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Summary

Herein, | describe a detailed investigation or the preparation and reactive
chemistry of cobalt complexes containing redox-active ligands. In the first part of this
study, | have prepared an electron transfer series of complexes in three oxidation states
(Figure 6.1): [Co"(ap™),]", Co"(isq™)(ap™), and [Co"(CHsCN)(isq™),]". Characterization
according to the bond lengths within the ligands of all three of these complexes show
that the metal center remains cobalt(lll) through the redox changes and indicates that
the oxidation state changes occur with gain or loss of electrons from the ligand set.

In a proof-of-concept study, | show that ligand-derived electrons can be use to

make cobalt-halide bonds. With this examination, | demonstrate that while Co ' (isq)(ap)

reacts with halide radicals to form a new cobalt-halide bond in a single electron reaction,

+n

[Co"(ap),]” undergoes a multi-electron reaction with sources of “CI™. Both reactions
result in the previously reported and characterized Co"(Cl)(isq), indicating that the
electrons used to form the new bond are derived from the ligand set. Mechanistic studies

of the net two electron reaction with [Co"

(ap)2]” showed no evidence of the reaction
proceeding through sequential radical steps but suggest a single, two electron step is
responsible for the bond-formation. Similarly, [Co"(ap),]” reacts with alkyl halides. The
product of the reaction can be isolated and fully characterized and was found to be best
assigned as Co"(R)(isq),. This assignment indicates that the new cobalt-carbon bond is
formed with two electrons formally deriving from the ligand set and with no change in

oxidation state at the metal center. Mechanistic investigations of the pseudo-oxidative

addition suggest the reaction is Sy2-like.
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This activation of alkyl halides represents a step often difficult in cross-coupling
reactions facilitated by traditional palladium catalysts. Reaction of Co"(R)(isq), with
RZnX forms a new carbon-carbon bond. Similarly, the two electron oxidized complex
[Co"(CH3CN)(isq),]" reacts with organozinc reagents to couple two carbon nucleophiles
and form a new carbon-carbon bond. Both reactions proceed with both sp® and sp®
carbon nucleophiles. When followed substoichiometrically, the homocoupling reaction
can be observed to form the five-coordinate organometallic complex isolated from the
reaction of [Co"(ap),]” with alkyl halides. This indicates that after the first alkyl or aryl is
installed on the [Co"(CHs;CN)(isq),]*, the homocoupling and cross-coupling reactions
proceed by the same method.

However, both reactions have low yields. The yield of the cross-coupling reaction
is decreased by increased steric bulk around the metal center created by substituents on
the ligand. Investigation of the homocoupling reaction indicates that while the added
steric congestion surrounding the metal center disfavors the addition of the first alkyl
fragment, the addition of the second alkyl fragment and subsequent rapid elimination of
the coupling product is almost completely inhibited. This result also implies that the
coupling of the two alkyl fragments is entirely inner-sphere requiring installation of both
for coupling organic fragments on the same cobalt center prior to coupling to form the
new carbon-carbon bond.

In a complementary study, use of bidentate or tridentate stabilizing ligands in
combination with one redox-active catechol-derived or amidophenol-derived ligand was
investigated. With the synthesis of (triphos)Co"(cat) and the one electron oxidized

[(triphos)Co"(sq)]" | found that the electronic structure of the cation had been previously
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mis-assigned. Oxidation occurs at the ligand and not the metal. Reaction of
(triphos)Co'(cat) with a “CI" reagent generated a new material which | tentatively
describe as (triphos)Co"(Cl)(sq). This implies that the two electrons used to create the
new cobalt-halide bond are derived from both the ligand and the metal, one from each. |
believe the complex is unreactive with organic halides due to the steric bulk surrounding
the metal center. Attempts to prepare similar cobalt complexes containing tridentate or
bidentate phosphine ligands or a tridentate pyrazol ligand in combination with a
catechol-derived or amidophenol-derived ligand were unsuccessful because they
produced materials prone to ligand redistribution.

The sum of these studies shows that the amidophenol ligands can act as an
electron reservoir and facilitate reactivity at the metal center. | have also shown that this
combination can create a proclivity to facilitate multi-electron reactions at the metal that
is naturally prone to radical reactions. Throughout the course of both of these studies,
steric crowding at the metal center is a problem disfavoring the facilitated reactivity. The

factor limiting use of the catalysis is steric crowding.
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Background and introduction

1.1. Carbon-carbon coupling reactions

One of the most powerful tools a synthetic chemist relies on every day is the
ability to assemble complex molecules from simple precursors. To accomplish this goal,
bonds within precursors must be broken and new bonds must be formed to join the
reactants. Bond forming reactions make up some of the tools used for synthesis of
natural products, small molecule design, and new material development. Over the past
half century, an extensive number of ways to selectively assemble carbon-carbon bonds
have been examined."? If reactions are not facilitated in a selective and controlled
manor, the costs of resources and time needed to isolate desired products can be huge.
Side products, isomers and enantiomers formed in the synthetic process create the need
for isolation and purification of the material before its use.

Two particular types of coupling reactions have been examined extensively. First,
the reaction of organic halides with carbon nucleophiles is commonly used in the
assembly of complex molecules."*® Carbon nucleophiles can be derived from several
sources including organolithiums (LiR), Grignard reagents (RMgX) and organozinc
reagents (RZnX). The use of an organozinc as the carbanion source to couple with
organic halides is known as Negishi-coupling® and this choice of carbanion source
provides several benefits.® Organozinc reagents are not as strongly nucleophilic as other
organometallic sources and are therefore tolerant of a variety of functional groups.
However, the decreased nucleophilicity makes them less reactive with certain catalysts
as well. These reactions were first reported catalyzed by nickel and later, more

1
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efficiently, by palladium.®®' Negishi-type coupling occurs through, first, oxidative
addition of the organic halide at the metal center, followed by transmetallation of the
carbanion and completed with reductive elimination of the product (Scheme 1.1)."
However, alkyl halides are often unsuitable reactants with these methods as the
oxidative addition reaction is slow and palladium is known to B-hydride eliminate after
addition of the sp® carbon to the metal center.’? Ligand selection or use of alkyl halides

' Extensive

without B-hydrogen atoms can minimize this degradation pathway.”’
mechanistic studies have been done to understand the unique nature of the reactions on
palladium."*® These suggest that the reaction occurs by two electron steps and
proceeds without observation of radical intermediate species.

Oxidative coupling reactions are another useful carbon-carbon bond-forming

method.""*"® These reactions can join two carbon nucleophiles such as carbanions and,

with the use of a sacrificial oxidant, complete the catalytic coupling cycle. The first step

2



in this reaction is transmetallation from RMX installing the first organic fragment on the
metal. This is followed by a second transmetallation, a reductive elimination and finally a
two electron oxidation of the catalyst to reset the process (Scheme 1.2)."* Selection of
the oxidant can be very important as reaction of the organic nucleophiles directly with
the oxidant can lead to unwanted side products.’* Readily available oxygen from the air
is considered an ideal oxidant requiring no prior processing and resulting in safer waste

products than other available sacrificial oxidants."?

// ) M\

n  Oxidative
Coupling

M'X
@GR IM /

Scheme 1.2

n+2

Development of new catalysts able to address some of these limitations for these
coupling reactions has been the focus of much effort throughout the past decades. Use
of first row transition metal salts for these reactions is becoming more prevalent in the
literature.>>'*"® However, catalytic conditions are generally optimized with the addition
of co-catalysts. These are often used without a clear understanding of their role in the
system and with little known about the active catalytic species. Mechanisms developed

3



from the palladium coupling systems are often applied to the metal salt systems, despite
the established knowledge that first row transition metals react quite differently than
second and third row metals. Without a clear understanding of how multi-electron
reactivity can be facilitated by first row transition metals and investigation of the
mechanism of these reactions, new catalyst design is limited by a factor of time and luck

required to find an ideal system.

1.2. Design and characterization of redox-active ligands

Nature uses first row transition metals to facilitate various the bond-making and
bond-breaking reactions needed to sustain life." Some of these reactions are facilitated
by metalloproteins that often require coenzymes and co-catalysts to control the desired
reactivity and produce the correct product.’®?° These support molecules are frequently a
way to store and deliver electrons needed to facilitate reactions. It has been
demonstrated in several systems that organic radicals in the active site facilitate the
reactivity at the metal center.'?’

This strategy of using organic molecules to store and deliver electrons for
reactivity at a first row transition metal center can be extended into small molecule
catalyst design as well. For fifty years, ligands known as “non-innocent” have been
studied to establish an understanding of how these ligands coordinate to metal centers
in various oxidation states.??? Non-innocent ligands are able to support oxidation state
changes themselves, thus becoming a potential source of electrons and can even
stabilize atypical metal electronic configurations. After the first report by Jgrgenson of

the non-innocent dithiolene ligand,?” the field has been expanded to also include

4
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catecholates, diimines and a variety of combinations of disubsituted benzene
derivatives.?*? The majority of these complexes rely on S, N or O atoms to coordinate to
the metal and all contain a 1r-electron system (Scheme 1.3). In certain complexes, these
ligands can also actively participate in the reactivity of the complex, thus being classified
as “redox-active”.?> This requires that the metal and ligand frontier orbitals have
favorable mixing and similar energies to allow movement of the electrons through the
complex. In recent studies, several of these complexes have been shown to contain
ligands which are the site of the oxidation and reduction of the complex, as opposed to
the oxidation state change occurring at the metal center.?*°

Within a stable complex, metals and ligands can exist in a cooperative balance of
electron sharing though charge. The degree with which electrons are delocalized across
metal and ligand orbitals is dependent on the overlap of the molecular orbitals of each
atom.*"¥ This delocalization can be classified using the Robin-Day system,**** defining
Class | as a fully localized system in which a radical is contained within a particular
orbital. Class lll is fully delocalized with the radical spread equally through the complex.
The degree with which the measurable characteristics of the ligands, such as bond
lengths and charge transfer bands, change with modification of the oxidation state

largely depends on the extent of delocalization.*°



A basis for the characterization of these redox-active ligands and assignment of
their oxidation state has taken decades to develop. Extensive research has been done
with the ligands on a multitude of metals with a variety of spectroscopic
techniques.?#%% Assignment of the oxidation state of the metal and ligands within the
complexes relies on a combination of spectroscopic techniques and is often supported
by theoretical calculations. Electron paramagnetic resonance (EPR) can be a useful
indicator of the electronics of the complex and can help determine if a radical is localized
on either the metal or ligand. In systems not favorable for investigation by EPR or fully
delocalized systems, structural data can give clues to the oxidation state of the ligands
as well. Assignment of oxidation state of ligands using X-ray crystallographic data is a
technique developed by both Pierpont and Wieghardt over decades.?*% After
gathering data on electronic series of various complexes containing different ligands
coordinated to different metals, general parameters for defining the oxidation state
assignment of ligands have been established based on the observed bond lengths within
the Tr-system. 2436

Several small molecules containing redox-active ligands have been recently
shown to facilitate enzyme-like bond-breaking or bond-making reactions.***° The degree
to which electrons derived from the ligand set participate in the reactivity varies by
system. The choice of metal and ligand are important to obtain a successful balance of
delocalization allowing the electrons of the metal and ligand to mix while preserving a
stable coordination complex. DFT calculations indicate that the HOMO of cobalt bis-
dithiolate complexes are an ideal 50% ligand-50% metal mix.>***' This makes cobalt an

ideal choice to have the desired molecular orbital overlap to facilitate reactivity with

6



participation from all ligands. However, dithiolate ligands are most reactive at the sulfur
atom and are not ideal for use when targeting reactivity at the metal center.?2%2
Diimine and catecholate ligands have been extensively studied as ligands for cobalt
complexes.***® The more recently reported hybrid of these, the amidophenolate ligand,
shows potential for favorable overlap with cobalt as well.?**" Several amidophenol-
derived complexes have been reported and structurally characterized on a variety of

metals.***® Examples of the aminophenol-derived ligands facilitating bond-breaking and

bond-making reactivity have also been reported.***’

1.3. Project aim

Many bond-forming coupling reactions are performed at 4d and 5d metals but
use of 3d metals has only recently been demonstrated.”*'” However, first row transition
metals have a natural proclivity to participate in one electron redox changes often
making their use as coupling catalysts unselective and relying on radical type reactivity.
With this project, we investigated the possibility of harnessing the usefulness of redox-
active ligands for multi-electron reactivity at cobalt. We believed that through appropriate
molecular orbital overlap between cobalt and amidophenolate or catecholate ligands, the
electrons stored and delivered by these ligands could participate in bond-breaking and
bond—-making activity at the metal center. We expect that the stability afforded by these
ligands would allow us to perform mechanistic investigations to understand the
complexes and how their characteristics influence the reaction mechanism. All of these
goals ultimately form the basis for development of new carbon-carbon coupling reactions

using cobalt.
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Synthesis and characterization of square planar
cobalt(lll) complexes and their ligand-mediated

Co-X bond-formating reactivity

2.1. Introduction

At the heart of many applications of chemistry, ranging from organic synthesis to
energy production, lies the need to make and break bonds." Multi-electron redox
control is needed for selective bond-forming reactions because free radical reactions are
typically unselective, leading to costly purification of products that wastes time and
money. To develop a new catalyst with specific reactivity and products, it is often useful
to understand the mechanistic details of the catalytic cycles and relevant stoichiometric
reactions using well-defined complexes. Many selective carbon-carbon coupling
reactions are facilitated by palladium catalysts due to the thermodynamic preference of
the 5d metal to undergo two electron changes in oxidation state in concerted steps, thus
facilitating the multi-electron reaction in a controlled step.>® First row transition metals
however are more prone to single electron oxidation state changes.

One approach to evoke multi-electron reactivity at first row transition metals
metal centers involves combining the redox power of the metal with a non-innocent, or
redox-active, ligand."®"® Some non-innocent ligands can act as reservoirs of electrons
that participate in reactivity at metal centers. Recently, these redox-active ligands have
been shown to facilitate redox reactions of small molecules by stabilizing unusual

oxidation state of the metal.”*?* We believe through careful ligand selection, this
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R2 R2 Rz R2 Rz R2
ap? isq’ ibq

Figure 2.1. Electronic series of amidophenol-derived, redox-active ligand.
Unsubstitued L™ in which Ry=R,=H; L*" in which Ry=H and R,=isopropyl; and L“
in which Ry=Cl and R,=H.
chemistry can be extended to evoke bond-forming redox reactions at cobalt using
electrons derived from both the metal and ligand set.

The bidentate amidophenol-derived ligands (H.ap) used in this study coordinate
to the metal center through an oxygen and a nitrogen (Figure 2.1)."° This ligand can also
be modified through substituents on the N-aryl ring that allow fine tuning of the sterics or
the electronics of the ligand itself and thus alter the accessibility to open coordination
sites of the metal or the redox potential of the resulting metallated complex. Recently, it
has been shown that these ligands are able to facilitate two-electron, bond-forming
reactions at d° and d'® metals in which the reactive electrons must be derived from the
ligand set.'*?* We chose to use cobalt because both the metal and ligand contain
accessible electrons of similar energy.?® We hope to gain understanding about how this
electronic relationship affects the overall reactivity of the complex.

We began our examination with a previously reported low-coordinate cobalt
complex containing two amidophenol-derived ligands. We believed from examiniation of
the body of work investigating the characteristics of various redox active ligands and
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metals that this combination of cobalt metal and amidophenol-derived ligand would give
the molecular orbital overlap needed and would stabilize the complex with open
coordination sites for bond-forming and bond-breaking reactivity.

Previous work reported on these complexes was sporadic and conclusions
inconsistent between research groups. It was first reported by Wieghardt and coworkers
that the unsubstituted ligand (H,ap™) could be reacted with CoCl, to form the
coordinatively saturated Co(L); complex.?” Shortly thereafter, the same group reported
synthesis of 5-coordinate complexes containing only two unsubstituted (R=R,=H)
amidophenol-derived ligands and stabilized by a coordinating halide (Cl or 1) ligand.?®
The authors reported that substiochiometric quantities of the ligand were required to
avoid formation of the tris Co(L); complex. The ligand oxidation states of the 5-
coordinate complexes were assigned as bis-iminosemiquinonate (isq') by analysis of
the bond lengths within the crystal structures of the molecule. This makes the
assignment of the metal cobalt(ll). The Co"(Cl)(isq™"), complex was generated by halide
exchange between Co"(I)(isqg™"), and CHCls.

Following this report, another group reported the synthesis of 4- and 5-coordinate
complexes Co(L), and Co(X)(L). in which the ligand is substituted with methyls or
isopropyls in the R, position (H,ap™® or H.ap™).?° Consistent with the earlier report of the
tendency of these species to form Co(L)s, these authors report the need for steric bulk at
the ortho positions of the N-phenyl to isolate the low-coordinate complexes. Interestingly,
they conclude the paper with an argument that Co(L); degrades to Co(L), in solution.
They also report that the 4-coordinate, neutral complex is best formulated as Co'(isq™),

based on bond lengths obtained from X-ray crystal analysis as well as electron
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paramagnetic resonance (EPR) indicating only one unpaired electron on the cobalt
center.

In one later study by Wieghardt and coworkers, a 4-coordinate derivative
containing two ligands with a trifluoromethyl group is substituted in only one of the ortho-

CF3)

positions of the N-phenyl (H,ap was prepared from reaction with Co(ClO,),#6H,0.%

n CF3

) (ap=amidophenolate) from the

The authors formulate this complex as Co"(isq°")(ap

bond-lengths from the X-ray crystallographic analysis. They also report the one electron

reduced species [CoCp*,][Co(L),] which they formulate as [Co (ap),] "

The sum of this literature led us to question whether steric bulk is required to
stabilize these cobalt-amidophenolate complexes in a low-coordinate environment.
Wieghardt’s report that the reduction of the neutral to the monoanion is ligand centered
encouraged us that reactions facilitated by the complex may also be ligand based.
However, it was important to resolve the inconsistency in the literature as to the
assignment of oxidation state of the neutral complex.. The reaction chemistry of these
complexes is basically unexplored with only casual reports of addition of halides and a
CH,CN™ fragment at the cobalt center. This shows promise that these complexes may
be suitable for bond-forming reactions at the metal center.

Reported in this chapter are our initial efforts to utilize amidophenolate ligands
and cobalt(lll) for bond-forming reactions at the metal center. Towards this goal, we
have prepared and characterized new square planar cobalt complexes with
amidophenolate ligands that were previously reported to be inaccessible.® X-ray
crystallographic data is used to rationalize the electronic structures of these species,

prompting a re-evaluation of the previously reported assignment for the related
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complex.?® Finally, control of ligand oxidation state is shown to facilitate one electron
versus two electron selectivity in Co—CI bond-forming reactions, establishing the ability

of redox-active ligands to produce multi-electron reactivity at square planar cobalt(ll1).

2.2. Experimental Details
2.2.1. General considerations

Unless otherwise noted, all manipulations were performed under anaerobic
conditions using standard vacuum line techniques, or in an inert atmosphere glove box
under purified nitrogen. All NMR spectra were acquired on a Varian Mercury 300
spectrometer (300.323 MHz for 'H) at ambient temperature. Chemical shifts are reported
in parts per million (ppm) relative to TMS, with the residual solvent peak serving as an
internal reference. Solution state magnetic moments were determined by Evans’ NMR
method. UV-visible absorption spectra were acquired using a Varian Cary 50
spectrophotometer. Unless otherwise specified, all electronic absorption spectra were
recorded at ambient temperatures in 1 cm quartz cells. IR spectra were obtained using
attenuated total reflection (ATR) with a diamond plate on a Thermo Scientific Nicolet
4700 Fourier-transform infrared spectrophotometer. All mass spectra were recorded in
the Georgia Institute of Technology Bioanalytical Mass Spectrometry Facility. Fast-atom
bombardment mass spectrometry (FAB-MS) was performed using a VG Instruments 70-
SE spectrometer. Electrospray ionization mass spectrometry (ESI-MS) was carried out
with acetonitrile (CH3CN) or tetrahydrofuran (THF) solutions using as Micromass Quattro
LC spectrometer. Cyclic voltammetric measurements were made using a CH
Instruments CHI620C potentiostat in a three component cell consisting of a platinum
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disk working electrode, a platinum wire auxiliary electrode, and a non-aqueous
AgNOs/Ag reference electrode. All electrochemical experiments were performed in
CH3CN with 0.1 M ["BusN][PFe¢] as the supporting electrolyte. Electrochemical data are
referenced and reported to Fc'/Fc as an internal standard. 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.

2.2.2. Methods and materials

Anhydrous  acetonitrile (CH3CN), tetrahydrofuran (THF), toluene,
dichloromethane (CH,CI,), and pentane solvents for air- and moisture-sensitive
manipulations were purchased from Sigma—Aldrich, further dried by passage through
columns of activated alumina, degassed by at least three freeze—pump—thaw cycles, and
stored under N, prior to use. Methanol (MeOH) (anhydrous, 99.0%) was purchased from
Honeywell Burdick & Jackson, and used as received. Deuterated acetonitrile (CD3CN)
was purchased from Cambridge Isotope Laboratories, degassed by three freeze—pump-—
thaw cycles, vacuum distilled from CaH,, and stored under a dry N, atmosphere prior to
use. The ligands 2,4-ditertbutyl-6-(2,6-diisopropylphenylimino)benzoquinone (ibq""), 2,4-
ditertbutyl-6-(phenylamino)phenol (Hzap™), 2,4-ditertbutyl-6-(3,5-
dichlorophenylamino)phenol (Hap®) and 2,4-ditertbutyl-6-(3,5-

BY) were prepared by literature method.™*" All

ditertbutylphenylamino)phenol (H.ap
characterization data matched those referenced. Co(ClO,),:6H,O and Co,(CQO)s were
purchased from Strem Chemical, Inc. All other chemicals were purchased from Sigma—

Aldrich and used as received.
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2.2.3. Preparation of Co"(isq™")(ap

In modification of a literature procedure,?® Co(ClO,),-6H,0 (0.365 g, 1.00 mmol)
and H,ap™ (0.596 g, 2.00 mmol) were combined in a 50 L round bottom flask with a stir
bar and dissolved in 20 mL anhydrous methanol. Dropwise addition of EtsN (560 L,
4.02 mmol) with vigorous stirring immediately afforded a clear dark blue solution. The
flask was fitted to a condenser and the reaction mixture was heated to reflux in air for 1
hour, then cooled to ambient temperature for 2 hour to deposit a dark blue precipitate.
The solids were recovered by vacuum filtration, washed with cold anhydrous methanol
(3 x 2.0 mL, ice cold), and dried in vacuo to yield Co"(isq"")(ap"™) (0.368 g, 0.566 mmol,
57%). Crystalline solids suitable for single crystal X-ray diffraction were recovered by
slow diffusion of pentane into saturated CH,ClI, solution in the absence of light. UV—vis
(THF) nm (&, M™" cm™): 280 (15 700), 675 (11 500), 900 (16 200). FAB-MS (m/z): 649
[M]*. FTIR (ATR): 3062 (w), 3041 (w), 3026 (w), 2956 (m), 2900 (m), 2863 (m), 1579 (w),
1536 (w), 1481 (m), 1432 (m), 1356 (m), 1302 (m), 1260 (m), 1215 (w), 1183 (w), 1138
(s), 1104 (s), 1025 (m), 1002 (w), 922 (m), 910 (m), 881(w), 859 (m), 824 (w), 766 (w),
738 (s), 692 (s), 659 (s), 609 (w), 571 (m), 540 (m), 510 (s), 467 (m), 424 (m) cm™". The
sample for elemental analysis was washed in methanol, as described above. The
reported analysis is for Co"(isq"")(ap"™)-1.3MeOH, and the presence of the methanol in

the sample was confirmed by "H NMR spectroscopy. Anal. Calc. for Cy3Hs539N2C003 3:

C, 71.74; H, 8.05; N, 4.05. Found C, 71.36; H, 7.62; N, 4.16%.

2.2.4. Preparation of Co" (isq™")(ap™)

In modification of a literature procedure,® a five dram scintillation vial was

charged with a solution of Co,(CO)s (0.069 g, 0.203 mmol) in 10 mL toluene and a stir
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bar. Slow addition of a solution of ibq™" (0.308 g, 0.811 mmol) in 5 mL toluene with
vigorous stirring immediately afforded a blue solution. The solution was stirred for 1 hour
at ambient temperature and the volume was reduced to 4 mL to precipitate dark blue
solids. The solids were collected by vacuum filtration in air, washed with toluene (2 x 2.0
mL, ice cold) and dried in vacuo to give Co"(isq™")(ap™) (0.255g, 0.312mmol, 77%).
Slow diffusion of toluene into a saturated THF solution afforded single crystals of
Co"(isq™")(ap™) suitable for assignment of connectivity by X-ray diffraction. UV-vis
(THF) nm (&, M™" cm™): 280 (15 500), 680 (10 400), 905 (15 400). FAB-MS (m/z): 817
[M]*. FTIR (ATR): 3061 (w), 2959 (m), 2925 (m), 2902 (m), 2864 (m), 1535 (w), 1462
(w), 1357 (m), 1327 (w), 1298 (m), 1257 (w), 1230 (w), 1215 (w), 1181 (w), 1133 (s),
1097 (s), 1019 (m), 911 (w), 897 (m), 859 (m), 825 (w), 737 (m), 680 (w), 657 (s), 586

(W), 565 (W), 514 (s), 506 (s), 471 (m), 433 (m) cm™".

2.2.5. Preparation of Co"(isq®)(ap®)

In a procedure directly analogous to that described above and modified from
literature for Co"(isq™")(ap™), Co(ClO,),-6H,0 (0.184 g, 0.50 mmol) and H.ap® (0.366 g,
1.00 mmol) were reacted with Et;N (280 L, 2.01 mmol) to yield Co"(isq”)(ap”) (0.088
g, 0.112 mmol, 22%). Slow diffusion of pentane into a saturated THF solution afforded
single crystals of Co"(isq™")(ap™) suitable for analysis by X-ray diffraction. FAB-MS
(mliz): 789 [M]". FTIR (ATR): 2950 (m), 2901 (m), 2865 (m), 1753 (w), 1570 (m), 1560
(m), 1538 (m), 1525 (m), 1461 (w), 1436 (m), 1422 (m), 1389 (w), 1376 (m), 1358 (m),

1304 (m), 1259 (m), 1218 (m), 1138 (s), 1096 (s), 1038 (m), 1025 (m), 1006 (m), 993
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(m), 940 (m), 909 (m), 878 (w), 870 (w), 852 (m), 836 (w), 816 (m), 801 (m), 772 (m),

730 (m), 695 (M), 651 (M), 594 (w), 554 (w), 523 (w), 506 (w), 471 (w), 425 (w) cm™".

2.2.6. Preparation of Na[Co" (ap™),]

A five dram scintillation vial was charged with sodium-mercury amalgam beads
(5% Na, 0.250 g, 0.544 mmol) and Co"(isq™")(ap™) (0.350 g, 0.539 mol) and 10 mL
CH3CN. The reaction mixture was fitted with a Teflon-lined cap and stirred for 12 hour
under N,. During this time a color change was observed from dark blue to purple. The
solution was collected by vacuum filtration and the solvent was removed in vacuo to
afford Na[Co"(ap™),] (0.341 g, 0.504 mmol, 94%) as purple power. UV-vis (CH;CN) nm
(e, M cm™): 295 (20 000), 540 (4 910), 850 (10 600). '"H NMR (300 MHz, CD5CN, d):
58.89 (2H), 35.62 (2H), 26.82 (4H), 8.29 (18H), —0.17 (18H), -7.43 (2H), —24.62 (4H) (all
br s). The sample for elemental analysis was collected from a CH;CN solution. The
reported analysis is for Na[Co"(ap™),]-:2CHsCN, and the presence of CH;CN in the
sample was confirmed by "H NMR spectroscopy. Anal. Calc. for C44HssN4CoO,Na: C,
70.01; H, 7.48; N, 7.42. Found: C, 70.31; H, 7.53; N, 7.00%. Crystals suitable for
analysis by X-ray diffraction were obtained from a CH3;CN solution dissolved with added

Ph,PBr chilled at —20°C for two weeks.
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2.2.7. Preparation of Na[Co" (ap™),]

This complex was prepared using sodium-mercury amalgam beads (5% Na,
0.211 g, 0 459 mmol) and Co"(isq™")(ap™) (0.368 g, 0.449 mmol) in a procedure directly
analogous to that described above for Na[Co"(ap™),], to give Na[Co"(ap™),] (0.351 g,
0.417 mmol, 93%). UV-vis (CHsCN) nm (g, M~ cm™): 290 (15 200), 535 (4 430), 835 (9
810). "H NMR (300 MHz, CD4CN, &): 52.45 (br s, 2H), 34.18 (br s 2H), 24.71 (br d, J=8
Hz, 4H), 10.11 (br t, J=8 Hz, 2H), 7.94 (br s, 18H), 1.43 (br s, 12H), —0.32 (br s, 18H),

-10.42 (br s, 4H), -13.91 (br s, 12H).

2.2.8. Preparation of Na[Co" (ap®),]

This complex was prepared using sodium-mercury amalgam beads (20% Na,
0.022 g, 0.191 mmol) and Co"(isq®)(ap®) (0.126 g, 0.161 mmol) in a procedure directly
analogous to that described above for Na[Co"(ap™),] to give Na[Co"(ap®),] (0.134 g,
0.166 mmol, 81%). UV-vis (CHsCN) nm (&, M~ cm™): 550 (4 120), 855 (7 305). '"H NMR
(300 MHz, CD;CN, &) 36.75 (2H), 18.36 (2H), 8.68 (18H), -0.15 (18H), -10.05 (2H), -

28.53 (4H).

2.2.9. Preparation of (Cp*;Co)[Co" (ap™),]

In an adaptation of a literature procedure,?® Cp*,Co (0.040 g, 0.121 mmol) and
Co"(isqg™")(ap™) (0.098 g, 0.119 mmol) were combined in a five dram scintillation vial
and dissolved in 10 mL CH3;CN with vigorous stirring. The reaction mixture was fitted
with a Teflon-lined cap and stirred for 3 h under N, to generate a dark-purple solution.
The volume of the solution was reduced to 3 mL in vacuo and stored at —20°C for 48 h to
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yield (Cp*,Co)[Co"(ap™),] (0.111 g, 0.0965 mmol, 80%) as violet microcrystals. Crystals
suitable for X-ray crystallographic analysis were grown at -20°C in concentrated CH;CN
solutions over weeks. Purity was determined by comparison of the UV-vis spectrum of

the isolated product to that reported above for the sodium salt.

2.2.10. X-ray crystallography

Single crystals of Co"(ap™)(isq™) and (Cp*,Co)[Co"(ap™),]-2CH;CN suitable for
X-ray diffraction analysis were coated with Paratone N, suspended in a small fiber loop
and placed in a cooled nitrogen gas stream at 173 K on a Bruker D8 APEX Il CCD
sealed tube diffractometer. Diffraction data for Co"(ap™)(isq™") was collected using
graphite monochromated Cu Ka (A = 1.54178 A) radiation. Data for (Ph,P)[Co"(ap™),]
and (Cp*,Co)[Co"(ap™),]-2CH5CN was obtained with graphite monochromated Mo Ka (A
= 0.71073 A) radiation. All other data collection procedures, data processing and
programs were the same for all three samples. Data were measured using a series of
combinations of phi and omega scans with 10 s frame exposures and 0.5° frame widths.
Data collection, indexing and initial cell refinements were all carried out using apex |l
software.* Frame integration and final cell refinements were done using saint software.*®
The final cell parameters were determined from least-squares refinement on 2789
reflections for Co"(ap™)(isq™), 18241 reflections for (PhsP)[Co"(ap™),] and 2968
reflections for (Cp*,Co)[Co"(ap™),]-2CHsCN. The structures were solved using direct
methods and difference Fourier techniques using the shelxtl program package.
Hydrogen atoms were placed in their expected chemical positions using the HFIX
command and were included in the final cycles of least-squares with isotropic Uj's
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related to the atoms ridden upon. All non-hydrogen atoms were refined anisotropically.

Details of data collection and structure refinement are provided in Table 2.1.

1 Ph)’

Table 2.1. Crystallographic data and structure parameters for Co'"(ap™)(isq

(Ph4P)[Co"(ap™),] and (Cp ,Co)[Co"(ap™),]e2CH;CN.

- (Ph.P) (Cp 2Co)
Complex Co™(ap™)(isq™) [Co"(ap),] [Co™(ap™):]
z e 2CH5CN
Empirical formula C40H50CON202 C(54H7()CON202P C76H110C02N402
Formula weight 649.75 989.12 1229.54
T (K) 173(2) 296(2) 173(2)
Crystal system triclinic triclinic monoclinic
Space group P1 P1 P24/c
Unit Cell dimensions
a (A) 5.8590(2) 14.217(3) 9.3811(1)
b (A) 11.7285(4) 14.283(3) 17.0552(4)
c(A) 13.6999(6) 16.218(4) 21.9136(5)
a(®) 110.421(2) 75.250(4) 90
B (°) 93.205(2) 77.662(4) 92.785(2)
vy (°) 93.739(2) 73.012(4) 90
V (A% 877.26(6) 3010.9(12) 3501.96(14)
Z 1 2 2
Deatc (g/cm?®) 1.230 1.091 1.166
Absorption Cj,?efflment 4102 0352 0,520
(mm”)
Crystal Size (mm) 0.37x0.12x0.10 0.36x0.18x0.02 0.36x0.11x0.10
® range for data 4.29 to 66.89 1.31 to 30.51 1.51t0 27.15
collection (°)
Index ranges 6<h<6 -20sh=<20 -10<sh <12
-13<k<13 -20<k<20 -18 <k <21
-15<1<12 -23<1<23 27 <1<28
Reflections collected 5817 61223 23193
Reflections unique 2624 18241 7686
Goodness of fit on F? 1.056 1.009 1.015
R [1>20(1)] 0.0338 0.0655 0.0542
wR? (all data) 0.0873 0.1956 0.1579
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2.3. Results

2.3.1. Preparation and characterization of Co"(ap™)(isq’")
Charge neutral, four-coordinate cobalt complexes were obtained by modifications

iPr

of literature procedures: via stoichiometric reaction of Co,(CQO)s with ibg"™" in toluene in

an air free environment,® or by addition of Co(ClO,),-6H,0 to H,ap™ in basic MeOH
with air (ibg™" = 2,4-di-tert-butyl-6-(2,6-diisopropylphenylimino)benzoquinone; H,ap™ =
2,4-di-tert-butyl-6-(phenylamino)phenol).?®® A single crystal X-ray structure of the Ph
derivative is provided in Figure 2.2.a. It contains cobalt bound to two coplanar ligands.

The N-phenyl substituents are rotated out of the plane defined by the square planar

cobalt core, with Co—N—C—C torsion angles of —107.63(19)° and 68.5(2)°. The cobalt lies

(a)

'Bu Fh

Figure 2.2. (a) Solid-state structure of Co"(ap"™)(isq™) drawn with 50% probability
ellipsoids. Hydrogen atoms omitted for clarity. Selected bonds angles (deg): O1-
Co1-N1 85.58(6), O1-Co1-N1A 94.42(6). (b) Schematic of selected bond lengths
(A) in Co"(ap™)(isq™).
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on an inversion center making the two aminophenol-derived ligands crystallographically
identical. This symmetry may be a result of either crystallographic disorder of the
molecule or Class Ill delocalization of the electrons of the ligand.** A determination of
which is responsible for the inversion center in the structure cannot be determined. The
C-0O, C-N and C-C bond distances shown in Figure 2.2.b exhibit a small but significant

quinoid distortion that is in good agreement with the mean of those typical for [ap™"]*

P~ 3826 suggesting that the complex is best formulated as Co"(ap™)(isq™)

and [isq
(isg™ = 2,4-di-tert-butyl-6-(phenylimino)semiquinonate). All of the bond distances are
crystallographically indistinguishable from the previously reported structures of the 'Pr
analog® and a congener containing one ortho-triflouromethyl substituent on the N-aryl
ring.?® The solution magnetic moment of 2.18 g for Co"(ap™)(isq™") at 25°C in THF is in
agreement with a previously reported value for the trifluoromethyl analog.?® This was
proposed to result from intramolecular antiferromagnetic coupling between the

intermediate spin S = 1 cobalt(lll) ion and one iminobenzoseminonate radical ligand to

yield an S = 2 ground state.

26



2.3.2. Preparation and characterization of [Co" (ap™),]

Addition of 1 equivalent Cp*,Co or Na (as 5 or 20% Na—Hg amalgam) to the blue
Co"(ap™)(isq™") complexes in CH;CN under N, affords a dark-purple color change over
hours at ambient temperature with stirring (Figure 2.3). Recrystallization of the isopropyl
derivative from CH3;CN yielded single crystals of the cobaltocenium salt suitable for
analysis by X-ray diffraction. As shown in Figure 2.4.a, the cobalt anion retains its
square planar geometry. Two CH3;CN solvent molecules per anion are located in the
crystal structure but are not bound to cobalt. As in the neutral species, the ligands in the
anion are crystallographically indistinguishable, and the N-aryl rings are nearly
orthogonal to the plane defined by the square planar cobalt center, with Co—N-C-C
torsion angles of —-91.0(3)° and 82.8(3)°. The aromatic C-C bond distances (Figure

2.4.b) are identical within 30 (1.40 = 0.01 A). However, the ligand C—O and C—N bond

14000 / \
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T 000 / \ / / N\
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Figure 2.3. UV-vis absorption data for neutral Co"(isq™")(ap™) (blue spectrum)
THF and Na[Co"(ap™),] (purple spectrum) in CH;CN.
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Bu

Figure 2.4. (a) Solid-state structure of the anion (Cp >Co)[Co"(ap™"),]e2CH;CN
drawn with 50% probability ellipsoids. Hydrogen atoms, CH3CN solvate molecules
and counteraction omitted for clarity. Selected bonds angles (deg): O1-Co1-N1
85.75(8), O1-Co1-N1A 94.25(8). (b) Schematic of selected bond lengths (A) in
[Co"(ap™)]".

distances are elongated as compared to Co"(ap™)(isq™"). This lengthening is indicative

of the decrease in the double-bond character of the two bonds. The reduced complexes

N(@p™),]".%%° An X-ray crystal structure of the

are therefore best formulated as [Co
(PhsP)[Co"(ap™),] analog was also obtained (Figure 2.5.a). The C-O and C-N bond
distances (Figure 2.5.b) are identical within 30 to those of (Cp*,Co)[Co"(ap™),] and the

aromatic C—C bond distances again have an average value of 1.40 A. There is one C-C

bond that is slightly elongated. This is believed to be a result of molecular packing in the
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Figure 2.5. (a) Solid-state structure of the anion (Ph,P)[Co" (ap™),] drawn with

50% probability ellipsoids. Hydrogen atoms and counteraction omitted for clarity.

(b) Schematic of selected bond lengths (A) in [Co"(ap™),]".
crystal and not indicative of a different electronic assignment, given the sum of the other
data.

[Co"(ap™),]” complexes exhibit diagnostic broad, paramagnetically shifted 'H

NMR spectra (& +59 to —24 ppm) at ambient temperatures. As determined by Evan’s
Method,*"® the solution magnetic moment of 2.77 g for [Co"(ap™),]” at 25°C in CH;CN
is consistent with two unpaired electrons as intermediate spin S=1 cobalt(lll) in a square
planar ligand field. Cyclic voltammograms of the [Co"(ap™),]” complexes display two

quasi-reversible one electron redox couples (Figure 2.6, Table 2.2). Because
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Co"(ap™)(isq™) is not reduced by Cp*,Fe (with a reduction potential of —0.48 V versus
Fc'/Fc in CH3CN),*® the redox event at more negative potential is assigned to

interconversion of Co"(ap™)(isq™") and [Co"(ap™),] .

0.6 0.1 -0.4 -0.9 -1.4
E (V vs. Fc*/Fc)

Figure 2.6. Cyclic voltammograms of 5mM Na[Co"(ap™),] (green line),
Na[Co"(ap™),] (red line) and Na[Co"(ap®),] (blue line) in CHsCN containing 0.1M
["BusN][PF¢] at a 10 mm Pt electrode. Scan rate: 0.5 v s™. Temperature: 25°C. The
arrow represents the direction of the scan sweep for all three analogs.

Table 2.2. Electrochemical midpoint potentials of [Co"(ap™),]” complexes.?

Complex [Co]*/[Co] [Co]/[Co]”

Ar = Phen -0.350 V -0.770 V
Ar = iPr -0.339V -0.809V
Ar =ClI -0.173V -0.508 V

@ As measured by cyclic voltammetry in CH3;CN solutions containing 0.1M
["BusN][PF¢] at a 10 mm Pt electrode with a scan rate: 0.5 v s and
performed at 25°C. Potentials are reported versus Fc'/Fc.
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2.3.3. Behavior of [Co" (ap™"),] in various solvents

The purple Na[Co"(ap™),] complexes appear purple in CHsCN, benzene, and
DMSO in solutions ranging from saturated (ca. 1.5M) to 0.01 mM. However, in dilute
THF the solutions appear blue (Figure 2.7) and must be approximately >0.01 M to
remain purple. The color change is also observed in dilute solutions of pentane and
toluene. This blue spectrum is very similar, but not identical, to that of the one electron
oxidized neutral material (blue line of Figure 2.3). Crystals of Na[Co"(ap™),] grown out of
THF:pentane solutions for X-ray diffraction study retain their monoanionic character and
show no significant differences in the solid state to crystals grown from CH3;CN solutions
There is also no coordination of the solvent molecules to the complex in either of the

crystal structures.
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Figure 2.7. UV-vis absorption data for 0.05 mM solution of Na[Co"(ap™)] (purple

spectrum) in CHsCN and 0.05 mM solution of Na[Co"(ap™),] in THF (blue
spectrum).
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When a blue Na[Co"(ap™"),] THF solution is dried and taken back up into CH;CN,
the color change is reversible and the solution is again purple. If the blue THF solution is
heated (60°C, 1 hour) prior to the solvent removal, the material becomes insoluble in
CH3;CN and the color change appears irreversible. The degree to which the UV-vis
spectra are changed is independent of the concentration of the solution over a 20x range
(0.05 mM to 1.0 mM) in THF. In mixed solvent solutions, as the mole percent of CH;CN
is decreased relative to THF, the growth of the 670 and 900 nm peaks and the
corresponding decrease in the 540 and 850 nm peaks are linear within error over three
trials. A similar study using 2-methyl-THF showed similar results to the unsubstituted
THF solvent. Change in the countercation slightly changes the behavior of the material.
With the larger bis(triphenylphosphoranylidene)ammonium (PPN) countercation in place
of the Na’, the material is less sensitive upon dilution in THF, requiring a lower
concentration of the complex before a change in the appearance or in the UV-vis

spectrum is observed.

2.3.4. One-electron Co—Cl bond-forming reaction

Addition of 1 equivalent of CCl,; or N-chlorosuccinimide (NCS) to the blue
Co"(ap™)(isq™) complexes in THF gives a color change to blue-green in seconds at
ambient temperature. Identical UV—-vis spectra are obtained by exposure of CH,CI,
solutions of the Co"(ap™)(isq™") materials to ambient fluorescent light, as was previously
reported in literature.?® The product of all the reactions is the previously reported square
pyramidal Co"'Cl(isq™), species containing two iminobenzoseminonate(1”) radical
ligands.®#3 The assignment of the 5-cooridinate species previously reported was
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Scheme 2.1.

made based on X-ray crystallographic data. This assignment also supports the
diamagnetic nature of Co"'Cl(isq™), created by anti-ferromagnetic coupling of both ligand
radicals to both unpaired electrons on the cobalt(lll) center.

As illustrated in Scheme 2.1, quantitative conversion of Co"(ap™)(isq™) to
Co"'Cl(isq™), occurs by net addition of a chlorine radical. Because the Co—Cl bond-
forming reactions are formally a reduction of CI" to CI, they occur with one electron

oxidation of the Co"

(ap)(isq) fragment, which is ligand centered based on the
characterization of both the starting material and the product. Addition of 1 equivalent of
the radical inhibitor 2,6-di-tert-butyl-4-methylphenol (BHT) to THF solutions containing

Co"(ap™)(isq™) results in a significant decrease in its rate of reaction with CCl,. While
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addition of 5 equivalents CCl, to Co"(ap™)(isq™") affords quantitative conversion to
Co"'Cl(isg™), in seconds, with added BHT the same reaction takes hours to reach
completion. The origin of this inhibition is apparently a reaction of Co"(ap™)(isq™) with
BHT. Accordingly, addition of 1 equivalent BHT to Co"(ap™)(isq™") in THF or CHsCN
under N, affords an immediate color change from blue to olive green. The dark green

color is slowly discharged on addition of CCl, to afford Co"'Cl(isq™")s.

2.3.5. Two-electron Co—-CI bond-forming reaction
Reaction of CH;CN solutions of the [Co"(ap™),]” complexes with 1 equivalent
2,3,4,5,6,6-hexachloro-2,4-cyclohexadien-1-one, which serves as a source of
+ 40

electrophilic CI*,*® immediately gives Co"Cl(isq™), (Figure 2.8). The reaction is

quantitative and proceeds without the accumulation of any observable intermediates at
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Figure 2.8. Sample UV-vis absorption of product of both reactions with cholride
electrophiles. Spectrum matches that of previously reported Co"(Cl)(isq™)s.
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298 K, as evidenced by UV-vis spectroscopy. The rate of Co"Cl(isq™), formation is
unaffected by addition of 1 equivalent BHT to the reaction mixture. Control reactions

confirm that [Co"

(ap™),]” does not react with added BHT. The bond-forming reaction
with net CI" is a two electron redox process as the electrophilic addition to [Co"(ap™),]”
formally reduces CI" to CI” (Scheme 2.1). However, the two electron oxidation of the
square planar cobalt(lll) fragment is not metal-centered because the redox-active
ligands each supply one electron for the reaction. Addition of 1 equivalent CCl, to

CH;CN solutions of [Co"(ap™),]” gives no reaction over days at ambient temperature, as

evidenced by UV-vis spectroscopy.

2.3.6. Two-electron Co—-Br bond-forming reaction

Reaction of CH;CN solutions of the [Co"(ap™),]” complexes with 1 equivalent
2,4,4,6-tetrabromo-2,5-cyclohexadienone, which serves as a source of electrophilic
Br*,*® immediately gives a color change to a similar blue material as the Co"Cl(isq),
(Figure 2.9). While this material is unreported, given the similarities of the reactions and
the UV-vis spectra, the product is believed to be Co"Br(isq),. Crystals suitable for X-ray
diffraction were of relatively little value as the Co"Cl(isq), and Co"I(isq), complexes
have been previously investigated?® and crystals of the new material were, therefore, not

obtained.
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Figure 2.9. UV-vis absorption of product of reaction with Br* electrophile. Species
tentatively assigned as Co"(Br)(isq™), due to reaction and product similarities with
the analogous Co"(Cl)(isq™), complex.

2.4, Discussion
2.4.1. Structure and electronic assignment of four-coordinate complexes
The structural and electronic properties of the square planar cobalt electron-
transfer pairs reported here are notable in several respects. First, our successful
isolation of the Co(L™), complexes demonstrates that, contrary to a previous report,*
steric bulk at the ortho-positions of the ligand N-aryl group is not a prerequisite for
stabilization of a four-coordinate cobalt complex. This ability to forego bulky ligands is
essential for the development of reaction chemistry at these complexes. With all

previously reported analogs, the substituents at the 2 or 6 position on the N-phenyl ring
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Figure 2.10. (a) Space-filling model of [Co"(ap™),]” showing the accessible metal
center (royal blue) (b) Space-filling model of [Co"(ap™),]~ showing the steric
crowding at the metal center (royal blue) created by the isopropyl substituents on
the N-phenyl ring in the 2 and 6 positions. Atomic dimensions are the atomic van
der Waals radii. Hydrogen atoms are omitted. Co (royal blue), O (red), N (light
blue), and C (gray).

creates steric crowding around the metal center (Figure 2.10) which hinders substrate
access to the cobalt center.

Second, the X-ray crystallographic data for both the neutral S=2 and anionic S=1
complexes suggest that they are both best formulated as cobalt(lll), so addition of an
electron to Co"(ap™)(isq™) complexes occurs at redox-active ligand. This proposed
charge distribution agrees with a recent assignment of a closely related electron-transfer
pair containing an ortho-trifluoromethyl substituent on the ligand N-aryl group.?

It should be noted that an alternative electronic structure assignment has been
proposed for the charge neutral S=%2 complexes. Poddel'sky and coworkers argue that
these materials may be better formulated as Co'(isq™), containing a low spin d’ cobalt(Il)
ion ligated by two iminobenzoseminonate(1-) radicals. They propose that the two

organic radicals couple antiferromagnetically.?®*® The basis for this claim is previously
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(@ap™)(isq™) complexes that exhibit features expected

reported EPR spectra for two Co
for an electron localized on the cobalt ion.?**® However, the cobalt(lll) assignment
proposed by Wieghardt and coworkers, in fact, invokes a metal-centered radical that is
consistent with the observed EPR data.?® Moreover, Poddel’'sky and coworkers suggest
that the unpaired electrons in an S=1 square planar cobalt(lll) center would occupy MOs
that derive from the metal d,*,? and d,? orbitals,* but this is incorrect. Calculations on a
very closely related system clearly show that the unpaired electrons are in orbitals of byg
and bsy symmetry that are primarily of metal d,, and d,, parentage.?® In this scheme,
overlap with the amidophenolate 11-donor MOs raises the energy of the metal byg and bsg
orbitals and provides a pathway for facile intramolecular ligand-to-metal charge transfer.
Because the ligand metrical parameters for Co"(ap™)(isq™") are indistinguishable from
those of the previously reported 'Pr congener,” we suggest that all of these complexes

"(@ap™)(isq™) in the ground state.

are better described as Co

Use of the isopropyl substituted ligand alters the sterics surrounding the metal
center. The isopropyl groups in the ortho-position on the N-phenyl point directly toward
the cobalt above and below the plane of the amidophenol ligands. This substitution has
little effect on the electronic redox-potentials as observed in the similar redox potentials
of the material. However, substitution of two chlorides in the meta positions of each N-
phenyl greatly affects the redox potentials, altering the events by 150 mV and 300 mV

less reducing. These substitutions are made away from the cobalt and the large halide

atoms do not alter access to the metal center.
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2.4.2. Changes in [Co"(ap™),] in various solvents

Several possible explanations for the observed color changes evoked by the
solvent differences can be proposed. The change in appearance of the [Co"(ap™).]”
material in THF, toluene, and pentane versus CH3;CN, benzene, and DMSO could be
attributed to outer sphere electron transfer which oxidizes the material by one electron to
the Co"'(ap™)(isq™") species. However, given that this color change is reversible when
the THF is removed and the material is redissolved in CH3CN and that crystals grown
out of THF:pentane solutions remain monoanionic, this is not believed to be the case.
The UV-vis features are established to be largely ligand-to-ligand charge transfer bands
(LLCT).®® If a change in the solvent induces a change in the localization of the T orbital
electrons or the mix of the metal and ligand molecular orbitals, this could significantly
shift the electronic transitions within the complex. The UV-vis spectrum with Anax
identical to the neutral, mixed ligand complex could be mimicked by the fully reduced
complex if instead of the assigned [Co"(ap™),]” formulation, the material took on a more
[Co'(ap™)(isq™)]” character. Given that the four absorbance bands are LLCT and not
MLCT, the change from cobalt(lll) to cobalt(ll) would play little part in the UV-vis spectra
but the change from fully reduced to a mixed ligand set would be evident. Reports of a
similar change in electron density having such a great effect on the appearance of the
complex have been documented in related systems.*"*?

Studies comparing THF and CH3;CN solutions with varying mole ratios of the two
solvents demonstrate a linear relationship in the change in the spectra. Therefore, we
cannot conclude that the behavior is a result of preferential binding of one solvent. Given

that the counterion affects this behavior, it is speculated that the observed changes are
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the result of aggregation. THF may interact with the molecule enough to disrupt this
aggregation. However, this does not completely explain the observed color change as
non-polar pentane would not interact with the molecule and toluene and benzene would
be predicted to have similar dielectric constants. A full explanation of this behavior

cannot be determined at this time.

2.4.3. Proof-of-principle bond-forming reactions at cobalt(lll)

The ability of the redox-active ligands to accept and store electrons facilitates the
preparation of coordinatively-unsaturated cobalt(lll) complexes that can deliver multiple
electrons at modest reduction potentials. This forms a basis for oxidative bond-forming
reactions with electrophilic chlorine at cobalt(lll) centers. Identical Co"'Cl(isq™), products

"(@ap™)(isq™) with sources of a net Cl'(via a one

are obtained from reactions of Co
electron reaction) or by addition of electrophilic CI* to [Co"(ap™),]” (via a two electron
process). Both the radical addition and electrophilic addition reactions are formally
oxidations of the metal fragments, but neither oxidizes the cobalt(lll) center because the
redox-active ligand manifold acts as a reservoir for electrons. As described above, facile
transfer of electrons from the ligand to the metal derives from a high degree of covalency
in the metal-ligand bonding that is a result of the close match of the frontier orbital
energies of cobalt(lll) and the aminophenol-derived ligands.?® In this way, the ligand-
mediated Co—Cl bond-forming reactions reported herein are very similar to recent
reports of pseudo-oxidative addition reactions of X, to redox-active ligand complexes
that rely on ligand centered changes in oxidation state to accommodate the
14,17,18,43

transformation without a formal change in oxidation state at the metal center.
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2.4.4. Mechanistic implications of reactions with [Co" (ap™),]

Two possible mechanistic pathways (Scheme 2.2) were considered for the
electrophilic addition reactions at [Co"(ap™).]: (a) direct nucleophilic attack of the
cobalt(l1l) center on the CI* electrophile, resulting in a two electron oxidation of the metal
fragment; (b) initial outer-sphere one electron transfer (ET) to generate the radical pair,
Co"(ap™)(isq™) and CI', followed by coupling with bond formation. The facile reactions of
Co"(ap™)(isq™) with sources of chlorine radical CI' to generate Co"Cl(isq™),
demonstrate that the stepwise mechanism (b) is viable, but experiments performed in
the presence of the radical inhibitor support mechanism (a). Namely, the reactions of
Co"(ap™)(isq™) with CCl, is retarded by addition of BHT, but the reaction of
[Co"(ap™),]” with 2,3,4,5,6,6-hexachloro-2,4-cyclohexadien-1-one as a CI* source is

unaffected with added BHT. Although the mechanism of this radical inhibition is ill
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"ap™")(isq™) reacts rapidly with BHT

defined, control reactions demonstrate that Co
under the reaction conditions. Accordingly, mechanisms that invoke formation of a long-

lived Co"(ap™)(isq™") intermediate in the reaction of [Co"(ap™),]” with net CI* (including

mechanism b) can likely be ruled out.

2.5. Conclusions

In this study, we have synthesized and characterized a series of square planar
cobalt(lll) complexes with redox-active amidophenol-derived ligands. Establishment that
the redox event between the monoanion and neutral species is formally ligand based
provides evidence that the redox active ligands may participate in reactions at the cobalt
center. The electrochemistry also indicates a monocationic species is accessible at
modest potentials. The two redox events of the complex occur within 0.5 V of each other
and suggest that the complexes should be able to facilitate multi-electron changes in
their oxidation state.

The proof-of-concept reactions with halide sources demonstrate that this redox
potential can be used for bond-formation. Details of the reaction chemistry suggest that
the S=' Co"(ap™)(isq™) complexes behave as efficient radical scavengers but the
[Co"(ap™),]” complexes react as multi-electron nucleophiles and do not react efficiently
with sources of net CI'. This is somewhat surprising given the S=1 diradical ground state
of the anionic complexes. The reactivity patterns of the [Co"(ap™),]” species are
therefore more reminiscent of the well-known cobaloxime(l) complexes that are closed-

"(@ap™),]~ complexes reported here are not

shell d® nucleophiles.** However, the [Co
strong outer-sphere reductants, being oxidized at potentials 200400 mV less negative
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than most cobalt(l) materials.***° Control of single-electron versus multi-electron
reactivity derives from management of ligand electron inventory. This ability to modulate
the redox selectivity of the metal center to achieve two electron reactions under gentle
conditions is predicated entirely on the redox-activity of the ligands and is a key design
feature for the development of naturally abundant transition metals as catalysts for
selective bond-making and bond-breaking reactions.

The redox-activity of the amidophenolate ligands exhibited in these complexes
facilitates selective multi-electron reactions at square planar cobalt(lll) centers. This
demonstration of fundamental reactivity led us to investigate more useful bond-forming
reactivity facilitated by these complexes (Chapter 4 and 5). In this study, we have
demonstrated that modulation of the ligand oxidation state affords a unique mechanism
to select for multi-electron redox reactivity over potentially competing one electron

pathways.
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Pseudo-oxidative addition of alkyl halides

to nucleophilic cobalt(lll)

3.1. Introduction

The nucleophilicity of the [Co"

(ap)2]” species presented in Chapter 2 resembles
that of the coenzyme B12, commonly called cobalamin, and its related small molecule
models. These enzymes are known for their ability to transfer carbon fragments from
one molecule to another at four-coordinate cobalt metal centers.” The cobalamins utilize
a metal-centered cobalt(l) to cobalt(lll) oxidation. Well studied models of the active site,
known as cobaloximes, have exhibited similar reactivity."? These small molecule models
have been shown to activate alkyl halides and form stable cobalt-carbon bonds through
an S\2 reaction.’® This two electron, bond-forming reaction occurs with a corresponding
oxidation of the cobalt metal. Subsequent reaction of the alkylcobaloximes with
organometallic reagents such as Grignard reagents (RMgX) results in isolation of stable
dialkylcobaloxime or alkylarylcobaloxime species.* However, generation of the reactive
cobalt(l) form of these cobaloximes requires severe reduction potentials, more negative
by 200-400 mV,'*® than those observed with the [Co"(ap™),]~ complexes.” This

(@ap™),]~ complexes may allow

suggests that all ligand-centered reactions at the [Co
access to both cobalamin-like oxidative reactions, as well as reductive chemistry that is
typically inaccessible at cobalt(lll).

The use of unactivated alkyl halides as reagents in cross-coupling reactions
remains a challenge. Oxidative addition of the alkyl halide is often very slow and the

metal-alkyl product formed is prone to rapid B-hydride elimination.® Reagents historically
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have been selected that do not contain B-hydrogens or catalyst have been designed with
ligands able to block the degradation pathway.® However, work over the past 15 years
has developed systems able to form new carbon-carbon bonds from alkyl halide
precursors, often by avoiding the problematic oxidative addition reaction entirely.®'? The
ability of cobaloxime to activate alkyl halides and form stable products is limited in that
the alkylcobaloximes usually react further through radical pathways, relying on the
photolysis of the cobalt-carbon bond to generate a reactive alkyl radical.™

We previously outlined in Chapter 2 how the square planar cobalt complexes
[Co"(ap™),]” can act as nucleophiles but are also mild two electron reductants poised for
multi-electron reactivity.” These complexes demonstrate the ability of redox-active
amidophenolate ligands to deliver electrons for bond-forming reactions at square planar
cobalt(lll) centers (see Figure 2.1) with halide electrophiles.” However, these reactions
were simply an exploration of proof-of-principle and serve little purpose to a synthetic
chemist. In Chapter 3, we build upon this investigation and show how the nucleophilic
properties of these complexes also facilitate the well-defined two-electron pseudo-
oxidative addition of alkyl halides at the cobalt(lll) metal center. This activation of alkyl
halides represents one step in coupling cycles needed to form new carbon-carbon bonds
from alkyl halides. Characterization of the product of the [Co"(ap™),]” reaction with
various alkyl halides and examination of the mechanism gives insight into how this

cobalt complex can be used to facilitate multi-electron reactivity.
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3.2. Experimental Details
3.2.1. 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. NMR spectra were acquired on a Varian Mercury 300
spectrometer (300.323 MHz for 'H) at ambient temperature. 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 equipped with a water-jacketed cell holder fitted to a Peltier
temperature controller. Unless otherwise specified, all electronic absorption spectra were
recorded at 25 °C in 1 cm quartz cells. UV—-vis chemical kinetics data were fit by iterative
multivariate analysis using the commercially available software Specfit/32 from
Spectrum Software Associates. IR spectra were obtained by attenuated total reflection
(ATR) through a diamond plate on a Bruker Optics Alpha-P FTIR spectrometer. 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 or tetrahydrofuran solutions using a Micromass Quattro LC
spectrometer. Gas chromatography—mass spectrometry (GC-MS) analyses 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 um film thickness). 1 uL injections were made at a 50:1 split ratio. The
GC oven program consisted of a hold at 30 °C for 1 min, followed by a 15°C min™' ramp
to 300 °C, and then a hold at 300 °C for 11 minutes. The mass spectrometer used in
tandem was a Micromass AutoSpec electro-ionization (El) detector. Elemental analyses
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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.

3.2.2. Methods and Materials

Anhydrous acetonitrile (CH;CN), tetrahydrofuran (THF), toluene, and
dichloromethane (CH.Cl,) solvents for air- and moisture-sensitive manipulations were
purchased from Sigma-Aldrich, further dried by passage through columns of activated
alumina, degassed by at least three freeze-pump-thaw cycles, and stored under N, prior
to use. CH3CN and THF solvents used for cross-coupling reactions were further dried
over CaH, and Nag,), respectively. Deuterated acetonitrile (CD3sCN) and tetrahydrofuran
(THF—dg) were purchased from Cambridge Isotope Laboratories, degassed by three
freeze-pump-thaw cycles, vacuum distilled from CaH, or Na,, respectively, and stored
under a dry N, atmosphere prior to use. Co"(ap™)(isq™), Co"(ap™)(isq™),
Co"(ap“)(isq”), Na[Co"(ap™),], Na[Co"(ap™),], and Na[Co"(ap®),]""* were prepared by
previously published methods and as reported in Chapter 2. lodobenzene, methyl triflate
(CH30Tf) and the haloalkanes, dicholoromethane—dg (CD.Cl,), methyl iodide (CHjsl),
bromochloromethane (CH,CIBr), ethyl bromide (EtBr), ethyl iodide (Etl), octyl bromide
(OctBr), benzyl chloride (PhCH.CI), benzyl bromide (PhCH,Br), iodobenzene (Phl) and
vinyl bromide (C,H,Br) were purchased from Sigma-Aldrich and degassed before use.

All other chemicals were purchased from Sigma-Aldrich and used as received.
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3.2.3. Synthesis of Co"(CH,CI)(isq™"),

A 5 dram scintillation vial was charged with Na[Co"(ap™),] (0.070 g, 0.104 mmol)
and CH3;CN (10 mL). To the resulting dark purple solution was added CH.Cl, (32.5 uL,
0.508 mmol). The reaction mixture was fitted with a Teflon-lined cap, wrapped in
aluminum foil, and stirred for 12 hours under N, during which time a color change to
emerald green was observed and green solids precipitated from solution. The solids
were collected by vacuum filtration and the organometallic product was extracted into
toluene and filtered to remove NaCl. Removal of the solvent in vacuo afforded
Co"(CH,CI)(isq™), (0.023 g, 0.033 mmol, 32%) as green powder. The solids were
purified by slow cooling of a saturated 3:1 CH3CN:CH,CI; solution to yield single crystals
of Co"(CH,CI)(isq™"), suitable for study by X-ray diffraction. UV-vis (toluene) Amax, NM (&,
M~ cm™): 445 (3260), 600 (2070), 845 (19800). ESI-MS (m/z): 698 [M]". FTIR (ATR)
cm™: 3055 (w), 3038 (w), 2956 (m), 2900 (m), 2861 (m), 2156 (w), 2023 (w), 1973 (w),
1578 (w), 1535 (w), 1482 (m), 1458 (m), 1446 (m), 1434 (m), 1390 (w), 1378 (w), 1357
(m), 1303 (m), 1261 (m), 1216 (w), 1201 (w), 1183 (w), 1166 (w), 1139 (s), 1105 (m),
1025 (m), 1002 (m), 923 (m), 911 (w), 882 (w), 859 (m), 766 (w), 739 (s), 693 (s), 661
(s), 619 (w), 609 (w), 594 (w), 571 (w), 541 (w), 510 (m). '"H NMR (300 MHz, 1:1
CD3;CN:THF—ds, 8): 7.54 (10H), 7.18 (2H), 6.91 (2H), 4.53 (1H), 3.90 (1H), 1.14 (18H),
1.10 (18H) (all br s). Samples of Co"(CH,Cl)(isq™"), for elemental analysis were obtained
from toluene solutions. The reported analysis is for Co"(CH,Cl)(isq™"),*0.75C;Hs, and
the presence of toluene in the sample was confirmed by 'H NMR spectroscopy. Anal.
Calcd for Cu625H58N-CoO,Cl: C, 72.30; H, 7.61; N, 3.65: Found: C, 72.42; H, 7.69; N,
3.86.
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3.2.4. Synthesis of Co"(Et)(isq™),

This complex was prepared by the procedure described above for preparation of
Co"(CH,CI)(isq™),, using Na[Co"(ap™),] (0.070 g, 0.104 mmol) and EtBr (0.39 pL,
0.530 mmol) in place of CH,Cl,, to give Co"(Et)(isq™), (0.044 g, 0.065 mmol, 62%). UV—
vis (toluene) Amax, NM (g, M™" cm™): 420 (2040), 690 (3570), 860 (14700). ESI-MS (m/z):
678 [M]". FTIR (ATR) cm™": 2951 (m), 2920 (m), 2852 (m), 1589 (w), 1537 (w), 1461 (m),
1438 (m), 1409 (w), 1380 (w), 1357 (s), 1293 (w), 1259 (s), 1227 (w), 1140 (s), 1105 (s),
1002 (m), 923 (m), 911 (m), 882 (m), 859 (m), 833 (m), 785 (w), 776 (m), 739 (s), 722
(m), 692 (s), 660 (s), 647 (m), 510 (m). '"H NMR (300 MHz, 1:1 CDsCN:THF—ds, 3): 7.53
(10H), 7.13 (2H), 6.94 (2H), 1.15 (36H), 0.11 (3H), -0.44 (2H) (all br s). Samples of
Co"(Et)(isq™), for elemental analysis were obtained from toluene solutions. The
reported analysis is for Co"(CH,Cl)(isq""),*0.6C;Hs, and the presence of toluene in the
sample was confirmed by 'H NMR spectroscopy. Anal. Calcd for Cys2Hs98N2.C00,: C,

75.59; H, 8.21; N, 3.82; Found: C, 75.08; H, 8.74; N, 3.78.

3.2.5. Synthesis of Co"(Me)(isq™"),

This complex was prepared by the procedure described above for preparation of
Co"(CH,CI)(isq™),, using Na[Co"(ap™),] (0.069 g, 0.103 mmol) and CHsl (0.33 pL,
0.530 mmol) in place of CH,Cl,, to give Co"(Me)(isq™"), (0.033 g, 0.050 mmol, 49%).
UV-vis (toluene) Amax, NM (e, M~ cm™): 690 (3480), 860 (13300). ESI-MS (m/z): 664
[M]*. FTIR (ATR) cm™: 3058 (w), 2951 (m), 2903 (m), 2867 (m), 2159 (w), 2030 (w),
1977 (w), 1592 (m), 1478 (m), 1463 (m), 1439 (m), 1360 (s), 1397 (m), 1260 (m), 1229
(m), 1200 (m), 1175 (m), 1164 (m), 1140 (m), 1025 (m), 1000 (w), 909 (w), 859 (m), 832
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(m), 759 (s), 742 (s), 693 (s), 667 (w), 646 (w), 605 (w), 540 (m), 526 (M), 508(m). Anal.

Calcd for C41H53N>Co00O,: C, 74.07; H, 8.04; N, 4.21; Found: C, 73.35; H, 8.00; N, 4.13.

3.2.6. X-ray crystallography

Single crystals of Co"(CH,Cl)(isq™) and Co"(Et)(isq™) suitable for X-ray
diffraction analysis were coated with Paratone N, suspended in a small fiber loop and
placed in a cooled nitrogen gas stream at 173 K on a Bruker D8 APEX Il CCD sealed
tube diffractometer. All data collection procedures, data processing and programs were
the same for both samples. Data were measured using a series of combinations of phi
and omega scans with 10 seconds frame exposures and 0.5° frame widths. Data
collection, indexing and initial cell refinements were all carried out using apex |l
software.' Frame integration and final cell refinements were done using saint software.'®
The final cell parameters were determined from least-squares refinement on 6134
reflections for Co"(CH,Cl)(isq™") and 9366 reflections for Co"(Et)(isq™"). The structures
were solved using direct methods and difference Fourier techniques using the shelxtl
program package."” Hydrogen atoms were placed in their expected chemical positions
using the HFIX command and were included in the final cycles of least-squares with
isotropic Uj's related to the atoms ridden upon. All non-hydrogen atoms were refined

anisotropically. Details of data collection and structure refinement are provided in Table

3.1.
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Table 3.1. Crystallographic data and structure parameters for Co"(CH,Cl)(isq™"), and

Co"(CH3CH,)(isq™)s.

Complex

Co"(CH,CI)(isg™),

Co"(CH3CH,)(isq"™),

Empirical formula C41H52C|CON202_5 C42H5500N202
Formula weight 707.23 678.81

T (K) 173(2) 173(2)
Crystal system monoclinic triclinic
Space group Pc P-1

Unit Cell dimensions

a (A) 9.2497(2) 13.3036(14)
b (A) 12.6393(3) 13.449(14)
c (A) 16.3642(4) 13.553(14)
a () 90 67.671(15)
B (°) 100.550(1) 85.679(16)
v (°) 90 64.310(15)
V (A% 1880.77(8) 1969(4)
V4 2 2

Dearc (g/cm?®) 1.249 1.145
Absorption coefficient 0.565 0.470
(mm™”)

Crystal Size (mm)

0.43x0.43x0.19

0.32x0.17 x0.15

0 range for data collection (°) 2.05t0 26.33 1.82 to 27.88
Index ranges -11<h<9 -17<h<17
-12<k<15 -17 <k <17
-19<1<18 -17 <117
Reflections collected 13833 33238
Reflections unique 6134 9366
Goodness of fit on F? 1.019 1.004
R [1>2a(1)] 0.0612 0.0558
wR? (all data) 0.1785 0.1266

3.3. Results

3.3.1. Synthesis and characterization of Co"(CH,CI)(isq"™"),
Our previous proof-of-principle study of the two electron bond-forming reaction of
[Co"(ap),]” with a source of a “CI™” fragment led us to investigate other, more interesting,

reaction substrates. Addition of excess CH,Cl, to purple CH3;CN solutions containing the
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Figure 3.1. Selected UV-vis absorption data for reaction of 7.9 x 10° M
Na[Co"(ap™),] (purple line) with 0.24 M CH,Cl, in CHsCN at 25°C under N, to
generate green material at t = 240 minutes (green line), corresponding to the
maximum yield observed while scanning over the entire spectral window (300-
1000 nm).

[Co"(ap™),]” (see Figure 2.1) anion gave quantitative conversion to a light sensitive
bright green material over hours at 25°C (Figure 3.1). Electrospray ionization mass
spectrometry (ESI-MS) of THF solutions containing the green product showed a
molecular ion peak at 698 m/z, 49 mass units larger than the 649 m/z molecular ion
peak corresponding to the Co(L), core. This peak was shifted to 700 m/z when the
reaction was performed with CD,Cl, in place of CH,Cl, These peaks correspond to the
molecular weights of the [Co"(ap™),]” reactant and a [CH.CI] or [CD,CI] fragments,
respectively (Scheme 3.1).

Green crystals of the protio material were obtained from a concentrated
CH3;CN-CH,CI, solution stored at —20°C for days. The X-ray structure contains a square

pyramidal chloromethyl complex (Figure 3.2a). The figure is the superposition of two
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five-coordinate structural isomers resulting from crystallographic disorder of the

Scheme 3.1.

chloromethyl group. The structure was solved with 75% occupancy of the C41-Cl1
fragment, drawn as solid ellipsoids, and 25% occupancy of the C41B-CI1B fragment,
drawn as faded ellipsoids. The C-O bonds, with an average length of 1.310 A, and C-N
bonds, with an average of 1.370 A, both show contraction as compared to those
observed in the fully reduced [Co"(ap),]” complex. The quinoid-like pattern of four long
and two short C-C bond distances, having average lengths as 1.427 A and 1.373 A,

respectively, about the aminophenol ring (Figure 3.2b) match those typical for [isq”"]~

18,19

P = The sum of these

([isq = 2,4-di-tert-butyl-6-(phenylimino)semiquinonate).
structural metrics suggests that the product is best described as Co"(CH,Cl)(isq™"),. As
compared to [Co"(ap™),]” (Figure 2.4), the aminophenol ligand metrical data exhibit
systematic geometrical changes that are characteristic of a change in ligand oxidation

state.
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Figure 3.2. (a) Solid-state structure of Co"(CH,Cl)(isq”™"), drawn with 50%
probability ellipsoids. The [isq™""" ligand hydrogen atoms are omitted for
clarity. The figure is a superposition of two five-coordintate structural isomers
resulting from crystallographic disorder of the chloromethyl group. The
structure was solved with 75% occupancy of the C41-Cl1 fragment, drawn as
solid ellipsoids, and 25% occupancy of the C41B-CI1B fragment, drawn as
faded ellipsoids. (b) Schematic of selected bond lengths (A) in
Co"(CH,CI)(isg™"), drawn to correspond to Figure 3.2a.

3.3.2. Synthesis and characterization of Co"(Et)(isq™"),

Addition of 1 equivalent of EtBr to Na[Co"(ap™),] in CHs;CN yields a similar

green, light-sensitive material and we obtained crystals suitable for analysis by X-ray
diffraction from a concentrated solution of CH;CN and THF stored at —20°C (Figure
3.3.a). As in the reaction with CH,Cl, described above, the C-O and C-N bond lengths

are contracted in comparison to the [Co"(ap™),]” with average values of 1.322 A and
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Figure 3.3. (a) Solid-state structure of Co"(CH3CH,)(isq™™"), drawn with 50%
probability ellipsoids. The [isq”"]"" ligand hydrogen atoms are omitted for clarity.
(b) Schematic of selected bond lengths (A) drawn to correspond to Figure 3.5a.
1.376 A, respectively. The C-C bond distances show the characteristic pattern of two
short (average length of 1.385 A) and four long (average length of 1.423 A) (Figure

3.3.b) indicating that the ligands each contain an organic radical and the product is best

formulated as Co"(Et)(isq™),.

3.3.3. Reaction scope and relative rates with [Co" (ap™"),]

Experiments were performed with a range of alkyl halides to explore the relative
rates of oxidative addition to [Co"(ap™),]". Rates of the reactions are reported under
identical conditions using 5 equivalents of the organic halide and a 0.01 M [Co"(ap™),]"
solution in CH3CN at room temperature and under nitrogen (Table 3.2). For instance,

addition of CHsl affords quantitative conversion to Co"(CHs)(isq™"), in seconds, whereas
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complete reaction with CH,Cl, takes 12 hours under the same conditions. The
analogous reaction with CH,CIBr requires 30 minutes. Reaction with this mixed halide
species also gives exclusively the Co"(CH,CI)(isq™), product, as determined by ESI-
MS, indicating only the carbon-bromide bond is activated. [Co"(ap™),]” reacts with
CH;OTf (OTf = trifluoromethanesulfonate) to afford Co"(CH;)(isqg™), at a rate
comparable to that of the fast reaction with CH;l. Reactions with Etl or EtBr form
Co"(Et)(isq™), in <1 minute and 1 hour, respectively, and reaction of [Co"(ap™),]” with
isopropyl iodide requires 3 hours. PhCH,Br reacts with [Co"(ap™),]” to give
Co"(CH,Ph)(isg™), in 1 days, and >2 days are required for complete reaction with

PhCH,CI. [Co"(ap™),]” is inert to iodobenzene and vinyl bromide over weeks at 25 °C.

Table 3.2. Relative rates of organohalide addition to [Co"(ap™),]".2

Entry Organohalide Reaction Time
1 CHasl < 30 seconds
2 CH,OTf < 30 seconds
3 CH,CIBr 30 minutes
4 CHCl, 12 hours
5 Etl < 1 minute
6 EtBr 1 hour
7 PhCH,CI 24 hours
8 PhCH,Br > 2 days
9 Phi No Reaction
10 C,H3Br No Reaction

& All reactions are performed under N, using 0.010 M Na[Co"(ap™™"),] and 0.050 M
organohalide in CH3CN at 25°C. Observations were monitored by visual color change.
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A comparison of the relative rates of organohalide addition to [Co"(ap™),]
revealed several pertinent trends: (1) Primary alkyl halides react with [Co"(ap™),]" to
afford the corresponding alkylcobalt(lll) complexes, and the relative rates of the
reactions parallel the lability of the halide. (2) All of the addition reactions are slower with
more sterically demanding carbon centers. (3) No addition reaction occurs at sp*
hybridized carbon centers. (4) The addition reactions are highly sensitive to steric bulk at

the cobalt center.

3.3.4. Stability of the organometallic products

THF solutions of Co"(CH,Cl)(isq™), are stable for days in the dark at 25°C but
degrade in light to cleanly afford Co"(ap™)(isq™"), the product of Co—CH,CI homolysis
(Scheme 3.2). Solid Co"(Et)(isq™), is stable for >2 days in the dark at 25 °C, and the
UV-vis spectrum of a THF solution is unchanged over 4 hours at 25 °C. The stability of
the organometallic complex to temperature decreases with the increased steric demands
of the alkyl chain. The product of the reaction with isopropyl idodide, a secondary alkyl

halide, is much less stable than that of primary alkyl halides of similar chain length.

’@0%. l'l'““ N tBu /(:Iohm_ Tl'i“‘ N tBu
“Colll — Co
1Bu SN \OQ tBu N” Yo + *CHCI

Scheme 3.2.
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Similarly, the use of [Co"(ap™),]” as opposed to [Co"(ap™),]~ produces an
organometallic complex much more sensitive to temperature induced homolysis of the

cobalt-carbon bond. However, even with longer alkyl halides such as octyl bromide, the

product of the reaction is stable over hours when kept cool and in the absence of light.

3.3.5. Kinetic study of the reaction with CH,CI

Due to the sensitivity of Co"(CH,CI)(isq™). to light, kinetic studies of its formation
were complicated by a competing degradation process caused by the
spectrophotometer. However, when monitored at lower energy wavelengths (>700 nm),
the product is stable and degradation is not a competing factor. Thus, a UV-vis kinetic
study of the reaction of 7.9 x 10° M Na[Co"(ap™),] with 0.24 M CH,Cl, in CHsCN at
25°C under N, to generate Co"(CH,CI)(isg™") monitored from 700-950 nm exhibits clean
kinetics with an isosbestic point at 911 nm (Figure 3.4). The isosbestic point indicates
that the reaction proceeds directly from [Co"(ap™),]” to Co"(CH,Cl)(isq™) without
observation of an intermediate. The fit to the data was obtained by iterative analysis of
the full spectral window using a single exponential A—B integrated rate law model. This
indicates that the reaction is first order with respect to the cobalt complex and a Keps =
(1.38 £ 0.02) x 10* s™" can be determined.

The dependence of the reaction rate was also examined using the [Co"(ap™),]
congener which alters the steric encumbrance around the metal center making it less
accessible for the substrate (Figure 2.10). In fact, all alkyl halide additions to

(@ap"),]". The reaction only reaches

[Co"(ap™),] are significantly slowed relative to [Co
a 45% yield in 450 minutes as monitored by UV-vis spectroscopy. The rate of the
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Figure 3.4. UV-vis kinetic study of reaction of Na[Co"(ap™),] with CH,CI, in
CH4CN to generate Co"(CH,CIl)(isq™"*"),. (a) Spectra at t = 0 minutes (purple
line), immediately prior to addition of CH2CI2, and at 45.0 minute interevals to t
= 450 minutes (green line) from acquisition of only the low energy visible
photons (700-950 nm). (b) Selected time-resolved data showing the formation
of Co"(CH,CI)(isq™™"), with Amax = 834 nm (green o) derived from the data in
Figure 3.4.a.
degradation of the Co"(CH,Cl)(isq™"), product is similar to that of the rate of formation
and therefore valid kos values cannot be extracted. Reaction of [Co"(ap™),]” with
secondary alkyl halides shows no reactivity at 25°C over days. Use of the [Co"(ap®),]”
congener alters the reduction potential of the complex by 260 mV less negative from that
of the [Co"(ap™),]” analog. This loss of reducing power slows the rate, such that, at

room temperature, the homolysis degradation pathway rate exceeds that of product

formation, even when excluded from light, and the reaction never reaches complete

conversion.
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3.3.6. Reaction with alkyl halide radical clock

The pseudo-oxidative addition reaction of (bromomethyl)cyclopropane was
studied in an attempt to gain evidence for the reaction mechanism.
(Bromomethyl)cyclopropane has been used extensively as a radical clock to determine if
a radical intermediate exists within a reaction (Scheme 3.3, Reaction 1).° The reaction
was also probed with 6-bromo-1-hexene, another known radical clock (Scheme 3.3,
Reaction 2).2" These establish the presence of a radical transition state by formation of
one of two products. Formation of 1b or 2b are positive indicators of a radical process.
[Co"(ap™),]” was reacted with the (bromomethyl)cyclopropane and with 4-bromo-1-
butene in side-by-side reactions. Oxidative addition of 4-bromo-1-butene results in
formation of the product 1b allowing for independent characterization of at least one of
the possible products. '"H NMR spectra of the two products were markedly different.
However, assignment of the peaks was not possible due the paramagnetism of several
species in the solution. The same peak broadening was apparent with reaction using 6-

bromo-1-hexene as well. In variable temperature NMR experiments, colder temperatures

pos

[Co] or [Co]

1a 1b
Reaction2 [Co] + Br~~">~—— [Co] or [Co]
2a 2b

Reaction 1 [Co] + BF/W

Scheme 3.3.
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make the spectra less decipherable and the Co"(R)(isq™"), material was not able to be
stabilized enough to avoid formation of paramagnetic degradation products such as
those produced by the thermal homolysis of the cobalt-carbon bond and allow

assignment of the configuration of the organic fragment.

3.3.7. Lack of reactivity of Co"(Et)(isq™"),with CO

Exposure of a stirred solution of Co"(Et)(isq™"), in THF to an atmosphere of dry
CO at room temperature while protected from light over hours yielded no observable
color change. Comparison of the infrared (IR) spectra of the material before and after
exposure also showed no changes and no evidence of the carbonyl peak expected with

successful insertion of the CO molecule into the cobalt-alkyl bond.

3.4. Discussion
3.4.1. Pseudo-oxidative addition product

The crystallographic data for Co"(CH,CI)(isq™), and Co"(Et)(isq™"), suggest that
both are best formulated as cobalt(lll) complexes with bis-iminosemiquinate ligands.
This formulation that the reaction occurs with a net two electron oxidation of the
[Co"(ap™),]” fragment, but the oxidation state of the cobalt center is unchanged
because each ligand supplies one electron. The oxidative addition reaction with alkyl
halides is not fast. However, the stability of the product against degradation is promising
for facilitation of further reactivity. Bond homolysis can be avoided by exclusion of light
and temperature control. Degradation through B-hydride elimination is not rapid as the
Co"(Et)(isq™), complex is stable in solution and solid state when protected from the
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homolysis degradation pathway. However, the stability against both B-hydride
elimination and CO insertion as observed may imply that a site cis to the alkyl ligand
cannot be accessed. This could potentially create a barrier to successful facilitation of

coupling reactions, as discussed in the following chapter.

3.4.2. Mechanistic implications of pseudo-oxidative addition

Four mechanisms that are consistent with the UV-vis kinetics indicating that the
reaction was first order in metal and a simple A—B conversion were considered for
generation of Co"(R)(isq™), and X~ from [Co"(ap™),]” and R-X (Scheme 3.4). Two
invoke six-coordinate oxidative addition [Co"X(R)(isq™"),] products as unobserved
intermediates followed by rapid loss of X". However, the sum of the relative reaction
rates suggest that both of these pathways involving Co—X bond formation can likely be
ruled out. In particular, the rapid reaction of [Co"(ap™),]” with CH;OTf suggests that a
radical mechanism (iv) of initial X< transfer is unlikely. Substrates such as CHsl and
CH3OTf do not typically react by a concerted addition mechanism (i)’ excluding that
from our consideration as well.

The two remaining mechanisms both invoke conversion of [Co"(ap™),]” directly
to the five-coordinate Co"(R)(isq™), product without Co-X bond formation. These
represent limits of the potential one electron versus two electron redox pathways. The
observed increase in reaction rate with leaving group lability, I" > Br' > CI", does not
distinguish between mechanism (i) versus (ii). Previously reported reactions of
Co"(ap™)(isq™) with sources of net [Cl+] to generate Co"'Cl(isq™"), demonstrate the ability
of Co"(ap™)(isq™) to function as a radical trap.
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However, the sum of the other experimental observations does not support an
electron transfer (ET) mechanism (ii). For example, the [Co"(ap™),]” anion is a better
one electron reductant than [Co"(ap™),], but it reacts with alkyl halides at a significantly
decreased rate. Additionally, its slow reactions with secondary alkyl halides as compared
to primary haloalkanes are inconsistent with a mechanism of initial outer-sphere ET (ii).

Instead, this sensitivity to steric hindrance at carbon, as well as to steric
encapsulation of the cobalt(lll) center by the [ap™]?" ligands, is most consistent with the
Sn2-type mechanism (i) wherein Co—R bond formation requires direct attack of the
nucleophilic cobalt center on the alkyl halide electrophile. The slow reaction with benzyl
halides further highlights the steric constraints of the system. These data support the

mechanistic conclusions presented indicating a Sy2-type reaction to form the 5-

coordinate cobalt(lll) complex.

3.5. Conclusions

The ability of redox-active ligands to facilitate two electron pseudo-oxidative
addition reaction at mononuclear square planar cobalt(lll) complexes is predicated on
two properties: (1) The [Co"(ap™),]” species are very strong nucleophiles, reminiscent of
“supernucleophilic” cobaloxime(l) complexes and square planar iridium(l) compounds
that undergo Sy2-type oxidative addition of R-X.?>?* However, these cobalt(lll) anions
are unusual nucleophiles. They have diradical S = 1 ground states, and their reactions
with haloalkanes occur without a change in oxidation state at the cobalt(lll) centers

"(@ap™),]” supply both of the

because the redox-active aminophenol-derived ligands in [Co
necessary redox equivalents for the net two electron transformation. (2) The
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[Co"(ap™),]” complexes are 200-400 mV less reducing than most cobaloxime(l)
species. Notably, the surprising proclivity for two electron reactions over one electron
redox forms a basis for probably development of new well-defined first-row metal

catalysts for selective coupling cycles, as discussed in Chapter 4.
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Homogeneous carbon-carbon coupling

facilitated by cobalt(lll) metal centers

4.1. Introduction

Even after a century of study, development of homogeneous catalysts to facilitate
coupling of carbon molecules remains a topic of much research and interest."? One
function of transition metal catalysts for coupling is to mediate electron movement to
break and make bonds, forming the desired product. This coupling of two carbon
fragments into one molecule can occur through a radical of an outer-sphere electron
transfer reaction in which organic radicals are generated and then spontaneously form
the product. This radical pathway leads to disorganized product formation, however, as
the radical fragments are free to react with any potential site they encounter in the
reaction pot. To control the formation of products and avoid unwanted side-reactions,
coupling often must be occur in concerted, two-electron steps. Selective product
formation eliminated the need for costly and extensive purification.

Second and third row transition metals, particularly palladium, are used as
catalysts to facilitate carbon-carbon bond-forming reactions because these metals have
a proclivity for two electron oxidation state changes.*® Some palladium catalytic systems
have been extensively developed and optimized as a result of elegant and insightful
mechanistic studies.®” This research has led to an understanding of the reactions, their
controlling factors, and successful optimization.>®° Some of the most well established
reaction types catalyzed by palladium are the cross-coupling of unactivated organic

1,2,6,8-13

halides with organometallic nucleophiles and the oxidative homocoupling of
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organometallic nucleophiles (Scheme 4.1).”'" Palladium lends itself to successful
coupling of sp- and sp®-hybridized carbon atoms.*® However, these reactions are often
not able to catalyze aliphatic carbon bonds." The oxidative addition reactions of alkyl
halides to form the alkyl-palladium intermediates are slow and the product is prone to [3-
hydride elimination. This was believed to limit the reaction to use of reagents without 3-
hydrogen atoms or requires elaborate ligand design to stabilize the intermediate and
allow successful carbon-carbon bond formation. Recent work has been done with nickel
and palladium to design catalysts to better facilitate these reactions.'*®

First row transition metals have gained recent popularity in the search for new
coupling catalysts."'"?®> However, these metals are prone to oxidation state changes
that vary by one electron. This causes them to most often facilitate coupling reactions
through radical pathways.?*** Often these metals are used as catalysts in the form of
metal salts with various reagents, which can act as ligands, added to the reaction

mixture. 120222527 Most often, the success of particular of metal-ligand combinations

generated in situ is not well understood.'®

Ri-Re M)° R1X ;" =28
Generic Oxidative r
. (o)) : 2M
Cross-coupling Homocoupling

) ; Ff

“\|/| 2+ I[Yl]2+ lM]0 [M]2+

M'X RoM' R-R
Scheme 4.1
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The reaction of organic halides with organometallic nucleophile sources has
been successfully catalyzed using first row transition metals.'®?? In particular, Negishi-
type couplings make use of organozinc reagents as the carbon nucleophile source,
allowing conditions more tolerant of various solvents and functional groups.®*3®
However, mechanistic studies on first row metals facilitating this type of reactivity are
often conflicting and rely on large assumptions applied from previously studied systems.
This is due to the difficulty of identifying the active catalytic species and isolating
intermediates of the reactions.'*?3%3* There has been little progress in the
development of a general understanding of how they work.?**'*? |n fact, some proposed
mechanisms are simply based on comparison to well studied palladium and nickel
systems and believed to be concerted® while others are believed to be radical based.*
Oxidative coupling of organometallic nucleophiles has also received extensive attention
at first row transition metals.”****' Similar to the cross-coupling systems, these involve
use of added reagents which may act as ligands. The proposed mechanisms for this
homocoupling are most often inconsistent and based on generalizations to other

systems as well.*°

In our previous work (Chapter 3), we demonstrated that [Co"

(ap)2] reacts as a
nucleophile to activate alkyl halides and form a stable cobalt-carbon bond.**** This
reactivity is reminiscent of alkylcobalamins which have been isolated and studied.***°
The alkylcobalamins have been shown to undergo homolytic cleavage of the cobalt-
carbon bond and create an alkyl radical able to react.***® The radical reactivity of these
complexes is not ideal for controlled, selective coupling in a laboratory setting. However,

the cobalt bis-amidophenolate complexes are reduced by two electrons at much less
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negative redox potentials than those demonstrated by the two, single electron steps to
reduced cobalt(l1l) to cobalt(l) in the cobalamin system.***” The more modest reduction
potentials of our system are favorable for facilitation of both the oxidative addition and
reductive elimination of coupled organic product and suggest our complex may not rely
on a similar, radical pathway.

In this study we examined the possibility of using the isolated Co"(R)(isq™), to
selectively form new carbon-carbon bonds through the multi-electron proclivity the
system has already been demonstrated to possess. Herein, we report the successful
use of the isolated complex in step-wise Negishi type cross coupling of alkyl halides. We
have also isolated and characterized the cationic [Co"(CHsCN)(isq™),]* complex and
shown that it facilitates oxidative carbon-carbon homocoupling. Examination of these two
coupling reactions shows that they are mechanistically the same with regard to reaction
of the second organic fragment and elimination of the coupled product. However, both of
these reactions exhibit a low yield. Detailed studies of the mechanism indicate that
carbon-carbon bond-formation is facilitated through concerted, inner-sphere steps. The
study also reveals challenges to the reactions as steric crowding around the metal

center limits the coupling yields.
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4.2. Experimental Details
4.2.1. General considerations

Unless otherwise noted, all manipulations were performed under anaerobic
conditions using standard vacuum line techniques, or in an inert atmosphere glove box
under purified nitrogen. All NMR spectra were acquired on a Varian Mercury 300
spectrometer (300.323 MHz for 'H) at ambient temperature. Chemical shifts are reported
in parts per million (ppm) relative to TMS, with the residual solvent peak serving as an
internal reference. Solution state magnetic moments were determined by Evans’ NMR
method.*® UV-visible absorption spectra were acquired using a Varian Cary 50
spectrophotometer. Unless otherwise specified, all electronic absorption spectra were
recorded at ambient temperatures in 1 cm quartz cells. IR spectra were obtained using
attenuated total reflection (ATR) with a diamond plate on a Thermo Scientific Nicolet
4700 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
(CH3CN) or tetrahydrofuran (THF) solutions using as Micromass Quattro LC
spectrometer. (GC-MS) analyses 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 um film
thickness). 1 uL injections were made at a 50:1 split ratio. The GC oven program
consisted of a hold at 30 °C for 1 min, followed by a 15 °C min™' ramp to 300 °C, and
then a hold at 300 °C for 11 minutes. The mass spectrometer used in tandem was a

Micromass AutoSpec electro-ionization (El) detector.
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4.2.2. Methods and materials

Anhydrous acetonitrile (CH3CN), tetrahydrofuran (THF), toluene,
dichloromethane (CH,Cl,), and pentane solvents for air- and moisture-sensitive
manipulations were purchased from Sigma—Aldrich, further dried by passage through
columns of activated alumina, degassed by at least three freeze—pump—thaw cycles, and
stored under N, prior to use. Methanol (MeOH) (anhydrous, 99.0%) was purchased from
Honeywell Burdick & Jackson, and used as received. Deuterated acetonitrile (CD3CN)
was purchased from Cambridge Isotope Laboratories, degassed by three freeze—pump—
thaw cycles, vacuum distilled from CaH,, and stored under a dry N, atmosphere prior to
use. CO”'(apPh)(iquh), Co'"(apipr)(isqipr), Co”'(apC')(iqu'), Na[Co'”(apPh)z], Na[Co”'(apiPr)z],
Na[Co"(ap™),] and all Co"(R)(isq™"), were prepared by previously published methods*’
and as reported in Chapters 2 and 3. Co(ClO,),-6H,0O and Co,(CO)s were purchased
from Strem Chemical, Inc. All other chemicals were purchased from Sigma—Aldrich and
used as received. Prior to use, the concentrations of all organometallic reagents were
determined by iodometric titrations,*® and the concentrations of the corresponding protio
impurities were quantified by GC-MS analyses of the THF solutions and comparison to

calibration curves derived from the pure materials.

4.2.3. Preparation of [Co"(CH3CN)(isq™)2][BF4]

A 5 dram scintillation vial was charged with Co"(isq™")(ap™) (0.219 g, 0.337
mmol) and 1 equivalent of AgBF, (0.067 g, 0.338 mmol). 10 mL of CH;CN was added
and the solution was stirred under nitrogen at room temperature for 1 hour. The solution
was filtered through celite and the volume was reduced to 3 mL in vacuo. It was then
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chilled to —20°C for 4 hours until a blue-green precipitate formed. The precipitate was
isolated by filtration (0.208 g, 0.267 mmol, 79.5%) and stored under nitrogen. UV-vis
(CH3sCN) nm (g, M™" cm™): 625 (8840) and 900 (10460). ESI-MS (m/z): 649.2 and 690.4
[M]*. "H NMR (CDsCN): 8.84 (s, 2 H), 7.69 (m, 6 H), 7.44(m, H), 1.09 (s, 18 H) and 1.03
(s, 18 H) ppm. FTIR (ATR): 2955 (m), 2869 (m), 1660 (w) 1585 (w), 1524 (w), 1483 (w),
1362 (m), 1304 (m), 1266 (w), 1230 (w), 1202 (w), 1179 (w), 1092 (s), 1052 (s), 1024
(s), 996 (s), 923 (w), 871 (w), 785 (w), 767 (w), 741 (m), 692 (m), 652 (w), 623 (w), 605

(w), 540 (w), 504 (m), and 416(w) cm™".

4.2.4. Preparation of [Co"(CH3CN)(isq'™"),][BF4]

In a procedure analogus to that above for the [Co"(CHs;CN)(isq™"),][BFal,
Co"(isq™)(ap™) (0.242 g, 0.296 mmol) was reacted with 1 equivalent of AgBF, (0.059 g,
0.297 mmol) yielding (0.206 g, 0.218 mmol, 73.5 %). Crystals suitable for X-ray
diffraction were isolated from concentrated CH;CN solutions containing NaPh,B and
stored at —20°C for days. UV-vis (CHsCN) nm (¢, M™' cm™): 625 (9240) and 900
(11470). ESI-MS (m/z): 817.4 and 858.5 [M]". "H NMR (CD3CN): 8.63 (s, 2H) 7.56(t, 2H),
7.42 (d, 2H), 7.05(m, 4H), 1.30(d, 3H), 1.22(d, 3H), 1.09 (s, 18H), 1.07 (s, 18H), 0.75 (d,
3H), and 0.23 (d, 3H) ppm. FTIR (ATR): 2958 (m), 2868 (m), 1524 (w), 1508 (m), 1462
(m), 1359 (s), 1300 (m), 1263 (m), 1254 (m), 1240 (m), 1203 (w), 1167 (m), 1053 (s),
1024 (s), 996(s), 910 (w), 861 (w), 799 (w), 742 (m), 658 (m), 648 (m), 581 (w), 539 (w)

517 (m), 466 (w), and 409(w) cm™".
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4.2.5. Cross-coupling reactions and quantitation of organic products

Unless otherwise noted, all coupling reactions were performed under nitrogen. In
a representative procedure, a 5 dram scintillation vial was charged with freshly-prepared
Co"(Et)(isq™), (0.057 g, 0.084 mmol) and a ~20°C solution of 1:1 CH;CN:THF (8.5 mL)
was added to afford a clear green solution. Between all subsequent manipulations, the
solution was stored at 20°C under N, to slow thermolytic degradation that homolyzes
the Co—C bond. An aliquot of the 0.010 M Co"(Et)(isq™"), stock solution (1 mL, 0.010
mmol) was transferred to a 2 mL GC autosampler vial and 0.5 M PhZnBr in THF (40 L,
0.020 mmol) was added via syringe. An immediate color change was observed. The vial
was fitted with a Teflon-lined septum cap, shaken vigorously, and the reaction mixture
was allowed to warm to ambient temperature under N,. For analysis of the organic
products, the reaction was quenched after 60 min (unless otherwise specified) by
addition of trifluoroacetic acid (CF;CO,H, TFA) (0.8 uL, 0.020 mmol) and n-decane (1
pL) was added to serve as an internal standard. The solution was stored at —20 °C prior
to GC-MS analysis, as described above. The organic products were quantitated by
comparison of the EI-MS detector response against calibration curves derived from the
pure materials and injection variation was controlled with an n-decane internal standard

of comparable concentration to the analytes.

4.2.6. Homocoupling reactions and quantitation of organic products

Unless otherwise noted, all coupling reactions were performed under nitrogen. In
a representative procedure similar to that used for cross-coupling, a 5 dram scintillation
vial was charged with freshly-prepared [Co"(CH3CN)(isq™"),][BF 4] (0.058 g, 0.085 mmol)
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solution of 1:1 CH;CN:THF (8.5 mL) was added to afford a clear blue-green solution. An
aliquot of the 0.010 M [Co"(CH3CN)(isq™),][BF 4] stock solution (1 mL, 0.010 mmol) was
transferred to a 2 mL GC autosampler vial and 0.5 M HxZnBr in THF (40 uL, 0.020
mmol) was added via syringe and an immediate color change was observed. The vial
fitted with a Teflon-lined septum cap, shaken vigorously, and the reaction mixture was
allowed to warm to ambient temperature under N,. For analysis of the organic products,
the reaction was quenched after 60 min (unless otherwise specified) by addition of
trifluoroacetic acid (CF;CO,H, TFA) (0.8 uL, 0.020 mmol) and n-decane (1 ulL) was
added to serve as an internal standard. The organic products were quantitated by
comparison of the EI-MS detector response against calibration curves derived from the

pure materials and injection variation was controlled with the n-decane internal standard.

4.2.7. Quantitation of metal containing species after coupling reactions

In a representative procedure for analysis of species present in dilute solutions
before and after coupling reactions, a 10 pL aliquot of the 0.010 M cobalt solution was
diluted to 2.10 mL with a 1:1 CH3;CN:THF. The final 0.05 mM solution was analyzed in 1
cm pathlength cuvettes. Unless otherwise specified, the absorbance was measured
within 10 minutes of the dilution.

In a representative procedure for analysis of species present in concentrated
solutions before and after coupling reactions, solutions were prepared to be 1.0 mM
cobalt complex. The coupling reactions were performed at this concentration and the
absorbace of the solutions were measured without any further dilution following the
reactions. These solutions were analyzed in 0.5 mm pathlength cuvettes.
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4.2.8. Preparation and characterization of Co"(nPr)(isq'™),

Co"(nPr)(isq™"), was prepared by the procedure described previously for
preparation of Co"(CH,CI)(isq™), (Chapter 3),** using Na[Co"(ap™),] (0.062 g, 0.092
mmol) and propylBr (0.1 mL, 1.10 mmol) to give Co"(nPr)(isq™"), (0.023 g, 0.033 mmol,
36%). UV-vis (1:1 CH3CN:THF) Amax, NM (g, M~ cm™): 860 (34000).

In an alternate procedure, a 5 dram scintillation vial was charged with
[Co"(CH3CN)(isq™),][BF4] (0.057 g, 0.060 mmol) dissolved in 6.0 mL of a 1:1
CH3CN:THF mixture. An 1.0 mL aliquot of this solution was mixed with 13 pL of 0.590 M
solution of nPrZnBr in THF (13 pL, 0.0076 mmol) was added and mixed well. The
material was characterized as the organometallic product with comparison of the UV-vis
with similar products. The solution was allowed to sit at —20°C under nitrogen and
excluded from light for 5 days. Green crystals were isolated from the solution and

analyzed by X-ray crystallographic analysis.

4.2.9. X-ray crystallography

Single crystals of [Co"(CH3;CN)(isq™),]J[PhsB]e2CHsCN and Co"(nPr)(isq™),
suitable for X-ray diffraction analysis were coated with Paratone N, suspended in a small
fiber loop and placed in a cooled nitrogen gas stream at 173 K on a Bruker D8 APEX Il
CCD sealed tube diffractometer. Diffraction data for
[Co"(CH3CN)(isq™),][PhsB]e2CH;CN and Co"(nPr)(isq™), was collected using graphite
monochromated Cu Ka (A = 1.54178 A) radiation. Data were measured using a series of
combinations of phi and omega scans with 10 second frame exposures and 0.5° frame
widths. Data collection, indexing and initial cell refinements were all carried out using
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apex |l software.® Frame integration and final cell refinements were done using saint
software. *'The final cell parameters were determined from least-squares refinement on
21,821 and 11,496 reflections for [Co"(CHsCN)(isq™"),][PhsB]e2CH;CN and
Co"(nPr)(isq™), respectively. The structures were solved using direct methods and
difference Fourier techniques using the shelxtl program package.’? Hydrogen atoms
were placed in their expected chemical positions using the HFIX command and were
included in the final cycles of least-squares with isotropic Uj's related to the atoms ridden
upon. All non-hydrogen atoms were refined anisotropically. Details of data collection and

structure refinement are provided in Table 4.1.
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Table

4.1.

Crystallographic

data and

structure parameters

[Co"(CH3CN)(isq™)2][Ph4B]e2CH5CN and Co"(nPr)(isq™).

Complex

[Co"(CH3CN)(isq"™").]

Cco"(nPr)(isq™),

[Ph,;B]e2CH;CN
Empirical formula Cs2H103BCoN50, Cs5Hg1CoN>O»
Formula weight 1260.43 861.15
T (K) 173 (2) 173 (2)
Crystal system monoclinic triclinic
Space group P2(1)/c P-1
Unit Cell dimensions
a (A) 12.0245 (15) 11.976 (3)
b (A) 16.511 (2) 12.342 (3)
c (A) 39.028 (5) 18.919 (5)
a (%) 90 89.732 (4)
B (°) 90.636 (2) 78.016 (4)
y (°) 90 73.124 (4)
V (A3 7747.9 (17) 2613.0 (11)
Z 4 2
Deaic (g/cm®) 1.081 1.095
Absorption c:oefﬁment 0.268 0367
(mm™)

Crystal Size (mm)

0.55x0.24x0.06

0.50x0.216x0.088

0 range for data

. 1.04 to 30.30 1.10 to 27.10
collection (°)
Index ranges -16<h<16 -15=h<15
-23<k<22 -15<k<15
-53<I<53 -24<|<24
Reflections collected 141 027 41 654
Reflections unique 21 821 11 496
Goodness of fit on F2 1.039 1.007
R [I>2a(])] 0.0744 0.0663
wR? (all data) 0.2429 0.1854
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4.3. Results
4.3.1. Step-wise cross-coupling facilitated by [Co"'(ap™")2]

The accessibility of the alkyl-cobalt(lll) complexes (Chapter 3) prompted us to
pursue reductive carbon-carbon bond-forming reactions with organozinc compounds.
Treating Co"(Et)(isq™), (Et=ethyl) with RZnBr (R=aryl or alkyl) in a 1:1 CH;CN:THF
solution results in an immediate color change from kelly green to light brown. When
diluted, this light brown solution appears green again but with much less intensity.
Reaction of 10 mM Co"(Et)(isq™), solution with various amounts of PhZnBr (Ph=phenyl)
can be monitored by UV-vis absorption spectroscopy by diluting aliquots of the sample
to 0.05 mM for analysis. Reaction with 1 equivalent of PhZnBr with Co"(Et)(isq™),

decreases the amount of Co"(Et)(isq™"), observed in the dilute sample to approximately
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Figure 4.1. Reaction of Co"(Et)(isq”"), with equivlalents of 0.4 M PhZnBr in
50:50 CH;CN:THF at room temperature under nitrogen. Reaction is performed
with 10 mM solutions and diluted to 0.05 mM for analysis.
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50%. Subsequent additions progressively decrease the amount of the detectable
organometallic (Figure 4.1). Complete consumption of Co"(Et)(isq™), requires >6
equivalent of PhZnBr. When the brown solution formed as a result of the addition of 6
equivalents of PhZnBr with a 10 mM solution of Co"(Et)(isq™), is oxidized with air
exposure, 60% of the cobalt species used in the reaction is observed by UV-vis in the
form of Co"(Br)(isqg™),. This indicates that the brown color is not a result of degradation
of Co(L), and demonstrates that the core complex is intact in some new form.

When monitored in 1 mM Co"(Et)(isq™), solutions and analyzed without further
dilution, addition of 1 equivalent of PhZnBr again results in a decrease of the
absorbance to 56% of the original intensity (Figure 4.2). However, addition of 2, 4, and 6

equivalents all results in formation of light brown solutions with identical absorbtion

A
2 [\

1.5 /.r*‘x\
| /AN
- S/ \

350 450 550 650 750 850 950

Absorpance

Wavelength (nm)

Figure 4.2. (a) Reaction of Co"(Et)(isq™), with equivlalents of 0.4 M PhZnBr in
50:50 CH3CN:THF at room temperature under nitrogen. Reaction is performed
and analyzed as 1 mM solutions.
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spectra at this higher concentration (Figure 4.2). When the brown solutions containing
>2 equivalents of PhZnBr are allowed to sit overnight under nitrogen and exposed to
light, the solutions turn purple and have a UV-vis absorption identical to that of
independently prepared [Co"(ap),]". However, when kept at —20°C in the dark, the
material remains brown over days. When the 1 mM light brown solution containing 2
equivalents of PhZnBr is exposed to air, stepwise oxidation of the cobalt material can be
observed (Figure 4.3). Immediately upon exposure to air, the brown solution becomes

(@ap™"),]". This is followed by formation of a

purple with UV-vis features indicative of [Co
royal blue solution with features indicative of Co"(isq™")(ap™). Finally, the solution

transforms to navy blue with a UV-vis spectrum identical to that of Co"(Br)(isq™")..

In an attempt to identify the light brown material, we speculated that its formation
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Figure 4.3. Brown solution formed (blue line) by reaction of Co"(Et)(isq™), with
2 equivalents of PhZnBr monitored at 1 mM with exposure to air. After air
exposure observed to transition to first the spectrum indicated as the purple line
and similar to that of [Co'”( Ph,]7, followed by the red spectrum which is similar
to that of Co"(isq™)(ap™), and finally persisting as the green spectrum similar to
that of Co"(Br)(isq™)..
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may be a result of an interaction between the ZnBr* produced in the coupling reaction
and some form of the Co(L), core. Each metal species was independently examined in
1:1 CH3CN:THF in the presence of 10 equivalents of ZnBr,, a potential source of Zn?*
and Br’, under an atmosphere of nitrogen at room temperature. Addition of ZnBr;, to
either green Co"(Et)(isq™"), or royal blue Co"(isq”")(ap™) produced no color change.
Reaction of purple [Co"(ap™"),]” with ZnBr, produced an immediate color change to royal
blue and a UV-vis spectrum similar to that of Co"(isq"")(ap™). ZnBr, should not oxidize

[Co"(ap™),]” given the known oxidation potential.*’

However, as described in Chapter 2,
[Co"(ap™),]” in THF has a similar blue color and UV-vis absorption to that observed with
ZnBr,. This color change may be the result of its interaction with the complex and
dispersion of an aggregate similar to that observed with THF. However, this interaction

"(isq™),]* reacts with ZnBr, to form a

does not lead to the observed brown material. [Co
mixture of the cation and neutral species showing partial reduction of the material.
Reaction of ZnBr, with any of the known cobalt containing species, however, did not
result in the formation of the observed brown material.

Due to broadening created by paramagnetic species in the solution, '"H NMR
spectra of the coupling reactions cannot be obtained and neither the cobalt containing
species nor organic products can be identified. Gas chromatography-mass spectrometry
(GC-MS) can be used to analyze the brown solutions which result from the reaction of
Co"(Et)(isq™), with PhZnBr to examine the organic products of the cross-coupling
reaction (Table 4.2).°® Addition of 2 equivalents of PhZnBr has been shown by UV-vis to
consume the majority of the Co"(Et)(isq™"), in solution. However, analysis of the organic

product indicates only an 11% yield of cross-coupled ethylbenzene. The analogous

87



reaction with HxZnBr (Hx=hexyl) similarly affords n-octane in a 5% yield. The cross-
coupling product of both reactions increases to 15% yield with added excess of RZnBr
reaching a maximum yield with 6-10 equivalents. Both reactions give small quantities of
the corresponding homocoupling byproducts, biphenyl (<2%) and dodecane (<7%) even
with large excess of RZnBr. Notably, the yield of homocoupled product does not
proportionally correlate with the addition of greater excesses of RZnBr or the observed
increase in cross-coupling yield. The nonstatistical distribution between the yields of the
two products suggests that the products are not formed by exchange of the carbon
fragments followed by radical cobalt-carbon bond homolysis and random coupling of the

organic radical.

Table 4.2. Cross-coupling yields from reaction of Co"(Et)(isq™), with equivalents of
PhZnBr or HxZnBr.*

PhZnBr Et-Ph® | Ph-Ph® HxZnBr | Octane® | Dodecane®
2 equiv 11% 1.6% 2 equiv 5% 2%

4 equiv 15% | 2.4% 4 equiv 10% 7%

6 equiv 15% 1.7% 6 equiv 15% 8%

10 equiv 15% 1.8%

& All reactions performed using 10 mM Co"(Et)(isq™), with RZnBr in 1:1 CH;CN:THF
under nitrogen.

b Reported yields are the average of >2 trials performed using separate batches of
Co"(Et)(isq™),. Values quantitated based on Co"(Et)(isq™"), as the limiting reagent.

Quenching the reaction solutions prior to GC-MS analysis of the organic products
is done to control consistent reaction time and to ensure possible air exposure during

analysis does not compromise the results. It was verified that quenching the reaction
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with stoichiometric amounts of trifluroacetic acid (TFAA) did not increase or decrease the
amount of coupled product detected. It was also verified that the amount of time that
sealed, quenched samples sat before analysis did not alter the observed results.
Solutions of Co"(Et)(isq™), with PhZnBr quenched at various times following the mixing
of the reagents show no increase in coupling yield occurs after 1 hour. All solutions were
therefore quenched with small amounts of TFAA at 1 hour following reaction, unless
otherwise noted.

Both CH;CN and THF are suitable solvents known in the literature for use with
the coupling of organozinc reagents.** Co"(Et)(isq™); is insoluble in CH;CN preventing

"(@ap™),]” in THF is unclear due to

its use alone for coupling. However, the stability of [Co
color changes previously examined with inconclusive results (Chapter 2). Co"(Et)(isq™),
can be fully dissolved in a 1:1 mix of CH3CN:THF and no color change is observed at

concentrations =1 mM. Also, the reaction of Co"(Et)(isq”"), with PhZnBr in pure THF

yields slightly less of the desired product than the same reaction performed in a 1:1

Table 4.3. Cross-coupling yields of Co"(Et)(isq™"), and PhZnBr in THF and 1:1
THF:CH3CN solvent.®

Cross-Coupling

Solvent Et-Br¢ Ph-Ph?
1:1 CH3CN:THF 13% 7.4%
THF 7.7% 8.1%

¢ All reactions performed using 10 mM Co"(Et)(isq™), with PhZnBr in 1:1 CH;CN:THF
under nitrogen.

% Reported yields are based on a side-by-side examination using the same batch of
Co"(Et)(isq™),. Values quantitated based on Co"(Et)(isq™"), as the limiting reagent.
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solvent mix of CH3;CN and THF (Table 4.3). A 1:1 mix of CH;CN:THF allows all materials
to remain homogeneous in solution and are was chosen for all coupling reactions.
Reaction with more nucleophilic organometallic reagents was also investigated.
Use of PhLi, PhMgBr, or PhZnBr with Co"(Et)(isq™), each afford a color change to
brown and detection of the desired cross-coupled product, ethylbenzene (Table 4.4).
The lithium reagent (PhLi) and organozinc reagent give similar yields of the cross-
coupling product but the homocoupling side product of the lithium reagent is found at
seven times greater concentration. While the Grignard reagent (PhMgX) gives two fold
better cross-coupling yields in comparison to the organozinc reagent, biphenyl is formed
in twice the amount of the desired ethylbenzene. Reactions with the organozinc reagents

give a more favorable ratio of cross-coupled to homocoupled product.

Table 4.4. Cross-coupling yields of Co"(Et)(isq™"), with RLi, RMgX and RZnX.*

PhLi PhMgBr ’ PhznBr ¢
Et-Ph" | Ph-Ph" | Et-Ph” | Ph-Ph" | Et-Ph" | Ph-Ph”
2 equiv 6.4% 61% 23% 38% 5.9% 3.1%
6 equiv 7.1% 47% 26% 63% 10% 7.0%
10 equiv | 7.9% 52% 24% 69% 11% 10%

® Reported yields are based on a side-by-side examination using the same batch of
Co"(Et)(isq™)s.

* Reaction performed using 10 mM Co"(Et)(isq™"), in THF.

9 Reaction performed using 10 mM Co"(Et)(isq™"), in 1:1 mixture of CH;CN:THF.

" Values quantitated based on Co"(Et)(isq™"), as the limiting reagent.
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Reaction of Co"(Et)(isq™), with PhZnBr and PhZnl yield similar amounts of
cross-coupled product indicating that the halide of the organometallic reagent does not
affect the yield. It has been suggested in literature that the method used in the
preparation of RZnX may play a role in the reactivity of the reagent.>* However, similar
yields for the cross-coupling reaction of Co"(Et)(isq™"), with PhZnBr prepared from
phenyl lithium, PhMgBr, or as purchased from Sigma-Aldrich are observed. Preparation
of the organozinc also appears to play no part in the limited yield.

To examine the effect of the length of the alkyl chain on the coupling vyield,
Co"(nPr)(isg™), (nPr=nPropyl) was reacted with PnZnBr (Pn=pentyl) and the cross-
coupling product octane was observed in a maximum of 14% vyield (Table 4.5). However,
when Co"(Pn)(isq™"), was reacted with nPrZnBr under identical conditions, the yield was

decreased (4.2%).

Table 4.5. Cross-coupling yield of reaction of Co'"(nPr)(isq™), with PnZnBr and
Co'"(Pn)(isq™), and nPrZnBr.’

Co"(Pn)L,+ nPrznBr’ Co"(nPr)L, + PnZnBr”’
2 equiv 1.6% 3.0%
6 equiv 3.9% 11%
10 equiv 4.2% 14%

" All reactions performed using 10 mM Co"(R)(isq™"), with R,ZnBr in 1:1 CH;CN:THF
under nitrogen.

J Reported yields are based on a side-by-side examination. Values quantitated based on
Co"(R/)(isq™), as the limiting reagent.
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Treatment of Co"(Hx)(isq™), with nPrZnBr yields the cross-coupling product
nonane. Reaction using Co"(**Pn)(isq™), (***Pn=4-methylpentyl) under identical
conditions instead yields the branched 2-methyloctane at 30% of the former reaction
with the straight chain alkyl fragment (Table 4.6). This branching in the alkyl chain, even
away from its attachment site at the metal center, may disfavor the cross-coupling

product formation.

Table 4.6. Cross-coupling yield of reaction of Co"(Hx)(isq™"), and Co"(*™*Pn)(isq™), with
nPrZnBr.X

Straight Chain™ Branched Chain”
2 equiv 9.7% 7.4%
6 equiv 13% 10%

kAl reactions performed using 10 mM Co"(R)(isq™"), with nPrZnBr in 1:1 CHsCN:THF
under nitrogen.

™ Reported yields are based on a side-by-side examination. Values quantitated based
on Co"(R)(isq™"), as the limiting reagent.

The reactions reported thus far were limited in that any free ethyl-fragment,
derived from the Co"(Et)(isq™), starting material, or the homocoupling product of the
ethyl fragments, butane, cannot be quantitated due to their volatility and limitations of
analysis by GC-MS. Reaction of Co"(Oc)(isq™"), with HxZnBr allows possible detection

of each alkyl fragment (Scheme 4.2, Table 4.7). In the solutions quenched after 1 hour,

R

| [Co]% + ZnBr* +
[Co] + R,ZnBr ———

R1_R1 + R1_R2 + Rz_Rz
Scheme 4.2
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the cross-coupled product, tetradecane (R4-R,, C14H30), is detected at a maximum of 9%
yield. The homocoupling product of the organozinc reagent, dodecane (R,-Rz, C12Hag) is
also found in 6% yield. Notably, there is no evidence of formation of the homocoupling
product of the octyl fragment originally installed on the cobalt complex, hexadecane (R;-
R4, C1eHs4). If coupling was a radical process or if the alkyl-fragments could exchange
and scramble through a dialkyl-cobalt complex, a mix of products would be observed
including R4-R4. However, the absence of hexadecane suggests that coupling is not a
result of organic radical formation through Co-R homolysis followed by radical coupling
as this would lead to a statistical probability that two R, radicals would interact. It also
suggests that alkyl exchange facilitated by an equilibrium between Co"(R:)(isq™), and
[Co"(Ry)(R2)(isq™")2]” does not exist.

Detection and quantitation of all the alkyl fragments in solutions that were
allowed to sit for 1 hour as opposed to 4 days after the reaction is also revealing. When
the light brown solutions are quenched and analyzed after 1 hour, an average of 100%
of the C¢ fragments from HxZnBr is found and 13% of those found are in the form of
hexene. However, when the solutions are allowed to sit overnight under N, in light, 102%
of the Cg fragment are found and 30% of them are in the form of the unsaturated
hexene. At one hour, only 36% of the Cs fragments are found with 8% of those originally
added in the form of unsaturated octene and 21% of those added in the form of octane.
After 4 days, the amount of the Cg fragment found increases to an average of 47% with
11% of those added are found in the form of octene and 30% in the form of octane. The
ratio of octene to octane in the two samples remains the same. However, the ratio of
hexene to hexane shows significant change, from 1:4 to 1:1. The increase in Cs and Cg
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fragments detected with time implies that the undetected fragments are likely, at least in
part, bound to the metal. When Co"(Hx)(isq™), or Co"(Oc)(isq™), are independently
prepared and analyzed similarly, none of the alkyl-fragments are detected. However,
there is no increase in the yields of either the cross-coupling or homocoupling side

reaction observed with the added time after the reaction. This suggests that the

Table 4.7. Cross-coupling yields from reaction of Co"(Oc)(isq™"), with equivalents of
HxZnBr."

Quenched after 1 hour

CeH1s? | CeHin? | CgHig? | CgHig? | CioHo? | CiaHz0? | CieHas?
2 equiv 44% 9.6% 16% 4.0% 4.4% 3.8% 0%
4 equiv 59% 14% 23% 7.4% 6.6% 5.3% 0%
6 equiv 51% 1% 20% 8.9% 5.2% 6.5% 0%
10 equiv | 78% 16% 26% 13% 5.1% 8.6% 0%
Quenched after 4 days

CeHus? | CeH12P | CgHig? | CgHig? | CioHas? | CigHz0? | CigHzs?
2 equiv 46% 32% 26% 1% 5.0% 4.2% 0%
4 equiv 48% 29% 32% 8.2% 6.6% 4.5% 0%
6 equiv 61% 26% 30% 7.1% 6.3% 6.3% 0%
10 equiv | 66% 32% 31% 16% 4.8% 7.8% 0%

"™ All reactions performed using 10 mM Co"(Oc)(isq™), with HxZnBr in 1:1 CH;CN:THF
under nitrogen.

P Values quantitated based on amount of HxZnBr added.

% Reported yields are based on a side-by-side examination using the same batch of
Co"(Oc)(isq™),. Values quantitated based on Co"(Oc)(isq™), as the limiting reagent.
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alkyl chains on the metal are trapped in such a way that coupling and elimination of the

product is not possible.

We have synthesized Co"(Et)(isq™), with ligand substitutions in which Ar=iPr or
Cl as well (see Figure 2.2). The isopropyl substituents (Ar=iPr) on the N-aryl add steric
bulk around the metal center where as the added chrlorides (Ar=Cl) increase the
oxidation potential by approximately 260 mV (Chapter 2). Reaction of Co"(Et)(isq™"),
with excess PhZnBr exhibits a decrease in both the cross-coupling yield (1.3%) and the
observed homocoupling side product (1.5%) in comparison to reaction with
Co"(Et)(isq™), (Table 4.8). It is also noted that, unlike Co"(Et)(isq™"),, there is little
increase in the yield with the addition of an excess of PhZnBr. Reaction of Co"(Et)(isq“),
with PhZnBr results in a higher yield of both the cross-coupling product (22%) and the
homocoupling product (5%). There is no difference observed between addition of 2
equivalents and 6 equivalents for this complex. The combination of these data suggests
that increased steric encumbrance surrounding the metal center disfavors successful
coupling. It is also indicates that even with altered redox potential making elimination of

the product more
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Table 4.8. Cross-coupling yield of reaction of Co"(Et)(isq™), with PhZnBr where Ar=Ph,

iPr, and CL."
2 equiv 6 equiv
Et-Ph® Ph-Ph® Et-Ph°® Ph-Ph®
Ar=Phen 14% 1.3% 19% 2.0%
Ar=iPr 1.2% 0.3% 1.3% 1.5%
Ar=Cl 21% 4.7% 23% 4.7%

" All reactions performed using 10 mM Co"(Et)(isq™), with PhZnBr in 1:1 CH;CN:THF
under nitrogen.

* Reported yields are based on a side-by-side examination. Values quantitated based on
Co"(Et)(isq™), as the limiting reagent.

favorable, coupling is still diminished by the basic structure of the complex and high
yields cannot be achieved.

From examination of the two reactions which make up this step-wise Negishi-like
coupling, we have found that the oxidative addition step is much slower than the
transmetallation and elimination of the product. However, the product of the oxidative
addition is stable to B-hydride elimination suggesting that there is the potential to
facilitate the coupling catalytically in a one-pot reaction. Na[Co"(ap™),] in 1:1
CH3CN:THF was reacted with 10 equivalents of PhZnBr and 100 equivalents of EtBr
under various conditions to examine the potential for this catalytic Negishi-type cross-
coupling (Table 4.9). When the reaction is performed at room temperature for 3 days,
the cross-coupling product ethylbenzene is found in a yield of 23% (Table 4.9). The
homocoupling side product, biphenyl, was found in 28% yield. When the same reaction
was held at 0°C over 6 days, the cross-coupling product yield is similar at 24% yield and
the homocoupling product observed is 17%. Heating the reaction to 60°C for 24 hours
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decreases the cross-coupling yield to 14% while the homocoupling product is found in
26% yield, similar to that observed for the room temperature reaction. The mixture of
PhZnBr with excess EtBr results in no detection of the desired cross coupling product in
the absence of metal catalyst. At room temperature and chilled, the yield of the cross-
coupling reaction was 1.5 times that of the stoichiometric reaction (Table 4.2) indicating
that turnover is minimal at best. The reactions also demonstrate much higher yields of

the homocoupled side-product.

Table 4.9. Cross-coupling yields from reaction of [Co"(ap™),]” with EtBr and PhZnBr."

Conditions Et-Ph “ Ph-Ph“

RT, 3 days 23% 28%

0°C, 6 days 24% 17%
60°C, 24 hours 14% 26%

L Al reactions performed using 10 mM Na[Co"(ap™),] in 1:1 CHsCN:THF under nitrogen
with 10 equivalents of PhZnBr and 100 equivalents of EtBr.

“ Reported yields are based on a side-by-side examination. Quantitated based on
[Co"(ap™),] as the limiting reagent.

4.3.2. Identification of source of homocoupling side-product

In an attempt to identify the source of the undesired homocoupling side-product
formed during the cross-coupling reaction, PhZnBr was reacted with [Co"(ap™).I,
Co"(isq™)(ap™) and [Co"(CHsCN)(isq™"),]". Examination of each reaction by UV-vis
indicates that addition of excess PhZnBr to all three results in the the same brown
solution observed in the cross-coupling reaction. Each solution was then analyzed for
the homocoupled product, biphenyl (Table 4.10). Both the Co'"(isqg”™)(ap™) and

[Co"(ap™"),]” species show only a slight increase in biphenyl detected when compared to
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the control solution containing no metal catalyst. However, the [Co"(CH;CN)(isq™),]*
species formed biphenyl with the large excess of PhZnBr in 13% yield suggesting it may

be responsible for the observed side product.

Table 4.10. Yield of homocoupling of PhZnBr by [Co"(ap™),]", Co"(isg™")(ap™) and
[Co"(CH3CN)(isq™),]".”

[CO'"(apPh)z]_W Colll(apPh)(iSth) w [COIII(iSth)2]+W

2 equiv 1.9% 1.0% 1%

6 equiv 5.9% 1.3% 13%

Y All reactions performed using 10 mM [Co"(L),] and PhZnBr in 1:1 CHsCN:THF under
nitrogen.

" Reported yields are for the biphenyl homocoupling product and are based on a side-
by-side examination. Values quantitated based on [Co"(L),] as the limiting reagent.
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4.3.3. Preparation and characterization of [Co"(CHsCN)(isq)2]*

"(isq™),]" complex to homocouple organozinc

To examine the potential of the [Co
reagents, we first synthesized and characterized the previously unisolated complex.
Oxidation of Co"(ap™)(isq™) with one equivalent of AgBF, in CHsCN, under nitrogen and
at room temperature affords a color change from blue to blue-green within an hour
(Figure 4.4). Solutions of the blue-green product in CH3CN or 1:1 CH3;CN:THF are stable
over weeks at room temperature. However, in pure THF, the ESI-MS of the material

shows significant decomposition and formation of coordinatively saturated Co"(isq)s.

Co"(isq)s is observed in only small amounts in 1:1 CHsCN:THF solutions.

18000
16000 /"'\
14000

12000

w00 IS SN\
o B // bl
4000 - X

2000

£ (cm" mol)

0

350 450 550 650 750 850 950
Wavelength (nm)

Figure 4.4. UV-vis absorption spectra of Co"(isq™)(ap™) (blue line) and the one
electron oxidized product [Co"(isq™),]* (green line).

Salt metathesis with NaPh,B results in no change in the UV-vis absorption but
affords the [PhsB]”  salt. A  single crystal X-ray structure of

[Co"(CH3CN)(isq™"),](PhsB)e2CH5CN is provided in Figure 4.5.a. The complex contains
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two coplanar amidophenol-derived ligands bound to the cobalt center with a single
CH3;CN solvent molecule coordinated in an axial position making the complex square
pyramidal and monocationic. The crystal contains two other CH;CN molecules which to
do not interact with the complex. The C-O average bond length of 1.294 A and C-N
average bond length of 1.343 A (Figure 4.5.b.) both are significantly contracted in
comparison to those previously reported for the [Co"(ap™),]” and Co"(isq™)(ap™)
structures (Chapter 2).*” The C—C bond distances of both ligands exhibit a significant
quinoid distortion with two short and four long bonds. The sum of this data indicates that
both ligands should be assigned as iminosemiquinonate® and suggests that the complex
is best formulated as [Co"(CH;CN)(isq™),]" (isq™ = 24-di-tert-butyl-6-
(phenylimino)semiquinonate). The complex has sharp signals as detected by 'H NMR in
CD;CN and Evan’s method analysis confirms that the complex is S=0. The
diamagnetism of the complex indicates that the metal and ligand radicals are
antiferromagnetically coupled.*”** Mixing solutions of blue-green [Co"(CH3CN)(isq™),]"

(@ap™),]” lead to formation of a royal blue solution and UV-vis absorption

with purple [Co
spectrum indicative of formation of Co"(isq™)(ap™) implying that the complexes

spontaneously comproportionate.

100



@)
C-N 1.340(3) Fla C-N 1.345(4) tBu
C-0 1.295(3) C-0 1.293(3)

Figure 4.5. (a) Solid-state structure of [Co"(CH3CN)(isq™")][PhsB]e2CH;CN
drawn with 50% probability ellipsoids. Hydrogen atoms, counter ion and solvent
molecules omitted for clarity. (b) Schematic of selected bond lengths (A) in
[Co"(CH5CN)(isq™")][Ph4B]e2CH;CN.

4.3.4. Homocoupling facilitated by [Co"(CHsCN)(isq™")2]*
Reaction of [Co"(CH;CN)(isq™),]* with excess PhZnBr in a 1:1 CH;CN:THF
solution results in color change from blue-green to the same light brown solution

observed in the cross-coupling reactions. Addition of 2 equivalents of PhZnBr gives a
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5.3% vyield (Table 4.11). However, with excess PhZnBr, the reaction proceeds to higher
yields. Analogous reaction with 2 equivalents of HxZnBr yields just 1.8% of the the sp*-
sp®> homocoupling product dodecane. With 20 equivalents the dodecane is observed in

30% yield.

Table 4.11. Homocoupling yields from reaction of [Co"(CH3;CN)(isq™"),]* with equivalents
of PhZnBr or HxZnBr under nitrogen.”

PhZnBr Ph-Ph* HexZnBr Dodecane®
2 equiv 5.3% 2 equiv 1.8%
6 equiv 12% 6 equiv 23%
10 equiv 15% 10 equiv 28%
20 equiv 20% 20 equiv 32%

Y- All reactions performed using 10 mM [Co"(CH;CN)(isq™),](BF,) with RZnBr in 1:1
CH3;CN:THF under nitrogen.

* Reported yields are the average of 2 trials performed using separate batches of
[Co"(CH3CN)(isq™),](BF,). Values quantitated based on [Co"(CH;CN)(isg™"),]* as the
limiting reagent.

Oxidative homocoupling requires the use of a sacrificial oxidant to complete the
catalytic cycle. Exposure of the reaction solutions of [Co"(CHsCN)(isq™),]" in the
presence of RZnBr to air uses ambient O, as an oxidant. In a side-by-side study,
reaction with PhZnBr under air increases the yield of the homocoupling product 3.4
times to 48%. Use of HxZnBr demonstrates an increase of 1.5 times to 42%. This

represents a very small amount of catalytic turnover. Exposure of independently

prepared [Co"(ap™),]” to air results in partial degradation of the core and a mix of
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Co"(isq™)(ap™) and [Co"(CH3;CN)(isq™).]" implying that use of ambient air as an oxidant

for the system may not be ideal.

Table 4.12. Homocoupling yields from reaction of [Co"(CH3;CN)(isq™),]* with equivalents
of PhZnBr or HxZnBr with and without air.*®

PhZnBr Ph-Ph"" HexZnBr Dodecane®
2 equiv 3.4% 2 equiv 1.3%

2 equiv + air 10% 2 equiv + air 1.1%
10 equiv 14% 10 equiv 28%

10 equiv + air 48% 10 equiv + air 42%

% Reactions performed using 10 mM [Co"(CHsCN)(isg™),](BF4) with PhZnBr in 1:1
CH3CN:THF.

b Reported yields are based on a side-by-side examination using the same batch of
[Co"(CH3CN)(isq™),](BF,). Values quantitated based on [Co"(CHsCN)(isg™),]" as the
limiting reagent.

Characterization of [Co"(CHsCN)(isq™),]" demonstrates that the complex
requires a weakly coordinating solvent to maintain stability both in the solid state and in
solution. It has been shown in similar systems within our group that addition of a weakly
coordinating ligand such as a halide increases the yield of similar homocoupling
reactions.®® There are indications in literature to suggest that pyridine or SCN™ can
stabilize [Co"(CH3CN)(isg™),]" and may be labile in solution.>” Addition of 10 equivalents
of either pyridine or SCNto the solution of metal complex prior to the introduction of the
organozinc reagent. There was no color change observed with these additions.
However, the yield of the reaction of [Co"(CHsCN)(isq™"),]* with PhZnBr in the presence

of these reagents does not increase when run under N, or catalytically using air as an

oxidant.
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Reaction of [Co"(CHsCN)(isq™),]* in 1:1 CH;CN:THF with substoichiometric
amounts of nPrZnBr under nitrogen causes an immediate color change from blue-green
to kelly green. The kelly green material has an UV-vis spectrum identical to that of the
previously isolated and characterized organometallic Co"(R)(isq™), (Chapter 3) and
indicates formation of Co"(nPr)(isq™™),. Addition of excess equivalents of the organozinc
reagent results in an immediate color change of the solution from the kelly green
intermediate to the light brown material as previously observed.

Titrating [Co"(CH3CN)(isq™),]" with substoichiometric amounts of nPrZnBr gives
a maximum vyield of Co"(nPr)(isq™), with addition of 0.75 equivalents as monitored at
860 nm (Amax for Co"(nPr)(isq™),) (Figure 4.6.a). The maximum amount of
Co"(nPr)(isq™), observed equates to 42% conversion of [Co"(CH;CN)(isq™)]".
Subsequent additions result in a decrease of the UV-vis intensity and formation of the
brown material. Solutions monitored by UV-vis containing 0.50, 0.75, and 1.0
equivalents of nPrZnBr over 4 hours all show a gradual decrease in the absorbance at
860 nm with time. This indicates that the formation of Co"(nPr)(isq™), is rapid and the
material is then degraded by homolysis due to light exposure.

When the same titration is performed using the bulky substituted
[Co"(CH3CN)(isq™"),]* with substiochiometric nPrZnBr, the maximum amount of
Co"(nPr)(isq™), is not observed until 2.5 equivalents are added. The absorbance
corresponds to 98% conversion of [Co"(CH;CN)(isq™"),]* to Co"(nPr)(isq™"), (Figure
4.6.b). Addition of 0.75 equivalents to [Co"(CH3;CN)(isq™"),]* displays 40% vyield of
Co"(nPr)(isq™"),, similar to that observed with [Co"(CHsCN)(isq™"),]". These two
observations indicate that while steric bulk surrounding the metal center does not have
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Figure 4.6. (a) Reaction of [Co"(CH;CN)(isq™),]* with equivalents nPrZnBr
resulting in a maximum amount of Co"(nPr)(isq™"), formation corresponding to a
42% vyield. (b) Reaction of [Co"(CHsCN)(isq™"),]" with equivalents of nPrZnBr
resulting in a maximum amount of Co"(nPr)(isq""), formation corresponding to a
98% vyield. Yields of the reactions are quantified based on product formation
measured at 860 nm.
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an effect on the installation of the first alkyl fragment and formation of Co"'(nPr)(isq™),,
the added bulk inhibits reaction with the second fragment and formation of the brown
material. Combined with the GC-MS yields for the comparable cross-coupling reactions
(Table 4.8), this inhibition of the reaction with the second alkyl fragment is believed to
also prevent formation of the coupling product.

From a reaction of [Co"(CH3CN)(isq™"),]* with 0.75 equivalents of nPrZnBr chilled
at —20°C over days, crystals of the product suitable for X-ray diffraction analysis were
isolated (Figure 4.7.a). The crystal structure shows that the kelly green material is
Co"(nPr)(isg™),. The square pyramidal coordination of the ligands is similar to the
previously reported Co"(Et)(isq™"), structure (detailed in Chapter 3). The average of the
C-0 bond lengths is 1.298 A and the C-N is 1.362 A (Figure 4.7.b). The bond lengths of
the ligands display the characteristic four long (average length is 1.418 A) and two short
(average length is 1.361 A) indicative that both are iminosemiquinonate®™ and the
complex is assigned as Co"(nPr)(isq™"),, the same as all previously reported

Co"(R)(isq™), analogs.
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Figure 4.7. (a) Solid-state structure of Co"(nPr)(isq™"), drawn with 50%
probability ellipsoids. Hydrogen atoms omitted for clarity. (b) Schematic of
selected bond lengths (A) in Co"(nPr)(isq™)s.
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4.4. Discussion
4.4.1. Characterization of [Co"(CHsCN)(isq™),]" and implication of its electronic
structure

In a previous report (Chapter 2),*

we detailed the synthesis, isolation and
characterization of Na[Co"(ap™),] and the one electron oxidized material
Co"(isq™)(ap™). Isolation of the cationic [Co"(CH;CN)(isq™),]* represents an important
step in our understanding of the electronic series of these complexes. This form of the
fully oxidized material has never before been isolated without coordination of a
stabilizing anionic ligand.®®*® The structural and electronic characterization of
[Co"(CH3CN)(isq™),]" shows that the two electron oxidation of [Co"(ap™).]~ occurs with
both electrons derived from the ligand set. This supports our previous belief from
characterization of reaction products (Chapter 2 and 3) that the two highest energy
electrons accessed both electronically and during reactivity are in molecular orbitals that

are largely ligand derived. As a result of oxidation, no other structural changes are

evident.
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4.4.2. Similarities between the two coupling reactions

Reaction of Co"(R;)(isq™), with R,ZnBr leads to formation of a new carbon-
carbon bond in a step-wise Negishi-type coupling reaction (Scheme 4.3) similar to those
previously reported at palladium and nickel. The reaction is successful with both sp? and
sp>-hybridized organozinc reagents in similarly low yields. We also observe a side
reaction, homocoupling of the organometallic nucleophiles, in both stoichiometric, step-

wise reactions and the catalytic reactions using [Co"(ap™),]".
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Investigation of the source of this side reaction found that the fully oxidized form
of the complex, [Co"(CH3CN)(isq™),]*, successfully couples organozinc reagents forming
a new carbon-carbon bond as well. This reaction performed under nitrogen is part of an

oxidative homocoupling cycle which can be made catalytic with use of a sacrificial
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oxidant (Scheme 4.4).*° Exposure of the solutions to air however only demonstrates
small amounts of turnover. Examination of the reaction of [Co"(CHsCN)(isq™),]* with
substoichiometric amounts of nPrZnBr, indicate that the homocoupling and cross-
coupling have Co"(R)(isq™), as a common intermediate. Both reactions are believed to
be the same mechanistically with regards to the reaction with the second organometallic

nucleophile and the elimination of the new organic product.
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Scheme 4.4

4.4.3. Limitations of catalytic turnover
When the cross-coupling reaction is performed in a single, one pot reaction as
opposed to the stepwise study previously outlined, only 1.5 turnovers is observed, based

on the step-wise coupling yields. The reagents were not charged equally based on the
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relative rates of the slow reaction to oxidatively add the alkyl halide to the cobalt complex
as opposed to the rapid reaction with RZnX to form the coupled product. An excess of
alkyl halide was used in comparison to the organozinc reagent to kinetically push the
reaction to favor cross-coupling. However, there is very little turnover observed. The
homocoupling side reaction may be controlled with temperature without impairing the
cross-coupling yield. However, heating the reaction greatly decreases the cross-coupling
yield. This is possibly due to thermal instability of the Co"(R)(isq™), intermediate.
Completion of the catalytic oxidative homocoupling cycle requires use of a two
electron oxidant to transform the metal species from [Co"(ap™),]” to
[Co"(CH3CN)(isq™),]". The use of benign and readily available oxygen from the air has
many benefits and has been shown to be used successfully to couple organometallic
sources of carbon nucleophiles.*’® When the homocoupling solutions are exposed to
ambient air for 1 hour, coupling yields do increase. However, there is only evidence of 2-
3 turnovers, even when a large excess of reagent is available. The independent
oxidation of [Co"(ap™),]” to [Co"(CH3CN)(isq™),]* using ambient air exposure is known
to produce a mix of neutral and cationic species along with significant degradation of the
core complex. This indicates that facile turnover is unlikely using air as the oxidant for
the system. However, the stoichiometric yields were so low that further exploration for a

suitable oxidant did not appear of value.
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4.4.4. Mechanistic implications of coupling reactions

Given the limited yield of the coupling reactions and the inability to overcome this
low yield, we turned to understand the mechanism of the reactions and explain the
limited yield. Mechanistic studies of the pseudo-oxidative addition of [Co"(ap™),]” with
alkyl halides to form Co"(R)(isq™), (Scheme 4.5, Reaction 1a) have been previously
reported (Chapter 3) and is believed to proceed in a Sy2-like reaction. In studies of
reactivity starting with the isolated Co"(R)(isq™"),, the pathway to form the organometallic
plays no role and the reaction with the second alkyl and product formation can be
examined separately. Formation of Co"(R)(isq™), from [Co"(CH;CN)(isq™),]" (Scheme
4.5, Reaction 1b) is a simple acid-base reaction which occurs rapidly.

The sum of the data presented indicates that the coupling reaction is facilitated

through inner-sphere, concerted reactions. The sensitivity of the coupling reaction to the
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steric bulk of both the ligands surrounding the metal center as well as the size of the
organic fragments to be coupled implies that the coupling is facilitated directly at the
metal center. Also, with increased amounts of organozinc reagent, the yield of the step-
wise cross-coupling reaction increases while the homocoupled product formation does
not increase proportionally. This suggests that the homocoupling reaction is a side-
reaction and not indicative of radical coupling which allows uncontrolled product
formation. A possible reaction pathway involving inner-sphere, concerted reactivity for
the transmetallation and reductive elimination of the reaction is proposed in Scheme 4.6.

Treatment of Co"(R+)(isq™), with R,ZnBr results in immediate color changes and
the concentration of the coupling products observed does not increase over time. This
implies that the low yield, which can be increased with excess RZnBr, is not a result of a
kinetic barrier. It also suggests that Reaction 3 is rapid and that elimination of the

organic product from the metal is irreversible. As there is no formation of hexadecane
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(Scheme 4.4, R-R) observed in the reaction of Co"(Oc)(isq™"), with HxZnBr, there is no
evidence that an equilibrium exist between the monoalkyl and dialkyl complexes. If
Reaction -2 is a competitive pathway in the cross-coupling, there is a statistical
probability of formation of both homocoupled products R4-R; and R;-R; as the alkyl-
fragments could exchange (Scheme 4.2). This conclusion also agrees with the previous
observation that the homocoupling product is formed as a side-reaction and is not a

result of scrambling of the alky fragments in the reaction.

4.4.5. Challenges to coupling using [Co"'(ap™")2]” and [Co"'(isq™"),]*

The limited success of this system at carbon-carbon coupling reactions illustrates
the role that sterics of the catalytic species plays in its reactivity. We have presented
cases in which the cross-coupling yield is sensitive to both the length of the alkyl chains
coupled and the steric encumbrance the ligands create surrounding the metal center.
Cross-coupling reactions using the Co"(Et)(isq™"), containing added bulk at the ligands
show a 13 fold decrease and almost complete inhibition of the reaction in comparison to
the yield of the unsubstituted Co"(Et)(isq™),. As previously discussed (Chapter 2), the
isopropyl groups are situated such that they crowd around the metal center.

UV-vis titrations of the [Co"(CHsCN)(isq™)," in comparison to
[Co"(CH3CN)(isq™),]" are revealing as well. Reaction with substoichiometric amounts of
nPrZnBr up to 0.75 equivalents produce Co"(nPr)(isq™), in equal amounts for both
Ar=Ph and iPr. It is the addition of the second organic fragment that is suppressed by
the steric congestion. This is evidenced by quantitative formation of Co"(R)(isq"™"), as
opposed to the maximum yield of 42% Co"(R)(isq™"), which then proceeds on to brown
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material and organic product. The stability of Co"(Et)(isq™"), with 2 to 3 equivalents of
nPrZnBr, illustrates the inability to access the six-coordinate dialkyl complex. These
observations indicate that steric bulk does not greatly affect the binding of the first
organic fragment to the metal but disfavors binding of the second organic fragment.

When the cross-coupling reaction is performed with Co"(Et)(isq”), in comparison
to the Co"(Et)(isq™), complex only a slight increase in the yield is observed.
Electronically, Co"(R)(isq”), should be much more electrophilic than Co"(R)(isq™"), and
reactive with the organozinc reagent. However, it is evident from the marginal increase
in the product formation that the steric constraints of the ligand are more significant than
can be overcome by the 260 mV adjustment of the redox potential.

Examination of the organic molecules in the coupling solutions cannot account
for the sum of all R; and R, added to the reaction. The reaction of Co"(Oc)(isq™"), with
HxZnBr indicates that the brown material may contain the unreacted Ry molecules as the
amount found increases over time. While characterization of the brown material formed
from the coupling reactions was not conclusive, we have demonstrated that it contains at
least the majority of the Co(L), core and is not a product of degradation. From these
observations, we believe that the brown material is a form of the organometallic cobalt
complex, trapped by the R,ZnBr in such a way that it cannot facilitate coupling and
produce new carbon-carbon bonds.

The sum of all the data concerning the sensitivity of the reactions to both the
sterics of the organic fragments and of the complex supports the conclusion that the
coupling occurs through an inner-sphere reaction. The added information that the steric
constraint greatly affects reaction with the second alkyl fragment demonstrates that the
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coupling cycle requires installation of this organic fragment at the cobalt center. We
previously reported that Co(Et)(isq™"), is not prone to B-hydride elimination and shows
no evidence of CO insertion into the cobalt-carbon bond (Chapter 3). Both of these facts
may indicate that the five-coordinate complex is not able to isomerize to allow access to
a site cis to the alkyl ligand. While similar complexes containing the same
amidopheonol-derived ligand on rhenium®' or a modified amidophenol-derived ligand on
zirconium® have been reported to exist with labile ligands in cis sites, calculations are
required to determine if this is accessible with the cobalt(lll) species. If this isomerization
is disfavored, the two alkyl fragments cannot arrange cis to one another to combine and

eliminate from the metal center. This may be the root of the limited coupling yields.

4.5. Conclusions

We previously demonstrated the ability of the nucleophilic [Co"(ap™).]” to
pseudo-oxidatively add alkyl halides forming a stable cobalt-carbon bond. In this study,
we have demonstrated that the isolated organometallic Co"(R)(isq™), can be used to
facilitate Negishi-type cross-coupling in a step-wise fashion with both sp? and sp®
organozinc  reagents. Synthesis and characterization of the  oxidized
[Co"(CH3;CN)(isq™),]" indicates that the two electron difference between the anion and
cation are both formally derived from the ligand set. We believe this species may be
responsible for the homocoupling side reaction observed from the cross-coupling
solutions. This cation can be shown independently to oxidatively homocouple organozinc
reagents. Observation of the intermediate Co"(R)(isq™), from reaction of
[Co"(CH3CN)(isq™),]* with RZnBr implies that these two coupling reactions are
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mechanistically the same with regard to the reaction of the cobalt complex with the
second organic-fragment, formation of the new carbon-carbon bond, and elimination of
the coupled product.

The yield of both coupling reactions however is low. Examination of the metal
species following the coupling reactions indicated that the cobalt material is not
degraded by the reaction. However, the material does react with something in the
solution quenching its characteristic charge transfer bands and making its quantitation
and identification difficult. It is believed to exist in a reduced state and contain alkyl
fragments.

Mechanistic investigation of the reactions shows that the bond-forming reaction is
inner-sphere and occurs the metal center. Furthermore, this is apparently no equilibrium
between the monoalkyl- and dialkyl-intermediates. The coupling reaction occurs with
immediate addition of the organozinc reagent. We believe that elimination of the coupled
product is rapid and irreversible. However, formation of the dialkyl complex in an
isomeric form able to eliminate the coupled organic product is disfavored.

The coupling yield is greatly affected by sterics. Increased steric bulk around the
metal center makes installation of the second organic fragment disfavored and thereby
inhibits the coupling reaction. We believe that the low yield of all coupling reactions with
all analogs of the complex are due to this steric hinderance concerning installation of the
second organic-fragment at the metal center. However, we have demonstrated
successful facilitation of an inner-sphere coupling reaction at a first row transition metal,

typically prone to radical reactivity, with the use of redox-active ligands.
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Synthesis and reactivity of low-coordinate cobalt complexes

containing only one redox-active ligand

5.1. Introduction

The previous studies of the bis-amidophenolate cobalt systems detailed in
Chapters 2, 3, and 4 illustrated the ability of redox-active ligands to supply electrons in
reactions at the cobalt metal center. These cobalt complexes contain two aminophenol-
derived ligands that coordinate to the metal through a total of two-nitrogens and two-
oxygens. The ligands stabilize the accessible cobalt center in square planar or square
pyramidal coordination; the latter when the oxidized complex is bound to a coordinating
halide, alkyl chain or solvent molecule.”* The oxygen-nitrogen coordination in this
arrangement also allows favorable molecular orbital overlap for the complex to react at
the cobalt center with electrons from the ligands." We are interested in further exploring
this cooperative metal-ligand relationship and its use for reaction chemistry. Specifically,
we are curious whether we can allow the metal and ligand to work in concert by installing
only one redox-active ligand on the metal center. To accomplish this goal, we look to
combine the correct metal, redox-active ligand, and appropriate stabilizing ligand to
maintain molecular orbital overlap and allow electron delocalization using electrons from
both metal and the redox-active ligand together.

Building on the success of the bis-amidophenolate system, we believed the
catechol-derived, oxygen coordinating ligand 3,5-di-tert-butylcatecholate [cat*7] (Figure
5.1.a) and the amidophenol-derived, nitrogen-oxygen coordination ligand 2,4-di-tert-
butyl-6-(phenylamino)phenolate [ap?] (Figure 5.1.b and 5.1.c) would be suitable for
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Figure 5.1. Ligands to be used. a) 3,5-di-tertbutylcatecholate [(cat)*’

b) 2,4-ditertbutyl-6-(phenylamino)phenate [(ap"™")*]

c) 2,4-ditertbutyl-6-(2,6-diisopropylphenylimino)phenolate [(ap™")*]

d) 1,1,1-tris(diphenylphosphinomethyl)ethane (triphos)

e) 1,2-bis(diphenylphosphino)ethane (dppe) and f) trispyrazolylborate (Tp).

facilitating reactions at low-coordinate cobalt(ll) and cobalt(lll) centers. These redox-
active ligands were chosen based on literature precedent and our group’s experience
using the catechol-derived ligand substituted with two tert-butyl groups in the 3 and 5
positions of the ring rather than an unsubstituted or perhalogenated versions.”’” The
steric bulk provided by the tert-butyl groups adds stability to the low coordinate complex
without hindering access to the metal center. The amidophenolate ligand without
Ph]2—

substitution on the N-phenyl [ap and iminobenzoquinone with ortho isopropyl
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substituents on the N-phenyl ring [ibq™]"" can be isolated in different oxidation states.
This allows different routes to metallation as cobalt salts of various oxidation states can
be used as reagents (see Figure 2.2). The isopropyl subsititutions also add steric bulk in
the vicinity of the metal center allowing us to modulate the steric encumbrance at the
cobalt center. This approach has proven valuable for altering reactivity at the Co(L),
complexes (see Chapter 4).

Phosphine ligands were chosen as redox-inert supporting ligands because they
are known to stabilize low-coordinate cobalt complexes.®"" Previous literature reports a
cobalt complex containing a single catechol ligand that was stabilized by a tridentate
phosphine ligand."*" This complex used the ligand 1,1,1-
tris(diphenylphosphinomethyl)ethane (triphos) (Figure 5.1.d) to maintain a single open
coordination site on the 5-coordinate metal center. This complex is reported by the
authors to be cationic with a formal oxidation assignment as [(triphos)Co"(cat)]".
However the structure data is of poor quality. The assignment of the electronic state of
the complex has been questioned in various papers since the original publication.’ The
original authors also report observation of a purple, one electron reduced material.'
They assume this to be the neutral species and report it to be unstable and not isolable,
converting back to the cationic, blue material within minutes.

Cyclic voltrammetric data reported for the [(triphos)Co"(cat)]" species indicates
that the complex has two redox events in potential ranges suggesting it must be useful
for the desired redox reactions.'®'® The stabilizing tridentate phosphine ligand in
combination with the bidentate redox-active catechol-derived ligand leaves only one

open coordination site. However, triphos has been reported in other complexes to allow

126



reactivity through loss of cooridination of one of the phosphorous atoms of the triphos
ligand."™

Another previous report had described a cobalt complex containing catechol-
derived ligands stabilized by the bidentate bis(diphenylphospyanyl)ethane (dppe) seen
in Figure 5.1.e." The complex reported was a six-coordinate complex containing two
catechol-derived ligands. In an elegant EPR study, the authors find strong localization of
the organic radicals within the complex."” This bidentate ligand in combination with one
bidentate redox-active ligand would produce a complex more comparable to the four-
coordinate cobalt bis-amidophenolate complexes.

Besides phosphines, we speculate that chelating nitrogen-donor ligands may be
suitable for stabilizing redox-active Co(L) fragments. In particular, monoanionic
trispyrazolylborate (Tp) ligands (Figure 5.1.f), known as scorpionates, is known to

t"%2% in low-

stabilize reactive first row transition metals' and more particularly cobal
coordinate environments. Complexes using catechol-derived ligands have been reported
and characterized as stable cobalt(ll)-semiquinonate complexes.?'

In this chapter, we detail a complementary study to the bis-amidophenolate
complexes presented in the previous chapters with the synthesis of cobalt species each
containing only one redox-active ligand. The complexes are stabilized in low-coordinate
environments with bidentate or tridentate redox-innocent ligands. We subsequently use
the (triphos)Co'"(cat) complex to demonstrate proof-of-principle, multi-electron reactivity

at the cobalt center that uses the cooperation of the metal and ligand to each provide a

single electron for the new bond formation to occur.

127



5.2. Experimental
5.2.1. 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. NMR spectra were acquired on a Varian Mercury 300
spectrometer (300.323 MHz for 'H) at ambient temperature. 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 equipped with a water-jacketed cell holder fitted to a Peltier
temperature controller. Unless otherwise specified, all electronic absorption spectra were
recorded at 25°C in 1 cm quartz cells. All mass spectra were recorded in the Georgia
Institute of Technology Bioanalytical Mass Spectrometry Facility. Fast-atom
bombardment mass spectrometry (FAB-MS) was performed using a VG Instruments 70-
SE spectrometer. Electrospray ionization mass spectrometry (ESI-MS) was carried out
with acetonitrile or tetrahydrofuran solutions using a Micromass Quattro LC
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.

5.2.2. Materials and methods

Anhydrous acetonitrile (CH3CN), tetrahydrofuran (THF), toluene, pentane,
dichloromethane (CH,Cl,) solvents for air- and moisture-sensitive manipulations were
purchased from Sigma-Aldrich, further dried by passage through columns of activated
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alumina, degassed by at least three freeze-pump-thaw cycles, and stored under N, prior
to use. Deuterated acetonitrile (CD3CN) and tetrahydrofuran (THF—dg) were purchased
from Cambridge Isotope Laboratories, degassed by three freeze-pump-thaw cycles,
vacuum distilled from CaH, or Na), respectively, and stored under a dry N, atmosphere

prior to use. All chemicals were purchased from Sigma-Aldrich and used as received.

5.2.3. Direct synthesis of (triphos)Co"(cat)

A 5 dram scintillation vial was charged with a solution of Co,(CO)s (0.085 g,
0.248 mmol) dissolved in 7 mL of THF. A solution of 1,1,1-
tris(diphenylphosphinomethyl)ethane (triphos) (0.312 g, 0.499 mmol) in THF was added
dropwise while stirring. The solution was stirred for 15 min. A solution of 3,5-di-tert-
butylquinone (0.146 g, .496 mmol) in THF was then added to the solution drop-wise
forming a purple solution. The solution was stirred for 2 hours at room temperature and
transferred to a round bottom flask. The THF was removed in vacuo and purple powder
was collected (0.477 g, 0.487 mmol, 98.2% yield). Crystalline solids suitable for single
crystal X-ray diffraction were grown from a THF solution layered with pentane and
allowed to sit at room temperature for days. UV-vis (CH3;CN) nm (¢, M-1 cm-1):
512(1847); 635(sh); 810(489). ESI-MS (m/z): 903.2 [M]*. Samples for elemental analysis
were collected from a THF solution. Anal. Calcd for CssHsgCoO,P5: C, 73.08; H, 6.58.

Found C, 72.19; H, 7.21.
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5.2.4. Synthesis of [(triphos)Co"(sq)][BF4]

The complex was prepared by the following new method and verified by
previously reported characterization.'? In this new method, a 5 dram scintillation vial was
charged with a solution of purple (triphos)Co(cat) (0.097 g, 0.099 mmol) in CH;CN. 1
equivalent of AgBF, (0.021 g, 0.109 mmol) was added. The solution was allowed to stir
12 hours, during which time a bright blue solution was afforded. The solution was then
transferred to a round bottom flask and the CH3;CN was removed in vacuo. A blue
powder was collected (0.076 g, .0.0713 mmol, 72.1% vyield). Crystals suitable for
analysis by X-ray diffraction were grown with slow diffusion of ether into THF at room
temperature over days. UV-vis (CH3;CN) nm (g, M-1 cm-1): 360(sh); 640(1860); 780

(4560).

5.2.5. Reaction of (triphos)Co'(cat) with electrophilic Cl source

A 5 dram scintillation vial was charged with a purple solution of (triphos)Co(cat)
(0.095 g, 0.105 mmol) in CH;CN. A solution of 5 equivalents of 2,3,4,5,6,6-hexachloro-
2,4-cyclohexadien-1-one (0.158 g, 0.525 mmol) in CH3;CN was added. A color change to
bright green was observed within seconds and the solution was allowed to stir 30
minutes. The solution was then transferred to a round bottom and the CH;CN was
removed in vacuo and green powder was recovered.
5.2.6. Attempted synthesis of (triphos)Co(ap™)

A 5 dram scintillation vial was charged with a solution of Co,(CQO)s dissolved in
THF. A solution of triphos in THF was added dropwise while stirring. The solution was
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stirred for 15 min. A solution of 2 ,4-ditertbutyl-6-(2,6-

P in THF was then added to the solution

diisopropylphenylimino)benzoquinone (ibq
drop-wise. After 24 hours, a purple solution formed. UV-vis (CH3CN) Anax: 540 and 845
nm and FAB-MS (m/z): 649 [M]". The same procedure using sub-stoichiometric amount
(0.75 equivalents) of ibq™" yielded the same material.

A 5 dram scintillation vial was charged with solutions of either Co(ClO,),#6H,0 or
CoCl, dissolved in THF and a solution of triphos in THF was added, an immediate
precipitate formed. The solids were also produced in CH3;CN, toluene or MeOH.
Subsequent reaction of the THF slurry with 2,4-ditertbutyl-6-(phenylamino)phenol
(H,ap™) in the presence of Et;N using either AgBF, or air as an oxidant resulted in
formation of a blue-green material. The precipitate formed during the first step of the
reaction was not incorporated into the solution. The mass spectrometry of the blue-green

material was found to contain no significant peaks indicative of complexes containing the

triphos ligand.

5.2.7. Attempted synthesis of (dppe)Co(cat)

A 5 dram scintillation vial was charged with a solution of Co,(CO)s dissolved in
THF. A solution of 1,2-bis(diphenylphosphino)ethane (dppe) in THF was added drop-
wise while stirring. The solution was stirred for 15 min. A solution of 3,5-di-tert-
butylquinone (DTBQ) in THF was then added to the solution drop-wise. After 20 minutes,
an air stable purple solution formed. FAB-MS (m/z) 897.3 [M]".

Solutions of either Co(ClO,),#6H,0 or CoCl, combined with a solution of dppe in
a 5 dram scintillation vial formed an immediate precipitate similar to the observed with
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the triphos material. Using Co(ClO,),#6H,0, dppe, and 3,5-ditertbutylcatechol (DTBC) in
the presence of EtzN and air resulted in formation of a blue-green material. FAB-MS
(m/z): 677 [M]" (major) and 897 [M]" (minor). Subsequent reactions showed varying
amounts of the 897 m/z peak impurity which increased with longer time of mixing. No
synthetic attempts were successful at eliminating the impurity or of synthesizing the
desired (dppe)Co(cat) in moderate or high yield.
5.2.8. Attempted synthesis of (dppe)Co(ap”")

A 5 dram scintillation vial was charged with a solution of dppeCoCl, in THF and
ibg™ in THF was added drop-wise forming a blue material. The material was identified
as an undesired product by UV-vis and MS and isolation and further characterization
was not pursued. UV-vis (THF) Anax: 660 and 850 nm. ESI-MS (m/z): 649 [M]".

5.2.9. Synthesis and reactivity of (Tp)Co(ap™")

A 5 dram scintillation vial was charged with a solution of CoCl, and potassium
trispyrazolylborate (KTp) in THF with air. This solution was mixed in air for 30 minutes.
Then a THF solution of H,ap™ and Et;N were added with stirring. A navy blue precipitate
formed upon mixing. The blue material was recovered by vacuum filtration and stored
under N,. UV-vis (THF) Apax: 660 and 845 nm. ESI-MS (m/z): 607.1 and 679.0 [M]".

The cyclic voltammogram (CV) of the material was recorded in THF under
nitrogen at room temperature. When stored in solution or exposed to air over hours, the
blue (Tp)Co(ap™) develops into a green material. Reaction of the isolated blue material

with pentamethyl cobaltacene (Cp*;Co) in THF resulted in this same green material.
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Single crystals of the green material were grown from a concentrated THF solution over

days at -20°C.

5.2.10. X-ray Crystallography

Single crystals of (triphos)Co(cat) and [(triphos)Co(cat)][BF,] suitable for X-ray
diffraction analysis were coated with Paratone N, suspended in a small fiber loop and
placed in a cooled nitrogen gas stream and 173 K on a Bruker D8 APEX || CCD sealed
tube diffractometer. Data were measured using a series of combinations of phi and
omega scans with 10 s frame exposures and 0.5 degree frame widths. Data collection,
indexing and initial cell refinements were all carried out using APEX Il software.?? Frame
integration and final cell refinements were done using SAINT software.?® The final cell
parameters were determined from least-squares refinement on 7524 reflections for
(triphos)Co(cat) and 11241 reflections for [(triphos)Co(cat)][BF4]. The structures were
solved using direct methods and difference Fourier techniques using the SHELXTL
program package.?* Hydrogen atoms were placed in their expected chemical positions
using the HFIX command and were included in the final cycles of least squares with
isotropic Uj's related to the atoms ridden upon. All non-hydrogen atoms were refined
anisopropically. Details of data collection and structure refinement are provided in Table

5.1.
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Table 5.1. Crystallographic data
(triphos)Co(sq)][BF 4Je THF.

and structure parameters for (triphos)Co(cat) and

Complex

(triphos)Co(cat)

[(triphos)Co(sq)][BF e THF

Empirical formula C57_15H590002P3 ngH67BCOF403P3
Formula weight 929.68 1062.78
T (K) 173 (2) 173 (2)
Crystal system orthorhombic monoclinic
Space group P2(1)2(1)2 P2(1)/n
Unit Cell dimensions
a (A) 12.9101 (6) 12.058 (4)
b (A) 32.1153 (17) 13.990 (5)
c (A) 11.9947 (6) 32.770 (11)
a (%) 90 90
B (°) 90 93.881 (6)
v (°) 90 90
V (A% 4973.1 (4) 5513 (3)
4 4 4
Deaic (g/cm?®) 1.242 1.280
Absorption coefficient (mm™) 3.927 0.455
Crystal Size (mm) 0.40x0.13x0.11 0.24x0.22x0.03
0 range for data collection (°) 2.72 t0 62.46 1.76 to 30.48
Index ranges -14<h<14 -6<h<17
-36<k<32 -9<k<17
-12<1<13 -34<I<45
Reflections collected 27358 17300
Reflections unique 7524 11241
Goodness of fit on F? 1.002 0.906
R [1>20(1)] 0.0339 0.0885
wR? (all data) 0.897 0.1593
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5.3. Results
5.3.1. Preparation and characterization of (triphos)Co(cat)

A stoichiometric reaction of Coy(CO)g, triphos, and quinone (triphos = 1,1,1-
tris(diphenylphosphinomethyl)ethane; quinone = 3,5-di-tert-butylquinone) in THF, in a
rigorously air-free environment, quickly forms a purple solution. In contrast to a previous
report,'? the purple material is stable over months in solution and can be isolated and

stored in solid state indefinitely. A single crystal of the purple solids suitable for analysis

Figure 5.2. (a) X-ray crystal structure of (triphos)Co'"(cat) drawn with 50%
probability ellipsoids. Hydrogen atoms omitted for clarity. (b) Schematic of
selected bond lengths (A) in (triphos)Co'(cat).
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by X-ray diffraction was obtained by slow diffusion of pentane into THF solutions (Figure
5.2.b). The structure (Figure 5.2.a) contains 5-coordinate cobalt bound to a tridentate
triphos ligand and a bidentate, redox-active catecholate ligand. None of the three
phosphorous atoms lie in a plane with the catecholate ligand. The C-O bond lengths
(Figure 5.2.b) of the catecholate ligand are elongated with an average length of 1.345 A,
consistent with C-O single bonds. The C-C bond distances show all are identical within
30 with an average length of 1.399 A, indicating an aromatic pattern. The sum of this
data suggests the ligand is a fully reduced catecholate ligand. This leads to the best
assignment of the oxidation states within the complex as (triphos)Co'"(cat) (cat = 3,5-di-

tert-butylcatecholate).

5.3.2. Alternate synthetic procedure and characterization of

[(triphos)Co'(sq)][BF]
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Figure 5.3. UV-vis absorption spectra for (triphos)Co'(cat) (purple line) and
[(triphos)Co"(sq)][BF 4] (blue line) in CH3CN at 25°C under N..
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Synthesis of [(triphos)Co"(sq)]" has been previously reported from direct
synthesis." However, a cleaner route to the oxidized complex came from the addition of
1 equivalent of AgBF, to the neutral (triphos)Co'(cat) that afforded a color change from
purple to blue with a UV-vis spectrum that matches exactly that previously reported for
[(triphos)Co"(sq)]" (Figure 5.3). This blue material was isolated and characterized and

crystals suitable for analysis by X-ray diffraction were isolated from THF and ether

(b)

Figure 5.4. (a) X-ray crystal structure of [(triphos)Co"(sq)](BFs)eTHF drawn with
50% probability ellipsoids. Hydrogen atoms, solvent and counter ion omitted for
clarity. (b) Schematic  of  selected bond lengths (A) in
[(triphos)Co"(sq)][BF 4JeTHF.
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(Figure 5.4.a). The average C-O bond lengths shorten in comparison to the neural
(triphos)Co'(cat) with an average length of 1.320 A (Figure 5.4.b). The C-C bond lengths
do not show the expected four long and two short pattern.*® There is one abnormally
long 1.478 A C-C bond. However, based on the contraction of the C-O bond lengths, the
complex is most appropriately assigned as [(triphos)Co'(sq)]" (sq = 3,5-di-tert-

butylsemiquinoate.

5.3.3. Co-Cl bond forming reactivity at (triphos)Co'(cat)

Addition of 5 equivalents of yellow 2,3,4,5,6,6-hexachloro-2,4-cyclohexadien-1-
one, a source of an electrophilic CI* fragment, to the purple (triphos)Co'(cat) in CH;CN
quickly affords a color change from purple to bright green (Figure 5.5). The green
solution has a UV-vis spectrum that does not match that of [(triphos)Co'(sq)]*, the
product of outer-sphere, one-electron oxidation. The green product is also stable in solid

state if it is pre-dried in vacuo under nitrogen. However, all attempts to obtain crystalline
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Figure 5.5. UV-vis absorption spectra following the reaction of 2.2x10* M
(triphos)Co'"(cat) (purple line) with 5 equivalents of 2,3,4,5,6,6-hexachloro-2,4-
cyclohexadien-1-one (CI*) in CH3CN at 25°C under N, to form green material
(green line) proposed to be [(triphos)Co"(Cl)(sq)]".
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material of suitable quality for single crystal X-ray analysis were unsuccessful. The green
material has no 'H NMR signal. ESI-MS of the green solution in positive mode shows a
molecular peak at 938.2 m/z (Figure 5.6.a) and an isotopic envelope which matches that
expected for addition of [CI] (Figure 5.6.b). Assuming two electrons cannot be removed
from the ligand, and with the previously established knowledge that the first electron is

removed from the ligand, the complex is tentatively assigned as [(triphos)Co"(Cl)(sq)]".

Figure 5.6. (a) Electro-spray mass spectrometery (ESI-MS) of the green
product containing a peak at 938 m/z. (b) Calculated mass spectrum for
[(triphos)Co"(CI)(sq)]".
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5.3.4. Attempted synthesis of (triphos)Co(ap™")

Attempts to prepare the (triphos)Co(ap™) complex analogous to the
(triphos)Co(cat) species, were pursued with the same procedure used to synthesize the
catecholate species. However, in contrast to the reaction with quinone (q), addition of
the iminiqunione (ibq) to a solution of Co,(CO)s under nitrogen took days to yield a color
change to purple. The resulting purple material was identified as [Co(ap™),]” by
comparison of the UV-vis and FAB-MS spectra to spectra of independently prepapred
material.

To try to avoid displacing the triphos ligand installed during the first step of the
synthetic route, reactions of amdophenolate (ap*’) with either Co(CIO,), or CoCl, were
examined. However, with the cobalt(ll) salt, the triphos does not coordinate to the metal
upon addition in THF, CH;CN or MeOH. Thus, when the amidophenol was added, in the
presence of Et;N base, the [Co(ap™),]” is again readily formed, as evidenced by UV-vis
and ESI-MS.

5.3.5. Attempted synthesis of (dppe)Co(cat) and (dppe)Co(ap™)

Attempts to prepare the similar complex containing the 1,2-
bis(diphenylphosphino)ethane (dppe) ligand were pursued using a procedure similar to
the successful synthesis of (triphos)Co'(cat). This resulted in formation of a purple
material that changed to green with mixing over hours. However, the green material was
found to be air-stable and FAB-MS of the material contained a significant peak indicative
of formation of the coordinatively saturated (dppe)Co(cat),. Repeat attempts to
characterized the purple material or isolate the desired (dppe)Co(cat) resulted in
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solutions contained varying amounts of (dppe)Co(cat),. The complex (dppe)Co(cat) was
never found in high yield.

Reaction of Co(ClO,),#6H,0, 3,5-di-tert-butylcatechol, EtzN and air, resulted in
formation of a blue solution that persisted for minutes before progressing on to a green
color. A sample of this blue material was frozen and immediately analyzed by FAB-MS.
It was found that the sample contained a peak corresponding to the desired
(dppe)Co(cat). However, after several attempts to reproduce the procedure, the material
was unable to be isolated in the blue form again, consistently progressing on to the
green which was shown by mass spectrometery to be the undesired (dppe)Co(cat),.

Synthesis with the aminophenol-derived ligands produced similarly poor results,
most often producing the Co(L)., species without the dppe ligand. Pre-synthesized
(dppe)Co(Cl),, available from Sigma-Aldrich, was purchased in hopes of stabilizing the
dppe and cobalt and allowing easy coordination of the redox-active ligand. However,
reaction with the isopropyl-subsitituted iminoquinone in air with THF or MeOH at room
temperature resulted in the synthesis of Co(Cl)(isq""),, as identified by UV-vis and mass
spectrometry.

5.3.6. Synthesis and characterization of (Tp)Co(ap™")

The potassium salt of the unsubstitued trispyrazolylborate (Tp) ligand was mixed
with CoCl, in air. A solution of H,ap™ and Et;N was added with stirring immediately
resulting in a navy blue precipitate. This blue precipitate has a UV-vis spectrum very
similar to that of the Co(Cl)(isq), species. However, ESI-MS reveals molecular peaks at
607 and 679 m/z, indicative of both (Tp)Co(ap™) and a THF adduct. Similar species that
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contain a bound chloride do not show evidence of the chloride by ESI-MS analysis®® and
it therefore cannot be concluded if the blue material is 5-coordinate or 6-coordinate with
a chloride ligand. The blue material has a weak but unique paramagnetic '"H NMR
spectrum. However, the material is air sensitive over hours degrading to a brown-orange

material.

0.5 0 -0.5 -1 -1.5

Figure 5.7. Cyclic voltammogram of blue TpCo(ap™) material in THF containing
0.1M ['BusN][PFe] at a 10 mm Pt electrode. Scan rate: 0.1 volts seconds™.
Temperature: 25°C.

The cyclic votamogram of the material in THF shows redox features at 0.0, -0.5
and -0.8 volts seen in Figure 5.7. The feature at -0.5 V is only observed with reducing
current and is not observed on the first reducing sweep from the open potential. This
most likely indicates that the peak is attributable to a labile ligand the oxidized form of
the material gains throughout the scanning process. Reduction with Cp*,Co in CH3;CN,

with a potential of -1.91 V,?" results in material which reacts and has similar UV-vis and
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'H NMR spectra to that of the [Co(ap).]” material. However, the same reduction
performed in THF results in a unique green material. Single crystals of this green
material were isolated from a concentrated THF solution and were shown to be (Tp).Co

(Figure 5.8.). All attempts to use the blue (Tp)Co(ap) material for reactivity with

Figure 5.8. X-ray crystal structure of (Tp),Co drawn with 50% probability
ellipsoids. Hydrogen atoms omitted for clarity.

electrophilic ClI sources or with alkyl halides resulted in formation of the green (Tp).Co

material as well.

5.4. Discussion
5.4.1. Characterization of triphos-cobalt species
Based on the sum of the data, we believe assignment of the blue material as

[(triphos)Co'(sq)]" is a more accurate description of the electronic structure. This
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disagrees with previous literature which assigned the structure as cobalt(lll) with a fully
reduced ligand." The previously reported crystal structure was of poor quality’? and the
validity of the characterization based on it is unclear. Our X-ray crystallographic data
also indicates that this assignment is better as the C-O bonds show significant double-
bond character and shortening as compared to the neutral material and indicates that
the oxidation occurs at the ligand. Reported Raman spectroscopic studies also seem to
indicate the better oxidation state assignment is [(triphos)Co'"(sq)]"."* Bianchini, et al.
supported their assignment based on agreement with their magnetic data indicating the
complex was diamagnetic and molecular orbital analysis." However, it is now known
that similar complexes show extensive anti-ferromagnetic coupling between t-based
radicals in the ligand and the unpaired d-electrons of the metal.>?® For this reason, the
diamagnetism displayed by the cationic complex cannot be taken alone as evidence that
there is no organic radical localized within the complex.

It was previously reported in literature that a purple material assumed to be
(triphos)Co'"(cat) could be observed and characterized in situ but was unstable in
solution within minutes.” We have now demonstrated that with careful exclusion of air
and moisture the material is stable over months. The X-ray crystal structures of the
neutral and cationic triphos-catecholate have nearly identical coordination but the bond
lengths of the catecholate are noticeably altered. The significant difference in the bond
lengths of the catechol-derived ligand between the blue cationic and purple neutral forms
indicate that the oxidation of (triphos)Co'(cat) occurs at the ligand and not at the metal
and that both species contain a cobalt(ll) center. This would leave the second oxidation
observed by electrochemistry to transform the cobalt(ll) to cobalt(lll). The oxidation
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potential for these transformations occurs at -0.645 V and 0.575 V vs SCE.'™ In

"@ap™),]", the first oxidation is very similar to -0.770 V while the

comparison to [Co
second oxidation is at much more oxidizing potentials than the -0.350 V of the previously

studied system (Chapter 2).

5.4.2. Multi-electron reactivity with reduced (triphos)Co"(cat)

The reaction of (triphos)Co'"(cat) with sources of electrophilic CI" in large excess
affords a green material. This material has a unique UV-vis spectrum which is not
observed as a product of outer-sphere oxidations of the complex. ESI-MS indicates a
chloride is present. The green material is not produced when the halide is not in excess
but rather the complex is simply oxidized to [(triphos)Co'"(sq)]" as indicated by UV-vis.
This need for a large excess is likely needed due to the high potential of the second
oxidation required for bond formation. There is the alternative explanation that the
reaction required excess to overcome the steric hinderance to the binding of the
chloride. However, the product appears stable either in solution or powder once formed
so it is unlikely that this instability is a result of sterics. It is also unlikely that the cobalt
exists in this product in the +4 oxidation state. From this, we therefore tentatively
formulate this material as [(triphos)Co"(Cl)(sq)]*. Given this assignment, the two electron
bond-forming reaction is facilitated by the combination of the metal and the catecholate
ligand, both providing one electron for the new bond.

Reactions with more interesting electrophiles such as alkyl halides proved
unsuccessful with the (triphos)Co'"(cat) complex. With very strong reagents, outer sphere
oxidation is observed followed by degradation of the complex. The green
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(triphos)Co"(Cl)(sq) species could not be characterized to indicate if one or more of the
coordinating phosphine arms of the triphos ligand can dissociate to allow coordination.
The steric congestion of the complex and the lack of two open coordination sites likely

impedes possible reactivity.

5.4.3. Instability of other complexes with a tridentate phosphine ligand
Preparation of analogs of (triphos)Co"(cat) containing the amidophenol-derived
ligand was attempted using the same procedure. This required use of an
iminobenzoquinone ligand. It has been previously detailed in literature that the
amidophenol-derived ligands without substituents in the ortho positions of the N-phenyl
ring undergo a spontaneous, intermolecular ring closing reaction when oxidized prior to

|.29

coordination to metal.”” The 2,6-diisopropyl version was therefore chosen, as it can be

isolated in the iminoquinone form, to be used in the initial synthetic attempts of the
(triphos)Co(ap™). However, the reaction appeared to take days to form isolable complex
after addition of the iminobenzoquinione ligand. This resulting material was found to be
[Co"(ap™),]", even when substoichiometric amounts of the redox active ligand were
added. It seems reasonable that the steric bulk of both the triphos ligand as well as the
amidophenol-derived ligand with large isopropyl substituents is too sterically
iPr]2—

encumbered to bind both the [ap and triphos ligands. A thermodynamic drive exists

preferring to add two redox active ligands to form the 4-coordinate [Co"

(ap)2]” instead of
the desired 5-coordinate (triphos)Co(ap).
Attempts to use the amidophenol version of the ligand were all unsuccessful. The

amidophenolate ligand did not coordinate to the metal to the pre-formed “Co(triphos)”
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fragment formed from Co(0), even with the use of various oxidants or under various
conditions. Reaction between cobalt(ll) salts, in various solvents with the triphos resulted
in precipitation of material and did not form the desired “[Co(triphos)]*"” fragment. The
steric bulk, even when unsubstituted, of the amidophenol-derived ligand in combination
with the tridentate phosphine ligand containing six phenyl groups in the vicinity of the
metal is prohibitive. While choosing a tridentate stabilizing ligand may be favorable to
allow only one of the bidentate redox ligands to coordinate, the resulting 5-coordinate
complex contains only one open coordination site which is not ideal for facilitating
successful coupling reactions. Both of these factors greatly disfavor the idea that this
complex will show interesting reactivity or be useful for non-radical reaction chemistry as

desired. This route was eventually abandoned.

5.4.4. Instability of other complexes with a bidentate phosphine ligand

In an attempt to avoid the steric congestion and 5-coordinate complex formed
with the use of the triphos ligand, the bidentate 1,2-bis(diphenylphosphino)ethane (dppe)
ligand was used. We hoped to stabilize a 4-coordinate complex containing only one
catechol-derived or amidophenol-derived ligand. Initial attempts using the dppe ligand
with the 3,5-di-tert-butyl-quinone and Co(0) starting materials, appeared to form the
coordinatively saturated (dppe)Co(cat),. This indicated that either the lack of steric bulk
or the mixed coordination by the phosphine and oxygen donor atoms did not lead to the
desired low-coordinate complex. Synthesis from the cobalt(ll) salts initially showed
promise of formation of the desired (dppe)Co(cat) when the desired complex was
observed by mass spectrometery. This was only in small yield however and repeated
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attempts to synthesized and isolate the material showed that this complex was not
thermodynamically stable and progressed on, under a multitude of conditions, to an
undesired complex quickly.

Attemped complex formation with the dppe ligand, the amidophenol-derived
ligand and cobalt also yield similar, undesired results. Reaction with cobalt(ll) and dppe
continued to be a problematic step in the synthetic procedure. We were able to purchase
dppeCoCl, as a starting material. However, a multitude of conditions and solvents all
resulted in displacement of the dppe ligand and formed the previously reported
Co(Cl)(isq)2.

In both systems containing phosphine based stabilizing ligands, two
amidophenol-derived ligands coordinate in preference over the triphos or dppe. It
appears that the (dppe)Co(cat) is accessible, similar to the (triphos)Co(cat) but is un-
stabilized. This seems to point to a thermodynamic instability in the complexes. One
possible cause of this is the lack of steric bulk surrounding the metal to stabilize the low-
coordinate environment. However, another strong possibility is that the electronic
arrangement needed for the desired four-coordinate sphere may be inaccessible with
the mixed phosphine, oxygen, and nitrogen donor environment. The previously
described cobalt bis-iminosemiquinoate, four-coordinate complexes (Chapter 2) are
believed to be stabilized not by steric encapsulation but by a favorable molecular orbital
overlap allowing the square planar environment at the cobalt metal. It is possible that the
phosphine atoms of the redox-innocent ligand are disrupting this electronic stability for

the low-coordinate species.

148



5.4.5. Unstable complex with stabilizing tridentate nitrogen ligand

With the belief that the phosphine stabilizing ligands did not provide the correct
electronic configuration to maintain the low-coordinate cobalt environment desired, we
turned to the nitrogen donor trispyrazoleborate (Tp) ligands. It was hoped that the
monoanionic ligand would also help with coordination difficulties and precipitation
previously experienced with the neutral phosphine ligands.

We pursued the synthesis of a Tp complex containing an amidopenol-derived
ligand in which the Tp ligand was in its fully unsubstituted form. The blue product
isolated from reaction in air and identified by mass spectrometry as (Tp)Co(ap) has
quasi-reversible redox features in a range that appeared useful for our reactivity study.
However, the combined data from mass spectrometry and electrochemistry possibly
suggest coordination of a labile chloride or THF ligand in the open coordination site.
From our characterization methods, it was not possible to definitively determine if one of
these was bound to the metal.

Unfortunately, we found that when left in solution over hours or with attempts to
chemically reduce the complex, the material rearranged forming the (Tp).Co complex as
characterized by single crystal X-ray analysis. This spontaneous rearrangement
indicates that the (Tp).Co is thermodynamically more stable than the desired (Tp)Co(ap)
containing an open coordination site. Most manipulations with the material resulted in
loss of the amidophenol-derived ligand. This loss of the redox-active ligand when the
material is either oxidized by air or reduced in solution is evidence of a tendency to form
the more stable six-coordinate complex and suggests the material is unlikely to facilitate
useful reactivity and remain intact.
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5.5. Conclusion

Here, we report a series of coordinatively unsaturated cobalt species that contain
only one redox-active ligand. This molecular design was pursued because we expected
that it would force the cooperation between the metal and ligand in and requires each to
provide a single electron for two electron reactivity with electrophiles. We have shown
that oxidation of (triphos)Co'"(cat) gives [(triphos)Co'"(sq)]" and both are best assigned as
cobalt(ll) species. Thus the oxidation of the neutral species occurs at the redox-active
ligand. We have also established that the (triphos)Co"(cat) complex reacts with a source
of a CI" electrophile in a net two electron reaction to form a new material we tentatively

assign as (triphos)Co"

(Cl)(sq). However, due to the steric bulk of the triphos ligand, the
coordination sphere around the metal is too congested for further reactivity. While
reactivity with other, more interesting electrophiles is not observed, we have established
evidence for the fundamental feasibility of our strategy to incorporate only one redox-
active ligand to work in concert with the cobalt metal to evoke multi-electron reactivity.

In an effort to synthesize other low coordinate complexes containing one redox-
active ligand on cobalt, attempts were made at the synthesis of (triphos)Co'(ap),
(dppe)Co'(cat), and (dppe)Co'(ap). All of these proved unsuccessful. Synthesis with the
tridentate nitrogen ligand Tp to form (Tp)Co(ap) resulted in formation of a new species
tentatively believed to be (Tp)Co(ap). However, this complex was found to be unstable in
solution and when subjected to oxidants or reductants as it consistently rearranged to
form the thermodynamically more stable (Tp).Co. This study highlights the difficulty in
stabilizing cobalt in low coordinate environments and allowing the metal center to be

accessible for reactivity.
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Future directions and conclusions

6.1. Conclusions

In this study, we looked to install multi-electron redox capacity at a cobalt
complex using redox-active ligands. These ligands are able to exist in various oxidation
states themselves and are therefore able to support and participate in redox events. We

have prepared an electronic series in three oxidation states: monoanionic [Co (ap),],

neutral Co"

(isq)(ap), and cationic [Co"(CH3CN)(isq),]" species. Contrary to previous
reports in literature, steric bulk from the ligands surrounding the metal center is not
required to stabilize the cobalt center in the square planar coordination environment.
Characterization of the ligands of all three of these complexes through X-ray crystal
analysis show that the metal center remains cobalt(lll) through the redox changes. This
indicates that two electron oxidation from the monanion to the cation occurs with both
electrons being extracted formally from the ligand set. Both of these electrons are
accessible at modest potentials indicating that these complexes may be prone to multi-
electron redox changes as desired.

In a proof-of-concept study, we demonstrated that Co"(isq)(ap) reacts with halide
radicals to form a new cobalt-halide bond in a single electron reaction. On the contrary,

+»

[Co"(ap),]” appears to be prone to multi-electron reactivity in reactions with “CI*” and not
chloride radical sources. Characterization of the Co"(Cl)(isq). product indicates that the
product remains cobalt(lll) and therefore the electrons used to form the new bond are
formally delivered from the ligand set. Mechanistic studies of the net two electron

reaction with [Co"(ap).]” show no evidence of the reaction proceeding through
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sequential radical steps but instead suggest a single, two electron step is responsible for
the bond-formation. This atypical multi-electron capacity at cobalt(lll) is a result of the
electronic overlap of the cobalt and the redox-active amidophenol-derived ligands
allowing the ligands to participate in bond formation.

Given the nucleophilicity of the [Co"

(ap)2]” and its noted proclivity for multi-
electron reactivity, we pursued reaction with more interesting reagents. The first step in
palladium catalyzed Kumada or Negishi cross-coupling reactions involves the activation
of an organic halide. The classic catalysts for these systems are often limited in that
oxidative addition of alkyl halides is generally slow and results in products susceptible to
unwanted B-hydride elimination.”? Alkyl halides are, therefore, generally believed to be
difficult reagents to use to form new carbon-carbon bonds. However, [Co"(ap),]” reacts
with alkyl halides to pseudo-oxidatively add the alkyl at the cobalt center and forms a
stable product. This reaction proceeds with primary and secondary alkyl halides and
regardless of the leaving group. The reaction is even successful at activating carbon-
chloride bonds unlike many similar catalytic systems. The product of the reaction can be

isolated and was found to be best assigned as Co"

(alkyl)(isq).. This assignment
indicates that the reaction occurs, again, with the new bond formed with two electrons
formally derived from the ligand set and with no change in the oxidation state of the
metal center. Mechanistic investigations of the pseudo-oxidative addition suggest the
reaction is Sy2-like. This supports the previous observations that [Co"(ap),]” is able to

facilitate preferred concerted, multi-electron reactions with the aid of the redox-active

ligands.
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A study of stepwise Negishi-type cross-coupling was completed using the
isolated Co"(alkyl)(isq), in a reaction with organozinc reagents. The cross-coupling
reaction is successful with use of both sp?- and sp®- hybridized organozinc reagents. The
yield is increased with excess organizinc reagent but the yields are still too low to make
the reaction useful (maximum yields of approximately 20%). Similarly, the two electron
oxidized complex [Co"(CH3sCN)(isq),]* reacts with organozinc reagents to couple two
carbanions and form a new carbon-carbon bond. This oxidative coupling reaction is
successful with both sp%sp? and sp>-sp® carbon-carbon bond formation but gives similar
yields to the cross-coupling reaction. The use of air as an oxidant allows some amount
of catalytic turnover but only two to three turns. When followed substoichiometrically and
under nitrogen, the oxidative homocoupling reaction can be observed to form the five-

coordinate organometallic complex isolated from the reaction of [Co"

(ap)2]” with alkyl
halides. This indicates that after the first alkyl or aryl is installed on the
[Co"(CH3CN)(isq),]" through a simple acid-base reaction, the homocoupling and cross-
coupling reactions proceed by the same pathway.

The yield of both coupling reactions is decreased by increased steric bulk of the
organic fragments or around the metal center created by substituents on the ligand.
Examination of all the organic fragments in a cross-coupling reaction indicates that there
is no exchange between the first alkyl fragment added to the cobalt complex and the
carbanion. Comparison of the homocoupling reaction with varying steric bulk around the
metal indicates that the added steric congestion does not disfavor the addition of the first
alkyl fragment. However, the addition of the second alkyl fragment is almost completely

inhibited with the increase bulk around the metal center. This result more importantly
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implies that the coupling of the two carbon fragments is entirely inner-sphere requiring
installation of both at the metal center for coupling. The cobalt complexes facilitate these
reactions selectively and avoid radical steps and intermediates more typical of cobalt
systems in the absence of the redox-active ligands.*

In a complementary study, use of bidentate or tridentate stabilizing ligands in
combination with one redox-active catechol-derived or amidophenol-derived ligand was
investigated. By designing the complex with only one redox-active ligand, the metal and
ligand are forced to work in concert with one another to facilitate multi-electron reactions.
We hoped to learn if a proclivity for two electron reactions could be obtained with this
approach as well. In synthesis of (triphos)Co"(cat) and the one electron oxidized
[(triphos)Co"(sq)]" we found that the cation had been previously mis-assigned
electronically. With the new assignment, it is evident that the oxidation occurs in the
ligand and not the metal. Reaction of (triphos)Co'"(cat) with a CI* reagent generated a
new material that we describe as (triphos)Co"(Cl)(sq). Given the assumption that this is,
in fact, the product formed, this implies that the two electrons used to create the new
cobalt-halide bond are derived from both the ligand and the metal, one from each. We
believe (triphos)Co'"(cat) is unreactive with other electrophiles due to the steric bulk
congesting the metal center.

Synthesis with the tridentate phosphine ligand (triphos) and the amidophenol-
derived ligands proved unsuccessful. We believe this was attributable to the large steric
demands of both ligands. Use of a smaller bidentate phosphine (dppe) failed to stabilize
either the catecholate or amiophenolate species into a four-coordinate environment.
Coordination with the tridentate trispyrazolborate ligand (Tp) was believed to be
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successful with the amidophenolate. However, various routes of reactivity with the
complex all lead to degradation of the material and formation of undesired (Tp).Co.
Throughout the course of both of these studies, steric crowding at the metal
center was a problem. These ligands congest the coordination sphere with the bulky N-
phenyl slowing or inhibiting bond-forming reactions at the metal center. While the
amidophenolate ligands show promise with facilitation of some reactivity, the correct
stabilizing ligand to balance the electronic overlap and open environment surrounding
the metal has yet to be found. However, we have shown that it is possible to use the
redox-active ligands in combination with cobalt to create a proclivity for multi-electron

reactions at the metal that is naturally prone to radical reactions.

6.2. Future Directions

The reactivity of the cobalt bis-amidophenolate system previously outlined by this
dissertation is limited by a consistent problem with steric crowding at the metal center
where all bond-forming reactions take place. This crowding disrupts the oxidative

addition of alkyl halides to the fully reduced [Co"

(ap)2]” and impedes the carbon-carbon
coupling reaction of Co"(R)(isq), with RZnX. We demonstrate early in this study that the
amidophenol-derived ligands do not need steric bulk in the vicinity of cobalt to maintain
open coordination sites at the metal center. Within our research group, use of the same
amiodophenol-derived ligands in combination with other metals such as manganese and
iron show these complexes do not activate alkyl halides similarly to the cobalt
complexes. The iron and manganese do demonstrate potential for facilitation of oxidative

coupling reactions®® but are still not as efficient as current palladium based systems.
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Other groups have looked at alternative amidophenol-derived ligands which do
not contain the bulky N-phenyl substituents which lie orthogonal to the plane of the
ligand. A few of them are highlighted in Scheme 6.1.”® Ligand H,L' contains a tertbutyl
group on the nitrogen in the place of the phenyl group used in our Co(ap™), system. A
crystal structure obtained of ZrCl,(L"), has a cis arrangement of the redox-active ligands
using this analog.” While this complex demonstrates similar oxidative addition and cross-

coupling reactivity, the reaction is still not efficient.”®

Some work has been done within
our group with tetradentate, amidophenol-derived ligands as well. Attempts to metallate
H,L? with iron and cobalt all result in the loss of the ethyl backbone as determined by
crystal structure analysis.” Coordination of cobalt with H4L® is indicated by mass

spectrometry and stability of the material to contain three ligands attached to two
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different metal centers making bimetallic, coordinatively saturated products.”" This ligand
also is potentially too rigid to allow the flexibility required for the tetradentate ligand to
twist to allow the two open coordination sites to be cis to one another given the planar
aryl rings throughout the ligand. These sites must be cis to facilitate successful coupling
as we have demonstrated that the coupling occurs at the metal center in an innersphere
reaction.

These issues may be addressed by other ligand scaffolds, which could
simultaneously stabilize the low-coordinate environment, maintain the correct electronic
overlap with the metal, and have the flexibility to rotate about the metal as required. For
instance, HyL* is a known ligand modification of the ethyl-backbone previously examined
(HsL?)." The backbone of this ligand adds stability while remaining flexible and is

significantly less sterically demanding as compared to the ligands containing N-phenyl
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groups because they are in the plane of the ligand rather than orthogonal to the plane.
This may decrease the steric encumbrance at the metal center. The ligand has already
been shown to bind nickel, copper and palladium complexes in various oxidation
states.' Similarly, H,L® has been shown to coordinate tungsten in an octahedral
arrangement and arrange such that two other monodentate ligands can be arranged cis
to one another.” The redox-active nature of this ligand is not clearly established in the
literature.™ However, the ligand should be able to support oxidation state changes and
further investigation is warranted.

A slightly different complex design may include use of the tridentate HsL.%™
Co(L®), has been the focus of many years of study concerning the intramolecular
valence tautamerism between the metal and ligand."®"” The binding of two of the redox
active ligands makes the complex coordinatively saturated and unfavorable for
facilitating reactivity at the cobalt center. These studies have, however, demonstrated
that the molecular overlap is favorable for mixing of the metal and ligand electrons. One
of these tridentate ligands has been shown on copper(ll) to successfully arrange in
combination with weakly coordinating ligands in square planar coordination leaving two
open coordination sites.’”® Our goal moving forward would be to stabilize a cobalt
complex with only one of these tridentate ligands. The use of a tridentate ligand opens
up room around the metal center favoring successful reactivity. The tridentate nature of
the ligand also allows open sites to exist cis to one another. This design may be more
favorable than the square planar complexes for facilitation of coupling reactions as there
is no isomerization issue to allow these cis coordination sites to be readily available. This
combination has great potential to facilitate successful coupling at the metal center.
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