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SUMMARY 

This thesis details the synthesis, characterization, and reactivity of a variety of new 

cobalt complexes containing redox-active, pincer-type ligands based on an N-

heterocyclic carbene (NHC) centered, bis(phenoxide) scaffold (OCO).  Described within 

are also the first-ever reported direct C–H bond trifluoromethylation reactions facilitated 

by a cobalt complex.   

Chapter 1 provides a general overview of the background relevant to the work 

outlined in the thesis.  In this Chapter, the significance of transition metals in C–C bond 

forming reactions and some of their mechanisms are briefly discussed.  Redox non-

innocent ligands are introduced and their electronic and physical properties are examined.  

The capacity of redox-active ligands to mediate organometallic-type, multielectron 

reactions at base metals is also highlighted, and a summary of recent successes in using 

such ligands for redox transformations of small molecules is presented. 

Chapter 2 describes, in detail, the synthesis and electronic structures of a new series 

of (OCO)-ligated cobalt complexes.  The complexes span formal oxidation states from 

CoII to CoV within a 1.5 V applied potential range.  Experimental and computational data 

are presented which describe the physical oxidation states of the non-innocent 

ligand/metal combinations as well as the effects of altering the degree of saturation in the 

backbone of the NHC moiety.  Preliminary efforts towards utilization of these complexes 

for C–C and C–N coupling reactions are discussed.  Whereas outer-sphere oxidants give 

isolable high-valent Co complexes, treatment with one- and two- electron oxidants that 

form new Co–X bonds, instead generally leads to the decomposition of the ligand.  The 



 xviii 

outcomes suggest new strategies are needed to protect the (OCO) ligand backbone 

against deleterious attack by reactive small molecule fragments.  

One strategy to address this problem is presented in Chapter 3.  Two of the (OCO) 

complexes described in Chapter 2 are treated with a radical CF3 source and their products 

are described.  In one case, the ligand forms an unexpected C–CF3 bond, but in another, a 

new complex containing a Co–CF3 bond is formed.  The isolated Co–CF3 complex is 

either 5- or 6-coordinate depending on the solvent and thermal environment.  The 5-

coordinate complex is photosensitive and is capable of Co–CF3 bond homolysis upon 

exposure to visible light.  This allows for the direct trifluoromethylation of unactivated 

arene and heteroarene C–H bonds.  Interestingly, the 6-coordinate species is unaffected 

by visible light.  The differences in reactivity are discussed in the context of variations in 

geometry and electronic structure.  A κ2-trifluoroacetate complex was also synthesized 

and found to undergo Co–O bond homolysis under visible light.  This complex is also 

competent to trifluoromethylate aryl C–H bonds, presumably through a radical 

decarboxylation mechanism. 

Chapter 4 describes the use of one of the (OCO) pincer cobalt complexes in 

catalytic trifluoromethylation of silyl enol ethers using commercially available 

electrophilic CF3 reagents.  A single electron transfer mechanism is proposed to impart 

radical character on the CF3 reagents, thus destabilizing the compounds and causing them 

to deliver a CF3 radical.  The radical attacks the unsaturated bond of the enol ether, 

producing a tertiary organic radical which reduces the oxidized metal back to its original 

oxidation state.  The organic compound then forms an α-trifluoromethyl ketone and an 

ionic salt byproduct.  The cobalt complex is capable of facilitating this SET mechanism 



 xix 

in multiple oxidation states, demonstrating the unique versatility of the ligand/metal 

platform for catalytic C–C bond formation. 

Chapter 5 acts as a conclusion to the thesis and describes future directions for work 

that may develop from the projects described within.  The Appendices which follow, 

detail the synthesis and characterization of additional (OCO) cobalt and nickel complexes 

and a structurally similar (ONO) bis(phenoxide) ligand scaffold that contains a pyridine 

linker in place of the NHC.  Preliminary results associated with C–C and C–N bond 

forming reactions are also discussed. 

 



 1 

CHAPTER 1. INTRODUCTION 

1.1 Metal Catalyzed C-C Bond Forming Reactions and Their Significance 

1.1.1 Cross-Coupling 

In past decades, transition metal cross-coupling methods have become powerful 

and reliable tools for C–C and C-heteroatom bond forming reactions, allowing complex 

molecular structures to be prepared in efficient and economical manners.1-2 Cross-

coupling reactions involving activated electrophiles, such as aryl-, vinyl-, or alkyl-

(pseudo)halides with organometallic nucleophiles (i.e. Heck, Kumada, Negishi, Stille, 

Suzuki–Miyaura, and Hiyama couplings) are now indispensable tools for pharmaceutical, 

agricultural, and materials industries.1-6 

The canonical mechanism for metal catalyzed cross-coupling is shown in Scheme 

1.1.  The three main parts of the mechanism include: (1) Oxidative addition of an R1–X 

compound to a low-valent metal via concerted two-electron reduction of a C–X bond.  (2)  

Transmetallation of the organometallic nucleophile to the catalytic metal center to form 

an intermediate R1–M–R2 species.  (3) Reductive elimination from the oxidized metal 

center via a second concerted two-electron step to produce the new R1–R2 bond and 

reform the initial metal complex.  Metals utilized in these reactions are most typically 

later 4d and 5d transition metals, including Pt, Ir, Ru, Rh, and especially Pd.2-3, 7 
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Scheme 1.1. General mechanism for transition metal catalyzed cross-coupling. 

 

Scheme 1.2. General mechanism for transition metal catalyzed oxidative coupling. 
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1.1.2 Oxidative Coupling 

Transition metal catalyzed oxidative coupling represents an alternative to cross-

coupling for C–C bond formation, allowing the coupling of two nucleophiles with the use 

of a sacrificial oxidant.8-9  As outlined in Scheme 1.2, the mechanism for oxidative 

coupling involves the same basic steps that occur in traditional cross-coupling, however a 

second transmetallation process is required to introduce both organic moieties to the 

metal center.   

 Historically, the development of oxidative coupling reactions lagged behind that 

of cross-coupling, at least in part due to the requirement for stoichiometric, typically 

halogen-containing co-oxidants.10-12  During the past decade, much attention has been 

paid to developing novel methods for the oxidative coupling of two hydrocarbons by 

utilizing O2 as the terminal oxidant, producing only water as the byproduct.13-15   

However, achieving regioselectivity with this method of C–H activation is difficult.10, 16-

19 Although this area is still in its infancy, bond formations between two nucleophiles 

have tremendous potential in the area of sustainable chemistry and environmental impact. 

1.2 Importance of Earth-Abundant 3d Metals for C–C Bond Forming Reactions 

Cost and toxicity concerns motivate efforts to replace precious metal cross-

coupling catalysts with Earth-abundant and benign alternatives.20-21  In these respects, 

later first-row transition metals are especially attractive and significant effort has been 

invested in the development of Fe, Co, Ni and Cu catalysts for such transformations.12, 22-

25  Some of these metals have demonstrated a capacity to mimic Pd cross-coupling, but 

have also provided access to entirely new reactions that are challenging with state-of-the-



 4 

art Pd methods.5, 23  Despite this promise, significant challenges remain for widespread 

adoption of base metal catalysts, especially those containing Fe and Co, as Pd surrogates. 

Base metal species are prone to non-selective radical reactions and the catalysts are often 

very poorly defined, complicating efforts to develop the mechanistic understanding that 

underpins rational catalyst design.5, 12, 21-23, 26   

1.3 Introduction to Redox Non-Innocent Ligands 

One strategy to impart a multielectron capacity at 3d metals and avoid unwanted 

radical pathways is to expand the redox sphere beyond the metal center.21 This is 

exemplified by metalloenzymes that accomplish multielectron bond making and bond 

breaking redox reactions via coordinated electron transfer by the metal center and the 

redox non-innocent protein radicals within the primary coordination sphere.27 Examples 

of this synergistic reactivity include oxidation of unactivated C–H bonds by cytochrome 

P450 and aerobic alcohol oxidation by galactose oxidase.28-29 The design principles 

inspired by metalloenzyme reactivity have been translated to functional small molecule 

models; most notably in high valent metalloporphyrin complexes, but also non-

macrocyclic complexes containing redox-active ligands.30 

Over the past four decades, coordination chemists have elaborated the unique 

physical properties of such redox non-innocent ligands.21, 31  Early studies focused on 

ortho-quinoid chelates and their derivatives, an example of which is shown in Scheme 

1.3.  These ligand species can coordinate metal centers in three oxidation states: dianionic 

catecholate (cat), one-electron oxidized semiquinone (sq), and fully oxidized 

benzoquinone (bq).  Important to the context of this thesis, cobalt complexes have a 
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particularly good energetic match between the metal and redox-active ligand frontier 

orbitals of amidophenolate and dioxolene systems, providing a pathway for low-energy 

metal–ligand charge transfer.32-34  

Scheme 1.3.  Accessible redox states of ortho-quinoid derivatives. 

 

1.4 Determination of Ligand and Metal Physical Oxidations States 

Determining the oxidation state of transition metal complexes containing redox 

non-innocent ligands is not often straightforward.35  These ligands can exist in multiple 

oxidation states which impart significant changes in the metrical parameters of the 

systems.32, 34, 36-39  Thus, single crystal X-ray diffractometry is a valuable tool for 

determining the physical oxidation state, although it should not be the only tool utilized 

for such assignments. Electrochemistry, geometrical optimizations, density functional 

theory (DFT), electrotonic spectroscopy, electron paramagnetic resonance (EPR) or 

nuclear magnetic resonance (NMR), magnetometry, and spin density calculations are all 

powerful tools available to the experimentalist which can aid in proper assignment of 

physical oxidation states.35 

A body of literature has been compiled over the past 30 years containing metrical 

parameters for redox-active ligands in various oxidations states as well as those 

coordinated to various metal centers.32, 34, 36-39 In the amidophenolate system, a derivative 
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of which is focus of this thesis, the localization of spin density is evident by the loss of 

aromaticity in the ring.  The ring takes on a quinoid-type pattern of four long and two 

short C–C bonds and contraction of the C–N and C–O bonds occurs, as evidenced by the 

palladium complex in Figure 1.1.35, 40 

 

Figure 1.1.  Select bond metrics of an amidophenolate ligated Pd complex in three 

different oxidation states.35,40 

1.5 Electronic Isomers/Valence Tautomerism 

Accessibility to multiple electronic structures not only affects physical oxidation 

state assignments, it also invokes the possibility of valence tautomerism within the 

system.32-34, 41 As a result, a completely ligand-centered redox process can occur which 

does not affect the oxidation state of the metal, a metal-only redox event may occur 

which does not change the ligand oxidation state, or both the ligand and metal may 

change oxidation states in a synergistic fashion, resulting in ambiguity of the electronic 

state of both metal and ligand.32-35, 41  Various factors including: geometry, coordination 

environment, and electronic donor/acceptor ability of the ligand all affect the type of 

electronic interaction between redox non-innocent ligands and their coordinated metal 

centers.42 For example, a series of N^N ligated Co(L)2 complexes (L = 3,5-di-tert-

butylsemiquinone) were observed to persist as CoIII metal centers with a mixed-valent 
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ap2-/sq- ligand set in the solid state at ambient temperature. However, at elevated 

temperatures in solution, the observed species is a CoII metal center with two sq- ligand 

radicals (Scheme 1.4).32, 43 

Scheme 1.4.  Valence tautomerism of N^N ligated bis(catacholate) cobalt complexes. 

 

In another example, shown in Scheme 1.5, the complex [(cat-N-bq)CoIII(cat-N-

sq)] exhibits valance tautomerism under relatively mild perturbations, including changes 

in temperature, pressure, or under certain light sources.46  These induced changes in 

electronic structure are due to the fact that the frontier ligand orbitals are in close 

energetic proximity to those of the metal.  In this case, both low-spin CoIII complexes are 

capable of ligand-to-metal charge transfers (LMCT) to afford high-spin CoII complexes 

with one-electron oxidized (ONO) ligands. 
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Scheme 1.5.  Valence tautomerism of (ONO) bis(dioxolene) cobalt complexes. 

 

 

1.6 Redox-Active Ligated Metal Complexes in Organic Transformations  

Over the past decade, simple redox-active chelates have been re-discovered as 

electron reservoirs for small molecule organometallic-type reactivity. A selection of 

notable examples includes: aryl–aryl reductive elimination from ZrIV,44 catalytic nitrene 

transfer at ZrIV and TaV,45 oxidative coupling of aniline to aryl-diazene via a redox active 

pincer ligand complex of TaV,46 CO2 reduction at AlIII,47 iron-catalyzed C–C oxidative 

addition and reductive elimination,48-51 and iron asymmetric hydrogenation and 
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hydrosilation of alkenes.52-55  Results from our own lab involve catalytic O2 activation 

and oxo transfer at high-valent rhenium,56-59 CoIII-catalyzed Negishi-type cross coupling 

of alkyl halides with alkyl- and arylzinc reagents,60-63 and manganese catalyzed aerobic 

alcohol dehydrogenations and oxidative homocoupling of aryl Grignard reagents.64-65 

1.7 Project Aims 

This thesis will describe the development of new redox-active pincer scaffolds on 

cobalt and the utility of the complexes for stoichiometric and catalytic C–C bond forming 

reactions.  Our approach harnesses valence tautomerism to avoid thermodynamically 

stable and substitutionally inert oxidation states (i.e. CoIII).  Specifically, this thesis 

answers the following questions: 

1.  What are the physical oxidation states and electronic structures in an electron 

transfer series of low-coordinate cobalt complexes supported by a family of 

bis(phenolate) (OCO) pincer ligands? 

2. Can the (OCO) ligands support high valent Co-alkyl, -aryl, and -imido 

complexes which may be key intermediates in C–H bond activation 

mechanisms?66-70 

3. Can redox-active ligand-to-Co intravalence charge transfer be used as a tool to 

impart radical character to ancillary ligands that might serve as synthons in 

catalytic processes? 

4. Can intermolecular single electron transfer lead to assembly of new C–C bonds 

via outer-sphere radical processes and what are the oxidation states necessary to 

support such reactivity?  
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CHAPTER 2. REDOX-ACTIVE BIS(PHENOLATE) N-

HETEROCYCLIC CARBENE PINCER LIGANDS SUPPORT 

COBALT ELECTRON TRANSFER SERIES SPANNING FOUR 

OXIDATION STATES 

2.1 Note on Collaboration 

This chapter contains X-ray crystal structures that were initially featured in the 

Ph.D. thesis of Dr. Michael B. Bayless, Georgia Tech 2014 (Complexes 1, 1+, and 12+).  

The metrical data has since been refined by Dr. John Bacsa and the updated data is 

reflected here.  Mr. Nicolaas P. van Leest and Professor Bas de Bruin of the University of 

Amsterdam have provided the TD-DFT calculations, simulated and experimental EPR 

data, and spin density calculations.  Former undergraduate student, Quinton Bruch, 

synthesized complex 2 from the ligand (PhOCO) which I provided. 

2.2 Introduction 

Sustainability concerns motivate the continued pursuit of base metals as 

alternatives to precious metal catalysts for small molecule and fine-chemical 

transformations, including hydrogenation, C–C and C–X cross coupling, and C–H 

bond functionalization protocols.1-3  The utility of platinum-group metals for such 

processes derives from their capacity to mediate the multielectron organometallic 

bond-making and -breaking steps which comprise most catalytic cycles.4-5 Selectivity in  

these systems is therefore a consequence of their thermodynamic bias for concerted 

two-electron transfer.4,6  Accordingly, efforts to develop base metal alternatives must 
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address the propensity of later 3d metals to exist in oxidation states that differ by only 

one electron.7  

One potential solution is to expand the redox sphere beyond the metal center by 

harnessing cooperative metal–ligand redox processes for multielectron chemistry.3, 8-12 In 

this approach, the capacity of redox-active ligands to store and deliver charge is a tool to 

bring about precious metal-like, two-electron organometallic reactivity at metal ions that 

are more commonly prone to one-electron transfer, or which are even redox inert. This 

strategy has recently been applied to a wide array of bond-making and -breaking 

reactions.13-17 But while redox-active ligand complexes have found some applications in 

base metal catalysis,18-42 in most cases, advancements are still needed to make these pre-

formed complexes competitive with catalysts generated in situ from base metal salts, 

reductants, and potential ligand additives.5, 43-57 Successes in rational base metal catalyst 

design often begin with robust, tunable ligands. For instance, the redox-active 

bis(imino)pyridine (NNN) pincers ligands58-59 were termed "privileged" because of their 

utility in Fe and Co catalysis.60 Accordingly, elaborating a library of ligands that stabilize 

low coordinate, later 3d metals across two or more formal oxidation states is a first step 

toward designed base metal complexes for sustainable catalysis.  

Previous results from our own lab have explored redox-active ligand aminophenol 

Co complexes for Negishi-type cross-couplings of unactivated alkyl halides with alkyl- 

or arylzinc halides (Scheme 2.1).61-62 Both the C–X oxidative addition and C–C 

reductive elimination steps apparently occur via Pd-like concerted two-electron steps. 

Though catalytic turnover is limited because C–C reductive elimination from the putative 

high-valent dialkyl/aryl intermediate cobalt complexes is inhibited by energetically 
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unfavorable isomerization of the square planar bis(amidophenolate) ligand field.  This 

precludes access to the cis sites required for C–C elimination. 

Scheme 2.1.  Proposed catalytic cycle for the Negishi-type cross-coupling using 

bis(amidophenolate) CoIII
. 

 

To address these issues, we sought a system that would capture the redox-active 

amidophenolate fragments within a mer pincer-type tridentate ligand scaffold. In this 

regard, the previously reported diphenolate imidazolyl carbene appeared promising.63 As 

shown in Scheme 2.2, the (OCO) pincer contains two di-tert-butylphenolate moieties 

flanking a central N-heterocyclic carbene (NHC) core. Beyond constraining the 

coordination geometry to open cis coordination cites for oxidative addition and reductive 

elimination transformations, we envisioned the NHC conferring other advantages. The 
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strong σ-donating carbene makes the ligand less labile in its oxidized forms, and the 

increased electron density facilitates oxidative addition at the coordinated metal center. 

Its significant trans influence also enhances the lability of auxiliary ligands,64-65 which is 

particularly beneficial for generating catalytically relevant species at substitutionally inert 

metal centers such as CoIII. Finally, the modular synthesis allows both lateral moieties as 

well as the medial NHC core to be easily modified, offering significant steric and 

electronic tunability.66-67  

Scheme 2.2.  Redox capacity of the proposed ligand scaffold. 

 

This (OCO) ligand has been reported on metals including Ti, Zr, Hf, V, Mn, Ir, 

Ni, Pd, Pt and Al.63, 68-72 Most of these reports formulate the ligand as a bis(phenolate) 

dianion, but two previous papers discussed an expanded redox capacity.70, 72 Bercaw and 

coworkers evaluated one- and two-electron oxidations of an [(OCO)IrIII(cod)] complex 

and suggested the possibility of a ligand-centered radical in the oxidized materials, but a 

definitive assignment as d6 Ir(IV) or d7 Ir(III) ligand-radical complex was not made.72  

Ligand-centered oxidations were similarly invoked to rationalize the electrochemical and 

electron  paramagnetic  resonance  (EPR)  data  for homoleptic bis-(OCO) ligated Group 

4 metals Ti, Zr, and Hf, but no structural data were reported and the putative ligand 

radical complexes were not isolated.70 

Reported herein are data for three new cobalt electron transfer series, each 

spanning four formal oxidation states. Structural data are presented that unambiguously 
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show the (OCO) pincer ligands are redox centers in the highly oxidized complexes and 

computational data supports their assignments as ligand-centered radicals. Furthermore, 

variations in the NHC backbone saturation are shown to modulate the redox potential of 

the ligand-centered oxidations by over 400 mV, providing a convenient handle to tune 

these ligands for applications in small molecule redox catalysis. 

2.3 Results 

2.3.1 Synthesis of the Diphenolate NHC Ligands 

The chloride salts of three tridentate pincer proligands featuring two di-tert-

butylphenolate moieties on a central N,N’-disubstituted imidazole [H3(OCO)Cl], 

imidazoline [H3(
SOCO)Cl], or benzimidazole [H3(

PhOCO)Cl] core, were synthesized via 

slight modifications of previously reported procedures. The saturated variant 

[H3(
SOCO)Cl] was prepared in 82% yield from triethyl orthoformate-promoted 

cyclization of N,N’-bis(2-hydroxy-3,5-di-tert-butylphenyl)ethylenediamine in the 

presence  of  concentrated  hydrochloric acid (Scheme 2.3a).68, 73 Analogous reaction of 

the ortho-phenylenediamine precursor afforded [H3(
PhOCO)Cl] in 79% yield.74  The 

unsaturated NHC core, [H3(OCO)Cl], was prepared according to a previously reported 

method by treating the diimine precursor with paraformaldehyde and TMSCl in ethyl 

acetate at 70 ºC for 6h (Scheme 2.3b).  
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Scheme 2.3.  Synthesis of the (OCO) proligands. 

 

2.3.2 Synthesis and Characterization of the Cobalt Complexes 

The cobalt complexes 1 – 3, formulated [(SOCO)CoII(MeCN)], 

[(OCO)CoII(MeCN)], and [(PhOCO)CoII(MeCN)], respectively, were prepared by a 

general method wherein the corresponding ligands were deprotonated with three 

equivalents of NaOMe and subsequently treated with stoichiometric CoCl2 (Scheme 2.4). 

As described below, the four-coordinate Co center is completed by a solvent-derived 

ligand upon workup. Samples isolated from CH3CN or THF solutions vary in color from 

orange to red and the isolated yields ranged from 88-93%. Suspending THF-derived 

samples in CH3CN and adding the minimal amount of toluene required to completely 

dissolve the sample affords analytically pure needle crystals of the corresponding CH3CN 

complexes, implying the solvent-derived ligands are labile. 
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Scheme 2.4.  Synthesis of the CoII complexes 1 – 3. 

 

 

 

Figure 2.1.  ORTEP plot of [(SOCO)Co(MeCN)], complex 1, as viewed from front 

(top) and down the Co1–C3 bond (bottom).  Thermal ellipsoids are drawn at 50% 

probability.  Hydrogen atoms and non-coordinated acetonitrile molecules have been 

removed for clarity.   
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Figure 2.2.  ORTEP plot of [(OCO)Co(MeCN)], complex 2, as viewed from front 

(top) and down the Co1–C3 bond (bottom).  Thermal ellipsoids are drawn at 50% 

probability.  Hydrogen atoms and non-coordinated acetonitrile molecules have been 

removed for clarity.   

 

Figure 2.3.  ORTEP plot of [(PhOCO)Co(MeCN)], complex 3, as viewed from front 

(top) and down the Co1–C3 bond (bottom).  Thermal ellipsoids are drawn at 50% 

probability.  Hydrogen atoms have been removed for clarity.   
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Recrystallization of the complexes from concentrated MeCN solutions at -25 °C 

afforded orange to red crystals suitable for analysis by X-ray diffraction. As shown in 

Figures 2.1 – 2.3, the gross geometric features are consistent across the series.  In each, 

the four-coordinate Co center has approximate square planar geometry, with the 

diphenolate carbene pincer ligand occupying three meridional sites and a solvent-derived 

MeCN ligand bound trans to the carbene.  

Unsaturation in the ligand backbone leads to variations in the Co–ligand bonding 

metrics as well as the overall planarity of the complexes. Selected bond lengths are 

collected in Figure 2.4. The saturated imidazoline backbone of 1 twists the ligand 

backbone, as evidenced by the C2– N1–C3–N2 torsional angle of 5.72(1)º. The phenolate 

arms of 1 are displaced below the cobalt, causing the O1–Co–O2 and C3–Co–N3 bite 

angles to slightly contract to 170.3(1)º and 172.2(1)º,  respectively  (Figure  2.1,  bottom).  

In contrast, the sp2 carbons in the imidazole backbone of 2 inhibit rotation along the C16–

C17 bond, making the ligand coplanar with the Co center. In the solid state, the complex 

resides on a crystallographic mirror (Figure 2.2, bottom). 

The benzimidazole complex 3 exhibits significant puckering about the Co center, 

causing both phenolic oxygen atoms to bend 7.2° above the N3-Co-C1 plane. The 

benzimidazole backbone is lifted out-of-plane (Figure 2.3, bottom). The C–C bonding 

metrics about the flanking phenolate groups are statistically indistinguishable within the 

rings, across all complexes 1 - 3 (Figure 2.4), consistent with formulation of the 

phenolate substituents as fully reduced phenoxides,75 from which we conclude that the 

NHC-ligands are dianionic and the Co centers adopt a formal +II oxidation state. 
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Figure 2.4.  Selected bond lengths [Å] across the series 1 – 3 (top to bottom). 

The Co–O bond distances remain constant across the series, averaging 1.811 ± 

0.005 Å.  A search of the CCDC in June 2017 revealed that all three Co1–C3 bond 

lengths (1.811(2)-1.830(8) Å) are substantially shorter than those in previously reported 

Co–NHC complexes (1.9135(19) - 2.152(6) Å),76-81 likely reflecting both the strong σ-

donor ability of the NHC as well as geometric constraints imposed by the chelating 
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phenolate arms. Notably, unsaturation in the backbone leads to a statistically significant 

elongation of the Co–CNHC distances along with a contraction of the Co–N bonds to the 

MeCN ligands and lengthening of the nitrile C≡N bonds (Figure 2.5). These bonding 

patterns can be rationalized by invoking enhanced π-backdonation from the Co center to 

the saturated carbene in 1 vs. 2 and 3, consistent with previous suggestions that 

imidazoline-derived NHCs are better π-acceptors than their unsaturated imidazole 

counterparts.65, 82 However, nitriles are poor π-acceptors, and similar effects might be 

expected based only on the relative σ donor abilities of the varying NHCs. 
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Figure 2.5. Bond lengths [Å] for the NHC–Co–NCCH3 fragments in 1 - 3. 

All three complexes are paramagnetic, as evidenced by the lack of any observable 

1H NMR spectra in THF-d8 and their solution magnetic moments of 1.88 μB, 1.82 μB, and 

1.90 μB for 1 - 3, respectively (average of three independent runs). These measured 

moments are higher than the spin-only values for an S = ½ center, but square planar CoII 

species are well known to have significant contributions from the angular momentum 
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term, L, leading to higher than expected values of μeff.
83 The observed magnetism is 

therefore consistent with a d7 configuration with a single unpaired electron. 

2.3.3 Electrochemistry 

Cyclic voltammograms of 1 - 3 were obtained in MeCN solutions containing 

0.1M tetra-n-butylammonium hexafluorophosphate ([nBu4N][PF6]) as the supporting 

electrolyte. As shown in Figure 2.6, all three complexes show three quasi-reversible 1e– 

oxidations between –0.5 V and +1.5 V vs. Fc+/Fc. The potentials are collected in Table 

2.1.  Substitutions in the NHC backbone minimally impact the position of the first 

oxidation, E1/2
1, which varies less than 95 mV between the most easily oxidized 3 and the 

least 2. However, the second and third oxidations, E1/2
2 and E1/2

3, are strongly influenced 

by (un)saturation of the NHC backbone. For example, in the saturated NHC complex 1, 

the second oxidation event, E1/2
2, occurs nearly 300 mV more negative of the unsaturated 

imidazole-derived complex 2, and nearly 400 mV below the benzimidazole NHC 

complex 3.  Similar trends are observed in the E1/2
3 values spanning a range of over 400 

mV, with 1 < 2 < 3. E1/2
2 and E1/2

3 represent formation of complexes two and three redox 

levels above CoII. However, as discussed below, the relative scarcity and presumed 

oxidizing power of molecular CoIV and CoV complexes led us to consider alternative 

formulations containing ligand-centered radicals. In this context, the observed E1/2
2 and 

E1/2
3 values are well within the range of reported ligand oxidations in complexes 

containing aryl oxide chelates (0.33 - 1.04V vs. Fc+/Fc) that generate phenoxyl radicals.75 
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Figure 2.6.  Cyclic voltammograms of 1 (black), 2 (red), and 3 (blue) in MeCN. 

Conditions: 5 mM 1-3, 0.1 M ([Bu4N][PF6]), 1.0 mm Pt electrode, 100 mV/s-1 scan 

rate. 

 

Table 2.1.  Redox potentials (V vs. Fc+/Fc) of complexes 1 – 3. 

 E1/2
1 (ΔEp) E1/2

2 (ΔEp) E1/2
3 (ΔEp) 

1 -0.322 (0.086) 0.299 (0.085) 0.773 (0.108) 

2 -0.252 (0.208) 0.596 (0.138) 0.963 (0.169) 

3 -0.344 (0.132) 0.694 (0.105) 1.187 (0.189) 
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2.3.4 Synthesis and Structure of the [(SOCO)Co(THF)] Electron Transfer Series  

To better understand the structural properties of the high-valent Co complexes 

observed in the cyclic voltammograms, chemical oxidations of 1 were performed in THF.  

Treating a dark orange, air-sensitive THF solution of 1 with 1 equiv. of AgOTf afforded a 

dark green solution from which 1+ was isolated as an air-stable green solid in 92% yield. 

A sample suitable for X-ray diffraction was prepared by salt metathesis with NaBPh4 

followed by recrystallization from solvent diffusion of pentane into a concentrated THF 

solution at –25°C. The structure of 1+ is presented in Figure 2.8. For comparison, an X-

ray structure of a sample of 1 isolated from THF is shown in Figure 2.7. Bond length data 

show that, with the exception of Co–C1 bond contraction from 1.811(2) to 1.790(4) Å, 

the structural perturbations in 1 are minimal on substitution of MeCN for THF. 
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Figure 2.7 ORTEP plot of [(SOCO)Co(THF)], 1, isolated from THF.  Thermal 

ellipsoids are drawn at 50% probability.  The rotational disorder of the tert-butyl 

and THF groups in addition to all hydrogen atoms have been removed for clarity.  

Selected bond lengths (Å):  Co1–C1 1.789(3), Co2–C36 1.791(3), Co1–O1 1.816(2), 

Co1–O2 1.812(2), Co2–O5 1.808(2), Co2–O6 1.810(2), Co1–O3 2.021(2), Co2–O4A 

2.026(2), O1–C5 1.339(3), O2–C23 1.337(3), O5–C40 1.337(4), O6–C54 1.340(3). 

The Co center in 1+ is five-coordinate (Figure 2.8), with the pincer ligand 

occupying three meridional sites. Two THF ligands complete the pseudo-square 

pyramidal geometry with a τ value of 0.13 (cf. τ = 0 for a perfect square pyramid and τ = 

1 for a perfect trigonal bipyramid) ligand.84 Oxidation of 1 to 1+ occurs with contractions 

of each Co–O and O–CAr bond by ca. 0.01 Å each, and the Co–C1 bond to the carbene is 

lengthened from 1.789(2) in 1 to 1.849(3) Å.  All of the C–C bonds within the phenolate 

rings are indistinguishable from 1 within the error of the X-ray measurement, but both 
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rings in 1+ display distinctive quinoid-type bond alternations typical of those expected for 

phenoxyl radicals,75 suggesting some degree of ligand oxidation might be operative. 

 

Figure 2.8.  ORTEP plot of [(SOCO)Co(THF)2][BPh4], 1+.  Thermal ellipsoids are 

drawn at 50% probability.  The rotational disorder of the tert-butyl and THF 

groups in addition to all hydrogen atoms have been removed for clarity.  Selected 

bond lengths (Å):  Co1–C17 1.849(3), Co1–O1 1.8014(19), Co1–O2 1.8027(19), Co1–

O3 2.115(2), Co1–O4 2.041(2), O1–C1 1.329(3), O2–C18 1.328(3). 

THF solutions of 1+ are paramagnetic with a solution moment of 2.88 μB, 

consistent with the spin only value for an S = 1 center. The sum of these data are 

therefore consistent with formulation of 1+ as either [(SOCO)CoIII(THF)2]
+ containing a 

closed-shell (SOCO)2– bis(phenolate) ligand on an intermediate spin CoIII center, or 

[(SOCO•)CoII(THF)2]
+ with a low-spin CoII ion ferromagnetically coupled to an oxidized 

monoanionic (SOCO•)– fragment containing a single unpaired electron distributed across 
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the (OCO) framework. The X-ray metrical data alone are insufficient to distinguish these 

possibilities, but computational data discussed below are informative in this regard. 

The dication 12+ was prepared directly from a THF solution of 1 by treatment with 

2.1 equivalents of N[p-BrC6H4]3[PF6], yielding immediate conversion to a dark green 

colored solution which afforded a green-brown powder upon workup.  Crystals suitable 

for single crystal X-ray analysis were obtained by solvent diffusion of pentane into a 

concentrated THF solution at –25 °C. Three THF molecules complete the coordination 

sphere about a pseudo-octahedral Co center (Figure 2.9). Examination of the ligand 

metrical data shows a clear quinoid-type pattern of four long and two short C–C bonds in 

both phenoxide moieties. Additionally, the CAr–O and CAr–N bond lengths are contracted 

by an average of 0.044(4) and 0.022(5) Å, respectively, as compared to 1, in line with the 

contractions expected upon oxidation of the phenoxide arms to phenoxyls.  In total, the 

sum of the ligand data clearly contrast with those in 1 or 1+, and are most consistent with 

formulation of the ligand in 12+ as a charge neutral doubly oxidized (SOCO0) ligand.  

Charge balance implies the Co center is in the +II oxidation state, so the complex is 

formulated as [(SOCO0)CoII(THF)2]
2+. The measured THF solution magnetic moment of 

2.51 μB is substantially above that expected for an S = 1/2 ion - suggestive of substantial 

orbital contributions to the magnetic moment - but well below the spin-only moment for 

three or more unpaired spins. As discussed below, this could reflect multiple contributors 

to the ground state of 12+.  However, 12+ is also prone to degradation to undefined Co 

species in solution at ambient temperature, thus complicating magnetic measurements 

and hence the magnetic data should be interpreted with caution. 
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Attempts to synthesize a complex representative of the oxidation state accessed 

after the most positive oxidation wave in the CV were unsuccessful. The use of strong 

oxidants such as N[p-BrC6H4]3
+ or NO+ derived salts provided only an intractable 

mixture of products in which 13+ was not isolated. 

 

Figure 2.9.  ORTEP plot of [(SOCO)Co(THF)3][PF6]2, complex 12+.  Thermal 

ellipsoids are drawn at 50% probability.  The disorder of the THF groups and all 

hydrogen atoms have been removed for clarity.  Selected bond lengths (Å):  Co1–C3 

1.840(2), Co1–O1 1.8255(16), Co1–O2 1.8182(16), Co1–O3A 2.0315(15), Co1–O4 

2.2044(16), Co1–O5 2.2530(16), O1–C1 1.287(3), O2–C5 1.301(3). 

2.3.5 EPR Spectroscopy 

The X-band EPR spectrum of a THF derived sample of 1 was obtained in toluene 

glass at 20 K (Figure 2.10). It displays a rhombic signal with well-resolved cobalt 

hyperfine coupling interactions (HFIs) along two directions of the g-tensor. The spectrum 

is characteristic for a metalloradical S = 1/2 system, with the unpaired electron being 

localized mainly at the cobalt center. A satisfactory simulation of the experimental 
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spectrum was obtained with the EPR parameters shown in Figure 2.10. Spin-unrestricted 

(collinear) spin-orbit DFT calculated EPR parameters are overall in reasonable agreement 

with the experimental values (Table 2). The DFT computed ACo
x and ACo

y HFI values are 

somewhat too high though, while the gz-value is underestimated. This is suggestive of a 

slightly overestimated DFT HOMO–SOMO energy gap, perhaps caused by solvation 

effects and/or concrete toluene solvent adduct formation at 20 K in the experimental 

system.85 

 

Figure 2.10.  X-band EPR spectrum of a THF-derived sample of 1 in toluene glass at 

20 K.  Microwave frequency = 9.388589 GHz. Power = 0.6325 mW.  Modulation 

Amplitude = 2.000 G. 
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Table 2.2. (Simulation) and DFT calculated EPR parameters of 1. 

 Simulated DFTa 

 g-tensor  

gx 2.061 2.056 

gy 2.105 2.102 

gz 2.500 2.302 

 hyperfine couplings (MHz)  

ACo
x +45 +145 

ACo
y NR (<30) +82 

ACo
z -170 -176 

aADF, B3lyp, TZ2, unrestricted collinear spin-orbit calculations. 

As can be expected for a metal-based electronic triplet system (S = 1, with 

expected large zero-field splitting parameter D), the X-band EPR spectrum of 1+ 

measured in toluene glass at 20 K gave no signal in the range of 0-6000 Gauss. The 

solution instability of 12+ precluded measurement of an EPR spectrum. 

2.3.6 Computed Electronic Structures of 1, 1+, and 12+ 

The electronic structures of the THF adducts 1, 1+, and 12+ were computed with 

unrestricted DFT-D3 calculations (BP86, def2-TZVP, disp3), excluding counterions, and 

with starting spin states as determined experimentally.  Optimized geometries were 

compared to the single-crystal X-ray structures and found to have maximum bond length 

deviations of 0.023 Å, 0.023 Å and 0.026 Å for 1, 1+, and 12+, respectively, suggesting 

that the spin states, functional and basis set (BP86, def2-TZVP, disp3) used in the 

geometry optimizations accurately capture the bond distances in the (SOCO) ligands 
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across all three formal oxidation states. The spin densities per atom in optimized 

geometries were also calculated. Accordingly, complex 1 converged as a doublet (<s2> = 

0.7611), with 81% of the total spin density being located at cobalt (Figure 2.11). Some 

residual spin density is delocalized over both phenoxide arms of the OCO ligand, mainly 

on the oxygen atoms (total of 12.6%). A small amount of spin down density is observed 

on the NHC carbon center (4.2%), which can be attributed to spin polarization. The 

computed structure of 1 is therefore best described as [(SOCO)CoII(THF)], with a closed 

shell (SOCO)2– dianion on a low spin CoII center. 

 

Figure 2.11.  Top: Spin density plot of 1 (S = 1/2), generated with IQMol (isosurface 

value 0.005). Bottom: Spin density per atom for the THF adduct of 1 (S = 1/2). 

1+ converged as a triplet (<s2> = 2.0156). The involvement of a quintet state (<s2> 

= 6.0132) is highly unlikely, as this state is computed to be +20 kcal mol–1 uphill vs. the 

triplet state. However, the singlet state is found to be only +5 kcal mol–1 above the triplet 
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state, and the open-shell singlet state is only +4 kcal mol–1 uphill from the triplet state. In 

the triplet state, 66% of the electron density is localized at Co; the remainder is 

delocalized over the phenoxide moieties (Figure 2.12). These data are most consistent 

with description of 1+ as containing a CoII center supported by a monooxidized (SOCO•)– 

ligand radical.  However, the accessibility of multiple low-lying excited states suggests 

that other contributors to the ground state might need to be considered (perhaps requiring 

multireference calculations, beyond the scope of the present study). 

 

Figure 2.12.  Top: Spin density plot of 1+ (S = 1), generated with IQMol (isosurface 

value 0.005).  Bottom: Spin density per atom for the bis THF adduct of 1+ (S = 1). 

Complex 12+ converged as a doublet (<s2> = 0.8342).  The spin density of 12+ is 

almost entirely localized at the cobalt center, with some spin polarization causing some 

negative spin population on the NHC ligand atoms (and hence more than 100% positive 

spin at cobalt; Figure 2.13). Unrestricted natural and corresponding orbital analysis of the 
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α and β molecular orbitals revealed the presence of only one α MO without (large) 

overlap with a corresponding β MO (UCO overlap values of all other α and β MO pairs > 

0.96). Accordingly, the computational data suggest the complex is best described as 

[(SOCO0)CoII(THF)3]
2+, with a single unpaired electron localized on the d7 CoII center 

and a doubly oxidized, charge neutral and closed-shell diamagnetic SOCO0 ligand (Figure 

2.14a).  While the SOCO0 ligand could in principle be described as a singlet diradical 

with very strong antiferromagnetic coupling between the two conjugated ligand-radical 

electrons (Figure 2.14b), there are actually no indications for such a (broken-symmetry) 

electronic structure with multiple unpaired electrons. Complex 12+ contains only one 

unpaired electron according to DFT, which is located at cobalt. 

 

Figure 2.13.  Top: Spin density plot of 12+ (S = 1/2), generated with IQMol 

(isosurface value 0.005).  Bottom: Spin density per atom for the tris THF adduct of 

12+ (S = 1/2). 
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Figure 2.14.  Key resonance structures of the closed-shell (a) and open-shell singlet 

(b) configurations of the doubly oxidized, charge neutral (SOCO0) ligand. The 

closed-shell representation a prevails according to DFT. 

2.3.7 Electronic Spectra of the ET Series 

The electronic spectra of complexes 1 – 12+, including molar absorbtivities, were 

previously reported in the Ph.D. thesis of Dr. Michael B. Bayless. The goal of this section 

in my thesis is to report the TD-DFT calculations of complexes 1 and 1+ in THF, 

compare them to the experimental UV-Vis data, and assign the transitions associated with 

each CT band.  The current calculations for complex 12+ did not agree with the 

experimental electronic spectrum, possibly due to the instability of the doubly oxidized 

species, and will not be discussed in detail here.   

The calculated spectrum of complex 1 is in good agreement with the experimental 

spectrum.  The unpaired electron resides in orbital 163a (SOMO). However, the orbital 

163b is empty and is also called the SOMO (as it is orbital 163).  The letters ‘a’ and ‘b’ 

refer to the calculated alpha and beta spins, respectively.  The numbering for the relevant 

orbitals is as follows: 
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158a/b:  SOMO-5 

161a/b:  SOMO-2 

162a/b:  SOMO-1 

163a/b:  SOMO 

164a/b:  LUMO 

166a/b:  LUMO+2 

167a/b:  LUMO+3 
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Figure 2.15.  Calculated and experimental UV-Vis absorption spectrum of 1 in THF. 

 

Figure 2.16.  Calculated UV-Vis absorption spectrum of 1 in THF with single line 

absorption energies. 
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Table 2.3.  Relevant MOs for 1. Generated with IboView, iso surface threshold set at 

80.0. 

λ (nm) MO #1 MO #2 Weight 

314 161a (SOMO-2) 

 

164a (LUMO) 

 

0.180518 

 163a (SOMO) 

 

166a (LUMO+2) 

 

0.157477 
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 158b (SOMO-5) 

 

164b (LUMO) 

 

0.215073 

326.2 163a (SOMO) 

 

167a (LUMO+3) 

 

0.289325 

 161b (SOMO-2) 

 

163b (SOMO) 

 

0.183544 
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343.5 162b (SOMO-1) 

 

164b (LUMO) 

 

0.401245 

439.8 163a (SOMO) 

 

164a (LUMO) 

 

0.709316 

 162b (SOMO-1) 

 

 

164b (LUMO) 

 

0.186436 
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The calculated spectrum of complex 1+ is also in good agreement with the 

experimental spectrum.  Since 1+ is best represented as a triplet with the unpaired 

electrons residing in the 182a and 183a orbitals, they are defined as SOMO(1) and 

SOMO(2), respectively.  The numbering for the relevant orbitals is as follows: 

180a/b:  SOMO(1)-2 

181a/b:  SOMO(1)-1 

182a/b:  SOMO(1) 

183a/b:  SOMO(2) 

184a/b:  LUMO 

185a/b:  LUMO+1 
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Figure 2.17.  Calculated and experimental UV-Vis absorption spectrum of 1+ in 

THF. 

 

Figure 2.18.  Calculated UV-Vis absorption spectrum of 1+ in THF with single line 

absorption energies. 



 48 

Table 2.4.  Relevant MOs for 1+. Generated with IboView, iso surface threshold set 

at 80.0. 

λ (nm) MO #1 MO #2 Weight 

336.4 181a (SOMO(1)-1) 

 

185a (LUMO+1) 

 

0.131697 

 183a (SOMO(2)) 

 

185a (LUMO+1) 

 

0.149293 
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 180b (SOMO(1)-2) 

 

184b (LUMO) 

 

0.446359 

404.3 183a (SOMO(2)) 

 

185a (LUMO+1) 

 

0.425257 

 180b (SOMO(1)-2) 

 

185b (LUMO+1) 

 

0.162476 
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2.4 Discussion 

2.4.1 Physical Oxidation States in the (SOCO)Co Electron Transfer Series 

The bis(phenolate) NHC cobalt complexes reported herein span a remarkably 

broad range of redox states. Cyclic voltammograms of complexes 1 - 3 all show three 

quasi-reversible one-electron oxidations at <1.2 V vs. Fc+/Fc. These formally correspond 

to the generation of CoIII, CoIV and CoV in the mono-, di- and trications, respectively. But 

the combined experimental and computational data suggest the physical oxidation states 

of cobalt are significantly lower.86 

Complex 1 is appropriately described as [(SOCO)CoII(THF)], with a closed shell 

(SOCO)2– dianion supporting a low spin CoII center, and the unsaturated NHC variants 2 

and 3 are formulated similarly. Exclusively four coordinate, quasi-square planar 

structures were obtained for crystals of 1 grown from either THF or MeCN, and for 2 and 

3 grown from MeCN. The reluctance to bind additional ligands is not attributable to 

sterics as evidenced by the quasi-octahedral structure of [(SOCO0)CoII(THF)3]
2+, which is 

formulated analogously as a low-spin CoII ion. Rather, the preference for four 

coordination in the lower oxidation states is apparently electronic in origin. In the 

absence of significant π-bonding, the dx2–y2 orbital that is directed at the vacant 

coordination sites—when the z axis is colinear with the Co–CNHC bond—is half-filled in 

the low spin d7 configuration. Oxidizing the ligand doesn't change the electron count at 

Co, so the preference for additional THF ligands in 12+ most likely reflects increased 

Coulombic attraction to the dication. Isolation of 12+ provides clear structural evidence 

for redox activity within the (OCO) pincer ligand. Although such ligand oxidations had 
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been previously suggested,70, 72 this is to our knowledge the first isolated (OCO) pincer 

complex with an oxidized ligand. X-ray data for the doubly oxidized ligand are consistent 

with those expected for a diradical, but calculations show it is better formulated as a 

closed shell (SOCO0) diamagnet, implying the NHC mediates electronic communication 

across the (OCO) framework.  

The electronic structure of the intermediate oxidation state 1+ species defies 

simple assignment. As noted above, the structural data can be reasonably interpreted as 

either [(SOCO)CoIII(THF)2]
+ with a closed-shell (SOCO)2– bis(phenolate) ligand on an 

intermediate spin CoIII center, or [(SOCO•)CoII(THF)2]
+ with a low-spin CoII ion bound 

and antiferromagnetically coupled to a monoanionic (SOCO•)– ligand radical, containing a 

single unpaired electron distributed over the (OCO) π system. DFT calculations are more 

consistent with the latter formulation, but reveal closed-shell singlet and open-shell 

singlet states at thermally accessible energies relative to the triplet (S = 1) ground state.  

In reality, the ground state of 1+ might have multiple contributors. If the true electronic 

structure is indeed some combination of the formulations listed above, then the physical 

oxidation states of the metal and ligand should be highly susceptible to small 

perturbations in the solvent, temperature, and coordination environment, making the 

ligand truly non-innocent.87 

2.4.2 Effects of NHC Unsaturation on Ligand-Centered Oxidations 

The oxidized variants of 2 and 3 were not isolated, but given the structural 

homology in 1 - 3 it seems reasonable to assume that 22+ and 32+ also contain ligand 

radicals. So how to rationalize the large (up to 400 mV) anodic shifts in the ligand-
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centered oxidations upon incorporation of unsaturation into the NHC ligand backbone? 

Two potential explanations were considered. 

1. Wolczanski and co-workers have recently suggested that the relative 

accessibility of ligand-centered oxidations can be understood by simple π-electron 

counting and the application of Hückel's rule.88-89 By this logic, the (SOCO)2– ligand is a 

20e– π system that becomes aromatic upon 2e– oxidation to (SOCO0) (see Figure 2.14a). 

The unsaturated (OCO)2– and (PhOCO)2– ligands have 22 and 26 π-electrons, respectively, 

making them aromatic in their reduced forms; they should have a much lower propensity 

to be oxidized, which is consistent with the CV data. This argument implies that the 

unsaturated backbones in the imidazole and benzimidazole-derived ligands are capable of 

delocalizing their π-electrons across the entire (OCO) ligand. Previous literature has 

suggested that unsaturated imidazole-derived NHCs may90 or may not91 be aromatic. If 

the backbone π-electrons are electronically decoupled from the rest of the (OCO) 

framework, then this rationale fails. The DFT results strongly point to full delocalization 

of the π system, in favor of aromaticity of the (SOCO0) ligand in 12+. 

2. As detailed above, the varying Co–C bond distance across 1 - 3 might be 

ascribed to enhanced π-backdonation from the CoII center in 1 to the NHC as compared 

to 2 and 3. The saturated imidazoline-derived NHC is known to be a better π-acceptor 

than the unsaturated (benz)imidazole NHCs.65, 82 Enhanced backbonding increases π-

electron density in the saturated (SOCO)2– ligand, thereby increasing its susceptibility to 

oxidations that generate phenoxyl radicals by removal of one or more π-electrons. 
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A definitive explanation for the observed shifts in the ligand-centered oxidation 

potentials eludes us. It might in fact arise from a combination of the factors listed above. 

In contrast, the relative invariance in the first oxidation events across 1 – 3, is reasonably 

attributed to significant CoIII character in 1+ - 3+. From the perspective of the CoII center, 

the coordination environment is nearly uniform in all of 1 - 3, rendering a metal-centered 

oxidation relatively invariant to unsaturation or substitutions in the distal half of the NHC 

fragment. 

2.4.3 (OCO) as a Platform for Multielectron Transformations at Cobalt 

The sum of the structural and electronic data presented above presents an exciting 

opportunity to develop new small molecule reaction chemistry at (OCO) complexes. For 

instance, a list of design criteria for a new Co cross coupling catalyst might include a 

low-coordinate complex in a low formal oxidation state, with a multielectron capacity 

that favors higher coordination numbers in higher oxidation states. In this respect, the 

(OCO) ligand seems ideally suited for such organometallic reactivity at later 3d metals. 

As shown herein, it stabilizes low coordinate Co in low formal oxidation states, and 

higher formal oxidation states lead to higher coordination complexes. The (OCO)Co core 

is robust, but labile ancillary ligands afford multiple cis coordination sites for small 

molecule binding and activation. Most importantly, the (OCO) framework gives access to 

oxidation states three levels above CoII at modest potentials. Accordingly, oxidative 

addition to CoII can be envisioned to occur without formation of high energy CoIV 

species. Furthermore, unsaturation in the NHC backbone is shown to afford a high degree 

of electronic tunability, allowing the reducing power of the metal complexes to be tuned 

by up to 400 mV without significantly perturbing the coordination environment or sterics 
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about the Co centers. These properties should be broadly transferrable to other 

organometallic catalysis cycles that utilize precious metals for multielectron bond 

activation and functionalization. 

2.5 Reactivity of the [(SOCO)Co(THF)] Series 

2.5.1 Transmetallation to Complex 1+ 

Previous attempts to generate a second Co–C bond via transmetallation to the 

one-electron oxidized species [(SOCO)Co(THF)2][OTf], complex 1+, using 

organometallic reagents such as organozinc halides, organomagnesium halides, or 

organolithium species all resulted in the same C-C reductive elimination products.  In 

each case, reductive elimination of the organic ligand to the carbene carbon was observed 

to have occurred, producing an organic imidazolium salt.  The resulting metal species 

was not identified.  This detrimental reaction has been previously reported and has even 

been referred to as the “Achilles heel in [NHC catalysis]”.92 The organic ligand would 

have to coordinate axially to the ligand plane, cis to the carbene, in order to facilitate C–C 

bond forming reductive elimination.  We postulated an inner sphere halide complex, if 

coordinated trans to the carbene, would act as a directing group for the transmetallation 

process and avoid the deleterious reductive elimination pathway. 

2.5.2 Reaction with One-Electron Halogen Source 

To determine the coordination environment of an inner sphere halide complex, 

complex 1 was reacted with a 0.5 equivalents of PhICl2 in THF in an attempt to generate 

the species [(SOCO)Co(Cl)(THF)n].  The initial turquoise-colored solution changed to 
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green over the course of ~1-2 h.  After 6 h, the volatiles were removed in vacuo to afford 

a green solid.  The resulting solid was crystalized by layering pentane over a concentrated 

THF solution and storing it at -25 °C for 18 h.  The solid-state structure of this complex 4 

contains two ligands, two cobalt atoms, and two chlorine atoms, however the atomic 

connectivity was not as expected (Figure 2.19).  One cobalt atom coordinates to both 

chlorine atoms at distances of 2.239(2) and 2.245(2) Å.  The first cobalt center is bridged 

to the second cobalt complex through the oxygen atoms of two phenoxides.  The second 

cobalt center is coordinated by both (SOCO) ligands, however one ligand has been 

rearranged.  The C67–N5 bond has been broken leading to loss of the NHC component, 

and the atom C67 has inserted into the Co4–O7 bond. This forms two new bonds, Co4–

N5 and C67–O7, generating a Co4–C67 coordinated benzoxazole.  The bonding metrics 

of the three remaining phenoxides do not indicate any ligand oxidation, supporting the 

formal oxidation state assignment of both cobalt centers as +III. 
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Figure 2.19.  ORTEP plot of complex 4 as one molecule in an asymmetric unit cell 

containing two molecules.  Thermal ellipsoids are drawn at 50% probability.  Tert-

butyl groups and hydrogen atoms have been removed for clarity.  Selected bond 

lengths (Å):  Co4–C96 1.835(8), Co4–O5 1.937(5), Co4–O6 1.996(5), Co4–O8 

1.904(5), Co4–N5 2.011(6), Co4–C67 1.897(7), Co3–O5 2.044(5), Co4–O6 2.011(5), 

Co4–Cl3 2.239(2), Co4–Cl4 2.245(2). 

 

2.5.3 Reaction with (Tosyliminoiodo)benzene 

Late transition metal imido complexes (TMIs) represent important reactive 

intermediate species in many useful organic and inorganic transformations.93 The 

bonding characteristics of such complexes exhibit similarities to that of nitrido ligands, 

forming one σ and two π bonds. Such an assignment would assume M=N-R forms linear 

bond, although this is not often true. Metrical perturbations in M=N-R species are 

increasingly common in metals with significant electron density (i.e. high d-count metal 

centers), and are only capable of one σ and one π bond due to population of M-N 

antibonding orbitals. 93   
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In particular, iron imido complexes have been proposed as isoelectronic 

surrogates to iron oxo complexes and their utility in C-H bond amination has been 

explored.94-95 We proposed the (SOCO)Co system may also be capable similar reactivity, 

so the synthesis of a formal CoIV imido complex was attempted.  Complex 1 was treated 

with 1 equivalent of the hypervalent iodine, (tosyliminoiodo)benzene (PhINTs) in 

CH2Cl2 at -78 ºC.  The solution was allowed to warm to room temperature during which 

time, a color change from orange to brown was observed.  The solution was concentrated 

and then stored at -25 ºC for 22 h, producing air-sensitive brown crystals suitable for X-

ray diffraction.   

The solid-state structure revealed a dimeric unit in which, again, the ligand had 

rearranged to a benzoxazole.  However, this time the NTs group had inserted into the    

C–Co bond.  A reasonable mechanism for the observed product is shown in Scheme 2.5 

which involves reductive elimination from the putative Co-imido species, affording a 

dimeric complex in which both cobalt centers are in the +II oxidation state. 
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Scheme 2.5.  Possible mechanistic pathway to form complex 5. 
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Figure 2.20.  ORTEP plot of complex 5 as a monomeric subunit (a) and as the dimer 

(b).  Thermal ellipsoids are drawn at 50% probability.  Hydrogen atoms have been 

removed for clarity.  Selected bond lengths (Å):  Co1-N1 (2.012(7)), Co1-N3 

(2.029(7)), Co1-O4 (1.927(5)), O4-C7 (1.319(9)). 

2.6 Conclusions and Future Work 

Tridentate, mer pincer-type ligands are now ubiquitous in catalysis, and the (OCO) 

pincer appears to be well positioned to take a place alongside "privileged" ligands for 

base metal catalysis, such as bis(imino)pyridine (NNN) pincers.60 The factors that make 
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this system particularly attractive as a platform for new reaction chemistry include the 

capacity to stabilize Co over three or more formal oxidation states at relatively modest 

potentials, along with an impressive flexibility in coordination number and geometry. All 

of these are predicated on the capacity of the (OCO) ligand to persist in oxidation states 

that span multiple electrons. Although this redox-capacity had been previously inferred, 

this report describes, to our knowledge, the first structurally characterized (OCO) ligand 

radicals and provides unequivocal proof for the redox activity of this ligand scaffold. 

The (OCO) pincer ligands additionally show a remarkable and unexpected 

electronic tunability, with ligand-centered oxidations spanning over 400 mV depending 

on the degree of unsaturation in the NHC ligand backbone. Going forward, we posit that 

these properties will be broadly beneficial for the development of new methods for 

selective, organometallic-type small molecule redox transformations at later 3d metals. In 

addition, because in the singly oxidized state, the singlet state is only ~5 kcal/mol higher 

than the triplet state observed at ambient temperature, VT-NMR and SQUID magnetic 

measurements may provide interesting insights to other physical peculiarities.  

2.7 Experimental 

2.7.1 General Considerations 

Unless otherwise specified, all manipulations were performed under anaerobic 

conditions using standard vacuum line techniques, or in an inert atmosphere glove box 

under purified nitrogen. Routine NMR spectra were acquired on either a Varian Mercury 

300 spectrometer (300.323 MHz for 1H; 75.5 MHz for 13C) or a Varian Mercury 400 

spectrometer (399.94 MHz for 1H; 101.1 MHz for 13C). All chemical shifts are reported 
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in parts per million (ppm) relative to TMS, with the residual solvent peak serving as an 

internal reference.96 Solution magnetic moments were obtained by Evan's NMR 

method,97-98 and are reported as the average of three independent measurements, unless 

otherwise specified. UV–visible absorption spectra were acquired using a Varian Cary 50 

spectrophotometer. Unless otherwise noted, all electronic absorption spectra were 

recorded at ambient temperatures in 1 cm quartz cells. IR absorption spectra were 

obtained via attenuated total reflection (ATR) with a diamond plate using a Bruker 

ALPHA Fourier-transform infrared spectrophotometer. All mass spectra were recorded in 

the Georgia Institute of Technology Bioanalytical Mass Spectrometry Facility. 

Electrospray ionization mass spectrometry (ESI–MS) was carried out with acetonitrile 

solutions using a Micromass Quattro LC spectrometer. Electron impact mass spectra (EI–

MS) were obtained using a VG instruments model 70-SE spectrometer. The EPR 

spectrum was recorded on a Bruker EMX X-band spectrometer equipped with a He-

cryostat. The spectrum was analyzed and simulated using the W95EPR program of Prof. 

F. Neese. Cyclic voltammetry experiments were performed inside an N2-filled glove box 

in MeCN with 0.1 M ([nBu4N][PF6]) as the supporting electrolyte, unless otherwise 

noted. The voltammograms were recorded with a CH Instruments 620C potentiostat, 

using a 2.5 mm (O.D) 1.0 mm (I.D.) Pt disk working electrode, Ag wire quasi-reference 

electrode, and a Pt wire auxiliary electrode, at a scan rate of 0.1 V s–1, unless reported 

otherwise. Reported potentials are referenced to the ferrocenium/ferrocene (Fc+/Fc) redox 

couple, added as an internal standard at the conclusion of each experiment. Elemental 

analyses were performed by Atlantic Microlab, Inc., Norcross, GA. All analyses were 

performed in duplicate, and the reported compositions are the average of the two runs.  
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2.7.2 Materials and Methods 

Anhydrous acetonitrile (MeCN), dichloromethane, pentane, and toluene solvents 

for air- and moisture-sensitive manipulations were purchased from Sigma-Aldrich and 

further dried by passage through columns of activated alumina, degassed by at least three 

freeze-pump-thaw cycles, and stored under N2 prior to use.  Anhydrous diethyl ether 

(Drisolv), methanol (Drisolv), and benzene (Drisolv) were purchased from EMD 

Millapore and used as received.  Dichloromethane-d2 and acetonitrile-d3 (Cambridge 

Isotope Labs) were dried over excess calcium hydride and vacuum distilled to an oven-

dried sealable flask, and degassed by successive freeze-pump-thaw cycles. 

Tetrahydrofuran-d8, chloroform-d1, and methanol-d1 (Cambridge Isotope Labs) were used 

as received.  The materials (N,N’-bis(2-hydroxy-3,5-di-tert-

butylphenyl)ethylenediamine,73 (N,N’-bis(2-hydroxy-3,5-di-tert-

butylphenyl)phenylenediamine,74 and the ligand H3[(OCO)]Cl63 were prepared according 

to published procedures. Complexes 1 - 12+ were previously reported in the thesis of Dr. 

Michael B. Bayless.  [N(p-C6H4Br)3][PF6] was synthesized following a literature 

procedure.99 Sodium tert-butoxide (5.4 M in MeOH; Alfa Aesar), triethyl orthoformate 

(Alfa Aesar), paraformaldehyde (Alfa Aesar), formic acid (Alfa Aesar), and anhydrous 

CoCl2 (Strem) were used as received. 

2.7.3 Synthesis of [H3(
SOCO)]Cl 

In a modified procedure from literature,68 (N,N’-bis(2-hydroxy-3,5-di-tert-

butylphenyl)ethylenediamine (5.65g; 12.1 mmol) was dissolved in (EtO)3CH (250 mL) 

and heated to 70 °C open to air.  Conc. HCl (1.33 mL; 16.1 mmol) was added dropwise 
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over ~5 mins resulting in a color change from golden yellow to red/purple.  After approx. 

15 min., a thick white precipitate formed and the stirring was increased to ensure even 

mixing.  After stirring for 1 h, the reaction was cooled to r.t. and filtered.  The white solid 

was washed with copious amounts of Et2O (~ 150 mL) and dried under high vacuum at 

50 °C overnight (4.93g; 79% yield).  All characterization data matched those previously 

reported.68    

2.7.4 Synthesis of [H3(
PhOCO)]Cl 

In a modified procedure from literature,74 (N,N’-bis(2-hydroxy-3,5-di-tert-

butylphenyl)phenylenediamine (3.52g; 6.81 mmol) was dissolved in (EtO)3CH (150 mL) 

and heated to 70 °C open to air.  Conc. HCl (0.84 mL; 10.2 mmol) was added dropwise 

over ~5 mins resulting in a color change from golden yellow to red/purple.  After approx. 

15 min., a thick white precipitate formed and the stirring was increased to ensure even 

mixing.  After stirring for 1 h, the reaction was cooled to r.t. and filtered.  The white solid 

was washed with copious amounts of Et2O (~ 150 mL) and dried under high vacuum at 

50 °C overnight (3.14g; 82% yield).  All characterization data matched those previously 

reported.74 

2.7.5 Synthesis of Complexes 1 – 3 

The same general procedure was followed for all of 1 - 3. A 20 mL scintillation 

vial was charged with a solution of [H3(
SOCO)]Cl (515 mg, 1.0 mmol) in MeOH (8 mL). 

NaOMe (5.4 M in MeOH, 555 μL, 3.0 mmol) was added dropwise. The resulting yellow 

colored solution was stirred for 5 m and then added dropwise to a separate 20 mL vial 

containing anhydrous CoCl2 (129.8 mg, 1.0 mmol) in MeOH (10 mL). The solution 
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became dark red and a red/orange precipitate formed within 0.5 h. The suspension was 

stirred for an additional 6 h and the solids were then separated by vacuum filtration. 

2.7.6 Synthesis of [(SOCO)Co(MeCN)] (1) 

Following the above representative procedure, the collected solids were 

suspended in MeCN (5 mL) and a minimal amount of toluene was added to completely 

dissolve the material. This solution was stored at –25 ºC for 18 h, producing orange 

colored crystals of 1 suitable for XRD analysis (507.5 mg, 0.88 mmol, 88%). Satisfactory 

elemental analysis required the inclusion of solvent-derived MeOH, the reported analysis 

is for [(SOCO)Co(MeCN)]•1.5MeOH. Anal. Calc. for C34.5H53CoN3O3.5: C, 66.33; H, 

8.55; N, 6.73. Found: C, 66.84; H, 8.16; N, 6.23. UV–vis (MeCN) λmax, nm (ε, M–1 cm–1): 

438 (5600). FTIR (ATR, cm–1): 2949(m), 2900(m), 2865(m), 1627(w), 1477(s), 1449(s), 

1389(m), 1357(m), 1325(s), 1285(m), 1236(m), 1201(m), 1073(w), 982(w), 842(m), 

760(m), 701(m), 678(m), 644(m), 579(m), 514(m), 434(m), 413(m).   

2.7.7 Synthesis of [(SOCO)Co(THF)] (1) 

The THF adduct to 1 was obtained analogously using THF solvent in place of 

MeCN. Crystalline solids suitable for single crystal X-ray diffraction were obtained by 

slow diffusion of pentane into a saturated THF solution at –20 ºC. UV–vis (THF) λmax, 

nm (ε, M–1 cm–1): 430 (5300). FTIR (ATR, cm–1): 2947(m), 2899(m), 2866(m), 1506(s), 

1478(m), 1447(m), 1389(m), 1358(m), 1325(s), 1283(m), 1270(m), 1240(m), 1200(m), 

1159(m), 1076(m), 1051(m), 914(m), 894(m), 869(m), 836(m), 756(m), 699(m), 643(m), 

605(m), 578(m), 545(m), 512(m), 466(m), 434(m), 419(m). 
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2.7.8 Synthesis of [(OCO)Co(MeCN)] (2) 

Following the above representative procedure, followed by recrystallization from 

MeCN-toluene at –25 ºC afforded 2 as X-ray quality crystals in 93% yield. Anal. Calc. 

for C33H45CoN3O2: C, 68.97; H, 7.89; N, 7.31. Found: C, 68.54; H, 7.78; N, 7.28. UV–vis 

(MeCN) λmax, nm (ε, M–1 cm–1): 308 (23,000), 327 (2200), 418 (5100). FTIR (ATR, cm–

1): 2953(m), 2907(m), 2873(m), 1444(s), 1328(m), 1323(s), 1274(w), 1239(m), 1204(w), 

1096(m), 914(w), 843(s), 774(m), 695(m), 663(s), 605(m), 587(m), 577(m), 550(m), 

507(m), 422(m).  

2.7.9 Synthesis of [(PhOCO)Co(MeCN)] (3) 

Following the above representative procedure, followed by recrystallization from 

MeCN–toluene at –25 ºC afforded 3 as single crystals suitable for XRD in 89% yield. 

Anal. Calc. for C37H47CoN3O2: C, 71.14; H, 7.58; N, 6.73. Found: C, 71.41; H, 7.51; N, 

6.77%. ESI-MS (m/z): 655.4 [M]+. UV–vis (MeCN) λmax, nm (ε, M–1 cm–1): 305 (19000), 

427 (4900). FTIR (ATR, cm–1): 2952(m), 2903(m), 2865(m), 1476(m), 1459(m), 

1427(m), 1377(m), 1356(s), 1335(m), 1301(m), 1218(m), 1199(m), 1179(w), 1158(w), 

921(w), 860(s), 770(m), 737(s), 719(m), 632(m), 553(m), 436(m), 421(m). 

2.7.10 Synthesis of Complex 4 

Complex 1-THF (303.9 mg; 0.5 mmol) was dissolved in THF (10 mL) and PhICl2 

(61.9 mg; 0.25 mmol) was added in portions over 5 m.  The resulting turquoise solution 

was stirred for 6 h in which time the solution changed to a dark green color.  The 

volatiles were removed in vacuo to afford a green powder.  The green solid was dissolved 
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in a minimal amount of THF, layered with pentane, and stored at -25 ºC for 18 h, 

producing green crystals of the formula C62H88Cl2Co2N4O4 (96% yield based on the 

structure 4). UV–vis (CH2Cl2) λmax, nm (ε, L/mol*cm): 451, 571. 

2.7.11 Synthesis of Complex 5 

Complex 1-THF (303.9 mg; 0.5 mmol) was dissolved in C6H6 (10 mL) and 

(tosyliminoiodo)benzene (61.9 mg; 0.5 mmol) was added all-at-once.  The resulting dark 

orange solution was stirred for 16 h.  The volatiles were removed in vacuo to afford a 

green powder.  The green solid was dissolved in a minimal amount of THF, layered with 

pentane, and stored at -25 ºC for 18 h, producing air-sensitive brown crystals of the 

formula C70H102Co2N6O8S2 (82% yield based on the structure 4).  

2.8 X-ray Crystallography 

2.8.1 General Considerations 

Unless otherwise noted, X-ray diffraction data were collected using a Bruker 

APEX-II CCD diffractometer equipped with an Oxford Cryosystems low-temperature 

apparatus.  Unit cell indexing was performed by using the APEX2 (Bruker) software.  

Data were measured with MoKα radiation (fine-focus sealed tube, 45 kV, 35 mA). The 

total number of runs and images was based on the strategy calculation from the program 

APEX2 (Bruker).  Unit cell indexing was performed by using the APEX2 (Bruker) 

software and refined using SAINT (Bruker, V8.34A, 2013).  Data reduction, scaling and 

absorption corrections were performed using SAINT (Bruker, V8.34A, 2013) and 

SADABS-2014/5 (Bruker, 2014) was used for absorption correction.  The λ/2 correction 
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factor is 0.00150.  The software also corrects for Lorentz polarization.  The crystal 

structures were refined by Least Squares using version 2014/7 of XL (Sheldrick, 2008). 

All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were 

calculated geometrically and refined using the riding model. 

2.8.2 [(SOCO)Co(MeCN)] (1) 

An orange, prism-shaped crystal with dimensions 0.382×0.228×0.149 mm was 

mounted on a loop with paratone oil.  X-ray diffraction data were collected at T = 

100(2) ˚K.  The maximum resolution achieved was ϴ = 29.675°. 

Unit cell indexing was performed and refined based on 10495 reflections, 17% of 

the observed reflections.    The ratio of minimum to maximum transmission is 0.8753.  

The final completeness is 99.4% out to 29.675° in ϴ. The absorption coefficient (µ) of 

this material is 0.496mm-1 and the minimum and maximum transmissions are 0.6530 and 

0.7460. 

The structure was solved in the space group P1 with the ShelXT (Sheldrick, 

2015) structure solution program using combined Patterson and dual-space recycling 

methods. The space group Pnnm (# 58) was determined by ShelXT (Sheldrick, 2015) 

structure solution program.  

2.8.3 [(OCO)Co(MeCN)] (2) 

A yellow, prism-shaped crystal with dimensions 0.65×0.16×0.14 mm was 

mounted on a loop with paratone oil.  X-ray diffraction data were collected at T = 

100(2) ˚K.  The maximum resolution achieved was ϴ = 24.709°. 
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Unit cell indexing was performed on 9857 reflections, 36% of the observed 

reflections.  wR2(int) was 0.1730 before and 0.0738 after correction.  The ratio of 

minimum to maximum transmission is 0.6290.  The final completeness is 97.8% out to 

24.709° in ϴ. The absorption coefficient (µ) of this material is 0.463mm-1 and the 

minimum and maximum transmissions are 0.6290 and 1.0000. 

The structure was solved with the ShelXT (Sheldrick, 2015) structure solution 

program using combined Patterson and dual-space recycling methods. The space group 

P21/c was determined by ShelXT (Sheldrick, 2015) structure solution program.  

2.8.4 [(PhOCO)Co(MeCN)] (3) 

An orange, prism-shaped crystal with dimensions 0.585×0.284×0.112 mm was 

mounted on a loop with paratone oil.  X-ray diffraction data were collected at T = 

100(2) ˚K.  The maximum resolution achieved was ϴ = 27.484°. 

Unit cell indexing was performed and refined based on 3059 reflections, 60% of 

the observed reflections.  The ratio of minimum to maximum transmission is 0.8808.  

The final completeness is 93.2% out to 27.484° in ϴ.  The absorption coefficient (µ) of 

this material is 0.553 mm-1 and the minimum and maximum transmissions are 0.828 and 

0.940. 

The structure was solved with the ShelXT (Sheldrick, 2015) structure solution 

program using combined Patterson and dual-space recycling methods. The space group 

Pmca was determined by ShelXT (Sheldrick, 2015) structure solution program.  
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2.8.5 [(SOCO)Co(THF)] (1-THF) 

A red block-shaped crystal with dimensions 0.22×0.10×0.05 mm was mounted  

on a loop with paratone oil.  X-ray diffraction data were collected using a Bruker APEX-

II CCD diffractometer equipped with an Oxford Cryosystems low-temperature apparatus 

operating at  T = 173(2) °K.  

Data were measured using MoKα radiation (fine-focus sealed tube, 45 kV, 35 

mA). The total number of runs and images was based on the strategy calculation from the 

program APEX2 (Bruker). The maximum resolution achieved was ϴ = 27.484°. 

Unit cell indexing was performed by using the APEX2 (Bruker) software and 

refined using SAINT (Bruker, V7.68A, 2009) on 3263 reflections.  wR2(int) was 0.0717 

before and 0.0642 after correction. The ratio of minimum to maximum transmission is 

0.8806.  The final completeness is 100.00% out to 27.484° in ϴ. The absorption 

coefficient (µ) of this material is 0.555 mm-1 and the minimum and maximum 

transmissions are 0.6569 and 0.7460. 

The structure was solved with the ShelXS (Sheldrick, 2015) structure solution 

program using Direct Methods. The crystal structure was refined by Least Squares using 

ShelXL (Sheldrick, 2008).  

The value of Z' is 2. This means that there are two independent molecules in the 

asymmetric unit. 
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2.8.6 [(SOCO)Co(THF)2](Ph4B) (1+) 

A green plate-shaped crystal with dimensions 0.34×0.27×0.13 mm was mounted 

on a loop with paratone oil. X-ray diffraction data were collected at T = 173(2) °K.  The 

maximum resolution achieved was ϴ = 27.483°. 

Unit cell indexing was performed and refined based on 6346 reflections, 7% of 

the observed reflections.  wR2(int) was 0.0866 before and 0.0769 after correction. The 

ratio of minimum to maximum transmission is 0.8089.  The final completeness is 

100.00% out to 27.483° in ϴ. The absorption coefficient (µ) of this material is 0.349 mm-

1 and the minimum and maximum transmissions are 0.6032 and 0.7457. 

The structure was solved with the ShelXS (Sheldrick, 2015) structure solution 

program using Direct Methods. The space group P21/n (# 14) was determined from the 

systematic absences.  

2.8.7 [(SOCO)Co(THF)3](PF6)2 (12+) 

A black prism-shaped crystal with dimensions 0.53×0.15×0.08 mm was mounted 

on a loop with paratone oil.  X-ray diffraction data were collected at  T = 100(2) °K.  The 

maximum resolution achieved was ϴ = 26.372°. 

Unit cell indexing was performed and refined based on 9972 reflections, 17% of 

the observed reflections.  wR2(int) was 0.0664 before and 0.0551 after correction.  The 

ratio of minimum to maximum transmission is 0.7487.  The final completeness is 99.8% 

out to 26.372° in ϴ. The absorption coefficient (µ) of this material is 0.504 and the 

minimum and maximum transmissions are 0.3223 and 0.4305. 
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The structure was solved with Superflip (L. Palatinus & G. Chapuis, 2007) using 

the Charge Flipping algorithm. The space group Pbca (# 61) was confirmed by Superflip 

(L. Palatinus & G. Chapuis, 2007). 

2.8.8 Complex 4 

A green block-shaped crystal with dimensions 0.2×0.1×0.1 mm was mounted on a 

loop with paratone oil.  X-ray diffraction data were collected using a CuKα radiation 

source on a Bruker D8 diffractometer with APEX2 detector diffractometer equipped with 

an Oxford Cryosystems low-temperature apparatus operating at T = 100(2) K.  

The total number of runs and images was based on the strategy calculation from 

the program CrysAlisPro (Agilent). The maximum resolution achieved was ϴ = 70.358°. 

Unit cell indexing was performed by using the CrysAlisPro (Agilent) software 

and refined using CrysAlisPro (Agilent) on 22656 reflections, 58% of the observed 

reflections. Data reduction, scaling and absorption corrections were performed using 

CrysAlisPro (Agilent) and CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015). 

Empirical absorption correction using spherical harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. The final completeness is 86.7% out to 70.358° in ϴ. The 

absorption coefficient µ of this material is 4.845 mm-1 at this wavelength (λ = 1.54178) 

and the minimum and maximum transmissions are 0.587 and 0.616. 

The structure was solved in the space group P1 (#2) with the ShelXT-2014/4 

(Sheldrick, 2015) structure solution program using combined Patterson and dual-space 
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recycling methods. The space group P1 (# 2) was determined by the ShelXT-2014/4 

(Sheldrick, 2015) structure solution program.  

 The value of Z' is 2. This means that there are two independent molecules in the 

asymmetric unit. 

2.8.9 Complex 5 

A dark brown prism-shaped crystal with dimensions 0.39×0.27×0.26 mm was 

mounted on a loop with paratone oil. X-ray diffraction data were collected using a Bruker 

D8 diffractometer with APEX2 detector diffractometer equipped with an Oxford 

Cryosystems low-temperature apparatus operating at T = 100(2) K.  

Data were measured using ω scans scans of 1.0° per frame for 60.0 s. The total 

number of runs and images was based on the strategy calculation from the program 

CrysAlisPro (Agilent). The maximum resolution achieved was ϴ = 25.349°. 

Unit cell indexing was performed by using the CrysAlisPro (Agilent) software 

and refined using CrysAlisPro (Agilent) on 9824 reflections, 51% of the observed 

reflections. Data reduction, scaling and absorption corrections were performed using 

CrysAlisPro (Agilent) and CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015). 

Empirical absorption correction using spherical harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. The final completeness is 96.5% out to 25.349 in ϴ. The 

absorption coefficient µ of this material is 0.793 mm-1 at this wavelength (λ = 0.71073 Å) 

and the minimum and maximum transmissions are 0.37031 and 1.00000. 
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The structure was solved in the space group P1 with the ShelXT-2014/4 

(Sheldrick, 2015) structure solution program using combined Patterson and dual-space 

recycling methods. The space group P1 (# 2) was determined by the ShelXT-2014/4 

(Sheldrick, 2015) structure solution program. 

2.9 Computational Studies 

DFT geometry optimizations were performed using TURBOMOLE100 coupled to 

the PQS Baker optimizer101-102 via the BOpt package103 at the BP86,104-105 def2-TZVP,106-

107 level of theory (m4 grid), on full models (including tBu groups) in the gas phase, 

using Grimme’s version 3 (disp3, ‘zero damping’) dispersion corrections.108 All minima 

(no imaginary frequencies) were characterized by numerically calculating the Hessian 

matrix. 

EPR parameters were calculated with the ADF109-111 program system at the 

B3LYP/TZ2P level, using the coordinates from the structures optimized in Turbomole as 

input. ZORA basis sets as supplied with the ADF program were used. Unrestricted 

SPINORBIT ZORA COLLINEAR calculations were used to obtain the SOC corrected 

HFI-tensors and Zeeman corrected g-tensors. 

Spin density pictures were generated using IQMol (http://www.iqmol.org/). 
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CHAPTER 3. PHOTOINDUCED RADICAL 

TRIFLUOROMETHYLATION OF (HETERO)ARYL C–H BONDS 

3.1 Introduction 

Fluorine is the most abundant halogen in the Earth’s crust and represents the 13th 

most abundant element overall; however, only a few naturally-occurring fluorinated 

organic compounds are known.1  The trifluoromethyl functionality is completely absent 

in nature and is considered a privileged moiety in agricultural and medicinal chemistry.2  

Introduction of the CF3 group into organic molecules substantially influences 

lipophilicity, bioavailability, and capacity of the substrate to penetrate the blood-brain 

barrier.3-9 As a result, in recent years a number of methodologies for the introduction of 

this functional group have been developed.10-14  Routes based on nucleophilic,15-17 

electrophilic,18-19 and radical20 CF3 sources are all well-established and offer versatile 

approaches.  However, the vast majority of these routes often rely on pre-functionalized 

or electronically activated starting materials.21-27  Although the direct trifluoromethylation 

of unactivated C–H bonds represents, from a synthetic standpoint, the most attractive 

target in this field, this is a difficult challenge and most often requires the use of rare and 

costly transition metals.28-29   

The use of Earth-abundant transition metals in this arena is comparatively rare, 

though a few examples of copper facilitated trifluoromethylation reactions are known.30-

34  Efforts to utilize other base metals for direct C–H functionalization have been elusive 

for several reasons.  Metal promoted trifluoromethylations often invoke the formation of 
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a M–CF3 containing intermediate.  However, the electropositivity of early first-row 

trifluoromethyl complexes readily promotes activation of the C–F bond via metal-

centered α-fluoride abstraction, producing a difluoromethyl carbene species.35-37  On the 

contrary, later 3d metals form an inherently strong covalent M–CF3 bond, often resulting 

in thermodynamically favored complexes which hamper any associated reactivity.38-40   

We therefore proposed a methodology to expand the library of Earth-abundant 

transition metals capable of C–H bond trifluoromethylation by incorporating a 

bioinspired design principle.  The family of vitamin B12 derivatives, alkyl cobalamins, 

represents a quintessential example of CoIII–alkyl bonds that are capable of homolytic 

cleavage under relatively low-energy conditions.41-44  We hypothesized that a complex 

which contains a CoIII–CF3 bond, might circumvent the pitfalls involved with M–CF3 

bonds listed above.     

Although alkyl cobalamin derivatives have been heavily studied over the past four 

decades, a definitive mechanism for the Co–C bond homolysis has yet to be 

established.41-44  There is, however, a body of literature which supports the idea that 

ancillary ligands, especially redox-active ligands, can have a substantial influence on the 

reactivity of the Co–alkyl bond.41-42, 45-47  In a 1992 report, Finke and coworkers 

described that single-electron reduction of methylcobalamin from CoIII to CoII resulted in 

a Co–CH3 “half-bond strength”, thereby weakening the bond by 68% and increasing the 

rate of homolysis by up to a factor of ~1015.48  This was rationalized using MO 

considerations where the addition of one electron to the system populates the σ* 

molecular orbital with respect to the Co–CH3 bond.  Assuming a purely covalent 

interaction, this electronic configuration results in a formal Co–C bond order of 0.5.  
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Parallel studies by Pierpoint and Hendrickson reported valence tautomerism between 

redox non-innocent dioxolene ligands and CoIII metal centers.49  This electronic 

isomerization occurs via a ligand-to-metal charge transfer (LMCT) process, producing a 

singly oxidized ligand radical and a CoII metal.  In this respect, the capacity of redox-

active ligands to destabilize [(L)CoIII(CF3)] via thermal or photolytic formation of 

[(L•)CoII(CF3)] redox isomers is particularly attractive in the context of delivering •CF3 

under mild conditions. 

3.2 Results and Discussion 

3.1.1 Synthesis and Characterization of the Complexes 

Initial synthetic efforts focused on the synthesis of Co–CF3 complexes bearing the 

redox non-innocent ligands (SOCO) and (PhOCO) described in Chapter 2.  Treatment of 

[(PhOCO)Co(MeCN)], 1, with one equivalent of AgCF3 in acetonitrile produced a dark-

colored suspension which yielded a green solid upon removal of the solvent.   Crystals of 

the material suitable for X-ray diffraction were obtained by solvent diffusion of pentane 

into a concentrated THF solution of 1 at -25 ˚C, however the structure did not contain the 

desired Co–CF3 bond (Figure 3.1).  Rather, the CF3 group was found to have ultimately 

reacted with the (PhOCO) ligand at the position ipso to the N atom of the NHC, forming 

an unusually elongated Csp3–CF3 bond (1.583(3) Å).  The cobalt center also coordinated a 

second equivalent of the (PhOCO) ligand, producing a slightly distorted octahedral 

complex of the formula [(PhOCO)Co(PhOCO–CF3)], complex 2.  Bonding metrics of the 

aryl C–O distances indicate that one of the phenoxide components had been oxidized to a 
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phenoxyl radical (O4–C47 (1.229(2) Å).  The combined charge of the two ligands is 3- 

overall, making the pseudo-octahedral cobalt center +III.       

 

Figure 3.1. ORTEP plot of [(PhOCO)Co(PhOCO-CF3)], 2.  Thermal ellipsoids are 

drawn at 50% probability.  The tert-butyl groups and hydrogen atoms have been 

removed for clarity.  Selected bond lengths (Å):  Co1–C3 1.874(2), Co1–C38 

1.899(2), Co1–O1 1.9390(13), Co1–O2 1.9122(13), Co1–O3 1.8816(14), Co1–O4 

1.9324(14), O1–C1 1.329(2), O2–C5 1.324(2), O3–C36 1.323(2), O4–C47 1.229(2), 

C47–C48 1.474(3), C48–C49 1.351(3), C49–C50 1.462(3), C50–C51 1.335(3), C51–

C45 1.513(3), C45–N4 1.479(2), C45–C46 1.583(3). 

When [(SOCO)Co(MeCN)], 3, was treated with AgCF3 in MeCN, a dark green 

suspension was initially formed which dried to a burgundy colored solid upon workup.  

This material, 4, exhibited an interesting solvent-based color dependency.  The observed 

color was independent of polarity, yet directly correlated with the ability of the solvent to 

bind the metal center.  For instance, dissolution of 4 in coordinating solvents such as THF 

or MeCN produced emerald green solutions of 5, while non-coordinating solvents such as 

CH2Cl2 or Et2O maintained the dark red color observed in the solid state.  Red colored 

crystals of 4 suitable for single crystal X-ray diffraction were obtained from a 
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concentrated toluene solution at -25 ˚C, while green crystals of 5 were prepared from a 

mixture of MeCN and benzene (Figures 3.2 and 3.3). 

a) 

 

b)  

 

Figure 3.2.  (a) ORTEP plot of the red crystals, [(SOCO)Co(CF3)(MeCN)], 4.  (b) 

Selected bond lengths of the OCO ligand.  Thermal ellipsoids are drawn at 50% 

probability.  The rotational disorder of the tert-butyl groups and hydrogen atoms 

have been removed for clarity.  Additional bond lengths (Å):  Co1–N3 1.9813(12), 

Co1–C34 1.8687(15). 
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a) 

 

b) 

 

Figure 3.3.  (a) ORTEP plot of green crystal, [(SOCO)Co(CF3)(MeCN)2], 5.  (b) 

Selected bond lengths of the OCO ligand.  Thermal ellipsoids are drawn at 50% 

probability.  Hydrogen atoms have been removed for clarity.  Additional bond 

lengths (Å):  Co1–N3 2.0165(12), Co1–N4 2.0126(13), Co1–C36 1.9189(14). 

As shown in Figure 3.2, 4 is a 5-coordinate complex with distorted square 

pyramidal geometry in which the O1-Co1-O2 and C3-Co1-N3 angles measure 170.34(3)° 

and 172.25(3)°, respectively.  The CF3 group is orthogonal to the (OCO) ligand plane and 
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the Co-CF3 bond length is 1.8687(15) Å, suggesting significant covalency.  A search of 

the CCDC database in June of 2017 revealed that this matches within error with the 

shortest Co-CF3 bond currently reported in literature (cf. trifluoromethylcobalamin; 

1.878(12) Å).50 The ligand remains nearly planar with the O1-C1-C5-O2 torsional angle 

remaining unchanged from the parent complex [(SOCO)Co(MeCN)], 3, at 2.63°.  Around 

the metal center, the Co1-O1/O2(avg.) and Co1-C8 bonds undergo elongations by 

0.016(25) and 0.020(13) Å, respectively, as compared to 3. Conversely, the Co-

acetonitrile bond contracts by 0.030(12) Å vs. the parent complex.   

Solid-state structural analysis of the green crystals showed complex 5 is 6-

coordinate with the coordination sphere completed by the addition of a second 

acetonitrile molecule (Figure 3.3).   The cobalt center is in a distorted octahedral 

geometry with ligand-metal-ligand bonding angles ranging between 85.30(4)° and 

94.25(5)°.  A significant twisting of (SOCO) ligand is observed with the O1-C1-C5-O2 

torsional angle measuring 36.42(5)°.  Due to the increase in coordination number, 

substantial bond elongations around the metal center are observed as compared to the 5-

coordinate complex, 4, including Co1-O1/2(avg) and Co1-C8 distances by 0.045(20) and 

0.012(9) Å, respectively.  The Co-CF3 distance is also lengthened by 0.050(21) Å.   

At room temperature in the solid state, the green complex 5 rapidly loses the 

second coordinated solvent molecule and converts back to the red solid, 4.  Additionally, 

when concentrated solutions of 5 in MeCN are diluted with non-coordinating solvents, 

the color of the solution quickly changes to red, with an electronic spectrum indicating 

significant conversion to 4, suggesting the lability of one of the MeCN molecules.  This 
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is further evidenced in attempts to obtain satisfactory elemental analysis data for complex 

5 which resulted in data close to that expected for 4.     

Scheme 3.1.  Outcomes of 1 and 3 when treated with AgCF3. 

 

3.1.2 Electronic Absorption Spectra of [(SOCO)Co(CF3)(MeCN)] 

The UV-Vis absorption spectra of complexes 4 and 5 were recorded in Et2O and 

MeCN, respectively, revealing significant differences (Figure 3.4).  In both spectra, large 

charge transfer (CT) bands are observed at 387 nm (MeCN) and 408 nm (Et2O) with 

shoulders present at 467 nm (MeCN) and 462 nm (Et2O).  An additional, smaller CT 

absorbance is observed in MeCN at 616 nm (612 M-1 cm-1) with no other observable 

transitions in the range of wavelengths scanned.  This is in sharp contrast to the spectrum 

in Et2O in which a broad CT band is observed at 785 nm (2790 M-1 cm-1). 
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Figure 3.4.  UV-Vis absorption spectra of 4 in Et2O and MeCN at 22˚C. 

Both spectra are sensitive to changes in temperature.  Upon cooling to 

approximately -60 ˚C in Et2O, a visual color change of the solution from red to green 

occurred which was reversible upon warming back to room temperature.  Variable 

temperature UV-Vis from -30 to 20 ˚C confirmed the color change was completely 

reversible over that temperature range (Figure 3.5).  Upon cooling, the characteristic CT 

band at 785 nm and the shoulder at 462 nm decreased in intensity while the absorbances 

at 408 and 629 nm increased.  There are four isosbestic points present at 319, 425, 566, 

and 675 nm. 
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Figure 3.5 Variable temperature UV-Vis spectra of 4 in Et2O with a temperature 

range of -30 to 20 ˚C. 

 Heating a sample of 5 dissolved in acetonitrile produced an opposite effect.  By 

heating to near the boiling point of the solvent, a visible change in color from green to 

orange occurred which was reversible upon cooling.  Variable temperature UV-Vis from 

20 to 80 ˚C produced a decrease in the absorbances at 387 and 614 nm and an increase at 

the local minima 545 and 820 nm (Figure 3.6).  These collective changes are consistent 

with loss of the sixth MeCN ligand at elevated temperatures as well as the binding of 

Et2O in chilled solutions.  
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Figure 3.6. Variable temperature UV-Vis spectra in MeCN with a temperature 

range of 20 to 80 ˚C. 

3.1.3 Nuclear Magnetic Resonance 

The trifluoromethyl complex exhibits a diamagnetic NMR signal in both 

coordinating solvents, where 5 is the dominant species, and non-coordinating solvents 

where 4 is most prevalent.  In the 1H NMR spectrum collected in acetonitrile-d3, three 

sets of signals are observed between 1.28 and 6.85 ppm (Figure 3.7). The upfield signals 

correspond to the two inequivalent tert-butyl environments while NHC backbone protons 

appear as a broad singlet at 4.46 ppm.  The aryl C–H signals fall between 6.77 and 6.85 

ppm and exhibit meta splitting (J = 1.9 Hz).  There are two large differences present in 

the spectrum recorded in CDCl3.  These involve a more complex splitting pattern of the 

NHC backbone signals in addition to the presence of a signal at 2.44 ppm, corresponding 

to the coordinated MeCN ligand. No assignable coordinated MeCN ligand signals are 

observed in the acetonitrile-d3 spectrum, likely due to exchange with the deuterated 

solvent, although two minor peaks are observed at approximately 2.20 and 2.50 ppm. 
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Figure 3.7.  1H NMR spectrum of 5 in acetonitrile-d3. 

 

Figure 3.8.  1H NMR spectrum of 4 in CDCl3. 
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A variable temperature 1H NMR experiment was performed in acetonitrile-d3 over 

the temperature range of 25 - 75 ˚C in 10 ˚C increments (Figure 3.9).  As the temperature 

was increased, all signals were shifted downfield by a range of 0.05 - 0.08 ppm.  The 

singlet corresponding to the NHC backbone protons broadened into the baseline as the 

temperature increased from 25 - 45 ˚C.  It subsequently began to sharpen back until about 

65 ˚C, after which the singlet began to split into a more complex pattern.  The two minor 

signals observed at 2.20 and 2.50 ppm were also sensitive to the change in temperature, 

however they shifted upfield with increasing temperature.  The peak at 2.50 ppm began to 

sharpen as it shifted until it reached approximately 2.30 ppm, while the signal that 

originated at 2.20 ppm gradually shifted into the static signal observed at 1.96 ppm which 

represents free, protonated MeCN.  It is reasonable to assign these two minor peaks to the 

two coordinated MeCN ligands in the octahedral geometry; their smaller-than-expected 

integration values are a result of there being a significantly large ratio of deuterated to 

protonated MeCN ligands available in the deuterated acetonitrile solution.  These data, 

combined with the variable temperature UV-Vis spectroscopic results, seem to suggest 

the coordination environment is directly affected by temperature in addition to solvent 

effects, and that 4 and 5 exist in equilibrium. 
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3.2 Electrochemistry 

Cyclic voltammograms of 4 and 5 were measured at 22 ˚C in both coordinating 

(MeCN) and non-coordinating solvents (CH2Cl2) with ([Bu4N][PF6]) used as the 

supporting electrolyte.  As shown in Figure 3.10 and Table 3.1, the complex exhibits two 

reversible oxidative waves at a scan rate of 100 mV/s in either solvent.  Thus, the neutral 

species, 4/5, may form a mono- or dication, 4+/5+ and 42+/52+.  These potentials lie in the 

typical range for metal-coordinated phenoxide to phenoxyl radical oxidations and are 

much lower than typically observed for CoIII/IV oxidation (Eq. 1).51  However, given the 

electronic promiscuity of this metal/ligand combination, described in Chapter 2, other 

electronic structures should be considered, including one where the ligand becomes 

doubly oxidized and the metal center is reduced by a single electron (Eq. 2).   

 

To evaluate these possibilities experimentally, 4 was chemically oxidized with 

one and two equivalents of AgOTf in CH2Cl2.  The two-electron oxidized species 42+ was 

found to be unstable in both coordinating and non-coordinating solvents, even in the 

absence of light. However, the singly oxidized product 4+ was isolated and characterized 

by X-ray crystallography (Figure 3.11).  Crystals suitable for X-ray crystallography were 

obtained from solvent diffusion of hexamethyldisiloxane into a concentrated THF 

solution of 4+ in air. As shown in Figure 3.11, 4+ exhibits a quasi-octahedral geometry 

about the Co center, where the two sites trans to CF3 and CNHC are occupied by water 
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molecules.  The two water molecules were likely introduced during the workup involving 

silica gel column chromatography and remained coordinated through crystallization.  

Examination of the ligand metrical data (Figure 3.11; bottom) shows a clear quinoid-type 

pattern of four long and two short C–C bonds in both phenoxide moieties. Compared to 

4, the CAr–O(avg.) and CAr–N(avg.) bond lengths are contracted by 0.030(6) and 0.025(5) 

Å, respectively, and are most consistent with formulation as a charge neutral, doubly-

oxidized ligand.  Charge balance implies the Co center is in the +II oxidation state, so the 

complex is assigned as [(SOCO)••CoII(CF3)(OH2)2][OTf], in agreement with Eq (2).  

Although given the data presented in Chapter 2, a closed shell ligand assignment is also 

possible.   

 

Figure 3.10.  Cyclic voltammogram of complex 4 in both coordinating (MeCN; blue) 

and non-coordinating (CH2Cl2; orange) solvents. 
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Table 3.1.  Redox potentials (V) in coordinating vs. non-coordinating solvent. 

 E1/2
1 (ΔEp) E1/2

2 (ΔEp) 

CH2Cl2 -0.124 (0.104) 0.473 (0.101) 

MeCN -0.076 (0.100) 0.436 (0.116) 

a)

b) 

 

Figure 3.11.  (a) ORTEP plot of 4+ and (b) selected bond lengths of the (OCO) 

ligand.  Thermal ellipsoids are drawn at 50% probability.  Hydrogen atoms have 

been removed for clarity.  Bond contractions (red) and elongations (blue) greater 

than 0.01 Å vs. the parent complex 4 are indicated by color.  Additional bond 

lengths (Å):  Co1–O3 2.0876(11), Co1–O4 2.0012(10), Co1–C32 1.9183(14). 
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3.2.1 Stability Studies 

I observed that exposure of 4 to ambient light in a non-coordinating solvent gave 

significant decomposition over 18 hours.  As shown in Figure 3.12, a loss of intensity of 

the CT bands at 400 and 788 nm occurred in Et2O which coincided with the introduction 

of a new absorbance at 356 nm and isosbestic points at 324 and 369 nm.  However, when 

a solution of the same material in MeCN, generating 5, was subjected to the same 

conditions, no measurable change was observed (Figure 3.13).   

The identity of the decomposition product in the ethereal solution was determined 

to be the one-electron reduced [(SOCO)Co(MeCN)], complex 3.  Accordingly, 

conversion of 4 to 3 requires the loss of •CF3 during the photolytic process.  However, no 

fluorine containing product was observed in the 19F NMR spectrum after the photolysis 

experiment concluded.  A possible byproduct of the reaction is gaseous HCF3 which 

could form via radical H-atom abstraction from diethyl ether and be lost during the 

transfer of the sample from the cuvette.  The viability of such H-atom abstraction from 

the solvent is discussed below. 
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Figure 3.12.  UV-Vis spectra of 4 in Et2O over 18 h with scans each hour from T = 0 

h (blue) to T = 18 h (green) under ambient light.  A normalized spectrum of complex 

3 in Et2O is overlaid in red. 

 

Figure 3.13.  UV-Vis spectra of 5 in MeCN at T = 0 h (gray) and after 18 h (orange) 

under ambient light.   

3.2.2 Calculated Absorbance Spectrum of [(SOCO)Co(CF3)(MeCN)] 

The absorption spectra of 4 and 5 were examined by TD-DFT calculations, 

performed by Mr. Nicolaas P. van Leest and Prof. Bas de Bruin of the University of 
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Amsterdam.  The calculated and experimental UV-Vis spectra of complex 4 in Et2O are 

in reasonable agreement (Figure 3.14). The calculated UV-Vis spectrum with single 

energy absorption lines is shown in Figure 3.15.  A selection of the molecular orbitals 

(MOs) involved in these transitions (MO #1 to MO #2) are collected in Table 3.2.  MO 

#170 is the calculated HOMO and #171 is the calculated LUMO.  The letters ‘a’ and ‘b’ 

represent the calculated alpha and beta spins, respectively. 

 

Figure 3.14.  Simulated and experimental UV-Vis spectra for complex 4 in Et2O. 
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Figure 3.15.  Calculated single line absorption spectrum of complex 4 in Et2O. 

 

Table 3.2.  Relevant calculated MOs for complex 4 generated with IboView with the 

iso surface set at 80.0. 

λ (nm) MO #1 MO #2 Weight 

374.4 168a (HOMO-2) 

 

171a (LUMO) 

 

0.16835 
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 170a (HOMO) 

 

173a (LUMO+2) 

 

0.14339 

 168b (HOMO-2) 

 
 

171b (LUMO) 

 

0.16835 

 170b (HOMO) 

 

173b (LUMO+2) 

 

0.14339 

515.5 170a (HOMO) 

 

171a (LUMO) 

 

0.16022 
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 170b (HOMO) 

 

171b (LUMO) 

 

0.16022 

805.8 170a (HOMO) 

 

171a (LUMO) 

 

0.28369 

 170b (HOMO) 

 

171b (LUMO) 

 

0.28369 

 

The calculated absorption band at 806 nm can be used to describe the 

experimental absorption band at 788 nm.  In this absorption band, the transitions on 

170a→171a and 170b→171b (HOMO to LUMO) are major contributors.  As shown in 

Table 3.2, 170a and 170b are almost purely ligand based, while 171a and 171b are 

predominantly metal based.  The 171a and 171b MOs describe significant antibonding 

character between the Co center and CF3 ligand very well.  These transitions are therefore 
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described as ligand-to-metal-charge-transfer (LMCT) bands, which result in population 

of the Co-CF3 antibonding orbital.  It is this transition that likely promotes facile Co-CF3 

bond cleavage under photolysis conditions.47 

3.3 Radical Trifluoromethylation 

3.3.1 Radical Trapping of •CF3 with TEMPO  

Photolysis experiments were performed to determine if the new Co–CF3 complex, 

4, could be used as a radical CF3 transfer reagent.  Initial experiments used TEMPO as 

the radical acceptor and a 16W compact fluorescent lamp (CFL) was used as the light 

source.  Benzene and MeCN were individually evaluated as solvents.  After 3 h, the 

reaction in benzene was analysed by 19F NMR spectroscopy and four individual signals 

were observed at -11.9, -23.9, -55.6, and -62.7 ppm relative to an external reference of 

CFCl3.  These correspond to integration values of 0.09, 0.02, 0.85, and 0.04, respectively, 

indicating successful trifluoromethylation of TEMPO (85% yield).  Surprisingly, C-H 

bond activation of benzene also occurred (4% yield) while 9% of the starting material 

remained unreacted after that time (Figure 3.16).  Running the reaction without light gave 

only complex 4 in solution after 18 h. 



 107 

 

Figure 3.16.  19F NMR spectrum of a radical trap experiment in C6H6 after 3h under 

a 16W CFL at ambient temperature.   

Photolysis of 4 under analogous conditions, but using MeCN solvent, gave only 

one signal at -24.7 ppm.  This corresponds to the starting material, complex 5, indicating 

no reaction occurred (Figure 3.17). This is ascribed to the absence of a MLCT band in the 

visible light region of the electronic spectrum when the complex is in 6-coordinate 

geometry and can be understood by considering the MO diagram in Figure 3.18.  

Coordination of the second solvent molecule along the z-axis stabilizes the dz2 orbital, 

which is σ-antibonding with respect to the Co–CF3 bond.48  Without the ability to 

promote an electron to the Co–CF3 antibonding orbital, the complex is unreactive under 

the CFL light source. 
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Figure 3.17.  19F NMR spectrum of a radical trap experiment in MeCN after 3h 

under a 16W CFL at ambient temperature.   

 

Figure 3.18.  Qualitative molecular orbital description of the 5- and 6-coordinate 

complexes. 
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3.3.2 Radical Trifluoromethylation of Organic Substrates 

The observation of CF3 transfer to benzene in the experiments described above 

prompted us to pursue photolytic trifluoromethylation of unactivated C–H bonds. This 

represents an area of acute interest due to the possibility of late-stage installation of the 

CF3 group without the necessity of pre-functionalization.  Until the seminal report in 

2011 by Nagib and MacMillan, direct C-H trifluoromethylation of (hetero)aryl substrates 

was considered an ‘unsolved challenge’.52 Although a number of methods are available 

today, the majority involve precious metal sources including Pd, Ir, or Ru.28, 52-53   

 Photolysis of 4 using a 16W compact fluorescent lamp (CLF) source for 16 h in 

neat, non-coordinating aromatic solvents (i.e. benzene, mesitylene, and pyrrole), gave 

quantitative conversions to the corresponding mono trifluoromethylated (hetero)arenes, 

as determined by 19F NMR.  Further screening revealed that the expected 

trifluoromethylated products could be obtained in high yields with arene loadings at 20 

eq. vs the Co–CF3 complex in N-methyl pyrrolidinone (NMP) solvent.  The selectivity of 

the •CF3 was similar to those observed in other radical functionalization processes (Figure 

3.19).52-53  
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Figure 3.19.  Radical trifluoromethylation of arenes and heteroarenes by complex 4 

under photolytic conditions.  Yields were determined by integration of diagnostic 
19F resonances against an internal standard. 

In each reaction, complex 4 was completely consumed after 16 h and a signal for 

HCF3 was present, accounting for the balance of the •CF3 that was not incorporated into a 

(hetero)arene.  When a halogenated solvent such as CH2Cl2, CHCl3, or CCl4 was used, 

exclusively ClCF3 was formed after ~6 h.  The utilization of aliphatic solvents such as 

pentane or cyclohexane provided high conversion to HCF3.  In order to determine if the 

solvent was acting as the H atom source, the reaction was run in both C6H12 and C6D12 

(Figure 3.20). 
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Figure 3.20.  Signals observed for HCF3 (left) and DCF3 (right) when 4 was exposed 

to photolytic conditions in protic vs. deuterated cyclohexane.  

Evaluation of the reaction mixtures by 19F NMR spectroscopy revealed a doublet 

present at -78.3 ppm in the reaction run in protonated solvent.  The reaction in deuterated 

solvent produced a triplet at -79.2 ppm, indicating that the solvent was indeed the source 

of H/D. The sum of these observations suggests that the •CF3 radical generated under 

photolysis reacts differently in aryl vs. non-aromatic substrates.  In non-aryl hydrocarbon 

systems, the •CF3 abstracts an H-atom from the substrate, but in aryl systems the •CF3 

apparently attacks the arene directly to generate a non-aromatic, radical intermediate.  

Generation of the aromatic trifluoromethylated products requires subsequent loss of an H 

atom, the fate of which is unknown.  

We speculated that •H transfer to the Co center, might generate a CoIII hydride 

intermediate, which would be susceptible to H2 production, thereby reducing the complex 
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to the known CoII species, 3 (Scheme 3.2).  Such CoIII hydrides are well-known 

intermediates for the electrocatalytic generation of H2.
54-57  Molecular H2 should be 

observable by 1H NMR, but the paramagnetic CoII complex formed upon reduction can 

obscure its signal.   Accordingly, to determine if this was a viable pathway for the 

reduction of a CoIII species, a salt metathesis reaction with NaH and the complex 

[(SOCO)Co(THF)2][OTf] was performed in THF to form [(SOCO)Co(H)(THF)2] and 

NaOTf in situ.  Rapid effervescence was observed immediately upon addition of the NaH 

which coincided with a color change of the solution from green to orange over ~10 mins.  

This orange solution was the one-electron reduced [(SOCO)Co(THF)], 3, as evidenced by 

a UV-Vis spectrum which matches that from an isolated sample of 3.   

Scheme 3.2.  Possible free radical pathway for Co-mediated trifluoromethylation of 

arenes. 

 

3.3.3 Attempts at Ligand Directed C-H Trifluoromethylation 

A major challenge in C–H bond activation, particularly with radical substrates, is 

achieving selective functionalization of a single C–H bond within a complex molecule.  

Indeed, the substrate specificities above are all a consequence of the innate selectivity of 

the trifluoromethyl radical, wherein the trifluoromethylation occurs at the most reactive 

position on a molecule relative to the electrophilic •CF3. An alternative strategy might 
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utilize a functional group in the substrate itself for programmed trifluoromethylation via a 

so-called ligand-directed approach.58-62   

This approach was pursued to determine whether 4 can impart selectivity in Co 

mediated radical C–H trifluoromethylation.  We envisioned substrate design criteria to 

include: 1) The substrate positioning an aryl C–H bond in close distance to the Co–CF3 

bond. 2) The substrate blocking coordination to the open site trans to the CF3 (i.e. not a 

bidentate directing group).  Initially, we considered 2-phenyl pyridine (2-phpy) which 

would hold the C6–H bond in close proximity to the CF3 group while preventing 

coordination to the open site on the Co center by the flanking phenyl ring.  The material 

was synthesized by treating an ethereal solution of complex 4 with 1.5 equivalents of 2-

phpy.  The solution was evaporated to near dryness (the b.p. of 2-phpy is 268 – 270 ºC), 

and triturated with pentane.  The solid material was filtered and dissolved in a minimal 

amount of benzene and layered with pentane, producing X-ray quality crystals of the 

material [(SOCO)Co(CF3)(2-phpy)], complex 6 (Figure 3.21).  Aside from the 2-phpy 

ligand, the metrical parameters of 6 are indistinguishable from 4, suggesting that it's 

reasonably formulated as CoIII
 with a reduced, dianionic (SOCO) ligand. 
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Figure 3.21.  ORTEP plot of [(SOCO)Co(CF3)(2-phpy)], 6.  Thermal ellipsoids are 

drawn at 50% probability.  The rotational disorder of the CF3 group and hydrogen 

atoms have been removed for clarity.  Selected bond lengths (Å):  Co1–C3 1.831(3), 

Co1B–C3B 1.831(3), Co1–O1 1.874(2), Co1–O2 1.859(2), Co1B–O1B 1.863(2), 

Co1B–O2B 1.874(2), Co1–N3 2.038(2), Co1B–N3B 2.031(2), O1–C1 1.323(3), O2–C5 

1.327(3), O1B–C1B 1.331(4), O2B–C5B 1.324(3), Co1–C43 1.881(3), Co1B–C43B 

1.881(3).  

Coordinating solvents were avoided to minimize potential displacement of the 

phenyl pyridine adduct.  Surprisingly, exposure of complex 6 to photolysis conditions in 

benzene, NMP, and even nitrobenzene resulted in preferential trifluoromethylation of the 

solvent over any CF3 incorporation into 2-phenyl pyridine.  These observations suggest 

direct coordination to the metal center inhibits heteroaryl C–H bond activation.  This 

could arise from deactivation of the aryl C–H bonds on coordination of the py 

functionality to the Co center.  Additional substrates were evaluated which provided a 
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variety of aryl C–H bonds that were not directly coordinated to the metal center (Figure 

3.22).  In these cases, the substrate was successfully trifluoromethylated, but 

unselectively.  A multitude of products were produced in moderate yields (30-45%).  In 

all cases the major product derived from the trifluoromethylation of the solvent.   

 

Figure 3.22.  Substrates evaluated for ligand directed C-H trifluoromethylation by 

4. 

3.4 Towards Catalytic Methods 

3.4.1 Synthesis and Characterization of a Trifluoroacetate Complex 

Having proven the system capable of stoichiometric C–H bond activation, we 

shifted our focus towards catalytic applications.  Since AgCF3 isn’t considered a viable 

source of the trifluoromethyl group for large-scale reactions, we proposed that the 

trifluoroacetate fragment -O2CCF3 might provide an economical trifluoromethyl radical 

alternative.  If visible light could be used to facilitate Co–O bond cleavage in the same 

fashion as Co–CF3, the resulting trifluoroacetate radical species should be susceptible to 

radical decarboxylation, providing •CF3 and CO2.
53 

 To test this hypothesis, 3 was treated with stoichiometric AgO2CCF3 in MeCN, 

affording a dark green suspension.  After ~10 minutes of stirring, the reaction mixture 



 116 

was filtered and concentrated in vacuo, affording [(SOCO)Co(O2CCF3)], 7, as a green 

solid.  The complex was dissolved in CH2Cl2 and a few drops of benzene was added to 

aid in crystallization.  The solution was stored at -25 ºC overnight, producing dark green, 

X-ray quality crystals in 88% yield. Solid-state structural analysis determined the 

complex is 5-coordinate, with the κ2-acetate coordinated through both oxygen atoms 

(Figure 3.23). 

 

Figure 3.23 ORTEP plot of [(SOCO)Co(O2CCF3)], 7.  Thermal ellipsoids are drawn 

at 50% probability.  The rotational disorder of the CF3 group and hydrogen atoms 

have been removed for clarity.  Selected bond lengths (Å):  Co1–C1 1.8500(15), 

Co1–O1 1.7994(11), Co1–O2 1.7988(11), Co1–O3 2.0593(13), Co1–O4 2.2280(13), 

O3–C32 1.256(2), O4–C32 1.244(2), C32–C3A 1.545(5), O1–C4 1.3224(19), O2–C18 

1.3248(19). 

The complex 7 contains distorted square pyramidal geometry in which the O1-

Co1-O2 and C3-Co1-O3 angles measure 167.12(3)° and 179.94(3)°, respectively.  The 

O3-Co1-O4 angle is 61.76(3)°.  The κ2-acetate is bound asymmetrically, with the Co1–

O4 bond length elongated vs the Co1–O3 bond at 2.2280(13) Å vs. 2.0593(13) Å.  The 

C32–O3 and C32–O4 bond lengths are comparable at 1.256(2) Å and 1.244(2) Å, 

respectively, consistent with delocalization of the C=O double bond across both oxygen 
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donor atoms.   The ligand remains nearly planar with the O1-C4-C18-O2 torsional angle 

measuring 1.16(4)°.  The absence of the quinoidal pattern in the phenoxides along with 

the single bond character of the CAr–N and CAr–O bonds support the assignment of the 

cobalt center as CoIII with a dianionic ligand. 

3.4.2 Electronic Absorption Spectra of [(SOCO)Co(O2CCF3)] 

The UV-Vis absorption spectrum of complex 7 in NMP shows absorptions at 345 

nm (20,800 M-1 cm-1), 435 nm (2680 M-1 cm-1), and 690 nm (3464 M-1 cm-1) with a 

shoulder present at 870 nm (1238 M-1 cm-1).  Excitation of the CT band at 690 nm was 

performed with a 16W strip of 700 nm emissive LEDs.  This resulted in a decrease in 

intensity of the CT band at 690 nm and the shoulder at 870 nm with an increase in the 

absorbance band at 435 nm into two separate CT bands at 433 and 448 nm, characteristic 

of the UV-Vis spectrum of complex 3 in NMP.  After 18 h of exposure to the LED 

source, the spectrum matched very well with the one electron reduced complex 3.  

Interestingly, exposure to a 365 nm light source produces the same result, however the 

transition from 7 to 3 was complete in under 3 h.  The presence of isobestic points at 403, 

499, and 536 nm provide evidence that the transition occurs with no observable 

intermediates (Figure 3.24). 
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Figure 3.24.  UV-Vis spectrum of 7 in NMP over 2 h with scans every 10 min from T 

= 0 min (blue) to T = 120 min (brown) under 365 nm light. 

3.4.3 Efforts Towards Catalytic Trifluoromethylation via [(SOCO)Co(O2CCF3)] 

Photolysis of 7 in neat benzene under a 365 nm light source resulted in the 

quantitative conversion to 3 and trifluoromethyltoluene within 4 h as evidenced by UV-

Vis and 19F NMR spectroscopy.  This successful stoichiometric trifluoromethylation 

prompted us to shift our focus towards generating 7 directly from complex 3 with 

alternative trifluoroacetate. Two successful routes for the formation of 7 directly from 

complex 3 were discovered:  treatment of 3 with 0.5 eq. of I2 in the presence of 

NaO2CCF3 or treatment of 3 with neat trifluoroacetic anhydride. Unfortunately, 7 is very 

susceptible to over oxidation.  Excess oxidant decomposes the cobalt, resulting in a 

bleached UV-vis spectrum containing an unidentified mix of Co-containing products.  It 

is feasible that slow addition of the oxidant might permit turnover without over-oxidation 

of the complex, but further work is needed to evaluate this proposal. 
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3.5 Conclusions and Future Directions 

This Chapter describes novel methods for the generation of a trifluoromethyl 

radical from photoinduced Co–C and Co–O bond cleavage using visible light sources.  

These represent the first reported cobalt systems capable of C–H bond 

trifluoromethylation.  The low-lying LUMO in the five-coordinate 

[(SOCO)Co(CF3)(MeCN)] complex permits the use of low energy light sources.  The 

likely Co–C homolysis mechanism involves population of a Co–CF3 σ-antibonding MO 

in the excited state.  The free •CF3 can then act to functionalize non-activated aryl and 

heteroaryl C–H bonds in good to high yields.  This chemistry is predicated on the 

capacity of the redox-active (OCO) ligand to deliver an electron to the Co center via 

LMCT, formally generating an (OCO•)CoII transient.  In this way, the organometallic 

chemistry mimics the well-known action of B12 cobalamins, but in this case the ability to 

use inexpensive and commercially available CF3 sources, such as trifluoroacetic 

anhydride, offers an avenue towards catalytic applications that are not accessible in the 

enzymes.  Further knowledge of the reaction kinetics is required so that the delivery of 

the oxidant and the substrate can be appropriately timed to avoid over-oxidation.     

3.6 Experimental 

3.6.1 General Considerations 

 Unless otherwise specified, all manipulations were performed under anaerobic 

conditions using standard vacuum line techniques, or in an inert atmosphere glove box 

under purified nitrogen. Routine NMR spectra were acquired on a Varian Mercury 300 

spectrometer (300.323 MHz for 1H; 75.5 MHz for 13C).  Variable temperature 1H and 13C, 
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and all 19F NMR spectra were acquired on a Varian Mercury 400 spectrometer (399.94 

MHz for 1H; 101.1 MHz for 13C; 376.28 MHz for 19F). All chemical shifts are reported in 

parts per million (ppm) relative to TMS, with the residual solvent peak serving as an 

internal reference. UV–visible absorption spectra were acquired using a Varian Cary 50 

spectrophotometer. Unless otherwise noted, all electronic absorption spectra were 

recorded at ambient temperatures in 1 cm quartz cells. IR absorption spectra were 

obtained using a Shimadzu 8400S Fourier transform infrared spectrophotometer or a 

Perkin Elmer 1000 FT-IR spectrophotometer. All mass spectra were recorded in the 

Georgia Institute of Technology Bioanalytical Mass Spectrometry Facility. Electrospray 

ionization mass spectrometry (ESI-MS) was carried out with acetonitrile solutions using 

a Micromass Quattro LC spectrometer. Electron impact mass spectra (EI-MS) were 

obtained using a VG instruments model 70-SE spectrometer.  Elemental analyses were 

performed by Atlantic Microlab, Inc., Norcross, GA. All analyses were performed in 

duplicate, and the reported compositions are the average of the two runs. Cyclic 

voltammetry experiments were carried out inside a dinitrogen-filled glove box in 0.1 M 

solutions of ([Bu4N][PF6]) in acetonitrile unless otherwise noted. The voltammograms 

were recorded with either a CH Instruments 1230A or 660C potentiostat, using a 0.25 

mm Pt disk working electrode, Ag wire quasi-reference electrode, and a Pt wire auxiliary 

electrode. All voltammograms shown were measured with a scan rate of 0.1 V/s. 

Reported potentials are referenced to the ferrocenium/ferrocene (Fc+/Fc) redox couple 

and were determined by adding ferrocene as an internal standard at the conclusion of 

each electrochemical experiment.   
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3.6.2 Materials and Methods 

Anhydrous acetonitrile (MeCN), dichloromethane, pentane, and toluene solvents 

for air- and moisture-sensitive manipulations were purchased from Sigma-Aldrich and 

further dried by passage through columns of activated alumina, degassed by at least three 

freeze-pump-thaw cycles, and stored under N2 prior to use.  Anhydrous diethyl ether 

(Drisolv), methanol (Drisolv), and benzene (Drisolv) were purchased from EMD 

Millapore and used as received.  Dichloromethane-d2 and acetonitrile-d3 (Cambridge 

Isotope Labs) were dried over excess calcium hydride and vacuum distilled to an oven-

dried sealable flask, and degassed by successive freeze-pump-thaw cycles. 

Tetrahydrofuran-d8, chloroform-d1, and methanol-d1 (Cambridge Isotope Labs) were used 

as received.  AgCF3
57 and 2,5-Di(3,4,5-trimethoxyphenyl)pyridine58 were prepared 

according to a published procedure.  Silver fluoride (Strem), TMSCF3 (Oakwood), silver 

trifluoroacetate (Strem) were purchased commercially and used as received. 

3.6.3 Synthesis of [(PhOCO)Co(PhOCO-CF3)] (2) 

A 20 mL scintillation vial, protected from light with electrical tape, was charged 

with a suspension of AgF (126.9 mg; 1.00 mmol) in MeCN (8 mL).  TMSCF3 (0.22 mL; 

1.50 mmol) was added in one portion and the mixture was allowed to stir in the dark at 

r.t. for 0.5 h.  The resulting grey suspension was transferred dropwise into a separate 

20mL scintillation vial containing a dark red suspension of [(PhOCO)Co(MeCN)] (624.3 

mg; 1.00 mmol) in MeCN (10 mL).  The reaction mixture was stirred for 1 h, then 

filtered through a 2mm pad of Celite and washed with acetonitrile until the green color of 

the washings faded.  The filtrate was concentrated in vacuo affording a green colored 
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solid.  A concentrated toluene solution of the material was stored at -25 °C overnight, 

resulting in green block crystals suitable for X-Ray diffraction (376.8 mg, 64%). 

3.6.4 Synthesis of [(SOCO)Co(CF3)(MeCN)] (4) 

A 20 mL scintillation vial, protected from light with electrical tape, was charged 

with a suspension of AgF (126.9 mg; 1.00 mmol) in MeCN (8 mL).  TMSCF3 (0.22 mL; 

1.50 mmol) was added in one portion and the mixture was allowed to stir in the dark at 

r.t. for 0.5 h.  The resulting grey suspension was transferred dropwise into a separate 

20mL scintillation vial containing a dark red suspension of [(sOCO)Co(THF)] (607.8 mg; 

1.00 mmol) in MeCN (10 mL).  The reaction mixture was stirred for 1 h, then filtered 

through a 2mm pad of Celite and washed with acetonitrile until the green color of the 

washings faded.  The filtrate was concentrated in vacuo affording a burgundy colored 

solid.  A concentrated toluene solution of the material was stored at -25 °C overnight, 

resulting in red plate crystals suitable for X-Ray diffraction (626.3 mg, 97%).  UV-Vis 

(Et2O) λmax, nm (ε, L/mol*cm):  404 (8,390), 462 (sh, 4010), 787 (2,790).  Anal. Calc. for 

C36H50CoF3N4O2:  C, 63.25; H, 7.34; N, 6.51.  Found:  C, 63.50; H, 7.28; N, 6.34.  HR-

ESI-MS (m/z): 604.2672.  1H NMR (400 MHz, CD2Cl2) δ: 6.91 (d, J = 1.9 Hz, 2H), 6.74 

(d, J = 1.9 Hz, 2H), 4.65 – 4.40 (m, 4H), 1.30 (s, 36 H).  19F (376 MHz, CD2Cl2) δ:  -

14.12 (br s, 3F). 

3.6.5 Synthesis of [(SOCO)Co(CF3)(OH2)2] (4+) 

A solution of 4 (290.6 mg; 0.45 mmol) in THF (8 mL) was treated dropwise with 

a solution of AgOTf (115.6 mg; 0.45 mmol) in THF (4 mL).  The reaction mixture was 

stirred for 1 h, then filtered through a 2mm pad of Celite and washed with THF until the 
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green color of the washings was no longer observed.  The filtrate was concentrated in 

vacuo affording a dark green solid.  The air stable solid was purified with silica gel 

column chromatography using CH2Cl2/MeOH (10:1) affording a dark green solid.  The 

complex was crystalized in air from layering hexamethyldisiloxane on a concentrated 

THF solution of the complex, resulting in green block crystals suitable for X-ray 

diffraction (312.7 mg, 88%).  UV-Vis (NMP) λmax, nm (ε, L/mol*cm) 440 

(undetermined), 466 (undetermined), 526 (undetermined), 915 (undetermined).   

3.6.6 Syntehsis of [(SOCO)Co(CF3)(MeCN)2] (5) 

A concentrated acetonitrile solution of [(sOCO)Co(CF3)(MeCN)] was stored at -

25 °C overnight, resulting in dark green plate crystals suitable for X-ray diffraction.  UV-

Vis (MeCN) λmax, nm (ε, L/mol*cm) 391 (10,290), 471 (sh, 1,500), 621 (600).  1H NMR 

(400 MHz, CD3CN) δ: 6.84 (d, J = 2.2 Hz, 2H), 6.77 (d, J = 2.2 Hz, 2H), 4.46 (s, 4H), 

1.29 (s, 18 H), 1.28 (s, 18 H).  19F (376 MHz, CD3CN) δ:  -24.68 (br s, 3F). 

Note:  Due to the lability of the acetonitrile ligand in the 6-coordinate geometry in the 

solid state, satisfactory elemental analysis was not achieved. 

3.6.7 Synthesis of [(SOCO)Co(CF3)(2-phpy)] (6) 

An ethereal solution of complex 4 was treated with 1.5 equivalents of 2-phenyl 

pyridine.  The solution was evaporated to near dryness (the b.p. of 2-phenylpyridine is 

268 – 270 ºC), and triturated with pentane.  The solid material was filtered and dissolved 

in a minimal amount of benzene and layered with pentane, producing X-ray quality 

crystals of 6 in quantitative yield.   
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3.6.8 Synthesis of [(SOCO)Co(O2CCF3)] (7) 

A solution of [(sOCO)Co(THF)] (607.8 mg; 1.00 mmol) in CH2Cl2 (14 mL) was 

treated dropwise with a solution of AgO2CCF3 (220.9 mg; 1.00 mmol) in CH2Cl2 (5 mL).  

The reaction mixture was stirred for 1 h, then filtered through a 2mm pad of Celite and 

washed with THF until the green color of the washings was no longer observed.  The 

filtrate was concentrated in vacuo until a precipitate just began to form.  A few drops of 

benzene was added, creating a homogenous solution.  The solution was then stored at -25 

°C overnight, resulting in green block crystals suitable for X-ray diffraction (570.5 mg, 

88%).  UV-Vis (NMP) λmax, nm (ε, L/mol*cm) 345 (20800), 435 (2680), 690 (3464), 870 

nm (sh, 1238).  Anal. Calc. for C33H44CoF3N2O4 • (CH2Cl2)0.33 • (C6H6)0.17 : C, 59.77; H, 

6.67; N, 4.06. Found: C, 59.81.41; H, 6.55; N, 4.11%. HR-ESI-MS (m/z): 648.2569.   

3.6.9 General Procedure for C-H Trifluoromethylation of (Hetero)Aryls  

A quartz J-Young NMR tube was charged with a 0.2M NMP solution of complex 

4 and 20 equivalents of the corresponding (hetero)arene.  The NMR tube was placed 

approx. 3 inches from a GE Helical 6G49 26W CFL for 16 h.  At the completion of the 

reaction, an appropriate internal standard was added to determine yield and an external 

standard of CFCl3 as a sealed capillary insert was added to reference the spectrum. The 

NMR spectra matched those previously reported.51-52  
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3.7 X-ray Crystallography 

3.7.1 General Considerations 

Unless otherwise noted, X-ray diffraction data were collected using a Bruker 

APEX-II CCD diffractometer equipped with an Oxford Cryosystems low-temperature 

apparatus.  Unit cell indexing was performed by using the APEX2 (Bruker) software.  

Data were measured with MoKα radiation (fine-focus sealed tube, 45 kV, 35 mA). The 

total number of runs and images was based on the strategy calculation from the program 

APEX2 (Bruker).  Unit cell indexing was performed by using the APEX2 (Bruker) 

software and refined using SAINT (Bruker, V8.34A, 2013).  Data reduction, scaling and 

absorption corrections were performed using SAINT (Bruker, V8.34A, 2013) and 

SADABS-2014/5 (Bruker, 2014) was used for absorption correction.  The λ/2 correction 

factor is 0.00150.  The software also corrects for Lorentz polarization.  The crystal 

structures were refined by Least Squares using version 2014/7 of XL.59  All non-

hydrogen atoms were refined anisotropically. Hydrogen atom positions were calculated 

geometrically and refined using the riding model. 

3.7.2 [(PhOCO)Co(PhOCO-CF3)] (2) 

A dark green, block-shaped crystal with dimensions 0.618×0.344×0.314 mm was 

mounted on a loop with paratone oil. Data were collected at T = 100(2) ˚K.  The 

maximum resolution achieved was ϴ = 28.705°. 

Unit cell indexing was performed and refined based on 16568 reflections, 43% of 

the observed reflections.  The ratio of minimum to maximum transmission is 0.7534.  
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The final completeness is 98.9% out to 28.705° in ϴ. The absorption coefficient (µ) of 

this material is 0.324 mm-1 and the minimum and maximum transmissions are 0.562 and 

0.746. 

The structure was solved with ShelXT in the space group P21/n by using the 

Direct Methods solution and by using Olex2 as the graphical interface.60-61 

3.7.3 [(SOCO)Co(CF3)(MeCN)] (4) 

An orange, block-shaped crystal with dimensions 0.51×0.39×0.29 mm was 

mounted on a loop with paratone oil. Data were collected at T = 100(2) ˚K.  Data were 

measured using ω scans 1° per frame.  The maximum resolution achieved was ϴ = 

29.678°. 

Unit cell indexing was performed and refined based on 9923 reflections, 14% of 

the observed reflections.  wR2(int) was 0.1295 before and 0.0529 after correction. The 

ratio of minimum to maximum transmission is 0.9213.  The final completeness is 99.9% 

out to 29.678° in ϴ. The absorption coefficient (µ) of this material is 0.448 mm-1 and the 

minimum and maximum transmissions are 0.6872 and 0.7459. 

The structure was solved with ShelXT in the space group C2/c (# 15) by using the 

Direct Methods solution and by using Olex2 as the graphical interface.60-61  

3.7.4 [(SOCO)Co(CF3)(OH2)2][OTf] (4+) 

A dark green, block-shaped crystal with dimensions 0.458×0.424×0.222 mm was 

mounted on a loop with paratone oil. Data were collected at T = 100(2) ˚K.  Data were 
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measured using ω scans 1° per frame.  The maximum resolution achieved was ϴ = 

33.14°. 

Unit cell indexing was performed and refined based on 51410 reflections, 30% of 

the observed reflections.  wR2(int) was 0.1207 before and 0.0529 after correction. The 

ratio of minimum to maximum transmission is 0.9213.  The final completeness is 95% 

out to 33.14° in ϴ. The absorption coefficient (µ) of this material is 0.530 mm-1 and the 

minimum and maximum transmissions are 0.6872 and 0.7459. 

The structure was solved with ShelXT in the space group P1 (# 2) by using the 

Direct Methods solution and by using Olex2 as the graphical interface.60-61  

3.7.5 [(SOCO)Co(CF3)(MeCN)2] (5) 

A dark green, block-shaped crystal with dimensions 0.51×0.39×0.29 mm was 

mounted on a loop with paratone oil. Data were collected at T = 100(2) ˚K.  Data were 

measured using ω scans 1° per frame.  The maximum resolution achieved was ϴ = 

29.678°. 

Unit cell indexing was performed and refined based on 9923 reflections, 14% of 

the observed reflections.  wR2(int) was 0.1295 before and 0.0529 after correction. The 

ratio of minimum to maximum transmission is 0.9213.  The final completeness is 99.9% 

out to 29.678° in ϴ. The absorption coefficient (µ) of this material is 0.448 mm-1 and the 

minimum and maximum transmissions are 0.6872 and 0.7459. 

The structure was solved with ShelXT in the space group C2/c (# 15) by using the 

Direct Methods solution and by using Olex2 as the graphical interface.60-61  
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3.7.6  [(SOCO)Co(CF3)(2-phpy)] (6) 

A green, block-shaped crystal with dimensions 0.423×0.348×0.083 mm was 

mounted on a loop with paratone oil. Data were collected at T = 100(2) ˚K.  The 

maximum resolution achieved was ϴ = 28.705°. 

Unit cell indexing was performed and refined based on 60338 reflections, 33% of 

the observed reflections.  The ratio of minimum to maximum transmission is 0.7534.  

The final completeness is 95% out to 28.282° in ϴ. The absorption coefficient (µ) of this 

material is 0.467 mm-1 and the minimum and maximum transmissions are 0.562 and 

0.746. 

The structure was solved with ShelXT in the space group P21/n by using the 

Direct Methods solution and by using Olex2 as the graphical interface.60-61 

The value of Z' is 2. This means that there are two independent molecules in the 

asymmetric unit. 

3.7.7 [(PhOCO)Co(PhOCO-CF3)] (7) 

A dark green, block-shaped crystal with dimensions 0.618×0.344×0.314 mm was 

mounted on a loop with paratone oil. Data were collected at T = 100(2) ˚K.  The 

maximum resolution achieved was ϴ = 28.705°. 

Unit cell indexing was performed and refined based on 16568 reflections, 43% of 

the observed reflections.  The ratio of minimum to maximum transmission is 0.7534.  

The final completeness is 98.9% out to 28.705° in ϴ. The absorption coefficient (µ) of 
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this material is 0.324 mm-1 and the minimum and maximum transmissions are 0.562 and 

0.746. 

The structure was solved with ShelXT in the space group P21/n by using the 

Direct Methods solution and by using Olex2 as the graphical interface.60-61 

3.8 Computational Methods 

TD-DFT (UV-Vis) calculations were performed on the full system with implicit 

solvation (cpcm, fepstyle cosmo, epsilon = 7.25, refract = 1.407) at the B3lyp, def2-

TZVP, ZORA level of theory.  MO pictures were generated using IboView.62-63 
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CHAPTER 4. METAL-LIGAND COOPERATIVITY SUPPORTS 

CF3 RADICAL GENERATION FROM ELECTROPHILLIC CF3 

SOURCES 

4.1 Note on Collaboration 

Current graduate student of the Soper lab, Mr. Chris Kuehner, has worked to 

provide yields for the substrates listed in Table 4.1. 

4.2 Introduction 

Chapter 3 discussed the pharmacological effects of the trifluoromethyl group and 

the desire to incorporate such functionality into organic substrates for new 

pharmaceutical and agrochemical development.  Such functionality is most efficiently 

introduced by direct trifluoromethylation, either involving (1) reactions of nucleophilic 

CF3 sources with electrophiles,1 (2) reacting sources of electrophilic CF3 reagents with 

nucleophiles,2 or by (3) treating radical acceptors with •CF3 precursors.3  Oxidative- and 

reductive-trifluoromethylation pathways, in which nucleophilic CF3 sources react with 

nucleophiles and electrophilic CF3 reagents react with electrophiles, respectively, have 

also been described.4-7  The latter pathway is the more established of the two and is 

broadly defined as an avenue in which ‘[substrates] are trifluoromethylated in the 

presence of reductants, wherein the reactions start with the reduction of the CF3 source.’8     

It was established in Chapter 3 that treating [(SOCO)Co(MeCN)], complex 1, with 

a •CF3 source resulted in single-electron oxidized complexes [(SOCO)Co(CF3)(MeCN)n]  
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(n = 1 or 2).  In non-coordinating solvents, the complex [(SOCO)Co(CF3)(MeCN)], 2, 

undergoes photolytic Co–CF3 bond cleavage to deliver a •CF3 to an unactivated aryl C–H 

bond.  Although stoichiometric trifluoromethylation reactions with 2 have been 

successful, efforts towards catalytic applications have not yet been fruitful. 

Over the last decade, there have been an increasing number of reports which utilize 

transition metals as catalytic reductants of electrophilic CF3 reagents, thereby generating 

•CF3 without forming M–CF3 bonds.8-11   Such reactions make use of the vast family of 

+CF3 sources currently available (Figure 4.1).12-18  A number of these reagents are 

commercially available and are often preferred over less expensive trifluoromethyl 

sources, including both ICF3 and HCF3, due to their ease of handling and long shelf-

life.19 
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Figure 4.1.  Commonly used electrophilic trifluoromethylation reagents. 12-18  The 

two substrates in squares are the commercially available Umemoto reagent (3b) and 

Togni II reagent (4a) utilized in this Chapter. 

Recently, Fensterbank, Murr and coworkers reported a redox-active 

bis(amidophenolate) ligated copper (II) complex capable of undergoing a net two-

electron oxidative addition of the Umemoto reagent (3b in Figure 4.1), resulting in a 

product with an outer-sphere triflate and a Cu–CF3 bond (Scheme 4.1).20  This complex 

was incapable of transferring the CF3 ligand to any organic acceptor other than one of the 

coordinated amidophenolate ligands.  However, in a follow-up report, the reduced 

complex was described as catalytically competent for C-H trifluoromethylation.  It was 



 138 

proposed to generate an outer-sphere •CF3 via single electron transfer to 3b and 4a in the 

presence of a radical acceptor.10  This evidence supports the idea that the net two-electron 

process highlighted in Scheme 4.1 is not concerted and that the formation of an inner-

sphere Cu–CF3 bond is not a requirement for catalysis.  Since the observed oxidation 

potential of that Cu system is >60 mV anodically shifted vs. complex 1,21 I proposed that 

1 could act analogously as a reductant towards commercially available electrophilic CF3 

sources, thus broadening the applications of this Co system in the area of C-H bond 

trifluoromethylation.  

Scheme 4.1.  Reaction of a bis(amidophenolate) copper complex with 3b.10, 20 

 

 

4.3 Results and Discussion 

4.3.1 Radical Trapping of Electrophilic CF3 Reagents with TEMPO 

Complex 1 was treated with a stoichiometric amount of a commercially available 

+CF3 source, either 5-(trifluoromethyl)dibenzothiophenium trifluoro-methanesulfonate 

(Umemoto reagent, 3b in Figure 4.1) or 1-trifluoromethyl-1,2-benziodoxol-3(1H)-one 

(Togni II reagent, 4a in Figure 4.1), in the presence of excess radical trap TEMPO (10 

equivalents).  After 18h in CH2Cl2, the reactions were evaluated by 19F NMR for the 

formation of TEMPO-CF3 (Figures 4.2 and 4.3).  The reaction with 3b resulted in 

quantitative incorporation of the CF3 into the TEMPO-CF3 adduct while the reaction with 
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4a produced TEMPO-CF3 in a 79% yield along with two additional fluorine containing 

products (δ = -21.6 and -57.3 ppm vs. CFCl3).    The signal at -57.3 ppm was identified as 

the trifluoromethyl ester, 5 (shown in Figure 4.3), resulting from O-trifluoromethylation 

of reagent 4a itself.  This known side product results from a Lewis acid promoted 

reaction with 4a.22 
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CFCl3
(reference)

 

Figure 4.2.  Crude 19F NMR of the reaction between 1 and the Umemoto Reagent, 

3b, in the presence of TEMPO. 

 

Figure 4.3.  Crude 19F NMR of the reaction between 1 and the Togni II Reagent, 4a, 

in the presence of TEMPO. 
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The material which produces the signal at -21.6 ppm falls within the range of the 

Co–CF3 complexes reported in Chapter 3.  It likely corresponds to a 6-coordinate 

complex because its upfield shift from the signal observed in the 5-coordinate species, 2 

(-12.49 ppm vs. CFCl3), is more typical of the formulation [(SOCO)Co(CF3)(L)2], where 

L = MeCN, pyridine, or THF.  The identity of the sixth ligand was not identified, 

however it is reasonable to invoke the formation of a κ2-carboxylate species, analogous to 

the trifluoroacetate complex [(SOCO)Co(O2CCF3)] described in Chapter 3.    

A plausible mechanism for the formation of a carboxylate complex is shown in 

Scheme 4.2.  Single electron transfer (SET) to 4a generates a radical species which 

subsequently produces •CF3 and an anionic carboxylate that can bind to the singly 

oxidized Co center.  The equivalent of •CF3 may go on to oxidize the complex once more 

to a formal CoIV species with an inner-sphere Co-CF3 bond.  Although this is a net two-

electron process, the mechanism likely proceeds via two sequential single-electron 

process.10, 20  Further evidence supporting the formation of this complex is discussed 

below. 

Scheme 4.2. Reasonable mechanism to produce a 6-coordinate, formal CoIV complex 

by treating 1 with 4a. 
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4.3.2 Evaluation of High Valent Co–CF3 Complexes for •CF3 Transfer 

Mixing 1 with TEMPO gives no observable change in the UV–Vis spectrum of 1 

over 16 h at ambient temperature, indicating a pathway of direct electron transfer from 1 

to TEMPO and subsequent ionic CF3 transfer is unlikely.  As described in Chapter 3, the 

isolated [(SOCO)Co(CF3)(MeCN)], 2, does not deliver CF3 radical to TEMPO under non-

photolytic conditions, implying that it cannot be the active species for the 

trifluoromethylation of TEMPO described above.  As previously mentioned, both the 

Togni and Umemoto reagents can act as 2-electron oxidants.10, 20 To determine if a 

doubly oxidized species is involved in the trifluoromethylation reaction pathway (vs. a 

singly oxidized Co species), the Co–CF3 complex, 2, was further oxidized with AgOTf. 

The resulting material, formally CoIV, is analogous to the [(SOCO)Co(CF3)(OH2)2][OTf] 

described in Chapter 3.  This species was also found to be unreactive with TEMPO as 

determined by UV-Vis and 19F NMR spectroscopy (Scheme 4.3). 

Scheme 4.3.  Attempted capture of •CF3 by TEMPO from CoIII and “CoIV” 

complexes containing Co-CF3 bonds. 

 

4.3.3 Electronic Spectroscopy 

Visible color changes accompany the addition of either reagent 3b or 4a to a 

solution of 1 and TEMPO. In both cases, the reaction mixture immediately turns from 

orange to dark green and were therefore monitored by UV-Vis absorption spectroscopy.  
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As previously stated, the spectrum of complex 1 was unchanged between the range of 

300-1000 nm upon addition of 10 equiv. of TEMPO.  Only the CT bands of 1 are 

observed at 355 and 438 nm (Figure 4.4; blue and red traces).  Upon addition of 3b, 

broad new features appear with maxima at 542 and 906 nm (Figure 4.4; yellow trace).   

This spectrum is nearly identical to that observed in the single electron oxidized triflate 

complex [(SOCO)Co(MeCN)2][OTf], 6.  Addition of a stoichiometric equivalent of 

dibenzothiophene, the byproduct of loss of a CF3 from Umemoto’s reagent, to an 

independently prepared sample of 6 produces a spectrum that closely matches that 

obtained from the reaction conditions (Figure 4.4; purple trace).  Formation of 6 could be 

envisioned to occur by a SET mechanism in which reagent 3b is reduced by one electron, 

generating an unstable intermediate which subsequently liberates a CF3 radical.  

Concurrent oxidation of the cobalt complex and anion transfer produces complex 6 and 

dibenzothiophene.  
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Figure 4.4.  Comparison of UV-Vis spectra in CH2Cl2 of: 1 (blue), 1 with TEMPO 

(red), 1 with TEMPO and 3b (yellow), 6 (green), and 6 with dibenzothiophene 

(purple).  

In contrast, the reaction with 4a produces a strikingly different UV-Vis spectrum.  

The characteristic bands associated with complex 1 change in intensity and the CT bands 

shift to 436, 696, and 875 nm. This spectrum matches quite well with that of the κ2-

acetate complex [(SOCO)Co(O2CCF3)], 7, reported in Chapter 3 (Figure 4.5).  The 

observation of 7 can be similarly rationalized by a SET mechanism. In this case, the 

benzoate byproduct of CF3 loss acts as a bidentate ligand. (Scheme 4.4).  
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Figure 4.5. Comparison of UV-Vis spectra in CH2Cl2 of: 2 with 4a and TEMPO 

(blue), and 7 (orange). 

  

Scheme 4.4.  Proposed products from the reaction of 1 with 3b (top) and 1 with 4a 

(bottom) in the presence of TEMPO. 
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4.3.4 Reactivity with Silyl Enol Ethers 

Having demonstrated competency in stoichiometric CF3 radical generation from 

electrophilic trifluoromethyl sources, efforts were then shifted towards the development 

of 1 as a catalyst for trifluoromethylation and expansion of the substrate scope.  As 

highlighted above, the byproducts of CF3 delivery are CoIII complexes, one oxidation 

state above 1.  Accordingly, for catalysis, a reductant is necessary to regenerate the active 

metal complex, 1.  In previously reported catalytic trifluoromethylation of silyl enol 

ethers to produce α-trifluoromethyl ketones, the radical intermediate generated during the 

reaction was thought to be a competent reductant for oxidized metal species (Scheme 

4.5).23-24  Thus, similar chemistry was pursued using 1 as the electron shuttle. 

Scheme 4.5.  Proposed mechanism for the reduction of a metal complex by a tertiary 

organic radical formed under reaction conditions. 

 

1-Phenyl-1-trimethylsiloxyethylene was chosen as a model substrate to evaluate 

this class of reactivity.  Both the 3b and 4a were evaluated as CF3 sources.  With 5% mol 

of 1 in CH2Cl2, both reactions proceeded to complete conversion after 16 hours at 

ambient temperature, either consuming the CF3 reagent (in the case of 4a) or the silyl 

enol ether (when 3b was utilized).  The use of 1.5 equivalents of 3b produced α-

trifluoromethyl phenylpropanone in 94% yield with the excess Umemoto reagent 

remaining unreacted (Figure 4.7).  Analysis by GC-MS confirmed complete consumption 

of the starting silyl enol ether with the balance of the substrate being converted to 

acetophenone.    
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Figure 4.6. 19F NMR of a reaction between 1-phenyl-1-trimethylsiloxyethylene and 

1.5 eq. of the Umemoto reagent, 3b, with 5% loading of complex 1 after 18 h in 

CH2Cl2. 

When 1.5 equivalents of 4a was instead used as the CF3 source, the expected α-

trifluoromethyl phenylpropanone was only produced in a 13% yield.  The 19F NMR 

spectrum revealed that the major CF3 containing product was the trifluoromethyl ester, 5, 

produced from the self-trifluoromethylation of 4a (Figure 4.8).  This side product arises 

from a well-known reaction that occurs with Lewis acid metals.22  The Lewis acidity of 

the Co center in 1 makes it reasonable that similar reactivity is operable here.   
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Figure 4.7.  19F NMR of a reaction between 1-phenyl-1-trimethylsiloxyethylene and 

1.5 eq. of the Togni II reagent, 4a, with 5% loading of 1 after 3 h in CH2Cl2. 
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Table 4.1.  Radical trifluoromethylation of silyl enol ethers by complex 1 and 3b.  

Yields were determined by 19F yields against an internal standard. 

 

In order to evaluate the scope of this reaction, five additional silyl enol ether 

substrates with varying steric demands were prepared.  The yields of the products and 

their corresponding 19F NMR chemical shifts vs. CFCl3 are described in Table 4.1. The 

highest yields were obtained when the reactions were performed in dichloromethane and 

refluxed for 16 hours.  A significant drop in yield was observed with increased steric 

crowding at the alkene (8f).  The CF3 radical is an electrophilic radical with a low-lying 

SOMO.25  Consequently, reactions should be faster with electron-rich alkenes with high-

lying HOMOs,3 however that trend is not observed here.  The calculated reaction barrier 

and Gibbs free energy change for the reagent 4a to deliver an equivalent of  •CF3 is 

remarkably different depending on particular single electron reductant used,26 however 

the use of 1 as the reductant was constant in all substrates examined.  In addition, due to 
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the small size of the trifluoromethyl radical, the low yield of substrate 8f seems to support 

the hypothesis that free •CF3 may not be an active species in the reaction with 3b.  Rather 

a sterically hindered thiophenium radical likely transfers the CF3 radical directly upon 

activation by 1.27   

4.4 Mechanistic Studies 

Reaction kinetics of the system described in Table 4.1 were monitored by 19F NMR 

using 1-phenyl-1-trimethylsiloxyethylene as the substrate with a 5% mol loading of 1 in 

CH2Cl2.  Within 10 minutes at room temperature, a 40% yield of the desired α-

trifluoromethyl phenylpropanone, 8a, was observed, indicating that the first 7-8 turnovers 

were fast.  However, at the end of 1 hour, the yield had only increased to 55%.  The yield 

continued to slowly increase up to 94% over the next 15 hours.   

To probe the vast differences in reaction rates, an experiment was performed in 

which reagent 3b was added in stoichiometric proportions to complex 1 in the presence 

of 20 equivalents of 1-phenyl-1-trimethylsiloxyethylene (0.5M in CH2Cl2).  The 

consumption of 3b was monitored by 19F NMR after each addition to ensure complete 

consumption of the CF3 reagent.  After each addition of 3b, an aliquot of the reaction 

mixture was taken an analysed by UV-vis spectroscopy (Figure 4.8).  

  



 151 

 

Figure 4.8.  UV-Vis spectra in CH2Cl2 of the crude reaction mixture after each 

turnover for the first 8 cycles. 

During the first 5 turnovers, the CT bands associated with complex 1 at 355 and 

438 nm decreased in intensity while the band at 902 grew larger, indicating some 

conversion of 1 to the one-electron oxidized species [(SOCO)Co(MeCN)2][OTf], complex 

6.  After the 5th turnover, two absorbances at 440 and 466 nm began to increase along 

with a small band at 526 nm.  These spectra match well with the formal “CoIV” species 

[(SOCO)Co(CF3)(OH2)2][OTf] described in Chapter 3 (Figure 4.9).  The continually 

increasing absorption at 902 nm also indicates a steady increase in the formation of 6.  
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Figure 4.9.  UV-Vis spectrum of [(SOCO)Co(CF3)(OH2)2][OTf] in CH2Cl2. 

To determine if these species are competent to reduce reagent 3b, the complexes 

[(SOCO)Co(MeCN)2][OTf] and [(SOCO)Co(CF3)(OH2)2][OTf] were utilized in place of 1 

in the catalytic reaction conditions described for the trifluoromethylation of silyl enol 

ether substrates (Table 4.1).  Indeed, the use of the CoIII complex 

[(SOCO)Co(MeCN)2][OTf], 6, produced only a slight decrease in yield, producing 94% 

of 8a.  In contrast, the CoIV complex [(SOCO)Co(CF3)(OH2)2][OTf] only provided 8a in 

6% yield over the same reaction time.  These data suggest that the decrease in reaction 

rate coincides with the accumulation of high-valent Co species in solution.   

The observation of catalytic activity using [(SOCO)Co(MeCN)2][OTf] suggests 

CoIII complexes are reasonable intermediates during catalytic turnover, as proposed 

above.  Furthermore, the stoichiometric reaction with the doubly oxidized species, 

suggests multiple species might be active for C–CF3 bond formation under the catalytic 

conditions.  In this scenario, the fast initial turnover is attributed to rapid CoII/III redox 
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cycling. Accumulation of higher valent Co complexes might permit turnover via a CoIII/IV 

cycle, but this is kinetically depressed. 

A mechanism that represents the proposed catalytic cycle is shown in Scheme 

4.10.  In step (i), a SET from 1 to 3b produces complex 6 and the one-electron reduced 

Umemoto reagent.  The silyl enol ether acts as an electron acceptor in step (ii) and 

releases dibenzothiophene.  The resulting tertiary organic radical then reduces 6 back to 1 

in step (iii) and an anion exchange from the metal to the cationic organic substrate occurs.  

Finally, in step (iv), the triflate anion performs a nucleophilic attack on the silyl group, 

producing the α-trifluoromethyl ketone and TMSOTf.   
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Figure 4.10.  Proposed reaction mechanism for the catalytic trifluoromethylation of 

silyl enol ethers. 

A GC-MS analysis of a crude reaction mixture showed no sign of TMSOTf, which 

is not unexpected given the air and water sensitivity of the species.  However, two 

unidentified compounds were observed in the GC trace. Analysis of a commercial sample 

of TMSOTf under identical conditions gave the same two species, suggesting that 

TMSOTf is the byproduct formed during the reaction. 

4.5 Conclusions and Future Direction 

4.5.1 Conclusions 

This Chapter describes the first example of cobalt-catalyzed radical 

trifluoromethylation of organic substrates.  One major aspect of reactivity that is unique 

to this system involves the fact that is catalytically operative in multiple oxidation states.  
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The redox-active (SOCO) ligand scaffold allows for access to three total oxidation states 

in which the SET mechanism is still active.  By accessing multiple redox cycles, catalysis 

continues even when the complex is not reduced back to the original oxidation state. This 

provides a novel avenue to re-route and maintain catalytic competency in the event of 1e– 

redox chemistry that would otherwise remove the Co from the catalytic cycle.     

The catalytic process differs from those previously reported in the Soper laboratory 

in which the bond-making/breaking redox processes happen directly at the metal center.  

In this case, the complex apparently acts solely as an electron shuttle which imparts 

radical character onto the electrophilic CF3 source directly.  It is this species which acts 

as the direct trifluoromethylation reagent, not the cobalt center.  In fact, it is imperative 

that an inner sphere Co–CF3 bond not form in order to facilitate rapid electron transfer to 

the CF3 reagent.  If the only role of the Co, then, is to mediate 1e- transfer, are the redox-

actives ligands even required? Could a purely outer-sphere ET shuttle, such as Cp2Co or 

Cp2Fe accomplish the same chemistry? Ferrocene is, in fact, not catalytically competent, 

suggesting the role 1 is more complicated than a simple electron shuttle. 

As noted above, the electrophilic CF3 fragment that is delivered in this system is 

most likely not free •CF3. The steric sensitivity highlighted above suggests it's more likely 

formulated as an S-(trifluoromethyl)dibenzothiophenium radical. This is itself a potential 

ligand, and one possible role of the low-coordinate Co might be to bind S and activate the 

Umemoto reagent for CF3 delivery. In this regard, the availability of an open 

coordination site in 1 becomes essential to the observed chemistry.  It also highlights a 

key difference between the reactivity described in this Chapter vs. the 

trifluoromethylations in Chapter 3. There, the data suggests the free •CF3 is the active 
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species for trifluoromethylation.  This implies that the two methods are complimentary 

and might give access to orthogonal substrate specificities.  For instance, the CF3 radical 

is small and should not exhibit the steric sensitivity observed in this work.  This suggests 

an opportunity to use the same catalytic platform in different ways, to access different 

sites within a substrate, a feature that is not common in catalysis. 

4.5.2 Future Directions 

It should be possible to move beyond silyl enol ether substrates with this method of 

radical trifluoromethylation.  There is precedent for •CF3 trapping by alkenes, alkynes, 

and arenes and it is reasonable to expect related reactivity might be accessible using this 

system.3, 9, 25, 28-29 

4.6 Experimental 

4.6.1 General Considerations 

Unless otherwise specified, all manipulations were performed under anaerobic 

conditions using standard vacuum line techniques, or in an inert atmosphere glove box 

under purified nitrogen. Routine NMR spectra were acquired on a Varian Mercury 400 

spectrometer (399.94 MHz for 1H; 101.1 MHz for 13C).  All chemical shifts are reported 

in parts per million (ppm) relative to CFCl3.  UV–visible absorption spectra were 

acquired using a Varian Cary 50 spectrophotometer.  Unless otherwise noted, all 

electronic absorption spectra were recorded at ambient temperatures in 1 cm quartz cells.  

All mass spectra were recorded in the Georgia Institute of Technology Bioanalytical 

Mass Spectrometry Facility. Gas chromatography–mass spectrometry (GC–MS) analyses 
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used an Agilent 6890 GC equipped with an autosampler and a Restek Rxi-5ms column 

(30 m x 0.25 mm i.d., 0.25 µm film thickness). 1 µL injections were made at a 50:1 split 

ratio.  The mass spectrometer used in tandem was a Micromass AutoSpec electro-

ionization (EI) detector. 

4.6.2 Materials and Methods 

Anhydrous dichloromethane for air- and moisture-sensitive manipulations was 

purchased from Sigma-Aldrich and further dried by passage through columns of activated 

alumina, degassed by at least three freeze-pump-thaw cycles, and stored under N2 prior to 

use.   With the exception of 1-phenyl-1-trimethylsiloxyethylene (Alfa Aesar), all silyl 

enol ethers were prepared according to a published procedure.30  The cobalt complexes 

were prepared as described in Chapters 2 and 3.  All ketone precursors, triethylamine, 

and NaI were purchased from Alfa Aesar and used as received. 

4.6.3 General Procedures for Radical Trifluoromethylation  

Representative procedure:  Under a nitrogen atmosphere, a Schlenk tube was 

charged with complex 2 (10 mg, 0.015mmol, 5 mol%), the silyl enol ether (0.308 mmol, 

1 equiv.) and CH2Cl2 (1.5 mL).  To this solution, was added the Umemoto reagent 3b 

(124 mg, 0.308 mmol, 1.0 equiv.). The resulting mixture was stirred at 45 ºC for 18 h, at 

which time the reaction was allowed to cool to room temperature.  An internal standard 

of trifluorotoluene was added and an aliquot of the reaction mixture was transferred to an 

NMR tube containing an external reference of CFCl3. The yields were determined against 

the internal standard and the 19F spectra matched those previously reported.24 
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Conclusions 

This thesis describes the synthesis and characterization of a variety of cobalt 

complexes containing a pincer-type, NHC-centered, bis(phenoxide) ligand scaffold.  

These ligands were observed to behave in a redox non-innocent manner in which the fine 

balance between metal- and ligand-centered redox is easily perturbed by changes in 

coordination environment.  These complexes were all electrochemically capable of 

reaching a formal CoV oxidation state, with one complex doing so at less than 0.45 V vs. 

Fc+/Fc ([(SOCO)Co(CF3)(MeCN)]; Chapter 3).  

An electron transfer series was prepared in which three oxidation states were 

isolated and characterized by single crystal X-ray crystallography, NMR, EPR, UV-Vis, 

and modeled by DFT calculations.  These revealed that the physical oxidation assignment 

of the cobalt remained +II across the series.  High oxidation state complexes have ligand-

centered oxidations, but in intermediate oxidation state complexes there are likely a 

number of contributors to the ground states.  These interesting physical peculiarities 

permit unique applications of this system in reaction chemistry with small molecule 

substrates. 

Stoichiometric and catalytic applications of these complexes in C–C coupling were 

discovered and described in Chapters 3 and 4.  In one case, visible light induced valence 

tautomerism, via ligand-to-metal charge transfer, allows for the population of a Co–CF3 

σ* orbital.  This promotes facile homolytic Co–C bond cleavage, producing a CF3 radical 
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which acts to functionalize unactivated aryl and heteroaryl C–H bonds.  This type of 

reactivity is a feature of this particular ligand/metal combination, in which the frontier 

ligand orbitals exist in near energetic degeneracy with those of the metal.  In addition, we 

learned that the geometry of the cobalt center has a large impact on the ability of the 

complex to undergo such reactivity.  Simply by coordinating an additional solvent 

molecule, shifting the geometry from square pyramidal to octahedral, this reactivity was 

completely turned off due to orbital restructuring. 

 In addition to the ability of the system to deliver a trifluoromethyl radical from an 

inner-sphere Co–CF3 complex, it also acts as an electron shuttle in catalytic 

trifluoromethylation.    Through a single electron transfer pathway, an electrophilic CF3 

source is destabilized, generating an equivalent of •CF3 which acts with divergent 

selectivity from that observed with the Co–CF3 complex.  This system has proven 

competent to catalyze the trifluoromethylation of silyl enol ether substrates using 

commercially available electrophilic CF3 sources. These reactions, in total, represent the 

first examples of cobalt C–H bond trifluoromethylation reported in literature. The 

contrast in reactivity, however, is very interesting from the perspective of catalyst design.  

It suggests the same Co complex can deliver net •CF3 in two different ways under subtly 

different conditions.  The chemistry which utilizes a SET pathway can apparently remain 

catalytically operative in two or more redox cycles (formally CoII/III, CoIII/IV, CoIV/V).  All 

of this reactivity is predicated on the ability of these systems to access multiple oxidation 

states by utilization of the redox non-innocent (OCO) ligand scaffold. 
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5.2 Future Directions 

The potential of this system for C–C cross-coupling is severely limited by 

undesirable side reactions with the NHC backbone, including insertion into the Co–C 

bond or reductive elimination to the NHC.  Since C–N, C–O, or C–S bond reductive 

elimination to form a charged species is expected to be thermodynamically less favorable 

than the formation of a C–C bond, different linkers to bridge the bis(phenoxide) 

framework should be investigated in which the central chelating atom is a charge-neutral 

heteroatom (Figure 5.1).  Systems of this nature have been previously reported and 

include pyridine, thiophene, and furan linkers.1-3  The synthesis and characterization of 

the pyridine ligand as well as preliminary efforts to generate Co complexes are discussed 

in Appendix B. 

 

Figure 5.1.  Proposed ligands for future studies. 
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APPENDIX A.  MECHANISTIC STUDIES ON NICKEL-

CATALYZED DIRECT OXIDATIVE ALKYNYLATION OF 

AZOLE DERIVATIVES 

A.1 Introduction 

Substituted heteroaryl moieties are abundant in medicinal, agricultural and 

materials chemistry,1-2 thus over the last decade an increasing number of direct synthetic 

strategies to their preparation have emerged.3-5 The most straightforward approaches to 

heteroarenes employ transition metal catalysts to promote direct C-H activation without 

requiring pre-functionalization of the starting materials.  From an atom economical and 

green chemistry standpoint, the direct oxidative coupling of two unactivated C-H bonds, 

using O2 as the terminal oxidant, represents an ultimate goal in C-C bond forming 

reactions (Scheme A.1).  

A number of advances have been made in recent years for the direct coupling of 

unactivated C-H bonds,6-11 particularly in the area of direct heteroaryl C-H 

alkynylation.12-20 However, challenges remain due to the propensity of alkynes to 

homocouple under standard oxidative coupling conditions.14 Traditionally, Sonogashira 

coupling21 (or its inverse)22 is utilized for the installation of an alkynyl group to 

heteroaryl synthons; however, pre-functionalized starting materials are required (Scheme 

A.2). Due to the prevalence of alkynyl heteroarenes in organic synthesis,23 conducting 

materials,24-25 and pharmaceuticals,26-29 a synthetic strategy in which selective C–H bond 

activation of both substrates that does not necessitate pre-activation of the starting 



 166 

materials (i.e. metalation or halogenation), is environmentally and economically 

beneficial. 

Scheme A.1.  General approach to metal-catalyzed direct oxidative coupling. 

 

Scheme A.2.  Methods for alkynylation of heteroaryl moieties. 

 

Within the past decade, there have been a number of reports involving Cu,12, 15, 19 

Ni,16 Au,13 Pd,14, 17, 20 and Fe18 catalyzed direct alkynylation of heteroarenes, however the 

mechanism of this transformation is poorly understood and has not yet been thoroughly 

investigated. A comprehensive understating of the exact pathways in which both cross-

coupling and alkynyl homocoupling occurs is essential for better catalyst design, 

suppression of the undesirable homocoupling, and expansion of the substrate scope.  

Our initial studies focused on the alkynylation of azole derivatives, utilizing 

benzoxazole and phenylacetylene as model substrates (Scheme A.3). A new square-

planar Ni(II) complex was chosen for this mechanistic investigation because: (1) the 
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diamagnetic Ni complex allows for a 1H NMR handle on the characterizations of the 

intermediates formed and (2) previously reported Ni complexes have proven competent 

for this type of reactivity.16 The Ni complex utilized in this study was based on the 

(PhOCO) scaffold introduced in Chapter 2.  

Scheme A.3.  Model reaction for mechanistic investigation. 

 

Scheme A.4.  Synthesis of the (PhOCO)NiII
 complex. 

 

A.2 Synthesis and Characterization 

A.2.1 Synthesis and Characterization of the (PhOCO) Nickel (II) Complex.   

The ligand [(PhOCO)H3]Cl, 1, was deprotonated with three equivalents of 

NaOMe, generating Na2[
PhOCO] in situ, which was subsequently added dropwise to a 

suspension of Ni(OTf)2 in MeOH.  After stirring for 5 hours at room temperature, the 

resulting air-stable green precipitant was filtered and recrystallized from boiling MeCN 

under aerobic conditions to yield green microcrystalline needles of the complex 3 in 78% 
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yield. The utilization of 2 (tetrafluoroborate counterion) as a precursor resulted in no 

significant difference in the yield or composition of the final product as determined by 

FTR-IR and 1H/13C NMR.  ESI-MS data supports the formation of 3, where L is a solvent 

derived MeCN or THF depending on which solvent was used for the sample preparation.  

This finding indicates the solvent molecules are labile, similar the square planar Co 

complexes described in Chapter 2.   

All attempts to produce an X-ray quality crystal of 3 have failed, however the 

capacity of the (PhOCO)2- ligand to chelate Ni was established by isolation of two other 

minor products.  As shown in Figures A.1 and A.2, crystalline samples containing a 

ligand-to-metal ratio of 2:1 were obtained.  Complex 4 (Figure A.1) contains one 

dianionic, tridentate (PhOCO)2- ligand with a second (PhOCO) ligand coordinated through 

one anionic oxygen which occupies the fourth position about the square planar Ni center.  

Because the benzoxazole moiety contains a cationic amine, this second ligand is charge 

neutral, supporting the assignment of the nickel oxidation state as +II.   As mentioned, 

the second complex, 5, also contains two (PhOCO) chelates, but in this case both are 

monoanionic, bidentate ligands coordinated to the square planar nickel center through 

one oxygen and the carbene.  Both structures are likely decomposition products, since 

they were obtained in ca. 5% yield after prolonged boiling in either MeCN (Figure A.1) 

or MeOH (Figure A.2). 
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Figure A.1.  Connectivity plot of the complex 4 obtained from boiling in MeCN, 

complex 4, with 50% probability ellipsoids.  The tert-butyl groups and hydrogen 

atoms have been removed for clarity. 

 

Figure A.2.  Connectivity plot of the complex 5 obtained from boiling in MeOH, 

complex 5, with 50% probability ellipsoids.  The tert-butyl groups and hydrogen 

atoms have been removed for clarity. 
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A.2.2 Nuclear Magnetic Resonance 

1H NMR spectroscopy was used to assess the solution structure of 3.  The spectra 

in coordinating vs. non-coordinating solvents revealed major differences in the 

coordination environments of this complex in solution.  For example, the 1H NMR 

spectrum obtained in toluene, benzene, dichloromethane, or chloroform gave rise three 

sets of ligand-derived resonances.  Two sets of signals were in a 1:1 ratio, consistent with 

an asymmetric ligand environment, while the third set was independent of the other two, 

producing varying non-integer integration values. All three patterns were reminiscent of 

metal-free ligand, however none of the signals corresponded to such.  Spectra taken in 

CD3OD or CD3CN showed only resonances expected of a symmetric, tridentate complex, 

with the fourth site occupied by a solvent molecule.    

In an attempt to understand solvent effects on the spectra, a 1H NMR experiment 

was performed wherein a CD2Cl2 solution of 3 was titrated with MeCN.  As MeCN was 

added, the signal corresponding to complex 3 with a MeCN adduct increased in intensity 

while the other two signals decreased in intensity (Figure A.3).  This result supports the 

likely formation of dimer with one phenoxide arm bridging two Ni centers.  The addition 

of coordinating solvents acts to dissolve the dimer and complete the square planar 

coordination sphere around the Ni center.   
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Figure A.3.  Stacked 1H NMR spectra of complex 3 in CD2Cl2 from 6.80 to 8.30 ppm.  

MeCN was titrated in from bottom to top as follows:  none (red), 1 eq. (green), 5 eq. 

(blue), and 10 eq. (purple). 

A.3 Results and Discussion 

A.3.1. Oxidative Coupling 

The utility of complex 3 as a catalyst for the oxidative coupling of terminal 

alkynes with azole derivatives was evaluated.  Screening using phenylacetylene and 

benzoxazole as model compounds revealed that 5% mol loading of 3, LiOtBu as a base, 

toluene as a solvent, air as the oxidant, and a 3:1 ratio of benzoxazole to phenylacetylene 

gave the most favorable reaction conditions, affording a 62% isolated yield of the desired 

product (Table 1).  The remaining reaction mixture contained mostly unreacted 
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benzoxazole and the homocoupling product of phenylacetylene according to TLC and 

GC-MS analysis. 

Table A.1.  Optimization of reaction conditions. Reaction conditions: All reactions 

were run in toluene for 1 h at 90 ˚C with 5% mol. loading of 3 on a 0.5 mmol scale.  

Isolated yields (those in parentheses are alkyne homocoupling product).  aReaction 

was carried out under N2.  bReaction was run for 2h.  cRapid consumption of the 

starting materials was observed. *The use of MeCN or THF as a solvent resulted 

primarily in the homocoupling product. 

 

A.3.2. Base Effects 

Curiously, the choice of base impacts the overall product distribution. Previous 

reports suggested that using NaOtBu or KOtBu rather that LiOtBu gave either no 

reaction14 or resulted in the decomposition of the starting materials.16 Instead, the reaction 

of benzoxazole and phenylacetylene (2 equiv.) in the presence of NatBuO (3 equiv.) 

Ratio 

(Azole:Alkyne) 

Base Catalyst Oxidant Yield 

1:2 LiOtBu (PhOCO)Ni O2 50 

1:2 LiOtBu (PhOCO)Ni Nonea trace 

1:2 LiOtBu None O2 0 

1:2 LiOtBu NiBr2 O2 21(30)b 

1:2 LiOtBu Ni(OTf)2 O2 8 (90) 

1:2 NaOtBu (PhOCO)Ni O2 4c 

1:1 LiOtBu (PhOCO)Ni O2 29 

2:1 LiOtBu (PhOCO)Ni O2 46 

3:1 LiOtBu (PhOCO)Ni O2 62 
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cleanly produced one single product in 94% isolated yield in under 15 minutes. GC-MS 

analysis suggested the product consisted of both equivalents of the alkene as well as 

benzoxazole, however structural determination from 1H and 13C NMR was not 

straightforward. A single crystal structure revealed the product to be 6, as illustrated in 

Scheme A.5 and Figure A.4.  Notably, this reaction does not require a Ni source to 

proceed, however it’s presence did not affect the outcome. 

Scheme A.5. Generation of enynimine product 6. 

 
 

 

Figure A.4.  Connectivity plot of 6 with 50% probability ellipsoids. 
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This product is not entirely surprising considering that deprotonation of 

benzoxazole results in ring-opened isocyanide species in situ in up to a 95:5 ratio.30-31 In 

fact, mechanistic studies involving Pd-catalyzed arylation reactions of oxazole 

derivatives invoke the ring-open isocyanide to be the active coupling partner,32 directly 

contrasting the reactivity observed here. In order to rule out the isocyanide species as 

active in this Ni system, a control reaction was performed using standard reactions 

conditions outline in Table A.1, however (2-isocyanophenoxy)trimethylsilane33 was 

substituted in place of benzoxazole. The reaction yielded no desirable C-C coupling 

product and only a number of unidentified compounds were formed. The results may be 

due to the fact that Ni is often employed as an isocyanide polymerization catalyst and 

performs particularly well under aerobic conditions.34  

One possible explanation as to why LiOtBu did not produce the same effect is due 

to the tendency of Li bases to aggregate in solution,17 thus directly deprotonating 

benzoxazole at a much slower rate than the NaOtBu or KOtBu counterparts. To determine 

if this was the major factor, a control reaction was run in the presence of one equivalent 

of TMEDA which was expected to chelate to lithium ions and minimize the tendency to 

aggregate in solution. Indeed, compound 6 was formed, albeit at a sluggish rate and in a 

lower overall yield after 1 hour.  

A.3.3. Synthesis and Characterization of the (PhOCO)NiII Benzoxazole Complex 

 In order to probe the interaction of benzoxazole with Ni, attempts were made to 

independently prepare a benzoxazole adduct to 3.  Complex 3 was treated with a 

stoichiometric amount of benzoxazole in toluene for 15 mins at ambient temperature.  
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The 1H NMR spectrum of the resulting species revealed a pattern of inequivalent aryl 

protons on benzoxazole with significant downfield shifting and broadening of the signals, 

consistent with a coordination complex formulated 3-benzoxazole where the heteroarene 

is coordinated to the Ni center through the N-atom donor of the azole.  The downfield 

shifts and signal broadening are likely the C-2 and C-4 associated protons of benzoxazole 

highlighted in Scheme A.6. 

 Scheme A.6.  Lability of benzoxazole coordination to (PhOCO)NiII. 

 

Exposure of excess MeCN to the benzoxazole adduct effects an immediate 

precipitation of a green solid which 1H NMR and ATR–IR confirm to be re-generation of 

3-MeCN, suggesting the benzoxazole ligand is labile. The competition between a 

coordinating solvent vs. substrate may contribute significantly as to why the desired 

coupling reaction does not occur in solvents such as THF or MeCN. Interestingly, 

stoichiometric exposure of [(PhOCO)NiII(benzoxazole)] to bases including LitBuO, 

NatBuO, or KtBuO had no effect on the coordination environment of the complex as 

evidenced by 1H NMR spectroscopy, suggesting that when coordinated to Ni, the C-2 

carbon of benzoxazole is not readily deprotonated by such bases.   
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A.3.4. Attempted Synthesis of the (PhOCO)NiII Acetylene Complex 

Another possible pathway to cross-coupling involves coordination of 

phenylacetylene prior to coordination by benzoxazole.  Exposure of a stoichiometric 

amount of phenylacetylene to 3 in toluene gave no observable changes by 1H NMR 

spectroscopy.  Addition of lithium phenylacetylide to a solution of 3 in THF resulted in a 

significant color change of the solution form green to brown.  1H and 13C NMR in CDCl3 

of the reaction mixture in CDCl3 displayed a diamagnetic spectrum that consisted of 

homocoupled phenylacetylene and 3 as observed in non-coordinating solvents. Whether 

this is a monometallic or bimetallic pathway which leads to an even distribution of 

diamagnetic Ni0 and NiII remains to be evaluated.  

A.4 Conclusions and Future Directions 

Scheme A.7.  Proposed catalytic cycle. 
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In summary, a reasonable mechanism based on the evidence so far is summarized 

in Scheme A.7.  The pathway from 2 to 3 is still unknown and the lack of any reactivity 

with bases evaluated so far suggests the conversion is likely more complicated than 

shown.  Future work should probe the mechanistic steps which have yet to be determined. 

Suggested experiments are outlined below. 

A.4.1. Activation of Benzoxazole.   

The previous experiments suggest deprotonation of benzoxazole prior to metal 

coordination is unlikely, but the exact mechanism of how the heteroaryl moiety becomes 

activated is still not understood. Studies should be performed to evaluate the possibility 

that the in situ generated phenylacetylide acts to deprotonate coordinated benzoxazole. In 

order to determine the feasibility of this reaction pathway, the 

[(PhOCO)NiII(benzoxazole)] complex could be treated with 1 equiv. of phenylacetylide 

that has been deprotonated with LiHMDS. Performing this experiment in a J-Young 

NMR tube would allow for facile elucidation of the composition of the product. Provided 

the success of this experiment, the signal from benzoxazole should be considerably 

different than that of [(PhOCO)NiII(benzoxazole)] and protonated phenylacetylene should 

also be observed.  

A.4.2. H/D Exchange 

An independent proton/deuterium exchange experiment which utilizes a catalytic 

amount of base could be performed to evaluated the capacity of phenylacetylide to 

deprotonate benzoxazole without the presence of a metal (Scheme A.8). 
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Scheme A.8.  Base catalyzed deuterium/hydrogen exchange experiment. 

 

A.4.3. Substrate Scope 

Beyond oxazole derivatives, heteroaryl substrates which contain a relatively 

acidic proton ortho to the heteroatom should also be investigated.  Some of the examples 

include, but are not limited to those shown below in Table A.2. 

Table A.2.  Possible substrates for future investigation. 

 

A.4.4. Facile Synthesis of Enynimine Synthons   

Multicomponent reactions (MCR) have continuously evolved since their onset by 

Strecker in 1850.36-37 Among these reactions, those based on Ugi chemistry and 

isocyanide moieties are the most documented.38 Although, the [1+2] cycloaddition of 



 179 

isocyanides to internal alkynes have been studied sequential addition of terminal alkynes 

to produce enynimines has not been reported.  Further investigation into the controlled 

addition of varying alkynes to isocyanide species could provide new one-pot 

methodology for producing interesting organic precursors in substituted heteroaryl 

cyclization reactions. Reaction conditions such as solvent choice, necessity of a base, 

scope, and the electronic nature of the substrates should be evaluated.  

Scheme A.9.  Synthesis of asymmetric enynimines. 
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APPENDIX B.  TOWARDS COBALT CATALYZED C-H BOND 

AMINATION AND AN (ONO) LIGAND SCAFFOLD 

B.1. Introduction 

Additional projects were investigated during the course of my study which 

involved: (1) catalytic C-H bond amination of aryl sulfonyl azides, (2) the synthesis and 

characterization of a Co azide complex [(sOCO)Co(N3)(MeCN)2], and (3) new synthesis 

and characterization of an (ONO) ligand scaffold, analogous to the (OCO) pincer, but 

containing a pyridine linker in place of the medial NHC.  Cobalt complexes of the (ONO) 

ligand are also described. 

B.2. Project Summaries 

B.2.1. C–H Bond Amination of Aryl Sulfonyl Azides 

Activation and functionalization of unactivated C-H bonds is an area of 

fundamental interest and a recurring theme in this thesis.  Intramolecular C-H amination 

represents a particularly attractive target due to the value of the N-atom containing 

heterocycles produced.  Although a number of methods exist for such transformations, 

transition metal-promoted nitrene insertions are among the most established 

methodologies.1-4 In this regard, azide-containing molecules incorporate a built-in 

oxidant for the facile generation of metal-nitrenes and serve as an ideal substrate from an 

atom economic and green chemistry perspective because the only reaction by-product is 

dinitrogen.   
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Cobalt porphyrin complexes have previously demonstrated utility in catalytic 

intramolecular C-H aminations of sulfonyl azides, but in most cases, good yields were 

only obtained with elevated temperature and prolonged reaction times.5-9  The 

competency of the cobalt complex [(SOCO)Co(THF)] as a catalyst for intramolecular C-

H amination of such substrates was evaluated using 2-methylbenzenesulfonyl azide as 

illustrated in Scheme B.1.  Treating 5% mol loading of Co complex with the aryl azide in 

MeCN at ambient temperature gave the desired N-heterocycle product in ca. 30% yield in 

5 min., as determined by GC-MS.  No further optimizations studies were performed. 

Scheme B.1.  Cobalt catalyzed C-H amination of aryl sulfonyl azide. 

 

B.2.2. Synthesis and Characterization of an (SOCO) Cobalt Azide Complex 

Metal nitrido complexes have also been invoked as intermediates in C-H bond 

aminations.  In one example, Chirik and co-workers reported a cobalt azide complex 

capable of photolytic or thermally-induced intramolecular C-H amination of the 

coordinated tridentate ligand via a proposed Co-nitrido intermediate.10  We proposed if 

the azide coordinated to the metal center was positioned outside of the ligand plane, the 

system may be capable of intermolecular C-H activation of a non-coordinated substrate.  

We therefore sought to synthesize an (OCO)-cobalt derived azide complex by treating the 

complex [(SOCO)Co(MeCN)2][OTf] with sodium azide in MeOH (Scheme B.2).  

Following workup and recrystallization from MeCN, the complex was determined to 
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consist of an octahedral geometry in which the azide was coordinated perpendicular to 

the (OCO) ligand plane and the coordination sphere was completed by two MeCN 

ligands a shown in Figure B.1.  No further studies were performed with this complex.     

Scheme B.2. Synthesis of [(SOCO)Co(N3)(MeCN)2]. 

 

Figure B.1. ORTEP plot of [(SOCO)Co(N3)(MeCN)2]2.  Thermal ellipsoids are 

drawn at 50% probability.  Hydrogen atoms and non-coordinated solvent molecules 

have been removed for clarity.  Selected bond lengths (Å):  Co1–C3 1.863(7), Co1–

O1, 1.898(5); Co1–O2, 1.884(5); Co1–N3, 1.929(6); Co1–N6, 2.039(7); Co1–N7, 

1.964(7). 
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B.2.3. Synthesis and Characterization of (ONO) Cobalt Complexes 

As described in Chapter 2, the major decomposition pathway for Co complexes 

containing the (SOCO) ligand is reductive elimination to the carbene in the NHC ligand 

backbone, forming new C–C or C–N bonds. It seemed reasonable that a different central 

donor in the tridentate pincer might be less prone to this degradation. Our initial target 

replaced the NHC with a pyridine, under the assumption that C–N reductive elimination 

to backbone might be suppressed relative to the carbene.  Accordingly, an (ONO) ligand 

was synthesized via a modified literature procedure,11 involving a nickel-catalyzed 

Kumada-type coupling of a methyl-protected phenoxy Grignard reagent and 2,6-

dibromopyridine, followed by deprotection with NaSEt (Scheme B.3).  Metalation was 

accomplished by treating a solution of [Co(MeCN)6](BF4)2] in MeCN with a solution of 

the deprotonated ligand in THF (Scheme B.4).  A solid-state structure, obtained from 

crystals grown in MeCN at -25°C, revealed that the complex forms an eclipsed dimer in 

the solid-state which bridges through two cobalt-phenoxide bonds (Figure B.2).  No Co-

Co bond is formed, as the distances are beyond the van der Wall radii of two CoII centers 

at 2.942(4) Å.  The complex exhibits a paramagnetically shifted 1H NMR spectrum in 

CDCl3 solution, however further magnetic measurements are necessary to assign the spin 

state. 

Scheme B.3.  Synthesis of the ONO ligand. 
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Scheme B.4.  Synthesis of the complex [(ONO)Co(MeCN)]2. 

 

 

Figure B.2.  ORTEP plots of complex [(ONO)Co(MeCN)]2 as viewed from the front 

(left) and the side (right).  Thermal ellipsoids are drawn at 50% probability.  The 

tert-butyl groups and hydrogen atoms have been removed for clarity.  Selected bond 

lengths (Å):  Co1–O1, 1.967(3), Co1–O4, 1.910(3), Co1–N3, 2.136(4), Co1–N4, 

2.132(4), Co2–O2, 1.988(3), Co2–O3, 1.901(3), Co2–N1, 2.120(4), Co2–N2, 2.071(4), 

Co1–O2 2.063(3), Co2–O1, 2.080(3). 

Crystals of the complex are dimeric when produced from most solvents, but 

strong donors such as pyridine separate the complex into its monomeric form.  Figure B.3 

shows a crystal structure of the complex [(ONO)Co(py)3] obtained from a 

pyridine/MeCN solution in which three ligated pyridines act to complete the pseudo-

octahedral coordination sphere.  Addition of various ionic compounds to either the 

monomer or dimer affords significant changes in solution color that are specific to the 
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anion introduced.  For instance, the stoichiometric addition of sodium pyrrolide to a 

golden colored solution of [(ONO)Co(MeCN)]2 in MeOH resulted in an immediate color 

change to deep blue; additional equivalents resulted in the formation of a purple color.  

When one equivalent of LiCl and a slight excess of 12-crown-4 were added instead, an 

emerald green colored solution was observed.  The identity of the substance responsible 

for producing the green color was determined by X-ray diffraction and assigned as the 

salt [(ONO)CoIICl](Li-12-c-4) (Figure B.4).  This system may offer potential applications 

in anion sensing, but no further studies are needed. 
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.  

Figure B.3.  ORTEP plot of [(ONO)Co(py)3].  Thermal ellipsoids are drawn at 50% 

probability.  The rotational disorder of the tert-butyl groups and hydrogen atoms 

have been removed for clarity.  Selected bond lengths (Å):  Co1–O1, 1.9730(8), Co1–

O2, 1.9666(8), Co1–N1, 2.1676(9), Co1–N2, 2.1972(10), Co1–N3, 2.2161(10), Co1–N4, 

2.2611(10). 

 

Figure B.4.  ORTEP plot of [(ONO)CoIICl](Li-12-c-4).  Thermal ellipsoids are 

drawn at 50% probability.  The rotational disorder of the tert-butyl groups and 

hydrogen atoms have been removed for clarity.  Selected bond lengths (Å):  Co1–

Cl1 2.2482(7), Co1–O1 1.9793(17), Co1–O2, 1.9024(17), Co1–N1, 2.014(2). 
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B.3. Experimental 

B.3.1. General Considerations 

Unless otherwise specified, all manipulations were performed under anaerobic 

conditions using standard vacuum line techniques, or in an inert atmosphere glove box 

under purified nitrogen.  Routine NMR spectra were acquired on either a Varian Mercury 

300 spectrometer (300.323 MHz for 1H; 75.5 MHz for 13C) or a Varian Mercury 400 

spectrometer (399.94 MHz for 1H; 101.1 MHz for 13C). UV–visible absorption spectra 

were acquired using a Varian Cary 50 spectrophotometer. Unless otherwise noted, all 

electronic absorption spectra were recorded at ambient temperatures in 1 cm quartz cells. 

IR absorption spectra were obtained using a Shimadzu 8400S Fourier transform infrared 

spectrophotometer or a Perkin Elmer 1000 FT-IR spectrophotometer. All mass spectra 

were recorded in the Georgia Institute of Technology Bioanalytical Mass Spectrometry 

Facility.  

B.3.2. Synthesis of the ONO Ligand 

A 3-necked flask was fitted with an addition funnel and condenser and charged 

with Mg (0.92 g; 38.0 mmol) and anhydrous THF (30 mL).  The addition funnel was 

charged with a solution of 1-bromo-3,5-di-tert-butyl-2-methoxybenzene (10.5 g; 35.0 

mmol) and a single crystal of iodine in THF (20 mL).  The magnesium suspension was 

heated to 65 ˚C (just below the b.p. of THF) and 1-bromo-3,5-di-tert-butyl-2-

methoxybenzene was added at a rate which produced a hard reflux.  Upon complete 

addition of the aryl halide, the solution was heated to reflux for 1 hour.  The solution was 

then cooled to 0 ˚C, filtered under nitrogen, and added dropwise to a separate 250 mL 
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RBF charged with a suspension of 2,6-dibromopyridine (3.77 g; 15.9 mmol) and 

Ni(dppe)Cl2 (668 mg; 1.27 mmol) in THF (30 mL) at 0 ˚C.  After heating the solution to 

reflux for 16 h, the reaction was cooled to r.t. and quenched with water (75 mL).  THF 

was removed by rotary evaporation, producing an orange colored precipitate which was 

collected by suction filtration.  The light orange colored solid was then suspended in 

MeOH (50 mL), vigorously stirred for 15 mins and then placed in a freezer at -50 ˚C.  

The resulting white solid was filtered off and washed with a minimal amount of cold 

MeOH until the washings ran colorless, providing the methyl-protected ONO precursor 

which was not purified further before the deprotection.  Demethylation of the phenoxides 

was performed with NaSEt as previously described.11 

B.3.3. Synthesis of [(SOCO)Co(N3)(MeCN)2] 

A solution of [(sOCO)Co(MeCN)2][OTf] (172 mg; 0.22 mmol) in MeOH (5 mL) 

was treated with NaN3 (14.5 mg; 0.22 mmol) and stirred for 5 mins.  All volatiles were 

then removed in vacuo and MeCN was added to the resulting solid material.  The 

suspension was filtered and stored at -25 ˚C for 16 h, affording dark green crystals 

suitable for X-ray analysis (107 mg, 0.16 mmol, 72%).  FTIR (ATR): 2947(m), 2900(m), 

2866(m), 2128(w), 2061(m), 2017(w), 1597(w), 1477(s), 1438(s), 1988(m), 1358(m), 

1315(s), 1239(m), 1201(m), 1073(w), 835(m), 760(m), 675(m), 642(w), 576(w), 497(w), 

396(w) cm–1. 

B.3.4. Synthesis of [(ONO)Co(MeCN)]2  

A 20 mL scintillation vial was charged with a solution of the ONO proligand (487 

mg; 1.00 mmol) in THF (8 mL) and NaH (49.2 mg; 2.05 mmol) was added in one portion 
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at ambient temperature.  The suspension was stirred until the bubbling ceased (~30 m). 

The deprotonated ligand solution was passed through a 2.5 micron syringe filter and 

added dropwise to a homogenous solution of Co(BF4)2•MeCN6 (479 mg; 1.00 mmol) in 

MeCN (8 mL).  The resulting golden colored solution was stirred at room temperature for 

1 hour and then concentrated in vacuo, affording a yellow-green colored solid.  The solid 

was dissolved in THF and layered with pentane, producing yellow-green crystals suitable 

for X-ray analysis (504 mg; 0.43 mmol; 86%).  UV–vis (THF) λmax, nm (ε, L/mol*cm): 

371 (19.2 x 103).  FTIR (ATR): 2949(m), 2900(m), 2865(m), 1627(w), 1477(s), 1449(s), 

1389(m), 1357(m), 1325(s), 1285(m), 1236(m), 1201(m), 1073(w), 982(w), 842(m), 

760(m), 701(m), 678(m), 644(m), 579(m), 514(m), 434(m), 413(m) cm–1. 

B.3.5. Synthesis of [(ONO)Co(py)3] 

The complex [(ONO)Co(MeCN)]2 was dissolved in MeCN and pyridine (10 eq.) 

was added. The solution was stored at -25 ˚C for 16 h, affording golden crystals suitable 

for X-ray analysis (94% yield). UV–vis (benzene) λmax, nm (ε, L/mol*cm): 349 (16.8 x 

103), 403 (12.1 x 103).    

B.4. X-ray Crystallography 

B.4.1. General Considerations 

Unless otherwise noted, X-ray diffraction data were collected using a Bruker 

APEX-II CCD diffractometer equipped with an Oxford Cryosystems low-temperature 

apparatus.  Unit cell indexing was performed by using the APEX2 (Bruker) software.  

Data were measured with MoKα radiation (fine-focus sealed tube, 45 kV, 35 mA). The 
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total number of runs and images was based on the strategy calculation from the program 

APEX2 (Bruker).  Unit cell indexing was performed by using the APEX2 (Bruker) 

software and refined using SAINT (Bruker, V8.34A, 2013).  Data reduction, scaling and 

absorption corrections were performed using SAINT (Bruker, V8.34A, 2013) and 

SADABS-2014/5 (Bruker, 2014) was used for absorption correction.  The λ/2 correction 

factor is 0.00150.  The software also corrects for Lorentz polarization.  The crystal 

structures were refined by Least Squares using version 2014/7 of XL (Sheldrick, 2008). 

All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were 

calculated geometrically and refined using the riding model. 

B.4.2. [(SOCO)Co(N3)(MeCN)2] 

A prism-shaped crystal with dimensions 0.299×0.146×0.05 mm was mounted on 

a loop with paratone oil.  X-ray diffraction data were collected at T = 100(2) ˚K.  The 

maximum resolution achieved was ϴ = 24.711°. 

Unit cell indexing was performed and refined based on 17947 reflections, 37% of 

the observed reflections.    The ratio of minimum to maximum transmission is 0.8753.  

The final completeness is 99.4% out to 24.711° in ϴ.  

The structure was solved in the space group P-1 (#2) with the ShelXT (Sheldrick, 

2015) structure solution program using combined Patterson and dual-space recycling 

methods.  
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B.4.3. [(ONO)Co(MeCN)]2 

A yellow, prism-shaped crystal with dimensions 0.65×0.16×0.14 mm was 

mounted on a loop with paratone oil.  X-ray diffraction data were collected at T = 

100(2) ˚K.  The maximum resolution achieved was ϴ = 24.709°. 

Unit cell indexing was performed on 9857 reflections, 36% of the observed 

reflections.  wR2(int) was 0.1730 before and 0.0738 after correction.  The ratio of 

minimum to maximum transmission is 0.6290.  The final completeness is 97.8% out to 

24.709° in ϴ. The absorption coefficient (µ) of this material is 0.463mm-1 and the 

minimum and maximum transmissions are 0.6290 and 1.0000. 

The structure was solved with the ShelXT (Sheldrick, 2015) structure solution 

program using combined Patterson and dual-space recycling methods. The space group 

P21/c was determined by ShelXT (Sheldrick, 2015) structure solution program.  

B.4.4. [(ONO)Co(py)3] 

A prism-shaped crystal with dimensions 0.499×0.304×0.234 mm was mounted on 

a loop with paratone oil.  X-ray diffraction data were collected at T = 100(2) ˚K.  The 

maximum resolution achieved was ϴ = 37.02°. 

Unit cell indexing was performed and refined based on 82104 reflections, 26% of 

the observed reflections.    The ratio of minimum to maximum transmission is 0.8753.  

The final completeness is 96.4% out to 37.02° in ϴ.  
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The structure was solved in the space group P21/c (#14) with the ShelXT 

(Sheldrick, 2015) structure solution program using combined Patterson and dual-space 

recycling methods.  
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