding to the -NO2 ligand in these complexes is reminiscent of the secondary 

sphere amino acid residues in CuNiR. We were interested in investigating the reduction of -NO2 

to NO (g) using these complexes and proposed that due to the H-bonding interactions, weak acids 
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should be able to induce the reduction to NO (g). Addition of pyridinium chloride (PyHCl) to a 

DCM/EtOH solution of 1H for 1h at room temperature resulted in a color change from bright 

yellow to dark green. Analysis of the headspace by gas IR revealed frequencies at 1904 and 1855 

cm-1, consistent with NO (g) evolution. EPR spectroscopy of the green solution from the reaction 

with 1H reveals a slightly distorted axial structure consistent with CuII. These results indicate to us 

that we have successfully reduced the nitrite via proton-couple electron transfer from the CuI and 

exogenous acid source. It is worth noting that a CuII-NO species is a possible product of this 

reaction, however this complex has not been synthesized to date; future exploration of this species 

may yield insight into the product of this protonation reaction. 

4.2.2 Reactive complex: R = 3,5-(CF3)2 

We concurrently attempted to synthesize a variant of 1 using ligand L(CF3)2 – where the 

aniline variant forming the secondary sphere H-bonds has a 3,5-bis(trifluoromethyl) substitution 

pattern. The additional CF3 group makes this variant a particularly strong H-bond donor, but the 

difference in substitution pattern makes comparing pKa/H-bond strength by traditional methods 

(i.e. σ Hammet parameter) difficult. To better compare the H-bond donor strength of these 

complexes, we calculated the pKa of the substituted anilines using density functional theory 

(B3LYP/6-31g). These values give us an idea of the degree of H-bond donor ability for the four 

substitute complexes compared to the unsubstituted -HNPh. We also must consider that as the N-

H group becomes more acidic, it inherently changes the bond dissociation energy (BDE), resulting 

in stronger H-bond donors which can more readily transfer an H-atom (Table 4.1). We have 

previously observed this type of reactivity with the H3tpa ligand which was deprotonated upon 

coordination and reduction of nitrite.  
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Table 4.1 Calculated pKa and experimental BDE values for substituted anilines 

Aniline Substitution Calculated Relative pKa* BDE (kcal/mol)† 

p-OMe 6.99 90.4 

p-H 0.0 92.3 

p-CF3 -10.44 96.5 

3,5-(CF3)2 -17.09 -- 

 * DFT: B3LYP/6-31g, set p-H equal to 0.0. † Experimental values.250 

Synthesis of 1(CF3)2 proceeded similarly to complexes 1R (R = p-CF3, H, OMe), however, 

this complex was particularly difficult to isolate in comparison. Upon isolation of the complex, it 

exhibited similar spectroscopic signatures, with the -NH resonance in the 1H NMR shifted slightly 

more upfield from that in 1CF3, and similar N-H stretches in the IR spectrum. The -NO2 stretch is 

partially buried by large resonances but a weak resonance at 1317 cn-1 could be attributed to the 

antisymmetric -NO2 stretch and falls in line with the trend observed for the other three nitrite 

complexes.   

This complex was observed to decompose in solutions at room temperature to a bright 

green species that was NMR silent. EPR spectroscopy clearly shows a copper(II) complex, and the 

corresponding 1H NMR shows almost no diamagnetic material, suggesting the majority of the 

reaction has been oxidized. While no oxidant or exogenous acid was specifically added to this 

reaction, it is possible that weakly acidic residues could be responsible for inducing this reaction 

(which most likely proceeds through reduction of the -NO2 with evolution of NO. Such residues 

could be either water (trace, in solvent) or from dichloromethane. Switching from CH2Cl2 to non-

polar solvents (benzene, toluene) and working at reduced temperatures enabled easier 

identification and solution characterization of the CuI(NO2) complex, although we did continue to 

observe decomposition of this complex far more readily than the corresponding 1H and 1OMe 

complexes. While 1CF3 was not nearly as stable as 1H or 1OMe, and would occasionally decompose 

in solution, once isolated, it was stable enough to work with, and obtain characterization and 
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reactivity data. 1(CF3)2 was far less stable, leading us to conclude that the strong H-bonds enabled 

even weakly acidic residues to act as a proton source for PCET reaction. This is reminiscent of the 

reactions observed by Moore et al. in our prior report117 and suggests that H-bonding for 

stabilization of the Cu-NO2 intermediate is sensitive to the H-bond strength: stronger H-bonds 

assist in the reduction of -NO2 and weaker H-bonds enable capture and stabilization of a η1 N-

bound NO2. 

4.3 Nitrite reduction from stable CuI-F complexes 

4.3.1 Stable CuIFLR complexes 

 

Figure 4.4 Structure of CuFLR complexes, 2R (left), associated N-H resonances in the 1H NMR 

spectra (center), and the previously reported CuIF complex (left, ref. 117). H-bonds shown as 

blue dashed lines. 

In an effort to relate these studies to the prior work for nitrite reduction at CuI, we 

synthesized the analogous Cu(I)-F complexes, 2R (R = (CF3)2, CF3, H, OMe) (Fig 4.4).117 Stirring 

copper(I) iodide and LR in acetonitrile followed by addition of cesium fluoride resulted in the 

formation of a new CuI complex. Analysis of complex 2H by 1H NMR shows a symmetric, 

diamagnetic copper(I) complex. The upfield N-H resonance exhibits F-H coupling (CH2Cl2: 12.82 

ppm, J = 57.0 Hz) due to the though-space interaction of the H-bond to fluoride. This same 

phenomenon is observed with the other three CuI-F complexes (Fig. 4.4 and Table 4.2). The 19F 

NMR spectrum also reflects the changes in the ligands. A small, broad peak corresponding to the 
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CuI-F shifts downfield as the ligand becomes more electron-withdrawing; in the case of 2CF3 and 

2(CF3)2, the broad peak is split due to interactions with the strong H-bonding with the LR ligand. 

With this series of CuIFLR complexes in hand, we proceeded to investigate the reaction with a 

previously developed silylnitrite compound.  

Table 4.2 Key NMR resonances for complexes 2R 

 

4.3.2 Reactions with Ph3Si-ONO 

Prior work in our group with a CuI-F complex featuring strong secondary sphere H-bonds 

used a silyl reagent, triphenylsiliylnitrite (Ph3Si-ONO), for the reduction of nitrite to NO (g). The 

reaction of Ph3Si-ONO with 2H in CH2Cl2 resulted in the rapid formation Ph3Si-F, confirmed by 

19F NMR, and a paramagnetic copper(II) species, which exhibited no 1H NMR signals. Analogous 

reactions run in toluene with an internal standard revealed Ph3Si-F was formed in 72% yield, and 

headspace analysis by gas IR spectroscopy revealed NO (g) was evolved. No other CuI species 

were observed in the reaction mixture.  

An EPR spectrum of the CuII containing product from the reaction of 2F and Ph3Si-ONO 

in CH2Cl2 exhibits a slightly distorted axial signal. When fit as a single species, the g values (2.16, 

2.2, 2.01) are similar to the product from the reaction of 1H and H+ (g = 2.16, 2.18, 2.025), 

suggesting the same product results from the reduction of -NO2 at copper, which we would predict 

to be a CuII-OH species (Fig. 4.5).117 However, it’s possible it could be overlapping from two 

species. To test this theory, we summed the fitted EPR spectra of the product of 1H + H+ and the 
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oxidized CuII-F complex (3H). The oxidized CuII-F species would be an unusual side product in 

this reaction but could feasibly be accessed by a disproportionation reaction of CuI to CuII and Cu0. 

However, when the summed spectra of these two species are compared against the product of 2H 

and Ph3Si-ONO in CH2Cl2, it is clear they are not the same species, suggesting that a single CuII 

species forms as the product, as observed in the reduction induced by addition of a proton source.  

 

Figure 4.5 EPR spectra of reactions of CuI with -NO2, experimental (black) and fitted (red). Left: 

1H + H+ (CH2Cl2, 110 K); fitted parameters: g = 2.16, 2.18, 2.025; A = 120, 260, 30; freq. = 

9.292. Right: 2H + Ph3Si-ONO (CH2Cl2, 105 K); fitted parameters: g = 2.61, 2.2, 2.01; A = 180, 

300, 20; freq. = 9.258.  

The EPR spectrum from the reaction of 2H and Ph3Si-ONO in toluene exhibits an axial 

signal (g values = 2.05, 2.24), which is consistent with a CuII species. The difference in g-values 

compared to the reaction in CH2Cl2 could be due to the presence of weakly acidic protons in the 

CH2Cl2, that enable formation of a CuII-OH, or the presence of -Cl from pyrCl, which could form 

a CuII-Cl species via ligand exchange. In toluene, these species are not available, and so the slight 

changes in CuII signal could be due to the change in solvent. The geometry of the CuII species 

while frozen in solution should also be considered – in toluene, we would expect a fully trigonal 

pyramidal species, which would give rise to the axial species observed. In CH2Cl2, the presence of 

the weakly acidic -CH2 or even the C-Cl group could be causing a slight distortion from the fully 
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axial species, leading to differences in the spectra. We attempted to crystalize the products of both 

synthetic routes to better characterize the paramagnetic products but were unsuccessful.  

Taken together, these results indicate that the CuIFLH complex is capable of reducing -NO2 

from the silyl compound to NO (g) and oxidizing the copper center. The lack of observation of 

any other CuI species (i.e., 1H) in solution suggests that this reduction proceeds through a different 

mechanism. Rather than a simple ligand exchange of -F and -NO2, followed by protonation to 

induce nitrite reduction, the data suggest a concerted proton coupled electron transfer (PCET) 

process takes place, with the proton source coming from either the -NH ligand or the surrounding 

solvent (Fig. 4.6) This is consistent with the prior report using this method for -NO2 reduction and 

indicates that the H-bond strength may be independent of the nitrite activation reaction. 

 

Figure 4.6 Proposed mechanisms for reduction of -NO2 with CuILH precursors. 

4.4 Electrochemical nitrite reduction 

During the course of these studies, an in depth study was published on a related 

CuI(NO2)TPA complex with an appended proton-responsive carboxylic acid group. This complex 

was capable of catalytically reducing -NO2 under electrochemical conditions in the presence of a 

proton source with a high Faradaic yield of NO (97.3%) and ~ 6 turnovers per hour. The initial 

studies showed a cathodic shift of the copper complex upon addition of excess -NO2 and a catalytic 
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wave in the CV upon addition of benzoic acid.114 Intrigued by these results, we decided to test our 

H-bonding CuI(NO2)LH complex for electrochemical reduction of nitrite (Fig. 4.7). 

 

Figure 4.7 Reaction scheme for electrochemical reduction of -NO2 with CuI(MeCN)LH in the 

presence of benzoic acid. 

When the CuILH precursor is subjected to a cyclic voltammetry experiment in the presence 

of 45 eq. of [NBu4][NO2] a reversible redox event is observed at (-0.67 V vs Fc). Addition of 5 

equivalents of benzoic acid results in the growth of an anodic peak with an onset potential of -1.60 

V and a maximum current at -2.17 V. Additional equivalents of benzoic acid (10 and 20 eq. total) 

resulted in enhancement of the peak at -2.17 V (Fig.4.8). The anodic peak shift to more reductive 

potentials by almost -1.35 V while the cathodic peak only shifts anodically by -0.18 V. This could 

be caused by coordination of the benzoic acid to the copper complex to form an octahedral species. 

The observed feature is likely proton reduction of the coordinated benzoic acid, which is shifted 

catholically from free benzoic acid due to coordination to copper. This feature was inconsistent 

with the background reaction of benzoic acid and -NO2, leading us to the conclusion that the 

electrochemical event is not nitrite reduction. When the copper-based redox event is isolated, it 

becomes reversible at -0.55 V and additional equivalents of benzoic acid do not result in a catalytic 

peak for nitrite associated with the copper, but only a slight anodic shift by 200 mV to -0.75 V in 

the reversible redox event. Compared to the obvious catalytic reduction of -NO2 the Symes group 

observed in their proton-responsive CuTPA system, our H-bonding complex does not seem to have 

similar capability for the electrocatalytic nitrite reduction. 
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Figure 4.8 Cyclic voltammetry experiment with CuLH and 50 eq. -NO2, with increasing benzoic 

acid concentration (0.1 M [Bu4N][PF6] in CH3CN). 

4.5 Binding studies 

In an effort to better understand the binding of nitrite to CuILH, especially in comparison 

to our prior work, where -NO2 binding was not observed, we investigated the binding affinity of 

nitrite, along with nitrate, triflate, and iodide (Fig. 4.9). Proton NMR experiments with 1H in the 

presence of 1-50 equivalents of the anion in question were run in acetonitrile at room temperature. 

The integration values obtained from each were used in the Thoradarson fitting program, which 

can be used to calculate association constants, Ka. For the purposes of these studies, and based on 

prior work with 1H, we used a 1:1 fitting model for the anions in question, using the C5 pyridine 

C-H doublet in the spectrum for the integrations.  

 

Figure 4.9 Binding equilibrium for CuILH with anionic ligands (X = -ClO4, -OTf, -NO2, -NO3, -I). 

The calculated Ka values are displayed in Table 4.3. These values corroborate the very weak 

binding affinity of non-coordinating ions (-OTf, -ClO4) as well as the strong binding affinity for 
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halogens (-I). Nitrate and nitrite for 1H both fall between these two extremes. When compared to 

the Ka value for CuITPA with -NO3 acquired using the same experimental and calculation methods, 

we clearly see a drastic difference in the binding affinity for nitrate between 1H and CuITPA, on 

the order of five orders of magnitude. The larger ΔG values for CuTPA vs. CuLH indicates binding 

is disfavored without H-bonds. This direct comparison provides us with excellent calculated 

evidence of the influence the appended -HNPh groups in LH have on the increasing binding affinity 

of ions to copper(I). 

Table 4.3 Experimentally determined associations for anions with CuLH in CH3CN at room 

temperature.  

Anion Ka ΔG (kcal/mol) 
-ClO4 0.002 +3.48 
-OTf 0.653 +0.23 
-NO2 1.780 -0.31 
-NO3 14.690 -1.46 

-I 69.608 -2.30 
-NO3 (TPA) 0.001 +17.30 

  * Final entry is for CuTPA for comparison. 

4.6 Conclusions  

We have shown that tunable, bulky secondary sphere H-bonding groups can enable capture 

of nitrite at copper(I). The H-bond strength directly influences the stability of the CuI-NO2 

complexes, with stronger H-bonds creating more reactive complexes which can decompose readily 

at room temperature due to their weak BDFE and subsequent PCET, and weaker H-bonds 

providing sufficient stabilization for crystallization. Addition of weak acids induces reduction of 

nitrite to NO (g), even in the stable complex 1H, which is detected by gas IR. Accessing -NO2 

reduction via a CuI-F and a silylnitrite source results in immediate formation of a new CuII species 

and evolution of NO (g), similar to prior results in our group. Since we again do not observe any 

intermediates in this reaction, it suggests that the route mode of -NO2 binding to CuI in this system 
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(O-bound vs N-bound) directly effects the mechanism of nitrite reduction. Our attempts to 

electrocatalytically reduce nitrite using complex 1H were unsuccessful, pointing to the chemical 

stability of the nitrite complex imparted by the trifurcated H-bonds. Binding of -NO2 is 

energetically favorable based on the calculated Ka and G values, comparable to -NO3, which helps 

explain the stability of the complexes and the lack of electrocatalytic reduction. 

Moving forward there are several directions this project could take. Based on the difference 

in stability of the CuI-NO2 complexes based on H-bond strength, we are interested in probing the 

effect of pKa on the reduction of nitrite. Based on the evidence of reactivity with the strong H-

bonds in 1(CF3)2 that led to decomposition over time in solution, we hypothesize that the strength 

of the acid necessary to induce the reduction of -NO2 should be lower for the complexes with 

stronger H-bonds. However, it’s possible that the electronic effect the ligand substitution has on 

the complex (-OMe being more electron donating, -CF3 being more electron withdrawing) could 

complicate the proposed trend in pKa vs H-bond strength. Additional studies should also be 

performed using the Cu-F route for nitrite reduction as well. We did not investigate the solid state 

of the products of this reaction, and it would be helpful to perform additional low temperature UV-

vis studies to interrogate any intermediates in the reduction of -NO2 to help us better identify the 

mechanism of nitrite reduction.  
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4.8 Experimental Details 

4.8.1 General considerations: 
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All air‐ and moisture‐sensitive manipulations were performed using standard Schlenk 

techniques or in an inert atmosphere glovebox with an atmosphere of purified nitrogen. The 

glovebox was equipped with a cold well designed for low temperature experiments as well as a 

−30 °C freezer for cooling samples and crystallizations. Solvents were purified using a Glass 

Contour solvent purification system through percolation through a Cu catalyst, molecular sieves, 

and alumina. Solvents were then stored over sodium and/or molecular sieves. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories and used as received. 

Caution! Perchlorates are potentially explosive and should be handled with care and on 

small scales. 

Copper tetrakis(acetonitrile) perchlorate ([Cu(MeCN)4]ClO4), copper(I) iodide, cesium 

fluoride, tetrabutylammonium nitrite (TBANO2), Pd(OAc)2, 2,2′-Bis(diphenylphosphino)-1,1′-

binaphthalene (BINAP), Cs2CO3, benzoic acid, tetrabutylammonium nitrate (TBANO3), 

tetrabutylammonium perchlorate (TBAClO4), tetrabutylammonium triflate (TBAOTf), and 

tetrabutylammonium iodide (TBAI) were purchased from commercial vendors and dried under 

vacuum before transferring to a nitrogen glovebox. Ferrocene was purchased from a commercial 

vendor and sublimed prior to use. Phenyltrimethylsilane and 3,5-bis(trifluoromethyl)aniline were 

dried, distilled, and stored over sieved prior to use. Copper tetrakis(acetonitrile) 

tetrakis(pentafluorophenyl) borate ([Cu(MeCN)4]BAr′4),251 tris(6-phenylamino-2-pyridylmethyl)-

amine (LH),22 tris(6-(4-trifluoromethylphenyl)amino-2-pyridylmethyl)amine (LCF3),22 tris(6-(4-

methoxyphenyl)amino-2-pyridylmethyl)amine (LOMe),22 tribromo-tris(2pyridiylmethyl)amine 

(Br3tpa), triphenyl silylnitrite (Ph3Si-ONO),117 and ferrocenium hexafluorophosphate (FcPF6)231 

were synthesized according to literature procedures. Pyridine hydrochloride was prepared by 

adding a solution of HCl in Et2O to pyridine in Et2O at room temperature. 
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NMR spectra were acquired on Varian 400 MHz or 500 MHz spectrometers as indicated 

below. 1H NMR spectra are referenced to non-deuterated internal solvent residuals and are 

reported in parts per million (ppm) relative to tetramethylsilane. 19F NMR spectra are referenced 

to their respective 1H spectra. Multiplicities are reported as follows: singlet (s), doublet (d), triplet 

(t), quartet (q). Coupling constants (J) are reported in Hz. 

IR spectra were recorded on a Nicolet iS10 FT-IR spectrometer with an ATR accessory or 

KBr pellets as specified. Gas-phase IR spectra were collected using a Perkin-Elmer Spectrum BX 

spectrometer using a custom gas cell with an 11 cm path length and BaF2 windows. Mass spectra 

were recorded on an Agilent 6230 TOF HPLC-MS with a liquid phase of 95% acetonitrile, 5% 

water, 0.1% formic acid. Electronic absorption spectra were recorded at ambient temperature in 

sealed 1 cm quartz cuvettes (as specified) or with a Hellma Analytics 661.200-QX quartz probe 

(0.5 cm pathlength) with a Varian Cary-50 spectrophotometer (resolution: <1.5 nm). Flash 

chromatography was performed on a Biotage Isolera One automated system using self-packed 25g 

columns. EPR spectra were collected on a Bruker EMX electron spin resonance spectrometer, with 

a Bruker 4102-ST cavity, at liquid N2 temperatures in frozen solvent (specified below). The 

program SpinCount was used to model EPR spectra (using the Lehnert lab license). 

Electrochemistry was performed with a Pinewave Wavenow potentiostat under a 

dinitrogen atmosphere with a glassy carbon working electrode, a platinum counter electrode, and 

a silver wire pseudo-reference electrode. Measurements were referenced against an internal 

ferrocene standard. Electrolyte, [NBu4][PF6], was used in 0.1 M in CH3CN or CH2Cl2 as indicated. 

Single crystal data for 1H and 1OMe were collected using a Rigaku AFC10K Saturn 944+ 

CCD-based X-ray diffractometer equipped with a low temperature device and a Micromax-007HF 

Cu-target microfocus rotating anode (λ = 1.54184 Å) operated at 1.2 kW power (40 kV, 30 mA). 
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The data were collected using CrystalClear 2.016.252 The X-ray intensities were measured at 

293(2) K (1H) or (1OMe) or with the detector placed at a distance 42.00 mm from the crystal. A 

total of 2800 images were collected with an oscillation width of 1.0° in w. The exposure times 

were 1 sec. for the low angle images, 3 sec. for high angle. Rigaku d*trek images were exported 

to CrysAlisPro 1.171.40.53 for processing and corrected for absorption.253 The integration of the 

data yielded a total of 63736 (1H) reflections to a maximum 2θ value of 69.353° (1H) of which 

7693 (1H) were independent and 6534 (1H) were greater than 2σ(I). The final cell constants were 

based on the xyz centroids of 7693 (1H) reflections above 10σ(I). For 1OMe, the integration of the 

data yielded a total of 19670 (1OMe) reflections to a maximum 2θ value of 68.923° (1OMe) of which 

6837 (1OMe) were independent and 6619 (1OMe) were greater than 2σ(I). The final cell constants 

were based on the xyz centroids of 6837(1OMe) reflections above 10σ(I). Empirical absorption 

correction was applied using spherical harmonics, as implemented in the SCALE3 ABSPACK 

scaling algorithm. Refinement was performed using Olex243 and the XL242 refinement program. A 

Squeeze method was used on 1H, and Superflip applied to 1OMe. 

4.8.2 Synthesis of Cu(NO2)LR complexes (1R) 

Synthesis of 1H. Ligand LH (25.5 mg, 0.045 mmol) and Cu(MeCN)4BAr′4 (35.9 mg, 0.040 mmol) 

were combined CH3CN (7 mL), and stirred at room temperature for 30 min. A solution of TBANO2 

(11.3 mg, 0.0146 mmol) in CH3CN (2 mL) was added to the stirring copper solution. The dark 

yellow solution was stirred at room temperature for 30 min and was then dried under vacuum. The 

orange residue was washed with Et2O, then extracted with CH2Cl2, filtered, and dried as a yellow-

orange solid (22.8 mg, 92%). 1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.02 (s, 3H), 7.42 (dd, J = 

8.4, 7.2 Hz, 3H), 7.30 (m, J = 6.4 Hz, 12H), 7.04 (tt, J = 6.7, 2.0 Hz, 3H), 6.96 (d, J = 8.4 Hz, 3H), 

6.64 (d, J = 7.2 Hz, 3H), 3.79 (s, 6H).  
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Synthesis of 1OMe. Ligand LOMe (10.4 mg, 0.0107 mmol) and Cu(MeCN)4BAr′4 (13.2 mg, 0.040 

mmol) were combined CH3CN (7 mL) and stirred overnight. A solution of TBANO2 (4.2 mg, 

0.0147 mmol) in CH3CN (2 mL) was added and the reaction solution stirred for 1 hr. The solution 

was dried, washed with Et2O and dried, then extracted with CH2Cl2 and dried as a yellow solid. 

1H NMR (400 MHz, CH2Cl2, 25 °C) δ 8.79 (s, 3H), 7.36 (t, J = 8.1 Hz, 3H), 7.18 (m, 6H), 6.85 

(m, 6H), 6.72 (d, J = 8.5 Hz, 3H), 6.57 (d, J = 7.1 Hz, 3H), 3.75-3.77 (overlapping singlets, 15H). 

Synthesis of 1CF3. Ligand LCF3 (10.1 mg, 0.0132 mmol) and Cu(MeCN)4BAr′4 (11.4 mg, 0.0384 

mmol) were combined in toluene (3 mL), stirred and frozen for 30 min. A solution of TBANO2 

(3.6 mg, 0.0125 mmol) in toluene (2 mL) was added and the yellow solution was stirred, then 

frozen for 1h. The solution was then thawed to room temperature, stirred 1 h, then dried under 

vacuum. The residue was dissolved in Et2O, triturated with pentane, decanted, and the yellow oily 

solid was dried. 1H NMR (400 MHz, CH2Cl2, 25 °C) δ 9.34 (s, 3H), 7.50 (overlapping d/t, 12H), 

7.31 (d, J = 8.3 Hz, 6H), 7.05 (d, J = 8.4 Hz, 3H), 6.71 (d, J = 7.3 Hz, 3H), 3.83 (s, 6H). 19F NMR 

(400 MHz, CH2Cl2, 25 °C) δ -62.16 (CF3), -132.97, -163.68, -167.46 (trace BAr′4). 

Synthesis of L(CF3)2. Br3tpa (202 mg, 0.4760 mmol), Pd(OAc)2 (20 mg, 0.0437 mmol), BINAP 

(30 mg, 0.0644 mmol), and Cs2CO3 (747 mg, 2.8485 mmol) were combined in a 20 mL vial 

equipped with a stir bar.  Toluene (20 mL) and 3,5-bis(trifluoromethyl)aniline (539 μL, 4.2706 

mmol) were sparged with N2, then transferred quickly to the vial, which was capped and stirred 

overnight at 100 °C. The solution turned a bright red solution as the reaction proceeded. After 18 

h, the solution was removed from heat, cooled, filtered through Celite, and extracted with CHsCl2 

(10 mL). The solution was dried to a red-brown oil which was dry loaded on a silica gel column, 

and a flash column was run on the Biotage (9 CV 6% EtOAc/DCM, ramp to 100% EtOAc over 7 

CV). Fractions 6-16 were combined, and the solvent removed to leave an orange oil. The oil was 
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dissolved in hox hexanes and recrystallized at -30 °C in the freezer overnight. The mother liquor 

was decanted and the off-white solid dried (119 mg, %). 1H NMR (400 MHz, CD2Cl2, 25 °C) δ 

8.12 (s, 6H), 7.55 (t, J = 7.8 Hz, 3H), 7.42 (s, 3H), 7.19 (d, J = 7.5 Hz, 3H), 6.74 (s, 3H), 6.65 (d, 

J = 8.2 Hz, 3H), 3.87 (s, 6H). 19F NMR (400 MHz, CH2Cl2, 25 °C) δ -63.43. 

Synthesis of 1(CF3)2. L(CF3)2 (9.9 mg, 0.0102 mmol) was stirred with Cu(MeCN)4BAr′4 (17.5 mg, 

0.0193 mmol) were stirred in C6H6 (5 mL) for 2 min at room temperature before being frozen at -

30 °C. A solution of TBANO2 (6.3 mg, 0.0218 mmol) in C6H6 (2 mL) was frozen at -30 C. The 

two solutions were combined after just thawing, stirred for 1 min, then frozen for 30 min. The 

solution was then thawed to room temperature and stirred for 1.5 h. The solvent was removed by 

vacuum, leaving a yellow residue, which was then redissolved in CH2Cl2, and dried to a yellow 

solid (a mix of 1(CF3)2 and TBABAr′4). 1H NMR (400 MHz, CH2Cl2, 25 °C) δ 9.449 (s, 3H), 7.69 

(s, 6H), 7.55 (t, J = 7.8 Hz, 3H), 7.45 (s, 3H), 6.99 (d, J = 8.4 Hz, 3H), 6.80 (d, J = 7.4 Hz, 3H), 

3.88 (s, 6H). 19F NMR (400 MHz, CH2Cl2, 25 °C) δ -63.58 (3,5-(CF3)2). 

4.8.3 Synthesis of CuFLR complexes (2R) 

Synthesis of 2H. A solution of LH (10.2 mg, 0.0461 mmol) and CuI (3.8 mg, 0.0404 mmol) was 

stirred in CH3CN (5 mL) for 30 min. CsF (3.5 mg, 0.0231 mmol) was added and the solution was 

stirred an additional 5 h. An orange solid precipitated, the reaction solution was filtered, and the 

solid was extracted with CH2Cl2 and dried to obtain a yellow solid (8.8 mg, 78%). 1H NMR (400 

MHz, CH2Cl2) δ 12.82 (d, J = 57.0 Hz, 3H), 7.37 – 7.31 (m, 9H), 7.28 (t, J = 7.7 Hz, 6H), 6.99 

(dd, J = 8.1, 4.8 Hz, 6H), 6.47 (d, J = 7.1 Hz, 3H), 3.81 (s, 6H). 19F NMR (400 MHz, CH2Cl2) δ -

100. 14 (Cu-F). 

Synthesis of 2OMe. A solution of LOMe (12.2 mg, 0.0187 mmol) and CuI (3.0 mg, 0.0158 mmol) 

was stirred in CH3CN (5 mL) for 30 min. CsF (3.5 mg, 0.0231 mmol) was added and the solution 
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was stirred overnight. A yellow solid precipitated, the reaction solution was filtered, and the solid 

was extracted with CH2Cl2 and dried to obtain a yellow solid (5.9 mg, 51%). 1H NMR (400 MHz, 

CH2Cl2) δ 12.60 (d, J = 56.7 Hz, 3H), 7.29 (dd, J = 8.5, 7.1 Hz, 3H), 7.22 (d, J = 6.6 Hz, 3H), 6.90 

– 6.73 (m, 9H), 6.40 (d, J = 7.1 Hz, 3H), 3.78 (s, 6H), 3.76 (s, 9H). 19F NMR (400 MHz, CH2Cl2) 

δ -100.81 (Cu-F). 

Synthesis of 2CF3. A solution of LCF3 (10.9 mg, 0.0142 mmol) and CuI (2.3 mg, 0.0121 mmol) 

was stirred in CH3CN (5 mL) for 1 h. CsF (2.0 mg, 0.0132 mmol) was added, and the solution was 

stirred overnight. A yellow solid precipitated, the reaction solution was filtered, and the solid was 

extracted with CH2Cl2 and dried to obtain a yellow solid (8.8 mg, 85%). 1H NMR (400 MHz, 

CH2Cl2) δ 13.09 (d, J = 58.4 Hz, 3H), 7.48 (q, J = 10.3, 9.3 Hz, 15H), 7.1363 (d, J = 8.5 Hz, 3H), 

6.59 (d, J = 7.1 Hz, 3H), 3.87 (s, 6H). 19F NMR (400 MHz, CH2Cl2) δ -62.01 (CF3), -96.22 (Cu-

F). 

Synthesis of 2(CF3)2. A solution of L(CF3)2 (10.0 mg, 0.0103 mmol) and CuI (1.9 mg, 0.0100 mmol) 

was stirred in CH3CN (5 mL) for 1 h. CsF (2.2 mg, 0.0145 mmol) was added and the solution was 

stirred an additional 1 h. The solution was dried, solid was extracted with CH2Cl2, filtered, and 

dried to obtain a yellow solid (14.9 mg). 1H NMR (400 MHz, CH2Cl2) δ 13.31 (d, J = 59.8 Hz, 

3H), 7.83 (d, J = 1.5 Hz, 6H), 7.57 – 7.49 (m, 3H), 7.39 (d, J = 1.9 Hz, 3H), 7.12 (d, J = 8.4 Hz, 

3H), 6.67 (d, J = 7.3 Hz, 3H), 3.92 (s, 6H). 19F NMR (400 MHz, CH2Cl2) δ -63.79 (3,5-(CF3)2), -

91.08 (Cu-F). 

Synthesis of 3H. A solution of 2H (8.2 mg, 0.0127 mmol) was dissolved in CH2Cl2 (5 mL) and a 

solution of FcPF6 (4.5 mg, 0.0136 mmol) in CH2Cl2 (1 mL) were combined at room temperature 

and stirred for 10 min. EPR (CH2Cl2, 110 K, Freq. = 9.336) g = 2, 2.2, 2.24. A = 220, 300, 280. 

4.8.4 Reactivity Studies 
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Reactions of 1R with H+. 

1H: In a 20 mL vial sealed with a septum, complex 1H (18.6 mg, 0.0276 mmol) was dissolved in a 

50/50 solution of EtOH/CH2Cl2 and stirred for 20 min. Pyridine hydrochloride (3.3 mg, 0.0286 

mmol) was dissolved in EtOH and injected into the copper solution via syringe and the reaction 

stirred for 1 h at room temperature. The solution changed from bright yellow to brown to green. 

The headspace of the vessel was evacuated into a gas IR cell via a needle and analyzed. EPR 

spectra of the green solution were obtained in frozen CH2Cl2. IR (gas). 1904, 1851 cm-1. EPR 

(CH2Cl2, 110 K, freq. = 9.292) g = 2.16, 2.18, 2.025 A = 120, 260, 30.  

1OMe: In a 20 mL vial sealed with a septum, complex 1OMe (4.8 mg, 0.006 mmol) was dissolved in 

a 50/50 solution of EtOH/CH2Cl2 and stirred for 20 min. Pyridine hydrochloride (0.9 mg, 0.008 

mmol) was dissolved in EtOH and injected into the copper solution via syringe and the reaction 

stirred for 1 h at room temperature. The solution changed from bright yellow to brown to green. 

The headspace of the vessel was evacuated into a gas IR cell via a needle and analyzed. EPR 

spectra of the green solution was obtained in frozen CH2Cl2. IR (gas). 1910, 1853 cm-1.  

Reactions of 2R with Ph3Si-ONO. 

In CH2Cl2: Complex 2H (8.1 mg, 0.0108 mmol) was stirred in CH2Cl2 (5 mL) in a 20 mL vial 

sealed with a septum. A solution of Ph3Si-ONO (3.8 mg, 0.0124 mmol) in CH2Cl2 (1 mL) was 

added via syringe and stirred for 1 h at room temperature. At this time a sample was taken from 

the headspace for IR analysis. The solvent was then removed under vacuum and the residue was 

redissolved in 3.0 mL to acquire a UV-vis spectrum. 19F NMR (CH2Cl2): δ -170.08 ppm (Ph3Si-

F). IR (gas): 1905, 1850 cm-1. EPR (CH2Cl2, 105 K, Freq. = 9.258) g = 2.16, 2.2, 2.01. A = 180, 

300, 20. 
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In toluene: Complex 2H (6.8 mg, 0.0105 mmol) was stirred in toluene (8 mL, passed through 

alumina) in a 20 mL vial. A solution of Ph3Si-ONO (3.5 mg, 0.0115 mmol) in toluene (2 mL, 

passed through alumina) was added and the solution stirred at room temperature for 1 h. 19F NMR 

was taken with an internal standard (PhF, 10 eq), with formation of Ph3Si-F in 94% yield. 19F 

NMR (CH2Cl2): δ -170.08 ppm (Ph3Si-F). EPR (toluene, 120 K, freq. = 9.272) g = 2.05, 2.24 A = 

50, 480. 

4.8.5 Attempted electrocatalytic reduction of -NO2 

With LH: LH (2.2 mg, 0.0039 mmol) and Cu(MeCN)4BAr′4 (3.2 mg, 0.0035 mmol) were stirred in 

electrolyte (5.0 mL, 0.1 M TBAPF6, CH3CN) and an initial CV scan obtained. TBANO2 (51 mg, 

0.1789 mmol, 21 eq) was added and another CV taken. Benzoic acid was added in portions to the 

solution and a CV was taken after each addition (5 eq: 2.9 eq; 10 eq: 3.3; 20 eq: 5.8 mg).  

With LCF3: LCF3 (2.0 mg, 0.0026 mmol) and Cu(MeCN)4BAr′4 (2.6 mg, 0.0029 mmol) were stirred 

in electrolyte (5.0 mL, 0.1 M TBAPF6, CH3CN) and an initial CV scan obtained. TBANO2 (37 

mg, 0.1283 mmol, 19 eq) was added and another CV taken. Benzoic acid was added to the solution 

in portions and a CV was taken after each addition (5 eq: 1.5 eq; 10 eq: 1.7; 20 eq: 3.2 mg).  

With LOM3: LOMe (2.3 mg, 0.0035 mmol) and Cu(MeCN)4BAr′4 (2.8 mg, 0.0031 mmol) was stirred 

in electrolyte (5.0 mL, 0.1 M TBAPF6, CH3CN) and an initial CV scan obtained. TBANO2 (43 

mg, 0.1491 mmol, 20 eq) was added and another CV taken. Benzoic acid was added to the solution 

in portions and a CV was taken after each addition (5 eq: 1.8 eq; 10 eq: 1.7; 20 eq: 3.8 mg).  

4.8.6 CuLHX Binding Studies 

General procedure: A CuLH stock solution was prepared: LH (1 eq) and Cu(MeCN)4BAr′4 (2 eq) 

in 7.0 mL CH3CN, stirred for 20 min (CuLH C = 0.005 M). Speraately, a TBANO2 stock solution 

was prepared: TBANO2 (0.50 M in CH3CN). Use autopipette to dispense CuLH and TBANO2 into 
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a screwcap NMR tube, along with 5.0 μL (0.029 mmol) PhTMS as an internal standard. See table 

below for ratios of CuLH stock and TBANO2 stock (total volume for each: 600 μL). 1H NMR data 

was collected for each sample at room temperature (25 °C). A spectrum of CuLH with PhTMS 

internal standard was used to obtain a 0 eq point. 

Table 4.4 Sample dilution of CuILH and TBAX for binding coefficient experiment 

Eq. -NO2 Vol. (μL) -NO2 stock Vol. (μL) CuLH stock 

50 300 (0.15 mmol) 100 

30 150 (0.075 mmol) 450 (0.0025 mmol) 

23 120 (0.06 mmol) 480 (0.0026 mmol) 

16 90 (0.045 mmol) 510 (0.0028 mmol) 

10 60 (0.03 mmol) 540 (0.0029 mmol) 

5 30 (0.015 mmol) 570 (0.0031 mmol) 

4 24 (0.024 mmol) 576 (0.0031 mmol) 

3 18 (0.009 mmol) 582 (0.0032 mmol) 

2 12 (0.006 mmol) 588 (0.0032 mmol) 

1 6 (0.003 mmol) 594 (0.0032 mmol) 

 

This procedure was repeated for each of the following anions using the listed concentrations of 

TBAX solution in CH3CN. 

TBAClO4: 0.51 M; TBAOTf: 0.52 M; TBANO3: 0.50 M; TBAI: 0.51 M 

For the control complex CuTPA, the same procedure was performed using TBANO3 (0.51 M) for 

comparison of Ka values.  

Calculations for Ka. The Thordarson fitting program254 was used to calculate Ka. Fitting1to1nmr2 

was used for all analyses.  

4.8.7 DFT calculations 

Calculations were performed using the Gaussian 09 suite.255 Calculations of all compounds were 

performed using the B3LYP functional and an ultrafine integration grid for all atoms. 

Optimizations were performed in the solvent phase (CH2Cl2) with the 6‐31g(d) basis set for all 

atoms followed by vibrational frequency analysis to confirm that local minima were obtained 
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through the absence of imaginary vibrational frequency modes.256 The dissociation constants for 

H-NHPhR (R = p-OMe, p-H, p-CF3, and 3,5-(CF3)2) were calculated using the following equation:  

NH disso. = (NH + Et2OH+) – (NH2
+ Et2O) 

The values were then converted to kcal/mol to give a normalized difference in the dissociation 

compared to the control, protonated Et2O. The values were normalized relative to one another, 

with p-H as the zero point, for comparison of the electronic effects on the N–H bond strength, and 

the subsequent strength of -NH…X H-bonding interactions. 

- 
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Chapter 5 Conclusions 

 

5.1 Summary and conclusions 

This thesis has investigated the effects of secondary sphere H-bonding interactions on the 

stability and reactivity of transition metal complexes across multiple oxidation states and small 

molecules. Broadly, the synthesis and characterization of these complexes, as well as the 

accompanying reactivity studies help inform us on the influence sterically bulky H-bonding groups 

such as -NHPh can have for small molecule activation. By taking cues from enzyme active sites, 

including lipoxygenase and copper nitrite reductase, and incorporating tunable H-bonding groups 

in our ligand platform, we have pushed the field forward in regard to using reductively stable H-

bond donors to capture, reduce, and stabilize key intermediates in biologically relevant small 

molecules. By understanding the limits of this ligand platform’s tolerance for oxidation state 

changes and preferences for substrate interactions and binding/reduction events, we can better tune 

these or related transition metal complexes for productive reactivity of small molecules. 

In Chapter 2, we investigated a series of Ni complexes featuring ligand LH, which was 

established to be reductively stable at low potentials. Chemical reduction yielded the low valent 

nickel(I) halide complexes which were adequately stable for isolation and characterization, 

including the first crystal structure of a NiI complex featuring intramolecular H-bonding 

interactions (Fig. 5.1). Subsequent studies found that the low valent species was adept at fluoride 

atom abstraction and could undergo fluoride transfer reactions to a range of fluorine containing 

substrates. Compared against an analogous NiITPA complex without H-bonds, the stability and 
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selective reactivity of the H-bonding complexes is significantly improved. This study gives 

important insight into the stability of the -NHPh H-bonding group, even under strongly reducing 

conditions, and its utility for the stabilization of otherwise reactive species.  

The results of our syntheses and experiments in Chapter 2 suggest that secondary sphere 

H-bonding groups could be more broadly useful in the isolation of a range of oxidation states, 

including low-valent complexes. Importantly, we note that the highly sensitive nature of the NiI 

complexes (to temperature, solvent, and oxygen) is suggestive of why such monomeric low valent 

nickel species have been notoriously difficult to isolate.155 We suggest that the isolation of these 

complexes is enabled in two ways: (1) the halide is trapped close to the metal by the H-bonding 

groups, preventing it from dissociating or otherwise decomposing, and (2) the pre-organization of 

the -NH groups in H-bonding interactions with the halide prevents decomposition of the ligand. 

Such secondary sphere H-bonds can pull electron density away from the metal center, allowing 

for addition of electrons via reduction, however without that interaction to alleviate the potency of 

the reduction, we propose such reduction would be unsuccessful. Based on these conclusions, and 

the short lifetime of the dehalogenated species even at low temperatures, we hypothesize that 

isolation of other low-valent species may require pre-organization in order to prevent 

decomposition. 

 

Figure 5.1 Reductively stable LH supports formation of new H-bonded nickel(I) complexes. 
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Ongoing work in the literature has yet to support other examples of similar low-valent 

nickel complexes featuring H-bond donors. The current literature is still mainly focused on tuning 

the electronic properties of the supporting ligand scaffold to characterize and/or isolate nickel(I) 

species. Recently, a new nickel(I) bis-NHC complex was reported for its unusual insensitivity to 

geometric distortions, of which there had only been one other similar example.257-258 Other groups 

have reported new ligands featuring strong σ donor groups for stabilization of the low valent 

species,259 including a system that uses a redox-active ligand to access a NiI-Br species which is 

active for C-C bond forming reactions via SET.260 A nickel(I) complex supported by a PNP-type 

pincer ligand was recently reported for its HAT reactivity via a cooperative ligand backbone 

(de)protonation pathway. Investigation into the effect of solvation of these systems suggests the 

NiII species is more stable, although the NiI should be stable enough for other reactivity.261 Based 

on our work and that of the most current literature, using electron rich, proton- or redox- 

responsive, and/or weak H-bond containing ligands with nickel(I) complexes may be the most 

advantageous for the characterization and study of reactivity with these compounds. 

In Chapter 3, we established that the same LH could be used to access high valent 

intermediates in dioxygen activation using a coordinatively unsaturated iron(II) precursor, 

[Fe(MeCN)2LH](BAr″4)2 (3.4). We established that we could cleanly synthesize and characterize 

the product of O2 activation, the FeIII-OH species. Reactions with O2 and 3.4 resulted in the 

formation of an intermediate which we have identified as an FeIV-oxo species by UV-vis 

spectroscopy (Fig. 5.2), parallel synthesis with an OAT reagent, and reactivity studies. The 

terminal FeIII-OH is capable of hydroxyl radical rebound reactions. Reactions of FeIITPA 

complexes with O2 do not form any high-valent intermediates on the same time scale as our FeLH 

system. Additionally, the authentic unsubstituted FeII(OH)TPA system does not perform hydroxyl 
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radical transfer reactions at a similar rate to FeII(OH)LH. The necessity of H-bonds, as opposed to 

steric congestion, for the activation of O2 was supported by reactions using a related FeIITPAOPh 

complex, which showed no evidence of high valent intermediates or any reactivity with dioxygen. 

We’ve gained insight into the necessity of H-bonding for the activation of O2; the stabilization of 

the intermediates lowers the kinetic barrier for bond cleavage, enabling reduction and subsequent 

reactivity. This should enable us to further this study by performing kinetics studies to determine 

how H-bonding directly affects the HAT reaction in comparison to other species without H-bonds; 

rates of the subsequent transfer steps will also be evaluated, as our early results suggest that rather 

than enhancing reactivity, the H-bonds slow the –OH transfer reactivity once the FeIII-OH is 

formed. Together, this data will help us better understand the mechanism of oxidation reactions in 

this system. 

 

Figure 5.2 Proposed iron(IV)-oxo intermediate observed from O2 activation. 

High valent oxygen-containing iron complexes continue to be prevalent in the literature for 

their implications as models for a variety of non-heme iron enzymes including α-ketoglutarate and 

mono- and dioxygenases. Iron-oxo complexes are typically derived from chemical reagents (i.e., 

PyO, NMO, PhIO, etc), rather than O2. Much of the current literature is focused on characterization 

of high valent iron-oxo species using new ligand frameworks or on HAT reactivity and 

understanding the mechanisms of known FeIV-oxo species. A recent report from 2021 introduced 

a new ligand platform for the isolation and characterization of iron-oxo species, specifically an 

FeIII-oxo supported on with a bulky tris(carbene)borate ligand capable of HAT from toluene and 
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hydrocarbon dehydrogenation.262 Another recent paper reported on the ability to direct selectivity 

of C-H activation by an iron-oxo by adding a radical mediator.263 Finally, another recent report of 

a series of sterically bulky pentadentate ligand included the solid state structure of a high-valent 

iron-oxo; the bulky ligand was deemed critically important for the formation and stability of the 

oxo species, although the differences in electronic properties of the ligands studied were implicated 

as the reason for divergent reactivity for HAT.264 This small sampling of the current scope of high 

valent iron-oxo literature gives insight into areas of focus for the future of this project. The 

electronic properties of the ligand may influence the reactivity of the complexes, particularly when 

comparing high and low spin systems; the steric protection around the iron-oxo group can play an 

important role in enabling the isolation of these high valent species; and the reactivity of O2 

activation for the direct formation of iron-oxos is still under development and worth deeper 

investigation. Of note, only a handful of other groups have recently reported new iron-oxos or 

related species with secondary sphere H-bonding groups, suggesting that we may be able to access 

new studies for O2 activation with the system reported here. 

Finally, in Chapter 4, we examined the effect of changing H-bond strength on the reduction 

of nitrite using a series of copper(I) complexes. Changing the substitution of the-NHPh group of 

LR from electron donating (low pKa, higher BDFE) to electron withdrawing (high pKa, lower 

BDFE) results in a change in the stability of the corresponding CuI-NO2 complexes: using LOMe 

and LH results in stable complexes, which can be easily isolated and characterized. More electron 

withdrawing complexes with ligands LCF3 and L(CF3)2 are much more difficult to synthesize and 

isolation is difficult, likely due to the smaller BDFE, which enables intramolecular PCET to the 

bound nitrite. Reactions of the stable nitrite complexes with H+ induced NO (g) release and 

oxidation to CuII, as expected for the reduction of nitrite. We switched to more stable CuI-F 
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precursors, which reactivity studies showed were also capable of rapidly reducing nitrite without 

proceeding through an observable intermediate (Fig. 5.3). This reactivity agrees with prior work 

in our group that used a CuI-F precursor with strong H-bond donor groups which could 

reduce -NO2, with no intermediates observed. The changes in the -NO2 interactions with the H-

bonding complexes demonstrate the stark differences in reactivity afforded by changing the H-

bond strength of in the secondary coordination sphere, as well as the source of small molecules for 

activation and give us insight into the effects the variation in H-bond strength may have on the 

stabilization and subsequent reactivity of other MLH complexes. 

   

Figure 5.3  Copper(I) complexes featuring LR ligands with vary H-bond strength. 

The field of nitrite reduction chemistry is still of broad scientific interest, with a variety of 

different methods for inducing the formation of NO (g) currently being explored. Multiple reports 

in recent years have used electrochemical methods for the reduction.113-114 Parallels can be drawn 

between these studies and the injection of an electron in to the catalytically active CuII center from 

the distant CuI electron donor site. Other work has focused on secondary sphere effects, including 

both H-bond donors265 and exogenous Lewis acids.266-267 Notably, other groups are moving to use 

iron in these model systems due to the activity of cytochromes and other non-heme iron enzymes 

for nitrite reduction. As is, the work in Chapter 4 remains relevant in the broader literature for the 

characterization of copper-nitrite complexes, while also offering potentially interesting routes for 

study regarding the mechanism of nitrite reduction. Switching to the related iron(II) complexes 
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may offer a new route towards better understanding the effect of the tunable H-bond donors on the 

reduction of nitrite.  

 

Figure 5.4 Summary of advantages of using complexes with LH for small molecule activation. 

Collectively, the results of experiments using Ni, Cu, and Fe provide a new approach to 

the use of the LH ligand – accessing not just stable low-valent complexes but also high-valent 

species as well. This work has highlighted the key role H-bonding can play in the capture of 

intermediates and activation of a variety small molecules (Fig. 5.4). Moving into the future, we 

hope to expand on the work already described to help further inform the scientific community of 

the importance of H-bonding in synthetic inorganic systems. 

5.2 Future directions and outlook 

The work in this thesis has demonstrated the importance of H-bonds for activation of 

biologically relevant small molecules, including O2 and -NO2. The use of these LR ligands, with 

their modular construction, allows us to change the pKa/BDFE of the H-bond donors and thus 

interrogate the effect the H-bond strength has on stability and subsequent reactivity. To date, we 

have been able to work with the “Goldilocks” of this ligand set, LH, wherein we observe both 

reductive and oxidative stability of the ligand and reap the benefits of intramolecular -NH…X H-

bonds, while still observing reactivity of the resulting complexes. We have observed that by tuning 

the ligand to provide stronger H-bonds, we enter a regime where PCET is possible, and actually 

so rapid that it prevents detailed studies of the resultant complexes. On the other hand, switching 

the -NH group for an -O group without H-bond donor capability, but an otherwise identical ligand, 

results in lack of reactivity for small molecule activation. While we envision continued efforts to 
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use the established systems reported here with changes in H-bond donor strength to interrogate 

changes in complex stability and reactivity, we also recognize that such studies maybe complicated 

by the ability for PCET to occur.  

Results from the Ni-F experiments suggest that SET reactions are induced by the low-

valent nickel(I) complexes. However, the dehalogenation route to access the coordinatively 

unsaturated species did not result in C-F bond cleavage in benzylic or aromatic systems. We 

attributed this to the strong BDEs of these bonds (> 100 kcal/mol), one way to bias this reaction 

might be to switch to stronger H-bond donor ligands (LCF3, perhaps). However, this could present 

two separate issues: the ligand itself, with weaker N-H bonds, might undergo 

reduction/decomposition in the presence of the strong reductant, and any -CF3 substituents could 

compete with the C-F substrates for defluorination. It’s also possible that this system is simply not 

reducing enough to access the potentials required for C-F activation. Prior work using reducing 

metals for benzylic C-F bond cleavage uses excess of Mg0 in the presence of a F-atom acceptor to 

induce the SET and fluoride transfer.268 Attempts to use a Ni0 precursor to access even lower 

oxidation states were unsuccessful, which may mean a new route to access C-F bond cleavage may 

be necessary. 

The results of the substrate oxidation reactions with the FeIV-oxo species are curious, as 

they not only show bias towards HAT reactions, but the transfer of the oxygen atom to the H-

abstracted species appears hindered by the H-bonding groups (the C-C coupled product is excellent 

evidence of this). Tuning the H-bond strength of complex by modulating LR substitution should 

enable us to probe the effect on the HAT reactivity. We would hypothesize that weaker H-bonds 

to the Fe-oxo intermediate would more readily transfer the O atom, while stronger H-bonds would 

slow that transfer even further, and thus the product distribution of cyclohexene oxidation would 
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change as a function of H-bond strength. The issue of H-bond strength compared to BDFE may 

once again come into play if the N-H bond is weak enough to induce PCET reactions to the high 

valent intermediates of O2 activation and outcompete the substrate. Investigating the rate of HAT 

versus subsequent OAT/hydroxyl radical transfer can further inform us of the role the H-bond 

donors play in stabilizing the intermediates of O2 activation and substrate oxidation. Our current 

results suggest that the rate of HAT is far faster than subsequent reactions, due to the strong H-

bonds to the resultant -OH ligand. We anticipate that a study focused on comparing rates of HAT 

to high-valent FeIV-oxo complexes with varied H-bond strength and to known values for the parent 

TPA ligand with no H-bonds will help us to understand the effects of H-bonding in this system. 

While our work has shown the FeIV-oxo is able to facilitate oxidation reactions without 

additional oxidant besides O2, there is a dearth of literature that used H2O2 as the oxidant in related 

iron systems. Current work, which we hope to investigate further, is examining the FeLH system 

for oxidation of organic substrates, including cyclohexene, using a mixed O2/H2O2/H2O system. 

Work by other groups has suggested that this combination of oxidants can change the mechanism 

of the oxidation, enabling access to an iron(V) species, which is attributed to additional binding of 

the H2O2 or H2O to the Fe center.55, 269 A comparison of the product distribution of these oxidation 

reactions under various oxidizing conditions (Fig. 5.5), especially in parallel with the related non-

H-bonding TPA complexes, should give us valuable insight into the role H-bonds play in the 

mechanism of cyclohexene oxidation.  

 

Figure 5.5 Optimization for cyclohexene oxidation with high valent iron species 
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In looking to future studies with the FeLH system, we are interested in probing reactivity 

with oxyanions such as nitrate, nitrite, and perchlorate. Preliminary reactions of complex 3.4 with 

[NBu4][ClO4] resulted in formation of a green paramagnetic species, rather than a simple anion 

exchange. This suggests a reaction with the perchlorate anion, which could be forming the high-

valent FeIV-oxo and an FeII-Cl species as the end products, although the messy 1H NMR spectrum 

will require further investigation. This reaction mirrors the perchlorate reduction by FeII reported 

by the Fout group and suggests our complex may be capable of other oxyanion reductions.38 

Probing the effect of the H-bond strength using our tunable LR ligands on the stability and 

reactivity of the high-valent oxo intermediates and on oxyanion reduction will be relevant in future 

studies for the stabilization and isolation of high-valent oxo intermediates. 

While H-bond strength can be easily modified by tuning the electronics of the appended 

aniline group, we must consider the effect that this has on the complex as well. The small electronic 

change in the aniline may not have a significant effect on the reactivity of the complex, but it is 

impossible to decouple the change in H-bond strength and complex electronics when we tune 

electronics of LR. To circumvent this, and probe only the electronics of the metal complexes, it 

may be time to return to making modifications in the primary sphere: in theory, a tunable 4th arm 

could be incorporated into the LH ligand, one that does not influence the H-bond strength. 

Alternatively, we could simply synthesize complexes which have a tunable ligand separate from 

LR in the 6th coordination site. Studies with both the nickel and iron LH complexes showed they 

can adopt an octahedral geometry. Using an anionic ligand, such as a phenoxide, which could be 

electronically tuned by varying its substituents (Fig. 5.6), to occupy the sixth site, could allow us 

to interrogate the effect of the changes in the electronics of these complexes for small molecule 

activation, without inherently effecting the strength of the H-bonds (or perhaps moving into a 
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regime where PCET is accessible). This, in turn, could help inform us of the effect primary sphere 

ligand have on the O2 reduction reaction, and help us better understand the specific role H-bonding 

plays in enabling substrate activation. 

 

Figure 5.6 Modifying the primary sphere in the presence of reductively stable H-bonds may 

enable new routes of complex reactivit 
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Appendix A Initial Studies of a Tripodal Ligand for Bifurcated Hydrogen Bonding 

 

A.1 Introduction 

In much of our group’s previous work, we have used H-bond donors that are co-planar 

with the open coordination site for binding small molecules of interest. We have also incorporated 

tetradentate amine-based ligand frameworks, specifically modified TPA derivatives, in part 

because of the ease for modifying the secondary sphere but also because of the well-developed 

systems without H-bonds. Many biological systems have tetrahedral active sites, not octahedral or 

trigonal pyramidal, and H-bonds are not typically coplanar with the substrate.53, 270-271 Often, H-

bond residues are further from the binding site and may only interact one or two at a time. This led 

us to consider the construction of our model complexes and reexamine our efforts to model 

biologically relevant small molecule binding and activation.  

Tripodal ligands are well documented, particularly the anionic tripyrazolylborate (Tp) 

variants, which have served to coordinate just about every first row and many second and third 

row transition metals for a multitude of reactions. These “scorpionate” ligands are considered 

tetrahedral enforcers, although distorted octahedral bis-ligand complexes have been reported.272-

273 The neutral variants (Tpm) have also been reported for a variety of reactions, however, because 

they are neutral, they tend to bind less tightly to metal complexes and/or change the reactivity.274 

These complexes are active for small molecule activation (N2,275 O2,
276 NO2

277), catalysis 

(silylation,278 C-H activation279), and organometallic reactions.280-281 The modification of the Tp 

ligands is rather limited by the pyrazolate groups. Steric incorporation has been shown to prevent 
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bis-ligand complex formation or to bias reactions, but asymmetric substitutions can be difficult, 

and the anionic ligands have not been substituted with H-bond groups, to the best of our 

knowledge.  

In order for us to better model biological active sites, we turned to the investigation of a 

neutral tripodal ligand framework, tris(2-pyridyl)ethane (TPE), which we proposed we could 

modify to form an asymmetric ligand with H-bond donor groups. The asymmetric precursor TPEBr 

could be formed by modifying the final step of the ligand synthesis to incorporate a brominated 

pyridine.282 We hypothesized that using this ligand would enable us to vary the H-bond donors in 

the secondary coordination field, much like we have with the TPA18, 22, 45, 173 and tpy44, 283 variants 

we’ve already reported.  

We are interested in incorporating a bifurcated H-bonding moiety in the secondary sphere 

of this ligand. Urea groups are prevalent in protein structures as they form the core of many peptide 

sequences and can act as dual H-bond donors. The insolubility of urea itself makes it a difficult 

synthetic reagent to work with, however slightly more soluble squaramide compounds have been 

shown to perform similarly to or better than urea for H-bond catalysis and anion binding.284-287 We 

thus sought to incorporate a squaramide bifurcated H-bond donor in the secondary coordination 

sphere of our tripodal ligand, hypothesizing that the bifurcating nature would allow us to trap 

intermediates and stabilize products of small molecule activation with the correspond metal 

complexes. Work in this Appendix describes our early work towards the synthesis of the bifurcated 

H-bonding ligand TPENHsqam, synthesis of a control ligand, TPEpip, and the synthesis and reactivity 

of first row transition metal complexes with the control ligand, with an eye toward evaluating what 

reactivity may be of interest to further investigate using TPENHsqam (Fig. A.1). 
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Figure A.1 Tripodal complexes proposed for the activation of small molecules; TPEpip (left), 

TPENHsq (center), TPENHsqam (right) on a M+2 core. 

A.2 Progress on the synthesis of a bifurcated H-bonding ligand 

We began our efforts to synthesize a new neutral tripodal ligand by modifying an existing 

route for the synthesis of tris(2-pyridyl)ethane. In a step-wise synthesis, we introduced 2, 6-

dibromopyrdine in the final step to yield a monobrominated ligand, TPEBr. We set out to use this 

ligand as a platform to incorporate a substituted squaramide as a bifurcated H-bond donor (Fig. 

A.1). A trityl-amine protected TPE variant, TPENTr, was deprotected to give TPENH2 in 70% yield. 

Two routes were explored for the formation of the bifurcated H-bond ligand TPENHsqam. A 

converging synthesis was explored (Fig. A.2), where in the first step, diethyl squarate was reacted 

with one equivalent of 3,5-bis(trifluoromethyl)aniline to form the 3,5-bis(trifluoromethyl) 

squaramide (sqam). This was combined with TPENH2 in the second step to form the squaramide 

TPE ligand (TPEsqam). However, this step has proven difficult, as several different sets of 

conditions provided either no reaction or a mixture of species. In a linear synthesis (Fig. A.3), we 

first substituted TPENH2 with diethyl squarate to form TPENHsq. The crude product of this reaction 

was combined with 3,5-bis(trifluoromethyl)aniline in ethanol for 2 days at 80 °C. This yielded a 

new compound, which we tentatively propose is the desired product (TPENHsqam), although the 

product has not been purified or fully characterized. We can track the formation of these complexes 

by the aryl C-H groups of the aniline moiety, as well as the TPE-NH group. We did note the 

appearance of additional alkyl multiplets in the aliphatic region, different than those from the crude 
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material we started with, which we were not expecting; these results are as yet unconfirmed, and 

we anticipate the potential need for optimization for the synthesis of TPENHsqam. 

 

Figure A.2 Scheme for the converging synthetic route to TPENHsqam. 

One reason we may be having difficulties installing the second aryl/heterocyclic group on 

the squaramide may be due to electronics. Reports of squaramide molecules substituted with 

asymmetric aryl and heterocycle groups are rare, with only five patents published to date. These 

compounds require both long reaction times and high temperature to obtain the desired product, 

and in the case of a 2-amino pyridine variant, require oxidation of the pyridine for the successful 

synthesis of the desired squaramide.288 A wider literature search for asymmetric squaramides 

reveals they typically incorporate one aryl group and one benzylic or alkyl group. Symmetric aryl 

substitution of squaramides is reported more frequently, likely due to the ease of their synthesis. 

284-287, 289-292 This leads us to consider that we simply need to better optimize the coupling for the 

asymmetric TPE squaramide ligand, utilizing additives like Zn(OTf)2, higher temperatures, and 

longer reaction times (see supporting information for details).  
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Figure A.3 Scheme for the linear synthesis of TPENHsqam 

In parallel to the work on the synthesis of the bifurcated H-bond ligand, we anticipated the 

need for a ligand that could act as a H-bond acceptor on the same TPE framework. Starting from 

TPEBr, we initially used a method previously described by our group to install a morpholine group 

in place of the bromine (Fig. A.4). Switching to piperidine instead of morpholine, and running it 

neat conditions improved this synthesis, with an easier purification and decent yield of the ligand 

TPEpip (55%). We characterized this complex by 1H NMR and mass spectrometry. This ligand was 

used for the synthesis of a series of transition metal complexes, described below.  

 

Figure A.4 Scheme for the synthesis of TPEpip 

A.3 Synthesis of tripodal transition metal complexes 

We explored the synthesis of a series of first row transition metal complexes with TPEpip. 

Iron, cobalt, and zinc were used, and clean reproducible syntheses using FeX2, CoX2, and ZnX2 

(X = Cl, Br, OTf) formed the MX2TPEpip complexes. Generally, these complexes were synthesized 

by stirring 1 eq. of TPEpip with 1 eq. MX2 in solvent for 5-18 h, yielding monomeric complexes 

obtained in good yield. The 1H NMR spectra indicate that both the Fe and Co complexes are 

paramagnetic, high spin species; in CH2Cl2; the Co complex exhibits 11 resonances, corresponding 
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to the asymmetric arms of the ligand. Using the ZnBr2 analogue, we can assign the resonances of 

the ligand and confirm it has a monomeric structure. Interestingly, one arm of the complex is 

significantly broadened, which we attribute to its fluxional binding to or even dissociation from 

zinc. 

We were able to grow single crystals of the Co and Zn bromide derivatives and obtained 

solid state structures (Fig. A.5). The Co complex is best described as a distorted trigonal 

bipyramidal geometry (τ5 = 0.29),191 with the three pyridine nitrogen atoms coordinated, and no 

interaction between the cobalt and piperidine nitrogen. The Zn complex is a slightly distorted 

tetrahedral (τ4 = 0.80),293 with the substituted pyridine arm dissociated in solution, with the 

pyridine twisted away from the zinc center, preventing any interaction. Our hypothesis of the 

fluxional arm is supported by this structure. The M-N and M-Br bonds are tabulated in Table A.1 

for both complexes and are within the expected range of Co-N and Zn-N bonds for similar 

structures. Neither structure exhibits short contacts between the piperidine nitrogen and another 

molecule, only weak CH…Br interactions. 

  

Figure A.5 Crystal structures of ZnBr2TPEpip and CoBr2TPEpip. 
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Table A.1 Selected bond lengths and distances in Co and Zn TPEpip crystal structures 

Bond/Contact CoBr2TPEpip Distance (Å) ZnBr2TPEpip Distance (Å) 

M-N1 (pyr) 2.06(2) 3.425(2)* 

M-N3 (pyr) 2.19(2) 2.049(2) 

M-N4 (pyr) 2.12(2) 2.057(2) 

M-N2 (pip) 3.37(2) 4.961(2) 

M-Br1, M-Br2  2.492(3), 2.472(4) 2.3293(4), 2.3848(4) 

 * Denotes non-coordinated pyridine. 

A.4 Reactivity of Co and Fe complexes 

With these new complexes in hand, we began to investigate their redox capabilities and 

reactivity toward small molecules. Cyclic voltammetry experiments (Fig. A.6) of CoBr2TPEpip and 

FeBr2TPEpip in 0.1 M [Bu4N][PF6] in CH3CN showed irreversible reduction events. When excess 

[Bu4N][Br] was added to FeBr2TPEpip, an irreversible and reversible reduction were observed at -

1.69 V (irreversible, onset potential) and -2.43 V (reversible, E1/2) vs Fc. Oxidative events for both 

complexes were observed at -0.19 V (Fe) and +0.464 V and +0.977 V (overlapping events, Co). 

This data suggests we should be able to access reactivity in lower and higher oxidation states of 

these complexes. 

  

Figure A.6 Cyclic voltammetry of FeBr2TPEpip, with additional [Bu4N][Br] (left) and 

CoBr2TPEpip (right) in 0.1 M [Bu4N][PF6] in CH3CN. 

We initially examined the reduction reactions of both CoBr2- and FeBr2TPEpip complexes. 

When the teal-colored Co complex was reduced in THF with KC8, LiEt3BH, or Mg0 turnings, the 



 116 

solution turned deep blue, and a paramagnetic complex with slightly shifted peaks and one new 

resonance compared to the starting complex was observed by 1H NMR spectroscopy in all three 

cases, with occasional small amounts of free ligand also observed. If we added reagents that we 

predict would react with a low valent cobalt(I) complex, such as iodobenzene or 2,6-

dichloropyridine N-oxide (ClPyO) following reduction with KC8, no reaction is observed. This 

same species is also observed in small amounts with the addition of dichloro-dicyanoquinone 

(DDQ), an oxidant. These results suggests that the new species formed is likely a dimeric species, 

possibly with bridging bromide ligands. The lack of secondary sphere bulk would make this 

feasible and explains the lack of reactivity towards the aryl iodide and OAT reagent.  

Similarly, when FeBr2TPEpip was reduced with KC8 or LiEt3BH, the solution became 

nearly black, and attempts to obtain 1H NMR spectra were futile, as the sample could never shim 

correctly, and even the solvent peak was drastically broadened. We proposed that the reduction 

conditions led to formation of Fe clusters or nanoparticles, which we could not easily characterize.  

We next examined the reactivity of the two complexes with small molecules form the +2 

oxidation state. The reaction of CoBr2TPEpip with ClPyO was gave no reaction, while the reaction 

of N-methylmorpholine N-oxide (NMO) resulted in a new paramagnetic species we attribute to 

the coordination of the morpholine moiety; oxidation of the complex resulted in decomposition of 

the complex overnight. Reactions with KtBuO and HBAr′4 resulted in demetallation of the ligand, 

which we also observe with the iron analogue. Interestingly, the addition of 1 eq. of KOH to 

CoBr2TPEpip resulted in the shift of several peaks and loss of one in the 1H NMR spectrum. This 

suggests a ligand exchange of -OH for -Br may have taken place. We then subjected this species 

to 1 eq. of KHMDS in an attempt to form a cobalt-oxo and observed full consumption of the 

proposed hydroxide complex, alongside formation of a new paramagnetic species. We also 
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observed some demetallation within about 1 hour, and full decomposition of the new species 

overnight. While we have yet to fully characterize these two new species, they are indicative of 

the reactivity of the Co complex for reactivity with oxygen containing substrates. 

Finally, we attempted to demonstrate these complexes were suitable for hydroboration 

catalysis. In THF, FeBr2TPEpip, HBpin, and NatBuO were combined with dodecane and stirred for 

22 h at room temperature (Fig. A.7). The reactions were analyzed by 1H NMR spectroscopy against 

an internal standard, although the yield data is inconsistent and need replication before yield data 

can be reliably reported. The cobalt derivative was also tested, and control reactions were run side 

by side with these reactions, the qualitative results of which are outline in Table A.2.  

 

Figure A.7 Scheme for catalytic hydroboration reactions with MBr2TPEpip 

The formation of new alkene peaks in the 1H NMR spectra of these reaction led us to the 

conclusion that rather performing hydroboration reactions, we were instead performing some kind 

of isomerization or cyclization reaction. 11B NMR data of the reactions with FeBr2TPEpip and 

CoBr2TPEpip indicate hydroboration occurs, although the spectra for these reactions indicate the 

hydroborated product is only a minor pathway with the iron complex but makes up significant 

portion of the products when CoBr2TPEpip is used. Oxidative workup of the products from the 

reaction yielded the carboxylic acid products, rather than any ketones, indicating these reactions 

undergo isomerization, rather than cyclization reactions.  
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Table A.2 Analysis of hydroboration reactions under different conditions 

Entry [cat] Borane Unreacted Dodecene Hydroboration Isomerization 

1 [Fe]  yes trace (11B) yes 

2 [Fe] no HBpin yes -- trace 

3 [Co]  no yes (11B)* yes 

4 [Co] no HBpin yes -- no 

5 FeBr2  trace no yes* 

6 FeBr2 no HBpin† trace no yes* 

* Denotes a major species. † Added LiEt3BH. 

We note the total conversion of dodecane is inconsistent with the yield of the isomerization 

and/or hydroboration products, particularly with FeBr2TPEpip. Analysis of the NMR and GC-MS 

data only allow us to observe the isomerization product, suggesting that other pathways are not 

likely unless they are removed during workup. Control reactions without HBpin and without the 

TPEpip complex (Table A.2, entries 5 and 6) still result in the same isomerized species. The 

evidence from the control reactions is clear: the hydroboration is not achieved with FeBr2TPEpip 

in high yields because the isomerization reaction of the alkene by FeBr2 outcompetes the reaction. 

Indeed, the isomerization conversion is comparable between the FeBr2 salt and the TPEpip 

complex, suggesting that the reaction is not directly impacted by the ligand. Follow up studies for 

the hydroboration reaction using CoBr2TPEpip are warranted based on these results, and control 

reactions against other cobalt complexes should be run. Ideally, we could examine the effect of 

secondary sphere H-bonds on the rate and product distribution of this reaction in comparisons to 

the TPEpip H-bond acceptor ligand described here. 

A.5 Conclusions and Future Directions 

In conclusion, we report the synthesis of a tripodal pyridine ligand, TPEpip, featuring a H-

bond acceptor in the secondary sphere, and the subsequent synthesis and reactivity of Fe, Co, and 

Zn complexes of the ligand. We have established that TPEpip is not a suitable ligand for reductive 
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chemistry, resulting in formation of unreactive dimeric species or clusters. Investigation of small 

molecule reactions showed addition of substrates often resulted in demetallation rather than 

productive reality, although there may be some promising chemistry between CoBr2TPEpip and 

hydroxide. Finally, hydroboration reactions were studied, and divergent reactivity was observed 

between the cobalt and iron analogues, with isomerization of the starting alkene highly favored by 

the iron complex, and competitive hydroboration and isomerization in the reaction with the cobalt 

variant. 

There are several clear routes for the continuation of this project. First is to finalize a route 

to the H-bonding ligands. Our initial pass at the synthesis of the ligand seems to form a new ligand 

that would suggest we’ve made the desired compound, but more detailed NMR and mass spec 

analysis will be required to help confirm the desired squaramide ligand has been synthesized. 

Additionally, while this synthesis is being optimized, it would be useful to incorporate the singly-

substituted squaramide ligand (TPENHsq) into our library of ligands. Synthesis of Fe and Co 

complexes with this ligand would allow us to directly compare to the TPEpip ligand and eventually 

the TPENHsqam, as it serves as the intermediate between the two, with only one H-bond donor. We 

anticipate that the complexes with one or two H-bonding interactions should have more attractive 

interactions with ligands bound to the metal center, which should provide stabilization of the 

products of their reaction, rather than demetallation or decomposition as observed with the TPEpip 

complexes. 

Second, we anticipate that reactions with the bis-triflate complexes for small molecule 

activation may be easier to access than with the dihalide species described above. For example, 

the activation of O2 by Fe(OTf)2TPER may be accessible. Alternatively, we may be able to induce 

reactions by adding a halide abstracting reagent to open a coordination site once the complex and 
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substrate are in solution together. This may circumvent some of the decomposition pathways we 

observed.  

Additionally, the divergent reactivity of CoBr2TPEpip and FeBr2TPEpip for alkene 

hydroboration warrants follow-up studies. The control reactions with FeBr2 salt indicate the 

necessity for control reactions to compare the activity towards hydroboration. More importantly, 

the incorporation of one or two H-bond donors (TPENHsq and TPENHsqam) rather than using a H-

bond acceptor (TPEpip) could have a drastic effect on the outcome and distribution of this reaction. 

Hydrogen bonding interactions in hydroboration reactions could be competitive with the substrate 

for borylation, so optimization or selection of different, more activated substrates may be necessary 

to be able to study the effects of H-bonding on the rate and/or product distribution of 

hydroboration. 

Finally, we anticipate a nickel analogue of these complexes would be interesting for 

analogous comparisons to the neutral TPM nickel complexes recently reported by the Sanford 

group. Their studies indicated that the nickel(III) complexes formed using the TPM ligand 

underwent rapid C-C bond formation from a reductive elimination reaction that was significantly 

slower with the related nickel(IV) complex. The similarities of our TPE ligand framework 

compared the neutral TPM make this an interesting organometallic platform to compare against. 

The heteroatom-carbon coupling reaction works well for nickel(IV) but not for nickel(III) – if H-

bonds capable of interacting with the heteroatom could position the nucleophile close to the metal 

center, heteroatom-carbon coupling could be favored.  

In summary, we have only begun to scratch the surface of the chemistry that may be 

accessible using a tripodal ligand with bifurcated H-bonds. We’ve demonstrated that an analogous 

H-bond accepting ligand can participated in some small molecule activations or catalysis, but the 
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full breadth of this chemistry has not really been explored. We envision the incorporation of H-

bonds will enable capture of small molecules, prevent unproductive dimerization pathways, and 

provide necessary stabilization of reactive intermediates/products. 
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A.7 Supporting Information 

A.7.1 General Considerations 

All air‐ and moisture‐sensitive manipulations were performed using standard Schlenk 

techniques or in an inert atmosphere glovebox with an atmosphere of purified nitrogen. The 

glovebox was equipped with a cold well designed for low temperature experiments as well as 

a −35 °C freezer for cooling samples and crystallizations. Solvents were purified using a Glass 

Contour solvent purification system through percolation through a Cu catalyst, molecular sieves, 

and alumina. Solvents were then stored over sodium and/or molecular sieves. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories and used as received. 

Iron dibromide, iron dichloride, iron bis-triflate, cobalt bromide, cobalt dichloride, zinc 

bis-triflate, LiEt3BH (0.1 M, THF), and KHMDS were purchased from commercial vendors and 

used as received. Dichloro-dicyanoqunioline (DDQ), N-methlyl morpholine N-oxide (NMO), 2,6-

dichlorpyridine N-oxide (ClPyO), magnesium turnings, potassium hydroxide, and potassium tert-

butoxide were purchased from commercial vendors and dried under vacuum before transferring to 

a nitrogen glovebox. Ferrocene was purchased from a commercial vendor and sublimed prior to 
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use. Diethyl squarate, iodobenzene, cyclohexene, dodecane, and styrene were dried over calcium 

hydride, distilled under vacuum, brought into the glovebox and stored over sieves. Potassium 

graphite,204  Brookhart’s acid (HBAr′4),294 were synthesized according to literature procedures. 

TPENTr were synthesized by Jacob B. Geri by stirring TPEBr with LiNHTr in THF at 70 °C for 24 

h. TPEBr282 and 3,5-bis(trifluoromethyl) phenyl squaramide (sqam) were synthesized as previously 

reported. 

Caution! Potassium graphite is a potentially pyrophoric and/or explosive material that 

should be handled with caution under an inert atmosphere where possible. 

NMR spectra were acquired on Varian 400 MHz, 500 MHz, or 700 MHz spectrometers as 

indicated below. 1H NMR spectra are referenced to non-deuterated internal solvent residuals and 

are reported in parts per million (ppm) relative to tetramethylsilane. 19F and 2H NMR spectra are 

referenced to their respective 1H spectra. Multiplicities are reported as follows: singlet (s), doublet 

(d), triplet (t), quartet (q). The spectra for paramagnetic molecules were obtained by using an 

acquisition time of 0.5 s, thus the peak widths reported have an error of ±2 Hz.  

Mass spectra were recorded on an Agilent 6230 TOF HPLC-MS with a liquid phase of 

95% acetonitrile, 5% water, 0.1% formic acid. Electrochemistry was performed with a Pinewave 

Wavenow potentiostat under a dinitrogen atmosphere with a glassy carbon working electrode, a 

platinum counter electrode, and a silver wire pseudo-reference electrode. Measurements were 

taken at a scan rate of 100 mV/s, scanning reductively from the open circuit potential. Samplex 

were referenced against an internal ferrocene standard. Electrolyte, [NBu4][PF6], was used in 0.1 

M in CH3CN. 
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A.7.2 Synthesis of ligands 

TPENH2: Tritylamine TPE (TPENTr, 100 mg, 0.192 mmol) was dissolved in EtOH/trifluoroacetic 

acid (9:1) and stirred at room temperature for 5 h. The solvent was removed by rotary evaporation 

and redissolved in Et2O, then extracted with H2O (3 x 20 mL). The solution was neutralized with 

saturated NaHcO3 (40 mL), and washed with DCM (3 x 15 mL). Organic fractions were combined 

and dried. A pale brown solid was recovered (37 mg, 69 %). 1H NMR (400 MHz, CH2Cl2) δ 8.5162 

(dd, J = 4.6, 1.5 Hz, 2H), 7.5637 (td, J = 8.0, 1.9 Hz, 2H), 7.3108 (q, J = 8.7, 8.3 Hz, 1H), 7.1598 

– 7.0346 (m, 4H), 6.3253 (dd, J = 23.6, 7.9 Hz, 2H), 4.3757 (s, 2H), 2.1900 (s, 3H). 

TPENHsq: Modified from previous reported procedure.295 TPENH2 (5.8 mg, 0.021 mmol) was 

combined with diethyl squarate (93.3 μL, 0.0223 mmol) in ethanol (20 mL) and stirred a 80 °C for 

20 h. The solvent was removed under vacuum to leave a sticky yellow oil (8.5 mg) which was used 

without further purification before carrying on to the next step for the synthesis of TPENHsqam. 1H 

NMR (400 MHz, d-DMSO) δ 10.6529 (s, 1H), 8.5286 (d, J = 5.1 Hz, 2H), 8.0319 (t, J = 8.0 Hz, 

2H), 7.7972 (t, J = 8.0 Hz, 1H), 7.5369 – 7.4212 (m, 4H), 7.1332 (d, J = 8.4 Hz, 1H), 7.0489 (d, J 

= 7.6 Hz, 1H), 4.6512 (q, J = 7.5, 7.1 Hz, 1H), 4.5319 (q, J = 7.1 Hz, 4H), 2.1928 (s, 3H), 2.0728 

(s, 4H), 1.9079 (s, 0H), 1.7523 (s, 0H), 1.3426 (dt, J = 22.7, 7.0 Hz, 8H), 1.2349 (s, 0H). 

Attempted synthesis of TPENHsqam:  

Linear route from TPENHsq: Crude material from the synthesis of TPENHsq (8.5 mg) was dissolved 

in EtOH (2 mL) and stirred. 3,5-bis(trifluoromethyl) aniline was added and the reaction mixture 

heated to 80 °C for 20 h. The solution as removed from heat, the solvent evaporated, and crude 

NMR spectrum obtained. 1H NMR (400 MHz, d-DMSO) δ 11.2032 (s, 1H), 10.6842 (s, 1H), 

10.3671 (s, 3H), 8.5694 – 8.5011 (m, 2H), 8.2565 (s, 6H), 8.0447 (td, J = 7.7, 7.2, 1.9 Hz, 4H), 

7.8473 – 7.7576 (m, 2H), 7.5501 – 7.4320 (m, 7H), 7.1393 (d, J = 8.3 Hz, 1H), 7.0481 (d, J = 7.7 
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Hz, 1H), 4.8009 (q, J = 7.0 Hz, 2H), 4.7024 – 4.5556 (m, 6H), 4.5629 (s, 3H), 4.5453 (s, 1H), 

2.1987 (s, 3H), 1.4590 – 1.3632 (m, 4H), 1.3446 (q, J = 7.0 Hz, 14H), 1.2886 – 1.1358 (m, 3H), 

1.0536 (t, J = 7.0 Hz, 2H). 

Convergent route: TPENH2 (5 mg, 0.018 mmol) was combined with 3,5-bis(trifluoromethyl)phenyl 

squareamide (sqam, 7.7 mg, 0.022 mmol) and stirred overnight at the given temperature (Table 

A.3). 

Table A.3 Conditions for attempted synthesis of TPENHsqam 

Solvent Temperature (°C) Time (h) Product 

EtOH 50 18 no reaction 

CH3CN r.t. 18 no reaction 

CH3CN/DMSO 60 18 no reaction 

CH3CN/DMSO 80 18  no reaction 

EtOH + Et3N 80 18 trace new species 

CH3CN r.t. 18 no reaction 

CH3CN + Zn(OTf)2 r.t 18 Zn complex 

THF + KTol -80 to r.t. 18  deprotonated 

 

TPEpip:  In a 20 mL scintillation vial open to air, TPEBr (1.50 mL, 0.488 M in THF, 0.73 mmol) 

was combined with K2CO3 (210 mg, 1.52 mmol) and piperidine (3.0 mL, 30 mmol) and stirred at 

100 °C for 18 h. The solution was cooled, 50 mL H2O added and extracted with Et2O (3x 70 mL). 

The combined organics were washed with 100 mL saturated NaCl solution, and the organic 

solution was dried over NaSO4. The solvent was removed and directly loaded onto a Biotage 

column (25 g, 25 % EtOAc/hexanes 18 CV, 25-100% EtOAc over 6 CV). Fractions 6-10 were 

combined and dried (138, 55%). 1H NMR (400 MHz, CH2Cl2) δ 8.5040 (dd, J = 4.9, 1.7 Hz, 2H), 

7.5405 (td, J = 7.8, 1.9 Hz, 2H), 7.3645 (t, J = 8.0 Hz, 1H), 7.1403 – 7.0213 (m, 4H), 6.4857 (d, J 

= 8.4 Hz, 1H), 6.3490 (d, J = 7.5 Hz, 1H), 3.4203 – 3.3432 (m, 5H), 2.2019 (s, 3H), 1.5419 (dq, J 

= 28.1, 5.5 Hz, 8H). 
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A.7.3 Synthesis of complexes 

CoBr2TPEpip: In a 20 mL vial, TPEpip (66 mg, 0.192 mmol) was combined with CoBr2 (46 mg, 

0.211 mmol) in 20 mL CH2Cl2 and stirred at room temperature overnight. The resulting teal 

solution was filtered and dried to yield a teal solid (110 mg, quantitative). 1H NMR (400 MHz, 

CH2Cl2) δ -38.65, -14.91, -8.05, -2.08, 11.65, 30.96, 27.43, 38.61, 47.12, 72.87, 72.87, 79.27. 

FeBr2TPEpip: In a 20 mL vial, TPEpip (20 mg, 0.058 mmol) was combined with FeBr2 (14 mg, 

0.065 mmol) in 10 mL CH2Cl2 and stirred at room temperature for 2 h after which the yellow 

solution was filtered and dried, washed with pentane, and dried to yield a yellow solid (34 mg, 

quantitative). 1H NMR (400 MHz, CH2Cl2) δ -10.71, 2.29, 7.40, 18.51, 26.51, 41.17, 74.42. 

ZnBr2TPEpip: In a 20 mL vial, TPEpip (81 mg, 0.235 mmol) was combined with ZnBr2 (57 mg, 

0.253 mmol) in 10 mL CH2Cl2 and stirred overnight. The resulting colorless solution was filtered 

and pumped down, redissolved in CH2Cl2, triturated with pentane, and dried to yield an off-white 

solid (133 mg, quantitative). 1H NMR (400 MHz, CH2Cl2) δ 8.9404 (dd, J = 5.3, 1.8 Hz, 2H), 

8.0391 (td, J = 8.0, 1.9 Hz, 2H), 7.8305 (d, J = 8.2 Hz, 2H), 7.5881 – 7.5059 (m, 2H), 7.3324 (s, 

1H), 6.5641 (s, 1H), 5.8669 (s, 1H), 3.1766 (t, J = 5.2 Hz, 5H), 2.2632 (s, 4H), 1.5412 (q, J = 6.1, 

5.6 Hz, 3H), 1.4621 – 1.3833 (m, 5H). 

CoCl2TPEpip and FeCl2TPEpip: Same as above in CH3CN.  

Fe(OTf)2TPEpip and Zn(OTf)2TPEpip: Same as above in CH3CN. Fe(OTf)2TPEpip (83%).  

A.7.4 Reactivity of FeBr2TPEpip and CoBr2TPEpip 

Reduction reactions 

General procedure: CoBr2TPEpip (10 mg, 0.018 mmol) or FeBr2TPEpip (10 mg, 0.018 mmol) was 

dissolved in THF (2-4 mL) and combined with the reductant in THF (see below) at room 
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temperature. Reactions were typically allowed to stir for 30 min – 2 hours, then overnight and 

were monitored by 1H NMR spectroscopy.  

KC8: 3.0 mg, 0.022 mmol, 1.2 eq.; in 1-2 mL THF (run at room temperature and frozen THF) 

LiEt3BH: 0.18 mL (0.1 M in THF); 1 eq. 

Mg0: 1.0 mg, 0.0411 mmol, 2.3 eq.; in 4 mL THF 

*FeBr2TPEpip reductions were frozen in THF and KC8 or LiEt3BH added after just thaw, then 

allowed to warm to room temperature. 

Reactions with “reduced” CoBr2TPEpip: Follow general procedure for reduction from frozen THF, 

then add substrate and bring to room temperature to stir for 3 hr, then overnight.  

Oxidation reactions 

Follow the same general procedure as for reductions. 

DDQ: 4.0 mg, 0.0232 mmol, 1.3 eq; in 2 mL THF 

NMO: 2.2 mg, 0.0189 mmol, 1.1 eq; in 2 mL THF 

ClPyO: 3.0 mg, 0.0182 mmol, 1.04 eq; in 2 mL THF 

Small molecule reactions. 

Follow general procedure as the reduction reactions: stirred at room temperature for 2 h.  

KOtBu: 2.2 mg, 0.0196 mmol, 1.1 eq; 4 mL THF 

KOH: 1.0 mg, 0.0188 mmol, 1.1 eq; 3 mL THF 

 Followed by KHMDS: 4 mg, 0.0201 mmol, 1.13 eq. 

HBAr′4 • 2 Et2O: 10 mg, 0.0099 mmol, 1.1 eq; 4 mL THF 

Catalytic reactions. 

General procedure. Dodecene (0.66 mmol, 1 eq.), catalyst (0.01 mmol, 1.5 mol %), and HBpin 

(1.00 mmol, 1.5 eq) were combined in THF (2 mL) and then NatBuO (0.023 mmol, 4 mol %) 
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added. The reaction was stirred at room temperature for 22 hours, and the solvent removed under 

vacuum. The organics were extracted with pentane, filtered through a silica plug and dried. NMR 

samples were prepared in CDCl3 (600 μL) with PhTMS (0.11 mmol) as an internal standard and 

1H and 11B spectra were obtained on 400 MHz instrument.  

See Table A.2 in text for conditions and conversion.  
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