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Abstract 

 

The conversion of abundant yet unreactive molecules to higher-value and more energy 

dense products by bioinorganic or inorganic materials systems typically proceeds through fleeting 

high energy intermediates whose physical and electronic structures are therefore difficult to define. 

Of particular interest are the intermediates produced in the activation of metal–oxygen and metal–

halide bonds, processes that are central to the production of solar fuels, and more recently 

photoredox-mediated organic transformations. This thesis encompasses work to design and 

synthesize mono- and bimetallic coordination complexes as well as main group compounds that 

facilitate the study of transient oxo/oxyl and halide radical intermediates relevant to the activation 

of C–H bonds.  

 Efforts begin with dicobalt, dinickel, and dicopper cryptands for the stabilization and 

isolation of a late transition metal bridging oxos. In the course of this work, fluorinated versions 

of the cryptand are developed that allow the formation of intermediates to be tracked, as well as, 

serendipitously, the binding of various halide anions in the cryptand pocket by 19F NMR. Synthetic 

routes are developed toward targeting a new family of macrobicyclic cryptand ligands composed 

of 1,3–azole donors that allow: histidine binding metal sites in bioinorganic systems to be 

mimicked, and the electronic effects at the metal center to be tuned by varying the heteroatom in 

the azole ring. Attempts to isolate metal oxos continue with the use of bulky oxygen donor ligands 

to isolate a rare example of a terminal MnIV oxo. With the challenges associated with isolating 
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reactive metal-oxos revealed, efforts turned toward employing photocrystallography for the 

observation of reactive intermediates.  

As is the case for transient metal-oxos, fleeting halogen radical intermediates are 

implicated in a host of C–H bond activations. A series of isosteric and isoelectronic pyridine 

diimine (PDI) scaffolds are developed in order to study stereoelectronic effects governing 

photohalogen elimination from cationic FeIIICl2 centers. A major focus of this work moves away 

from the isolation of reactive intermediates and instead turns to generating these transient unstable 

intermediates in a crystalline lattice for their study by photocrystallography. The major results of 

these studies are twofold: firstly, the structural observation of the first instance of a C–H bond 

activation in the solid state and secondly, a concise and scalable synthesis of a wide range of 

electronically and sterically diverse pyridine diimine ligands. From this starting point, the range 

of compounds that permit the observation of halogen and pseudo-halogen elimination via 

photocrystallography is expanded. Namely, a number of hypervalent IIII dichloride and difluoride 

compounds are developed whose photoreactivity can be tracked both in solution and the solid state. 

Using a combination of traditional techniques and photocrystallography, new modes of reactivity 

for iodobenzene dichlorides are established. Finally, with photocrystallography skills honed over 

a number of compounds, we return to the original goal to structurally study late transition metal 

oxos by designing a system that allows for the generation of a metal–oxo in the solid state from a 

poised precursor. Studies are presented that build on literature examples showing that oxyanions, 

specifically chlorate and perchlorate can furnish oxyls and oxos, respectively, upon irradiation. 

The most promising results are realized using copper tris-pyrazole borate with a chlorate anion 

bound directly to the copper. 
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1.1 C–H Bond Activation 

Researchers across multiple disciplines of chemistry continue to pursue selective C–H 

activation intensely, due to its broad range of existing and potential applications in both industrial 

and fine chemicals synthesis.1–4 Advances over the past two decades have led to the emergence of 

numerous methods to functionalize specific C–H bonds in organic molecules.3,4 Despite these 

significant advances, the selective functionalization of C–H bonds remains one of the most 

challenging chemical transformations, as it demands the activation of the most unreactive yet 

prevalent linkages in organic molecules.1,3, 5  These transformations generally require harsh 

reaction conditions or highly reactive reagents to proceed due to the relatively high bond 

dissociation energies (BDEs) of C–H bonds (~80–105 kcal/mol).1,5 Most organic molecules 

contain multiple C–H bonds with extremely similar bond energies, making it difficult to 

chemically distinguish a specific bond.6 Moreover, the products of C–H activation reactions tend 

to be more reactive than the reactants and, as a result, undergo further conversion to unwanted 

products.7  

A particularly poignant statement by Crabtree summarizes the field well: “The field of alkane 

activation and functionalization has taken strong hold on chemists' imaginations because it poses 

hard challenges. The central problem is simply to develop ways to replace selected H substituents 

of alkanes by any of a variety of functional groups, X. Progress has been slow - in spite of 

substantial work on the problem, we are still far from the goal." 8 

 

1.2 Reactive Intermediates Relevant to C–H Activation 

Despite these challenges, two major players have emerged with the capabilities to achieve such 

taxing, selective, and non–directed C–H activations, transition metal-oxos and halogen atom 
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radicals. Due to the highly reactive nature of these intermediates and the strong bonds formed (H2O 

and HX, X = Cl and Br) respectively, they are able to activate even the most recalcitrant C–H 

bonds. Metal-oxos are featured prominently in a number of enzyme active sites as well as inorganic 

industrial catalysts that are capable of combining the oxidizing power of these intermediates with 

the ability to orient a substrate containing many equivalent strong C–H bonds in such a way that 

it can selectively activate a single part of the molecule.5,9,10,11 Meanwhile halogen radicals have 

seen widespread use both in the industrial synthesis of polychlorinated compounds and solvents 

as well as myriad commonplace benchtop reactions to convert a C–H bond into its respective C–

X bond.12,13,14 These halogenation reactions usually yield a thermodynamically-driven stochastic 

mixture of products that is determined by the decreasing activity of halogenated carbon scaffolds 

due to a radical polarity effect.15,16 

As aforementioned, over many decades certain common intermediates have been identified in 

the selective activation and functionalization of inert C–H bonds and a large body of work has 

been dedicated to replicating this reactivity in model systems. Early examples, Fenton chemistry 

and chlorine photolysis, have long been known to be able to activate any C–H bond due to the high 

BDE of the hydroxyl and chlorine radical C–H abstraction product (119 and 104 kcal/mol 

respectively).7,17,18 However, beyond simply activating strong C–H bonds, a growing body of work 

is devoted toward understanding the origins of this reactivity and how a balance may be struck 

between reactivity and selectivity. Overall, Bergman elegantly states our objective in his take on 

the field of C–H activation: "One 'Holy Grail' of C-H activation research, therefore, is not simply 

to find new C-H activation reactions but to obtain an understanding of them that will allow the 

development of reagents capable of selective transformations of C-H bonds into more reactive 

functionalized molecules." 1 We aim to go beyond new reactivity and to understand these systems 
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at a fundamental structural and electronic level so that we may not only activate strong C–H bonds, 

but do so selectively. 

 

1.2.1 Metal-Oxos/Oxyls in C–H Bond Activation 

The electronic structure of a terminal metal–oxo was first described in detail by Ballhausen 

and Gray in their landmark 1963 publication in which they describe the molecular orbital diagram 

of a vanadyl oxo.19 In their study, they focused on the correlation between the frontier molecular 

orbitals that define the M–O bond and the resultant reactivity of the oxo towards various substrates. 

Through this, they established the famous “Oxo wall” that stated that in a tetragonal field a metal-

oxygen multiple bond could not exist beyond iron in the first row of the periodic table. This wall 

has been steadfast, thwarting many a chemist along the way.20 ,44 This work had additional 

implications, suggesting that regardless of ligand geometry, later transition metal oxos would 

better be described as metal-oxyl species whose unquenched spin density on oxygen would make 

them more reactive than their multiply bonded early transition metal congeners. This has also been 

shown to be true in myriad cases (vide infra). Since these early studies, metal oxos have been 

shown to activate C–H bonds in a number of transition metal containing (Fe, Cu) enzymes10,21,22, 

and metallated (Fe, Cu, Zn) zeolites,23–26 executing some of the most taxing and selective C–H 

oxidations. 

Due to the wide prevalence of both heme and non-heme enzymes that carry out selective 

oxidation of unactivated carbon scaffolds through the intermediacy of a high valent iron-oxo, a 

wide body of literature has developed in which model complexes were synthesized to try and 

mimic this reactivity (Figure 1.1).10 As work to elucidate the active species responsible for C–H 

activation proceeded, a large number of metal–oxygen and metal–dioxygen species were 
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discovered and found to perform various C–H oxidation reactions.27 However, this thesis will 

focus primarily on metal–oxo compounds.  

 

 

Figure 1.1 Examples of Heme (left) and Non-Heme (right) high valent iron oxos in biological 
systems that have been shown to activate C–H bonds. 

Despite dozens of various ligand scaffolds and decades of combined efforts, metal oxos 

have yet to oxidize C–H bonds with BDEs above 100 kcal/mol, though enzyme based systems are 

able to do so.28 The closest successful attempts were that of the Que and Nishida groups in the 

1990’s in which they were able to generate an iron oxo in a tri-pyridyl-amine ligand field that was 

able to hydroxylate cyclohexane (BDE = 99 kcal/mol).29,30 A target of stronger and stronger C–H 

bonds proved increasingly untenable due to the challenge of a ligand design that avoids self-

immolation, especially in view of the use of increasingly aggressive oxidants. Accordingly, efforts 

were redirected to target another outstanding challenge, selective C–H functionalization with the 

goal of selectively targeting a single C–H bond rather than simply the strongest. In biology, such 

chemistry is achieved by the lock and key nature of enzyme active sites that have evolved to 

activate and functionalize a specific substrate. Early synthetic approaches to achieving selective 

C–H functionalization were achieved by Suslik and Groves, in which manganese–oxos were 

encapsulated inside picket-fence porphyrins so as to pre-orient the substrate relative to the reactive 
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oxo such that only the most sterically accessible C–H bond was functionalized (Figure 1.2).31 

 

Figure 1.2 An example of the picket-fence porphyrins utilized by Suslick to selectively activate 
the most sterically accessible C–H bonds of a hydrocarbon substrate.31 

Though these systems showed promise, they proved unwieldy and limited in the scope of C–H 

bonds they could activate. Most recently, work by the White Group using a polypyridyl ligated 

iron complex, was able to combine the oxidizing power of a high valent iron centered oxo with the 

selectivity engendered by a sterically encumbered ligand framework to enact selective oxidations 

of carbon frameworks.32 In one particular example, a putative FeV oxo, shielded by bulky 3,5-

bistrifluoromethyl-phenyl groups, was capable of differentiating between two sterically diverse 

C–H bonds in artemisinin with similar BDEs to effect the selective transformation shown in Figure 

1.3. 33 
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Figure 1.3 Example out of the White lab demonstrating the C–H site selectivity of an oxidation 
reaction provided by a sterically congested high valent iron oxo.33 

 With regard to some of the most taxing C–H bonds to activate, the field of methane (105 

kcal/mol) activation does not confront the challenge of C–H bond differentiation. Rather the 

challenge resides in terminating the oxidation cascade at methanol, as each subsequent oxidation 

becomes more facile, eventually leading to the unproductive generation of CO2. Over the last 

several decades, two metal-oxo based systems have arisen as champions of methane oxidation. 

Copper intercalated zeolites containing cofacial copper sites have been shown by the groups of 

Solomon and Meyer to oxidize methane to methanol through the action of a bridging dicopper 

[CuIICuII] oxo (Figure1.4).25,26,34 An enzymatic approach elucidated by the Rosenzweig Group has 

also led to partial oxidation via the intermediacy of a recently elucidated mono-copper [CuII] oxyl 

species (Figure 1.4).35 
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Figure 1.4 Depictions of the structures of: the putative bridging dicopper (CuII CuII) oxo in the 
Cu-doped zeolite Cu–ZSM–5 (left) and the mono–copper (CuII ) oxyl in pMMO (right).34,35  

The work to spectroscopically characterize these active sites and transient reactive oxo 

intermediates is further outlined in Section 1.3.1. Overall, late first row transition metal-oxos have 

been shown both in biological and inorganic systems to be competent for the selective oxidation 

of strong C–H bonds though much remains to be elucidated about how to replicate and tame this 

reactivity. 

 
1.2.2 Halogen Radicals in C–H Bond Activation 

Halogen radicals have long been known to activate hydrocarbon C–H bonds in classical 

reactions such as free radical halogenations, while recent work has highlighted the utility of 

photogenerated radicals as C–H abstraction agents. For example, reports on photocatalytic Ni-

catalyzed C–H arylation have proposed that halogen radicals mediate the C–H activation step in 

these reactions (Figure 1.5).36,37  

 

Cu

O

Si
O

Si

O

Cu
OO

Al Al

O

O3Si SiO3

N Cu

O

N

O•
HN NH

O

Asp

HisHis
II

Cu–ZSM–5 pMMO

II II



 –9– 

 

Figure 1.5 Mechanistic scheme demonstrating the role of a photo-eliminated chlorine radical in 
the C–H activation of furanyl substrate and further cross coupling catalysis reported by the Doyle 
Group.36 

Akin to many metal-oxo systems, the absence of a steric environment around these radical C–

H abstraction agents, however, leads to substrate control over the reaction selectivity. Enforcing a 

steric environment around photochemically generated radicals could potentially lead to many new 

sp3 C–H bond transformations by coupling site-selective C–H abstraction with the ease of 

installing a diverse selection of functional groups onto alkyl radical intermediates.38  Indeed, 

several studies have shown that amidyl radicals derived from the irradiation of N-haloamides 

improve steric and electronic selectivity in the halogenation of aliphatic C–H bonds, suggesting 

that local structure around a radical can dictate its selectivity in a C–H abstraction process (Figure 

1.6).39  

 

Figure 1.6 The selective radical chlorination of Sclareolide by a sterically encumbered amidyl 
radical via a radical chain mechanism, reported by the Alexanian Group.39 
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Work by Russel et al. has demonstrated that such radicals can be partially tamed through their 

interactions with arene π-faces, leading to drastic improvements in C–H abstraction selectivity 

(Figure 1.7).40 

 

Figure 1.7 Scheme showing the formation of an Ar–Cl• adduct and the experimentally derived 
association constant (Ka). 40,41 

This was demonstrated via the selectivity for the chlorination of the tertiary C–H bonds of 

dimethylbutane over its primary ones utilizing Cl2. The selectivity increased dramatically in an 

adduct forming arene solvent versus non-adduct forming chlorinated solvents such as carbon 

tetrachloride.18,40,41 This was attributed to the formation of an Ar–Cl• interaction, which was 

postulated heavily attenuated the C–H abstraction ability of Cl•. Work discussed in this thesis 

(Section 1.4) aims to combine all of these features to: 

• Efficiently cleave metal–halogen bonds photochemically to generate halide radicals 

• Design a ligand scaffold that sterically confines and chemically attenuates this radical 

through Ar–X• interactions 

• Use the resultant confined and attenuated radical for selective C–H bond activation 

with the goal of enacting challenging selective C–H activation driven by light. As such, a necessary 

first step in these investigations is a deep understanding of these transient reactive intermediates. 

 

1.3 Characterization of Reactive Intermediates 

As part of the quest to understand elusive reactive intermediates in C–H transformations, 

many groups have sought to isolate and structurally characterize these reactive species with the 
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hopes of gleaning clues to harnessing their reactivity. However, most of these efforts have fallen 

short in isolating the most reactive intermediates. Efforts have focused on transiently generating 

these intermediates in-situ and using a suite of spectroscopic techniques to elucidate their 

electronic structure and connect that insight to structural information wherever possible. Most 

recently, groups, including our own, have made use of a combination of spectroscopic and 

structural techniques to begin to understand how to efficiently generate and harness the power of 

critical reactive intermediates towards synthetically meaningful transformations. A summary of 

the efforts towards, and techniques utilized to study as well as characterize reactive metal-oxo and 

halide atom radical intermediates is presented in the subsequent sections.  

 
1.3.1 Spectroscopic Characterization of Metal–Oxo Intermediates 

Many early metal-oxos are known (left of iron) among the early first-row transition metals 

due to their relative stability. However, this stability prevents such oxos from participating in a 

meaningful C–H bond activation chemistry. Concomitantly, those species that are reactive enough 

to activate strong C–H bonds have often eluded structural isolation and characterization. As such, 

this subsection section focuses on those metal-oxo intermediates that have been characterized 

spectroscopically rather than structurally. Structural characterization of metal–oxo intermediates 

is discussed in detail in Section 1.3.3. As stated in Section 1.2.1, a prevalent enzyme for enacting 

the selective oxidation of strong C–H bonds is the heme-based Cytochrome P450. This enzyme is 

found in various forms throughout biology and is capable of enacting regiospecific C–H 

hydroxylation through the intermediacy of a high valent FeIV-porphyrin radical cation (Figure 

1.8).42,43  
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Figure 1.8 Mechanism for the hydroxylation of a hydrocarbon substrate by the high valent FeIV–
porphyrin radical cation active intermediate of P450 via a radical rebound mechanism.42 

This high valent iron intermediate (Compound I) is extremely reactive, sitting at the limit of the 

oxo–wall. Compound I is so reactive, in fact, that electron transfer pathways exist in these enzymes 

to deactivate it should a substrate not be present to quench the iron-oxo species. 44 As such, the 

iron-oxo state of heme and non-heme based oxygenases have seen limited structural 

characterization through the incredible efforts of groups such as those of Petsko and Moody 

utilizing protein crystallography techniques with trapped intermediates. The group of Petsko and 

Sligar were able to use a chemically trapped camphor oxidizing P450 at various stages of the 

catalytic cycle to structurally observe not only an oxyferryl species but the preceding ferrous 

dioxygen adduct.45 Later, the group of Moody achieved high resolution crystal structures of both 

Compound I and Compound II intermediates in two different heme peroxidase enzymes, 

cytochrome c peroxidase and ascorbate peroxidase.46,47 These crystallographic characterizations 

allowed for the structural observation of the lengthening of the Fe–O bond upon protonation and 

reduction of Compound I.46,47 Additionally, several groups, such as the Green lab, have made use 

of stop-flow UV-Vis as well as Electron Paramagnetic Resonance (EPR) spectroscopic studies to 

probe the formation, lifetime and reactivity of these species.42,48 

 Bimetallic iron oxo based enzymes have also been found to oxidize strong C–H substrates 

with one of the most famous and studied being soluble methane monooxygenase (sMMO). The 

Lippard lab was able to use a combination of stop-flow UV–vis, 57Fe Mössbauer, and advanced 
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1D and 2D EPR techniques to discern that the diiron site of sMMO forms a diamond [FeIVFeIV] 

core bridging bis–µ–oxo capable of oxidizing the strong bond of methane (105 kcal/mol) to 

methanol (Figure 1.9).49,50 

 

 
 

Figure 1.9 Putative mechanism for the oxidation of methane to methanol by the diamond core 
FeIV FeIV bis–µ–oxo reactive intermediate of sMMO via a radical rebound mechanism.49  

As with numerous reactive enzyme active sites, the structural isolation and crystallographic 

characterization of these reactive oxo species was not possible due to their transient nature and the 

mechanisms present to deactivate them should no substrate be present. 

Moving past the oxo wall to iron’s neighbor, cobalt, metal–oxo complexes of this type are 

more often than not spectroscopically, rather than structurally, characterized due to the unstable 

oxyl nature of the Co–O unit. However, for recent work by the Anderson Group in which they 

were able to isolate and structurally characterize a CoIII terminal oxo see Section 1.3.3. One of the 

first examples of a cobalt oxo/oxyl was reported by Nam in which the CoIII–O• / CoIV=O unit is 

stabilized by a secondary sphere hard transition metal cation (Figure 1.10).51 By making use of a 

strong amide donor ligand field the Nam group was able to treat the CoIII starting material with an 

O• equivalent to arrive at a CoIII–O• / CoIV=O compound that could be studied by UV-vis and EPR 

spectroscopy.  
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Figure 1.10 Reaction scheme for the generation of a hard-cation stabilized terminal cobalt oxo 
[CoIV(O)TAML]– via treatment the CoIII precursor with an “O•” source.51  

However, it is important to note that, this complex was unable to oxidize C–H bonds beyond those 

having a BDE of 85 kcal/mol, in part due to the stabilizing action of the secondary sphere cation. 

The group of Nam subsequently reported the generation of an unstabilized terminal CoIV–oxo via 

the treatment of a CoII precursor in an L-type N4 ligand field with iodosobenzene (Figure 1.11).52  

 

 

Figure 1.11 Reaction scheme for the generation of the terminal cobalt oxo [CoIV(O)TMC]2+ from 
a CoII precursor upon treatment with iodosobenzene.52 

The oxidation state of the transiently stable compound was confirmed by EPR and X-ray 

Absorption Near Edge Spectroscopy (XANES). The Co–O distance was determined to be 1.72Å 

by fitting Extended X-ray Absorption Fine Structure (EXAFS) spectra. This bond length is notably 

longer than the one later found by Anderson (1.682(6)Å) for a CoIII=O.53  

Moving further right along the first row, the work of Company et al. described the 

spectroscopic characterization of a putative NiIII–oxyl species generated upon the treatment of an 

L2X2 N4-ligated NiII center with meta-chloroperbenzoic acid (mCPBA) (Figure 1.12).54 
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Figure 1.12 Reaction scheme of a NiII precursor with mCPBA to furnish a transient NiIII–oxyl 
species as reported by Company et al.54  

This putative NiIII–O• was characterized by EPR, resonance Raman, and UV-vis spectroscopies 

all suggesting a putative NiIII center. Further EXAFS measurements showed a Ni–O• bond length 

of 1.95 Å formed upon treatment of the NiII precursor with mCPBA, consistent with the single 

bond nature of a late transition metal oxyl species. This transient nickel oxyl was shown to oxidize 

C–H bonds only up to a BDE of ~80 kcal/mol.  

Moving further to the right of the first row, both mono– and bimetallic copper oxos/oxyls 

have been implicated in the biological and abiological activation of methane. The Rosenzweig 

group most recently demonstrated using a combination of protein crystallography of the resting 

state of pMMO as well as stop-flow UV-vis and 2D-EPR (ENDOR) techniques that the active 

oxidizing species of pMMO is likely a CuII–O• species (Figure 1.4).35 Secondly, a large body of 

work by the Solomon group as well as recent work by the group of Román-Leshkov have made 

use of a suite X-ray synchrotron techniques (XANES, EXAFS, and XAS) in combination with 

diffuse reflectance UV-vis as well as resonance Raman spectroscopy to elucidate a putative CuII–

O–CuII motif responsible for the selective oxidation of methane to methanol in zeolites (Figure 

1.13).23,34 
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Figure 1.13 Putative reaction scheme for the oxidation of methane by a dicopper (CuII CuII) 
bridging oxo via a radical rebound mechanism and further regeneration of the active species by a 
gaseous oxidant.23,34 

The proposed reaction of the putative bridging dicopper oxo with methane in a radical 

rebound mechanism reminiscent of cytochrome P450 (vide supra), yields an equivalent of 

methanol and a reduced Cu(I)Cu(I) site. The methanol can be swept out of the active site before 

the oxo is regenerated with the use of dioxygen on nitrous oxide (N2O) (Figure 1.13). The ability 

of these copper impregnated zeolites and proteins to enact such challenging transformations has 

been linked to the site isolation of the active sites and the resulting reactive intermediates, 

something not easily achieved when working with small molecule mimics. Such site isolation also 

allows for a constrained geometry around the metal center, preventing it from relaxing to a 

thermodynamically more stable state.23 

 
1.3.2 Spectroscopic Characterization of Halogen Radical Intermediates 

 Given the extremely reactive nature of halogen radicals, the study of these intermediates 

has been relegated to transient spectroscopic methods in the solution state or gas phase. Early work 

was performed utilizing pulse radiolysis to generate chlorine atom radicals in water (HO•/Cl2) and 

from C–Cl bond homolysis in carbon tetrachloride.55,56 A larger body of work followed in which 

UV-flash photolysis was utilized to generate halogen radicals from the respective dihalogen (X2) 

in a wide variety of solvents with subsequent study by EPR, UV-vis, and resonance Raman 
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spectroscopies.57– 61  A portion of this work focused on the unique charge transfer complexes 

formed between solvent and the halogen atom radical. The studies most relevant to this thesis were 

performed on the formation of a Cl•–arene interaction that was implicated in increased selectivity 

for photochlorination reactions (vide supra). These intermediates were studied primarily by UV-

vis/infrared(IR) spectroscopy and Density Functional Theory (DFT) calculations and led to the 

proposal that the active species was either an η1–complex in which the Cl• is in the process of 

forming a σ–type complex with the arene ring or an η6–complex in which the halogen radical sits 

symmetrically over the π-face.41,62,63,64 Calculations by the group of Platz suggest that the η1–

complex is most likely, and work encompassed herein supports that assignment.65 

The combination of the aforementioned experimental studies of chlorine radicals in 

aromatic solvent and the subsequent theoretical studies laid the groundwork for a key study by the 

Nocera group in which they utilized transient absorption spectroscopy to demonstrate that a Cl• 

eliminated from a high valent NiIII center transiently forms a charge transfer complex with the 

arenes of a dppe ligand (Figure 1.14).66  

 

Figure 1.14 Scheme depicting the intermediate Cl•–Arene interaction observed by Nocera and 
coworkers via transient absorption spectroscopy upon photolysis of a NiIII tri-halide precursor.66  

This work was later cited by the Doyle groups as one of the design principles for their halogen 

radical mediated C–H cross coupling catalysts (Figure 1.5) (vide supra).16,36 Efforts to amplify on 

these initial results of examining halide radical trapping in solid state photochemistry are further 

discussed in Section 1.3.3 
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1.3.3 Structural Characterization of Reactive Intermediates 

A number of metal-oxo species have been structurally characterized in the solid state 

through the clever use of stabilizing ligand scaffolds and the judicious use of cryogenic 

temperatures. Early work by the Borovik lab made use of a tripodal LX3 N4-ligand with an 

engineered hydrogen bonding secondary coordination sphere to aid in the stabilization of an 

FeIII=O moiety that could be crystallographically characterized.67 In 2000, this represented the first 

crystallographically characterized terminal iron oxo, other than ferrate. The longer than expected 

Fe–O bond length of 1.813(3) Å was attributed to the presence of strong hydrogen bonding 

interactions, but remained well within the regime of other reported FeIII–O–FeIII cores. The 

Borovik group was then able to use this FeIII complex as a starting material and via its treatment 

with ferricenium was able to access the FeIV=O congener, which could be crystallized at low 

temperature and structurally characterized (Figure 1.15).68 As expected, a contraction of the Fe–O 

bond length to 1.680(1) Å was observed with the secondary sphere hydrogen bonding interactions 

remaining intact. 

 
Figure 1.15 Single crystal structure of K[FeIV(O)(buea)] reported by the Borovik lab with a Fe–O 
bond length of 1.680(1) Å and average NH–O bond length of 0.246 Å. Iron (orange), carbon (grey), 
oxygen (red), nitrogen (blue), and hydrogen (white). 68 

The Que group subsequently made use of an L4 N4 ligand scaffold to stabilize a terminal 
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FeIV–oxo in a square pyramidal ligand field (Figure 1.16).69 Though unreactive towards strong C–

H bonds, this complex represented an example of an isolable oxo that could be crystallized and 

structurally characterized, revealing one of the shortest Fe=O bond lengths to date of 1.625(4) Å.  

  

Figure 1.16 Single crystal structure of [FeIV(O)(TMC)]OTf2 reported by the Que group with a Fe–
O bond length of 1.625(4) Å Iron (orange), carbon (grey), oxygen (red), and nitrogen (blue).69 

More recently, through the use of an all N-heterocyclic carbene ligand framework, which 

offers strong σ–donation in a trigonal field capable of stabilizing high valent metal centers, the 

Anderson lab was able to make clever use of stepwise oxidation and deprotonation of a CoII–OH 

starting material to arrive at the only example of a structurally characterized terminal CoIII–oxo 

(Figure 1.17).53 The title compound sports a uniquely bent Co=O unit with a short Co–O bond 

length of 1.682(6)Å.  



 –20– 

 

Figure 1.17 Single crystal structure of CoIII(O)(PhB(tBuIm)3 reported by the Anderson group with 
a Co–O bond length of 1.682(6) Å Cobalt (purple), carbon (grey), oxygen (red), nitrogen (blue), 
and boron (yellow).53 

These combined works highlight the impact that careful ligand design and synthetic 

strategies can have on the isolation and characterization of metal–oxo species. However, it is 

important to recall that none of the above stated metal–oxo systems are able to activate the strong 

C–H bonds of their bioinorganic and industrial counterparts, often falling short by 20-30 kcal/mol 

in the BDE’s of the C–H bonds they can activate. Conversely, those systems capable of activating 

such strong bonds have constantly eluded isolation by any structural means due to rapid 

decomposition or destruction of the ligand scaffold. Thus, as the limits of reactive intermediate 

isolation was explored, further measures have had to be taken to trap these intermediates in a way 

that allow them to survive long enough to be characterized.  

Photocrystallography has emerged as a powerful technique and has proven to be an 

indispensable tool in interrogating the structural changes that occur in photochemical processes in 

the solid state.70–73 Over the past three decades, much of the work in this field has focused on the 

characterization of photoswitchable materials that undergo reversible light-induced isomerization 
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or spin-state transitions.73 Several studies, however, have demonstrated the observation of 

photochemical reactions and the generation of reactive intermediates using photocrystallographic 

techniques. 74 , 75 , 76  This technique allows for a stable precursor molecule to be encased in a 

crystalline lattice and photo-triggered to unmask a reactive intermediate that is prevented from 

reacting further due to the physical constraints of the lattice. Understanding the structural nature 

of such transient intermediates that can only be arrived at by in-situ generation has become 

increasingly relevant with the resurgence of interest in developing photocatalytic reactions for the 

production of solar fuels77,78 and high value chemicals.79 

 One example with particular relevance to the goals of the Nocera Lab, and this thesis, is 

the work by the Powers group in which they are able to make use of a stable diruthenium azide 

paddlewheel complex that furnish an otherwise non-isolable terminal ruthenium nitride upon 

irradiation in the solid state (Figure 1.18).80 

 

Figure 1.18 Photocrystallographic characterization of a reactive diruthenium nitride (right) 
generated upon photolysis of the stable azide ligated precursor at 365nm at 20K. Ruthenium 
(light brown), chlorine (dark green), carbon (grey), and nitrogen (blue). 80 

Notably, electron density can also be observed for the formation of eliminated dinitrogen gas 
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trapped in the lattice. This is an exemplar of how a poised precursor in the solid state can be photo-

triggered to unmask a reactive intermediate that is then prevented from further reacting due to the 

constraining force applied by the crystal lattice. This work allowed for the structural 

characterization of an intermediate that has been implicated in several catalytic cycles and was 

otherwise not stable to manipulation and crystallization.  

Others, such as the Weller group have made clever use of additional single crystal to single 

crystal transformations to structurally characterizes complexes that would otherwise be impossible 

to crystallize. In a landmark example they were able to start from a RhI–norbonadiene precursor 

and perform a solid-state hydrogenation by treating the crystal with H2 gas, leading to a trapped 

Rh–σ–alkane complex (Figure 1.19).81  This intermediate, though not reactive, would not be 

accessible through traditional crystallization techniques due to the weak interactions between the 

sp3–hybridized carbon centers and the metal.  

 

Figure 1.19 Single-crystal to single-crystal hydrogenation of rhodium(I) ligated norbornadiene 
yielding a Rh–norbornane complex reported by the Weller group. Rhodium (blue), phosphorus 
(orange), carbon (grey), and select hydrogens (cyan). Outer sphere BArF counterion omitted for 
clarity.81 

Finally, the Nocera group has become an established member of the photocrystallographic 

community with work by Hwang et al, in which they were able to observe a free bromine radical 

photo-eliminated from a high valent NiIII center supported by a bidentate phosphine (Figure 
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1.20).66 

 

Figure 1.20 Solid state crystallographic observation of Br• elimination from a NiIII center upon 
355 nm photo–excitation at 20K. Bromine (maroon), nickel (dark green), phosphorus (orange), 
and carbon (grey).66 

The photo-populated structure allowed for the characterization of what is formally a bromine 

radical as well as a putative NiII intermediates produced from HX splitting photocycles that have 

no way of being crystallized and structurally characterized otherwise. 

We have taken inspiration from this large body of work and sought to combine a number 

of the aforementioned pioneering techniques in dedicated effort to characterize and understand the 

reactivity of metal-oxo and halide radical species with the ultimate goal of selectively activating 

and functionalizing C–H substrates.  

 

1.4 Scope of Thesis 

This thesis encompasses work to design and synthesize mono- and bimetallic coordination 

complexes as well as main group compounds that facilitate the study of transient oxo/oxyl and 

halide radical intermediates relevant to the activation of C–H bonds. Chapter 2 reports dicobalt, 

dinickel, and dicopper cryptands for the stabilization and isolation of a late transition metal 

bridging oxos. While attempting to reproduce the previously published dicobalt results82, it was 

discovered that this compound was instead a bridging hydroxide; the work performed to prove this 



 –24– 

misassignment is contained herein. In the course of this work, fluorinated versions of the cryptand 

were developed that allowed us to track the formation of intermediates as well as, serendipitously, 

the binding of various halide anions in the cryptand pocket by 19F NMR. Furthermore, synthetic 

routes were developed towards a new family of macrobicyclic cryptand ligands composed of 1,3–

azole donors that allowed us to better mimic histidine binding metal sites in bioinorganic systems 

and tune the electronic effects at the metal center by varying the heteroatom in the azole ring. 

Attempts to isolate metal oxos continue in Chapter 3 in which bulky oxygen donor ligands are 

employed to isolate a rare example of a terminal MnIV oxo. Putative decomposition pathways were 

identified that prevented further studies of these compounds, prompting work to develop 

perfluorinated versions of these ligand platforms. As the challenges associated with isolating 

reactive metal-oxos emerged, we began fine tuning the use of photocrystallography for the 

observation of reactive intermediates.  

Similar to transient metal-oxos, fleeting halogen radical intermediates are implicated in a 

host of C–H bond activations. Thus, in Chapter 4 we develop a series isosteric and isoelectronic 

pyridine diimine (PDI) scaffolds in order to study stereo–electronic effects governing 

photohalogen elimination from cationic FeIIICl2 centers. A major focus of this work is to move 

away from the isolation of reactive intermediates and instead generate these transient unstable 

intermediates in a crystalline lattice and study them using photocrystallography. The major result 

of these studies is twofold: firstly, we were able to structurally observe the first instance of a C–H 

bond activation in the solid state and secondly, a concise and scalable synthesis of a wide range of 

electronically and sterically diverse pyridine diimine ligands was established. Additionally, we 

were able to confirm the solid-state assignment of C–H activation by a photoeliminated halogen 

radical through a combination of EPR, mass spectrometry, NMR, and TA studies. From there we 
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aimed to broaden the range of compounds that permitted the observation of halogen and pseudo-

halogen elimination from via photocrystallography. Thus, in Chapter 5, we develop a number of 

hypervalent IIII dichloride and difluoride compounds whose photoreactivity could be tracked both 

in the solution and solid state. Despite the known photoreactivity of such compounds and their 

ability to enact selective C–H bond activation, the crucial intermediates are poorly understood and 

characterized. Using a combination of traditional techniques and photocrystallography, we 

establish new modes of reactivity for iodobenzene dichlorides. On this foundational knowledge 

base, bulky iodo-arenes were designed to enact selective tertiary C–H bond activation and 

halogenation. As part of this work, new routes to bulky 2,6-substituted iodoarenes were developed. 

Finally, with photocrystallography skills honed over a number of compounds, in Chapter 6, studies 

were designed to fulfill one of our original goals to structurally study late transition metal oxos by 

designing a system that would allow us to generate a metal–oxo in the solid state from a poised 

precursor. To this end, studies are presented that build on literature examples showing that 

oxyanions, specifically chlorate and perchlorate can generate oxyls and oxos, respectively, upon 

irradiation. These studies focus on bimetallic pyridine diimine systems utilizing copper in a range 

of oxidation states, as well as a variety of oxyanions poised to generate reactive species. We 

discovered that PDIs are not the ideal ligand scaffold for this work, thus prompting wider survey 

studies of ligands capable of stabilizing copper oxos/oxyls. The most promising results were 

realized using copper tris-pyrazole borate with a chlorate anion bound directly to the copper.  
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2.1 Introduction 

The ubiquitous presence of cofacial bimetallic active sites in numerous metalloenzymes, 

including hemocyanin,1,2 tyrosinase,3 and various oxygenases,4–8 as well as metallated zeolites,9,10 

has sparked efforts to synthesize model complexes with the spectroscopic signatures and reactivity 

of these bimetallic cores. Much of the chemistry of these enzymes is centered around their ability 

to activate and use dioxygen for further reactivity. Activated O2 transient intermediates have been 

shown to perform some of the most taxing and selective oxidations known, such as methane to 

methanol.10 These species often fall into four distinct categories, bridging oxo, bis-µ oxo, µ-η2- η2 

peroxo, and µ-η1- η2 peroxo, each with their own mode of reactivity and distinct spectroscopic 

features, allowing them to be easily identified.3 

Terminal transition metal oxos are also known to perform a suite of oxidations throughout 

biology and inorganic chemistry. However, these are limited by the steadfast oxo-wall, which 

states that metals beyond iron on the periodic table cannot stabilize multiply bonded oxos in a 

tetragonal ligand field.11,12 This formalism may be broken with a reduction in symmetry to a 

trigonal field.30 In this case, the d-electrons populating M-O antibonding orbitals are relocated to 

a non-bonding manifold (Figure 2.1).  



 –34– 

 

Figure 2.1 Molecular orbital diagram showing reduction in symmetry for a metal–oxo in a 
tetragonal field to a trigonal field.  

This lower symmetry construct should be valid for d–electron counts up to a d6 

configuration, after which once again M–O multiple bond character is compromised. In order to 

arrive at oxo character for late transition metals such as Ni and Cu, one may take advantage of a 

bimetallic construct with a large non-bonding manifold to generate a bridging oxo (Figure 2.2). 

This principal, for example, leads to a three center (Cu–O–Cu) bond order of 2, yielding a putative 

copper oxo/oxyl proposed as an intermediate in methane monooxygenase enzymes as well as Cu-

ZSM-5.10,13  
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Figure 2.2 Molecular orbital diagram for two cofacial trigonal pyramidal fragments interacting 
with an oxygen atom. 

Physically linking two metal centers in a cofacial arrangement allows for the metal–metal 

distance to be constrained, preventing the system from relaxing to a more stable and less reactive 

state.9 Such structural constraints are accomplished in biology using a protein matrix, and in 

zeolites by means of an extended lattice, and allows for the formation of sterically crowded and 

reactive bis-µ-oxo intermediates that are thought to be more reactive than their µ-η1- η2 and µ-η2-

η2 peroxo counterparts.4, 13  

Herein we discuss our efforts to develop a series of ligand scaffolds that afford a number 

of tunable synthetic handles while constraining two metals in a cofacial arrangement with enough 

space between the metal centers for an oxo bridge. Given our group’s history using cryptand ligand 

architectures, we focused our efforts on this ligand class, beginning with the well-established 
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hexcarboxamide based H6mBDCA-5t. 14–18 We then proceed to designing fluorinated analogues 

due to their spectroscopic handle as well as the increased oxidative stability of the ligand. Despite 

many efforts to arrive at high valent bridging metal–oxo systems, chemically and 

electrochemically, it was determined that these hexa-anionic ligand systems suffered from design 

flaws that innately prevented them from achieving the desired reactivity; in all cases 

thermodynamically and kinetically inert bridging hydroxides were obtained. In an attempt to 

surmount the aforementioned challenges, we proceeded to design and synthesize a series of 1,3-

azole based platforms that allowed the donor strength of a neutral cryptand scaffold to be tuned 

without any changes to the bimetallic steric environment. The 1,3-azole cryptands also aimed to 

mimic the often-conserved tris-histidine motif of late-transition metal containing oxidizing 

enzymes.5,9 

It is important to note that the field of metal-oxo chemistry has long been fascinated with 

the isolation and structural characterization of such species and, as such, significant efforts have 

been made to isolate late transition metal-oxos in the hopes of unraveling the key to their reactivity. 

However, as in all scientific endeavors, mistakes have been made in this field and the need to 

correct the scientific record is crucial. A canonical example comes from the Hill group in which 

they reported an oxo-wall breaking PtIV oxo compound supported by a polyoxometalate framework 

that was later deemed to be a mis-assigned WVI oxo compound.19  This work was carefully 

corrected in a subsequent publication.20 Beyond simply setting the record straight, the path to 

discovering certain scientific inaccuracies holds many important lessons and the follow up paper 

by the Hill group helped to outline the methods used in hopes of preventing such errors in the 

future. The first part of this chapter follows a similar path in which a previously published report 

of a rare bridging cobalt oxo was instead found to be a bridging hydroxide. The path to this 



 –37– 

discovery and the correct structure is outlined in detail (vide infra). 

 

2.2 Reassignment of Bridging Dicobalt Oxo as Bridging Hydroxide 

In the publication “Pushing Single-Oxygen-Atom-Bridged Bimetallic Systems to the Right: 

A Cryptand-Encapsulated Co–O–Co Unit”, it was disclosed that a dicobalt(II) cryptate complex, 

[Co2(mBDCA-5t)]2‒ ([Co2O]2–) [ all such compounds are abbreviated henceforth as [M2X]n–; with 

the brackets […] denoting the fully deprotonated H6mBDCA-5t ligand architecture, X denoting 

the presence and nature of a bridging ligand between the metal centers (M), and n denoting the 

overall charge] which upon treatment with potassium superoxide formed a putative Co‒O‒Co 

core (Figure 2.3).21  

 

Figure 2.3 Putative Co–O–Co core originally reported as the product of reaction of the dicobalt 
cryptand with KO2.21 

 This cryptand system was unique in its original formulation insofar that the cobalt centers 

of the complex were best described as cobalt(II) ions supporting a bridging oxide with electron 

holes on the oxygen atom and ligand framework and thus represented a unique example of a M–

O–M core with a formal d-electron count of 14. The assignment of the cobalt centers as CoII in 
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[Co2O]2– was based upon X-ray crystallography and reactivity studies. A single X-ray diffraction 

(XRD) study of [K(Kryptofix-2.2.2)]2[Co2O] ([K2(2.2.2)2][Co2O]) was conducted and afforded 

a crystallographic model in which the [Co2O]2– unit displayed idealized C3h symmetry and placed 

the Co–O–Co core on the crystallographic three-fold axis resulting in one third of the cobalt 

cryptate and two independent [K(2.2.2)]’s, which also lie on the crystallographic three-fold axis. 

Summation of the charges from the potassium encapsulated cryptates confirmed the assignment of 

[Co2O]2– as a dianion. From a charge counting perspective, the cobalt ions in [Co2O]2– would be 

expected to be CoIII but Co K-edge XAS data of [K2(2.2.2)2][Co2O] led to the conclusion that the 

cobalt ions are best described formally as CoII centers. In addition, the lack of an EPR signal from 

[Co2O]2– suggested an integer spin system. To shed light on the unusual electronic structure of 

[Co2O]2–, multireference calculations using the complete active space method (CASSCF) 

followed by second-order perturbation theory (CASPT2) were performed. These calculations 

suggested the best electronic description for [Co2O]2– was two antiferromagnetically coupled Co 

centers of S = 3/2, an O-atom with oxyl character (S = 1/2) and a hole delocalized over the 

carboxamide ligand (S = 1/2). Together, these results indicated that [Co2O]2–should be an oxygen 

atom transfer (OAT) reagent. Indeed, [Co2O]2– was claimed to oxidize 13CO to 13CO2, H2 to H2O 

and phosphines to their respective phosphine oxides, lending credence to the proposed dicobalt(II) 

oxo electronic description of the complex. 

However, subsequent inquiries by the author and his colleague, Dr. Eric Bloch into this 

system and the analogous Ni–O–Ni cryptates, revealed that the cobalt and nickel M–O–M cryptate 

complexes were in fact bridging hydroxides, with the true identity of the purported dicobalt(II) 

oxo cryptand complex, [Co2O]2–, to be a [Co2OH]3– hydroxide species instead. The path towards 

this discovery and the unreconcilable data anomalies and irregularities with respect to the 



 –39– 

originally published report are described in this section. 

 

2.2.1 Assignment of Putative Ni–O-Ni Core as a Bridging Hydroxide  

 With the purported success of the mBDCA-5t scaffold to support a dicobalt bridging oxo, 

we sought to continue to push the oxo wall further by attempting to make the analogous [Ni2O]2– 

cryptand. The work was motivated by the expectation that increased d-electron count would result 

in a weaker M–O bond and hence a corresponding stronger oxidant. However, as now presented, 

throughout the investigation of this bimetallic nickel cryptate, [Ni2OH]3– was obtained in all cases. 

 Applying a similar procedure used to prepare [Co2OH]3– (believed to be [Co2O] 2–), the 

hexa-deprotonation of H6mBDCA-5t with KH in DMF followed by the addition of an excess of 

nickel acetate afforded an orange solution of [Ni2]2–, along with insoluble KOAc. Vapor diffusion 

of diethyl ether into a filtered solution of [Ni2]2– afforded large orange single-crystal X-ray 

diffraction quality crystals of [K2(DMF)3][Ni2] in high yield (76%) (Figure 2.4).  

 

Figure 2.4 Single crystal structure of [Ni2] 2–. Nickel (green), carbon (grey), oxygen (red), nitrogen 
(blue), hydrogen (white). Potassium counterions, hydrogen atoms, and lattice solvent omitted for 
clarity. 
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DC magnetic susceptibility data (Figure 2.5) of [Ni2]2– indicated high-spin configurations 

for the nickel(II) ions. The room temperature χMT value of 2.64 emu·K/mol is slightly larger than 

the value expected for two uncoupled S = 1 centers. A fit to the susceptibility data yielded nearly 

negligible antiferromagnetic coupling of –1.13 cm–1 as expected based on the long Ni···Ni distance 

and lack of a plausible superexchange pathway. Trigonal-monopyramidal nickel(II) complexes are 

capable of possessing large axial zero field splitting parameters (D), a result of the near degeneracy 

of the dxy and dx2–y2 orbitals (the degeneracy of these orbitals is broken because of Jahn-Teller 

distortion).22 ,23  Magnetization data collected on [K2(DMF)3][Ni2] from 2 to 25 K at various 

applied DC fields (1 to 7 T). Fits to the data indicate only moderate D (19.3 cm–1), which is 

consistent with the significant distortion of the nickel cations away from perfect trigonal-pyramidal 

coordination geometry, as any such the distortion will further increase the energy splitting between 

dxy and d x2–y2 decreasing D. 

 

Figure 2.5 Magnetic susceptibility (left) and magnetization (right) for [K2(DMF)3][Ni2]. 

Reaction of [K2(DMF)3][Ni2] with an excess of potassium superoxide and Kryptofix 2.2.2 in a 

THF/DMSO mixture over the course of 1 hour led to the formation of [K3(2.2.2)3][Ni2OH] and 
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not [Ni2O]) isolated as a red solid in moderate yield (65%). As with the dicobalt analogue, a 

convenient assay for the purity of [K3(2.2.2)3][Ni2OH] is the paramagnetically shifted NMR signal 

of the tert-butyl substituents on the aromatic spacers of the cryptand, which shifts from –2.24 ppm 

(DMF-d7, 23 °C) to –1.81 ppm upon hydroxide insertion (Figure 2.6). However, when working 

with the nickel analogue (Ni–O–Ni), it was observed by 1H NMR spectroscopy that integration of 

the potassium encapsulated Kryptofix 2.2.2 cations against the tert-butyl protons of the nickel 

cryptate consistently showed three encapsulated potassium counter ions per complex, suggesting 

the charge of the complex to be trianionic (Figure 2.6). 

 

Figure 2.6 1H NMR spectrum of [K3(2.2.2)3][Ni2OH] in DMF-d7, 400 MHZ, 25 °C (top) and 
[K2(2.2.2)2][Ni2] in DMF-d7, 400 MHZ, 25 °C (bottom). 

In order to confirm the trianionic nature of the complex, single crystal X-ray diffraction quality 
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crystals of [K3(2.2.2)3][Ni2OH] were grown by vapor diffusion of diethyl ether into a concentrated 

THF/DMSO solution at room temperature; the structure is depicted in Figure 2.7. The nickel 

cations in [K3(2.2.2)3][Ni2OH] are in a nearly tetrahedral coordination environment with an 

average τ4 value of 0.91. The two crystallographically distinct sites display Ni‒N distances of 

2.042(6) and 2.042(3) Å and Ni–O distances of 2.029(5) and 1.964(5) Å. Accordingly, the Ni···Ni 

distance in [Ni2OH]3– of 3.993(2) is substantially decreased as compared to [Ni2]2– (Figure 2.7).  

 

Figure 2.7 Single crystal structure of [K3(2.2.2)3][Ni2OH]. Nickel (green), carbon (grey), oxygen 
(red), nitrogen (blue), potassium (pale blue). Hydrogen atoms omitted for clarity.  

Of the highest importance was that indeed three Kryptofix 2.2.2 encapsulated potassium 

counterions were visible, confirming that the cryptate bore a 3– charge. Furthermore, it was noted 

that the Ni–O–Ni unit was not linear but bent, further indicating a likely hydroxide ligand rather 

than a bridging oxo moiety. 
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 ICP-MS and KBr pellet FTIR measurements were undertaken of both [Ni2OH]3– and the 

putative [Co2O]2– to confirm the assignment of a hydroxide for nickel and to see how they 

compared to each other. Recrystallized samples of the 18-crown-6 (18-c-6) and Kryptofix 2.2.2 

salt of [Ni2OH]3– and the putative [Co2O]2– were dissolved in 10% nitric acid and submitted both 

to in house and to an external vendor for ICP-MS analysis to arrive at a conclusive K:Co and K:Ni 

ratio, thus solidifying the charge on the bimetallic core. These results, which are summarized in 

Table 2-1, show conclusively in all cases a K:M ratio of 3:2, confirming that all compounds are in 

fact trianionic.  

Table 2-1 Potassium : Co and Ni ratios determined by ICP-MS 

Compound K:M Ratio 

[K3(18-c-6)3][Co2OH] 1.46 

[K3(18-c-6)3][Co2OH] 1.48 

[K3(18-c-6)3][Co2OH] 7.50 (contaminated) 

[K3(2.2.2)3][Co2OH]  1.48 

[K3(2.2.2)3][Co2OH]  1.52 

[K3(2.2.2)3][Co2OH]  1.48 

[K3(2.2.2)3][Ni2OH] 1.49 

[K3(2.2.2)3][Ni2OH] 1.52 

[K3(2.2.2)3][Ni2OH] 1.51 

 

The 3‒ charge on the cobalt and nickel complexes suggested the presence of a hydroxide bridge 

as opposed to an oxo bridge. To obtain further characterization of a hydroxide bridge, KBr pellets 
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of each of the three complexes listed in Table 2-1 were prepared by mixing 10 mg of the 

aforementioned compounds with 100 mg of KBr and pressing a pellet in a nitrogen filled glovebox 

using a screw press. The transmission FTIR spectra of [K3(18-c-6)3][Co2OH], 

[K3(2.2.2)3][Co2OH], and [K3(2.2.2)3][Ni2OH] are shown in Figure 2.8, All three compounds 

show a distinctive hydroxide stretch at ~3600 cm–1.  

 

Figure 2.8 Transmittance IR Spectra of K3(18-c-6)3][Co2OH], [K3(2.2.2)3][Co2OH], and 
[K3(2.2.2)3][Ni2OH] (left) and augmented region of the spectrum clearly showing the OH stretch 
(right). 

The observed frequencies are in strong agreement with those reported by Holm et al. for a variety 

of M–OH–M compounds of late transition metals.24 These results had clear implications of the 

prevalence of hydroxide versus an oxo bridge, prompting a full revaluation of all published data 

regarding the previously reported [Co2O]2–compound.  

 

2.2.2 Revisiting the Structure and Characterization of Previously Published 
[K2(2.2.2)2][Co2O] 

With the clear identification of the [Ni2OH]3– system, it became clear that the [Co2O]2– 

system previously reported needed to be reexamined. A modified preparation of [K2(DMF)3][Co2] 
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was developed that consistently provided a clean bimetallic product, free of mono-cobalt product 

in contrast with the reported procedure.21 Treatment of H6mBDCA-5t with 6.2 equivalents of 

potassium hydride followed by 2.1 equivalents of cobalt acetate in DMF and subsequent workup 

furnished clean [K2(DMF)3][Co2], identifiable by the diagnostic resonance of the tert-butyl 

protons at 6.56 ppm in DMSO-d6 (Figure 2.9).  

 

Figure 2.9 1H NMR spectrum of [K2(DMF)3][Co2] in DMSO-d6, 400 MHZ, 20 °C.  

Following the reported literature procedure for the preparation of [K2(18-c-6)2][Co2O] via 

treatment of [K2(DMF)3][Co2] with KO2 in a THF/DMF mixture afforded a purple powder. 

Analysis of this purple powder by 1H NMR analysis in DMSO-d6 (Figure 2.10) revealed several 

surprising features, which were not noted in the original publication: First, the proton of formate 
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anion can be identified at 8.56 ppm. Purification procedures do not lead to the removal of formate, 

which is present in stoichiometric quantities (Figure 2.10). 

 

Figure 2.10 1H NMR spectrum of [K3(18-c-6)3][Co2OH] in DMSO-d6, 400 MHz, 20 °C following 
the reported literature procedure. Formate can be clearly identified at 8.56 ppm. 

Second, integration of the signal derived from the protons of 18-crown-6 (3.54 ppm) against the 

protons of the tert-butyl protons of the product (‒0.37 ppm) leads to the conclusion that there are 

more than two 18-crown-6 molecules per cobalt cryptate. 
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Figure 2.11 1H NMR spectrum of recrystallized [K3(18-c-6)3][Co2OH] in DMSO-d6, 400 MHZ, 
20 °C following the reported literature procedure. Integration of the 18-crown-6 protons (3.54 ppm) 
against the tert-butyl resonance (-0.46 ppm) indicates there are 3 18-crown-6 encapsulated 
potassium ions per cobalt complex. 

In order to confirm the nature of the trianionic species shown in the NMR, we undertook 

efforts to crystallographically characterize the 18-crown-6 salt, which to our knowledge had not 

been previously characterized. Crystals were grown of the putative [K2(18-c-6)2][Co2O] by vapor 

diffusion of diethyl ether into a solution of the desired compound in DMF. 1H NMR of the bulk 

material showed three 18-crown-6 encapsulated potassium counterions per dicobalt unit (Figure 

2.11). Furthermore, the structure confirmed that there were in fact three potassium counterions 

associated with the dicobalt core (Figure 2.12). 
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Figure 2.12 Single crystal structure of [K3(18-c-6)3][Co2OH]. Cobalt (purple), carbon (grey), 
oxygen (red), nitrogen (blue), potassium (cyan). Hydrogen atoms omitted for clarity. 

Interestingly, in this lower symmetry structure afforded by the 18-crown-6 encapsulated potassium 

cation, the bridging oxygen group was not generated by symmetry, as is the case for the previously 

reported [K3(2.2.2)3][Co2OH]. In the lower symmetry structure, the Co‒O‒Co is bent (167.7(1)°), 

consistent with a bridging hydroxide. Given the molecular orbital diagram of the originally 

proposed [Co2O]2– complex, it is improbable for a bridging oxo to assume a bent configuration. 

In order to confirm this, PBE-GGA DFT calculations were performed by our collaborator François 

Gygi at UC Davis to delineate a Co–Co distance and Co–X–Co angle. These results, which are 

summarized in Table 2-2, agree exceptionally well with the experimentally derived values, further 

solidifying the nature of the bridging group as a hydroxide. 
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Table 2-2 Comparison of experimental vs. calculated Co–Co distances and Co–X–Co angle 
depending on the nature of the bridging oxygen species. 

X= Co–Co Distance (Å) Co–X–Co Angle (°) 

OH– 

(2.2.2 Published) 
3.95 180 

OH 
(18–c–6 X–ray) 

4.00 167.8 

Oxo [O] 3.72 180 

Oxyl [O• –] 3.56 174.2 

Hydroxide [OH–] 3.97 167.4 

 

The results prompted by studies of the Ni cryptand complex and subsequent studies of the 

cobalt complex are in direct conflict with the original reported reactivity of the cobalt complex as 

well as the characterization of the putative [K2(2.2.2)2][Co2O]. First and foremost, the published 

structure of [K2(2.2.2)2][Co2O] shows only two encapsulated potassium counterions and a notably 

linear Co–O–Co core (Figure 2.13). 
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Figure 2.13 Original crystal structure of [K3(2.2.2)3][Co2OH] with only two Kryptofix 2.2.2 
encapsulated potassium ions. Cobalt (purple), carbon (grey), oxygen (red), nitrogen (blue), 
potassium (cyan). Hydrogen atoms omitted for clarity. 

Secondly, the originally published 1H NMR of the putative [K2(2.2.2)2][Co2O] showed only two 

Kryptofix 2.2.2. encapsulated counterions and strangely only a single resonance for all the protons 

associated with the Kryptofix 2.2.2 encapsulant (Figure 2.14). The Kryptofix 2.2.2. encapsulants 

would nominally have two sets of distinct resonances in 1H NMR given the different chemical 

environments of the α-amino- and α-oxy- protons. 
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Figure 2.14 1H NMR spectrum of recrystallized [K3(2.2.2)3][Co2OH] in DMSO-d6, 400 MHZ, 
20 °C. One of the Kryptofix 2.2.2 peaks is occluded by the residual DMSO solvent peak.  

We believed that these inconsistencies were due to the remaining Kryptofix 2.2.2 peaks being 

occluded by the residual protio-DMSO present in DMSO-d6. This was quickly remedied by 

dissolving the sample in DMF-d7, which revealed the previously hidden resonances (Figure 2.15) 

and the relative integrations were fully consistent with the newly proposed [K3(2.2.2)3][Co2OH]. 
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Figure 2.15 1H NMR spectrum of recrystallized [K3(2.2.2)3][Co2OH] in DMF-d7, 400 MHZ, 
20 °C. One of the Kryptofix 2.2.2 peaks is occluded by the residual DMSO solvent peak. 
Integration of the Kryptofix 2.2.2 protons (3.58, 2.56 ppm) against the tert-butyl resonance (-0.26 
ppm) indicates there are three Kryptofix 2.2.2 encapsulated potassium ions per cobalt complex. 

With the ICP-MS, FTIR, and now corrected 1H NMR in hand, we were confident that 

something was amiss with the crystal structure. With the help of Shao Liang Zheng (Harvard 

University), it was found that the presence of a three-fold symmetric encapsulant (Kryptofix 2.2.2) 

paired with a three-fold symmetric cryptand yielded a highly symmetric trigonal (P–3) crystal 

structure in which the central oxo unit is generated by symmetry due to only one third of the 

cryptand and encapsulant being in the asymmetric unit. Additionally, the original solution of the 

structure had been fit as a pseudo-merohedrally twinned structure with a relatively high R1 of 

10.43%. The unit cell was found to have a volume of 4362.9(4)Å3, consistent with the presence of 
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only two encapsulated potassium ions per cryptand. However, upon inspection of the ellipsoids in 

the structure it appeared that those the of parent bimetallic cryptand were slightly larger than those 

of the Kryptofix 2.2.2 ones. Upon free refinement of the cryptand moiety it was found that there 

was a partial occupancy of the entire bimetallic cryptand. Thus, this structure included solvent 

molecules packed in vacancies in the lattice, with some cryptands not having full occupancy. This 

new partial occupancy structure showed a 3:2 potassium to cobalt ratio, in agreement with NMR 

and ICP-MS, and again suggesting a trianionic cryptand balanced by three encapsulated potassium 

ions. 

With analytical techniques in agreement with the new structural results, the new 

assignment of the bridging oxo as a bridging hydroxide is made with high confidence. However, 

several inconsistencies remained to be rectified, primarily with regard to the published reactivity 

of the cobalt compound as an oxidant and O-atom transfer reagent. Finally, at writing of this 

document, a recent publication by the Holland group isolated a bonafide CoII–O–CoII supported 

by two Nac-Nac ligands and commented on the publication by Stauber et al., noting that their Co–

O distance of 1.704(4)Å is much shorter than the one reported for what is now known to be 

[Co2OH]2– (1.995(11) Å).25 The much shorter bond length and linear Co–O–Co unit reported by 

Holland suggests that their compound is in fact an oxo and not a hydroxide. 

 

2.2.3 Revisiting the Published Reactivity of [Co2O] 

We proceeded to repeat all the reactivity measurements presented in the originally 

published work with electron rich phosphines and most importantly 13CO, which was previously 

shown to be oxidized cleanly to 13CO2. Utilizing [K3(2.2.2)3][Co2OH] that was characterized as 

identical to the published [K2(2.2.2)2][Co2O], the oxidation of trimethylphosphite to it’s 
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constituent oxides was attempted. In all cases, the reported conditions yielded no reaction of 

starting material or phosphine by 1H or 31P NMR (Figure 2.16).  

 

Figure 2.16 31P NMR spectrum of the reaction mixture containing [K3(18-c-6)3][Co2OH] and 
P(OMe)3 in DMSO-d6 after 5 h at 23 °C, 161 MHz, 20 °C. 

Further concern arose when the reaction of [K3(2.2.2)3][Co2OH] with 13CO showed no conversion 

to 13CO2 but rather clean conversion to formate (Figure 2.17), consistent with the nucleophilic 

attack of CO by OH– to yield formate, a known reaction previously described by Kimura et al. 26 
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Figure 2.17 13C NMR spectrum of the reaction mixture containing [K3(18-c-6)3][Co2OH] and 
13CO in pyridine-d5 after 3 h at 70 °C, 100.6 MHz, 20 °C showing the production of formate. All 
spectra taken in pyridine-d5, 400 MHZ, 20 °C 

In order to confirm that under our reaction conditions hydroxide could react with CO, we ran the 

necessary controls (Figure 2.18 and Figure 2.19) showing by both 1H and 13C NMR that 13CO in 

the presence of hydroxide is indeed converted to formate and that NMR signals appear in the same 

location in the spectrum of 13C labeled formate standards. Finally, and most concerning, 13CO2 

addition to [K3(18-c-6)3][Co2OH] caused decomposition within seconds of the parent compound, 

presumably by reaction of hydroxide with CO2 to form HCO3–. 



 –56– 

 

Figure 2.18 13C NMR spectrum of the reaction of 13CO with KOH in pyridine-d5, 400 MHZ, 20 °C 
showing the production of formate.  
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Figure 2.19 1H NMR spectrum of the reaction of 13CO with KOH in pyridine-d5, 400 MHZ, 20 °C 
showing the production of formate. 

  These results were extremely concerning because not only were the originally published 

results not reproducible, but they cannot be reconciled under any reasonable scenario with 

published observations. Though some of the above inconsistencies between our work and the 

published work could have been the results of mistakes and oversight, the reactivity studies clearly 

raise serious concerns about the originally published data.  
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2.2.4 Concluding Remarks 

As a result of the work on Ni and revisited Co work described here, the original publication 

has since been retracted and the work described in this chapter will be published as a correction 

paper akin to the one published by the Hill Group.20 The following sections will discuss work that 

was performed to continue the original aims of the project.  

 

2.3 Synthesis, Characterization, and Metallation of Fluorinated Hexacarboxamide Cryptand 
Analogues 

Through our investigations of the reactivity of [Ni2]2– with various oxidants we were able 

to isolate certain decomposition products that hinted at the reactive nature of the intermediates 

generated in the reaction. In particular, the reaction of [Ni2]2– with KO2 led to the formation of an 

oxidized product in which the aromatic C–H bond of the ligand scaffold was hydroxylated, leading 

to the new product shown in Figure 2.20. 

 

Figure 2.20 Single crystal structure of the C–H activated NiII–OH–NiII. Nickel (green), carbon 
(grey), oxygen (red), and nitrogen (blue). Hydrogen atoms omitted for clarity. 

This species is reminiscent of the work of Honda et al., suggestive of an electrophilic attack by the 
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arene on the transient peroxo-species generated.27 Due to the reactivity of the central arene C‒H 

bond with the putative bridging peroxo, we sought to protect those positions by fluorination. Not 

only would fluorination of these C–H positions prevent their oxidation, it also affords a 19F NMR 

handle near the paramagnetic core of the complex. Furthermore, fluorine’s wide NMR range of 

>350 ppm coupled with its extreme sensitivity to its magnetic environment makes it an attractive 

candidate for probing changes in electronic structure at a bimetallic core.  

 

2.3.1 Synthesis of Fluorinated Analogue of H6mBDCA-5t 

In order to arrive at the target compound, a synthetic route was designed with certain key 

attributes. Firstly, the final macrobicyle forming step would have to be the same as for the original 

protio-cryptand to build on the significant effort in optimizing this step despite its low yield (10-

20%). Secondly, the precursor to the macrobicycle had to be scalable so as to allow for the loss of 

material to polymerization. With these constraints in mind we arrived at the 6-step synthesis 

outlined in Figure 2.21.  
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Figure 2.21 Scheme for the synthesis of H6mBDCA-5t-1F and the crystal structure of 
H6mBDCA-5t-1F (bottom right). Fluorine (green), carbon (grey), oxygen (red), nitrogen (blue). 
Hydrogen atoms omitted for clarity. 

The synthesis begins with the inexpensive 1,3-dimethyl-5-tert-butyl benzene 1. A direct 

nitration of the 2-position of the arene was achieved on scales ranging from 500-1000 g to produce 

2 in high yields. The nitro-arene was then reduced using zinc metal to yield aniline 3, which could 

be used directly in a Balz-Schieman fluorination reaction. Purification of the reactant solution 

through a silica plug yielded the fluorinated precursor 4 as a pure colorless oil. This oil was 

subjected to a permanganate oxidation to yield the dicarboxylic acid 5, which was easily purified 

via acidification from an aqueous mixture. The diacid was converted to the bis-NHS ester using a 

protocol identical to the one developed for the original H6mBDCA-5t synthesis. Finally, the 

procedure developed by Matt Nava for the macrobicyclization to make the title compound 

H6mBDCA-5t was repeated using the fluorinated NHS analogue to yield H6mBDCA-5t-1F (7) in 
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25% yield. Gratifyingly, it was found that the presence of three additional fluorine atoms led to a 

drastic increase in solubility and the purification of 7 was greatly simplified compared to its 

unfluorinated counterpart due to the ability to use silica gel chromatography and less polar organic 

solvents. With 7 in hand, efforts turned to examining the electronic properties of this new ligand 

and to the preparation of the dinickel metallated compound.  

 
2.3.2 Anion Sensing with H6mBDCA-5t-1F 

We were curious about how the presence of the additional fluorine atoms in 7 would affect 

the donation ability of the amide groups and how sensitive of a 19F NMR probe was afforded by 

the ligand. Recalling the work of Bowman-James et al. in which H6mBDCA-5t was used as an 

anion receptor, we set out to test if our fluorinated analogue would bind halides and whether the 

nature of various halides would yield unique 19F NMR shifts.28 We found that the addition of F–, 

Cl–, Br–, and I– to a solution of 7 in MeCN led to well separated, unique 19F NMR signals, allowing 

us to cleanly sense which anion was in solution (Figure 2.22). 
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Figure 2.22 Overlaid 19F NMR spectrum of 7 and the reaction of 7 with F–, Cl–, Br–, and I– in 
MeCN-d3, 400 MHz, 20 °C.  

The broadness of the iodide encapsulated resonance is ascribed to an equilibrium process at room 

temperature between encapsulated and unencapsulated iodide, demonstrating that iodide binds less 

favorably than chloride and bromide. Though not the original aim of this project, 7 represents an 

effective 19F NMR halide sensor.  

The nature of the binding interactions of 7 was further probed by Single Crystal X–ray 

Diffraction (SCXRD). A halide resides inside the cryptand cavity with hydrogen bonding 

interactions to the six amide N–H bonds, as reported by Bowman-James (Figure 2.23).28  
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Figure 2.23 Single crystal structure of 7 (left) and Cl– encapsulated in 7 (right). Chlorine (dark 
green), Fluorine (green), carbon (grey), oxygen (red), nitrogen (blue). Hydrogen atoms omitted for 
clarity. 

Interestingly, when the halide anion was varied from chloride to iodide, the resultant structure of 

the anion containing cryptand remained similar (Figure 2.24) with iodide protruding slightly from 

the cryptand cavity but with the same C3-symmetric locked structure. 
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Figure 2.24 Top view of crystal structure of Cl– encapsulated in 7 (left) and I– encapsulated in 7 
(right). Iodide (magenta), chlorine (dark green), fluorine (green), carbon (grey), oxygen (red), 
nitrogen (blue). 

This structural observation suggested that the changes observed in the 19F NMR spectrum were 

likely due to the difference in the electronic properties of the encapsulated halide and the extreme 

sensitivity of the fluorine nucleus to small changes in its electronic environment rather than a 

structural variation resulting from fluorine in a different chemical environment. This electronic 

sensitivity provides a handle to rapidly deconvolute structurally similar but electronically unique 

M–X–M cores. With these promising results in hand, studies were directed toward metallating this 

new cryptand scaffold. 

 

 

 



 –65– 

2.3.3 Synthesis and Characterization of [K2(2.2.2)2][Ni2(mBDCA-5t-1F)] 

Metallation of 7 proceeded in an analogous manner to the parent cryptand by deprotonation 

with potassium hydride followed by salt metathesis with the desired metal acetate in thawing DMF 

solution. The dinickel trifluorocryptand [K2(DMF)3][Ni2(mBDCA-5t-1F)] was isolated as large 

crystals by ether diffusion into a solution of DMF. The unexpected structure shown in Figure 2.25 

was determined by single crystal X-rat crystal analysis. Short Ni–F–R contacts of 2.259(5)Å and 

2.475(5)Å are observed 

 

 

Figure 2.25 Single crystal structure of [K2(2.2.2)2][Ni2(mBDCA-5t-1F)] (left) and fragment of 
the full structure highlighting the shortest Ni–F contact of 2.259(5) Å (right). Nickel (dark green), 
fluorine (green), carbon (grey), oxygen (red), nitrogen (blue). Hydrogen atoms omitted for clarity. 

 In order to probe the difference in electronic structure at the metal center due to the 

introduction of electron withdrawing fluorine atoms into the ligand, the cyanide bridged complex 

(Ni–CN–Ni) was synthesized by the simple addition of KCN and Kryptofix 2.2.2 to an equivalent 
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of [K2(DMF)3][Ni2(mBDCA-5t-1F)] in DMF at room temperature, After work up, 

[K3(2.2.2)3][Ni2(CN)(mBDCA-5t-1F)]was obtained as a purple powder in near quantitative yield. 

Crystals were grown by slow diffusion of ether into a saturated DMF solution of the complex. 

Structural characterization showed a linear Ni–CN–Ni moiety that could be compared to the 

structure of [K3(2.2.2)3][Ni2CN] (Figure 2.26). The two Ni–CN–Ni compounds, varying only by 

the presence of three fluorine for hydrogen substitutions, show identical linear bridging cyanide 

structures and local metal geometries. 

 

 

Figure 2.26 Single crystal structure of [K3(2.2.2)3][Ni2CN] (left) and 
[K3(2.2.2)3][Ni2(CN)(mBDCA-5t-1F)] (right). Nickel (dark green), fluorine (green), carbon 
(grey), oxygen (red), nitrogen (blue). Hydrogen atoms omitted for clarity. 

 KBr pellets were prepared of both [K3(2.2.2)3][Ni2CN] and 

[K3(2.2.2)3][Ni2(CN)(mBDCA-5t-1F)] by mixing 10 mg of the aforementioned compound with 

100 mg of KBr and pressing a pellet in a nitrogen filled glovebox using a screw press. The 
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transmission FTIR spectra were taken and it was found that the CºN stretch of the fluorinated 

analogue (2114 cm–1) was extremely similar to that of the unfluorinated compound (2108 cm–1), 

with both being slightly blue shifted with respect to free cyanide (2080 cm–1). This suggested that 

the introduction of the three fluorine atoms had not meaningfully changed the electronic structure 

of the Ni centers with respect to their interactions with small molecules. 

Despite the successful synthesis and metalation of this C-H protected cryptand, work by 

the Collins lab29 suggested that the tris(2-aminoethyl) amine (TREN) capped cryptands confronted 

a major drawback. Collins outlines a series of rules for designing amide-based ligands and 

highlights that the presence of a weak C-H bond at a position β to the metal center precludes 

stabilization of high-valent late transition metal centers (Figure 2.27);29 our cryptand has six such 

sites.  

 

Figure 2.27 Scheme showing the decomposition pathway described by Collins for high valent 
metals bound to amides with labile protons β to the metal center. 

With this limitation in mind and the concomitant discovery of the bridging Co–OH–Co and Ni–

OH–Ni, it became clear that in order to pursue small molecule activation from high valent states, 

especially O2 activation, it would be necessary to design a new ligand scaffold that retained some 

of the key design principles outlined above, but shut down the decomposition pathway discussed 

by Collins. 

To this end, we aimed to design a modular cryptand based ligand scaffold (Figure 2.28) 

that made use of several important design principles laid out by Betley et. al.30 The ligand scaffold 
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should be C3 symmetric, electronically modular, oxidatively robust and not proteolytically 

sensitive. Furthermore, we wanted to mimic the conserved tris-histidine motif found in many 

transition metal containing oxidase enzymes, tune the donor strength, and remain soluble in inert 

solvents at low temperatures. We chose to work with 1,3-azoles as these fit all of the 

aforementioned criteria. Of particular interest was the ability to tune the donor strength of the 

ligand field in a completely isosteric fashion. As illustrated in Figure 2.28, as the non-nitrogen 

heteroatom in the 1,3 azole ring is varied, the pKa of the conjugate acid (a proxy for donor strength) 

changes drastically, allowing us to span and probe a wide range of electronic structures and their 

effects on small molecule activation.31  

 

 

Figure 2.28 Wide range of donor strength/pKa of conjugate acid of various 1,3-azoles. 
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2.4 Synthesis, Characterization, and Metallation of 1,3-Azole Cryptand Analogues 

2.4.1 Synthesis, Characterization, and Metallation of Hexa-1,3-Oxazole Cryptand 

The hexa-oxazole containing cryptand was synthesized according to the route shown in 

Figure 2.29. The synthesis was designed from the same staring materials as the previous cryptands 

such that fluorination of the internal C–H position on the central arene ring could be incorporated 

easily if necessary. Of note, however, due to the novel structure and the presence of new carbon-

carbon bonds with respect to the original hexacarboxamide scaffold, the final macrobicycle 

forming step required modification as making use of a preformed TREN cap and the subsequent 

amide bond formation was not tenable. Rather, we settled on constructing each of the three arms 

independently with use of a nucleophilic SN2 type displacement vide infra.  
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Figure 2.29 Synthetic scheme for the synthesis of hexa-1,3-oxazole cryptand 14. 

The bis-amide 10 was produced on decagram scale rapidly through an N-

hydroxysuccinimide (NHS) mediated amidation. Further reaction with 1,3-dichloroacetone 

allowed us to forge the arm 11. A modified Gabriel amine synthesis afforded us the amine salt 13. 

Initial attempts at direct combination of the free base amine with two equivalents of the bis-

chloromethyloxazole 11 showed no reaction even at high temperatures. Despite repeated efforts, 

this reaction was totally recalcitrant towards macrobicylization. As the nucleophile could not be 

changed, early efforts targeted a better leaving group. A bulk scale Finkelstein reaction was 

attempted to make the bis-iodomethyl version of 11, however, this bis-iodomethyl cogener was 

found to be unstable to isolation, rapidly decomposing or hydrolyzing.  

We finally took advantage of the unreactive nature of the chloromethyl group. As in 



 –71– 

previous macrobicycle syntheses, polymerization as the major unproductive side reaction was the 

primary challenge. We envisioned that if we performed the Finkelstein reaction in-situ in a 

catalytic fashion, there would only be a small amount of the iodo-methyl present at any one time 

thus allowing the reaction to proceed and overcome the lack of reactivity of the chloromethyl 

without the need to isolate a reactive intermediate (Figure 2.30). 

 

Figure 2.30 Summary of catalytic Finkelstein reaction developed to facilitate challenging macro-
bicyclization step 

This strategy was indeed successful and allowed us to obtain the title compound 14 in 18% yield, 

but on gram scale. We proceeded to metallate 14 with FeIII, CoII, NiII, and CuII as indicated by a 

rapid color change upon addition of the metal tetrafluoroborate salt dissolved in acetonitrile. 

Despite initial difficulties with growing crystals, the addition of cyanide to mitigate the +4 charge 

of the complex with mild heating followed by slow diffusion of ether yielded dark green cubic 
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crystals. The structure (Figure 2.31) revealed a reductive cyanide coupling, common for CuII salts, 

thus yielding the mixed valent CuICuII species.  

 

Figure 2.31 Single crystal structure of CuII–CN–CuI 14 (A), CuI fragment (B), and CuII fragment 
(C). Copper (orange), carbon (grey), oxygen (red), nitrogen (blue), boron (yellow), fluorine (bright 
green). Hydrogen atoms and BF4 counter-ions omitted for clarity. 

The once reduced and mixed valent nature of CuII–CN–CuI 14 was confirmed crystallographically 

by the presence of only two counteranions in the low symmetry P–1 structure as well as the 

comparison of this structure to other mixed valent cyanide bridged copper compounds supported 

by tripodal amines.32,33 Two unique bonding environments are observed around the Cu centers, 

with the CuII center showing ligation by all three oxazole rings while the putative CuI center shows 

ligation by only two of them, adopting a distorted tetrahedral geometry. 

Unfortunately, due to the weakly donating oxazole ligand field, these cryptands are de-
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metallated easily in the presence of a strongly coordinating solvent. Due to the weak ligand field 

observed in this structure and the need to use only the weakest coordinating solvents, we proceeded 

to the synthesis of the thiazole based analogue. 

 

2.4.2 Synthesis, Characterization, and Metallation of Hexa-1,3-Thiaazole Cryptand 

Per our initial design, we were able to rapidly adapt the synthetic route toward the oxazole 

based cryptand to arrive at the thiazole based cryptand cleanly in a 6-step linear sequence (Figure 

2.32). 

 

Figure 2.32 Synthetic scheme for the synthesis of hexa-1,3-thiazole cryptand 18. 

To our satisfaction, we discovered that the in-situ generation of the bis-thioamide utilizing 

Lawesson’s reagent followed by direct cyclization to forge the thiazole ring proceeded in a facile 
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manner to yield the bis-chloromethylthiazole 15 on decagram scale. The same modified Gabriel 

amine synthesis as described above was utilized to furnish the bis-hydrochloride salt 17 in good 

yield. Making use of our newly developed Finkelstein catalyzed macrobicyclization, we were able 

to arrive at the title compound 18 in 22% yield.  

The thiazole based cryptand was easily metallated with MII(BF4)2 salts as evidenced by 

immediate color changes. In contrast to the oxazole based cryptand, addition of coordinating 

solvent (MeCN, DMF, DMSO) did not cause de-metallation of the complexes. Further, these 

complexes could be metallated with CuIOTf and crystallized to yield pale yellow crystals that 

reacted readily with O2, rapidly turning deep red-brown upon exposure to air. This CuICuI species 

was characterized structurally (Figure 2.33) and found to contain two Cu(I) centers bridged by an 

iodide, likely remaining encapsulated from the final ligand synthesis step. 

 

Figure 2.33 Single crystal structure of CuI–I–CuI 18 (left) and fragment showing pseudo-
tetrahedral CuI center (right). Copper (orange), carbon (grey), oxygen (red), nitrogen (blue), sulfur 
(yellow), iodide (purple). Hydrogen atoms and triflate counter-ion removed for clarity. 

The two CuI centers appear in identical pseudo-tetrahedral environments with one of the thiazole 

ligands completely unbound from the metal center. Although the thiazoles are stronger donors than 

the oxazoles, the apical amine still competes as a ligand. In an effort to overcome this challenge, 
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a significantly stronger donor, such as N-methyl imidazole was pursued with the hopes of 

enforcing a C3-tris-histidine like coordination environment around the CuI center prior to reaction 

with oxidants. Continued efforts to strip the iodide from the cryptand prior to metallation through 

the use of AgI and ThI salts lead to the formation of new complexes that could not be structurally 

characterized. Finally, attempts to characterize the product of the CuICuI cryptand with O2 were 

unsuccessful. 

 

2.4.3 Efforts Towards the Synthesis of Hexa-1,3-N-methylimidazole Cryptand 

The N-methyl variant of imidazole was selected over the N–H variant because: it was a 

stronger donor than imidazole and it avoids the possibility of deprotonation during metalation, 

leading to a mixed L/X ligand field. Unfortunately, unlike the previous two 1,3 azole based 

cryptands, the equivalent synthetic trajectory could not be undertaken due to several challenges 

with forming the bis-amidine congener of 10, and ensuring selective mono-methylation prior to 

cyclization to form the bis-chloro-N-methylimidazole. As such, the synthetic scheme shown in 

Figure 2.34 was devised.  

 



 –76– 

 

Figure 2.34 Synthetic scheme for the synthesis of hexa-1,3-N-methylimidazole cryptand 29. 

We decided to bring the N-methylimidazole ring in pre-formed as a starting material and employ 

a palladium catalyzed cross coupling step to attach it to the central arene spacer. Due to the known 

instability of heterocycle boronic acids, it was decided that the arene spacer would be borylated 

and the imidazole ring would bear the halogen in a traditional cross coupling. For the tert-butyl 

arene spacer, we were able to begin from the dibrominated arene 19 and perform a Miyura 

borylation, which yielded the bis-boronic ester 20 in appreciable yields. The imidazole fragment 

was constructed starting from hydroxymethyl-N-methylimidazole 21. TBS protection followed by 
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n-butylithium deprotonation of the 1-position and quenching in I2 yielded the desired cross 

coupling partner 23. The cross coupling required optimization with the best catalyst eventually 

being Pd-SPhos Gen 2. The yield of the TBS protected bis-N-methylimidazole-diol 24 was low 

(30%) in part due to dehalogenation in-situ and putative deactivation of the catalyst by the highly 

coordinating chelating pocket presented by 24. Fluoride deprotection followed by chlorination 

afforded the equivalent bis-chloromethyl-N-methylimidazole arm 25. It was discovered that this 

intermediate was unstable, especially as the free base, due in part to the highly basic nature of the 

nitrogen donor of the imidazole in the presence of an electrophilic chloromethyl group. Direct 

quenching of the chloromethyl containing 26 with potassium pthalamide allowed us to perform 

our modified Gabriel amine synthesis to arrive at bis-amine 28.  

To our dismay, despite dozens of reaction conditions attempted both with and without a 

Finkelstein catalyst, all reactions yielded trace product that was only detectable by mass 

spectrometry. Additionally, all starting material was consumed and a polymeric impurity formed. 

We postulated that the presence of the much more nucleophilic N-methylimidazole rapidly attacks 

the chloromethyl group to generate an N-alkylated product that continues to polymerize.  

 

2.5 Concluding Remarks 

This project began with extreme promise built on the purported success of a bridging 

dicobalt oxo encapsulated within a hexacarboxamide cryptand and its ability to oxidize substrates. 

These findings were categorically disproven and we determined that instead a hydroxide had been 

isolated and work by the first author of the previous publication was brought into question. We 

proceeded to continue the original aims of the project through the development of novel cryptand 

scaffolds. Through these studies and those discussed in Chapter 3, we came to understand that if 
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a metal-oxo intermediate is amenable to isolation, it will likely not be in its most reactive state. 

Thus, this line of attack towards isolating metal-oxos was abandoned in favor of in-situ generation 

and characterization of species that will be discussed in Chapter 6. 
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2.6 Experimental Details 

2.6.1 General Methods 

All ligand synthesis steps (2-29) were performed on the benchtop using standard Schlenk 

line techniques when necessary to exclude moisture and oxygen. All metal complex manipulations 

were carried out either in a Vacuum Atmospheres model MO-40M glovebox under an atmosphere 

of N2 or using standard Schlenk techniques. Unless otherwise noted, all solvents were degassed 

and dried using a Glass Contour Solvent Purification System built by SG Water USA, LLC. After 

purification, all solvents were stored under an atmosphere of N2 over 4 Å molecular sieves. 

DMSO-d6 (Cambridge Isotope Labs) was dried over CaH2 and vacuum-transferred onto 4 Å 

molecular sieves. Celite 435 (EMD Chemicals) and 4 Å molecular sieves were dried prior to use 

by heating at 250 °C for 48 h under dynamic vacuum. All glassware was oven dried at 220 °C 

prior to use. 1H NMR spectra were obtained on a Varian 300 MHz, Varian 500 MHz or a Bruker 

400 MHz spectrometer at room temperature (23-25 °C) and were referenced to DMSO (2.50 ppm) 

unless otherwise noted. Room temperature magnetic susceptibility was measured using Evan’s 

Method. 34  IR spectra were recorded on a Bruker Tensor 37 Fourier transform IR (FTIR) 

spectrometer equipped with a platinum ATR sampling module. Zero-field 57Fe Mössbauer (ZF-

MS) spectra were measured with a constant acceleration spectrometer (SEE Co, Minneapolis, MN) 

at 90 K. Isomers shifts are reported relative to Fe foil at room temperature. Data was manipulated, 

analyzed and simulated with Igor Pro 6 software (Wavemetrics, Portland, OR) using Lorentzian 

fitting functions. Samples were prepared by flash freezing approximately 20 mg of compound 

suspended in Parabar 10312 oil (Hampton Research, Aliso Viejo, CA) with an estimated cooling 

rate of 450 K/min. Elemental analysis was performed by Robertson Microlit Labratories 

(Ledgewood, NJ). Inductively coupled plasma mass spectrometry (ICP-MS) was performed by 
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Complete Analysis Laboratories, Inc. (CALI labs, Highland Park, NJ). UV-vis spectra were 

obtained using a Varian Cary 5000 spectrometer with temperatures maintained using a Quantum 

Northwest TC125 temperature controller. Quartz cuvettes with 1 cm path length were used in all 

experiments. All samples were prepared at a concentration of 0.1 mg/mL in either N,N-

dimethylformamide or acetonitrile. Prior to injection of the samples, the capillary tubing was 

flushed with 3 mL of dry acetonitrile (dried over 4 Å molecular sieves for 3 d). The anions of 

interest were observed to be sensitive to instrument voltages. Optimum instrument settings were 

obtained with a capillary voltage of 3050 V, a MCP detector voltage of 2400 V, source temperature 

of 100 °C and a desolvation gas temperature of 150 °C. 13CO and 13CO2 were purchased from 

Sigma Aldrich and the apparatus and gas-tight syringes are described in greater detail elsewhere.35 

mBDCA-5t-H6, 36  [K2(DMF)3][Co2(mBDCA-5t)], [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] 

(identified as [K2(18-crown-6)2][Co2(O)(mBDCA-5t)] in the publication), [K3(Kryptofix 

2.2.2)3][Co2(OH)(mBDCA-5t)] (identified as [K2(Kryptofix 2.2.2)2][Co2(O)(mBDCA-5t)] in the 

publication) are prepared according to literature procedures.21 Reactions involving 

[Co2(OH)(mBDCA-5t)]2‒ were conducted according to literature procedures.21 Iron (II) and cobalt 

(II) acetate (OAc) were purchased from Strem Chemicals (Newburyport, MA). All other reagents 

were purchased from Sigma Aldrich (St. Louis, MO). 

 

2.6.2 Synthetic Details 

5-(tert-butyl)-1,3-dimethyl-2-nitrobenzene (2). A 2 L round bottom flask equipped with 

a stir bar was charged with 1 (500 g, 3.08 mol, 1.00 equiv), acetic acid (250 mL), and acetic 

anhydride (250 mL), and placed in an ice-water bath. The flask was then fitted with an addition 

funnel. To the addition funnel was added acetic anhydride (250 mL) and concentrated nitric acid 



 –81– 

(300 mL). The mixture containing nitric acid was added dropwise so as to keep the reaction below 

40 °C with constant stirring. Once the addition was complete the mixture was stirred an additional 

30 min before being poured into 2 L of ice-water causing a waxy solid to precipitate. The solid 

was isolated by filtration, washed with water, and dissolved in hot ethanol. The ethanol mixture 

was allowed to cool to room temperature before being placed at ‒20 °C overnight, causing the title 

compound to crystallize as thin colorless needles that were dried to yield 2 (554 g, 87% yield).  

5-(tert-butyl)-1,3-dimethyl-2-aminobenzene (3). A 2 L round bottom flask equipped with 

a stir bar was charged with 2 (120 g, 580 mmol, 1.00 equiv), zinc dust (500 g, 765 mmol, 1.31 

equiv), CaCl2 (48.1 g, 432 mmol, 0.750 equiv), and 1500 mL of ethanol. The reaction was started 

stirring at room temperature after which time 2 mL of stock hydrochloric acid were added dropwise 

to the stirring reaction mixture. The mixture was allowed to stir overnight at 65 °C, diluted with 

1000 mL of water and extracted with Et2O (3 × 250 mL). The combined organic washes were dried 

over Na2SO4, and concentrated to yield 3 (85.6 g, 83% yield) as an orange oil. 

5-(tert-butyl)-2-fluoro-1,3-dimethylbenzene (4). A 1000 mL round bottom flask 

equipped with a stir bar was charged with 3 (50.0 g, 280 mmol, 1.00 equiv) and THF (100 mL), 

cooled to ‒5°C in a NaCl-ice bath, and 48% HBF4 (110 mL) was added causing the solution to 

become yellow. In a separate flask NaNO2 (19.5 g, 282 mmol, 1.00 equiv) was dissolved in 50 mL 

distilled water. The NaNO2 solution was added dropwise to the solution containing 3 causing the 

formation of a tan precipitate that was isolated by filtration. This precipitate was suspended in 

hexanes (150 mL) and refluxed until no solids remained and the evolution of BF3 gas ceased. The 

resulting red-brown solution was passed through a silica plug and the filtrate evaporated to yield 

4 (35.8 g, 71% yield) as a colorless oil. 

5-(tert-butyl)-2-fluoroisophthalic acid (5). A 1000 mL three-necked round bottom flask 
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equipped with a large Teflon stir bar was charged with 4 (50.0 g, 278 mmol, 1.00 equiv) and a 1:1 

water:tert-butanol mixture (500 mL). KMnO4 (92.3 g, 584 mmol, 2.10 equiv) was added and the 

mixture was heated at reflux for 1 hour, cooled to room temperature, and a second charge of 

KMnO4 (92.3 g, 584 mmol, 2.10 equiv) was added. The resulting mixture was refluxed for 24 h, 

cooled to room temperature, filtered through a pad of Celite, and concentrated HCl (50 mL) was 

added slowly causing the precipitation of a white solid. This solid was isolated by filtration with a 

glass frit to yield 4 (49.4 g, 74% yield) as a bright white powder. 

bis(2,5-dioxopyrrolidin-1-yl) 5-(tert-butyl)-2-fluoroisophthalate (6). A 2000 mL round 

bottom flask equipped with a Teflon stir bar was charged with 5 (56.3 g, 232 mmol, 1.00 equiv), 

EDC–HCl (101 g, 626 mmol, 2.70 equiv), N-hydroxysuccinimide (58.7 g, 510 mmol, 2.20 equiv), 

and DCM (1.30 L). The resulting solution was refluxed for 24 h, cooled to room temperature, 

washed with saturated NaHCO3 (3x500 mL), the organic layer collected, dried over Na2SO4, and 

the solvent removed via roto-evaporation to yield 6 (81.4 g, 81% yield) as a white powder. 

H6mBDCA-5t-1F (7). A 2000 mL three-necked round bottom flask equipped with a large 

Teflon stir bar was charged with 6 (23.0 g, 53.0 mmol, 1.00 equiv) and DCM (1500 mL) and the 

resulting solution was brought to reflux under a nitrogen atmosphere. In a separate flask TREN 

(N(CH2CH2NH2)3) (1.29 g, 8.80 mmol, 0.170 equiv) was dissolved in DCM (50 mL) and drawn 

up into a 60 mL syringe. The syringe was equipped with a 12in needle and placed in a syringe 

pump with the needle entering the above reaction flask through a septum. The TREN solution was 

added at a rate of 50 mL/hr with rapid stirring at reflux. After the addition is complete a second 

identical syringe is prepared and added at the same rate. After the second addition is complete the 

solution is refluxed for 2 h before another two identical syringes are added at a rate of 25 mL/min 

after which time the reaction is refluxed for an additional 48 h, cooled to room temperature, the 
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reaction concentrated to a volume of 500 mL, and the residue dissolved in DCM (200 mL), washed 

with saturated NaHCO3 (3 × 150 mL), and the organic layer isolated and evaporated to a pale 

orange solid. This solid was dry-loaded on silica and purified by silica gel chromatography using 

a hexane:DCM gradient on a Biotage Isolera system equipped with a 100g HP-Ultra Column. The 

desired fractions were collected and evaporated to yield 7 (4.0 g, 25% yield) as a white powder. 

1H NMR (DMSO-d6, 23 °C) δ (ppm): 7.91 (s, 6H), 7.55 (s, 6H), 3.25 (s, 12H), 2.33 (s, 12H), 1.26 

(s, 27H). 19F NMR (DCM-d2, 23 °C) δ (ppm): ‒122 (s, 3F). HR-MS(+ESI): calcd for C48H66F3N8O7, 

[M+H3O]+, m/z 923.5010; found, m/z 923.4919. 

Bis(2,5-dioxopyrrolidin-1-yl) 5-(tert-butyl)isophthalate (9) A 2000 mL round bottom 

flask equipped with a Teflon stir bar was charged with 8 (50.0 g, 225 mmol, 1.00 equiv), EDC–

HCl (116 g, 607 mmol, 2.70 equiv), N-hydroxysuccinimide ( 57.0 g, 495 mmol, 2.20 equiv), and 

DCM (1.50 L). The resulting solution was refluxed for 24 h, cooled to room temperature, washed 

with saturated NaHCO3 (3 × 500 mL), the organic layer collected, dried over Na2SO4, and the 

solvent removed via rotoevaporation to yield 9 (79.6 g, 85% yield) as a white powder. 

5-(tert-butyl)isophthalamide (10) A 2000 mL erlenmeyer flask equipped with a large flat 

stir bar was charged with 9 (100 g, 240 mmol) and water (300 mL). With rapid stirring, 

concentrated stock NH4OH (1000 mL) was added gradually so as to avoid splashing and boiling. 

The resulting slurry was stirred for 2 h and filtered on a glass frit to yield 10 (40.8 g, 77% yield) 

as an off-white powder.  

2,2'-(5-(tert-butyl)-1,3-phenylene)bis(4-(chloromethyl)oxazole) (11). A mortar and 

pestle were used to grind together 10 (7.00 g, 32.0 mmol, 1.00 equiv) and 1,3-dichloroacetone 

(16.2 g, 128 mmol, 4.00 equiv) until a solid homogenous mixture was achieved. This mixture was 

then added to a 250 mL round bottom flask equipped with a stir bar, sparged with nitrogen, and 
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heated to 130 °C causing the mixture to melt. The melt was stirred for 18 h, cooled to room 

temperature, dissolved in DCM, washed with saturated sodium chloride, and dry loaded onto a 

neutral alumina column and purified by chromatography (75:25 hexane:EtOAc). The first major 

spot is the product and the desired fractions were collected and evaporated to dryness to yield 11 

(2.81 g, 24% yield) as a white powder. 

2,2'-(((5-(tert-butyl)-1,3-phenylene)bis(oxazole-2,4-diyl))bis(methylene))bis 

(isoindoline-1,3-dione) (12). A 250 mL round bottom equipped with a stir bar was charged with 

11 (2.35 g, 6.43 mmol, 1.00 equiv), potassium pthalimide (2.38 g, 12.8 mmol, 2.00 equiv), and 

DMF (80 mL). The reaction was stirred rapidly at 65 °C 24 h resulting in the formation of an off-

white precipitate that was collected by filtration to yield 12 (3.28 g, 87% yield) as a white powder. 

((5-(tert-butyl)-1,3-phenylene)bis(oxazole-2,4-diyl))dimethanaminebis-hydrochloride 

(13). A 250 mL round bottom equipped with a stir bar was charged with 12 (2.00 g, 3.41 mmol, 

1.00 equiv), ethanolamine (40 mL), and THF (60 mL). The mixture was refluxed overnight, cooled 

to room temperature, and the solvent removed in vacuo to yield a yellow oil. This oil was dissolved 

in 1M HCl (50 mL), washed with EtOAc (3 × 50 mL), the aqueous layer collected and brought to 

pH = 12 by the action of saturated Na2CO3. This aqueous layer was extracted with DCM (3 × 50 

mL), the organics collected, dried over Na2SO4, and the solvent removed to yield a sticky white 

solid that was further dissolved in EtOAc(10 mL). To this solution was added 4M HCl in Dioxane 

(5 mL) causing the precipitation of a white solid that could be isolated on a frit to yield 13 (1.22 g, 

90% yield) as a white powder. 

Hexa-1,3-oxazole Cryptand (14). A 2000 mL two-necked round bottom flask equipped 

with a stir bar was charged with 13 (1.00 g, 2.50 mmol, 1.00 equiv), 11 (1.90 g, 5.24 mmol, 2.00 

equiv), and MeCN (1500 mL). The reaction was allowed to stir rapidly until all solids had 
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dissolved and further sparged with nitrogen for 1 hour. To a separate 100 mL round bottom was 

added NaI (157 mg, 1.05 mmol, 20 mol%), 15-crown-5 (231 mg, 1.05 mmol, 20 mol%), and 

MeCN (20 mL). This mixture was stirred gently to allow it to dissolve and then added via syringe 

to the above reaction flask with rapid stirring. Following addition, the reaction was heated to 85 °C. 

Upon reaching temperature, DIPEA (67.7 g, 524 mmol, 100 equiv) was added via syringe causing 

the cloudy solution to become clear over the course of several min. The resulting mixture was 

refluxed for 48 h, cooled to room temperature, the solvent removed in vacuo to yield an oil. This 

oil was dry-loaded on silica and purified by silica gel chromatography using a MeCN:DCM 

gradient on a Biotage Isolera system equipped with a 100 g HP-Ultra Column. The desired 

fractions were collected and evaporated to yield 14 (410 mg, 18% yield) as a white powder. 1H 

NMR (MeCN-d3, 23 °C) δ (ppm): 8.81 (s, 3H), 8.15 (s, 6H), 7.93 (s, 6H), 3.58 (s, 12H), 1.41 (s, 

27H). HR-MS(+ESI): calcd for NaC54H56N8O7, [M+Na+H2O]+, m/z 951.4177; found, m/z 

951.4180. 

2,2'-(5-(tert-butyl)-1,3-phenylene)bis(4-(chloromethyl)thiazole) (15) A 250 mL round 

bottom flask equipped with a stir was charged with 10 (15.0 g, 68.1 mmol, 1.00 equiv), Lawessons 

Reagent (27.5 g, 68.1 mmol, 1.00 equiv), and THF (150 mL). The resulting slurry was refluxed 

under nitrogen until all solids were dissolved resulting in a translucent yellow solution. The 

solution was cooled to 50 °C, 1,3-dichloroacetone (34.6 g, 272 mmol, 4.00 equiv) was added all 

at once, and reflux resumed under nitrogen for 18 h. The reaction was then cooled to room 

temperature and the solvent removed by evaporation to yield a yellow oil. This oil was dry-loaded 

on silica and purified by silica gel chromatography using a hexane:EtOAc gradient on a Biotage 

Isolera system equipped with a 100 g HP-Ultra Column (Three separate columns run for this size 

reaction). The desired fractions were collected and allowed to stand overnight yielding large cubic 
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crystals that could be easily isolated by filtration to furnish 15 (22.2 g, 82% yield) as a crystalline 

powder. 

2,2'-(((5-(tert-butyl)-1,3-phenylene)bis(thiazole-2,4-diyl))bis(methylene)) 

bis(isoindoline-1,3-dione) (16) A 250 mL round bottom equipped with a stir bar was charged with 

15 (3.76 g, 9.45 mmol, 1 equiv), potassium pthalimide (3.85 g, 20.8 mmol, 2.20 equiv), NaI (300 

mg, 2.01 mmol, 5.0 mol%) and DMF (50 mL). The reaction was stirred rapidly at 65 °C for 24 h 

resulting in the formation of an off-white precipitate that was collected by filtration and washed 

with Et2O to yield 16 (5.15 g, 88% yield) as a white powder. 

((5-(tert-butyl)-1,3-phenylene)bis(thiazole-2,4-diyl))dimethanaminebis-

hydrochloride (17). A 250 mL round bottom equipped with a stir bar was charged with 16 (2.00 

g, 3.23 mmol, 1.00 equiv), ethanolamine (40 mL), and THF (60 mL). The mixture was refluxed 

overnight, cooled to room temperature, and the solvent removed in vacuo to yield a yellow oil. 

This oil was dissolved in 1M HCl (50 mL), washed with EtOAc (3 × 50 mL), the aqueous layer 

collected and brought to pH = 12 by the action of saturated Na2CO3. This aqueous layer was 

extracted with DCM (3 × 50 mL), the organics collected, dried over Na2SO4, and the solvent 

removed to yield a sticky white solid that was further dissolved in EtOAc (10 mL). To this solution 

was added 4 M HCl in Dioxane (5 mL) causing the precipitation of a white solid that could be 

isolated on a frit to yield 17 (1.18 g, 85% yield) as a white powder. 

Hexa-1,3-thiazole Cryptand (18). A 2000 mL two-necked round bottom flask equipped 

with a stir bar was charged with 17 (1.41 g, 2.82 mmol, 1.00 equiv), 15 (2.7 g, 6.81 mmol, 2.00 

equiv), and MeCN (1500 mL). The reaction was allowed to stir rapidly until all solids had 

dissolved and further sparged with nitrogen for 1 hour. To a separate 100 mL round bottom was 

added NaI (204 mg, 1.36 mmol, 20 mol%), 15-crown-5 (300 mg, 1.36 mmol, 20 mol%), and 
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MeCN (20 mL). This mixture was stirred gently to allow it to dissolve and then added via syringe 

to the above reaction flask with rapid stirring. Following addition, the reaction was heated to 85 °C. 

Upon reaching temperature, DIPEA (88.0 g, 681 mmol, 100 equiv) was added via syringe causing 

the cloudy solution to become clear over the course of several min. The resulting mixture was 

refluxed for 48 h, cooled to room temperature, the solvent removed in vacuo to yield an oil. This 

oil was dry-loaded on silica and purified by silica gel chromatography using a MeCN:DCM 

gradient on a Biotage Isolera system equipped with a 100 g HP-Ultra Column. The desired 

fractions were collected and evaporated to yield 14 (625 mg, 22% yield) as a white powder. 1H 

NMR (DMSO-d6, 23 °C) δ (ppm): 8.5 (s, 3H), 7.57 (s, 6H), 7.34 (s, 6H), 4.41 (s, 12H), 1.25 (s, 

27H). HR-MS(+ESI): calcd for C54H55N8S6, [M+H]+, m/z 1007.3214; found, m/z 1007.2848. 

2,2'-(5-(tert-butyl)-1,3-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (20). 

To an oven dried 1000 mL three-necked flask equipped with a stir bar was added 19 (10.0 g, 34.5 

mmol, 1.00 equiv), B2pin2 (17.5 g, 69.0 mmol, 2.00 equiv), rigourously oven-dried KOAc (16.1 g, 

173 mmol, 5.00 equiv), PdCl2dppf (1.77 g, 2.42 mmol, 7.0. mol%), and anhydrous 1,4-dioxane 

(400 mL) under a stream of nitrogen. The resulting mixture was heated at 100 °C for 24 h under 

an atmosphere of nitrogen, cooled to room temperature, diluted with water (1000 mL), and 

extracted with EtOAc (3 × 200 mL). The combined organic extracts were washed with saturated 

NaCl (3 × 150 mL), dried over Na2SO4, and evaporated to yield a brown solid. This solid was dry-

loaded on silica and purified by silica gel chromatography using a hexane:EtOAc gradient on a 

Biotage Isolera system equipped with a 100 g HP-Ultra Column. The desired fractions (major peak) 

were collected and evaporated to yield 20 (10.7 g, 80% yield) as a white powder. 

4-(((tert-butyldimethylsilyl)oxy)methyl)-1-methyl-1H-imidazole (22). An oven dried 

100 mL round bottom flask equipped with a stir bar was charged with 21 (1.00 g, 8.91 mmol, 1.00 
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equiv), TBSCl (2.02 g, 13.4 mmol, 1.50 equiv), imidazole (1.52 g, 22.3 mmol, 2.50 equiv), and 

anhydrous DMF (30 mL). The resulting mixture was stirred for 18 h at room temperature, diluted 

with water (500 mL), extracted with EtOAc (3 × 150 mL), the organic layer isolated, washed with 

saturated NaCl (3 × 100 mL), dried over Na2SO4, and evaporated to yield a colorless oil. The oil 

was dry-loaded on silica and purified by silica gel chromatography (90:10 EtOAc:MeOH) on a 

Biotage Isolera system equipped with a 100 g HP-Ultra Column. All fractions were collected and 

checked by TLC using an I2 stain as the desired product does not fluoresce under UV-light. The 

desired fractions were combined and evaporated to yield 22 (1.35 g, 67% yield) as a clear oil. 

4-(((tert-butyldimethylsilyl)oxy)methyl)-2-iodo-1-methyl-1H-imidazole (23). An oven 

dried 500 mL Schlenk flask equipped with a stir bar was allowed to cool under flow of nitrogen 

and charged with 22 (6.70 g, 29.6 mmol, 1.00 equiv) and anhydrous THF (100 mL). The resulting 

solution was cooled to -78°C and n-butyllithium (14.2 mL, 2.5 M in Hexanes) was added dropwise 

via syringe. To a separate oven dried 250 mL round bottom flask was added I2 (22.5g, 88.8 mmol, 

3.00 equiv) and anhydrous THF (100 mL). The resulting I2 solution was added dropwise to the 

reaction mixture while maintaining the temperature at ‒78°C. Once addition was complete the 

reaction was allowed to warm to room temperature, further stirred for 18 h at room temperature, 

quenched with EtOH (100 mL), and evaporated to a thick oil. The oil was dissolved in EtOAc and 

the solution was washed with saturated sodium thiosulfate, dried over Na2SO4, and evaporated to 

yield an off-white solid. The solid was dry-loaded on silica and purified by silica gel 

chromatography using a hexane:EtOAc gradient on a Biotage Isolera system equipped with a 100 

g HP-Ultra Column. The desired fractions (major peak) were collected and evaporated to yield 23 

(8.03 g, 77% yield) as a white powder. 

2,2'-(5-(tert-butyl)-1,3-phenylene)bis(4-(((tert-butyldimethylsilyl)oxy)methyl)-1-
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methyl-1H-imidazole) (24). To an oven dried 250 mL Schlenk flask equipped with a stir bar under 

a gentle stream of nitrogen was added 23 (2.00 g, 5.67 mmol, 1.00 equiv), 20 (1.094 g , 2.84 mmol, 

0.50 equiv), K2CO3 (3.918 g, 28.4 mmol, 5.00 equiv), SPhos Pd G2 (215 mg , 0.283 mmol, 5.0 

mol%), degassed 1,4-dioxane (75 mL), and degassed water (25 mL). The reaction was then heated 

at 85 °C under a nitrogen atmosphere for 18 h, cooled to room temperature, and diluted with 

saturated NaHCO3 (300 mL). The resulting mixture was extracted with EtOAc (3 × 100 mL), the 

combined organic extracts were dried over Na2SO4, and Silicycle™ Thiourea Modified Silica (5.00 

g) was added and the mixture stirred for 18 h at room temperature. The silica was then removed 

by filtration and the filtrate collected, dry-loaded on silica and purified by silica gel 

chromatography using a hexane:EtOAc gradient on a Biotage Isolera system equipped with a 100g 

HP-Ultra Column. The desired fractions (major peak) were collected and evaporated to yield 24 

(992 mg, 30% yield) as a thick colorless oil. 

((5-(tert-butyl)-1,3-phenylene)bis(1-methyl-1H-imidazole-2,4-diyl))dimethanol (25). 

To a 100 mL oven dried round bottom flask equipped with a stir bar was added 24 (1.04 g, 1.78 

mmol, 1.00 equiv) and THF (30 mL). The reaction was cooled to 0 °C in an ice bath and 1M TBAF 

in THF (11.3 mL) was added via syringe. The reaction was stirred for 2 h, the solvent removed in 

vacuao, and the resulting oil dissolved in minimal DCM. This solution was dry-loaded on silica 

and purified by silica gel chromatography using a DCM:MeOH gradient on a Biotage Isolera 

system equipped with a 100 g HP-Ultra Column. The desired fractions (major peak) were collected 

and evaporated to yield 25 (525 mg, 83% yield) as a thick colorless oil. 

2,2'-(5-(tert-butyl)-1,3-phenylene)bis(4-(chloromethyl)-1-methyl-1H-imidazol-3-ium) 

chloride (26) To a 100 mL oven dried Schlenk flask equipped with a stir bar was added 25 (525 

mg, 1.48 mmol, 1 equiv), SOCl2 (10 mL). The reaction was refluxed under nitrogen for 1 hour 
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with constant stirring. The SOCl2 was removed by distillation into a saturated NaHCO3 solution 

trap to yield a crude 26 (604 mg, 88% yield) as a sticky white solid that was used immediately in 

the next step. 

2,2'-(((5-(tert-butyl)-1,3-phenylene)bis(1-methyl-1H-imidazole-2,4-

diyl))bis(methylene))bis(isoindoline-1,3-dione) (27). A 100 mL round bottom equipped with a 

stir bar was charged with 26 (604 mg, 1.30 mmol, 1.00 equiv), potassium pthalimide (537 mg, 

2.90 mmol, 2.20 equiv), NaI (19.5 mg, 0.130 mmol, 10 mol%) and DMF (20 mL). The reaction 

was stirred rapidly at 65°C for 24 h resulting in the formation of an off-white precipitate that was 

collected by filtration and washed with Et2O to yield 27 (709 mg, 89% yield) as a white powder.  

((5-(tert-butyl)-1,3-phenylene)bis(1-methyl-1H-imidazole-2,4-diyl))dimethanamine 

(28). A 250 mL round bottom equipped with a stir bar was charged with 27 (1.03 g, 1.68 mmol, 

1.00 equiv), ethanolamine (10 mL), and THF (15 mL). The mixture was refluxed overnight, cooled 

to room temperature, and the solvent removed in vacuo to yield a yellow oil. This oil was dissolved 

in 1M HCl (10 mL), washed with EtOAc (3x50 mL), the aqueous layer collected and brought to 

pH=12 by the action of saturated Na2CO3. This aqueous layer was extracted with DCM (3x50 mL), 

the organics collected, dried over Na2SO4, and the solvent removed to yield 17 (331 mg, 56% yield) 

as a sticky white solid that browned slowly in air.  

  [K2(DMF)3][Ni2(mBDCA-5t)]. A slurry of mBDCA-5t-H6 (0.305 g, 0.358 mmol, 1.0 

equiv) and KH (0.1027 g, 2.56 mmol, 7.2 equiv) was stirred in DMF (10 mL) until evolution of 

H2 ceased (approximately 60 min). The solution was then frozen in a glovebox coldwell in liquid 

N2 for 15 min. A solution of Ni(OAc)2 (0.1568 g, 0.887 mmol, 2.5 equiv) in 5 mL DMF was 

layered on top and frozen. The frozen mixture was allowed to slowly thaw at room temperature 

with stirring. The solution, which slowly turned brown/orange was stirred overnight. The reaction 
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mixture was filtered to remove generated KOAc and placed in a diethyl ether diffusion chamber 

to afford large bright orange crystals over the course of 3 days. The colorless DMF/Et2O solution 

was decanted from the crystals which were washed with Et2O (15 mL) and dried under dynamic 

vacuum to afford 0.3436 g of orange powder (76 % yield) 1H NMR (400 MHz, DMSO-d6): δ -

2.44 (br, tBu).  

[K2(Kryptofix 2.2.2)2][Ni2(mBDCA-5t)]. A slurry of [K2(DMF)3][Ni2(mBDCA-5t)] 

(0.176 g, 0.140 mmol, 1.0 equiv) and Kryptofix 2.2.2 (0.110 g, 0.292 mmol, 2.1 equiv) was stirred 

in THF (4 mL) for 16 h at room temperature. After 16 h, Et2O (10 mL) was added to the solids to 

induce complete precipitation of the product. The solids were collected on a medium frit, washed 

with Et2O and dried under dynamic vacuum for 1 hr. Isolated mass: 0.250 g of orange powder (90 % 

yield) 1H NMR (500 MHz, DMSO-d6): δ ‒2.46 (br, tBu). 

[K3(Kryptofix 2.2.2)3][Ni2(OH)(mBDCA-5t)]. In a 20 mL scintillation vial, 

[K2(DMF)3][Ni2(mBDCA-5t)] (0.1138 g, 0.090 mmol, 1 equiv) was stirred in a 1:1 DMSO:THF 

solution. Solid Kryptofix 2.2.2 (0.171 g, 0.454 mmol, 5 equiv) was added which solubilized the 

complex. Solid KO2 (0.0392 g, 0.551 mmol, 6.1 equiv) was added and the mixture stirred for 1 h 

over which the orange solution turned dark red. The slurry was filtered on a fine frit and 

precipitated by adding 75 mL of Et2O. The resulting red/tan powder was dissolved in THF/DMSO 

(1:1, 7.5 mL) and placed in a Et2O diffusion chamber to afford dark red crystals of [K3(Kryptofix 

2.2.2)3][Ni2(OH)(mBDCA-5t)] in moderate yield. Collected mass: 130.2 mg (65 %). 1H NMR (400 

MHz, DMSO-d6): δ ‒1.71 (br, tBu). 

  [K2(DMF)3][Co2(mBDCA-5t)]. The conditions for the reaction stated in section 2.1 of the 

supporting information of the paper “Pushing Single-Oxygen-Atom-Bridged Bimetallic Systems 

to the Right: A Cryptand-Encapsulated Co–O–Co Unit” often yielded material contaminated with 
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[K(DMF)3][Co(mBDCA-5t-H3)], therefore a procedure which yields [K2(DMF)3][Co2(mBDCA-

5t)] in higher yield and purity was developed. To a 20 mL glass scintillation vial was added 

mBDCA-5t-H6 (319 mg, 0.375 mmol, 1.0 equiv), potassium hydride (93 mg, 2.32 mmol, 6.2 

equiv), and DMF (7 g). This mixture was stirred at room temperature for 30 min and further frozen 

in a cold well cooled by liquid nitrogen. Once frozen solid, the vial was removed from the cold 

well and Co(OAc)2 (139 mg, 0.787 mmol, 2.1 equiv) was added as a solid. The vial was then 

allowed to warm to room temperature overnight (12 h) with rapid stirring resulting in a dark blue-

green solution. The reaction mixture was filtered through a medium frit, and further through a 

piece of glass filter paper before being set up to recrystallize by ether diffusion (20 mL Et2O into 

8 mL DMF solution). The crystallization was allowed to run for three days yielding large blue-

green needles. The supernatant was removed, the crystals washed with ether, and further crushed 

into a powder. This powder was re-dissolved in DMF (6 g) and a second recrystallization was 

performed yielding large monochromatic emerald crystals. These crystals were isolated in the 

aforementioned fashion, crushed, and dried under dynamic vacuum (2 h) to yield 

[K2(DMF)3][Co2(mBDCA-5t)]. Yield: 405 mg (0.322 mmol, 86 %). Spectroscopic 

characterization matches that of section 2.1 of the supporting information but reliably provides 

material free of mono-cobalt product37 and does not afford traces of [Co2(OH)(mBDCA-5t)]2-(vide 

supra). 

 [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)]. The conditions for the reaction were 

performed in accordance with section 2.3 of the supporting information of the paper “Pushing 

Single-Oxygen-Atom-Bridged Bimetallic Systems to the Right: A Cryptand-Encapsulated Co–O–

Co Unit”. To a stirring suspension of [K2(DMF)3][Co2(mBDCA-5t)] (156 mg, 1.00 equiv), 18-

crown-6 (196 mg, 6.00 equiv) and KO2 (88 mg, 10.00 equiv) in THF (2.5 mL) was added DMF 
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(1.25 mL) dropwise until a homogenous solution was obtained. The reaction was allowed to stir 

at glovebox temperature (23 °C) for a total of 12 h, after which a purple solution was obtained. 

The solution was filtered through a pad of Celite to remove the unreacted KO2. The filter cake was 

washed with THF (1 mL) and the purple filtrate was concentrated to an approximate volume of 

0.5 mL Et2O (25 mL) was then added to the solution to induce the precipitation of purple solids. 

The solids were isolated on a medium porosity frit, washed with Et2O (15 mL) and dried under 

vacuum to afford a purple powder. Collected mass: 242 mg. Yield assuming the formulation of 

this material as [K2(18-Crown-6)2][Co2O(mBDCA-5t)]: 121% yield. Yield assuming the 

formulation of the material as [K3(18-Crown-6)3][Co2(OH)(mBDCA-5t)]: 103%; however the 

reported procedure was not observed to separate the product from [K(18-crown-6)][COOH] 

(formate, 8.56 ppm) accounting for the above unity yield. 1H NMR (400 MHz, DMSO-d6): δ -0.37 

(br, tBu, 27H), 8.56 (s, formate, 1H), 3.54 (s, 18C6, 143 H). ICP-MS (CALI labs) of as prepared 

material consistently shows a minimum potassium to cobalt atomic ratio of 3:2 or higher and never 

approaches a 1:1 ratio. X-ray quality crystals may be grown via slow vapor diffusion of THF into 

a saturated solution of [K3(18-Crown-6)3][Co2(OH)(mBDCA-5t)] in DMF. 

[K3(Kryptofix 2.2.2)3][Co2(OH)(mBDCA-5t)].The conditions for the reaction were 

performed in accordance with section 2.4 of the supporting information of the paper “Pushing 

Single-Oxygen-Atom-Bridged Bimetallic Systems to the Right: A Cryptand-Encapsulated Co–O–

Co Unit”. [K3(18-Crown-6)3][Co2(OH)(mBDCA-5t)] (51 mg, 0.0270 mmol, 1 equiv) )furnished 

from the section above was suspended in THF (2 mL). To this suspension, Kryptofix 2.2.2 (27 mg, 

0.071 mmol, 2.63 equiv) was added as a solid. The solids were allowed to stir for a total of 1 hour, 

after which the solids were isolated via filtration, washed with THF (1 mL) and Et2O (5 mL) and 

dried under reduced pressure to afford an ill-defined powder. Recrystallization of this material by 
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vapor diffusion of Et2O into a saturated solution of this material in DMF affords purple crystals of 

[K3(Kryptofix 2.2.2)3][ Co2(OH)(mBDCA-5t)] which has a signal in the 1H NMR (‒0.35 ppm) in 

DMSO-d6 which matches that reported in the supporting information section 2.4. One of the 

Kryptofix 2.2.2 signals overlaps with that of DMSO-d6 and thus an 1H NMR spectrum was 

recorded in pyridine-d5 revealing upon integration of the Kryptofix 2.2.2 protons against tert-butyl 

protons that there are 3 Kryptofix 2.2.2 encapsulated potassium ions per hexacarboxamide 

cryptand, thereby revising the reported formula to [K3(Kryptofix 2.2.2)3][Co2(OH)(mBDCA-5t)]. 

1H NMR (400 MHz, pyridine-d5): δ -0.14 (br, tBu, 27H) 3.15 (s, K222, 74 H), 2.19 (s, K222, 37H). 

ICP-MS (CALI labs) of as prepared material consistently shows a minimum potassium to cobalt 

atomic ratio of 3:2 or higher and never approaches a 1:1 ratio. 

[K2(DMF)3][Ni2(mBDCA-5t-1F)]. A slurry of 7 (241 mg, 0.266 mmol, 1.00 equiv) and 

KH (66.2 mg, 1.65 mmol, 6.20 equiv) was stirred in DMF (10 mL) until evolution of H2 ceased 

(approximately 60 min). The solution was then frozen in a glovebox coldwell in liquid N2 for 15 

min. A solution of Ni(OAc)2 (98.7 mg, 0.560 mmol, 2.1 equiv) in 5 mL DMF was layered on top 

and frozen. The frozen mixture was allowed to slowly thaw at room temperature with stirring. The 

solution, which slowly turned brown/orange was stirred overnight. The reaction mixture was 

filtered to remove generated KOAc and placed in a diethyl ether diffusion chamber to afford large 

bright orange crystals over the course of 3 days. The colorless DMF/Et2O solution was decanted 

from the crystals which were washed with Et2O (15 mL) and dried under dynamic vacuum to 

afford [K2(DMF)3][Ni2(mBDCA-5t-1F)] as an orange powder  

[K2(Kryptofix 2.2.2)2][Ni2(mBDCA-5t-1F)]. A slurry of [K2(DMF)3][Ni2(mBDCA-5t-

1F)] (55.0 mg, 0.041 mmol, 1.00 equiv) and Kryptofix 2.2.2 (34.7 mg, 0.092 mmol, 2.10 equiv) 

was stirred in THF (4 mL) for 16 h at room temperature. After 16 h, the reaction was filtered and 
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the filtrate placed in a diethyl ether diffusion chamber to afford large orange crystals over the 

course of 3 days. The crystals were isolated by filtration to yield K2(Kryptofix 

2.2.2)2][Ni2(mBDCA-5t-1F)] as an orange-yellow powder. 

[K3(Kryptofix 2.2.2)3][Ni2(CN)(mBDCA-5t-1F)]. To a 20 mL scintillation vial equipped 

with a stir bar was added [K2(DMF)3][Ni2(mBDCA-5t-1F)] (57.6 mg, 0.044 mmol, 1.00 equiv), 

KCN (3.14 mg, 0.048 mmol, 1.00 equiv) and Kryptofix 2.2.2 (51.2 g, 0.136 mmol, 2.01 equiv). 

To the combined solids was added DMF (5 mL) and the resulting solution was stirred for 18 h at 

room temperature. After 18 h, the reaction was filtered and the filtrate placed in a diethyl ether 

diffusion chamber to afford purple crystals over the course of 3 days. The crystals were isolated 

by filtration to yield [K3(Kryptofix 2.2.2)3][Ni2(CN)(mBDCA-5t-1F)] as a purple powder. 

[K3(Kryptofix 2.2.2)3][Ni2(CN)(mBDCA-5t)]. To a 20 mL scintillation vial equipped 

with a stir bar was added [K2(DMF)3][Ni2(mBDCA-5t)] (63.1 mg, 0.050 mmol, 1.00 equiv), KCN 

(3.26 mg, 0.050 mmol, 1.00 equiv) and Kryptofix 2.2.2 (39.5 mg, 0.105 mmol, 2.10 equiv). To the 

combined solids was added DMF (5 mL) and the resulting solution was stirred for 18 h at room 

temperature. After 18 h, the reaction was filtered and the filtrate placed in a diethyl ether diffusion 

chamber to afford purple crystals over the course of 3 days. The crystals were isolated by filtration 

to yield [K3(Kryptofix 2.2.2)3][Ni2(CN)(mBDCA-5t)] as a bright purple powder. 

CuI–CN–CuII[14](BF4)2. To a 20 mL scintillation vial equipped with a stir bar was added 

14 ( 20.0 mg, 0.021 mmol, 1.0 equiv), KCN (1.38 mg, 0.021 mmol, 1.0 equiv), 18-c-6 (5.5 mg, 

0.021 mmol, 1.0 equiv) and Cu(II)BF4•6H2O (15.8 mg, 0.046 mmol, 2.1 equiv). To the combined 

solids was added DMF (5 mL) and the resulting solution was stirred for 18 h at room temperature 

forming a dark green solution. After 18 h, the reaction was filtered and the filtrate placed in a Et2O 

diffusion chamber to afford dark green crystals over the course of 2 days. 
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CuI–I–CuII[18](OTf). To a 20 mL scintillation vial equipped with a stir bar was added 18 

(16.7 mg, 0.0165 mmol, 1.0 equiv), and Cu(OTf)-Toluene Complex (18.0 mg, 0.0348 mmol, 2.1 

equiv). To the combined solids was added DMF (3 mL) and the resulting solution was stirred for 

18 h at room temperature forming a pale yellow solution. After 18 h, the reaction was filtered and 

the filtrate placed in a Et2O diffusion chamber to afford yellow crystals over the course of 2 days. 

 

2.6.3 Reactivity Experiments 

Treatment of [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] with ~1 equiv. of 13CO2. In a 

glovebox, a solution of [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] (16.8 mg, 0.0089 mmol, 1 equiv) 

was dissolved in pyridine-d5 (810 mg) and transferred to an NMR tube. The tube was sealed with 

a rubber septum and brought outside the glovebox. Once outside the glovebox, a Hamilton 

SampleLock 1 mL syringe was flushed with 13CO2 five times, and an injection of 13CO2 (200 µL 

@ 1.46 atm, 1.34 equiv) was performed through the rubber septum. The NMR tube was then placed 

in a preheated oil bath (70 °C) for 5 h resulting in a rapid color change from purple to turquoise. 

NMR analysis (1H, 13C) indicated that trace CO2 (123.7 ppm, 13C NMR) was observable with no 

new additional 13C peaks, while 1H NMR analysis indicating that [K3(18-crown-

6)3][Co2(OH)(mBDCA-5t)] had converted primarily to [K2(18-crown-6)2][Co2(mBDCA-5t)].  

Treatment of [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] with an excess of 13CO2. In a 

glovebox, a solution of [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] (6 mg, 0.0032 mmol, 1 equiv) 

was dissolved in pyridine-d5 (805 mg) and transferred to an NMR tube. The tube was sealed with 

a rubber septum and brought outside the glovebox. Once outside the glovebox, a Hamilton 

SampleLock 1 mL syringe was flushed with 13CO2 five times, and three injections of 13CO2 (3000 

µL total @ 1.98 atm, 75.8 equiv) was performed through the rubber septum. The reaction mixture 
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was allowed to stand at 23 °C for 5 h and a rapid color change from purple to turquoise was noted. 

NMR analysis (1H, 13C) indicated that CO2 (125.3 ppm, 13C NMR) was observable with no new 

additional 13C peaks, while 1H NMR analysis indicating that [K3(18-crown-

6)3][Co2(OH)(mBDCA-5t)] had converted primarily to [K2(18-crown-6)2][Co2(mBDCA-5t)] with 

the caveat that a large amount of the 18-crown-6 had disappeared by 1H NMR. 

Treatment of [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] with P(OMe)3. The conditions 

for the reaction were performed in accordance with section 17.2 of the supporting information of 

the paper “Pushing Single-Oxygen-Atom-Bridged Bimetallic Systems to the Right: A Cryptand-

Encapsulated Co–O–Co Unit”. In a glovebox, [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] (10.8 

mg, 0.0057 mmol, 1 equiv) was dissolved in DMSO-d6 (855 mg) in a 20 mL vial resulting in a 

homogenous purple solution. To this solution, P(OMe)3 (15 µL, 0.1272 mmol, 22.3 equiv) was 

added, the resulting mixture shaken vigorously and transferred to an NMR tube. The reaction 

mixture was allowed to stand at 23 °C for 5 h with a gradual color change from purple to blue. 

NMR analysis (1H and 31P ) indicates that the reaction did not yield phosphine oxide but instead a 

mixture of unidentified products likely stemming from nucleophilic hydroxide attack of 

trimethylphosphite. Due to the failure of the reaction to yield phosphine oxide, an internal standard 

was not added to quantify the yield of the reaction. 

Treatment of [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] with P(NMe2)3. The conditions 

for the reaction were performed in accordance with section 17.1 of the supporting information of 

the paper “Pushing Single-Oxygen-Atom-Bridged Bimetallic Systems to the Right: A Cryptand-

Encapsulated Co–O–Co Unit”. In a glovebox, [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] (7.6 mg, 

0.0040 mmol, 1 equiv) was dissolved in DMSO-d6 (996 mg) in a 20 mL vial resulting in a 

homogenous purple solution. To this solution, P(NMe2)3 (15 µL, 0.0825 mmol, 20.6 equiv) was 
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added, the resulting mixture shaken vigorously and transferred to an NMR tube. The reaction 

mixture was allowed to stand at 23 °C for 5 h with no noticeable change in the color of the solution. 

NMR analysis (1H and 31P ) indicates that a reaction did not occur under conditions stated in the 

supporting information. Due to the failure of the reaction to yield phosphine oxide, an internal 

standard was not added to quantify the yield of the reaction. The reaction was performed in 

duplicate using [K3(18-crown-6)3][Co2(OH)(mBDCA-5t)] (17.1 mg, 0.0090 mmol, 1 equiv), 

DMSO-d6 (927 mg), and P(NMe2)3 (20 uL, 0.1100 mmol, 12.2 equiv) with identical results as 

above. 

Treatment of [K3(2.2.2)3][Co2(OH)(mBDCA-5t)] with an excess of 13CO. In a glovebox, 

a solution of [K3(2.2.2)3][Co2(OH)(mBDCA-5t)] (8 mg, 0.0032 mmol, 1 equiv) was dissolved in 

pyridine-d5 (1003 mg) and transferred to an NMR tube. The tube was sealed with a rubber septum 

and brought outside the glovebox. Once outside the glovebox, a Hamilton SampleLock 1 mL 

syringe was flushed with 13CO five times, and three injections of 13CO (3000 µL total @ 1.68 atm) 

were performed through the rubber septum. The reaction mixture was allowed to stand at 23 °C 

for 5 h and a rapid color change from purple to turquoise-blue was noted. NMR analysis (1H, 13C) 

indicated that formate was observable with no new additional 13C peaks, while 1H NMR analysis 

indicating that [K3(2.2.2)3][Co2(OH)(mBDCA-5t)] had converted to [K2(2.2.2)2][Co2(mBDCA-5t)]  

General Anion Encapsulation Procedure: To a 20 mL scintillation vial equipped with a 

stir bar was added 7 (50.0 mg, 0.055 mmol, 1.00 equiv), 1 equivalent of either KF, KCl, KBr, or 

KI, 1 equivalent of 2.2.2 Kryptofix, and 2 mL of MeCN-d3. The reaction was stirred for 2 h at 

room temperature. The reaction was then passed through a .22µm PTFE syringe filter and 

transferred to an NMR tube for 19F NMR analysis. Crystals of the encapsulated halides were grown 

by slow vapor diffusion of Et2O into the aforementioned MeCN solution. 



 –99– 

 

2.6.4 Physical Measurements 

SQUID Magnetometry: Magnetic samples were prepared in a dinitrogen atmosphere by 

packing approximately 30 mg of finely ground material in the bottom of a 5 mm x 15 mm tall 

polycarbonate capsule. The samples were restrained by suspending them in approximately 40 mg 

of warm liquid eicosane, which then cooled to form a solid wax. The capsule was then closed by 

affixing the polycarbonate cap. The sample was placed approximately 12 cm down a 5 mm x 20 

cm plastic drinking straw, attached to the end of a magnetometer rod, and then placed in the 

instrument. DC magnetic susceptibility measurements were collected using a Quantum Design 

MPMS-5S SQuID magnetometer. Measurements were performed at the temperatures ranging 

from 1.8 to 298 K using an applied field of 2500 Oe. The data collected were corrected for any 

diamagnetic contributions from the capsule and eicosane by comparison to a blank. Data were 

corrected for diamagnetic contributions from the core diamagnetism estimated using Pascal’s 

constants.38 The corrected data were fit in PHI39 using the following Hamiltonian.  

 

 

Where J is the exchange coupling constant, S is the spin angular momentum operator, b is the Bohr 

magneton of the electron, g is the electron g-factor, and B is the applied field; the subscripts A and 

B refer to the two spin components that are coupled. This Hamiltonian accounts for both magnetic 

exchange and Zeeman splitting. 
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2.6.5 Structural Methods  

X-ray Crystallography Low-temperature (100 K) diffraction data were collected on a 

Bruker APEX II CCD diffractometer or a Bruker D8 VENTURE equipped with a PHOTON-100 

CMOS detector (Mo Kα radiation, λ = 0.71073 Å), equipped with an Oxford Cryosystems nitrogen 

flow apparatus. The collection method involved 0.5° scans in ω at 28° in 2θ. Data integration down 

to 0.78 Å resolution was carried out using SAINT V8.34 C (Bruker diffractometer, 2014) with 

reflection spot size optimization. Absorption corrections were made with the program SADABS 

(Bruker diffractometer, 2014). Structures were solved by the Intrinsic Phasing methods and refined 

by least-squares methods against F2 using SHELXT and SHELXL97 with OLEX 2.40 All non-

hydrogen atoms, including the disordered fragments were located in difference-Fourier maps, and 

were then refined anisotropically. The restraints on bond lengths and constraints of the atomic 

displacement parameters on each pair of disordered fragments (SADI and EADP instructions of 

SHELXL97), as well as the restraints of the atomic displacement parameters (SIMU/DELU 

instructions of SHELXL97) if necessary, have been applied for the disorder refinement. All 

hydrogen atoms were included in the model at geometrically calculated positions and refined using 

a riding model. 
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Bulky Oxygen Ligated Complexes for Low Coordinate Metal-Oxo 
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3.1 Introduction 

High valent metal oxos are a linchpin for manipulating the O–O bond in energy conversion 

transformations involving the oxygen reduction reaction (ORR) and its reverse process, the oxygen 

evolution reaction (OER).1,2 For metals left of the oxo wall,3 a terminal metal oxo is often invoked 

as the primary product of O–O bond cleavage of the ORR, and conversely, O–O bond formation 

of the OER is often proposed to proceed from a high-valent metal oxo. In the OER conversion of 

Photosystem II, the “dangler” manganese (Mn4),4,5 of the manganese oxygen evolving complex 

(OEC) is proposed to support a terminal metal oxo in the high valent S4 state of the Kok cycle.6–

13 Of importance, however, this is one proposed model of O–O bond formation, another being that 

this crucial bond formation proceeds from the cluster.14 Recent crystal structures of the OEC have 

allowed for a better understanding of local structure and have spurred further attempts at more 

elaborate model complexes aimed at studying the electronic structure of the various states in the 

Kok Cycle. The groups of Agapie and DeBeer have made use of large chelating ligand 

architectures to build structural models of the OEC active cluster to be further studied by X-ray 

spectroscopic methods.15,16 Finally, most recently, X-ray Free Electron Laser (XFEL) studies have 

been able to structurally observe meta-stable intermediates along the S0-S3 cycle and have been 

able to exclude two mechanisms of O–O bond formation with some certainty: (1) that peroxo bond 

formation occurs in the S3 state and (2) that the O–O bond is forged through dimerization of two 

water molecules via nucleophilic attack.17 Furthermore, most high valent manganese oxos are 

proposed as transient intermediates in oxidation reactions.18–21 In this regard, the stabilization of 

the terminal Mn-oxo moiety by hydrogen bonding within the trigonal ligand field of [buea]3− 

(tris[(N′-tert-butylureaylato)-N-ethylene]aminato) is notable for its elegant and concise design22,23 

as is the stabilization of a terminal oxo in tetragonal ligand fields of nitrogen-donating 
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macrocycles.24 Nonetheless, in any ligand field, isolation and structural characterization of high 

valent Mn oxos remain elusive with the peculiarity that oxos in their higher formal oxidation state 

of MnV are better structurally characterized24–27 than their MnIV counterparts. 

The reactivity of the metal-oxo functional group is largely governed by the coordination 

geometry about the metal center. The preponderance of metal-oxo complexes, including that for 

Mn,24– 28  feature a pseudo-octahedral or tetragonal ligand field, 29  beginning with the early 

description of the electronic structure of the vanadyl oxo.30 When metals have higher d electron 

counts, the oxo is better stabilized in the more uncommon trigonal ligand field, 31 , 32  as 

demonstrated by the C3 symmetry of the [H3buea]3− ligand.33 We have explored the exceptionally 

weak trigonal ligand field engendered by the tris(alkoxide) platform of ditox (Hditox = 

tBu2MeCOH)34 to support the metal-oxo unit.35,36 The steric bulk of the ditox ligand is less than 

that of the related tritox37,38 ligand as a result of the replacement of one tert-butyl group for one 

methyl group. The ditox ligand allows for the preferential formation of tris(alkoxide) metal 

complexes, which readily accommodate a terminal-oxo in a pseudotetrahedral ligand field upon 

oxygen-atom transfer, as has been demonstrated for a series of 3d transition metals (M = V, Cr, 

Fe).35,36 Herein, we show that a trigonal ligand field of the ditox ligand can support a MnIV terminal 

oxo. The isolation, structural characterization and reactivity of [Mn(O)(ditox)3][K(15-C-5)2] (3) 

provides a benchmark for MnIV in an exclusive oxygen ligand field, as is the case for the MnIV 

centers of the oxygen evolving complex (OEC) of Photosystem II. Finally, in an effort to halt 

putative decomposition pathways and expand the scope of terminal oxo’s that can be accessed, we 

begin to develop a series of fluorinated and perfluorinated analogues of HDitox.  
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3.2 Structural Characterization and Reactivity of a Terminal Manganese(IV) Alkoxide 
Complex 

The preparative reaction chemistry utilized to obtain MnII and MnIV-oxo compounds in the 

tris(ditox) environment is outlined in Figure 3.1. The addition of three equivalents of K(ditox) to 

MnCl2 in THF at ambient temperature readily furnishes a colourless solid and a faint yellow 

solution of MnII(ditox)3K(THF)2 (1). Filtration, removal of solvent in vacuo, and crystallization 

from pentane at –40 °C gives analytically pure colorless crystals of 1 in 54% yield. The potassium 

salt, [MnII(ditox)3][K(15-C-5)2] (2), is prepared by treatment of a pentane solution of 1 with two 

equivalents of 15-C-5 at room temperature, quantitatively furnishing 2 as a colorless fine powder. 

Crystals of 2 suitable for X-ray diffraction can be obtained from a concentrated Et2O solution 

cooled at –40 °C overnight. Treating 2 with one equivalent of PhIO in THF at room temperature 

rapidly generates a dark green solution of [MnIV(O)(ditox)3][K(15-C-5)2] (3). Filtration, removal 

of solvent in vacuo, and multiple pentane washings of the resultant solid furnishes 3 as an intensely 

dark green powder in 79% yield following drying in vacuo. Solutions of 3 stored under an inert 

atmosphere at ambient temperature change from dark green to brown over the course of a few 

hours, indicating the decomposition of 3, which can be stored indefinitely as a solid in the dark at 

–40 °C. 

 

Figure 3.1 Preparative reactions of Mn ditox compounds, where OR = ditox and 15-C-5 = 15-
crown-5-ether. 

The negative mode ESI-MS spectrum of 3 (Figure 3.2) exhibits a prominent ion peak at 

m/z 542.4 with mass and isotopic distribution patterns corresponding to [MnIV(O)(ditox)3]– (calcd 
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m/z 542.4). A mass shift from m/z 542.4 to 544.4 was observed when 3 was generated using 18O-

enriched PhIO (46% 16O: 54% 18O).  

A 
 

 
 

Observed (m/z) Calculated (m/z) z  Relative Abundance Formula 
542.4110 542.4112 1– 12.0 [C30H63MnO4]– 
543.4142 543.4147 1– 4.53 [C30H63MnO4]– 
544.4168 544.4177 1– 1.00 [C30H63MnO4]– 

a negative ion mode 
 
 
B 
 

 

Figure 3.2 (A) ESI-MS spectrum of [MnIV(O)(ditox)3][K(15-crown-5-ether)2] (3) in THF and a 
table of data pertaining to the observed and predicted isotopic distribution pattern. (B) ESI-MS 
spectrum of 18Ooxo-enriched 3. 
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Crystals of 1-3 suitable for X-ray diffraction can be obtained from a concentrated Et2O 

solution of 3 cooled overnight at –40 °C. Single crystal X-ray diffraction studies were performed 

on compounds 1-3. Details of the data collection are provided in Table 3-2 and X-ray crystal 

structures are shown in Figure 3.3. Compound 1 crystallizes in the monoclinic space group C2/c 

and exhibits a Y-shaped geometry about manganese with the potassium cation coordinated directly 

to two ditox ligands.  
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Figure 3.3 X-ray structures of MnII complexes 1 and 2 and MnIV-oxo complex 3. Manganese 
(green), potassium (blue), oxygen (red), and carbon (grey). 50% ellipsoids shown and hydrogen 
atoms omitted for clarity. 
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The average Mn–Oalk bond distance is 1.941 ± 0.052 Å. The sum of the Oalk–Mn–Oalk bond angles 

of 1 is 359.2°, highlighting the planar nature of the compound and indicating that the manganese 

center resides in the plane of the alkoxides. However, the O(1)–Mn(1)–O(1A) bond angle of 

97.64(8)° in 1 is significantly contracted relative to the two other O–Mn–O angles in the trigonal 

plane. One ditox ligand of 1 was disordered over two positions in a 53:47 ratio, and each THF 

molecule was disordered over two positions in a 50:50 ratio. 

 Compound 2 crystallizes in the monoclinic space group P21/c as a discrete anion/cation 

pair (Figure 3.3). The average Mn–Oalk bond distance is 1.925 ± 0.003 Å, and the sum of the Oalk–

Mn–Oalk bond angles is 359.8°, indicating the trigonal planar nature of 2. The sequestration of the 

potassium counter-cation by two crown ether molecules prevents distortion of the Oalk–Mn–Oalk 

bond angles and renders a pseudo-D3h symmetry about manganese in which each angle is very 

nearly 120°. 

Compound 3 crystallizes in the triclinic space group P–1 as a discrete anion/cation pair 

(Figure 3.3). The manganese center exhibits a slightly axially distorted pseudotetrahedral geometry 

with approximate C3v symmetry. The terminal Mn–Oterm function has a bond length of 1.628(2) Å 

and is bent at an angle of 85.86(8)° relative to the plane defined by the alkoxide oxygen atoms. 

The average Mn–Oalk bond distance is 1.849 ± 0.024 Å, which is notably shorter than the average 

Mn–Oalk bond distance of 1 and 2, consistent with the higher oxidation state of manganese in 3. 

The average Oterm–Mn–Oalk bond angle is observed to be 111.23 ± 4.52° while the average Oalk–

Mn–Oalk bond angle is 107.71 ± 3.69°, an angle that is consistent with a pseudotetrahedral 

geometry. One of the crown ether molecules is disordered over two positions in a 50:50 ratio. 

The nature of the MnIV–Oterm is in line with a wide range of metal oxo complexes. Table 1 lists 

structural metrics for a series of related compounds to 3. Beginning with a trigonal ditox ligand 
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platform, the Mn–Oterm bond distance in 3 is similar to its V and Cr counterparts of d0 and d1 

electron counts. Inasmuch as the d0-d4 systems occupy the same e-orbital set of primarily dxz/yz 

character, the similarity of the d(Mn–Oterm) bond distances for M = V, Cr and Mn is unsurprising. 

The d(Mn–Oterm) bond distance, which is much shorter than that of hydroxides bound to metals in 

a ditox trigonal field as reflected by FeIII(OH)(ditox)3–, lies between the MnIV-oxygen single bond 

distance and the MnV-oxygen triple bond distance of structurally characterized manganese 

complexes with a terminal oxygen ligand (Table 3-1). Additionally, though not 

crystallographically characterized, MnIV=O bond lengths have been determined by EXAFS for 

two MnIV oxo compounds (see Table 3-1), and they are in line with that observed for 3. 

Table 3-1 Selected terminal metal-oxygen bond lengths. 

M–O moiety Complex d(M–O)/ Å Reference 

MnIV–Oterm MnO(ditox)3– 1.628(2) this paper 
MnIV–Oterm MnO(BnTPEN)2+g 1.69 b 48 
MnIV–Oterm MnO(OH)(Me2EBC)2+h 1.71 b 39 
CrV–Oterm CrO(ditox)3 1.649(2) 36 
VV–Oterm VO(ditox)3 1.605(1) 36 

FeIII–OHterm FeIII(OH)(ditox)3– 1.890(1) 35 
MnIV–OHterm MnIV(OH)(buea)– a 1.83 b 40 
MnV–Oterm MnO(TAML)– c 1.549(3) 20 
MnV–Oterm MnO(TAML´)– d 1.5555(12) 19 
MnV–Oterm MnO(PHAB)– e 1.558(4) 21 
MnV–Oterm MnO(TBP8Cz) f 1.5455(18) 22 

a [H3buea] = tris[(N′-tert-butylureaylato)-N-ethylene]amide; b distance determined from EXAFS; 
c H4TAML = 6,6-diethyl-3,3,9, tetramethyl-1,8,9,11-tetrahydro-4λ2-pyrido[2,3-
e][1,4,7,10]tetraazacyclo-tridecine-2,5,7,10(3H, 6H)-tetraone; d H4TAML´ = 3,4,8,9-
tetrahydro3,3,6,6,9,9-hexamethyl-1H-1,4, 8,11-benzotetraazocyclotridecane-
2,5,7,10(6H,11H)tetrone); e H4PHAB = 1, 2-bis(2,2-diphenyl-2-hydroxyethanamido)benzene; f 
H3TBP8Cz = octakis(p-tert-butylphenyl)corrolazine.g BnTPEN = N-benzyl-N,N¢,N¢-tris(2-
pyridylmethyl)-1,2- diaminoethane; h Me2EBC = 4,11-dimethyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane. 
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The FTIR spectra of 1-3 are reproduced in Figure 3.4. The M–OR stretching region of 1 shows a 

strong absorption at 575 cm–1 as well as two weak absorptions at 637 cm–1 and 659 cm–1. The 

addition of 15-C-5 to 1 to furnish 2 results in the lowest-energy band of 1 shifting from 575 cm–1 

to 583 cm–1 and the two higher-energy bands of 1 coalescing into a single band at 646 cm–1. The 

expansion of one of the Oalk–Mn–Oalk bond angles of 2 relative to 1 appears to be correlated with 

a higher-energy M–OR feature in 2. The lower-energy band of 2 shifts from 583 cm–1 to 591 cm–

1 and the higher-energy band shifts from 646 cm–1 to 649 cm–1 upon its reaction with PhIO to give 

3. These shifts to higher energy are consistent with the higher oxidation state of 3 and the attendant 

decrease in the Mn–Oalk bond distance. 
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Figure 3.4 Infrared spectra of (top) MnII(ditox)3K(THF)2 (1), (middle) [MnII(ditox)3][K(15-
crown-5-ether)2] (2) and (bottom) [MnIV(O)(ditox)3][K(15-crown-5-ether)2] (3). 

The FTIR spectra of 3 and its 18Ooxo-isotopomer (Figure 3.5) display Mn–Ooxo stretching 

frequencies at 845 cm–1 and 809 cm–1 (ν(Mn16O)/ν(Mn18O) = 1.04; calcd 1.06), respectively. 

 

Figure 3.5 Comparison of the IR spectra in the 1200-450 cm–1 region for the different isotopomers 
of [MnIV(O)(ditox)3][K(15-C-5)2] (3). Numbers indicate stretching frequency for the Mn-oxo for 
Mn–18O (black, ▬) and Mn–16O (green line, ▬). 
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Solution susceptibility measurements of 1 and 2 at 298 K yield µeff values of 6.03 µB and 5.77 µB, 

respectively, which are consistent with both complexes possessing a high-spin S = 5/2 spin state 

(µspin-only = 5.92 µB). The solution susceptibility measurement of 3 at 298 K yields a µeff value of 

4.54 µB, which is comparable to values for other observed MnIV–oxo complexes possessing a spin 

state of S = 3/2 (µspin-only = 3.87 µB).28,41 SQUID DC magnetic susceptibility of powdered 3 from 2 

– 298 K confirms a high-spin configuration, which is consistent with the weak-field nature of the 

ditox ligand.34 SQUID magnetometry at 20 °C provides a solid-state susceptibility of 4.75 µB for 

3, which is significantly greater than the spin-only susceptibility of 3.87 µB expected for an 

isotropic S = 3/2 system (Figure 3.6) and is more in-line with a highly anisotropic species.  

 

Figure 3.6 Experimental (green line ▬) and simulated (black dots ····) X-band CW-EPR spectrum 
of [MnIV(O)(ditox)3][K(15-C-5)2] (3) at 6 K in butyronitrile glass. See text for simulation 
parameters. 
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Indeed, X-band EPR spectroscopy performed in perpendicular mode on 3 show a pseudo-

axial signal at gx = 4.135, gy = 3.860, and gz = 1.980 (Figure 3.6). Sharp hyperfine coupling can 

be observed at gz yielding |Az| = 299 MHz. A plot of cT versus T for 3 shows antiferromagnetic 

behavior with cT decreasing steadily as temperature decreases to ~20 K, after which cT drops 

quickly to a minimal value of 0.35 cm3 K mol–1 at 2 K (Figure 3.7). The large temperature 

dependence of cT suggests the presence of significant magnetic anisotropy, as anisotropic spins 

possess energy separations between their MS levels that are often within an order of magnitude of 

kBT, leading to temperature dependent behavior.  

 

Figure 3.7 SQUID data [MnIV(O)(ditox)3][K(15-crown-5-ether)2] (3). The black line is a 
simulation with D = –12.31 cm–1 gx = 4.15, gy = 3.57, gz = 1.92. 

Attempts to model the χT versus T data without considering magnetic anisotropy were 

unsuccessful. In order to attempt to quantify the axial zero-field splitting parameter D, the cT 

versus T data (Figure 3.8) were fit to the Hamiltonian: 
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!" = $%&'( +	+,-. ∙ 0, 

where D is the zero-field splitting, %&' is the spin operator, µB is the Bohr magneton, g is the Landé 

g-factor, S is the spin, and H is the magnetic field. The model employs only axial D and g-tensors, 

ignoring any transverse anisotropy (E) as including this term did not improve the fit to the data 

and resulted in g-factors that varied significantly from those determined via EPR spectroscopy. 

The best fit to the data produced gx, gy, and gz values of 4.15, 3.57, and 1.92, respectively, and a 

value of D of –12.31 cm–1, all of which are in good agreement with the values obtained from EPR. 

To more accurately determine the magnitude of D and E, we collected low-temperature 

magnetization data at various applied DC fields. The resulting plot of reduced magnetization for 3 

is shown in Figure 3.8.  

 

Figure 3.8 SQUID reduced magnetization data [MnIV(O)(ditox)3][K(15-crown-5-ether)2] (3). 
Black lines are simulations with D = –23.4 cm–1, |E| = 6, gavg = 3.13. 

To quantify the effect of strong magnetic anisotropy, the data were modeled according to the 

Hamiltonian: 
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!" = $%&'( + 1(%&3( − %&5() +	+7-. ∙ 0 

which is similar to the above mentioned model but contains an additional transverse zero-field 

splitting parameter, E. Fits to the data using PHI42 and an average g-factor of 3.13 give axial and 

transverse zero-field splitting parameters of D = –23.4 cm–1 and |E| = 6. This D-value is several 

orders of magnitude larger than those reported for a suite MnIV(OH) compounds.43,44  

Compound 3 can be oxidized under mild conditions. Cyclic voltammograms of 3 in a 0.2 

M [TBA][PF6]/THF solution show an electrochemically reversible oxidation wave with an E1/2 

value of –0.65 V versus Fc+/0 that we attribute to the MnV/IV couple (Figure 3.9). A cathodic sweep 

to negative potentials engenders an irreversible reduction wave with a peak current at –2.27 V 

versus Fc+/0. This irreversible reduction wave is accompanied by the visible formation of a brown 

insoluble solid. 

 

Figure 3.9 Cyclic voltammogram of [MnIV(O)(ditox)3][K(15-C-5)2] (3) in THF/[TBA][PF6]. 
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Complex 3 reacts with the relatively weak C–H bonds of 9,10-dihydroanthracene (76.2 

kcal/mol)45 and 1,4-cyclohexadiene (CHD) (76.0 kcal/mol)45 and produces the MnIII hydroxide, as 

the properties of the product in color and solubility are similar with the previously reported FeIII–

OH ditox compound.35 The reaction between 3 and excess CHD generates nearly half of an 

equivalent of benzene and trace amounts of 1,3-cyclohexadiene (Figure 3.10). Attempts to oxidize 

stronger C–H bonds, such as those of ethyl benzene (85.4 kcal/mol),45 show no reaction by 1H 

NMR. Notably 3 also does not react with oxygen-atom acceptors. For instance, treatment of 3 with 

a ten-fold excess of PPh3 shows no evidence of the oxygen-atom transfer product, OPPh3, or any 

other phosphorous-containing products, as indicated by 31P{1H} NMR. This lack of oxygen-atom 

transfer reactivity is similar to that observed for the nucleophilic Cr d1 complex 

[CoCp2][O2Cr(NRAr)2] prepared by Cummins and coworkers,46 who contrast the reactivity of 

their nucleophilic Cr d1 complex against that of the electrophilic Re d1 complex [HB(pz)3]ReO2Cl 

prepared by Mayer and coworkers47 who concluded that the highly electrophilic nature of the 

oxidized complex [HB(pz)3]ReO2Cl+ was mainly a result of its cationic charge. In turn, Cummins 

and coworkers attribute the lack of oxidizing ability of their complex to its negative charge in 

conjunction with the strongly electron-donating amido ligands. Similarly, we believe that the lack 

of oxygen atom transfer chemistry of 3 is the result of its anionic charge and strong electron-

donating properties of the ditox ligand set. For example, in a neutral all N-donor field, a similar 

manganese oxo prepared by the group of Nam is able to attack the much stronger bonds of 

cyclohexane (99.5 kcal/mol).48  
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Figure 3.10 1H NMR showing the reaction of 3 with an increasing number of equivalents of 1,4-
cyclohexadiene (CHD). 

The ability of the all oxygen anionic ligand field of ditox to stabilize a MnIV oxo may shed 

light on the ability of the OEC to protect itself in the S3 state proposed by Lubitz in which all 

manganese centers are in the +4 oxidation state.7 As for [MnIV(O)(ditox)3]–, the OEC has an 

anionic all oxygen ligand field, suggesting that a muted reactivity of the MnIV-oxo in a donating 

oxygen ligand field may be a strategy for the OEC to circumvent the oxidation of the amino acid 

environment in lower S states of the Kok cycle such as S3, thus preserving the OEC complex to 

perform water splitting in the higher and more reactive S4 oxidation state. In this regard, the MnIV 

oxo ditox system suggests a mechanism by which the reactivity of traditionally high energy 
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reactive intermediates may be attenuated in a pre-catalytic resting state, a property that proteins 

such as OEC have long mastered. 

 
3.3 Efforts Towards the Synthesis and Characterization of Perfluorinated Ditox Analogs 

3.3.1 Possible Decomposition Products of [MnIV(O)(ditox)3] – 

As mentioned above, 3 did not exhibit long-term stability in solution, even in the absence 

of substrate and in a solvent containing strong C–H bonds. We postulate that this could be due to 

the ability of the basic oxo moiety to deprotonate the C–H bond of the nearby methyl group on the 

ditox ligand (Figure 3.11), in a redox neutral fashion, to furnish di-tert-butylethylene and a 

manganese oxy-hydroxide. In principle, this process could proceed until purely inorganic 

manganate salts are generated, driven by the oxophillic nature of high-valent manganese. 

 

Figure 3.11 Putative decomposition of 3 in solution via a redox-neutral pathway. 

We further postulated that by fluorinating those basic positions such a decomposition pathway 

could be circumvented thus opening an avenue to engendering a robust solution state reactivity of 

3 as well as other transition metal variants. 

 
3.3.2 Efforts Towards Fluorinated Analogs of Ditox 

Accordingly, we first targeted a trifluoromethyl version of Hditox in which the methyl 

group was replaced by a trifluoromethyl group. We envisioned that we could realize this compound, 
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in a similar manner to Hditox, by the nucleophilic addition of trifluoromethyl anion to 

hexamethylacetone.  

 

Figure 3.12 Possible synthetic route towards a fluorine protected HDitox analogue 

The most promising route to the target compound utilized a silyl masked trifluoromethyl anion in 

anhydrous solvent, (Figure 3.12); trace product was identified by 19F NMR and mass spectrometry 

measurements. Overall, it was determined that the greatly increased steric profile of CF3– vs. CH3– 

hinders the formation of the desired compound.  

We next took inspiration from the work of the Doerrer Group and made use of the readily 

available perfluro-tert-butanol anion as a ligand.49 The treatment of perfluro-tert-butanol with an 

equivalent of potassium hydride followed by the addition of a third of an equivalent of MnCl2 in 

diethyl ether led to the formation of a pale-yellow solution. This solution was filtered to remove 

salts, and then treated with an equivalent of Kryptofix 2.2.2. Upon slow cooling of the solution 

and after 2 days, colorless crystals formed and they were identified by X-ray crystallography to be 

[MnII (Cl)(tBuF9)3][K(2.2.2)2] (4) (Figure 3.13). 
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Figure 3.13 Structure of 4 with both Kryptofix 2.2.2 counterions shown (left) and the space-filling 
model of 4 (right). Manganese (purple), chlorine (dark green), potassium (cyan), fluorine (green), 
oxygen (red), nitrogen (blue), and carbon (grey). Hydrogen atoms omitted for clarity. 

The space filling model shown in Figure 3.13 shows that the perfluoro-tert-butanoate ligands 

provide an adequate amount of steric shielding of the Mn center and that this complex is well 

suited to shield an oxo moiety. The reactivity of this compound and the formation of an oxo 

remains to be explored. 

Several attempts were made to synthesize the complex without a bound chloride ion, but 

these efforts were unsuccessful, including efforts to run the reaction at sub-stoichiometric amounts 

of MnCl2. Finally, attempts to generate the MnII precursor in-situ followed by the addition of 

iodosobenzene to further generate the terminal oxo akin to the one previously isolated led to an 

intractable mixture of products. Ongoing work might benefit from isolating the chloride free MnII 

starting material so that further characterization and oxo reactivity may be explored.  
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3.4 Experimental Details 

3.4.1 General Methods 

Reactions involving air-sensitive materials were performed in a nitrogen-filled glovebox. 

Glassware and magnetic teflon stirbars were dried at 150 °C for at least 12 h prior to use. Pentane 

was dried and distilled over sodium and stored over 4-Å molecular sieves. Diethylether (Et2O), 

tetrahydrofuran (THF) and tetrahydrofuran-d8 (THF-d8) were dried and distilled over sodium and 

benzophenone and stored over 4-Å molecular sieves for at least 12 h. Butyronitrile was distilled 

from P2O5 and stored over 4-Å molecular sieves for several days prior to use. The reagents 15-

crown-5-ether (15-C-5), nona-fluro-tert-butanol, and 1,4-cyclohexadiene (CHD) were rigorously 

freeze-pump-thawed under high-vacuum (10–7 mTorr) several times and stored over activated 4-

Å molecular sieves for several days prior to use. The reagent 9,10-dihydroanthracene (DHA) was 

recrystallized three times from THF solutions at –40 °C. tBu2MeCOH and tBu2MeCOK (Hditox 

and Kditox, respectively) were prepared according to literature methods. 50 , 51  A large scale 

preparation method is provided as previous reports do not explain how to work up the reaction. 

Butyronitrile, 15-C-5, CHD, DHA, ferrocene (Fc0), methyllithium solution (1.6 M in diethyl ether), 

manganese dichloride (MnCl2), pentane, D3PO4, tetrabutylammonium hexafluorophosphate 

([TBA][PF6]), THF, 2,2,4,4-tetramethyl-3-pentanone, and PPh3 were obtained from Sigma-

Aldrich. THF-d8 was obtained from Cambridge Isotope. 18O-enriched iodosobenzene (PhI18O, ca. 

50% labeled) was prepared according to literature procedures.52 Triphenylphosphine (PPh3) was 

used as received. Reaction products were characterized by IR, NMR and elemental analyses. 

Elemental analyses were performed by Complete Analysis Laboratories (Parsippany, NJ).  
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3.4.2 Synthetic Details 

Hditox. An oven-dried 500 mL Schlenk flask containing a teflon stirbar was charged with 

hexamethylacetone (10.0 g, 70.3 mmol). The reaction was cooled to 0 °C in an ice bath and 

methyllithium (1.6 M in Et2O) (50.0 mL, 80.0 mmol) was added slowly over the course of 20 min. 

The resulting solution was allowed to stir at 0 °C for an additional 30 min and then warmed to 

room temperature. The solvent was removed in vacuo and water was added. The reaction was then 

extracted with 3 × 50 mL of pentane, the organic layers collected, dried over sodium sulfate and 

the solvent removed at a temperature not exceeding 30 °C. The resulting pasty solid was dried 

under vacuum briefly with a secondary trap to yield Hditox as a bright white powder (9.57 g, 60.5 

mmol, 86.1% yield). 

MnII(ditox)3K(THF)2 (1). MnCl2 (200 mg, 1.59 mmol) was combined with Kditox (936 

mg, 4.77 mmol), and THF (10 mL) was added at room temperature. The resultant faintly yellow 

mixture was stirred at room temperature for 3 h, brought to dryness in vacuo, and pumped in vacuo 

at room temperature overnight. Complex 1 was then extracted with 3 × 10 mL portions of pentane, 

which were passed through a glass fiber filter. The pale-yellow filtrate was concentrated to 

minimal volume and cooled at –40 °C overnight. Colorless crystals of 1 were grown, collected, 

and dried in vacuo (54.3% yield, 614 mg, 0.865 mmol). Anal. Calc’d. (Found) for C38H79KO5Mn: 

C, 64.26 (63.97); H, 11.23 (10.94). IR (cm–1): 1485 (w), 1476 (w), 1395 (w), 1381 (m), 1369 (w), 

1358 (w), 1293 (w), 1249 (w), 1188 (w), 1136 (m), 1113 (s), 1094 (s), 1053 (s), 1021 (w), 1013 

(w), 1001 (s), 930 (m), 908 (s), 864 (m), 763 (w), 659 (w), 637 (w), 575 (s), 555 (w), 535 (w), 453 

(m). No discernible features in the UV-vis spectrum. µeff (Evans method) = 6.03 µB.  

  [MnII(ditox)3][K(15–crown–5–ether)2] (2). A solution of 1 (1.00 g, 1.41 mmol) in 10 mL 

of pentane was treated with 15–crown–5–ether (620 mg, 2.82 mmol) at room temperature and 
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immediately gave a colorless precipitate. The reaction mixture was stirred as a colorless slurry for 

30 min, after which time stirring was ceased and a colorless solid settled to the bottom of the 

reaction vessel. The supernatant was removed via pipette. The solid was washed with 3 × 10 mL 

portions of pentane. The solid was then pumped in vacuo at room temperature for 1 h to give 2 as 

a fine colorless powder (94.4 % yield, 1.43 g, 1.33 mmol). The solid was dissolved in a minimal 

amount of Et2O and chilled at –40 °C overnight to give 2 as colorless crystals (31.1 % yield, 442 

mg, 0.439 mmol). Anal. Calc’d. (Found) for C50H103KO13Mn: C, 59.66 (59.33); H, 10.34 (10.39). 

IR (cm–1): 1603(w), 1475 (w), 1445 (w), 1401 (w), 1375 (w), 1354 (m), 1303 (w), 1289 (w), 1253 

(w), 1119 (s), 1090 (w), 1039 (w), 1008 (w), 940 (m), 915 (w), 855 (m), 830 (w), 764 (w), 646 

(w), 583 (w), 551 (w), 519 (w), 508 (w). No discernible features in the UV-vis spectrum. µeff 

(Evans method) = 5.77 µB.  

[MnIV(O)(ditox)3][K(15–crown–5–ether)2] (3). The following manipulations were 

performed in the dark. Complex 2 (1.45 g, 1.44 mmol) was combined with PhIO (317 mg, 1.44 

mmol) in a 50 mL flask, to which THF (10 mL) was added at room temperature. The mixture was 

stirred for 1 h at room temperature. A dark green mixture resulted within minutes. After 1 h, the 

mixture was brought passed through a glass fiber filter, and the dark green filtrate was brought to 

dryness in vacuo. The resultant dark green solid was washed with 3 × 10 mL portions of pentane 

and then pumped in vacuo at room temperature for 1 h to give a fine free-flowing powder of 3 

(79.3 % yield, 1.15 g, 1.12 mmol). Anal. Calc’d. (Found) for C50H103KO14Mn: C, 58.72 (58.57); 

H, 10.17 (9.98). IR (cm–1): 1586 (w), 1475 (w), 1445 (w), 1394 (w), 1382 (w), 1354 (m), 1304 

(w), 1289 (w), 1253 (w), 1245 (w), 1193 (w), 1120 (s), 1105 (s), 1091 (s), 1040 (m), 1032 (m), 

999 (s), 940 (s), 905 (s), 855 (s), 846 (s), 830 (m), 765 (w), 648 (s), 590 (s), 552 (w), 519 (w), 508 

(w). UV-vis-NIR (THF): λ/nm (ε/M–1 cm–1) 523 (250), 583 (230), 832 (52.9), 941 (63.5). µeff (298 
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K, Evans method) = 4.54 µB. µeff (298 K, SQUID) = 4.75 µB. ESI-MS– (m/z) 542.4 [Mn(O)(ditox)3]–. 

Dark green X-ray quality crystals of 3 were obtained from a saturated Et2O solution chilled at –

40 °C overnight.  

[MnII (Cl)(tBuF9)3][K(2.2.2)2] (4). A solution of perfluro-tert-butanol (1.00 g, 4.23 mmol) in 10 

mL of ether was treated with potassium hydride (503 mg, 12.7 mmol) and stirred at room 

temperature until gas evolution ceased. The mixture was filtered to remove any residual potassium 

hydride. To the filtrate was added MnCl2 (177 mg, 1.41 mmol), and the reaction was stirred 

overnight, filtered to remove potassium chloride and 2.2.2 Kryptofix (530 mg, 1.41 mmol) was 

added. The resulting solution was stirred for 1 hour, filtered, and the solvent was removed in vacuo 

to give 4 as a fine colorless powder (48 % yield, 1.10 g, 0.678 mmol). The solid was dissolved in 

a minimal amount of ether and chilled at –35 °C overnight to give 4 as colorless crystals. 

 

3.4.3 Physical Measurements 

IR Spectroscopy: IR spectra of crystalline samples were recorded on a PerkinElmer 

Spectrum 400 FT-IR/FT-FIR Spectrometer outfitted with a Pike Technologies GladiATR 

attenuated total reflectance accessory with a monolithic diamond crystal stage and pressure clamp. 

Samples were suspended in Paratone-N oil, and a background IR spectrum of Paratone-N oil was 

collected prior to data acquisition. 1H NMR spectroscopy was performed on Varian Mercury 400B 

and Varian Unity/Inova 500/500B/500C NMR spectrometers with chemical shifts (δ/ppm) 

referenced to residual proteo-solvent signals. 31P{1H} NMR spectroscopy was performed on a 

Mercury400B spectrometer with chemical shifts (δ/ppm) referenced to phosphoric acid-d3 solution 

(D3PO4; 85 wt. % in D2O).  
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Evan’s Method: Solution magnetic moments were determined in THF at ambient 

temperature on a Varian Mercury400B NMR spectrometer using Evans method.53 Pascal constants 

were used to estimate diamagnetic corrections. 54  

EPR Spectroscopy: EPR spectroscopy was performed on a Bruker EleXsys E-500 CW-

EPR spectrometer. EPR samples were comprised of crystalline solid dissolved in butyronitrile to 

give a concentration of approximately 1.0 mM. EPR spectra were measured in frozen butyronitrile 

at non-saturating microwave powers of 0.6325 to 2 mW. EPR simulations were performed using 

EasySpin 5.0.2 as implemented in MATLAB.55  

UV-Vis Spectroscopy Spectral UV-vis measurements were recorded in THF or THF-d8 

on a Varian Cary 5000 spectrometer.  

Cyclic Voltammetry: Cyclic voltammetry (CV) measurements were performed using a 

CH Instruments 730C potentiostat using a freshly polished glassy carbon working electrode (area 

= 0.07 cm2), a platinum wire auxiliary electrode, and a silver wire reference electrode in THF (0.2 

M [TBA][PF6]) separated from the working solution by a Vycor frit. At the conclusion of each CV 

experiment, ferrocene was added, and all potentials were referenced to the ferrocenium/ferrocene 

(Fc+/0) couple.  

Mass Spectrometry: Mass spectrometry was performed on an Agilent 6220 ESI-TOF 

spectrometer in anionic mode. Samples were prepared in THF in a nitrogen-filled glovebox and 

placed into a 1.5 mL GC vial with a septum to prevent exposure to moisture and oxygen and 

immediately analyzed by ESI mass spectrometry. 

SQUID magnetometry: SQUID magnetometry was carried out using a Quantum Design 

MPMS-5S SQUID magnetometer. Samples for SQUID were prepared as follows: free-flowing 

powder samples of 3 (ca. 30 mg) and eicosane wax (ca. 10 mg) were packed into a polycarbonate 
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capsule under a dry nitrogen atmosphere. Warm liquid eicosane was added to suspend the material 

in solid wax after cooling. DC susceptibility measurements were collected in the temperature range 

of 2–298 K in 4 K increments under a DC field of 10 000 Oe. DC magnetization measurements 

were obtained in the temperature range of 2–298 K, under DC fields of 10, 20, 30, 40, 50, 60, and 

70 kOe. The data collected were corrected for any diamagnetic contributions by comparison to an 

eicosane/capsule blank and by applying Pascal’s constants to account for any core diamagnetism.2 

 

3.4.4 Structural Methods 

X-ray Crystallography: Low-temperature diffraction data for single crystals were 

collected on a three-circle diffractometer coupled to a Bruker-AXS Smart Apex charged-coupled-

device (detector) with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) performing φ 

and ω scans. The data were integrated using SAINT (Bruker AXS) and scaled with a multiscan 

absorption correction using SADABS (Bruker AXS).56  The structures were solved by direct 

methods using SHELXS and refined against F2 on all data by full-matrix least squares with 

SHELXL-97 using established methods.57 Hydrogen atoms were placed in calculated positions 

using the standard riding model and refined isotropically. All non-hydrogen atoms were refined 

anisotropically.58 In the structure of 1, one of the ditox ligands is disordered over two positions, 

and each THF molecule of 1 is disordered over two positions; all disorder is satisfactorily modelled. 

In the structure of 3, one of the 15-crown-5-ether rings was satisfactorily modelled over two 

positions. 
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3.4.5 X-ray Tables 

Table 3-2 X-ray experimental details for compound 1-3. 

 1 2 3 

formula C38H79KMnO5 C50H103KMnO13 C50H103KMnO14 

Fw, g/mol 710.05 1006.36 1022.36 

temperature 100(2) K 100(2) K 100(2) K 

cryst system monoclinic monoclinic triclinic 

space group C2/c P21/c P-1 

color colorless colorless green 

Z 4 4 2 

a, Å 18.3234(11) 11.3584(5) 11.5253(8) 

b, Å 15.9361(10) 17.2479(8) 16.1662(11) 

c, Å 16.7710(11) 29.1110(13) 16.7311(12) 

α, deg 90.00 90.00 81.9430(10) 

β, deg 122.093(1) 91.5520(9) 88.4630(10) 

γ, deg 90.00 90.00 69.6350(10) 

V, Å3 4148.8(5) 5701.0(4) 2892.8(3) 

dcalc, g/cm3 1.137 1.173 1.174 

µ, mm–1 0.455 0.360 0.357 

2θ, deg 55.86 52.74 52.74 

R1a (all data) 0.0611 0.1180 0.0939 

wR2b (all data) 0.1447 0.2413 0.1088 

R1b [(I>2σ)] 0.0518 0.0830 0.0489 

wR2 [(I>2σ)] 0.1354 0.2151 0.0942 

GOF (F2) 1.032 1.043 1.004 
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Chapter 4  
 
 
 
 
 
 
 
 
 
 
 
Designing and Utilizing Pyridine Diimine Ligands for the 
Photocrystallographic Observation of Photohalogen Elimination and 
C–H Bond Activation in the Solid State 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parts of this chapter have been published or submitted for publication: 
 

David Gygi, Seung Jun Hwang, Daniel G. Nocera “Scalable Syntheses of 4-Substituted Pyridine-
Diimines” The Journal of Organic Chemistry. 2017. 82 (23), 12933-12938. 
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4.1 Introduction 

The field of photoredox catalysis has recently seen renewed attention from the organic 

community both in academia and in the industrial sector. However, much of this work proceeds 

by large scale screening of catalysts and there remains a dearth of knowledge when it comes to the 

intermediate radicals generated as well as their resultant structure–function relationships. As one 

of the leading research groups on photochemical reactivity, our group boasts crucial expertise in 

characterizing these reactive intermediates and in determining the fundamental properties that 

govern their reactivity. We have studied first row transition metal compounds that are capable of 

photohalogen elimination to generate halide radicals in both the solid state with 

photocrystallography as well as in the solution state with ultra-fast transient absorption 

spectroscopy. By using a combination of photocrystallography and solution-state transient 

absorption to directly observe these radicals as they are generated, we hope to contribute a wealth 

of knowledge about how to design such systems for further productive functionalization chemistry. 

These data, combined with computational electronic structure optimization (vide infra) allows for 

the design of more efficient and widely applicable photocatalysts. 

Time-resolved spectroscopy and steady-state photocrystallography experiments have shown 

that nickel(III) chloride and bromide complexes supported by bidentate phosphine ligands 

eliminate halogen radicals upon irradiation with visible light (Figure 4.1).1,2 These studies and 

subsequent experiments on related compounds have revealed that aromatic groups in the secondary 

coordination sphere stabilize the photogenerated halogen radical through the formation of a 

supramolecular Ar|X● (X● = Cl● or Br●) charge transfer complex, which prevents the back reaction 

to reform the starting nickel(III) halide complex. Significantly, the lifetime of the transient species 

evolved from photolysis of these nickel complexes were determined to be ~3 µs, suggesting that 
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the Ar|X● complex should be sufficiently long-lived to participate in reactions with substrates in 

solution. These findings imply that the photo–eliminated halogen radical can be confined within a 

steric environment defined by the structure of the metal complex, thereby providing a unique 

opportunity to exert structural influence on the radical’s reactivity. 

 

Figure 4.1 Photocrystallographic observation of Br• elimination from a NiIII center (top) and 
scheme showing the interaction of the photo–eliminated halogen atom with the secondary sphere 
as probed by solution sate transient absorption spectroscopy.1 

Analogous to the design of bulky ligands to impart high regio–, diastereo–, or 

enantioselectivity onto transition metal catalyzed reactions, we envisioned that the secondary 

coordination sphere that surrounds the halogen radicals generated from these metal halide 

complexes could be engineered to dramatically alter the selectivity of C–H bond activation by 

halogen radicals in aliphatic C–H functionalization reactions. Furthermore, the ability to vary the 

halide, Ar–X● interaction strength, and ligand environment in these metal complexes affords three 

levels of structural control over radical reactivity (Figure 4.2): (1) choice of halide determines the 

range of C–H bonds that can cleaved due to the different bond dissociation energies of HCl and 
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HBr (103 kcal/mol and 87 kcal/mol, respectively), (2) the strength of the Ar–X● interaction can be 

adjusted by tuning the electron density of the aryl groups, which can further attenuate the reactivity 

of the halogen radical, and (3) the steric environment around the radical can be modified by adding 

bulky substituents to the ligand to drive selectivity toward less hindered C–H bonds.  

 

 

Figure 4.2 The three level of structural control over reactivity afforded by secondary sphere arene–
X• interactions 

We aimed to interrogate the reactivity and selectivity of stabilized X● species in the activation 

of hydrocarbon C–H bonds and develop a deeper understanding of the structure function 

relationships that will allow for optimal catalyst design. Despite the success of bidentate 

phosphines in previous photochemical experiments reported by our lab1, these phosphine ligated 

complexes are hampered by an inability to allow us to independently probe changes in electronic 

structure at the metal and secondary coordination sphere arene interactions. This is due to the 

strong conjugative effects between the arene rings present on the phosphine and the σ–donation/ 

π–accepting nature of the phosphine. Thus, any change made to the nature of the arene face will 

change the donation ability of the phosphine, concomitantly changing the electronic structure at 

the metal.  
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In this chapter we discuss the design and synthesis of a family of pyridine diimine (PDI) ligands 

that allow us to independently probe the effects of the electronic structure and secondary sphere 

arene interactions on photohalogen elimination and further C–H activation (Figure 4.3). 

 

Figure 4.3 General structure of an isosteric PDI with electronic variation introduced via the 4–
position on the pyridine ring (left) and general structure of an isoelectronic PDI with secondary 
sphere arenes introduced via a deconjugated 2,6-biaryl-phenyl group at the 4–position of the 
pyridine ring (right) 

We develop rapid synthetic methods to a known class of 4-subsituted PDI ligands to allow for 

a wide range of electronic structures to be probed isosterically. We then proceed to develop and 

synthesize a family of 4-(2,6, -biaryl-phenyl)-PDI ligands that take advantage of large steric strain 

to place arene faces above and below the face of the metal residing in the N3 plane of the PDI. 

Additionally, this ortho-biaryl strain forces the pendant arenes out of conjugation with the π-

system of the pyridine, decoupling the secondary sphere electronic structure from that of the metal. 

These PDI ligand scaffolds were metallated with FeIII and their photohalogen elimination 

properties probed spectroscopically and via photocrystallography. Most importantly, using the 

ChemMatCARS beamline at the Advanced Photon Source, we are able to perform 

photocrystallography experiments that characterize the reaction of the photo–eliminated halogen 

radical in the compound, [Fe(PDI-Ph(Mes)2)Cl2]PF6 (10–FeIII–PDI). These experiments offer the 

first structural evidence of a chlorine atom reaction and C–H bond activation. 
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4.2 Synthesis of Pyridine Diimine Scaffolds for Iron Centered Photohalogen Elimination 

Pyridine-diimines (PDI) engender an expansive chemistry of metals. Catalysts bearing PDI 

ligands have been shown to be active for ethylene polymerization,3 , 4  2+2 cycloadditions of 

unactivated olefins, 5 dinitrogen chemistry, 6,7 dioxygen chemistry 8 alkyl transfer to CO2 ,9 C–H 

bond activation,10 hydroboration/hydrosilylation of alkenes.11–13 PDI complexes, additionally, are 

bioinorganic models14 and single molecule magnets15 and the ligand is known to stabilize a series 

of metals and metalloids (Al,16 Fe,7 Co,11 Ni,17 Cu,18 Ge,19 Mo,20 In,21 Sn,19 Rh,22 Ir,22 and U,23,24) 

in a wide range of oxidation states allowing for a rich chemistry to be explored. Much of the 

chemistry offered by PDI complexes is derived from their oxidation-reduction properties. 

Accordingly, the ability to tune the reduction potential of the metal center without affecting its 

steric environment by substitution on the PDI ligand has been paramount to optimizing the 

reactivity of PDI complexes. Modifications at the 4-position of the pyridine ring of a pyridine-

diimine ligand leads to shifts in the redox potential of the coordinated metal spanning 600 mV.7 

Conversely, we further wanted the ability to tune the electronic structure of the secondary 

coordination sphere arene rings without affecting a change in the reduction potential of the metal. 

This was achieved through the use of bulky 2,6,-biaryl-phenyl groups at the 4-position of the 

pyridine ring of the PDI ligand. 

 

4.2.1 Synthesis of Electronically Diverse Iso-steric Pyridine Diimine Scaffolds 

The synthesis of 4-substituted pyridine-diimines has long been hampered by lengthy 

syntheses that often requires pyrophoric reagents and Schlenk techniques.7 The ability to rapidly 

prepare 4-substituted PDI ligands in usable quantities from readily available starting materials was 

therefore beneficial to expanding the utility of PDI chemistry, particularly in being able to make 
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large quantities that would allow for large scale reaction screening. 

We thus sought to develop a rapid, scalable, and general method for synthesizing PDI 

scaffolds with a range of electron donating and withdrawing groups at the 4-position. The PDI 

ligand is delivered from inexpensive commercial starting materials ($100–600 per mol) and 

purification of the ligand requires at most two columns, and one of these columns is run in neat 

CH2Cl2, allowing for solvent recycling. All steps are performed on the benchtop and do not require 

the use of Schlenk techniques, distillations, nor do they require the use of air or moisture sensitive 

reagents. Additionally, only one metal catalyzed step employing silver nitrate is needed, further 

reducing the cost and risk of contamination of the final ligand product. This latter feature is 

important for catalytic applications, particularly in the context of energy conversion reactions such 

as the hydrogen evolution reaction (HER) where trace Pd (used in cross coupling) may remain as 

a contaminant,25 which performs the HER.26 Finally, the scalability of these synthetic routes and 

the use of inexpensive reagents pushes the accessibility of these PDIs to large scale synthesis. 

Figure 4.4 summarizes the synthetic routes employed to deliver 4-substituted PDIs. Though the 

six diacetyl pyridines shown in Figure 4.4 have been previously reported by other methods, their 

syntheses are not general and involve expensive, pyrophoric/toxic reagents and many lengthy steps. 
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Figure 4.4 Synthetic route for the facile preparation of 4-subsituted PDIs: (a) AgNO3, pyruvic 
acid, Na2S2O8, 0.5 M H2SO4, RT. (b) ethylene glycol, PTSA, PhCH3, 145 °C. (c) (X = OMe) 
NaOMe, DMSO, 110 °C, HCl, 80 °C. (d) (X = NMe2) 40% NMe2 in H2O, NaOH, DMSO, 110 °C, 
HCl, 80 °C. (d) 2,6 dimethylaniline, PTSA, PhCH3, 145°C. 

A generalized synthesis of the PDIs begins with the key diacetylation step (a). A general 

method was developed for pyridine starting materials containing electron deficient (CF3, Cl, and 

Br) or bulky groups (tBu) at the 4-position of the pyridine ring (1-X) based on the Minisci reaction, 

which has been used previously to obtain the 4-chloro-2,6-diacetylpyridine 2 (X = Cl, 2-Cl) and 

4-cyano-2,6-diacetylpyridine.27,28 Here, a simpler overall procedure resulted from the modification 

of the oxidant from ammonium persulfate to sodium persulfate and changes to the work up and 

purification such that 1-Cl does not need to be isolated, thus avoiding the complication of 

polymerization to insoluble and unreactive polypyridyl polymer. We began from the hydrochloride 

salts of 1-X (X = Cl, Br) compounds where polymerization to the cationic polypyridyl polymer 

was possible and generated the free base in solution, never allowing the solution to become 

concentrated. The diacetyl pyridines are directly furnished from the acyl Minisci reaction. The 
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overall yields to arrive at the key diacetylpyridine intermediates 2 and 4 and the number of steps 

required are given in Table 4-1. In the case of 1-Br this synthetic method represents an 

improvement over existing procedure, which requires the use of costly cheldamic acid and toxic 

PBr5 to furnish an unstable intermediate that must be vacuumed distilled under rigorously air free 

conditions.30 Further, our method does not require the use of organo-lithium reagents. 

Table 4-1. Yields for linear syntheses of 4-substituted diacetyl pyridines and the number of steps 
with the respective Hammett sigma parameters and λmax. Yields represent isolated yields. 

X Yield[Steps]a Yield[Steps] b σpara29 λmax (nm) 

CF3 47%[1]e 26%[5]7,c,d 0.54 354 

Cl 26%[1] e 25%[1]27,e 0.23 351 

Br 16%[1] e 41%[3]30,c,d 0.23 351 

tBu 17%[1] e 82%[1]22,c,d,e –0.20 340 

OMe 20%[3] e 7.5%[6]31,d –0.27 338 

NMe2 17%[3] e 16%[5]7,c,d,e –0.83 334 

a This work. b Previous work. c Expensive starting material ($3100-$4300 per mol). d 
Pyrophoric/toxic reagents. e Multi–gram scale. 

That the 4-trifluoromethy-2,6-diacetylpyridine, 2-CF3, was furnished in one step using the 

aforementioned acylation procedure represents a marked improvement over the current procedures, 

which begin from the expensive cheldamic acid and requires 5 steps, including a palladium 

catalyzed coupling, to arrive at the desired diacetyl product.7 Conversely, the method reported here 

begins from 4-trifluromethylpyridine (1-CF3) and requires only one step and no need for dry 

solvent, expensive metallic reagents, or pyrophoric reagents. The synthesis of the 4-tert-butyl-2,6-

diacetylpyridine (2-tBu) is known but again requires the expensive diacetylpyridine starting 

reagent, the use of chlorobenzene as a solvent and elevated temperatures in an inert atmosphere. 
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Moreover, the product requires distillation and it is isolated as an oil.22 Our method utilizes readily 

available 1-tBu and arrives at the product as a white solid in one step using aqueous conditions at 

room temperature. In order to arrive at the 4-OMe and 4-NMe2, we made use of the readily 

accessible 2-Cl and protected the reactive acyl group using ethylene glycol to generate the base 

and temperature stable cyclic ketal 3. Though propylene glycol has been proposed as a superior 

protecting group for a similar reaction, it tends to be more labile when compared to the 1,2 diol 

protecting group and has an inferior atom economy.32 Compound 3 is then easily converted to the 

desired dimethylamino and methoxy substituted pyridine 4 in a sealed glass pressure flask by 

nucleophilic aromatic substitution in dimethylsulfoxide via the in-situ generation of sodium 

dimethylamide and sodium methoxide respectively. This transformation was achieved using 40% 

dimethylamine and sodium hydroxide to generate 4-NMe2 and methanol and sodium hydroxide to 

generate 4-OMe. The addition of the methoxy group can also be achieved by the direct addition 

of sodium methoxide in comparable yields. In both cases simple aqueous work-ups followed by 

acid hydrolysis in hydrochloric acid afforded 4-X without any further purification necessary. 

Direct acylation was attempted for the electron rich 4-methoxypyridine (1-OMe), yielding an 

inverse selectivity with the 3,5-diacetyl product obtained instead of the desired 2,6-diacetyl 

product. Meanwhile the 4-dimethylaminopyridine (1-NMe2) yielded no reaction at the desired ring 

positions. This synthetic protocol is an improvement over current methods that arrive at 1-OMe 

and 1-NMe2 in 6 and 5 steps, respectively, in lower yields utilizing harsh, toxic and air-sensitive 

reaction conditions.  

With the 4-substituted diacetyl pyridines 2 and 4 in hand, we sought to improve current 

methods for condensing the diacetyl-pyridine with dimethylaniline to yield the desired pyridine 

diamines 5. Current condensation methods involve refluxing in toluene or methanol for several 
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days (36-72 h).7 Approaches utilizing shorter reaction times (6 h) require the use of harsh solvents, 

which are difficult to remove such as acetic acid.33 By using elevated temperatures (145 °C) and a 

larger volume of solvent (60 mL/mmol) as well as a short path Dean-Stark trap, we were able to 

promote the clean conversion to the desired PDIs in 12 h. Additionally, we found that a simple 

base work-up allowed for isolation of the pure material without further purification. Despite the 

use of excess toluene as a solvent, it can be recycled easily between reactions. The colors of the 

PDIs correlates with the electron withdrawing or donating nature of the substituent on the central 

pyridine ring. The color of the PDIs correlated linearly with the Hammett sigma parameter for the 

4-substitutent (Table 4-1), with the trifluoromethyl substituted PDI appearing bright yellow and 

the dimethylamino-substituted PDI appearing bright white. This was corroborated by the UV-vis 

spectra (Figure 4.5).  

 

Figure 4.5 Extinction spectra of 4-X-pyridinediimines (5-X) in CH2Cl2, X = NMe2 (▬, black), 
OMe (▬, red), tBu (▬, blue), Br (▬, magenta), Cl (▬, green), and CF3 (▬, dark blue). 

Of pertinence to the scalability and ease of synthesis, we found that the acylation and work-up 
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conditions were consistent across the entire series of compounds. The acylation step is performed 

at room temperature in acidic water rather than organic solvent. All subsequent steps including the 

nucleophilic aromatic substitutions were performed with readily available benchtop reagents 

without the need for Schlenk chemistry or the use of pyrophoric or organometallic reagents. 

Additionally, the purification of the direct acylation products was accomplished in the same 

manner using pure dichloromethane on silica, allowing for the solvent to be recycled. Employing 

these methods, the final PDI ligands are arrived at quickly in gram quantities as air and moisture 

stable powders.  

 

4.2.2 Metallation of Electronically Diverse Iso-steric Pyridine Diimine Scaffolds  

With these electronically diverse PDI ligands in hand we proceeded to synthesize the 

family of cationic [FeIIICl2]PF6 complexes as well as their cationic [FeIICl]PF6 counterparts as 

these represent the putative product of halogen photoelimination. The cationic complexes were 

targeted to further facilitate ligand–to–metal charge transfer (LMCT), easing Cl• elimination. The 

FeIII compounds were all prepared in an analogous fashion by the treatment of an equivalent of the 

PDI with FeCl3 and AgPF6 in MeCN to yield a deep red–purple solution that could be filtered and 

layered with Et2O to yield large crystals of the title cationic FeIII–PDI. The FeII congeners were 

synthesized in a similar fashion via the treatment of the PDI with FeCl2 and AgPF6 in MeCN to 

yield a deep red–orange solution that could be filtered and layered with Et2O to yield large crystals 

of the title cationic FeII–PDI. The FeIII and FeII compounds were structurally characterized and 

their structures are tabulated in Figure 4.6. Of note, the parent 4–CF3–FeIII–PDI was too 

photoactive to allow for single crystals to be grown due to the rapid photo-elimination and self-

immolation of the ligand field. As such the 2,4,6-triphenyl analogue was prepared, containing no 
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weak C–H bonds, crystallized, and is also depicted in Figure 4.6. However, in accordance with the 

goals of making an isosteric class of FeIII compounds, bulk samples of the 4–CF3–FeIII–PDI 

compounds could be prepared by rapid precipitation in the dark and these were used in further 

photolysis studies (vide infra). The cationic FeII compounds predominately show a trigonal 

bipyramidal or distorted trigonal bipyramidal geometry at the iron center with the chloride ligand 

displaced from the N3 PDI plane by the action of a ligated acetonitrile molecule. Likewise, the 

FeIII–PDI complexes demonstrate a distorted trigonal bipyramidal iron center that unlike its FeII 

counterparts sits puckered out of the N3 plane of the PDI. Overall, for both the cationic FeII and 

FeIII systems, the presence of a wide range of electron donating and withdrawing groups at the 4-

postion of the PDI ring did not drastically affect the coordination geometry of the iron center.  
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Figure 4.6 Single crystal structures of cationic isosteric 4–X–FeII–PDI frameworks (left column) 
and cationic 4–X–FeIII–PDI frameworks (right column). Iron (orange), chlorine (dark green), 
oxygen (red), carbon (grey) and nitrogen (blue). Hydrogen atoms omitted for clarity.  
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In order to probe the effects of the 4-substitution on the redox potential and absorption properties 

of the FeIII complexes, cyclic voltammetry and UV-vis measurements were undertaken (Figure 

4.7). 

 

Figure 4.7 Cyclic voltammograms of 1 mM FeIIICl2PF6 complexes 4-NMe2 (▬, blue), 4-OMe 
(▬, purple), 4-tBu (▬, green), 4-Cl (▬, red), and 4-Br (▬, black) with 0.1 M nBu4PF6 as a 
electrolyte CH3CN solution with a scan rate of 100 mV/s. Glassy carbon working electrode, 
Ag/AgNO3 reference, and Ag wire counter electrode were used. (b) Overlaid electronic absorption 
spectra of LFeIIICl2PF6 complexes measured in CH3CN at room temperature.  

As shown previously by the Chirik group22, the reduction potential at the metal shifts to 

more negative potentials as the group at the 4–positon becomes more electron donating. 

Furthermore, the UV-vis absorption profile of the FeIII–PDIs exhibits some interesting trends. All 

the compounds show similar d–d absorption maxima, except for the 4–NMe2 bearing complex, 

which shows a red-shifted (~100 nm) absorption maximum. The onset of the LMCT band at ~400 

nm showed a slight red shift that trended with increasing electron donation at the 4–position of the 

pyridine ring. Once again, the dimethylamino functionalized complex shows a much more 

dramatic red shift into the visible spectrum (~450 nm).  

We further investigated whether a trend in a red shifted spectrum would translate to photo–

halogen elimination efficiency as the greater the ability of the ligand to stabilize the resulting FeII 
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center, the more efficient the photo–halogen elimination should be. Photolysis experiments were 

carried out in MeCN using a broad spectrum Xe-Hg light that was equipped with a filter (>365 

nm). Four representative 4–X–FeIII–PDI complexes were chosen: two-electron rich (4–NMe2 and 

4–OMe) and two-electron poor (4–CF3 and 4–Br) complexes. The samples were sealed in airtight 

quartz cuvettes and photolyzed with UV–vis monitoring every 10 min (Figure 4.8). 

 

Figure 4.8 Spectral evolution for the photolysis of (a) 4-Br (b) 4-CF3 (c) 4-NMe2, and (d) 4-OMe 
Fe complexes in CH3CN (λexc > 365 nm). 

The rate of photohalogen elimination trended with the electron withdrawing nature of the ligand 

scaffold. The electron poor 4–CF3–FeIII–PDI was the most photosensitive and converted most 

rapidly to a cationic FeII complex. The nature of the FeII photoproduct was confirmed to be the 
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cationic 4–X–FeII–PDI compounds pictured in Figure 4.6 via the de novo synthesis of these 

cationic FeII compounds and the comparison of the bonafide UV–Vis reference spectrum with the 

photoproduct spectrum. The spectra in Figure 4.8 show clean isosbestic points demonstrating clean 

conversion from the cationic 4–X–FeIII–PDI to cationic 4–X–FeII–PDI complexes. We further 

postulated that the photo–eliminated Cl• reacts with the ligand scaffold or solvent.  

 Although the coordination geometry of the FeIII center is minimally affected by the electron 

withdrawing or donating nature of the ligand scaffold, the reduction potential and absorption 

maxima are significantly perturbed, with the most electron rich PDI showing the most red shifted 

absorption spectrum and the most negative reduction potential. Despite these red shifts in light 

absorption, the most efficient photo-halogen elimination was for the 4–CF3–FeIII–PDI complex, 

making this an ideal candidate for further study. Though not the subject of further discussion in 

this thesis, all subsequent screening of FeIII–PDI complexes in our group for the selective 

activation and chlorination of C–H bonds (performed by Miguel Gonzalez) bear the 4–CF3 group. 

 
4.2.3 Synthesis and Metallation of Sterically Diverse Pyridine Diimine Ligands with a 
Tunable Secondary Coordination Sphere 

With a library of electronically diverse PDI ligands in hand, we proceeded to develop a 

library of sterically diverse ligands in which the secondary coordination sphere could easily be 

tuned without affecting the electronic structure at the metal center. This was achieved by 

modification of the 4-positon of the pyridine ring of the PDI with 2,6-biaryl substituted phenyl 

groups that due to their large steric bulk, force the secondary sphere arenes out of conjugation with 

the pyridine π–system. As a result of this deconjugation, irrespective of how electron rich or poor 

the arenes in the secondary coordination sphere are, they do not affect the reduction potential of 

the metal center. These compounds and their respective syntheses are shown in Figure 4.9. The 
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suite of compounds range from the most electron deficient 3,5-bis-CF3 ring face (8), to the most 

electron rich 3,4,5-tris-OMe face (13). Of note, 12 represents the most electron rich arene face 

without the presence of weak C–H bonds. Due to the substantial steric bulk of 2,6 -biaryls, their 

direct cross coupling to the backbone of the PDI proved untenable. We therefore adopted a modular 

approach, first performing a C–I selective cross coupling with 2,6-dichloro-iodobenzene to furnish 

6, followed by our previously optimized Minisci reaction to furnish a divergent precursor for the 

synthesis of the bifacially modified PDIs. A final cross coupling step allowed for rapid 

diversification of the 2– and 6–positions of the dichloro–arene at the 4-position of the diacetyl 

pyridine, allowing introduction of the electronically diverse aryl group that would sit above and 

below the N3 plane of the PDI (Figure 4.9).  
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Figure 4.9 Synthetic route for bifacially modified PDI ligands 8-13. 

Two key steps had to be optimized in order to render this synthetic route practical for the 

preparation of the desired ligands in quantities fit for screening. Firstly, the previously optimized 

Minisci reaction yields needed to be increased further given the much greater value of the precursor 

(6) both in terms of cost and synthesis time. This was achieved by analysis of the accepted 

mechanism of the acyl Minisci reaction in which pyruvic acid upon oxidative decarboxylation in 

the presence of AgII generates a nucleophilic acyl radical that is capable of adding into the 

electrophilic 2/6 position of the protonated pyridine ring (Figure 4.10).34 Further oxidation yields 

the rearomatized acyl product and the reaction can be repeated to furnish the title diacetyl pyridine.  
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Figure 4.10 Mechanism of the acyl Minisci reaction and unproductive pathway of acyl radical 
dimerization to yield butadione.34 

The low yield was determined to be due to the unproductive side reaction of acyl radical 

dimerization to yield butadione. In order to prevent this, the reaction was switched from a one–pot 

method to one in which a solution of persulfate was added dropwise into a reaction mixture 

containing pyruvic acid, pyridine, and silver catalyst over several hours. This allowed the yield to 

be increased dramatically, allowing us access to decagrams of precursor. Finally, the sterically 

encumbered cross coupling to furnish diacetyl pyridines 8-13 required significant optimization due 

to the challenging separations that resulted from incomplete conversion of starting material and 

dehalogenation of the starting material due to sluggish reductive elimination conditions. After 

screening a combination of Pd/ligand/solvent/temperature combinations it was found that the 

Buchwald Pd SPhos G4 in toluene at elevated temperatures (110 ºC) allowed us to access the 

desired diacetyl pyridines in high yields with high conversion. Due to the high yielding reactions 

containing minimal side products, the title compound could be purified by simple silica plug, 
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obviating the need for lengthy and challenging column chromatography. 

A comparison of the new optimized route toward these isoelectronic “hangmen” PDIs and 

the original route used is presented in Figure 4.11. In summary, the original route included a low 

yielding C–H borylation that required a challenging separation, a low yielding cross-coupling 

marred by protodeboronation of the electron poor diacetylpyridine boronate ester, and a low 

yielding cross-coupling utilizing an in-situ generated Pd0 phosphino-carbazole species that 

generated a large mixture of products.  
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Figure 4.11 Original route to diacetyl pyridine 10 requiring three chromatographic steps and 
yielding at most 250mg of material (top) and the optimized route requiring no chromatographic 
steps and affording decagrams of compound (bottom).  
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This original synthetic route was replaced with the aforementioned C–I selective cross-coupling, 

an optimized acyl Minisci reaction, and a high temperature cross-coupling making use of a readily 

available and stable Buchwald precatalyst system. The new route allowed for decagrams of ligands 

to be accessed with no column chromatography and ultimately allowed the large-scale screening 

of these compounds for photocrystallography (vide infra) and selective C–H activations by other 

members of the lab in the future. 

 

4.3 Photocrystallographic Observation of C–H Activation by a Chlorine Radical in the Solid 
State  

A five-coordinate iron complex with a pyridine diimine (PDI) ligand platform is presented 

that establishes the utility of these compounds in metal-halogen bond activation. By tailoring the 

secondary coordination sphere, the activation of a C–H bond is photocrystallographically observed 

as the primary photoproduct of M–X bond activation. These photocrystallography results provide 

the first structural characterization of a C–H activation in the solid state. The putative C–H 

activation was further confirmed by solid state EPR, 57Fe Mössbauer, 1H NMR, HRMS and 

transient absorption measurements showing the presence of a carbon centered radical and the 

formation of a reduced iron center. Molecular Dynamics (MD) calculations based on Density 

Functional Theory (DFT) were performed and corroborate the observed trajectory and reactivity 

of the photogenerated halide radical. To this end, compound 10–FeIII–PDI was synthesized 

analogously to the isosteric cationic FeIII–PDI series by treatment of 10–PDI with FeCl3 and 

AgPF6 in dichloromethane at room temperature for 1 h with rapid stirring in the dark. A dark red 

solution was obtained that could be layered with pentane to afford parallelepiped crystals. 

 

 



 –157– 

 

4.3.1 Transient Absorption Spectroscopy to Probe a Transient Cl•|Arene Interaction 

Transient absorption measurements (Figure 4.12) performed with thin films of 10–FeIII–

PDI show the growth of a signal at 440 nm that proceeds to decay over 50 µs, consistent with 

previously observed Cl•|arene interactions in the work of Hwang et al. performed in our group.1  

 

Figure 4.12 Transient absorption spectrum of a thin film 10–FeIII–PDI at 200-50,000 ns showing 
the growth of an absorption feature consistent with an Ar–Cl• interaction (left). Transient 
absorption spectrum at 30 ns with the spectrum at 50,000 ns subtracted to remove the permanent 
bleach feature at ~350nm (right).  

This signal then evolves into a bleach signal, likely as the kinetically trapped Cl• reacts with the 

methyl groups of the ligand to yield a benzyl radical product. In an effort to see if we could 

structurally characterize either the putative Ar–Cl• interaction or the latent carbon centered radical 

photoproduct we turned to photocrystallography. 

 

4.3.2 Photocrystallographic Observation of Photohalogen Elimination and C–H Abstraction 
Reaction in the Solid State 

 We set out to use X-ray photocrystallographic techniques and complex 10–FeIII–PDI to 

structurally characterize a putative Cl•|arene charge transfer complex between the photo-
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eliminated apical chloride and a pendant mesityl ring. Crystals of 10–FeIII–PDI were mounted 

under a liquid He (20 K) cryostream on an undulator beamline (ChemMatCARS) at the Advanced 

Photon Source (Figure 4.13) 

 

Figure 4.13 Photograph of the photocrystallographic set up at ChemMatCars Beamline 15 at the 
Advanced Photon Source at Argonne National Lab showing the 20 K helium cryostream (cyan), 
the fiber optic delivering the excitation light source (purple), and the X–ray beam coming from the 
synchrotron (red). 

A solid-state crystal structure was first collected in the dark prior to any illumination. The same 

crystal was then subjected to illumination with 365 nm laser light for 20 min intervals with 

concomitant data collection. The light source was then removed and a dark structure collected to 

observe if any of the aforementioned structural changes observed during illumination relaxed back 

to a ground state. 

Upon refinement against the dark structure, two new Q-peaks were observed to grow in at 

a distance of 3.292(9) Å (Cl–close) and 6.906(1) Å (Cl–far) from the iron center (Figure 4.14).  
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Figure 4.14 Photocrystallographic observation of chlorine atom photo-elimination and reaction 
with the methyl ring of the 2,6-dimethylanilido group of the ligand and the mesityl ring of a nearby 
complex. Iron (orange), chlorine (green), phosphorous (orange), fluorine (yellow–green), carbon 
(grey), nitrogen (blue), and hydrogen(white). 

A cycle of light and dark structures was repeated 8 times on the same crystal without removal from 

or repositioning of the goniometer head. Throughout all of these cycles, it was observed that the 

two new major peaks continued to increase in population over the course of 9.5 h and fully 

persisted when the light source was removed (Figure 4.15). These peaks were assigned to photo–

eliminated chlorine atoms, supported by the observation of equivalent electron density loss from 

the apical chloride bound to the iron center. Additionally, new electron density below the FeIII 

center was assigned to a putative FeII center forming with relaxation of the metal center into the 

PDI N3 plane, as had also been observed for the isosteric cationic FeII-PDIs. The pseudo square-

planar cationic FeII center generated upon loss of chloride appears to form a weak interaction with 

the nearby PF6 counterion (Figure 4.14). The dark structure after illumination showed retention of 

the photoexcited product.  
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Figure 4.15 Plot showing the chemical occupancy of Cl-far as a function of irradiation time with 
intermittent dark structures demonstrating the irreversible nature of the photo-reaction. 

The chlorine atom closest to the iron center (Cl-close) had a final population of 5.36(10)% while 

the one furthest from the iron center (Cl-far) had a final population of 11.38(10)% (Figure 4.14). 

Interestingly, neither of these chlorine atoms were within range of the secondary sphere arene rings, 

so as to be interacting in a Cl•|arene charge transfer complex. Rather, we noticed that Cl-close was 

2.504(17)Å (C–Cl-close) from the carbon of the methyl group of the PDI while Cl-far was 

2.888(9)Å (C–Cl-far) from the carbon of the methyl group on the mesityl ring of the neighboring 

complex. These distances are shorter than the combined van der Waals radii of carbon and chlorine 

(3.45Å). This observation coupled with the aforementioned irreversibility of the reaction and 

buildup of electron density leads us postulate that a radical C–H activation product has been 

captured by photocrystallography. Rather than Cl•, we account for the photocrystallographic 

observations to be a HCl hydrogen bound to a benzylic radical generated by H-atom abstraction. 

Additional measurements were undertaken to confirm that HCl and an attendant carbon centered 
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benzylic radical, rather than a lattice trapped Cl•.  

Bulk solid state EPR measurements were performed in an effort to observe the putative 

carbon centered radical and rule out the presence of a stabilized chlorine radical. A solid 

microcrystalline sample of 10–FeIII–PDI was sealed in a quartz EPR tube. A spectrum was 

acquired of the compound in the dark followed by one taken after irradiation with 390 nm light at 

room temperature (Figure 4.16).  

 

Figure 4.16 EPR spectrum of a microcrystalline sample of 10–FeIII–PDI irradiated over the course 
of 120 min. 

In the absence of irradiation, no radical species was detected. However, after sample irradiation, a 

single EPR signal appeared at 3500 G, indicative of a spin 1/2 carbon centered radical.35 Notably, 

a chlorine atom radical would be expected to appear at ~5000 G; no signal is observed in this 

region of the spectrum.36  As was the case for photocrystallography experiments, the radical 

character persisted even after irradiation was halted, suggesting a long-lived trapped carbon based 

radical.  
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To confirm that the metal species generated upon halogen radical elimination from the FeIII 

center was indeed FeII, a thin film of the compound was prepared so that the photolysis surface 

area could be maximized. Irradiation with 365nm light for 24 h caused discoloration of the thin 

film; the red color is characteristic of the cationic FeIII–PDI (Figure 4.17).  

 

Figure 4.17 Pictures of the progression of a thin film photolysis of 10–FeIII–PDI in a sealed glass 
tube over the course of 24 h.  

The resulting photolyzed solid was isolated in a glovebox and analyzed by 57Fe Mössbauer 

spectroscopy. The 57Fe Mössbauer spectrum of starting compound 10–FeIII–PDI shows a broad 

asymmetric peak supporting the presence of a single iron environment with an isomer shift, δ = 

0.39 mm s−1 and a quadrupole splitting, |ΔEQ| = 0.89 mm s−1, results that are in line with other 

five-coordinate S = 5/2 FeIII complexes.37 The irradiated film shows 53% remaining FeIII starting 

material and the appearance of a quadrupole doublet that accounts for the remaining 47% of the 

sample with an isomer shift of δ = 1.36 mm s−1 and a quadrupole splitting, |ΔEQ| = 1.79 mm s−1 

(Figure 4.18). 
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Figure 4.18 57Fe Mössbauer spectrum of a thin film of 10–FeIII–PDI that was photolyzed for 24 
h showing conversion of FeIII starting material (blue) to FeII photo-product (green). 

This quadrupole doublet shifted to more positive isomer shifts is characteristic of a FeII center and 

demonstrates conversion to a single FeII species upon irradiation and Cl• loss. That FeII is indeed 

generated in the bulk sample and that Cl• is likely eliminated with the observation of a persistent 

putative benzylic radical led us to further investigate the fate of the activated C–H bond. To this 

end, we repeated the thin film experiments followed by a quench step in which the solid was 

dissolved in oxygen free dichloromethane. Since the thin film reaction does not go to full 

conversion, we postulated that the putative benzylic radical generated in the solid state would react 

with unreacted 10–FeIII–PDI in solution by abstracting a chlorine atom from the cationic FeIII 

center to yield a benzylic chloride. The resulting quenched solution was treated with excess 

chelating silica to remove paramagnetic iron, and the demetallated solution was subjected to 1H 

NMR and high-resolution mass spectrometry (HRMS). The mass spectrum (Figure 4.19) shows 
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the presence of a chlorinated ligand as evidenced by the correct chlorine isotope pattern and a m/z 

peak that is consistent with mono-chlorination of a C–H position. 

 

Figure 4.19 HRMS spectrum showing chlorination of the ligand upon thin film photolysis (bottom) 
and absence of chlorination for the dark control (top). Observed chlorinated mass matches exactly 
with the replacement of an H-atom on the ligand with a chlorine atom. 

Furthermore, the 1H NMR (Figure 4.20) spectrum shows two primary resonances at 4.35 ppm and 

4.46 ppm, consistent with two uniquely chlorinated benzylic positions.  
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Figure 4.20 1H NMR spectrum showing chlorination of the ligand upon thin film photolysis (top) 
and absence of chlorination for the dark control (bottom). 

Control experiments were performed by following the same experimental procedure, but samples 

were not exposed to light. The control experiments showed only trace chlorinated species by 

HRMS and no chlorinated species by 1H NMR. The observation of the trace species is attributed 

to exposure of samples to ambient light. The overall photoreaction, summarized in Figure 4.21, 

proceeds via the generation of Cl• resulting from photohalogen elimination from 10–FeIII–PDI, 

followed by C–H abstraction to generate an equivalent of HCl and a lattice trapped benzylic radical, 

and finally by reaction of the benzylic radical upon dissolution to yield chlorinated ligand. 
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Figure 4.21 Reaction scheme depicting the overall reaction occurring in the thin film experiments 
depicted in Figure 4.17 to yield the chlorinated ligand observed by 1H NMR and HRMS. 
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With the terminal photoproduct identified, efforts turned to providing insight into the reaction 

pathway on the short time-scales, in the early moments after photoelimination of the chlorine 

radical.  

 

4.3.3 Molecular Dynamics Calculations Based on DFT  

To understand the trajectory of the photo–eliminated chlorine radical, first principles 

Molecular Dynamics based on Density Functional Theory (MD–DFT) simulations were performed 

by our collaborator at UC Davis. The computations began from the coordinates provided by the 

experimentally derived crystal structure, and made use of all 452 atoms in the unit cell. Notably, 

this MD–DFT calculation making use of the entire lattice starting from experimentally derived 

positions represents a substantial computational undertaking. By maintaining the effects of crystal 

lattice confinement on the system, we were more accurately modeling the photoexcited system 

than if we simply modeled the photoexcitation in vacuum or using implicit solvation. 

Photoexcitation of the sample was modeled by providing the apical chlorine atom with the energy 

equivalent to a 365 nm photon, with the energy directed along the initial Fe–Cl bond vector. A 

subsequent 2.0 picosecond run revealed the rapid ejection of a chlorine atom to form a η1-Cl•|arene 

adduct with the mesityl rings of adjacent ligand. The MD–DFT simulation suggested that rather 

than direct C–H abstraction by the photogenerated Cl•, an intermediate arene adduct forms and 

may be long-lived enough to observe experimentally. Indeed, this kinetically trapped adduct was 

found to be sufficiently stable to observe via fast transient spectroscopic methods (see Section 

4.4.3). DFT calculations performed on a simplified version of the PDI system, namely mesitylene 

and Cl•, with the BH&HLYP functional suggests that the terminal thermodynamically downhill 
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product is the C–H abstraction to generate HCl|ArCH2• (Figure 4.22), as we observe 

experimentally. 

 

Figure 4.22 Computationally modelled (BH&HLYP) structures of the two possible scenarios 
observed in the photocrystallography experiments: a Mes•–HCl adduct (top left) or a Mes–Cl• 
complex (top right). A relative energy reaction coordinate for above computed structures showing 
the most stable conformation to be the Mes•–HCl adduct (bottom). 

Minimized energy structures (Figure 4.22) support the crystallographic assignment of a C–H 

activation product and HCl, oriented towards an activated methyl group at a distance of 2.888(9) 

Å. The shorter C–Cl distance observed experimentally by photocrystallography compared to the 

one calculated for the Mes•–HCl adduct can be rationalized due the confinement effects of the 
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crystal lattice that are not present in the MD calculation. Overall, these calculations are in 

agreement with previous computational work regarding the interaction of halogen radicals with 

toluene and benzene. 38 , 39  Further MD–DFT simulations involving multiple repeated Cl• 

trajectories will be necessary to obtain quantitative estimates of the free energy barriers of C–H 

abstraction by the photoeliminated Cl•. 

 

4.3.4 Concluding Remarks 

The combination of the TA results on short timescales and the photocrystallography results 

on longer timescales agree well with the aforementioned MD–DFT calculations, painting a full 

picture of the reaction pathway of the photo-eliminated halogen radical. Overall, the ejected Cl• 

forms a short lived kinetically trapped Ar–Cl• interaction that then proceeds thermodynamically 

downhill to the structurally observed Mes•–HCl product. Our group’s wide breadth of research 

expertise and access to myriad analytical techniques has uniquely positioned us to study the full 

trajectory of this photohalogen elimination and characterize numerous intermediates along the 

reaction pathway (Figure 4.23) In summary, leveraging our group’s long standing history of ultra-

fast TA spectroscopy we were able to observe a Cl•|arene interaction as the kinetic product of 

photohalogen elimination from a cationic FeIII center. This transient Cl•|arene species was 

observed to decay over 50 µs as the reactive Cl• ultimately abstracted a hydrogen atom from the 

weak C–H bonds of the ligand. Photocrystallography proved to be a powerful tool to further 

characterize the reactive intermediates generated along the photo–elimination reaction trajectory. 

This technique allowed for the structural observation the C–H activation of two separate benzylic 

C–H bonds of the ligand construct by the photo–eliminated chlorine. To probe the nature of the 

trapped benzylic radical species in the bulk sample, photolysis of a microcrystalline sample was 
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undertaken and the resulting product analyzed by EPR and Mössbauer spectroscopies. The 

presence of a S=1/2 signal centered at 3500 G in the EPR spectrum gave credence to our 

assignment of the photoproduct by crystallography as a benzylic radical. Additionally, the 

observation of a single FeII signal by 57Fe Mössbauer as the result of photolysis was in line with 

our assignment of Cl• loss from a cationic FeIII center with concomitant reduction of the metal. 

Finally, in order to understand the intermediate timescales of the reaction, in which the kinetically 

trapped Cl• proceeds to abstract a hydrogen atom from the ligand, we performed MD–DFT 

calculations whose results were consistent with our experimental work at short (µs) and long (h) 

timescales. 
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Figure 4.23 Summary of the spectroscopic (TA, EPR, 57Fe Mössbauer), structural 
(photocrystallography), and computational (MD–DFT) techniques utilized to characterize the 
transient intermediates generated as a result of photohalogen elimination and C–H bond activation. 

Overall using a combination of structural, spectroscopic, and computational methods we 

have elucidated the putative trajectory of a photo-eliminated halogen and its interaction with the 
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metal-ligand construct. We believe this will greatly inform the development of photocatalysts for 

C–H activation using inexpensive first row transition metal catalysts and work is ongoing to 

remove all weak C–H bonds from the secondary coordination sphere in order to structurally isolate 

the Cl•|arene interaction. Future efforts will additionally target a deuterated version of the mesityl 

ligand (10) in which all the CH3 groups are replaced with CD3 groups. The large kinetic isotope 

effects expected for the hydrogen atom abstraction reaction should lead to a slower abstraction by 

the photogenerated Cl•. This slower abstraction coupled with our ability to probe a rate constant 

for the abstraction reaction with TA methods, will give us further insight into the nature of the 

Cl•|arene interaction. Furthermore, ongoing upgrades at the ChemMatCARS beamline at Argonne 

National Laboratory will enable time-resolved photocrystallography experiments allowing for the 

structural characterization of the intermediates after photoelimination of Cl• but before the C–H 

abstraction reaction. Finally, photo-neutron diffraction experiments, allowing for the direct 

observation of hydrogen atoms,  will be attempted at Oak Ridge National Laboratory to structurally 

characterize the activated CH3 groups and the interaction of the resultant carbon centered radical 

with HCl.  
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4.4 Experimental Details 

4.4.1 General Methods 

4-Trifluoromethyl-pyridine, 4-bromopyridine hydrochloride, and 2,6-diiodo-

chlorobenzene were obtained from Oakwood Chemical, and 4-chloropyridine hydrochloride, 4-

tert-butyl-pyridine, silver nitrate, pyruvic acid, sodium persulfate, ammonium persulfate, boronic 

acids, and solvents were obtained from Sigma Aldrich. Palladium SPhos G4 was obtained from 

Strem Chemical All chemicals were used without further purification. Nucleophilic aromatic 

substitutions were carried out in sealed heavy-walled reaction flasks (Chemglass Part # CG-1880-

R-03) fitted with perfluoro O-rings (Chemglass part #CG-309-220). Condensations utilized a short 

path Dean-Stark trap (Chemglass Part# CG-1258-01). Cross coupling reactions were carried out 

in standard Chemglass Schlenk flasks with ground glass joints. Silica plugs were run using Sigma 

Aldrich silica gel pore size 60 Å 230-400 mesh particle size 40-63 µm and dry loaded to afford 

maximum separation. Columns were dry-loaded using Silicycle SiliaSphere PC 60A and run on a 

Biotage Isolera One Instrument using Snap Ultra Column Cartridges. Thin layer chromatography 

was performed using Analtech aluminum backed fluorescent silica gel (UV254). All reactions 

were heated in temperature controlled silicone oil baths where the oil level reached at least ¾ of 

the reaction volume at any time. All cross coupling reactions were performed under a dynamic 

dinitrogen atmosphere using a Schlenk line.  

 
4.4.2 Synthetic Details 

4-Chloro-2,6-diacetylpyridine (2-Cl). 4-Chloropyridine hydrochloride (1-Cl•HCl) (200 

mmol, 30.0 g, 1.00 equiv) was dissolved in 300 mL of deionized water. The solution was then 

basified using saturated sodium carbonate to a pH of 9. The resulting basified mixture was 

extracted (3 × 150 mL) with dichloromethane, which was then extracted (3 × 330 mL) with 0.5 M 
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sulfuric acid. This sulfuric acid solution was added to a 2 L two-neck flask equipped with a large 

magnetic stir bar. While stirring, pyruvic acid (800 mmol, 70.5 g, 4.00 equiv) and silver nitrate 

(20.0 mmol, 3.40 g, 10.0 mol% dissolved in 300 mL of deionized water) were added. If a thick 

white precipitate forms (AgCl), the reaction should be started over and greater care should be taken 

to exclude all chloride in the anion exchange steps described above. Finally, sodium persulfate 

(800 mmol, 190 g, 4.00 equiv) was added all at once with vigorous stirring. After approximately 

15 min, carbon dioxide was observed to evolve from the reaction. The reaction was allowed to stir 

overnight resulting in a dark green precipitate and yellow-green solution. The solution was filtered 

and the precipitate was washed with 150 mL of dichloromethane. The resulting filtrate was basified 

to pH 10 using saturated sodium hydroxide. This leads to a warming of the solution and a change 

in color to dark red/brown. Once cooled to room temperature, the solution was extracted (3 × 300 

mL) with CH2Cl2 and the extracts combined with the previous wash of the precipitate and filtered 

through a short silica pad (3´´). The filtrate was dried over sodium sulfate and dry-loaded onto 

silica. A column was charged with the dry-loaded compound on silica and the compound was 

purified by column chromatography using neat CH2Cl2. The first compound to come off the 

column is the desired product. The fractions were evaporated to dryness to yield 2-Cl as a white 

solid that could be recrystallized from pentane at –20 °C to yield white needles (10.2 g, 26.1 % 

yield). 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 8.16 (s, 2H), 2.76 (s, 6H).  

4-Chloro-2,6-bis(2-methyl-1,3-dioxolan-2-yl)pyridine (3). A 500 mL round bottom flask 

was charged with 2-Cl (6.45 g, 32.6 mmol, 1.00 equiv), ethylene glycol (28.0 mL, 490 mmol, 10.0 

equiv), p-toluenesulfonic acid (2.28 mmol, 435 mg, 7.00 mol%), and toluene (300 mL). The flask 

was equipped with a large Dean-Stark trap (25 mL collection volume) and a reflux condenser. The 

top of the condenser was sealed with a septum and a gentle nitrogen flow via a syringe needle was 
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maintained during the reaction. The reaction was heated at 145 °C for 24 h, and then the solution 

was cooled to room temperature, the solvent was evaporated, and the remaining oil was dissolved 

in CH2Cl2. This solution was washed with saturated NaHCO3, dried over sodium sulfate and the 

solvent was evaporated to furnish a clear oil that was loaded onto a silica column and purified 

using CH2Cl2/EtOAc (1 column volume (CV) CH2Cl2, 10 CV 0→20% EtOAc in CH2Cl2, 2 CV 

20% EtOAc). The product elutes as the second spot. Residual toluene will give a false positive 

during the first column volume. The desired fractions were isolated and evaporated to yield 3 (7.74 

g, 83.1% yield) as a white powder. 1H NMR (CH2Cl2-d2, 23 °C) δ (ppm): 7.50 (s, 2H), 4.07 (m, 

4H), 3.89 (m, 4H), 1.68 (s, 6H).  

4-Bromo-2,6-diacetylpyridine (2-Br). 4-Bromopyridine hydrochloride (1-Br•HCl) (38.9 

g, 200 mmol, 1.00 equiv) was dissolved in 300 mL of deionized water. The solution was then 

basified using saturated sodium carbonate to a pH of 9. The resulting basified mixture was 

extracted (3 × 100 mL) with dichloromethane, which in turn was then extracted (3 × 330 mL) with 

0.5 M sulfuric acid. This sulfuric acid solution was added to a 2 L two-neck flask equipped with a 

large stir bar. While stirring, pyruvic acid (70.8 g, 800 mmol, 3.00 equiv) and silver nitrate (3.40 

g, 20.0 mmol, 10.0 mol% dissolved in 200 mL of deionized water) were added. Should a thick 

white precipitate form at this point (AgCl) the reaction needs to be started over and greater care 

needs to be taken in the anion exchange steps described above to exclude all chloride. Finally, 

sodium persulfate (143 g, 600 mmol, 3.00 equiv) was added all at once with vigorous stirring. 

After approximately 15 min, carbon dioxide was seen evolving from the reaction. The reaction is 

allowed to stir overnight resulting in a dark green precipitate and yellow-green solution. The 

reaction is filtered and the precipitate is washed with 150 mL of dichloromethane. The resulting 

filtrate is basified to pH 10 using saturated sodium hydroxide. This leads to a warming of the 
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solution and a change in color to dark red/brown. Once cooled to room temperature the solution 

was extracted (3 × 300 mL) with CH2Cl2 and the extracts combined with the previous wash of the 

precipitate and filtered through a short silica pad (3´´). The filtrate was dried over sodium sulfate 

and dry-loaded onto silica. A column was charged with the dry-loaded compound on silica and the 

compound was purified by column chromatography using neat CH2Cl2. The first compound to 

come off the column is the desired product. The fractions were evaporated to dryness to yield 2-

Br (7.50 g, 16.2% yield) as a white solid. 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 8.33 (s, 2H), 2.75 

(s, 6H). 13C NMR (CD2Cl2-d2, 23 °C) δ (ppm): 198.52, 154.09, 135.69, 128.26, 25.98. HR-

MS(+ESI): calcd for C9H8BrNO2, [M+H]+, m/z 241.9811; found, m/z 241.9807. 

4-Trifluoromethyl-2,6-diacetylpyridine (2-CF3). 4-Trifluoro-methylpyridine (1-CF3) 

(25.0 g, 170 mmol, 1.00 equiv) was dissolved in 1 L of 0.5 M sulfuric acid. While stirring, pyruvic 

acid (44.9 g, 510 mmol, 3.00 equiv) and silver nitrate (2.90 g, 16.9 mmol, 10.0 mol% dissolved in 

200 mL of deionized water) were added. Finally, sodium persulfate (122 g, 510 mmol, 3.00 equiv) 

was added all at once with vigorous stirring. After approximately 15 min, carbon dioxide was seen 

evolving from the reaction. The reaction is allowed to stir overnight resulting in a yellow-green 

solution. The reaction was basified to pH 10 using saturated sodium hydroxide. This leads to a 

warming of the solution and a change in color to dark red/brown and an iridescent sheen due to 

the formation of silver byproducts. Once cooled to room temperature, the solution was extracted 

(3 × 300 mL) with CH2Cl2 and the extracts combined and filtered through a short silica pad (3´´). 

Note, the CH2Cl2 layer may contain dredges of silver byproducts, however they are removed by 

the silica pad. The red/orange filtrate was dried over sodium sulfate and dry-loaded onto silica. A 

column was charged with the dry-loaded compound on silica and the compound was purified by 

column chromatography using neat CH2Cl2. The first compound to come off the column was the 
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desired product. The fractions were evaporated to dryness to yield 2-CF3 as a white solid that was 

recrystallized from pentane at –20 °C to yield white colorless needles (18.3 g, 47.8% yield). 1H 

NMR (CD2Cl2-d2, 23 °C) δ (ppm): 8.42 (s, 2H), 2.83 (s, 6H). 19F NMR (CD2Cl2-d2, 23 °C) δ (ppm): 

-65.10 (s, 3F). 

4-tert-Butyl-2,6-diacetylpyridine (2-tBu). 4-Tert-butyl-pyridine (1-tBu) (25.0 g, 185 

mmol, 1.00 equiv) was dissolved in 1 L of 0.5 M sulfuric acid. While stirring, pyruvic acid (48.9 

g, 555 mmol, 3.00 equiv) and silver nitrate (3.15 g, 18.5 mmol, 10.0 mol% dissolved in 200 mL 

of deionized water) were added. Finally, sodium persulfate (133 g, 555 mmol, 3.00 equiv) was 

added all at once with vigorous stirring. After approximately 15 min, carbon dioxide was seen 

evolving from the reaction. The reaction is allowed to stir overnight resulting in a yellow-green 

solution. The reaction was basified to pH 10 using saturated sodium hydroxide. This leads to a 

warming of the solution and a change in color to dark red/brown and an iridescent sheen due to 

the formation of silver byproducts. Once cooled to room temperature the solution was extracted (3 

× 300 mL) with CH2Cl2 and the extracts combined and filtered through a short silica pad (3´´). 

Note, the CH2Cl2 layer may contain dredges of silver byproducts, however they are removed by 

the silica pad. The red/orange filtrate was dried over sodium sulfate and dry-loaded onto silica. A 

column was charged with the dry-loaded compound on silica and the compound was purified by 

column chromatography using neat CH2Cl2. The first compound to come off the column was the 

desired product. The fractions were evaporated to dryness to yield (2-tBu) as a white solid (6.70 g, 

17.3% yield). 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 8.21 (s, 2H), 2.76(s, 6H), 1.37 (s, 12H). 

4-Methoxy-2,6-diacetylpyridine (4-OMe). To a 200 mL heavy walled pressure flask 

equipped with a stir bar was added 3 (3.00 g, 10.5 mmol, 1.00 equiv), sodium methoxide (10.0 g, 

185 mmol, 17.0 equiv) and dimethylsulfoxide (75 mL). The reaction was sealed and heated at 
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110 °C for 12 h, cooled to room temperature and added to 400 mL of distilled water. The reaction 

was extracted with CH2Cl2 (3 × 150 mL), the organics combined and dried over sodium sulfate 

and evaporated to dryness. This oil was then dissolved in stock hydrochloric acid and water (20 

mL) was added, and the solution placed in 200 mL heavy walled pressure flask. The reaction 

mixture was stirred at 80 °C for 4 h. The reaction was basified to pH 10 with saturated sodium 

carbonate and extracted with CH2Cl2 (3 × 150 mL). The combined organic fractions were filtered 

through a short silica pad (2´´), dried over sodium sulfate, and evaporated to yield a clear oil that 

crystallizes upon standing. The isolation of solid can be accelerated by re-dissolving the oil in 

pentane and re-evaporating the solution to azeotrope off the CH2Cl2, yielding 4-OMe as a white 

powder (1.87 g, 92.0% yield). 1H NMR (DCM-d2, 23 °C) δ (ppm): 7.68 (s, 2H), 3.95 (s, 3H), 

2.74(s, 6H). 13C NMR (CD2Cl2-d2, 23 °C) δ (ppm): 199.73, 168.13, 155.20, 110.71, 56.56, 26.07. 

HR-MS(+ESI): calcd for C10H11NO3, [M+H]+, m/z 194.0812; found, m/z 194.0806. 

4-Dimethylamino-2,6-diacetylpyridine (4-NMe2). To a 200 mL heavy walled pressure 

flask equipped with a stir bar was added 3 (3.00 g, 10.5 mmol, 1.00 equiv), sodium hydroxide (6 

g mmol), 40% dimethylamine in water (30 mL) and dimethylsulfoxide (50 mL). The reaction was 

sealed and heated at 110 °C for 12 h, cooled to room temperature and added to 400 mL of distilled 

water. The reaction was extracted with DCM (3 × 150 mL), the organics combined and dried over 

sodium sulfate and evaporated to dryness. This oil was then dissolved in stock hydrochloric acid 

and water (20 mL) was added, and the solution placed in 200 mL heavy walled pressure flask. The 

reaction mixture was stirred at 80 °C for 4 h. The reaction was basified to pH 10 and extracted 

with CH2Cl2 (3 × 150 mL). The combined organic fractions were filtered through a short silica pad 

(2´´), dried over sodium sulfate, and evaporated to yield a clear oil that crystallizes upon standing. 

The isolation of solid can be accelerated by re-dissolving the oil in pentane and re-evaporating the 
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solution to azeotrope off the CH2Cl2, yielding 4-NMe2 as an off-white powder (1.71 g, 79.0% 

yield). 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 7.38 (s, 2H), 3.09 (s, 6H), 2.71 (s, 6H).  

4-Trifluoromethylpyridine-2,6-diimine (5-CF3). A 500 mL round bottom flask equipped 

with a stir bar was charged with 2-CF3 (1.08 g, 4.67 mmol, 1.00 equiv), p-toluenesulfonic acid 

(0.470 mmol, 10.0 mol%), 2,6-dimethylaniline (14.0 mmol, 3.00 equiv), and toluene (300 mL). 

This mixture was heated at 145 °C using a short path Dean-Stark apparatus with a reflux condenser 

attached to the top. The top of the condenser was sealed with a septum and a gentle nitrogen flow 

via a syringe needle was maintained during the reaction. The reaction was allowed to run for 12 h 

causing a gradual color change to bright yellow. The reaction was cooled to room temperature, the 

solvent removed, and the resulting thick oil re-dissolved in CH2Cl2 (100 mL). This solution was 

washed with saturated NaHCO3. The CH2Cl2 layer was then dried over sodium sulfate and 

evaporated to yield a yellow oil that immediately begins to crystallize. A small amount (100 mL) 

of methanol was added to cause total precipitation of a bright yellow powder. The solid was 

isolated by filtration to yield 5-CF3 (1.51 g, 73.0% yield) as a bright yellow powder. 1H NMR 

(CD2Cl2-d2, 23 °C) δ (ppm): 8.73 (s, 2H), 7.08 (d, 24H), 6.97 (t, 2H), 2.25 (s, 6H), 2.04 (s, 12H). 

13C NMR (CD2Cl2-d2, 23 °C) δ (ppm): 166.81, 157.22, 149.03, 140.01 (d), 128.48, 125.82, 123.84, 

118.31, 18.20, 16.85. 19F NMR (CD2Cl2-d2, 23 °C) δ (ppm): –64.73 (m, 3F) HR-MS(+ESI): calcd 

for C26H27F3N3, [M+H]+, m/z 438.2152; found, m/z 438.2143. 

4-Chloropyridine-2,6-diimine (5-Cl). A 500 mL round bottom flask equipped with a stir 

bar was charged with 2-Cl (1.03 g, 5.18 mmol), p-toluenesulfonic acid (0.520 mmol, 10.0 mol%), 

2,6-dimethylaniline (15.5 mmol, 3.00 equiv), and toluene (300 mL). This mixture was heated at 

145 °C using a short path Dean-Stark apparatus with a reflux condenser attached to the top. The 

top of the condenser was sealed with a septum and a gentle nitrogen flow via a syringe needle was 
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maintained during the reaction. The reaction was allowed to run for 12 h causing a gradual color 

change to bright yellow. The reaction was cooled to room temperature, the solvent removed, and 

the resulting thick oil re-dissolved in CH2Cl2 (100 mL). This solution was washed with saturated 

NaHCO3. The CH2Cl2 layer was then dried over sodium sulfate and evaporated to yield a yellow 

oil that immediately begins to crystallize. A small amount (100 mL) of methanol was added to 

cause total precipitation of a bright yellow powder. The solid was isolated by filtration to yield 5-

Cl (1.54 g, 74.4% yield) as a bright yellow powder. 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 8.49 (s, 

2H), 7.08 (d, 4H), 6.95 (3, 2H), 2.21 (s, 6H), 2.03 (s, 12H). 13C NMR (CD2Cl2-d2, 23 °C) δ (ppm): 

166.80, 157.19, 149.12, 145.71, 128.44, 125.83, 123.72, 122.79, 18.21, 16.87. HR-MS(+ESI): 

calcd for C25H27ClN3, [M+H]+, m/z 404.1888; found, m/z 404.1883. 

4-Bromopyridine-2,6-diimine (5-Br). A 500 mL round bottom flask equipped with a stir 

bar was charged with 2-Br (1.13 g, 4.70 mmol, 1.00 equiv), p-toluenesulfonic acid (0.470 mmol, 

10.0 mol%), 2,6-dimethylaniline (14.1 mmol, 3.00 equiv), and toluene (300 mL). This mixture 

was heated at 145 °C using a short path Dean-Stark apparatus with a reflux condenser attached to 

the top. The top of the condenser was sealed with a septum and a gentle nitrogen flow via a syringe 

needle was maintained during the reaction. The reaction was allowed to run for 12 h causing a 

gradual color change to bright yellow. The reaction was cooled to room temperature, the solvent 

removed, and the resulting thick oil re-dissolved in CH2Cl2 (100 mL). This solution was washed 

with saturated NaHCO3. The CH2Cl2 layer was then dried over sodium sulfate and evaporated to 

yield a yellow oil that immediately begins to crystallize. A small amount (100 mL) of methanol 

was added to cause total precipitation of a bright yellow powder. The solid was isolated by 

filtration to yield the product (1.50 g, 71.2% yield) as a bright yellow powder. 1H NMR (CD2Cl2-

d2, 23 °C) δ (ppm): 8.65 (s, 2H), 7.08 (d, 4H), 6.95 (d, 2H), 2.20 (s, 6H), 2.03 (s, 12H). 13C NMR 
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(CD2Cl2-d2, 23 °C) δ (ppm): 166.73, 156.88, 149.10, 134.35, 128.42, 125.83, 123.70, 18.19, 16.84. 

HR-MS(+ESI): calcd for C25H27BrN3, [M+H]+, m/z 448.1383; found, m/z 448.1375. 

4-tert-Butylpyridine-2,6-diimine (5-tBu). A 500 mL round bottom flask equipped with a 

stir bar was charged with 2-tBu (1.41 g 6.43 mmol), p-toluenesulfonic acid (0.330 mmol, 10.0 

mol%), 2,6-dimethylaniline (19.3 mmol, 3.00 equiv), and toluene (300 mL). This mixture was 

heated at 145 °C using a short path Dean-Stark apparatus with a reflux condenser attached to the 

top. The top of the condenser was sealed with a septum and a gentle nitrogen flow via a syringe 

needle was maintained during the reaction. The reaction was allowed to run for 12 h causing a 

gradual color change to bright yellow. The reaction was cooled to room temperature, the solvent 

removed, and the resulting thick oil re-dissolved in CH2Cl2 (100 mL). This solution was washed 

with saturated NaHCO3. The CH2Cl2 layer was then dried over sodium sulfate and evaporated to 

yield a yellow oil that immediately begins to crystallize. A small amount (100 mL) of methanol 

was added to cause total precipitation of a pale yellow powder. The solid was isolated by filtration 

to yield 5-tBu (1.92 g, 71.0% yield) as a pale yellow powder. 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 

8.52 (s, 2H), 7.08 (d, 4H), 6.93 (d, 2H), 2.22 (s, 6H), 2.05 (s, 12H), 1.45 (s, 9H). 13C NMR (CD2Cl2-

d2, 23 °C) δ (ppm): 167.99, 161.71, 155.84, 149.56, 128.39, 125.98, 123.41, 119.70, 35.79, 31.06, 

18.25, 17.03. HR-MS(+ESI): calcd for C29H36N3, [M+H]+, m/z 426.2904; found, m/z 426.2898. 

4-Methoxypyridine-2,6-diimine (5-OMe). A 500 mL round bottom flask equipped with 

a stir bar was charged with 4-OMe (1.10 g, 5.69 mmol), p-toluenesulfonic acid (0.570 mmol, 10.0 

mol%), 2,6-dimethylaniline (17.1 mmol, 3.00 equiv), and toluene (300 mL). This mixture was 

heated at 145 °C using a short path Dean-Stark apparatus with a reflux condenser attached to the 

top. The top of the condenser was sealed with a septum and a gentle nitrogen flow via a syringe 

needle was maintained during the reaction. The reaction was allowed to run for 12 h causing a 
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gradual color change to dark yellow. The reaction was cooled to room temperature, the solvent 

removed, and the resulting thick oil re-dissolved in CH2Cl2 (100 mL). This solution was washed 

with saturated NaHCO3. The CH2Cl2 layer was then dried over sodium sulfate and evaporated to 

yield a dark yellow/orange oil that was dissolved in minimal methanol and cooled to –20 °C 

yielding dark yellow crystals. The crystals were isolated by filtration to yield 5-OMe (1.62 g, 70.5% 

yield) as a dark yellow powder. 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 8.02 (s, 2H), 7.07 (d, 4H), 

6.93 (d, 2H), 4.00 (s, 3H), 2.20 (s, 6H), 2.03 (s, 12H). 13C NMR (CD2Cl2-d2, 23 °C) δ (ppm): 

167.61, 157.57, 149.40, 128.39, 125.93, 123.46, 108.51, 56.26, 18.21, 16.99. HR-MS(+ESI): calcd 

for C26H30N3O, [M+H]+, m/z 400.2383; found, m/z 400.2379. 

4-Dimethylaminopyridine-2,6-diimine (5-NMe2). A 500 mL round bottom flask 

equipped with a stir bar was charged with 4-NMe2 (1.48 g, 7.17 mmol), p-toluenesulfonic acid 

(0.720 mmol, 10.0 mol%), 2,6-dimethylaniline (21.5 mmol, 3.00 equiv), and toluene (300 mL). 

This mixture was heated at 145 °C using a short path Dean-Stark apparatus with a reflux condenser 

attached to the top. The top of the condenser was sealed with a septum and a gentle nitrogen flow 

via a syringe needle was maintained during the reaction. The reaction was allowed to run for 12 h 

causing a gradual color change to pale yellow. The reaction was cooled to room temperature, the 

solvent removed, and the resulting thick oil re-dissolved in CH2Cl2 (100 mL). This solution was 

washed with saturated NaHCO3. The CH2Cl2 layer was then dried over sodium sulfate and 

evaporated to yield a pale yellow oil that immediately begins to crystallize. A small amount (100 

mL) of methanol was added to cause total precipitation of a white powder. The solid was isolated 

by filtration to yield 5-NMe2 (2.21 g, 74.2% yield) as a white powder. 1H NMR (CD2Cl2-d2, 23 °C) 

δ (ppm): 7.76 (s, 2H), 7.07 (d, 4H), 6.92 (d, 2H), 3.14 (s, 6H), 2.19 (s, 6H), 2.04 (s, 12H). 13C 

NMR (CD2Cl2-d2, 23 °C) δ (ppm): 168.50, 156.12, 149.67, 128.34, 126.02, 123.23, 105.23, 39.93, 
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18.23, 17.06. HR-MS(+ESI): calcd for C27H33N4, [M+H]+, m/z 413.2700; found, m/z 413.2693. 

4-(2,6-dichlorophenyl)pyridine (6). To a 1000 mL heavy walled pressure flask equipped 

with a large teflon stir bar was added 1,4-dioxane (600 mL) and water (150 mL). This solvent 

mixture was degassed with argon using a medium fritted gas dispersion tube by bubbling though 

the solution for 45 min. While under a blanket of argon gas, 2,6-dichloroiodobenzene (22.8 g, 83.7 

mmol, 1.00 equiv), pyridine-4-boronic acid hydrate (30.9 g, 251 mmol, 3.00 equiv), potassium 

phosphate (52.8 g, 251 mmol, 3.00 equiv) and Pd(dppf)Cl2 (6.12 g, 8.37 mmol, 10 mol%) were 

added. The reaction was sealed, heated at 95 °C for 24 h, cooled to room temperature, and added 

to 500 mL of distilled water. The reaction was extracted with ethyl acetate (3 × 300 mL), the 

organics combined, and dried over sodium sulfate, and dry loaded onto silica. The dry-loaded silica 

was suspended in hexane and evaporated to dryness again to remove trace EtOAc. The dry loaded 

silica was then placed on a pre-wetted 3in silica pad soaked in hexanes. The additional silica layer 

was then wet with hexanes and a silica plug was run using Ethyl Acetate/Hexanes 25% EtOAc in 

Hex. The filtrate was tested periodically for the presence of product. The combined filtrates were 

evaporated to dryness and triturated with pentane to afford 6 as a white powder (13.1 g, 70.0% 

yield). 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 8.70 (d, 2H), 7.45 (d, 2H), 7.31 (m, 1H), 7.21 (d, 

2H). 

4-(2,6-dichlorophenyl)-2,6-diacetylpyridine (7). To a 2000 mL three-neck round bottom 

flask equipped with a large Teflon Stir bar was added 6 (11.7 g, 51.2 mmol, 1.00 equiv), pyruvic 

acid (100 g, 1.14 mol, 22.3 equiv), silver nitrate (1.44 g, 8.50 mmol, 15 mol%), and 0.5 M sulfuric 

acid (800 mL). The mixture was stirred rapidly at room temperature and the flask was fitted with 

an addition funnel. In a separate flask ammonium persulfate (58.0 g, 255 mmol, 5.0 equiv) was 

dissolved in 200 mL of water (endothermic process). The solution was then added to the addition 
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funnel and added dropwise over the course of 4 h to the reaction mixture causing it to heat up and 

the evolution of gas (CO2) was noted. Once the full volume was added, an identical ammonium 

persulfate solution was prepared and added dropwise. After the second addition an additional 

charge of silver nitrate was added (1.44 g, 8.50 mmol, 15 mol%). The addition of persulfate 

solutions was continued and performed a total of 3 times (15 equiv), always monitoring the 

reaction so that excessive heating or gas evolution did not occur. Once the final addition was 

complete the reaction was allowed to stir overnight, extracted 4 times with DCM (300 mL) and 

dry-loaded on silica and a 4in silica plug was run with neat DCM flush. The resulting filtrate was 

concentrated, to an oil and triturated with pentane to yield 7 as a white solid that could be isolated 

by filtration (10.9 g, 69.2% yield). 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 8.14 (s, 2H), 7.49 (s, 2H), 

7.37 (m, 1H), 2.83 (s, 6H).  

General Cross Coupling Procedure for Diacetyl Pyrdines (8-13). To an oven-dried 200 

mL Schlenk flask equipped with a Teflon stir bar was added toluene (50 mL) and the solvent was 

degassed with argon using a medium fritted gas dispersion tube by bubbling though the solution 

for 30 min. While under a blanket of argon gas, 7 (3.12 g, 10.1 mmol, 1.00 equiv), boronic acid 

(60.6 mmol, 6.00 equiv), potassium phosphate (6.45 g, 30.3 mmol, 3.00 equiv), palladium SPhos 

G4 (795 mg, 1.01 mmol, 10 mol%) were added as solids with rapid stirring. The reaction was 

sealed under a dynamic N2 atmosphere and heated at 110 °C for 48 h, cooled to room temperature, 

and added to 500 mL of distilled water. The reaction was extracted with DCM (3 × 150 mL), the 

organics combined, dried over sodium sulfate, filtered through celite, and dry loaded onto silica. 

The dry loaded silica was then loaded on a 4in DCM wetted silica pad and a plug was run using 

neat DCM yielding a pale-yellow filtrate. The combined filtrate was evaporated to dryness, 

triturated with pentane to afford the title compound as an off-white powder.  
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For 10: (1.31 g, 82.0% yield). 1H NMR (CD2Cl2-d2, 23 °C) δ (ppm): 7.66 (s, 2H), 7.56 (t, 1H), 

7.23 (d, 2H), 2.55 (s, 6H), 2.17 (s, 6H), 1.98 (s, 12H). 

General Condensation Procedure for Pyridine Diimines (8-13). To an oven-dried A 100 

mL round bottom flask equipped with a Teflon stir bar was charged with diacetyl pyridine (8-13) 

(3.00 mmol, 1.00 equiv), p-toluenesulfonic acid (0.300 mmol, 10.0 mol%), aniline (9.00 mmol, 

3.00 equiv), and toluene (300 mL). This mixture was heated at 145 °C using a short path Dean-

Stark apparatus with a reflux condenser attached to the top. The top of the condenser was sealed 

with a septum and a gentle nitrogen flow via a syringe needle was maintained during the reaction. 

The reaction was allowed to run for 12 h causing a gradual color change to yellow. The reaction 

was cooled to room temperature, the solvent removed, and the resulting thick oil re-dissolved in 

CH2Cl2 (100 mL). This solution was washed with saturated NaHCO3. The CH2Cl2 layer was then 

dried over sodium sulfate and evaporated to yield yellow oil that immediately begins to crystallize. 

A small amount (50 mL) of methanol was added to cause total precipitation of an off–white powder. 

The solid was isolated by filtration to yield the title pyridine diimine (PDI). 

For 10: (1.93 g, 75.1% yield) as an off–white powder. 1H NMR (CDCl3-d1, 23 °C) δ (ppm): 8.07 

(s, 2H), 7.53 (t, 1H), 7.24 (d, 2H), 7.08 (d, 4H), 6.95 (t, 2H), 6.76 (s, 4H), 2.21 (s, 6H), 2.05 (s, 

18H), 1.95 (s, 12H). 13C NMR (CDCl3-d1, 23 °C) δ (ppm): 166.65, 153.90, 149.05 (d), 142.49, 

140.96, 138.65, 137.70, 137.48, 136.34, 135.08, 130.13, 129.75, 128.88, 128.44, 127.85, 127.19, 

126.00, 125.56, 122.92, 21.31, 21.21, 17.99, 16.37. MS(+ESI): calcd for C49H51N3, [M+H]+, m/z 

682.408; found, m/z 682.41. 

General Metallation Procedure for [FeIIICl2PDI]PF6. To a 20 mL scintillation vial was 

added PDI (0.250 mmol, 1.00 equiv), FeCl3 (40.0 mg, 0.250 mmol, 1.00 equiv), and AgPF6 (62.2 

mg, 0.250 mmol, 1.00 equiv), and DCM (5 mL) The reaction immediately turned deep red and a 
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white AgCl precipitate was observed. The reaction was stirred using a small Teflon coated 

magnetic stir bar at ambient temperature for 1 h and syringe filtered using a PTFE 22 µm filter. 

The resulting solution was layered with pentane at room temperature and allowed to diffuse in the 

dark for 48 h to yield large red rectangular prisms. If upon complete diffusion of pentane into the 

solution the crystal yield is low, the vial was placed in a freezer at −35 °C for 24 h prior to crystal 

collection. The supernatant was removed and the crystals washed with pentane before bulk 

isolation and drying under dynamic vacuum to afford a micro-crystalline powder.  

General Metallation Procedure for [FeIIClPDI]PF6. To a 20 mL scintillation vial was 

added PDI (0.250 mmol, 1.00 equiv), FeCl2 (40.0 mg, 0.250 mmol, 1.00 eq), and AgPF6 (62.2 mg, 

0.250 mmol, 1.00 equiv), and DCM (5 mL) The reaction immediately turned deep red-orange and 

a white AgCl precipitate was observed. The reaction was stirred using a small Teflon coated 

magnetic stir bar at ambient temperature for 1 h and syringe filtered using a PTFE 22 µm filter. 

The resulting solution was layered with pentane at room temperature and allowed to diffuse for 48 

h to yield large red rectangular needles. If upon complete diffusion of pentane into the solution the 

crystal yield is low, the vial was placed in a freezer at −35 °C for 24 h prior to crystal collection. 

The supernatant was removed and the crystals washed with pentane before bulk isolation and 

drying under dynamic vacuum to afford a micro-crystalline powder.  

 

4.4.3 Physical Measurements 

Transient Absorption Spectroscopy: Nanosecond-resolved transient absorption (TA) 

spectroscopic experiments were carried out using a modified version of a home-built system 

described previously,40 but with a Horiba iHR320 spectrometer for detection. The pump excitation 

(λ = 355 nm, 8-10 ns at FWHM) was produced by a 10 Hz Spectra-Physics Lab-190 Nd:YAG 
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pulsed laser and attenuated to 3.0 mJ/pulse using neutral density filters. Probe light was provided 

by a Xe arc lamp (PTI) in pulsed mode (30 A, 2.5 ms duration). The probe light was coupled into 

the Horiba iHR320 spectrometer (entrance slit set to 0.24 mm/3.0 nm resolution) and dispersed 

using a 500-nm blazed grating (300 grooves/mm). Full spectra were detected using an iCCD with 

a gate time set to 40 ns for all experiments. Each spectrum shown is an average of 100 four-

spectrum sequences, and fluctuations in the baseline were corrected by pinning all spectra to 0.000 

mAU at wavelengths greater than 625 nm, where no bleaches or growths are expected. The sample 

solution was prepared in a Schlenk flask in an N2-atmosphere glovebox and flowed through a 3-

mm diameter, 1-cm path length flow cell (Starna, type 585.2) using a peristaltic pump and positive 

N2 pressure. 

EPR Spectroscopy: EPR spectroscopy was performed on a Bruker EleXsys E-500 CW-

EPR spectrometer. EPR samples were comprised of crystalline solid sealed in a glass 5 mm OD 

EPR tube. EPR spectra were measured on solid samples at 77 K at non-saturating microwave 

powers of 0.6325 to 2 mW. 

NMR Spectroscopy:  NMR spectra were recorded on a Varian Mercury 400 NMR 

spectrometer at the Harvard University Department of Chemistry and Chemical Biology Laukien-

Purcell Instrumentation Center. 1H spectra were internally referenced to the residual solvent signal 

(d = 1.72 and 3.58 for THF in THF-d8) as previously described,41 while 31P{1H} and 19F NMR 

spectra were externally referenced to 85% H3PO4 and 1:1 solution of CFCl3 and CDCl3 

respectively. Solution magnetic moments were determined using the Evans method in solvent and 

measured using 19F NMR (hexafluorobenzene added); diamagnetic corrections were estimated 

from Pascal constants.42  

UV-vis Spectroscopy: Solution state and diffuse reflectance UV–vis absorption spectra 
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were acquired at 293 K in quartz cuvettes using a Cary 5000 spectrometer (Agilent) and were 

blanked against the appropriate solvent or air background. 

57Fe Mössbauer: 57Fe Mössbauer spectra were measured with a constant-acceleration 

mode on a spectrometer (SEE Co, Minneapolis, MN) at 90 K. Isomer shifts are quoted relative to 

Fe foil at room temperature. Data were analyzed and simulated with Igor Pro 6 software using 

Lorentzian fitting functions. Samples were prepared by suspending 30-40 mg of crystalline 

compound in sufficient Paratone N oil and immobilizing by rapid freezing in liquid N2. 

 

4.4.4 Structural Methods 

X-ray Crystallography: Routine X-ray structures of complexes that were not probed 

photocrystallographically were collected on a Bruker three-circle platform goniometer equipped 

with an Apex II CCD and an Oxford cryo-stream cooling device operating between 100-300 K. 

Radiation was from a graphite fine focus sealed tube Mo Kα (0.71073 Å) source. Crystals were 

mounted on a glass fiber pin using Paratone N oil. Data was collected as a series of φ and/or ω 

scans. Data was integrated using SAINT and scaled with multi-scan absorption correction using 

SADABS. 43 The structures were solved by intrinsic phasing using SHELXT (Apex3 program 

suite v2016.1.0) and refined against F2 on all data by full matrix least squares with SHELXL-97.44 

All non-hydrogen atoms were refined anisotropically. H atoms were placed at idealized positions 

and refined using a riding model.  

Photocrystallography: X-ray structures and photocrystallography data of complexes 10–

[FeIIICl2]PF6–PDI was collected using 0.41328 Å radiation at temperature of 20 K (Oxford 

Diffraction Helijet) on a vertical mounted Bruker D8 three-circle platform goniometer equipped 

with an PILATUS3 S 2M detector at ChemMatCARS located at Advances Photon Source (APS), 
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Argonne National Laboratory (ANL). Illumination was provided by a Thor Labs 365 nm LED and 

was delivered to the sample via a 200 µm ID fiber optic. Dark structures were solved and refined 

as described above. For data sets obtained during irradiation, non-H atoms of the product were 

located in difference-Fourier maps, calculated with coefficients F0(irradiated)–F0(dark), and then 

refined with restraints on the product molecule’s bond lengths and constraints of the atomic 

displacement parameters to the corresponding values of the reactant molecule (SADI and EADP 

instructions of SHELXL97). The percentage of the reactant in the crystal was treated as a variable 

in the refinements. 
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4.4.5 Spectral Data 

 

Figure 4.24 1H NMR spectrum of 2–Cl 

 

 

Figure 4.25 1H NMR spectrum of 2–Br 
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Figure 4.26 13C NMR spectrum of 2–Br 

 

 

Figure 4.27 1H NMR spectrum of 2–CF3 



 –192– 

 

Figure 4.28 19F NMR spectrum of 2–CF3 

 

 

Figure 4.29 1H NMR spectrum of 2–tBu 
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Figure 4.30 1H NMR spectrum of 4–OMe 

 

 

Figure 4.31 13C NMR spectrum of 4–OMe 
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Figure 4.32 1H NMR spectrum of 4–NMe2 

 

 

Figure 4.33 1H NMR spectrum of 3 
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Figure 4.34 1H NMR spectrum of 5-Cl 

 

 

Figure 4.35 1H NMR spectrum of 5-Br 
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Figure 4.36 13C NMR spectrum of 5-Br 

 

 

Figure 4.37 1H NMR spectrum of 5-CF3 
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Figure 4.38 13C NMR spectrum of 5-CF3 

 

 

Figure 4.39 19F NMR spectrum of 5-CF3 
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Figure 4.40 1H NMR spectrum of 5-tBu 

 

 

Figure 4.41 13C NMR spectrum of 5-tBu 
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Figure 4.42 1H NMR spectrum of 5-OMe 

 

 

Figure 4.43 13C spectrum of 5-OMe 
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Figure 4.44 1H NMR spectrum of 5-NMe2 

 

 

Figure 4.45 13C NMR spectrum of 5-NMe2 
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Figure 4.46 1H NMR spectrum of 6 

 

 

Figure 4.47 1H NMR spectrum of 7 
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Figure 4.48 1H NMR spectrum of 10-DAP 

 

 

Figure 4.49 1H NMR spectrum of 10-PDI 
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Figure 4.50 13C NMR spectrum of 10-PDI 

 

 

Figure 4.51 1H NMR spectrum cationic 10–FeIII–PDI 
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Figure 4.52 1H NMR spectrum 10–FeII–PDI 
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5.1 Introduction 

In the development of iron PDI compounds discussed in Chapter 4 for the selective 

chlorination of primary C–H bonds, we considered the use of iodobenzene dichloride (PhICl2) as 

an oxidant to regenerate the FeIII center and close the catalytic chlorination cycle. During the 

exploration of these hypervalent IIII dichloride compounds, we discovered studies of these 

compounds for the selective photochemical tertiary chlorination of alkanes through the 

intermediacy of a putative III radical species, which had previously been reported (Figure 5.1).1,2,3  

 

Figure 5.1 Mechanism for the tertiary selective chlorination of 2,3-dimethylbutane proposed by 
Kleinberg et al.1 and Van Bostelen et al.2 

Of particular interest was the observation that the reaction was quite selective for the formation of 

tertiary chlorinated products when compared to the statistical mixture obtained from chlorine 

under photochemical conditions. Furthermore, reactions with chlorobutane showed radical 

polarity selectivity that suggested an electrophilic radical is responsible for the H-atom abstraction. 

Others have suggested the possibility of a concerted mechanism with the putative III species 

directly losing HCl; the resultant radical is then heavily stabilized by the aryl iodide, before 
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reacting with another equivalent of PhICl2 to propagate the chain (Figure 5.2).4 Although an 

interesting starting point, these previous studies were limited in catalyst and substrate scope and 

the proposed intermediates have yet to be observed.  

 

Figure 5.2 Mechanism for the tertiary selective chlorination of 2,3-dimethylbutane proposed by 
Philippi et al. proceeding through a concerted pathway.4 

Furthermore, the selective tertiary halogenation of C–H bonds remains a challenge. The selective 

chlorination or fluorination of C–H bonds is of immense importance to the pharmaceutical and 

agrochemical industries as the halogenation of drugs to slow or inhibit metabolic degradation can 

drastically increase their biological half-lives. 5  Fluorination can lead to increased hydrogen 

bonding interactions in protein active sites as well as increases in lipophilicity needed for cell and 

blood-brain barrier penetration.6 Though many methods have been developed over the years for 

the late stage halogenation of target molecules,7,8 one challenge that remains is the direct selective 

chlorination and fluorination of tertiary C–H bonds.9,10 This challenge persist because, as recent 

work11 has shown, though the selective generation of tertiary carbon radicals is facile, all available 

chlorine atom (Cl●) and fluorine atom (F●) sources (NCS, NFSI, N-Fluropyrdinium, Selectfluor, 

etc.) upon X● transfer to a carbon radical center leave behind an N-centered radical capable of 

further C–H abstractions in a radical chain mechanism.11 Due to the strong N–H bond (~105 
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kcal/mol) formed, this naturally leads to a lack of electronic selectivity, especially if the tertiary 

bonds are less sterically accessible (Figure 5.3).12 

 

Figure 5.3 Representative unproductive side reaction operative in many radical chain fluorination 
and chlorination reactions 

Thus, our interest in this area aims to address two questions: (1) Can we use our group’s expertise 

in photocrystallography and ultrafast spectroscopy to observe the putative III radical intermediate 

and/or elucidate what intermediate is leading to this enhanced tertiary selectivity? This line of 

questioning includes the study of the effects of strong hydrogen bond donors such as hydrofluoric 

acid and hexafluroisopropanol (HFIP). (2) Can we construct sterically encumbered iodoarene 

dichlorides and further expand the chemistry to iodoarene difluorides, allowing us to selectively 

halogenate the most sterically accessible tertiary C–H bond through a radical chain mechanism 

(Figure 5.4)? 
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Figure 5.4 Proposed selectivity engendered by bulky IIII dihalide reagents reacting in a tertiary 
selective radical chain (bottom) vs. the possible selectivity of N-halo species reacting in a radical 
chain as shown by Alexanian7 (top). 

5.2 Synthesis and Characterization of Bulky Hypervalent IIII Dichloride Reagents 

Though a wide literature exists on bulky aryl iodides that have been widely employed and 

popularized by the Jacobsen and Gilmour groups; these bulky aryl iodides make use of alkyl 

substituents with weak C–H bonds to engender steric bulk around the hypervalent iodine center. 

Of importance to the goals of C–H activation and this project was that the aryl iodide we used 

could not contain weak C–H bonds that could be attacked during the chemical reaction and thus 

needed to be primarily arene based (vide infra).13,14,15 We thus chose to make use of bulky 2,6-

bisaryl-aryl iodides which contained only strong C–H bonds (BDE ~113 kcal/mol). However, at 

the onset of this project we discovered that minimal methods exist for the synthesis of bulky 2,6-

bisaryl-aryl iodides that span a wide range of electronically donating and withdrawing groups. 
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Additionally, current methods were synthetically challenging and did not allow for rapid 

diversification of the iodoarene scaffold with the desired electron donating and withdrawing 

substituents, providing an imperative for developing new methods Furthermore, current methods 

for the generation of ArICl2 and ArIF2 species needed to be retrofitted and improved to yield the 

desired hypervalent iodine species as isolable powders that could be used in further reactivity and 

spectroscopic studies. 

 
5.2.1 Synthesis of Bulky Aryl Iodides 

Two primary methods exist for the de novo synthesis of bulky aryl iodides (Figure 5.5). 

The first was developed by the Shrock Group and made clever use of benzyne chemistry by first 

generating a 2,6-dibromo-arylmagnesium chloride that decomposes into a benzyne intermediate 

via magnesium halide precipitation.16 The subsequent addition of the desired bulky Grignard 

reagent allows for an aryne insertion cascade that upon quenching with electrophilic I2 yields the 

desired bulky 2,6-bis-aryliodide. Though effective, this method suffers from several drawbacks: 

an expensive starting material, 2,6-dibromo-iodobenzene, and an extremely air sensitive synthesis 

that requires Schlenk line purification due to the challenges associated with silica gel purification 

of the product. 
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Figure 5.5 Synthetic scheme developed by the Schrock group to furnish bulky 2,6-bis-aryl-
iodoarenes (top) and literature precedent for the iodination of anilines via Sandmeyer chemistry 

Despite multiple attempts with the method of the Schrock Group, we were unable to generate the 

library of ligands we had initially set out to develop. Additionally, this double Grignard addition 

method necessitated the use of cryogenic conditions, causing serious solubility challenges with 

certain Grignard reagents and their oligomeric states. The second method commonly arrives at 

diverse aryl-iodides from aniline as a synthon and uses traditional Sandmeyer chemistry with 

potassium iodide.  

As we sought bulky 2,6-bis-aryl anilines that could be rapidly converted to the desired 

iodoarenes, we turned to using widely available 2,6-dichloro-anilines as synthons and employing 

the Buchwald pre-catalyst system Pd SPhos G4 to achieve selective C–C cross coupling over C–

N cross coupling using (Figure 5.6). 

 

Figure 5.6 General synthetic scheme for the cross coupling method utilized to furnish bulky 2,6-
bis-aryl-anilines. 
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Using this method, we were able to cleanly arrive at a range of sterically encumbered 2,6-bis-aryl 

anilines in good yields. The remaining step to deliver product was the seemingly straightforward 

Sandmeyer reaction. We first turned to a series of analogous literature protocols that made use of 

sodium nitrite and hydrochloric acid to generate the aryl diazonium chloride followed by a quench 

with potassium iodide to liberate dinitrogen and furnish the desired aryl iodide.17 In our hands, 

these procedures yielded a mixture of aryl chloride, phenol, and varying amounts of the aryl iodide. 

This mixture posed a significant purification challenge as the steric shielding of the differentiating 

moiety (Cl vs. OH vs. I) on the molecule by the flanking aryl groups caused these three congeners 

to be inseparable by traditional chromatography. An issue not accounted for in our approach was 

the substantial steric bulk assembled around the in-situ generated diazonium. As such, before the 

added iodide can displace the dinitrogen leaving group, the charge balancing chloride anion and 

water from the aqueous mixture can compete with the iodide, leading to the generation of the 

aforementioned side products. As such, a novel method tailored to these compounds was 

developed in which the stable tetrafluoroborate (BF4) salt of the aryl diazonium was generated in 

a mixed organic–aqueous mixture. The diazonium was isolated as a solid, which was dried, and 

further subjected to nucleophilic substitution in anhydrous solvent with potassium iodide (Figure 

5.7).  
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Figure 5.7 Method developed to arrive at sterically encumbered 2,6-bisaryl-iodoarenes. 

Additionally, we chose a high dielectric solvent, acetonitrile, to further assist the sluggish SNAr 

reaction. This stepwise chemistry allowed us to cleanly arrive at the title compounds shown in 

Figure 5.7 in high yield without the formation of unwanted and difficult to separate impurities. 

With a small library of electronically diverse and sterically encumbered 2,6-bis-aryl-iodoarenes, 

efforts turned to generating their respective IIII dihalide reagents. 

 

5.2.2 Synthesis of Bulky Hypervalent IIII Dichloride Reagents 

The current state of the art for the generation of iodobenzene dichlorides was the direct 

chlorination of the aryl iodide as a suspension in an aqueous bleach (NaOCl) solution via the in-

situ generation of Cl2.18,19 When working with sterically uncongested and liquid iodoarenes such 

as iodobenzene or 2-iodobiphenyl, the resulting ArICl2 reagent is rapidly generated as a yellow 

powder in high yields and high purity. Conversely, the method fails completely, showing no 

conversion to the desired product, when working with larger, more insoluble solid bulky iodoarene 

species. We were able to remedy this roadblock by taking advantage of the high solubility of Cl2, 

starting material, and the resultant IIII dichloride in benzene. By making use of a biphasic bleach–
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benzene mixture, the chlorination reactions proceed to product as evidenced by the formation of 

the characteristically bright yellow ArICl2 in the organic layer. The desired ArICl2 was 

recrystallized from DCM/Pentane (Figure 5.8)  

 

Figure 5.8 Adapted method developed to generate ArIIII dichlorides from their parent aryl iodides. 

Having developed a general method to arrive at the desired iodoarene dichlorides as stable 

recrystallized powders, structural and reactivity studies could proceed.  

 

5.3 Photocrystallographic Studies of Hypervalent Aryl IIII Dichlorides 

Given our groups expertise in the area of photocrystallography, we sought to observe the 

structure of the putative III radical postulated to form upon photolysis of the IIII dichloride. To this 

end, the 2,6-bis-phenyl-phenyliodine(III) dichloride was crystallized and structurally characterized 

by crystallography (Figure 5.9). Photocrystallography experiments (See Chapter 4) at the 

Advanced Photon Source at Argonne National Lab were then undertaken. A dark structure was 

recorded followed by 10 min of irradiation with a 420 nm focused LED at 15K. Data collection 

was maintained during the irradiation and a full structure was collected after irradiation was 

terminated. An eliminated chloride radical was not observed to furnish an Ar–III species, but rather 

two new Q-peaks appeared with relative populations consistent with a displaced iodine and 

chlorine. These two peaks were found to be at a distance of 2.337(19) Å apart, consistent with the 

reported bond length of iodine monochloride (I–Cl).20 Furthermore, a new Q-peak was observed 

with an equivalent relative population approaching the carbon (C–Cl 1.92(2) Å) to which the 
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iodine had initially been bound to generate a new putative C–Cl bond (Figure 5.9).  

 

Figure 5.9 Structural observation of ICl elimination from 2,6-diphenyliodobenzene dichloride by 
single-crystal X-ray diffraction at 15 K. The overall occupancy of the photoinduced structure 
after irradiation with 420 nm light for 2 h was found to be 7.6(3) %. Iodine (magenta), chlorine 
(dark green), and carbon (gray). Hydrogen atoms omitted for clarity. 

Over three illumination/dark cycles, the population of the three new Q-peaks continued to increase 

to a final value of 7.6(3) %, persisting even after illumination was halted, suggesting the 

observation of an irreversible reaction. Further conversion was not observed due to the loss of 

crystallinity. Of importance, the crystal turned from pale translucent yellow to dark red over the 

course of the experiment. This observation befits the postulate that iodine monochloride was 

generated, as such a species is consistent with a dark red color. Though this type of C–I scission 

with concomitant C–Cl bond formation reactivity is known for alkyl IIII dihalides, it has not been 

reported for aryl IIII dihalides.21 Rather, aryl IIII dihalides have been known, as mentioned above, 

to undergo photochemical I–X bond scission or the thermal reductive elimination of dihalogen.  

Accordingly, we postulated that the formation of I–Cl could be an active reactant in the 

selective tertiary halogenation of C–H bonds. In order to confirm the results of 

photocrystallography, bulk photolysis measurements were performed both in the solution and solid 
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state. Solution and thin films of ArICl2 were photolyzed at 390, 440, or 467 nm for 24 h and the 

product was analyzed by 1H NMR. For all irradiation wavelengths, both for solution and the solid-

state reactions, identical product distributions were observed; a representative spectrum is shown 

in Figure 5.10) 

 

Figure 5.10 1H NMR spectrum showing the formation of trace 2,6-diphenyl-chlorobenzene at 7.27 
ppm (top) and the 1H NMR spectrum of 2,6-diphenyl-iodobenzene (bottom) for reference. Taken 
in DCM-d2, 400 MHZ, 20 °C 

The 1H NMR is consistent with the majority product to be the parent aryl iodide and a minority 

product to be the chloro-arene, which was observed by photocrystallography. Also, of note, 

photolyzed solutions turned pink-red, which is consistent with the formation of trace ICl in the 

photolytic process. These photolysis experiments suggest that the photocrystallography results are 
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due to minority reaction that was observed owing to its irreversibility. As such, we postulate that 

the elimination of a chlorine radical to generate a putative III species is likely operative but the 

back reaction is simply too rapid for it to be observed with current photocrystallographic methods.  

 
5.4 Efforts Towards Hypervalent IIII Difluoride Photoelimination 

ArIF2 photochemical reactivity, similar to what we now report for ArICl2, has not been 

examined for ArIF2 compounds, despite their widespread use in the literature for electrophilic 

fluorination and difluorination chemistry.15,22  Thus, attention turned to also examining ArIF2 

compounds to assess whether a photochemistry parallel to their dichloride analogues could be 

observed. 

 

5.4 Synthesis and Characterization of IIII Difluorides 

As we started to look into how to make the analogous ArIIII difluoride reagents we noticed 

that most often they were generated in-situ and not isolated prior to reaction with substrate. 

Furthermore, those that had isolated them had done so at low temperature or with the addition of 

N-bases such a pyridine or bipyridine that coordinated to the iodine center.23 We thus needed to 

develop a method to prepare them as isolable crystalline solids. We turned to the expertise of the 

Jacobsen group as they had long worked with such compounds and found that the cleanest method 

of generating these compounds was through the reaction of the parent iodoarene with xenon 

difluoride (XeF2) in dichloromethane-hexafluoroisopropanol (HFIP) mixtures. To maximize our 

chances of success we began with 2,6-dimethoxy-4-methylcarboxy-iodobenzene (2,6-(OMe)2-4-

CO2Me-PhI), a pruned down analogue of the well-known chiral Jacobsen catalysts used in the 

asymmetric difluorination of alkenes (Figure 5.11) 
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Figure 5.11 Method developed in collaboration with the Jacobsen group to cleanly arrive at 
various ArIF2. 

 The difluorination of this pruned down version shown in Figure 5.11 proceeded rapidly in HFIP–

DCM mixtures, showing the characteristic 19F NMR for hypervalent IIII difluoride (‒160 to ‒180 

ppm in d2-dichloromethane). However, upon standing for any extended period of time, the freshly 

prepared IIII difluoride would decompose to a complex brown mixture. Thus, though the use of 

HFIP–DCM mixtures to rapidly generate the IIII difluoride in-situ worked well in the context of 

immediately reacting with substrate, it precluded isolation and crystallization of the ArIF2 as it 

would decompose in solution during work up and further crystallization. Working with Morianna 

Haj (Jacobsen Group), we found that by running the fluorination reaction of a range of aryl iodides 

in DCM for extended (48 h) reaction times, a pale, stable yellow solution was obtained which all 

once again showed the characteristic 19F-NMR shifts (‒160 to ‒180 ppm in d2-dichloromethane) 

for ArIF2 compounds. It appears that HFIP facilitates both the formation of ArIF2 and its 

subsequent decomposition. Using this abridged synthetic method, we were able to screen 

crystallization conditions and found that layering the original DCM solution with pentane at ‒30°C 

furnished colorless needle crystals, allowing for the first structural characterization of any of the 

Jacobsen difluorination catalysts or their pruned down congeners (Figure 5.12). The two I–F bonds 

lengths of 2.018(3) Å and 2.011(3) Å are in agreement with literature values for the handful of 

simple ArIF2 compounds that have been crystalized and characterized crystallographically (Table 

5-1)23,24,25 Further, unlike the ArICl2 compounds, the X–I–X angle of the ArIF2 is significantly 
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distorted from linear (167.732°). 

Table 5-1. Representative I–F Distances and F–I–F Angles for Crystallographically Characterized 
ArIF2 Compounds 

ArIF2 [ref] Avg. I–F Distance (Å) F–I–F Angle (°) 

2,6-(OMe)2-4-CO2Me-PhIF2 2.015(3) 167.7 

C6F5IF2 1.995(11) 171.8 

MePhIF2 [13,24] 2.010(3) 171.0 

2,6-Me2-4-tBu-PhIF2[24] 2.008(3) 174.4 

2,3-(C4H7Cl)-4-BrPhIF2 [25] 1.998(4) 171.9 

 

 

Figure 5.12 Crystal structure 2,6-dimethoxy-4-methylcarboxy-iodobenzene difluoride, iodine 
(magenta), carbon (grey), oxygen (red), fluorine (bright green). Hydrogen atoms omitted for clarity.  

With pure ArIF2 in hand, we proceeded to probe a potential radical photoreactivity by photolyzing 

the compound at 365, 390, and 440 nm in dichloromethane containing cis-decalin as a C–H 

substrate. Repeated photochemical attempts at C–H activation of cis-decalin in solution or 
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heterogeneous mixtures showed no reaction. We postulated that electronic or steric effects may be 

at play, and that the presence of the small and highly electron donating methoxy (OMe) groups 

flanking the iodine at the 2– and 6–position of the arene ring may be retarding photoreactivity. In 

addition, these methoxy groups have weak C–H bonds that have the potential to be activated during 

the course of the reaction. Accordingly, the synthesis of 2,6-bisphenyl-iodobenzene difluoride was 

targeted in order to remove the electron donating effects of the methoxy groups, increase the steric 

bulk around the iodine center, and remove any weak C–H bonds that may be activated over the 

course of the reaction. However, upon treatment of 2,6-bisphenyl-iodobenzene with XeF2 in DCM 

at room temperature, a complex mixture of products by 19F NMR was obtained, likely a result of 

fluorination of the flanking aryl groups at multiple arene positions by the extremely electrophilic 

XeF2. In order to obviate the potential for adventitious fluorination by XeF2 whilst trying a more 

electron poor aryl iodide, we repeated the reaction with pentafluorophenyliodobenzene (C6F5I) in 

DCM at room temperature to yield a yellow. When layered with pentane, the desired C6F5IF2 

product was obtained as pale-yellow crystals. The structure of these crystals, shown in Figure 5.13, 

showed asymmetric I–F bonds of 2.029(11)Å and 1.961(11)Å respectively as well as a more linear 

F–I–F angle of 171.829°. 
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Figure 5.13 Crystal structure 2,3,4,5-iodobenzene difluoride, iodine (magenta), carbon (grey), 
fluorine (bright green). Hydrogen atoms omitted for clarity. 

Due to the previous photocrystallographic results in which eliminated ICl from an ArICl2 was 

observed, the shorter of the two I–F bonds appears to be approaching that of IF (1.901Å) indicating 

that the ArIF2 structure may be on the way to the elimination of iodine monofluoride (IF), a known 

dihalogen, with the concomitant formation of hexafluorobenzene. 26  Preliminary observations 

indicate that perfluorinated ArIF2 is significantly more light sensitive than its dimethoxy-

carboxymethyl analogue. As such, the more electron poor ArIF2 analogues are promising 

candidates for chain radical fluorination and we are hopeful to be able to tap into a new form of 

reactivity for these complexes. Photochemical and photocrystallography studies are ongoing. 
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5.5 Computational Study of Hypervalent IIII Dihalides 

In order to better understand the difference in the photoactivity of the ArICl2 and ArIF2 

compounds, we turned to DFT calculations to identify the frontier molecular orbitals (FMOs). 

Little computational modeling of the electronic structure of iodoarene dihalides and their putative 

radical intermediates have been undertaken. Working with our collaborator at UC Davis (François 

Gygi) DFT/Generalized Gradient Approximation (GGA) 27 calculations were performed with the 

PBE functional to investigate key electronic structure differences between PhICl2 and PhIF2.  

The HOMO–1 is significantly different between PhICl2 and PhIF2 (Figure 5.14). The 

ArICl2 shows electron density on the chlorides as well as on the arene ring while the ArIF2 shows 

electron density localized almost entirely on the ring.  

 

Figure 5.14 Representation of the HOMO–1 of PhICl2 (left) and PhIF2 (right). 

The HOMO (Figure 5.15) of the dihalides are comparable, and the entirety of the orbital density, 

representing the I–X π-antibonding orbitals, is localized along the p-orbitals of the X–I–X axis.  
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Figure 5.15 Representation of the HOMO of PhICl2 (left) and PhIF2 (right). 

The population of I–X π-antibonding orbitals is consistent with I–X interactions as single bonds. 

The LUMO of the difluoride and dichloride exhibits interesting differences (Figure 5.16). The 

LUMO of the dichloride is localized entirely along the σ-antibonding vector of Cl–I–Cl whereas 

the LUMO of the difluoride is localized along the F-I–F σ-antibonding vector, with a significant 

amount of delocalization into the π-system of the arene ring.  
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Figure 5.16 Representation of the LUMO of PhICl2 (left) and PhIF2 (right). 

The LUMO+1 of the two dihalides are similar. The majority of the orbital density is found along 

the C–I σ-antibonding vector with delocalization of the orbital onto both the ring and the X–I–X 

axis (Figure 5.17).  
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Figure 5.17 Representation of the LUMO+1 of PhICl2 (left) and PhIF2 (right). 

The calculated FMOs provide a rationalization for differences in the photoreactivity between 

ArICl2 and ArIF2 and why the difluorides are unreactive. The computed HOMO–LUMO excitation 

points toward the population of an I–X antibonding orbital and further I–X bond scission to furnish 

an III radical, consistent with the first step in the radical chain pathway proposed in Figure 5.1. 

Whereas the arene ring plays a minimal role in the HOMO–LUMO excitation gap of the ArICl2 

compounds, it is significantly involved in the HOMO–LUMO excitation gap of the ArIF2 

compounds. This difference in arene involvement is evidenced by the observation that there is 

minimal localization of the HOMO or the LUMO of PhICl2 on the arene ring (Figure 5.16). Thus, 

regardless of whether the ring is decorated with electron donating or electron withdrawing groups, 

the HOMO–LUMO gap is expected to remain relatively constant. Indeed, the lack of conjugation 

is manifested in all of the ArICl2 compounds having similar HOMO–LUMO gaps irrespective of 

ring substitution, and thus a similar ability to be photoactive toward putative Cl• elimination. 
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Meanwhile, the opposite effect is observed in PhIF2, in which strong conjugation of the LUMO 

into the arene ring is observed (Figure 5.16) and thus the LUMO can be expected to be raised or 

lowered in energy depending on the nature of the donating or withdrawing groups on the arene 

ring. Therefore, the HOMO-LUMO gap of the ArIF2 congeners is expected to change upon 

variation of the substituents placed on the arene ring resulting in these compounds not being in 

range of our photolysis lamps. We may then postulate that the ArIF2 bearing the electron donating 

methoxy groups at the 2– and 6–positions of the ring, will have the LUMO shifted to higher energy, 

causing the absorption to shift into the UV spectral region. Conversely, the electron poor nature of 

the C6F5IF2 compound results in the stabilization of the LUMO and hence a lower energy 

photochemistry. These results are indeed consistent with our ability to observe a photoreaction for 

C6F5IF2 with 440 nm excitation but not for 2,6-(OMe)2-4-CO2Me-PhIF2. Moving forward, it will 

be important to work with electron poor iodoarene difluorides to drive the HOMO–LUMO gap to 

an energy allowing for near UV-visible excitation, thus resulting in a productive radical chemistry. 

 

5.6 Concluding Remarks and Ongoing Work 

New methods have been developed to rapidly access a wide range of electronically and 

sterically encumbered iodo-arenes and their hypervalent dichloride as well as difluoride congeners. 

Photocrystallographic experiments with a subset of the iodo-arene dichlorides enabled the 

observation of the previously unreported photochemical elimination of ICl from an ArICl2 with 

the concomitant formation of a C–Cl bond. Ongoing work is currently being undertaken along 

three avenues: (1) to prepare and screen a library of ArICl2 compounds with 2-methylpentane in a 

GC-assay to gauge their relative abilities to selectively activate tertiary C–H bonds over primary 

and secondary ones; (2) to test the best performing compounds for their selectivity on activating 
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sterically accessible vs. occluded tertiary C–H bonds; and, (3) to explore electron poor ArIF2 

compounds for possible radical fluorination of tertiary C–H bonds.  
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5.7 Experimental Details 

5.7.1 General Methods  

Reactions involving air-sensitive materials were performed in a nitrogen-filled glovebox. 

Glassware and magnetic Teflon stirbars were dried at 180 °C for at least 12 h prior to use. Unless 

otherwise noted, all solvents were degassed and dried using a Glass Contour Solvent Purification 

System built by SG Water USA, LLC. After purification, all solvents were stored under an 

atmosphere of N2 over 4 Å molecular sieves. Reagents were purchased from Oakwood Chemical, 

Sigma Aldrich, or TCI America and used without further purification. XeF2 was purchased from 

Strem Chemical stored cold in the Glovebox. 2,6-dimethoxy-4-methylcarboxy-iodobenzene was 

generously provided by the Jacobsen group. 1H NMR spectra were obtained on a Bruker 400 MHz 

or JEOL ECZ400S 400 MHz spectrometer at room temperature (23-25 °C) and were referenced 

to residual solvent signals unless otherwise noted. 

 

5.7.2 Synthetic Details 

General 2,6-dichloroaniline Cross Coupling Procedure: To a 150 mL glass Schlenk 

flask equipped with a stir bar was added 2,6-dichloroaniline (10.0 mmol, 1.00 equiv), aryl boronic 

acid (22.0 mmol, 2.20 equiv), K3PO4 (40.0 mmol, 4.00 equiv), and palladium SPhos G4 (1.00 

mmol, 10 mol%). The flask was then sparged with nitrogen and degassed THF (40 mL) and 

degassed water (10 mL) were added via syringe to maintain an inert atmosphere. The reaction was 

then heated for 48 h at 50 °C in an oil bath, cooled to room temperature, and diluted with 300 mL 

of water. The reaction was then extracted with DCM (3 × 150 mL), dried over Na2SO4, and dry 

loaded onto silica. The dry-loaded product was then added to a silica plug and flushed with DCM. 

The combined washes are collected, the solvent removed by roto-evaporation, and the residual 
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product triturated with pentanes to yield the desired aniline as a white powder (75-90% yield).  

General Iodoarene Chlorination Procedure (ArICl2): To a 250 mL round bottom flask 

wrapped in aluminum foil equipped with a stir bar was added aryl iodide (10.0 mmol, 1.00 equiv), 

aqueous NaOCl solution (Clorox™) (60 mL), and benzene or DCM (60 mL). The flask was then 

fitted with an addition funnel filled with stock hydrochloric acid (20 mL). The acid was added 

dropwise over the course of 30 min with rapid stirring maintained throughout, causing the 

formation of yellow-green Cl2 gas in the flask and a concomitant color change of the reaction to 

bright yellow. Once the addition was complete any residual Cl2 gas was allowed to dissipate before 

the organic layer was collected and evaporated to dryness. The resulting yellow solid was dissolved 

in minimal DCM and layered with pentane and placed in a 4 °C refrigerator to yield the desired 

iodobenzene dichloride as pale-yellow crystals that could be isolated by filtration and dried in 

vacuo to yield the pure title compound in 42–75% yield as a yellow powder.  

General Iodoarene Fluorination Procedure (ArIF2): To a 20 mL PET vial equipped 

with a Teflon stir bar and PTFE cap was added aryl iodide (1.50 mmol, 1.00 equiv), XeF2 (1.50 

mmol, 1.00 equiv), and DCM (5 mL). The reaction was allowed to stir for 48 h at room temperature, 

filtered through a 20 µm PTFE syringe filter, and layered with pentane (15 mL). The resulting 

layered solution was placed in a freezer at ‒35 °C causing the formation of colorless to yellow 

crystals to form. These could be isolated by decanting the solvent and washing with cold pentane 

followed by vacuum drying to yield the desired iodobenzene difluoride compound as an off-white-

yellow powder (67-91% yield). All such compounds were stored at ‒35 °C in PET vials with PTFE 

caps  
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5.7.3 Structural Methods 

X-ray Crystallography: Low-temperature (100 K) diffraction data were collected on a 

Bruker APEX II CCD diffractometer or a Bruker D8 VENTURE equipped with a PHOTON-100 

CMOS detector (Mo Kα radiation, λ = 0.71073 Å), equipped with an Oxford Cryosystems nitrogen 

flow apparatus. The collection method involved 0.5° scans in ω at 28° in 2θ. Data integration down 

to 0.78 Å resolution was carried out using SAINT V8.34 C (Bruker diffractometer, 2014) with 

reflection spot size optimization. Absorption corrections were made with the program SADABS 

(Bruker diffractometer, 2014). Structures were solved by the Intrinsic Phasing methods and refined 

by least-squares methods against F2 using SHELXT and SHELXL97 with OLEX 2.28 All non-

hydrogen atoms, including the disordered fragments were located in difference-Fourier maps, and 

were then refined anisotropically. The restraints on bond lengths and constraints of the atomic 

displacement parameters on each pair of disordered fragments (SADI and EADP instructions of 

SHELXL97), as well as the restraints of the atomic displacement parameters (SIMU/DELU 

instructions of SHELXL97) if necessary, have been applied for the disorder refinement. All 

hydrogen atoms were included in the model at geometrically calculated positions and refined using 

a riding model. 

 Photocrystallography: Data was collected at using 0.41328 Å radiation at temperature of 

20 K (Oxford Diffraction Helijet) on a vertical mounted Bruker D8 three-circle platform 

goniometer equipped with a PILATUS3 X 2M CCD at ChemMatCARS located at Advances 

Photon Source (APS), Argonne National Laboratory (ANL). Illumination was provided by a Thor 

Labs 420 nm LED (M420L3) and was delivered to the sample via a 200 µm ID fiber optic. Dark 

structures were solved and refined as described above. For data sets obtained during irradiation, 

non-H atoms of the product were located in difference-Fourier maps, calculated with coefficients 
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F0(irradiated)–F0(dark), and then refined with restraints on the product molecule’s bond lengths 

and constraints of the atomic displacement parameters to the corresponding values of the reactant 

molecule (SADI and EADP instructions of SHELXL97). The percentage of the reactant in the 

crystal was treated as a variable in the refinements. 
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Chapter 6  
 
 
 
 
 
 
 
 
 
 
 
Photogeneration of Metal-Oxos from First Row Metal–Oxyanion 
Complexes 
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6.1 Introduction 

The ubiquity of mono- and bimetallic oxo complexes in the active sites of metalloproteins1–6 

and in many solid-state and small-molecule inorganic catalysts 7 , 8  has stimulated efforts to 

synthesize model complexes that imitate their structural and spectroscopic features and their 

reactivity. Traditional approaches to generating these metal-oxo species often involve highly 

reactive oxidants and O-atom transfer reagents. The resulting metal-oxo/oxyl species are often 

extremely reactive and thus elude isolation by traditional methods. However, recent work has 

shown that metal nitrate, perchlorate, and chlorate precursors transiently form highly reactive 

metal-oxo complexes when irradiated with light or under the high-energy conditions of mass 

spectrometry (Figure 6.1).9–14  

 
Figure 6.1 Recent precedent for the generation of high-valent metal oxo and oxyl species from 
oxyanion precursors. 

The work summarized in Figure 5.1 prompted our interest in ligand design to encourage the 

formation of reactive oxo species from stable oxyanions upon absorption of light. By generating 
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these reactive species within a crystalline matrix, we anticipated that they would be unable to 

further react thus allowing for the structural characterization of an otherwise non-isolable metal-

oxo.  

An initial target was motivated by recent work that showed a nitrate bound to a Ce tris-

amide complex photolytically formed a Ce oxo with the concomitant release of NO2.10 This work 

is akin to Newcomb’s earlier demonstration of the generation of a Mn oxo from photoexcitation 

of chlorate and perchlorate bound to manganese porphyrin(Figure 6.2).15,16.  

 

Figure 6.2 Summary of homolytic and heterolytic cleavage pathways and the resulting metal-
oxygen species discussed by Newcomb et al.15,16 

In the Newcomb study, when chlorate (ClO3–) was utilized, the photolysis led to a homolytic 

cleavage of the O–Cl bond formally transferring an oxygen radical (O•) to the metal center, leaving 

the metal oxidized by one electron (Figure 6.2). However, when perchlorate (ClO4–) was used, 

photolysis led to a heterolytic cleavage of the O–Cl bond, formally transferring an oxygen atom to 

the metal center, leaving the metal oxidized by two electrons. This observation suggests that the 

metal oxo may be derived from different oxyanions depending on how the redox properties of the 

metal center are tuned with judicious ligand design.  
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As described below, studies were initiated at the oxo-wall with monomeric FeIII porphyrins 

that were axially ligated with oxyacids. Work then progressed to mono- and bimetallic Cu centers 

using a range of N3 and N4 ligand fields that enforce a variety of local geometries. 

Photocrystallography and ultrafast spectroscopy are employed with the goal of observing the 

structural and electronic properties of reactive oxo intermediates. The promise of this work is to 

drive catalytic C–H activation processes that use stable and inexpensive oxidant feedstocks. 

Additionally, a light trigger for the generation of reactive oxo species on demand when the 

substrate is present provides temporal control over potential oxidation branchpoints, which could 

benefit reactions conducted under flow conditions. 

 

6.2 Synthesis and Characterization of Iron–Oxyanion Complexes for Photo-Oxo Generation 

 Studies were initiated by attempting to replicate the solution state work of Newcomb 

utilizing FeIII tetraphenylporphyrin (TPP) in the solid state. The compound FeIIITPPClO4 was 

synthesized in a single step via the metathesis reaction of FeClTPP with AgClO4 in 

dichloromethane. Dark purple crystals were grown by layering a solution of FeIIITPPClO4 in 

DCM with pentane and allowing it to stand at room temperature. Single crystal X-ray analysis 

yielded the structure shown in Figure 6.3, revealing an axially ligated perchlorate anion with an 

Fe–O bond of 2.078(1)Å.  



 –241– 

 

Figure 6.3 Crystal structure of FeTPPClO4 (left) and selected bond lengths of the ClO4– anion 
coordinated to the iron center (right). Iron (orange), chlorine (dark green), carbon (grey), oxygen 
(red), nitrogen (blue). 

The statistically significant lengthening of the Cl–O (1.495(1)Å) bond ligated to the iron center 

with respect to the other three Cl–O bonds (davg = 1.425(2)Å) suggested a slight pre-activation of 

the bond toward ClO3– loss to generate the desired iron oxo species. In order to probe this reaction 

in the solid state, a bulk recrystallized sample was suspended in paratone and subjected to 57Fe 

Mössbauer spectroscopy. The isomer shift (0.38 mm/s) and quadrupole splitting (3.4 mm/s) are 

both consistent with the previously reported compound (Figure 6.4). 17 
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Figure 6.4 57Fe Mössbauer spectrum of FeTPPClO4 before (left) and after (right) irradiation with 
a 390 nm light in a 77 K liquid N2 bath. 

Photolysis studies were undertaken by suspending the sample in frozen paratone, maintaining it at 

77 K in a liquid nitrogen bath, and irradiating for 1 hour with a 390 nm LED lamp. The sample 

was then re-examined by 57Fe Mössbauer spectroscopy after photolysis and no change in oxidation 

state was observed. Given Newcomb’s previous observation that the perchlorate complexes 

reacted more sluggishly than their chlorate counterparts, we set out to make the latter analogue. 

However, isolation of a pure bulk sample, as evidenced by Mössbauer spectroscopy, was not 

achieved nor was a single crystal structure obtained. Holm had noted in his comparison of 

FeTPPReO4 and FeTPPClO4 that perrhenate was a stronger donor to the FeIII center without 

forcing it into a less reactive low spin S = 3/2 configuration.17 Furthermore, the highly oxidizing 

ReVII center of perhenate is oxidatively photoactive, as shown by the work of Vogler in which 

photoexcited perrhenate oxidizes methane. 18  The perrhenate congener was synthesized in an 

analogous method to FeClO4TPP using AgReO4. Single crystals were grown and the X-ray 

structure of the compound is shown in Figure 6.5. A notably shorter Fe–O (d =1.926(6)Å) is 
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observed compared to the ClO4– analogue. Furthermore, there is a statistically significant 

lengthening of the Re–O bond (d = 1.794(5)Å) ligated to the FeIII center compared to the other 

three Re–O bonds (davg = 1.711(6)Å), suggesting a level of pre-activation of the Re–O bond toward 

scission to furnish an iron oxo species. 

 

Figure 6.5 Crystal structure of FeTPPReO4 (left) and selected bond lengths of the ReO4– anion 
coordinated to the iron center (right). Iron (orange), rhenium (steel blue), carbon (grey), oxygen 
(red), nitrogen (blue). 

Unfortunately, 57Fe Mössbauer spectroscopy of a solid crystalline sample once again showed no 

change in iron oxidation state or the growth of characteristic metal-oxo resonances upon photolysis 

at 390 nm. In order to achieve the desired metal–oxo generation, geometric and electronic 

constraints of the ligand field must be tuned. An additional structural motif is to use a bridging 

metal-oxo species as a synthon in which the presence of the second metal may offer an additional 

level of stability. Given the many challenges associated with Pacman porphyrin chemistry and our 

previous success working with pyridine diimine (PDI) ligands, we proceeded to make a series of 

cofacial PDI ligands to probe dicopper oxo chemistry. 
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6.3 Synthesis and Characterization of Copper–Oxyanion Complexes for Oxo 
Photogeneration  

As both the coordination environment of an individual metal center and the intermetallic 

distance in a dinuclear complex will have a pronounced influence on the photoactivity and 

reactivity, we selected a ligand scaffold that could readily be modified to tune these two key 

parameters. PDI ligands offer multiple synthetic handles, such as the functional group at the 4-

position of the pyridine ring, to tailor the steric and electronic profiles of metal complexes. 

Physically linking the imines of two PDI units allows for the synthesis of bimetallic complexes 

with two metal centers positioned at a defined distance. Control over the coordination 

environment, rigidity, and metal–metal distance are attractive handles to enable the generation of 

highly reactive dicopper metal-oxo intermediates upon irradiation with light. Our choice to target 

Cu was motivated by the proclivity of oxo bridging binuclear Cu centers in zeolite frameworks to 

activate methane to methanol 19 , 20  together with the rich chemistry exemplified by dicopper 

biomimics.1,2,4,21 Further motivation came from recent work showing that transient copper oxos 

may be accessed from nitrate ligated to copper bipyridine centers under mass spectrometry 

conditions.9,13,14 

 
6.3.1 Bimetallic Copper Complexes 

Building on the work of the Tomson lab we were able to take our series of electronically 

diverse diacetyl pyridines (Chapter 4) and use a Sr(OTf)2 templated condensation to arrive at the 

4-modified cyclic bis-chelating PDI systems 1–X and 2–X (Figure 6.6) in multigram quantities.22 
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Figure 6.6 Synthetic scheme for the synthesis of ethyl and propyl bridged 4-substituted pyridine 
diimine scaffolds 

Though X = tBu was reported by the Tomson Group, the additional five macrobicycles represent 

new compounds with unique electronic structures. The entire series of bis-chelating scaffolds was 

easily metallated by treatment with two equivalents of CuIIOTf2 in MeCN to yield the dicopper 

solvato complex of 1–X and 2–X. Single crystals suitable for diffraction studies were grown by 

slow diffusion of diethyl ether into saturated solutions of the compound in MeCN. The structures 

of [1–NMe2CuIICuII](OTf)4 and [2–NMe2CuIICuII](OTf)4 are shown in Figure 6.7 as 

representative examples. 

 

Figure 6.7 Crystal structure of [2–NMe2CuIICuII](OTf)4 (left) and [1–NMe2CuIICuII](OTf)4 
(right). Copper (orange), sulfur (yellow), fluorine (green), carbon (grey), oxygen (red), nitrogen 
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(blue). Two triflate counter ions omitted for clarity in each structure. 

In an effort to parallel the aforementioned FeTPP chemistry (vide supra) we first attempted to 

make the ClO4– and ClO3– ligated complexes. Despite repeated attempts, we were never able to 

achieve pure bulk samples of dicopper PDIs with ligated chlorate or perchlorate anions, in part 

due to the weakly coordinating nature of these anions. Accordingly, we attempted to access the 

Cu–O–Cu PDI complex with nitrate as the oxo source under photolytic conditions. The bimetallic 

CuII nitrate complexes ([2–tBu–CuII[NO3]2CuII]2+) and nitrite ([1–tBu–CuII[NO2]2CuII]2+) were 

obtained by addition of TBANO3 or TBANO2 to the triflate solvato–complexes in acetonitrile 

(Figure 6.8).  

 
Figure 6.8 Synthetic scheme for the synthesis of The bimetallic CuII complexes with nitrate ([2–
tBu–CuII[NO3]2CuII]2+) and nitrite ([1–tBu–CuII[NO2]2CuII]2+)  

Single crystals were grown of these nitrate compounds and they were structurally characterized. 

The X-ray structure reveals ligation of one oxyanion per copper for both complexes (Figure 6.9).  

 

2+

N

N

NtBu N

N

N

tBuCu Cu
O2N

NO2

N

N

NtBu N

N

N

tBuCu Cu

2+

TfO OTf

MeCN

MeCN

TBANO2

TBANO3

N

N

NtBu N

N

N

tBuCu Cu

MeCN MeCN

O3N

NO3

2+



 –247– 

 
Figure 6.9 Selected portion of the crystal structure of ([2–tBu–CuII[NO3]2CuII]2+) (left) and ([1–
tBu–CuII[NO2]2CuII]2+) (right). Copper (orange), carbon (grey), oxygen (red), nitrogen (blue). 
Two triflate counter ions omitted for clarity in each structure. 

Of importance, the nitrite structure shows a closer contact between the oxygen ligated to the copper 

center and the vicinal second copper center (d = 2.424(4)Å) than does the nitrate (d = 2.671(3)Å). 

This ~0.2 Å reduction in distance was considered to be advantageous for the potential loss of NO 

as a leaving group to deliver a bridging oxo moiety. Whereas, the solution state photochemistry of 

the nitrate adduct in acetonitrile showed no reactivity as indicated by UV-vis spectroscopy (UV-

vis), the UV-vis spectrum of the nitrite adduct revealed a photoreaction upon irradiation at 390 nm 

(Figure 6.10).  
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Figure 6.10 UV-vis spectrum showing the photolysis of ([1–tBu–CuII[NO2]2CuII]2+) over the 
course of 18 h in MeCN with 390 nm light. 

The photoreaction entailed ●NO2generation with concomitant one electron reduction of the copper 

center to CuI as indicated by the bleaching of the CuII signal as well as the growth of a deep red 

color consistent with to N2O4 formation. As this one-electron photoreaction was undesired further 

studies on bimetallic complexes were abandoned and attention turned toward low-coordinate 

mono-copper complexes. 

 

6.3.2 Monometallic Copper Complexes 

 A bioinorganic chemistry of mono-copper enzymes supports an active C–H activation 

chemistry. Rosenzweig et al, have shown that the disputed core of particulate methane 

monooxygenase is a mono-copper site with a putative oxidizing terminal CuII-O• species (Figure 

6.11).23 Additionally, Rovira et al. have suggested that the active site of lytic polysaccharide 

monooxygenases (LPMOs) also contain a mono-copper site in which a CuII-O• center is capable 

of oxidizing strong C–H bonds of lignocellulosic biomass24 
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Figure 6.11 Proposed reactive CuII-O• intermediates in the active sites of pMMO (left) and 
LPMO (right) capable of activating strong C–H bonds (below). 

Some leads to photolytically generating a CuII-O• species from a monometallic center are 

summarized in Figure 6.12. The Theopold group found that a bulky tris-pyrazoyle borate (Tp) 

ligated to CoI results in a Co-oxo from reaction of the complex with dioxygen.25 The group of 

Company showed that a four-coordinate bis-amino-bis-amido ligated NiII reacts with mCPBA to 

transiently yield a terminal NiIII-oxyl species that is a competent oxidant.26 Finally, the group of 

Pérez demonstrated that a perbrominated Tp CuI complex reacts with hydrogen peroxide to 

generate a transient putative CuII-oxyl species that oxidizes benzene.27 
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Figure 6.12 Literature precedent for ligand architectures that have been shown to allow for the 
generation of reactive late transition metal-oxo/oxyl species. 

Akin to the Cu sites proposed in pMMO and LPMO, we explored N3 and N4 ligated mono-copper 

complexes beginning with the commercially available cyclen ligand. Cyclen rapidly metallates by 

treatment with CuBr2 and two equivalents of AgClO3 in MeCN to yield [CuII[ClO3]TACD]ClO3. 

Deep blue-green crystals were grown by ether diffusion into a saturated MeCN solution. The single 

crystal X-ray structure (Figure 6.13) shows an axially ligated ClO3– anion as well as an outer-

sphere ClO3– for charge balance.  
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Figure 6.13 Crystal structure of [CuII[ClO3]TACD]ClO3 (left) and selected bond lengths of the 
ClO3– anion coordinated to the copper center (right). Copper (orange), chlorine (dark green), 
carbon (grey), oxygen (red), nitrogen (blue). 

The complex features a relatively long Cu–O bond (d =2.190(13)Å). Unlike the previous TPP 

complexes, equivalent (within statistical variance) Cl–O distances are observed with no sign of 

oxyanion pre-activation. The compound was dissolved in MeCN and irradiated at 390 nm to probe 

its photoreactivity but no change was observed by UV-vis spectroscopy. Given the previous 

success generating reactive oxo/oxyl species for metals in a tripodal N3 ligand sphere, and in 

particular a tris-pyrazoyl borate ligand scaffold, a copper chlorate version of the ligand was 

explored. A ligand was needed with no weak C–H bonds (weaker than 105 kcal/mol homolytic 

BDE) and at the same time bulky enough to prevent dimerization. A symmetric hexaphenyl tris-

pyrazoyl borate ligand (KTp-Ph6) fulfilled these criteria.28 The ligand was synthesized according 

to literature procedure and metallated in an analogous method used for generating 

[CuII[ClO3]TACD]ClO3. Dark blue thin needle-like crystals of the compound were grown by 

slow diffusion of ether into a saturated MeCN solution. The single crystal X-ray structure, shown 

in Figure 6.14, features a single copper site in the tripodal N3 pocket with a single axially ligated 
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ClO3– anion.  

 
Figure 6.14 Crystal structure of CuII[ClO3]Tp-Ph6 (left) and selected bond lengths of the ClO3– 
anion coordinated to the copper center (right). Copper (orange), chlorine (dark green), boron 
(yellow), carbon (grey), oxygen (red), nitrogen (blue), hydrogen (white). 

Given the anionic nature of Tp ligand, there is no outer sphere anion needed for charge balance as 

was the case for the cyclen ligand. The coordinated ClO3– anion is disordered over three positions 

(only one is shown for clarity in Figure 6.14). Other differences from previously isolated chlorate 

complexes include an anion bound through two oxygens with equal distances of 2.007(14) Å and 

2.006(12) Å, respectively. There were also significant differences in the Cl–O bond lengths, with 

the Cl–O bond ligated to the copper center possessing a distance of d = 1.508(18) Å while the 

unbound Cl–O bond showed a contraction to d = 1.362(15) Å. With an indication of some pre-

activation, a recrystallized sample was prepared and solution state UV-vis measurements were 
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monitored for the complex in MeCN under 390 nm irradiation. 

 
Figure 6.15 UV-vis spectrum of CuII[ClO3]Tp-Ph6 photolysis at 390nm in MeCN over 10 min 
(bottom) and the putative scheme of the reaction being observed (top). 

The complex showed rapid photoreaction over the course of 10 min. Large changes in both the 

charge transfer and d-d transition region of the spectrum were observed (Figure 6.15). Unlike 

previous copper-oxyanion complexes (vide supra), a bleaching of the d-d transitions, suggestive 

of photoreduction to a Cu(I) species, was not observed. Further, within the first minute of the 

photoreaction (red trace Figure 6.15), a small shoulder developed at ~350 nm that proceeded to 

disappear over longer timescales. Comparison with the work of Ohkubo et al. suggests this 

absorption may be indicative ClO2• generation (observed at 358 nm), with concomitant generation 
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of a copper-oxyl type species.29  

 

6.4 Photochemical Reactivity of Metal-Oxyanion Complexes Towards Unactivated C–H 
Bonds 

In order to probe whether the species generated from CuII[ClO3]Tp-Ph6 photolysis was 

indeed an oxidizing copper oxygen species, a GC assay was developed to probe the oxidation of 

the unactivated strong C–H bond of cyclooctane (95.7 kcal/mol) (Figure 6.16). 

 
Figure 6.16 Scheme of oxidation reaction observed when CuII[ClO3]Tp-Ph6 is photolyzed in the 
presence of cyclooctane. 

CuII[ClO3]Tp-Ph6 was dissolved in a dichloromethane solution containing 200 mM cyclooctane. 

The solution was photolyzed using a 390 nm Kessil lamp for 24 h at 25 °C. A chelating silica was 

then added to the reaction to remove all coordinated metal ions and the resulting metal–free 

solution was submitted for GC analysis. Cyclooctanol and cyclooctenone were observed as 

photoproducts. These results were supplemented by a number of control experiments that are 

summarized in Table 6-1.  

Table 6-1 Control experiments for the photo–oxidation of cyclooctane by CuII[ClO3]Tp-Ph6.  

Conditions (in air with 390 nm light) Product (by GC) 

KTp-Ph6  No Product 

CuIITp-Ph6(OTf) No Product 

CuII[ClO3]Tp-Ph6 Cyclooctane + Cyclooctanol 

[CyclenCuIIClO3]ClO3 No Product 

OH O
TpCuClO3

hν

CH2Cl2, 25 ºC

H
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Since the reaction is run in the presence of oxygen and a highly aromatic ligand scaffold, the first 

entry describes the control experiment to determine if the ligand was simply photo-sensitizing 

dioxygen. We found no evidence of photosensitization of O2. We proceeded to evaluate if CuII in 

the absence of chlorate could result in the oxidation of cyclooctane. This too showed no product 

by GC analysis. Finally, we utilized the previously synthesized cyclen compound as a two-fold 

control where in addition to a CuII-ClO3 compound, free ClO3– was also present in solution. Again, 

neither species was able to oxidize cyclooctane. 

Though the results of Table 6-1 were extremely promising, some controls remain to be 

performed, in light of the work by Ohkubo et al., who demonstrate that under photolysis conditions, 

ClO2• can decompose into O2 and Cl•. A chlorine radical could possibly result in C–H abstraction 

from cyclooctane to generate a carbon centered radical that can go on to react with O2.30 In order 

to probe this pathway, it will be necessary to synthesize the bromate analogue, as Br• lacks the C–

H abstraction capability to activate cyclooctane. Additionally, though unlikely, ongoing work is 

being performed to confirm that a Cu(I) species is not being formed and reacting with O2 to form 

a CuII-superoxide species. 

 

6.5 Looking Forward Towards the Structural Characterization of Metal-Oxo Species in the 
Solid State 

Despite promising solution state chemistry, photocrystallography experiments of 

CuII[ClO3]Tp-Ph6 were uninformative as no atom movement or Cu-oxyl formation was observed. 

In part, this may be due to the residency of the chlorate on a three-fold axis. Accordingly, any Q-

peak movement of the oxyl in the solid state is averaged over three crystallographically identical 

positions. As such, other tripodal compounds, such as the copper analogues of a tris-(N-
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heterocyclic carbene [NHC]) borate ligands 31,32, are being examined (Figure 6.17). Interestingly, 

for the purposes of the goals of this thesis, this ligand has been shown to stabilize a high valent 

cobalt-oxo center.32  

 

Figure 6.17 Target CuII chlorate complex utilizing the tris-NHC borate ligand originally developed 
by the Smith Lab and used by the Anderson Lab to stabilize a high valent CoIII-oxo.  
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6.6 Experimental Details 

6.6.1 General Methods  

Reactions involving air-sensitive materials were performed in a nitrogen-filled glovebox. 

Glassware and magnetic Teflon stirbars were dried at 180 °C for at least 12 h prior to use. Unless 

otherwise noted, all solvents were degassed and dried using a Glass Contour Solvent Purification 

System built by SG Water USA, LLC. After purification, all solvents were stored under an 

atmosphere of N2 over 4 Å molecular sieves. Reagents were purchased from Oakwood Chemical, 

Sigma Aldrich, or TCI America and used without further purification. Metal scavenging chelating 

silica was purchased from SiliCycle. 1H NMR spectra were obtained on a Bruker 400 MHz or 

JEOL ECZ400S 400 MHz spectrometer at room temperature (23-25 °C) and were referenced to 

residual solvent signals unless otherwise noted. 

 

6.6.2 Synthetic Details 

FeTPPClO4. To a 20 mL scintillation vial equipped with a Teflon stir bar was added 

FeClTPP (100 mg, 0.142 mmol, 1.00 equiv), AgClO4 (29.5 mg, 0.142 mmol, 1.00 equiv) and DCM 

(5 mL). The reaction was stirred for 2 h at room temperature, passed through a 0.22 µm PTFE 

syringe filter, and layered with pentanes, which upon standing for 48 h yielded FeTPPClO4 as dark 

purple rectangular crystals. 

FeTPPReO4. To a 20 mL scintillation vial equipped with a Teflon stir bar was added 

FeClTPP (100 mg, 0.142 mmol, 1.00 equiv), AgReO4 (50.9 mg, 0.142 mmol, 1.00 equiv) and 

DCM (5 mL). The reaction was stirred for 2 h at room temperature, passed through a 0.22 µm 

PTFE syringe filter, and layered with pentanes, which upon standing for 48 h yielded FeTPPReO4 

as dark purple rectangular crystals. 
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General Method for Synthesis of 1-X and 2-X. To a 500 mL round-bottom flask was 

added 4-X diacetylpyridine (2.00 g, 1.00 equiv), 1,3-diaminopropane (1.00 equiv) or 1,2-

diaminoethane(1.00 equiv), strontium triflate (0.5 equiv), and 200 mL methanol. The reaction was 

refluxed at 80 °C for 12 h then allowed to cool to room temperature. The solvent was removed to 

yield a white solid which was dissolved in DCM, layered with hexanes, and cooled to ‒20 °C to 

yield a white powder that could be isolated vacuum filtration. This furnished pure desired title 

compound as the Sr(OTf)2 salt and was used without further purification. 

General Method for Metallation of 1-X and 2-X to yield [n–X–CuIICuII](OTf)2. To a 

20 mL scintillation vial equipped with a Teflon stir bar was added 1 or 2 (1.00 equiv), CuIIOTf2 

(2.00 equiv), and MeCN (5 mL). The reaction was stirred for 2 h at room temperature, passed 

through a 0.22 µm PTFE syringe filter, and placed in a diethyl ether diffusion chamber, yielding 

[n–X–CuIICuII](OTf)2 as blue plate like crystals that could be isolated by filtration.  

[2–tBu–CuII[NO3]2CuII]2+. To a 20 mL scintillation vial equipped with a Teflon stir bar was 

added [2– tBu–CuIICuII](OTf)2 (105 mg, 0.081 mmol, 1.00 equiv), TBANO3 (49.1 mg, 0.162 

mmol, 2.00 equiv), and MeCN (5 mL). The reaction was stirred for 2 h at room temperature, passed 

through a 0.22 µm PTFE syringe filter, and placed in a diethyl ether diffusion chamber, yielding 

[2–tBu–CuII[NO3]2CuII]2+as blue needle like crystals that could be isolated by filtration. 

[1–tBu–CuII[NO2]2CuII]2+. To a 20 mL scintillation vial equipped with a Teflon stir bar 

was added [1– tBu–CuIICuII](OTf)2 (106 mg, 0.080 mmol, 1.00 equiv), TBANO2 (46.1 mg, 0.160 

mmol, 2.00 equiv), and MeCN (5 mL). The reaction was stirred for 2 h at room temperature, passed 

through a 0.22 µm PTFE syringe filter, and placed in a diethyl ether diffusion chamber, yielding 

[1–tBu–CuII[NO3]2CuII]2+as blue needle like crystals that could be isolated by filtration. 

[CuII[ClO3]TACD]ClO3. To a 20 mL scintillation vial equipped with a Teflon stir bar was 
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added Cyclen (500 mg, 2.90 mmol, 1.00 equiv), CuBr2 (648 mg, 2.90 mmol, 1.00 equiv), and 

AgClO3 (1.11 g, 5.8 mmol, 2.00 equiv). MeCN (10mL) was added and the reaction was stirred for 

2 h at room temperature, passed through a 0.22 µm PTFE syringe filter, and placed in a diethyl 

ether diffusion chamber, yielding [CuII[ClO3]TACD]ClO3 as blue plate like crystals. 

CuII[ClO3]Tp-Ph6. To a 20 mL scintillation vial equipped with a Teflon stir bar was added 

KTp-Ph6 (260 mg, 0.365 mmol, 1.00 equiv), CuBr2 (81.7 mg, 0.365 mmol, 1.00 equiv), and 

AgClO3 (140 mg, 0.730 mmol, 2.00 equiv). MeCN (10 mL) and CH2Cl2 (5 mL) were added and 

the reaction was stirred for 2 h at room temperature, passed through a 0.22 µm PTFE syringe filter, 

and placed in a diethyl ether diffusion chamber, yielding CuII[ClO3]Tp-Ph6 as blue needle like 

crystals. 

 
6.6.3 Reactivity Experiments 

General Procedure for Photo-oxidation Assay. To a 6 mL vial equipped with a Teflon 

stir bar and PTFE lined vial cap was added 200 mM cyclooctane in DCM (2.00 mL, 0.400 mmol) 

and the desired metal complex or control as a solid (0.400 mmol, 1.00 equiv). The reaction was 

stirred in the dark until homogenous and then photolyzed at 390 nm using two equidistant Kessil 

Lamps at full power for 24 h. The temperature was maintained at 25 °C by the action of two fans 

blowing air over the reaction. Once the reaction was complete it was treated with 200 mg of 

SiliaMetS® TAAcONa silica and allowed to stir for 30 min. The slurry was then passed through 

a 0.22 µm PTFE syringe filter, and the filtrate submitted for GC-analysis using an Agilent 

Technologies 7890A Gas Chromatograph equipped with a 30m Restek Column (No.13423) and 

an FID detector. 
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6.6.4 Physical Measurements 

UV-vis Spectroscopy: UV–vis absorption spectra were acquired at 293 K in 1cm path 

length quartz cuvettes using a Cary 5000 spectrometer (Agilent) and were blanked against the 

appropriate solvent.  

57Fe-Mössbauer Spectroscopy: 57Fe Mössbauer spectra were measured with constant-

acceleration mode on a spectrometer (SEE Co, Minneapolis, MN) at 90 K. Isomer shifts are quoted 

relative to Fe foil at room temperature. Data were analyzed and simulated with Igor Pro 6 software 

using Lorentzian fitting functions. Samples were prepared by suspending 30-40 mg of crystalline 

compound in sufficient Paratone N oil and immobilized by rapid freezing in liquid N2. 

 

6.6.5 Structural Methods 

X-ray Crystallography: Low-temperature diffraction data for single crystals were 

collected on a three-circle diffractometer coupled to a Bruker-AXS Smart Apex charged-coupled-

device (detector) with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) performing φ 

and ω scans. The data were integrated using SAINT (Bruker AXS) and scaled with a multiscan 

absorption correction using SADABS (Bruker AXS).33  The structures were solved by direct 

methods using SHELXS and refined against F2 on all data by full-matrix least squares with 

SHELXL-97 using established methods.34 Hydrogen atoms were placed in calculated positions 

using the standard riding model and refined isotropically. All non-hydrogen atoms were refined 

anisotropically.35 
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