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Principles of Molecular Design in the Development of Ligand Frameworks that Control the
Primary and Secondary Coordination Spheres of Metal Ions
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Doctor of Philosophy in Chemistry
University of California, Irvine, 2015

Professor Andrew S. Borovik, Chair

Metalloproteins have evolved to contain specific combinations of primary and secondary
coordination spheres within their active sites that contribute to the high activity and selectivity of
their chemical transformations. One approach to developing small molecule analogs with
comparable reactivity is to design molecular constructs that exhibit similar control over aspects
of the primary and secondary coordination spheres. This dissertation describes the design and
reactivity of multifunctional ligands that position hydrogen-bond acceptors within the secondary
coordination spheres of transition metal complexes. Two classes of ligands were studied: the first
is a tetradentate, tripodal ligand ([MST]>) that was previously demonstrated to support formation
of heterobimetallic complexes containing a Mn center and a redox inactive metal ion. The
extension to the Fe analog is described here, as well as the continued examination of the
influence of group 2 metal ions on the properties and reactivity of both the Mn and Fe
complexes. The most important finding of these studies is that Ca(Il) and Sr(II) ions impart
nearly identical influences on the Mn and Fe centers—a result with relevance to biological water
oxidation. Reaction of [MnMST] and [FeMST] with oxygen-atom transfer reagents in the

absence of secondary metal ions uncovered a limitation of the [MST]> ligand system in which
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weak C—H bonds are susceptible to intramolecular oxidation. In order to address this limitation,
ligand derivatives were designed that removed weak C—H bonds, which led to the observation of
a putative Fe(IV)—oxo intermediate.

The last two chapters of this dissertation describe the development of a new type of
ligand that utilizes a tridentate, redox-active framework that has been shown to provide access to
multi-electron transformations at first row transition metal centers. The first derivative of this
ligand was shown to form dinuclear complexes of Fe, Co, and Cu with a pre-organized binding
pocket for secondary metal ions. Modification of the steric bulk of the ligand prevented
formation of these dinuclear complexes and instead supported mononuclear Fe and Co centers.
The structural, electronic, and electrochemical properties of both of these series of complexes are

described.
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CHAPTER 1
Introduction

Metalloproteins facilitate life’s essential chemical reactions with an impressive
activity and selectivity that provides a source of motivation for synthetic chemists. The
high reactivity of these natural systems is made possible through a combination of
structural and electronic features within and around the active site that contribute to the
reactions occurring at the metal center. These features extend beyond the primary
coordination sphere formed by the ligands that are directly bound to the metal center—
also included are non-covalent interactions such as hydrogen bonding (H-bonding)
networks, steric influences, electron transfer relays, and water channels that make up the
secondary coordination sphere.

A metalloprotein that exemplifies the important contributions of both the primary
and secondary coordination sphere influences to its function is the cytochrome P450
monooxygenase enzyme. This enzyme utilizes dioxygen to perform the stereo- and
regiospecific functionalization of C—H bonds in a variety of metabolic processes (Figure
1.1)."? The activation of dioxygen occurs at a heme iron(II) center and produces an
Fe(IV)—oxo intermediate with a ligand-delocalized radical that is understood to be the
competent oxidant in the hydroxylation reactions (known as Compound I).>* A number
of design features within the active site have been pinpointed as essential contributors to
the efficiency and selectivity of this transformation. First, the strong electron donation
from the axially coordinated cysteine residue facilitates the cleavage of the O—O bond
after dioxygen binds to the metal center.” The importance of this factor is evident in the

comparison to the oxygen transport proteins hemoglobin (Hb) and myoglobin (Mb),



which are coordinated by a histidine residue instead of cysteine and are not capable of
activating O,. The strong electron-donating ability of the cysteine residue is also credited
with increasing the basicity of the oxido ligand in Compound I, which contributes to the
high reactivity of this potent intermediate while allowing the oxidation potential to
remain low.° This property is important for preventing deleterious intramolecular

reactivity of Compound I with the protein scaffold.
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Figure 1.1. Catalytic cycle of substrate hydroxylation by cytochrome P450 and a
depiction of the competent oxidant (Compound I).

A secondary sphere feature that is essential for the cleavage of the O—O bond by
cytochrome P450 is the presence of a H-bonding network between the coordinated
dioxygen ligand, nearby water molecules, and neighboring amino acid residues (Figure
1.2). This network facilitates proton transfer to the hydroperoxido ligand and directs

reactivity to O—O bond cleavage; disruption of the network via mutation of the threonine



residue with alanine shuts down hydroxylation and instead generates peroxide.’ Other
non-covalent interactions within the secondary coordination sphere establish the
regioselectivity of the oxidation reaction. For example, in the cytochrome P450
derivative that oxidizes the substrate camphor, a H-bonding interaction between a
tyrosine residue and the carbonyl oxygen of the camphor molecule as well as a number of
hydrophobic interactions with aliphatic and aromatic residues further position the
substrate such that only the C5 position is hydroxylated.®

Tyrgg

.
O~z

Thross

Figure 1.2. Depiction of the H-bonding interactions within the active site of
cytochrome P450 that serve to orient the substrate (camphor) and assist in O-O
bond cleavage.
Molecular Design in Synthetic Systems
Primary Coordination Sphere Considerations
The highly active and selective catalytic systems that are born out of the complex
combination of secondary sphere interactions within metalloproteins illustrate how
rational molecular design of synthetic constructs containing similar combinations of

interactions can be used to control reactivity in synthetic systems. Manipulation of the

primary coordination sphere of metal complexes is a well-established concept in



coordination chemistry that has long been used to influence the electronic properties of
the metal center. For instance, varying the donor strength of the ligands that are directly
coordinated to the metal center is known to influence the range of accessible and stable
oxidation states. This concept was illustrated by early studies on the coordination of
deprotonated amide groups in peptides to metal ions, which found that the donor strength
of the amide groups better stabilize the unusual +3 oxidation state of Cu than the more
weakly donating carboxylate moieties (Figure 1.3A).°'? The stabilities of these
complexes were further improved by the rational modification of the ligand to prevent
oxidation of the methylene groups in the backbone via replacement of the H atoms with

1314 These same design principles were applied by

methyl groups (Figure 1.3A, right).
Collins and coworkers in the development of a robust macrocyclic ligand framework for
the stabilization of extremely high oxidation states, which lead to the notable isolation of
Mn(V)-oxo and Fe(V)—oxo complexes (Figure 1.3B)."""* In the opposite direction,
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Figure 1.3. A) Cu(Ill) complexes stabilized by the strong donation of the amide
groups in the tetraglycine fragment. B) High valent Mn(V)- and Fe(V)-oxo
complexes developed by Collins that utilized the same concepts of strong amide
donors and methylation of the methylene linkers that was described for the Cu(III)
tetrapeptide complexes.



electron-accepting donors such as CO and phosphines are known to provide access to
transition metal ions in low oxidation states.'’ For example, the first characterization of a
complex containing a transition metal ion in a negative oxidation state was reported for
[Fe(CO)4]* in 1931,%° and the first complex that utilized a ligand other than CO to
stabilize a negative oxidation state was [Co(PF3),]. >

The donor ability of ligands can be further tuned by modifying the electron
donating or withdrawing nature of the functional groups contained in the ligand
framework. This principle was clearly established over 50 years ago with complexes of
tertiary phosphine ligands in which the stretching frequency of the CO ligands in
[Ni(CO)sPR;]*" was found to span over 50 cm™ from R = Bu to R = CF3.” The effect of
this change in the electron donating properties was visible in the rate of hydrogenation
with para-substituted RhCI(P(p-CcHsR)3); complexes, in which a nearly 20-fold rate
enhancement was observed for R = F compared to R = OMe.”

Another design concept that has been used to access both high and low formal
oxidation states is the incorporation of a redox active component within the ligand
framework that can accept or donate electrons. Ligands that can accept electrons have
been used to stabilize low formal oxidation states, such as 2,2'-bipyridine and its
phosphine derivative, 2,2'-biphosphinine (Figure 1.4A). Shortening of the C—C bridge
within homoleptic, dianionic complexes of these ligands indicated that a significant
amount of electron density resided on the ligands instead of the metal ions.**** Similarly,
in the first report of a square planar complex containing a Co(IV) center, distortion of the
aromatic ring suggested contribution of electron density from the ligand, which led to

reformulation of the oxidation state as Co(III) with a ligand radical (Figure 1.4B).2%%7
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Figure 1.4. Complexes supported by redox noninnocent ligands that provide

access to formally A) -2 and B) +4 oxidation states. Select bond lengths are

shown that were used to determine that the ligand had been reduced or oxidized.
Secondary Sphere Considerations

The rational design of ligand frameworks that contain a combination of specific

primary and secondary coordination sphere properties have been much less explored due
to synthetic difficulties in reproducibly positioning functional groups in high impact
locations. However, the efficacy of this approach as demonstrated by the cytochrome
P450 enzyme described above warrants the pursuit of such systems. The impact of
secondary sphere interactions in synthetic constructs is illustrated by the early work of
Collman on the development of synthetic mimics of Hb and Mb. These metalloproteins
reversibly bind dioxygen at a heme iron center that is buried within a cleft of the protein,
which serves to protect the resulting Fe—superoxo unit from deleterious reactions.”*>" The
protein scaffold is also responsible for supporting the formation of a five coordinate iron

center, which is known to be essential for O, binding.31 In his seminal work, Collman

designed a synthetic mimic that fulfilled the role of the protein matrix by constructing a



protective fence around one face of the corresponding iron-porphyrin complex (Figure
1.5).>> When combined with a sterically encumbered imidazole, this fence limited
coordination of an axial ligand to the unhindered side of the iron center while still
allowing small molecules such as dioxygen to bind within the cavity of the hindered face.
In addition, the fence protected the coordinated O, unit from further reaction with a
second iron center. These properties led to the first crystallographic characterization of an

iron-dioxygen adduct in either a protein or a synthetic complex.***

Figure 1.5. Picket fence porphyrin complex that was used to structurally
characterize the first example of an Fe—O, adduct.

The successful imitation of the hydrophobic pocket and face differentiation of Hb
and Mb within a synthetic construct marked a significant advancement in molecular
design and provided a foundation to which further rational modification could be applied.
For example, a variety of picket fence porphyrin derivatives were subsequently
developed that appended H-bond donors adjacent to the open coordination site on the

341 in Hb and Mb, a H-bonding interaction between the superoxide ligand

metal center;
and the distal histidine residue is thought to contribute to the affinity for O, binding and
to the stabilization of the coordinated superoxide ligand. Although the amide linkages

that form the fence in the original picket fence porphyrin complex could potentially act as

H-bond donors to the Fe(Ill)-superoxo unit in a similar manner as the histidine residue,



these groups are too far removed from the Fe(IIl)-superoxo unit at a distance of over 5 A
to form intramolecular H-bonds. New derivatives were therefore developed that
positioned H-bond donors in closer proximity to the metal center. In one example, a
series of derivatives in which one of the pivalamide pickets was functionalized with H-
bond donating groups were prepared and the O, binding affinity of their corresponding
Fe complexes was examined.” A derivative containing an appended phenyl urea moiety
was found to enhance the affinity by a factor of nine—a result that was attributed to

interaction of the urea N—H group with the superoxide ligand (Figure 1.6).

Figure 1.6. Modified picket fence porphyrin complex containing a urea group
that is capable of forming a H-bond to the superoxide ligand.

The utilization of a rigid organic framework to position key functional groups
around an open coordination site in the picket fence porphyrin system illustrated a
universal design principle that can be used to establish controlled secondary sphere
interactions in any rigid ligand framework. One ligand system in which this concept has
been applied with great success is tripodal, tetradentate frameworks. For example,
Masuda and coworkers designed a set of tripodal pyridylamine frameworks with
appended amide groups that led to the stabilization and characterized a number of

hydroxo, hydroperoxo, superoxo, and azide-coordinated complexes (Figure 1.7A).***



Intramolecular H-bonding interactions to the exogenous ligand and steric protection of
the open coordination site to prevent dimerization were key factors in the development of
these complexes. Mareques-Rivas and coworkers have also used similar functionalized
tripodal pyridylamine ligands coordinated to zinc and copper ions to examine the effects
of secondary sphere H-bonding interactions on a variety of structural and functional

50-60

properties of the complexes (Figure 1.7B). For instance, the researchers found that

changing the number of H-bonding groups has at least an equal influence on the pK,
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Figure 1.7. Examples of tripodal ligand frameworks that establish secondary
sphere interactions: A) Cu(Il)-hydroperoxide and Co(Ill)-azide complexes
reported by Masuda; B) select complexes of Mareque-Rivas that were used to
study the influence of H-bonds on the acidity of the coordinated water molecule.
Shown are the two symmetric ligand frameworks, but unsymmetric derivatives
containing 1 and 2 unfunctionalized pyridyl donors were also developed; C) one
of the intermediate species from the reduction of N, that was isolated by Schrock.



values of a coordinated water molecule as changes to the primary coordination

54,55
sphere.”™

Schrock and coworkers utilized a triamidoamine tripod derivative
functionalized with tremendously bulky 3,5-(2,4,6-i-Pr;C¢H;),CeH3
(hexaisopropylterphenyl (HIPT)) substituents to characterize an impressive series of eight
intermediates along the pathway of N, reduction to ammonia (Figure 1.7C).°"® The
extreme steric encumbrance of the substituents established a deep cavity of ~7 A around
the open coordination site of the metal center that protected the axial ligand from
intermolecular reactions but that also maintained a pathway in the equatorial plane by
which reactants could approach. This fine-tuned steric balance supported the stepwise
protonation and reduction of a coordinated N, molecule to NH; via stoichiometric
reactions with an organic acid and a chemical reductant.

A variety of other rigid ligand frameworks besides tetradentate tripods have also
been used to establish secondary sphere interactions within transition metal complexes.
For example, installation of another bulky terphenyl substituent in a bidentate, a-diimine
ligand allowed for the isolation of an unusual Pd(II) complex with two terminal
hydroxide ligands (Figure 1.8A).** Similarly, incorporation of ¢-butyl groups into a tris-
(pyrazolyl)borate ligand framework permitted the isolation of the first examples of both a
four-coordinate Zn(Il) complex with a terminal hydroxide ligand and a four-coordinate

Cu-nitrosyl complex (Figure 1.8B).%

DuBois and coworkers have developed a
bidentate, macrocyclic phosphine ligand that positions basic amine groups within the
secondary coordination sphere of a Ni(Il) electrocatalyst used for H, production (Figure

1.8C). Remarkably high turnover frequencies for this catalyst are attributed to the

contribution of the pendant amine groups to the relay of protons to the metal center.®’
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Figure 1.8. Examples of complexes that establish non-covalent interactions
within the secondary coordination sphere.

Previous Work in the Borovik Lab
The Borovik lab has utilized a combination of the molecular design principles
described above to develop a variety of multifunctional ligand frameworks for the

Jo . .. 68-71
stabilization of unusual first row transition metal complexes.

These ligands employ a
rigid tripodal framework to incorporate secondary sphere interactions around an open
coordination site of a transition metal center. Until recently, the focus of these research
efforts was on complexes that contain H-bond donating interactions. These interactions
have been shown to significantly influence the properties and reactivities of the
corresponding transition metal complexes, such as the ability to activate dioxygen at
Co(II) centers and to stabilize complexes containing oxido and hydroxido ligands. For
example, a series of ligands containing 0, 1, 2, and 3 H-bond donors were used to study
the influence of H-bonds on dioxygen activation by Co(Il) (Figure 1.9).” While the
complex supported by the ligand with no H-bond donors showed no reaction with excess
O,, the ligand with one H-bond donor did react to form an unstable Co(III)-OH species.
In contrast, both of the complexes containing 2 and 3 H-bond donors reacted with half an

equivalent of dioxygen to form Co(IlI)-OH complexes whose stabilities differed

according to the number of H-bonding interactions; the complex supported by the ligand
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Figure 1.9. Complexes supported by ligands containing varying numbers of H-
bond donors that were used to examine the influence of H-bonds on O, activation.

with 3 H-bond donors (denoted [Hsbuea]’") was stable for weeks in solution, while the
complexes with 2 and 1 H-donors decayed with initial rate constants of 5.9 x 10™ and 2.5
x 107 M min™, respectively. The stabilizing influence of the three H-bond donors in
[Hsbuea]® also provided access to an unprecedented Fe(Ill)-oxo complex from the
reaction of the Fe(II) species with dioxygen (Figure 1.10).”> In this complex, the H-
bonding interactions are thought to take the place of the M—oxo m-bond that is typically
required to stabilize an oxido ligand. Also essential to the isolation of this unique species
was the steric bulk of the tert-butyl groups within the secondary coordination sphere,
which prevented intermolecular interactions that form p-oxo bridged dimers. These same
design features, in addition to the strong donor ability of the deprotonated amide
moieties, supported the isolation of an impressive series of high spin Fe and Mn

complexes with hydroxo and oxido ligands in oxidation states ranging from +2 to +5.”!

Figure 1.10. Depiction of the H-bonding interactions that stabilize the oxido
ligand in [Fe""Hsbuea(O)] .
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The successes of the [Hsbuea]’ ligand system in stabilizing M—oxo and M-
hydroxo complexes led to the question of how altering the type of intramolecular H-
bonding interactions would change the types of complexes that could be prepared and
stabilized. To probe this question, a tripodal ligand with the same primary coordination
environment and symmetry of the [Hsbuea]®” ligand but that contained H-bond accepting
sulfonamido groups instead of H-bond donating ureas was designed (Figure 1.11A,
[MST]).* The switch to sulfonamido groups changed the polarity of the cavity from
partially positive to partially negative, which altered the types of ligands that could be
stabilized within the cavity—while the urea ligand was best suited to oxido and
hydroxido ligands, the sulfonamido tripod supports ligands with multiple protons that
were not stable in [Hsbuea]”, such as water and ammonia (Figure 1.11B).¥* An
unexpected consequence of redesigning the cavity in [MST]>" was that the sulfonamido
oxygen atoms create an auxiliary binding site for a second metal ion that allows for
systematic preparation of discreet heterobimetallic complexes. These complexes are
prepared from oxidation of [M"MST]™ complexes with dioxygen in the presence of a
secondary metal ion. For example, reaction of [Mn"MST] and Ca"(OTf),/15-crown-5 or
Ba"(OTf),/18-crown-6 with excess dioxygen led to the isolation of Mn(III)-hydroxide
complexes containing a Ca(II) or Ba(II) ion in the secondary coordination sphere (Figure
1.11C).% Similarly, when Mn"(OTf),:2MeCN or Fe"(OTf),-2MeCN and 1,4,7-trimethyl-
1,4,7-triazacyclonane were added as the secondary metal ion, bimetallic complexes

.. .. 85
containing two transition metal centers were generated.
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Figure 1.11. A) [MSTT> ligand framework; B) Fe(IlI)-NH;3 complex showing the
H-bonding interactions to the sulfonamido oxygen atoms; C) an example of a
heterobimetallic complex that was prepared from reduction of O,.
Overview of the Remaining Chapters
The research described in this dissertation continues to build on the studies of the
tripodal ligand systems that contain sulfonamido groups. In particular, the reactions of
these complexes with oxidants in the presence and absence of group 2 metal ions were
examined. Furthermore, a new ligand system was developed that incorporates
sulfonamido groups within the secondary coordination sphere of a tridentate redox active
framework.
Chapter 2
The preliminary report on the [MST]’ ligand system described the preparation
and characterization of Mn(IlI)-hydroxide complexes containing a Ca(Il) or Ba(Il) ion
within the secondary coordination sphere.*” This chapter extends the study to include the
Sr(Il) analog, as well as the related Fe(IIl) heterobimetallic complexes of the same three
group 2 ions (Figure 1.12). The primary focus of this work was on the investigation of the
influence of the group 2 metal ions on the preparation and properties of these

heterobimetallic complexes. In particular, the influence of the secondary ions on the rate

of O, activation and on the redox properties of the isolated complexes was examined.
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Studies were also performed to elucidate the source of the oxygen atom and the proton in
the hydroxido ligand of the isolated products. Finally, the influence of the crown size in

the Fe complex containing a Ba(Il) ion was studied.

M! = Ca, Sr, Ba

Figure 1.12. Three of the heterobimetallic complexes studied in Chapter 2.
Chapter 3

In order to fully understand the influences of secondary metal ions on the
properties of the heterobimetallic complexes, the properties of the analogous
monometallic [Mn"MST(OH)]” and [Fe""MST(OH)]" complexes needed to be
determined for comparison. Towards this goal, the generation of [Fe""MST(OH)]™ from
dioxygen and oxygen-atom transfer reagents in the absence of secondary metal ions was
explored. These studies uncovered a limitation of the [MST]* ligand framework: the
ortho methyl groups in the mesityl units are susceptible to intramolecular oxidation in the
reaction of [Fe"MST]™ with oxygen-atom transfer reagents (Figure 1.13). In an attempt to
prevent this intramolecular reactivity, two derivatives that replaced the mesityl units with
more robust groups were designed and the reactivities of their corresponding Fe(II) and
Mn(Il) complexes were explored. Although a derivative containing naphthyl groups

(INSTT*) still suffered from intramolecular oxidation, incorporation of tolyl groups

15



([TSTT”) successfully prevented this undesirable reactivity and permitted further study of

the oxidation of its Fe(II) complex, which is described in Chapter 4.

_l_
Mes
\ P
O—_—S/
(o) \ 0 =0
Mes Il F"'Flem B\
7SN | °

Figure 1.13. Product that resulted from intramolecular oxidation of the [MST]>
ligand system.

Chapter 4

In this chapter, the oxidation of the Fe(IT) complex of [TST]> with dioxygen and
oxygen-atom transfer reagents is described. Both of these reagents lead to the isolation of
an Fe(Ill)-hydroxide complex as the final product. However, these two reactions
appeared to proceed through different mechanisms, as the oxygen-atom transfer reagent
generated an observable intermediate that was not produced in the reaction with dioxygen
(Figure 1.14). This intermediate species contained a low energy, low intensity band in its
optical spectrum, which is suggestive of an Fe(IV)-oxo intermediate. Reactivity studies
of this proposed Fe(IV)—oxo species with a substrate containing weak C—H bonds are

described. In addition, the ability to bind a secondary metal ion to the oxido ligand was

explored.
Tol 0 _-l_ \N’o Tol o _I_ Tol 0 j_
N7 N7 _\S//
°=% on, Q _Tol [ ] 0=S \ Tol 0= 0, Tol
o) \ 2 L/ 0o fo) \ (0] s/ o \ OH \S/
1l N.. | n PN — /] N.. II|V TS — 1 N, I m N
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~s_ (_Fe—N DCM ~s_ (_Fe— Fe—N
/7 \N/ | N Tt /% \N/ | V) \N/ |
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o \\/—N \\/_N \/N

Figure 1.14. Example of the reactivity studies described in Chapter 4.
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Chapter 5

The development of a new ligand system for the purpose of accessing multi-
electron transformations with late first row transition metal centers is described in this
chapter. This ligand system incorporates sulfonamido groups within the secondary
coordination sphere of a tridentate, trianionic, redox active ligand framework. Metalation
with Fe(Il), Co(Il), and Cu(Il) salts resulted in the formation of dinuclear complexes
containing two metal ions supported by two ligand frameworks to form a diamond core
structure. The structural, electronic, and electrochemical properties of these complexes
and the coordination of secondary metal ions to the sulfonamido groups are described.
The formation of the dinuclear cores with this ligand system and the propensity for
secondary metal ions to bridge between complexes prompted the development of a

modified ligand derivative that is the topic of Chapter 6.

v/
00 /M“ \M" 0 ©
(0] / -
M! = Fe, Co, Cu

Figure 1.15. Depiction of the dinuclear complexes that are examined in Chapter 5.
Chapter 6
In an extension of the work described in Chapter 5 on the redox active ligand
framework, the preparation of a second derivative that contains sterically encumbering

triisopropylbenzene units is described. This modification of the ligand led to the
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formation of mononuclear complexes of Fe(Il) and Co(II) whose coordination spheres
were completed by mono- or bidentate neutral pyridine donors (Figure 1.16). The
structural, electronic, and electrochemical properties of these four- and five-coordinate
complexes were examined by X-ray diffraction methods, UV-vis and EPR
spectroscopies, and cyclic voltammetry. The five-coordinate complexes exhibited rich
and reversible electrochemical properties, which supports the hypothesis that the redox
active ligand framework can provide access to multi-electron processes. Preliminary
reactivity studies with dioxygen and the chemical oxidant FcBF, illustrate the high
reactivity of these complexes and the accessibility of multi-electron processes.
Furthermore, the isolation of a complex in which one of the amine donors had been
protonated, in addition to the ability to isolate discreet four- and five-coordinate
complexes, provides a number of variables that can be used to modify the properties and

reactivities of the complexes in future work.

e

N\Co"“N
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Figure 1.16. An example of the mononuclear complexes described in Chapter 6.
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CHAPTER 2

Influences of Group 2 Metal Ions on the Properties of Fe and Mn
Heterobimetallic Complexes

Introduction

Redox-inactive Lewis acidic metal ions are known to play a pivotal role in a
broad range of chemical transformations. Although some of these metal ions are
independently capable of catalyzing reactions such as the bond-forming reactions
performed by alkaline earth metal ions,"™ redox-inactive metal ions are most often seen
assisting in redox processes occurring at transition metal centers. For example, Collins
observed that the presence of a secondary metal cation such as Na', Li, MgH, Ba", Sc',
or Zn" was required for oxygen-atom transfer from a Mn'—oxo complex to PPhs.
Similarly, Fukuzumi observed that a metal ion from group 1, 2, or 3 was required for the
reaction of a Co"—tetraphenylporphyrin (Co"TPP) complex with either dioxygen or p-
benzylquinone.® Furthermore, these ions promoted the transfer of an electron from
Co""TPP to the substrate with rates that were directly correlated to the strength of the
Lewis acid. In another study by Fukuzumi and Nam, a two-electron transfer from a

I
and

square pyramidal Fe''—oxo species to ferrocene was observed in the presence of Sc
Ca" ions; in the absence of these metal ions, a single electron was transferred.” Many
other examples in which redox-inactive metal ions were required for the binding or
activation of small molecules in synthetic systems have also been observed.*?’

Several metalloproteins have demonstrated similar cooperation between a
transition metal center and a redox-inactive metal ion in promoting function.”® The

enzyme most relevant to the work described in this report is the oxygen-evolving

complex (OEC) within Photosystem II. This complex contains a Ca" ion within a Mn,O;
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cluster and is responsible for the oxidation of water to dioxygen (Figure 2.1).%7"!

Although the exact function of the Ca" ion in the cluster is still unknown, it is now

widely accepted that the ion directly participates in the oxidation of water to dioxgyen.’*

37 Furthermore, the reactivity of this enzyme critically depends on the presence of the Ca"

37-41

ion within the cluster. The removal or replacement of this ion renders the enzyme

completely inactive, with only one exception; substitution with a Sr'' ion results in an

38,39,42-44 -
o No other metal ions have shown comparable

active but less efficient enzyme.
reactivity, even those with a similar ionic radius (Cd") or stronger Lewis acidity (Mg",
La"™). In fact, these metal ions actually inhibit reactivity.””*>** One proposed explanation
for this specificity to Ca'" and Sr" ions is based on a specific combination of size and
Lewis acidity; the correct size is required for structural stabilization of the cluster, while

the Lewis acidity determines the pKa of a coordinated aquo ligand.**>°

s e,

Figure 2.1. Structure of the oxygen-evolving complex in Photosystem II (PDB
3ARC). Red = O, purple = Mn, light blue = Ca.”” Dotted lines represent H-
bonding interactions.

A number of structural and functional models of the OEC have been developed

. I - s 47-55
that contain a Ca~ or Sr ion within a Mn cluster.

However, there is still a need for
the development of systems in which the effects of a group 2 metal ion on the redox

properties of a single transition metal center can be examined. These efforts are made
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difficult by the challenges of preparing complexes containing two different metal centers.
Although several examples of such heterometallic complexes have been reported, they

either lack the ability to vary the group 2 metal ion without drastically changing the

47-51 22,56
A

structure, or the complex examined does not participate in redox processes.
notable exception comes from the lab of Agapie, whose Mnj cluster scaffold supported
two types of tetranuclear clusters that contained several different redox-inactive metal
ions in the fourth position while maintaining the same core structure (Figure 2.2).>*>°

These clusters exhibited clean electrochemical processes that allowed the influence of the

redox-inactive metal ion on the reduction potential of the cluster to be examined.

Me

M(OTH),,
3KO,

X =Nal, Call, Sril, X = call, srll, zn!l,
Zn'l, ! Yl scil, Mnth

Figure 2.2. Abbreviated depiction of the multinuclear clusters developed by Agapie.
Our development of the multifunctional N,N',N"-[2,2',2"-nitrilotris(ethane-2,1-
diyl)]tris-(2,4,6-trimethylbenzene-sulfonamido, (IMSTT) ligand containing two distinct
metal ion binding sites has given us the opportunity to directly probe the effects of group

2 metal ions on the electron transfer processes occurring at a transition metal center
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(Figure 2.3)."® This ligand contains anionic nitrogen donors for the binding of a transition
metal ion and sulfonamido groups that are capable of both hydrogen bonding (H-
bonding) with exogenous ligands and of binding a second redox-inactive metal ion. The
isolation of heterobimetallic complexes of this ligand with M"-(u-OH)-Mn'" cores (M" =
Ca, Ba, denoted [M"(OH)Mn""]") were first described in the seminal publication on this
system.'® The work described in this chapter was performed in collaboration with Dr.

" analogs in which the effects

Young Jun Park and expanded the study to include the Fe
of Ca", Sr", and Ba" ions were examined.”” In addition, the [Sr'"(OH)Mn""]" complex

was prepared and its properties compared to the previously described [Ca"(OH)Mn"']"

and [Ba"(OH)Mn""]" complexes.

Open coordination site

H-bond acceptors — o Mt
W0’ 2nd metal ion binding site
Mes’s (0] 0
W\ 7,
5 m— A Mes ]
3 ‘N/ \) Coordinates transition metal ion

Figure 2.3. The multifunctional MST3_ ligand system.

Results and Discussion

Preparation of Heterobimetallic Complexes. The ligand HsMST was prepared
according to literature procedure from tris-(2-aminoethyl)amine and 2-mesitylene
sulfonyl chloride in one step.'® NMey[Fe"MST] was obtained via deprotonation of the
H3;MST ligand with three equivalents of NaH followed by metalation with Fe"(OAc),.
Treatment with NMesOAc gave the metathesis product, NMe4[FeHMST], that was
precipitated from dimethylacetamide (DMA) in 70 — 80% yield (Scheme 2.1). From this

product, a series of heterobimetallic complexes of the form [(crown)>M"-(u-OH)-
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Scheme 2.1. Preparative route to heterobimetallic complexes.
Fe""MST]" (M" = Ca, Sr, Ba) were prepared by treating a dichloromethane (DCM)
solution of NMey[Fe"MST] with excess O, in the presence of a group 2 metal ion crown
ether adduct (Ca(OTf)s/15-crown-5, Sr(OTf),/15-crown-5, Ba(OTf),/18-crown-6).
Monitoring of the UV-visible spectral changes upon addition of O, indicated completion
of the reaction within ten minutes (Figure 2.4), which is significantly faster than the ten
hours required for complete reaction of the Mn" analog in the presence of a group 2 metal
ion.'® The features of the final spectrum match those of the isolated crystalline material

redissolved in DCM (Amax (em) = 383 nm (4800), Figure 2.4 inset).
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Figure 2.4. Electronic absorbance spectra for the addition of dioxygen to a
solution of NMey[Fe"MST] and Sr"(OTf),/15-crown-5. Spectra were recorded
every 30 sec on a 0.3 mM DCM solution at 20 °C. The inset shows the spectrum
of the isolated product in DCM.
The Fe-containing complexes, originally isolated and crystallographically

characterized by Dr. Young Jun Park, contained the heterobimetallic core [M"-(u-OH)-

Fe""MST]", abbreviated as [M"(OH)Fe'"]", in which the hydroxide ligand is derived from
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" center resides within the Ny binding pocket

oxygen. As depicted in Figure 2.5, the Fe
that is established by the three anionic sulfonamide nitrogen atoms and the neutral apical
nitrogen atom. The hydroxide ligand occupies the fifth coordination site opposite of the
apical nitrogen and bridges to the group 2 metal ion, which is also coordinated to two
sulfonamido oxygen atoms of the supporting ligand. The third ligand arm participates in a

H-bonding interaction with the hydroxo ligand. The crown ether molecule completes the

coordination sphere of the group 2 metal ion.

Figure 2.5. Molecular structure of [(15-crown-5)DCa"-(u-OH)-Fe""MST]"
determined by XRD methods. Thermal elliposoids are drawn at the 50%
probability level, and only the hydroxo proton is shown for clarity.

The source of the oxygen atom in the hydroxide ligand of the above complexes
was shown to come from dioxygen via reaction of NMey[Fe"MST] and Sr(OTf),/15-
crown-5 with '*0,. The Sr"" complex was chosen over the Ca" and Ba" analogs because it
exhibits a sharper band for the OH vibration than Ca" (full width at half maximum
(FWHM) = 70 cm™"), which allows for a shift in v(OH) to be more easily measured. The
v(OH) band of the '*O isotopomer shifted 10 cm’ relative to [Sr(*°OH)Fe"]" (v("*OH) =
3379 cm™, v(*®*0OH) = 3389 cm™), which is consistent with the prediction based on the

harmonic oscillator model.
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The source of the H-atom in the hydroxide ligand is unknown, although we have
proposed that it is derived from H-atom abstraction from the solvent (DCM). To test this
hypothesis, the reaction of [Fe"MST]™ with O, in the presence of Sr(OTf),/15-crown-5
was conducted in deuterated DCM, and the product was analyzed by IR spectroscopy and
ESI-MS. Replacement of the OH™ ligand for OD™ was predicted to shift the OH vibration
from 3389 cm™ to 2465 cm™ based on the harmonic oscillator model, and the molecular
ion peak of the complex was expected to shift by one mass unit. However, this
experiment proved difficult, presumably due to the facile exchangeability of the deuteron
with adventitious protons, as the coordination of the redox-inactive metal ion to the
hydroxide unit makes it more acidic. Therefore, a second experiment was conducted in
which an excess of a substrate containing weak C—H bonds (dihydroanthracene (DHA),
15 equivalents, 30 equivalents of H-atoms) was added to the reaction of [Fe"MST] and
Ca(OTf),/15-crown-5 with O,. After the reaction, the organic product was extracted into
diethyl ether and analyzed by NMR spectroscopy. However, no conversion to anthracene
from the abstraction of two H atoms was observed. This result might be explained by the
large excess of DCM over DHA and the smaller size of the DCM molecule, which may
be able to approach the active oxidizing species more closely than the larger DHA
molecule. Therefore, the source of the H-atom is still unknown, although the solvent
remains the most likely source.

Effects of Group 2 Metal Ions

Structural Properties. The molecular structures of the series of Mn'" and Fe'

heterobimetallic complexes with group 2 metal ions were characterized by Dr. Young Jun

Park via X-ray diffraction (XRD) methods (Figure 2.6), and a short discussion of the
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DCa"-(p-OH)-
Fe""MST]", B) [(15-crown-5)DSr'-(u-OH)-Fe"MST]", and C) [(OTf)(18-crown-
6)DBa"-(u-OH)-Fe"MST].

metrical parameters that are relevant to this chapter are provided here. The similar ionic
radii of Ca" and Sr" ions (1.12 A and 1.26 A, respectively, for the 8-coordinate ions)
allowed 15-crown-5 to be used as the ancillary ligand for both species, giving rise to
nearly identical structures for the Ca" and Sr" complexes within both the Mn"" and Fe™"
series (Figures 2.6A and 2.6B). In contrast, the significantly larger ionic radius of Ba"
(1.42 A for the 8-coordinate ion) required the use of a larger ancillary ligand, 18-crown-
6. In addition, a triflate ion occupies a coordination site on the Ba" ion, giving rise to a
10-coordinate ion in the solid state, whereas the triflate anions act as outer sphere counter
ions in the Ca" and Sr" complexes (Figure 2.6C). Despite these differences, the metrical
parameters of the primary coordination environment of the transition metal centers were
nearly unaffected by the identity of the secondary metal ion (Tables 2.1 and 2.2). For
example, the average MIH—Neq distances differ by less than 0.02 A within the Mn"" and
Fe' series, and the M™-07 distances are identical within experimental error. In contrast,
the M"—O bond lengths and the distances between the transition metal center and group 2
metal ion followed a trend that was consistent with the ionic radius of the redox inactive

metal ion. For instance, the average distance between the crown ether oxygen atoms and
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the M" ion increased with increasing ionic radius, from 2.486 A for [Ca"(OH)Mn""]" to

2.640 A for [Sr"(OH)Mn™]", and finally to 2.877 A for [(OTf)Ba"(OH)Mn™].

Table 2.1. Select bond lengths (A) for the [M"(OH)Fe'"']" complexes.
il

[MH(OH)F eIH]+ M
Ca Sr Ba
Fel—O7 1.865(2) 1.872(2) 1.859(2)
Fel—N1 2.230(2) 2.280(3) 2.284(2)
Avg Fel—Nq 2.029(2) 2.013(5) 2.028(2)
M1—07 2.316(2) 2.464(2) 2.695(2)
M1--0l1 2.344(2) 2.538(3) 2.773(2)
M1--03 2.370(2) 2.547(2) 2.756(2)
Fel---M1 3.719(2) 3.839(2) 4.174(2)
O7--05 2.700(6) 2.685(6) 2.692(6)
Avg M1—O¢rown 2.508(2) 2.619(5) 2.866(3)
d[Fe—Ncq] 0.392 0.399 0.431
d[M1—Orown] 1.156 1.334 0.776

Table 2.2. Select bond lengths (A) for the [M"(OH)Mn"']" complexes.
il

11 I+ M
[MA(OH)Mn™] Ca Sr Ba
Mnl1—O7 1.829(2) 1.836(2) 1.824(2)
Mnl—NI1 2.075(2) 2.049(2) 2.096(2)
Avg Mnl—Nq 2.052(2) 2.063(2) 2.053(2)
M1—07 2.342(2) 2.430(2) 2.740(2)
M1--0l1 2.332(2) 2.503(2) 2.745(2)
M1--03 2.369(2) 2.482(2) 2.727(2)
Mnl---M1 3.7478(6) 3.897(2) 4.2394(4)
O7--05 2.693(6) 2.664(6) 2.712(6)
Avg M1—O¢rown 2.486(2) 2.640(2) 2.877(2)
d[Mn—Ng,] 0.284 0.301 0.327
d[M1—Orown] 1.158 1.308 0.803

The difference in coordination environment of the Ba" ion compared to the Ca"
and Sr" ions was initially a source of concern for the comparison of the properties of the
three complexes. As a result, the 15-crown-5 analog of the [(OTf)Ba"(OH)Fe'""] complex
was pursued. However, the isolation of this complex differed significantly from the other
three complexes in the series; whereas the original three complexes could be crystallized

from DCM/pentane or tetrahydrofuran (THF)/pentane in high yields, these conditions
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gave mostly non-crystalline solids for the product of the reaction with Ba(OTf),/15-
crown-5. However, high dilution conditions in DCM/pentane yielded diffraction-quality
crystals, which were determined to contain a multinuclear structure consisting of four
[Fe" (OH)MST]  complexes bridged by two 8-coordinate Ba" ions (Figure 2.7A). In
contrast, recrystallization from acetonitrile (MeCN)/ether at -30 °C yielded the
heterobimetallic complex in low crystalline yield (<5 %, Figure 2.7B, Tables 2.3 and
A.1). In this complex, the crown ether remained coordinated to one face of the Ba' center
and significant puckering of the crown ether opened a coordination site cis to the MST
ligand that was occupied by the triflate anion. These results suggested that several species
are present in solution, which complicated the overall chemistry of the system and

prevented examination of the kinetics of dioxygen activation and the electrochemistry of

Figure 2.7. Molecular structures of the products from the reaction of
NMe,y[Fe"MST], Ba(OTf),/15-crown-5, and O, that were crystallized from (A)
DCM/pentane at room temperature and (B) MeCN/ether at -30 °C. Ellipsoids are
drawn at the 50% probability and only H1 is shown for clarity. In (A), only the
primary coordination spheres of the four [Fe"'"MST]™ complexes and the oxygen
atoms involved in coordination of the Ba" ion are shown. Red atoms correspond
to oxygen, yellow to sulfur, blue to nitrogen, and black to carbon.
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the heterobimetallic complex. As a result, we concluded that the 18-crown-6 complex of
[(OTf)Ba"(OH)Fe""] was a more appropriate comparison to the Ca" and Sr'' complexes
because the larger crown ether is better matched to the larger Ba" ion and supports the
formation of a single species. The following discussion therefore includes only the 18-
crown-6 adduct of [(OTf)Ba" (OH)Fe™].

Table 2.3. Select metrical parameters for [(OTf)(15-crown-5)DBa"-(u-OH)-
Fe""MST].

Bond Distances (A)

Fel—Ol1 1.853(4)
Fel—NI1 2.242(5)
Avg Fel —Ngq 2.028(4)
Bal—O1 2.619(4)
Bal--02 2.690(4)
Bal---O4 2.712(4)
Fel---Bal 4.097(4)
01--06 2.66(1)
Avg M1—Ocrown 2.849(4)
d[Fe—Ncq] 0.393
d[M1—Ocrown] 1.680
Bond Angles (°)
Ol-Fel-N1 173.1(2)
N2-Fel-N3 109.4(2)
N2-Fel-N4 119.7(2)
N3-Fel-N4 119.8(2)
T value 0.89

Vibrational Properties. The effects of the redox-inactive metal ion on the

I \were examined

properties of the hydroxide unit in the heterobimetallic complexes of Fe
via analysis of the O-H bond vibration by Fourier transform infrared (FTIR)
spectroscopy. The position of v(OH) was comparable for all three complexes, with a
maximum difference of only 24 cm™. Within this range, the strength of the O—H bonds in
the Ca" and Ba' complexes were most similar, with vibration frequencies of 3365 cm™

and 3370 cm’, respectively (Figure 2.8). The O—H bond in the [Sr"(OH)Fe"]" complex

was the strongest, with a v(OH) of 3389 cm™. This observed trend does not follow the
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one expected based purely on the Lewis acidity of the redox-inactive metal ion, in which
Ba' ion would be expected to give the strongest O—H bond as a result of withdrawing the
least electron density from the hydroxide unit. In contrast, the strength of the H-bonding
interaction, which is determined by the broadness of the O—H peak, does follow the
expected trend: [Ca'(OH)Fe™]" contains the strongest H-bond with a FWHM value of
104 cm™, followed by [Sr(OH)Fe™]" (FWHM = 70 cm™) and [(OTf)Ba"(OH)Fe"]
(FWHM = 59 cm™). Therefore, the most Lewis acidic Ca" ion gives the largest

polarization of the O—H bond and the strongest H-bonding interaction.

1 1 1 1 | 1 |
3450 3375 33001 3225
Wavenumber (cm ')

Figure 2.8. FTIR spectra in Nujol of the OH vibration in [Ca"(OH)Fe""]" (grey),
[Sr'(OH)Fe"]" (black), [(OTf)Ba"(OH)Fe""] (dashed black).

Electron-Transfer Properties. The presence of group 2 metal ions had a strong
impact on the rate of dioxygen reduction by [Fe"MST], which was analyzed by
measurement of the change in absorption at 383 nm upon the addition of dioxygen to a
DCM solution of NMey[Fe"MST] (Figure 2.4). In the absence of secondary metal ions,
[Fe"MST] showed slow reactivity with O, (Figure 2.9A). The addition of 3 equivalents
of Ba(OTf),/18-crown-6 to the reaction mixture resulted in a 10-fold enhancement of the
initial rate from 2.2(1) x 10™ s to 2.3(6) x 10> s™. An even greater enhancement was
observed upon the addition of either Ca(OTf),/15-crown-5 or Sr(OTf),/15-crown-5 to the

reaction; both metal ions gave a 30-fold increase in initial rate over NMey[Fe"MST].

34



Strikingly, their rates of reaction were identical within experimental error (7.9(4) x 107

s for Ca" and 7.4(1.6) x 107 s for Sr™).
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Figure 2.9. Initial rate data for (A) the reaction of [Fe"MST]™ with dioxygen in
the presence of NMe,', 3 equivalents of Ca(OTf),/15-crown-5, 3 equivalents of
Sr(OTf)2/15-crown-5, and 3 equivalents of Ba(OTf),/18-crown-6. (B) The
reaction of [Mn"MST] with dioxygen in the presence of NMe,', 1 equivalent
Ca(OTf)y/15-crown-5, 1 equivalent Sr(OTf),/15-crown-5, and 1 equivalent
Ba(OTf),/18-crown-6.

The effect of Sr'" ions on the rate of O, reduction by the Mn analog, [Mn"MSTT,
was also examined and compared to the results previously published for Ca", Ba", and
NMe," ions.'® Although the enhancement conferred by Sr'' ions on the reduction of
dioxygen by [Mn"MST]™ was not identical to that imposed by Ca' ions as was observed
for the Fe'" complex, the initial rates differed by less than 10%, with Ca" ions giving a
slightly faster rate than Sr' ions (4.9(1) x 10 s™ and 4.5(1) x 10™ 5™, respectively, Figure
2.9B). These enhancements were greater than the initial rate reported for Ba" (1.8 x 107
s). The findings that Ca" and Sr" ions give nearly identical rate enhancements with both
the Mn and Fe complexes were unexpected based on our hypothesis that the influence of
redox-inactive metal ions on the reduction of dioxygen by a transition metal ion is

governed by Lewis acidity. This observation also contrasts previous studies that found

that the rate of electron transfer processes occurring at transition metal centers is strongly
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correlated to the Lewis acidity of the redox-inactive metal ions.”®*'®

For example,
Fukuzumi observed a rate of electron transfer from Co"TPP to dioxygen that was 10
times faster in the presence of Ca" ions than in Sr" ions.® Kurz reports a similar result in
the oxidation of water to dioxygen by layered manganese oxides in which a 2-fold greater
rate of oxidation was observed for oxides containing Ca" ions compared to those
containing Sr"" ions.® Both of these results correspond to a trend in Lewis acidity of the
two metal ions. Our results clearly do not follow this trend, suggesting that the strength of
the Lewis acid is not the only factor of importance in the modulation of electron transfer
in our system.

Electrochemical analysis of the isolated heterobimetallic complexes in both the
Fe'" and Mn"" series again revealed similar trends in the influences of Ca" and Sr" ions.
The cyclic voltammograms of the complexes exhibited quasi-reversible one-electron

" couple. In the Fe'" series, the reduction

redox processes that were assigned to the M"/M
potentials of this process in the [Ca'(OH)Fe™]" and [Sr"(OH)Fe']" complexes differed
by only 0.01 V (-1.13 V and -1.12 V) whereas the reduction of the [(OTf)Ba"(OH)Fe'"]
complex occurred at a potential 0.1 V more negative (-1.22 V, Figure 2.10A). Similarly,
in the Mn"" series, the potentials of the Ca'"- and Sr'-containing complexes differed by
only 0.02 V (-0.72 V and -0.70 V, respectively) while the Ba"-containing complex was
positioned at -0.76 V and was much less reversible (Figure 2.10B). These observed trends
in redox potential are again contrary to the one predicted based on Lewis acidity.
However, similar results were reported by Agapie for tetranuclear clusters containing

55,58

three Mn ions and a redox-inactive metal ion (Figure 2.2). Examination of the

electrochemical properties of these clusters revealed a linear relationships between the
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one-electron reduction potential of the cluster and the Lewis acidity of the redox-inactive
metal ion, which was quantified by the pKa of the metal aqua ion (M(OH,),™).
Furthermore, the clusters containing a Ca®* or Sr*" ion exhibited nearly identical
reduction potentials. The observed linear trend between reduction potential and Lewis
acidity indicates that the redox-inactive metal ion plays an important role in tuning the
electrochemical properties of the Mn ions even though it cannot directly participate in

electron transfer.
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Figure 2.10. Cyclic voltammograms of (A) [M"(OH)Fe"]" and (B)
[M"(OH)Mn"]" where M" = Ca (grey), Sr (black), and Ba (dashed black)
showing a quasi-reversible Fe'/Fe"" or Mn"/Mn"" redox couple in DCM (0.1 M
TBAP, 100 mV/s, with ferrocene as an internal standard).
Summary and Conclusion
The functional dependence of the OEC on the incorporation of a Ca" ion and the
limit of substitution to Sr' are key properties of the enzyme whose origins are not yet
understood. The study of these properties is made difficult by the complexity of the
cluster and of the mechanism leading to dioxygen evolution, and so synthetic constructs
that mimic certain aspects of the active site provide a useful method for deconvoluting

the individual contributions to function. This chapter has described the preparation and

characterization of heterobimetallic complexes that contain a transition metal center and a
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group 2 metal ion. These complexes are supported by a multifunctional ligand that
contains two distinct metal binding sites, which has allowed us to develop a series of
complexes in which the group 2 metal ion was varied while the core structure was
unchanged. As a result, we could compare the influences of the secondary metal ion on
the electron transfer properties of the transition metal center without complications from

structural variations. An unexpected trend was observed in both the initial rate of

1I/11 1I/111

dioxygen activation and in the one electron reduction potential of the Mn" or Fe
couple—Ca' and Sr"" ions exhibited nearly identical rate enhancements and reduction
potentials for both the Mn and Fe complexes, despite their differences in Lewis acidity.
These enhancements were greater than that imposed by Ba' ions, which also gave a more
negative reduction potential than the Ca" and Sr"" analogs.

One proposal put forth by Brudvig to explain the limit of functional substitution
of Ca" for Sr" in the OEC implicates a balance between similar coordination properties
and Lewis acidities of the two ions; the comparable ionic radii (1.12 A for Ca", 1.26 A
for Sr') allows St to take the place of Ca" without significantly changing the structure of
the cluster or altering the surrounding H-bonding network, and similar pK,’s of
coordinated water molecules maintain the same protonation state for the two ions.’**°
The structural studies of the heterobimetallic complexes in this chapter show that Ca" and
Sr'" ions can adopt identical coordination environments, with the only differences
attributed to the slightly larger ionic radius of Sr" giving rise to longer bond lengths. In

addition, the close agreement between v(OH) of the [Ca"(OH)Fe"]" and [Sr"(OH)Fe"]"

complexes indicates that the pK,’s of the hydroxo units are comparable.
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The similar influence of the Ca" and Sr" ions on the reduction potentials of our
heterobimetallic complexes and on the tetranuclear clusters of Agapie suggests another
explanation for the ability of Sr'' to maintain the function of the OEC—the Ca®" ion tunes
the redox potential of the cluster into a range in which oxidation becomes feasible, and all
other ions besides Sr** push the potential of out of this range. This tuning of the redox
potential could explain the nearly identical rates of O, activation by the [Fe"MST]
complex in the presence of Ca" and Sr"" ions—a multi-electron process with relevance to
the function of the OEC.

Experimental Details
General Methods

Syntheses of metal complexes were completed under an argon atmosphere in a
VAC drybox. Solvents were sparged with argon and dried over columns containing Q-5
and molecular sieves. All reagents were purchased from commercial suppliers and used
as received unless otherwise noted. Sodium hydride as a 30% suspension in mineral oil
was filtered and washed five times each with Et,O and pentane and dried under vacuum.
H;MST, NMeysMn"MST], Ca(OTf)y/15-crown-5, and Ba(OTf)y/18-crown-6 were
prepared according to literature procedures.'® The heterobimetallic complexes [15-crown-
5DCa"-(u-OH)-Fe""MST], OTf[15-crown-52Sr"-(u-OH)-Fe""MST]OTT, and [(OTf)18-
crown-62Ba"-(u-OH)-Fe"MST] were initially prepared and characterized by Dr. Young
Jun Park, and the products of the synthetic procedures described below were confirmed
by comparison of the physical properties to those of the previously characterized

complexes.
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Complex Syntheses

NMey[Fe"MST]. This complex was prepared according to the literature
procedure for NMe,[Mn"MST] with minor modifications.'® A solution of H;MST (0.40
g, 0.58 mmol) in 10 mL anhydrous dimethylacetimide (DMA) was treated with three
equivalents of solid NaH (42 mg, 1.7 mmol). After the evolution of H, gas ceased,
Fe(OAc), (0.10 g, 0.578 mmol) and NMesOAc (77 mg, 0.58 mmol) were added to the
clear, colorless solution. The mixture was stirred for three hours and then filtered to
remove three equivalents of insoluble NaOAc (0.14 g, 1.7 mmol). The yellow filtrate was
concentrated under vacuum to ca. 1 mL DMA and treated with 40 mL Et,O to precipitate
the product. The product was collected on a frit, washed with twice with 1 mL of THF
and three times with 3 mL of Et,O, and dried under vacuum to give 360 mg (75%) of a
white solid. FTIR (KBr disc, cm’, selected bands): 3040, 2975, 2935, 2830, 1604, 1564,
1488, 1467, 1446, 1403, 1379, 1277, 1236, 1138, 1127, 1105, 1072, 1055, 1039, 976,
928, 847, 824, 739, 723, 661, 604, 579, 542.

[15-crown-5DCa"-(u-OH)-Fe"'MST]OTf. A solution of NMes[Fe"MST] (0.10
g, 0.12 mmol) and Ca(OTf),/15-crown-5 adduct (75 mg, 0.13 mmol) in 10 mL DCM was
prepared in a Schleck flask that was sealed with a rubber septum. This flask was brought
out of the drybox and 10 mL of dry O, was added to the headspace. The reaction was
stirred for two hours, after which volatiles were removed under vacuum and the flask
brought back into the dry box. The orange residue was redissolved in 10 mL DCM,
filtered, and layered under pentane for recrystallization. After 3 days, orange needle-like
crystals were collected on a glass frit and dried to yield 60 mg (42%) of product. FTIR

(KBr disc, cm’', selected bands): 3377 (OH), 2968, 2936, 1604, 1468, 1274, 1143, 1090,
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1031, 954, 812, 659, 638. EPR (DCM, 10 K): g =9.2, 4.7, 4.0. Amax, nm (DCM, &, M’
'em™): 383 (4800).

[15-crown-5DSr"-(u-OH)-Fe'"MST]|OT{. This complex was prepared according
to the same procedure used to prepare the [15-crown-5DCa"-(u-OH)-Fe'"MST]OTf
complex with 25 mg (0.031 mmol) NMey[Fe"MST] and 19 mg (0.031 mmol)
Sr(OTf),/15-crown-5 in 4 mL of DCM. Recrystallization from DCM/pentane gave
orange needle-like crystals in 32% yield. FTIR (KBr disc, cm™, selected bands): 3398
(OH), 2938, 2866, 1604, 1459, 1283, 1144, 1087, 1031, 955, 809, 658, 638. EPR (DCM,
10K): g=9.3,4.7, 4.1. \max, nm (DCM, &, M'em™): 386 (5300).

[(OTf)18-crown-60OBa"-(u-OH)-Fe"'"MST]. This complex was prepared
according to the same procedure used to prepare the [15-crown-52Ca"-(p-OH)-
Fe""MST]OTf complex with 0.10 g (0.12 mmol) NMe4[Fe"MST] and 96 mg (0.13 mmol)
Ba(OTf),/18-crown-6 in 10 mL of DCM. Recrystallization from THF/pentane gave
orange needle-like crystals in 46% yield. FTIR (KBr disc, cm’, selected bands): 3378
(OH), 2916, 2864, 1603, 1468, 1352, 1282, 1261, 1143, 1097, 1034, 965, 818, 658, 637.
EPR (DCM, 10 K): g=9.3, 4.6, 4.1. Amax, nm (DCM, &, M"'em™): 383 (4900).

[(OTf)15-crown-5D0Ba""-(u-OH)-Fe""MST]. This complex was prepared
according to the same procedure used to prepare the [15-crown-52Ca"-(p-OH)-
Fe""MST]OTf complex with 50 mg (0.061 mmol) NMey[Fe"MST] and 41 mg (0.061
mmol) Ba(OTf),/15-crown-5 in 10 mL of DCM. Single crystals suitable for X-Ray
diffraction were obtained in two ways: (1) 25 mg were dissolved in 2 mL MeCN, filtered,
and layered under Et,O at -30°C; (2) 25 mg were dissolved in 5 mL DCM, filtered, and

layered under pentane at 25°C.
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Ba(OTf),/15-crown-5 adduct. A solution of 15-crown-5 (0.29 g, 1.3 mmol) in
2.5 mL MeCN was added to a suspension of Ba(OTf), (0.57 g, 1.3 mmol) in 5.5 mL
MeCN. The mixture was heated at 50°C for 1 hr. Upon cooling, white solid began to
form. The reaction mixture was concentrated to ca. 1 mL and 10 mL Et,O were added to
complete precipitation of the product. The resulting fine white solid was collected on a
fritted glass funnel, washed with Et,O, and dried under vacuum to give 0.83 g (95%) of
product, which was used without further purification. FTIR (KBr disc, cm’, selected
bands): 2933, 2887, 1301, 1257, 1178, 1094, 1033, 948, 868, 762, 633, 515.

Sr(OTf),/15-crown-5 adduct. This complex was made using the same method
as the Ba(OTf),/15-crown-5 adduct with 0.86g (2.2 mmol) Sr(OTf), and 0.49 g (2.2
mmol) 15-crown-5 in 15 mL MeCN. The product was isolated as white powder in 96%
yield and was used without further purification. FTIR (KBr disc, cm™, selected bands):
2945, 2889, 1458, 1356, 1303, 1243, 1170, 1093, 1037, 952, 871, 634, 516.
Physical Methods

Electronic absorption spectra were recorded in a 1 cm cuvette on a Cary 50
spectrophotometer or an 8453 Agilent UV-Vis spectrometer equipped with an Unisoku
Unispeks cryostat. Negative mode electrospray ionization electrospray mass spectra were
collected using a Micromass MS Technologies LCT Premier Mass Spectrometer. X-band
(9.28 GHz) EPR spectra were collected as frozen solutions using a Bruker EMX
spectrometer equipped with an ER041XG microwave bridge. IR spectra were recorded
on a Varian 800 Scimitar Series FTIR spectrometer as KBr disks.

Cyclic voltammetric experiments were conducted using a CHI600C

electrochemical analyzer under an Ar atmosphere with 0.1 M tetrabutylammonium
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hexafluorophosphate as the supporting electrolyte. A glassy carbon electrode was used
for the working electrode with a silver wire reference electrode and a platintum wire
counter electrode. A cobaltocenium/cobaltocene couple ([Con2]+/0) was used to monitor
the reference electrode.

X-Ray Crystallographic Methods

A Bruker SMART APEX II diffractometer was used to collect all the data. The
APEX2* program package was used to determine the unit-cell parameters and for data
collections. The raw frame data was processed using SAINT® and SADABS®' to yield
the reflection data file. Subsequent calculations were carried out using the SHELXTL®
program. The structures were solved by direct methods and refined on F* by full-matrix
least-squares techniques. The analytical scattering factors® for neutral atoms were used
throughout the analysis.

Hydrogen atom H(1) in [(OTf)(15-crown-5)2Ba"-(u-OH)-Fe""MST] was located
from a difference-Fourier map and refined (x,y,z and fixed Uj,), d(O-H) = 0.85A. The
remaining hydrogen atoms were included using a riding model. There were 3.5
molecules of acetonitrile solvent present. One solvent molecule was located on a two-
fold rotation axis and was disordered. The absolute structure was assigned by
refinement of the Flack parameter®. There were several high residuals present in the
final difference-Fourier map. It appeared that additional acetonitrile solvent was present,
however, the solvent could not be properly refined. The SQUEEZE® routine in the
PLATON®® program package was used to account for the electrons in the solvent

accessible voids.
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Kinetic Studies

Kinetic measurements for the activation of dioxygen with [Fe"MST] and
[Mn"MST]  complexes were conducted on an Agilent 8453 UV-vis spectrometer
equipped with a Unisoku Unispeks cryostat. The studies of [Fe"MST]™ were performed
at 20.0 °C on a 0.30 mM CH,Cl, solution that was prepared in an Ar-filled drybox. Two
separate 12 mL aliquots (3.6 pmol of [Fe"MST]") of the solution were premixed with 3
equivalents of M"(OTf)y/crown (M" = Ca, Sr). A 3 mL portion was transferred to a 1.0
cm quartz cuvette, which was sealed with a rubber septum and removed from the box.
Excess Oy (5 mL, T =298 K, P =1 atm, 0.20 mmol) was added to the headspace of the
cuvette via a gas-tight syringe and the absorbance change was monitored every 3 s at 383
nm. For studies with [Mn"MST]", a 3.0 mL portion (11 pmol of [Mn"MST]") of a 3.5
mM solution of complex was transferred to a cuvette and sealed with a rubber septum.
Immediately before addition of 5 mL of O, into the headspace, 0.50 mL of a 21 mM
M"/15-crown-5(0Tf), solution (M" = Ca, Sr, 11 pmol, 1 equivalent) were injected
directly into the solution, giving a final [Mn"MST] concentration of 3.0 mM. The
absorbance change was monitored at 640 nm every 10 seconds at 25.0 °C. All
experiments were repeated 3 times for [Mn"MST] and 6 times for [Fe"MST]". Note that
the kinetic experiments with [Fe"MST] and [Mn"MST] were conducted at different
temperatures (20.0 °C and 25.0 °C, respectively); these temperatures were utilized
because they gave the best reproducibility.
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CHAPTER 3

Intramolecular Hydroxylation of Tripodal Sulfonimdo Ligands by
Putative High-Valent Fe and Mn complexes

Introduction

The foundation of modern coordination chemistry is rooted in the study of simple
coordination complexes such as the ammine cobalt(Ill)chloride complexes used by
Werner to establish the fundamental concepts of ligand coordination to a metal ion. In
these types of coordination complexes, the properties of the metal center dictate the
structure and properties of the complexes that are formed.' In particular, the coordination
number of the metal ion is governed by its oxidation state, which in turn is determined by
the electronic structure of the metal center. As a result, the types of structures that can be
formed in these simple coordination complexes are limited by the available oxidation
states and coordination number of the metal ion. These apparent limits in coordination
can be challenged through the rational design of ligands that enforce unusual
coordination numbers or geometries around a metal center. For example, introducing
steric bulk into amido ligands via trimethylsilyl groups provided access to three-
coordinate complexes of Mn(II), Fe(Il), Co(II), and Ni(Il), and continued modification of
the amido ligands to provide additional steric bulk led to further restriction of the
coordination number and the first crystallographic characterization of two-coordinate
Fe(I) and Co(II) complexes.2

The rational design of ligands for the purpose of controlling the properties of
metal centers continues to drive a major area of research in modern coordination
chemistry, including aspects of bioinspired inorganic chemistry and inorganic catalysis.

As discussed in Chapter 1, the development of synthetic compounds that mimic the
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properties of metalloprotein active sites requires the design of complex ligand scaffolds
that incorporate multiple types of bonding interactions. In order to mimic the function of
metalloenzymes, these ligands need to also be capable of stabilizing multiple
coordination numbers and oxidation states. Similarly, synthetic molecular catalysts must
be able to generate reactive intermediates, change coordination number, and cycle
through several oxidation states.

A challenge that must be considered in the design of ligand scaffolds for
supporting transition metal centers that undergo changes in oxidation state is the
possibility of self-decay of the complex through intramolecular reactivity of unstable
intermediates with the supporting ligand. This self-decay process is exceptionally
prominent in reactions that involve oxidation of the metal center to unusual oxidation
states. For example, a number of well-characterized Fe(IV)-ox0™™® and Fe(IV)-imido’'°
species have been shown to undergo self-decay via reaction with the supporting ligand.
These high-valent complexes are popular synthetic targets due to their biological
relevance and potential application as oxidation catalysts, and so the development of
robust ligand systems that can support these reactive species continues to be a common
topic of study.

In this chapter, a limitation of the [MST]> ligand system in supporting the
oxidation of its Mn(II) and Fe(Il) complexes with an oxygen-atom (O-atom) transfer
reagent is described. This ligand contains mesityl units whose methyl groups are
susceptible to oxidation, as evidenced by isolation of an Fe(Ill)-alkoxide complex in
which an ortho methyl group has been hydroxylated and is coordinated to the Fe center.

In order to address this limitation of [MST]>, the ligand was modified to remove the
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groups that are most susceptible to C—H activation via replacement of the mesityl groups
with naphthyl and tolyl groups. The oxidation studies of these two additional ligand
derivatives are also described in this chapter.
Results and Discussion

Reactivity of the [Fe"MST]" Complex with Dioxygen. In Chapter 2, the
preparation of bimetallic complexes that are supported by the tripodal ligand N,N' N"-
[2,2',2"-nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido) (IMST]> =
mesityl sulfonamide tripod) was described (Chart 3.1A).""'* These complexes were
produced by treating NMe,[Fe"MST] or NMes[Mn"MST] with dioxygen in the presence
of a group 2 metal ion. In the absence of this second metal ion, the reaction with
dioxygen was sluggish, with the Mn(II) complex reacting so slowly that completion of
the reaction could not be observed. Reaction of the Fe(II) complex was faster than the
Mn(II) complex, and analysis of the reaction mixture in dichloromethane (DCM) after
five hours suggested formation of the analogous monometallic NMey[Fe""MST(OH)] salt
(Chart 3.1B and Figure 3.1). The electrospray ionization mass spectrum (ESI-MS)
contained a negative ion peak whose mass-to-charge ratio (m/z) of 762 corresponds to the

formulation [FeMST(OH)]™ (Figure 3.1A), and based on charge balance, the Fe center

Q '0’310“
:.IOI.'\ O
S ~INMe,
Mes q- -Cgl o) Mes\ 0
(4 ! A
0o=S (o) o= (0]
o- --HO Ty Mes o----HO  w Mes
M I N,, | 'S\\o M N, e <o
eS=s_ Fle—N eS~s_ ! Fle—N
7 N 7 'N
° \\/‘N\) © \\/‘N\)

Chart 3.1. A) Bimetallic and B) monometallic Fe(IlI)-hydroxide complexes.
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must be in the 3+ oxidation state. This oxidation state is supported by electron
paramagnetic resonance (EPR) spectroscopy, which exhibits a rhombic signal with g
values of 4.2 and 8.6 that are consistent with a high spin Fe(Ill) center (Figure 3.1B).
Furthermore, a broad band was observed at a frequency of 3463 cm™ in the Fourier
transform infrared (FTIR) spectrum of the reaction mixture, which is consistent with the
O-H vibration of a hydroxo ligand (Figure 3.1C). Together, these ESI-MS, EPR, and
FTIR data suggest that the monometallic [Fe""MST(OH)]™ complex is formed from the

reaction of NMe4[FeHMST] with O,.

[A] (Fe"msT(OH)

762

8.6

4.2
l /

Ja Lb A f 3463 cm’”

L . L . . . ' L 1 1 1 1 . I
755 760 765 770 500 1500

| L 1
2500 3600 3400 3200
m/z B (G) Wavenumber (cm™)

Figure 3.1. Spectra collected of the reaction mixture of NMe4[FeHMST] and O,
five hours after the addition of O,: A) ESI-MS showing the molecular ion peak
assigned to [Fe""MST(OH)]; B) perpendicular mode EPR spectrum collected at
77 K; C) solution IR spectrum of a 24 mM DCM solution.

Attempts to establish dioxygen as the source of the hydroxo ligand in the
[Fe""MST(OH)]” complex via reactivity with '®0, were inconclusive, presumably due to
the fast exchange of the '*O-labeled hydroxo ligand with adventitious '°O water. In order
to test this premise, NMey[Fe""MST(OH)] was treated with one equivalent of H,"0 and
the mixture was analyzed by ESI-MS, which indicated '*O incorporation (Figure 3.2).

Note that definitive incorporation was not observed from the reaction mixture with '*0,

by ESI-MS. Further complicating the analysis of '*O incorporation from reaction with
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180, was the broadness of the O—H vibration of the hydroxo ligand (FWHM =~ 110 cm™)
in the FTIR spectrum, which prevented determination of the relative energies of the
v(*®*0OH) and v('*OH) bands; a shift of only 10 cm™' was predicted based on a harmonic
O-H oscillator model.

160 180

7€I30I | I7é4l I I7€I38I
m/z
Figure 3.2. ESI mass spectrum of NMey[Fe"MST(OH)] after the addition of 1

equivalent of H,'®0 in DCM (bottom) and the calculated isotope distribution
patterns for the [Fe""MST'"®OH] ion (black) and the [Fe""'MST'"*OH] ion (red).

Crystallization attempts of the proposed Fe(Illl)-hydroxide product,
NMey[Fe""MST(OH)], instead resulted in isolation of the Fe(I)-aquo salt,
NMe4[Fe"MST(OH,)], whose molecular structure was determined by X-ray diffraction
(XRD) methods (Figure 3.3, Tables A.2 and A.3). This isolated product presumably
results from further reaction of the initial Fe(Ill)-hydroxide species with an H atom in
solution, which is supported by an FTIR study of the reaction mixture after removal of
the excess dioxygen. Over the course of seven days, the O—H vibration from the putative

[Fe""MST(OH)] complex (at 3463 cm™) decreased in intensity with a concomitant
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Figure 3.3. Molecular structure of the NMe4[Fe"MST(OH,)] product that was
crystallized from the reaction of NMe4[Fe"MST] with excess O,. Ellipsoids are
drawn at the 50% probability level. The counter cation and all hydrogen atoms
except those of the aquo ligand are omitted for clarity.
increase in a new O—H vibration at 3300 cm™ that matches the vibration observed for the
aquo ligand of independently-prepared [Fe"MST(OH,)] (Figure 3.4). When half an
equivalent of diphenylhydrazine (DPH) was added to the initial reaction mixture as a
source of one equivalent of H-atoms, both the O—H band corresponding to the hydroxo
ligand and the N—H vibrations of DPH were replaced by the O—H band of the Fe(Il)-aquo
complex within two hours, and NMey[Fe"MST(OH,)] was crystallized from the reaction
in 85% yield. The increase in the rate of [Fe"MST(OH,)]” formation in the presence of
DPH suggests that the observed instability of NMey[Fe""MST(OH)] results from H-atom
abstraction from the solvent or from an external substrate to give NMey[Fe"'MST(OH,)].
This observed reactivity is a departure from the stability of the analogous
heterobimetallic complexes of Fe(Ill)-hydroxide containing a group 2 metal ion in the
secondary coordination sphere; the [M"(OH)Fe'"']" complexes are indefinitely stable in a

solution free from water and O,, and they show poor reactivity with the weak N—H bonds

of DPH to form [M"(OH,)Fe"]*" species. This stability likely results from a combination
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of reduced electron density on the bridging hydroxide ligand compared to the terminal
hydroxide ligand of the monometallic complex as well as limited substrate access to the

Fe—OH unit as a result of the capping Ca" ion (Chart 3.1).

[A]

~
* N\
-\
3463 cm ™\ ,
\ /
\ v
3300 om” 3300 cm™”'—
L 1 1 1 1 1 1 1 | L 1 1 1 1 1 1 1 |
3600 3400 3200 3600 3400 3200
Wavenumber (cm™) Wavenumber (cm™')

Figure 3.4. A) FTIR spectra showing the conversion of [Fe"'MST(OH)] to
[Fe"MST(OH,)]” after the removal of excess O, from the reaction of
NMe4[FeHMST] with O,. The spectra were collected on a 24 mM DCM solution
over the course of 7 days (dashed black), with the first spectrum collected after 5
hours (solid black). B) FTIR spectrum of independently prepared
NMe,[Fe"MST(OH,)] in 24 mM DCM solution.

Generation of Bimetallic Complexes from Oxygen-Atom Transfer Reagents.
Oxidation of NMes[Mn"MST] and NMe4[Fe"MST] using O-atom transfer reagents was
explored as an alternate route to the [M"'MST(OH)]" complexes due to the slow
reactivity of the [M"MST]™ complexes with O, in the absence of secondary metal ions.
Such reagents are understood to react in two-electron processes with M(II) centers to
generate M(IV)—oxo intermediates, which can then abstract an H-atom from solvent or a
substrate to give a M(IIl)~hydroxide product. In accordance with this understanding, the
O-atom transfer reagents 4-methylmorpholine-N-oxide (NMO) and iodosylbenzene

(PhIO) produced the same bimetallic M(I1I)-hydroxide complexes (M(IIl) = Mn, Fe) as

the analogous reaction with O,. For instance, reaction of NMe4[FeHMST] and
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Scheme 3.1. Preparation of heterobimetallic complexes from O-atom transfer
reagents.

Ca(OTf),/15-crown-5 with two equivalents of NMO produced [(15-crown-5)2Ca"-(pi-
OH)-Fe""MST]OTf in 85% crystalline yield, which is similar to the yield obtained from
reaction with O, (60-70%, Scheme 3.1).'* Note that two equivalents of NMO were used
in reactions with NMey[Fe"MST] because it gave the highest yield of crystalline
products. For [Mn"MST]", generation of the bimetallic complexes required the stronger
transfer reagent PhIO due to the higher oxidation potential of [Mn"MST]" vs. [Fe""MST]
(0 V compared to -0.7 V vs. Fc"", respectively). Reaction of NMes[Mn"MST] and
Ca(OTf),/15-crown-5 with PhIO gave [(15-crown-5)DCa"-(u-OH)-Mn""MST]OTf in
50% crystalline yield. Based on this match in the products obtained from O, and
NMO/PhIO in the presence of Ca' ions, the monometallic [M"'"MST(OH)]” complexes
that were formed from dioxygen were also expected to be generated from NMO and
PhIO.

Reactivity of [Fe"MST]” with NMO. In the absence of a second metal ion,
NMey[Fe"MST] also reacts with NMO, as indicated by a rapid change from colorless to
orange. Evidence for the predicted [Fe"" MST(OH)] product was again observed by FTIR
spectroscopy in which an O—H vibration at 3460 cm™ that matched the band obtained
from the analogous reaction with O, was replaced by a second O—H vibration at 3300

cm’ after 9 days (Figure 3.5A). However, the ESI mass spectrum of the initial reaction
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Figure 3.5. Spectra obtained of the reaction mixture of NMey[Fe"MST] and 2
equivalents of NMO: A) FTIR spectra of a 24 mM DCM solution showing the
conversion of the initial product to [Fe"MST(OH,)]” over the course of 9 days
(dashed black), with the first spectrum collected after 5 hours (solid black); B)
ESI-MS showing the molecular ion peak assigned to [Fe'-O-MSTT".
mixture contained only a minor peak corresponding to the [Fe""MST(OH)]  ion while a
dominant ion peak was observed two mass units lower at a m/z of 760 (Figure 3.5B).
Structural determination of the product that crystallized from the reaction via XRD
methods revealed the source of the dominant molecular ion: an ortho methyl group on
one ligand arm had been hydroxylated to form an alkoxide-coordinated Fe(III) product
([Fe"'-O-MST], Figure 3.6, Table A.2). This Fe(Ill)-alkoxide species was the major
product formed and was isolated in 50% crystalline yield.

The Fe(Ill) center in [Fe'-O-MST] has an N4O primary coordination
environment in which all five donors are provided by the [MST]’" ligand. The anionic
nitrogen atoms and neutral apical nitrogen donor provide the base of a distorted trigonal
bipyramid (t = 0.82)" with an average Fe-Ng, distance of 2.021(2) A and an Fe-N1
distance of 2.358(2) A (Table 3.1). The deprotonated hydroxyl group that resulted from

the functionalization of a mesityl group completes the coordination sphere of the Fe

center. In order to accommodate the binding of the hydroxyl group, the functionalized
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mesityl group twists above the Fe—Nq plane, whereas those on the two unfunctionalized
ligand arms point outward from the metal center. The oxygen atom of the deprotonated
hydroxyl group tilts away from the Fe-N1 vector towards N4 with an O1-Fe-N1 bond

angle of 171.09(6)° and an Fe-O1 distance of 1.805(1) A.

Figure 3.6. Thermal ellipsoid diagram depicting [Fe"'-O-MST] . Ellipsoids are
drawn at the 50% probability level, and all hydrogen atoms and the counter cation
are omitted for clarity.

Table 3.1. Select metrical parameters for [Fe"'-O-MST] .
Bond Distances (A)

Fel—Ol1 1.805(1)
Fel—NI1 2.358(2)
Fel—N2 2.034(2)
Fel—N3 2.030(2)
Fel—N4 1.999(2)
Bond Angles (°)
Ol—Fel—N1 171.09(6)
N2—Fel—N3 122.11(7)
N2—Fel—N4 115.18(7)
N3—Fel—N4 108.08(7)
T value 0.82

The reaction of NMeyFe"MST] with NMO was further probed through
determination of the extent of ligand oxidation after isolation of the ligand from the

complex. The metal ion was removed from the ligand in an aqueous acid workup of the
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reaction mixture in DCM to give a mixture of HsMST and oxidized ligand species, which
were recovered in a combined yield of 82%. The identities of the products were
determined by 'H and ?C NMR spectroscopy, ESI-MS, and FTIR techniques after partial
separation by column chromatography (See Figures A.1 through A.8 for NMR spectra).
Five different ligand products were identified, including the hydroxylated ligand 1, which
is isolated from [Fe"-O-MST], and unfunctionalized H;MST, which we propose is
isolated from [Fe""MST(OH)]™ or [Fe"MST(OH,)]". The remaining three species have
been further oxidized beyond hydroxylation of the ortho metal group; two of the species
are assigned to cyclization of one arm through the sulfonamide nitrogen atom and the
hydroxylated ortho carbon atom of the activated ligand arm (Chart 3.2). Of these two
products, one retained the hydroxyl functionality (2) and the other was further oxidized to
the carbonyl (3). In the final ligand species, two of the ligand arms contained the cyclized

carbonyl product (4).

Chart 3.2. Ligand products isolated from oxidation of [MnHMST] and
[Fe"MST] with O-atom transfer reagents.
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Analysis of the crude mixture of ligand products by NMR spectroscopy after the
reaction of NMey[Fe"MST] with NMO provided an estimate of the yields of the Fe(III)—
hydroxide and Fe(Ill)-alkoxide products (Figure A.9). The hydroxylated ligand 1 makes
up 56% of the ligand products, while unfunctionalized HsMST makes up 25%. This
corresponds to a 56% yield of [Fe""-O-MST] and a 25% yield of [Fe""MST(OH)] (or
[Fe"MST(OH,)]). The remaining 19% of the products is composed of 12% of the
cyclized product 2, 5% of 3, and 2% of the multiply-functionalized product 4. Oxidation
of NMey[Fe"MST] with two equivalents of PhIO instead of NMO gave four of the same
ligand products, although in different ratios (Table 3.2). Note that no further ligand
oxidation is observed from the reaction of pure [Fe''-O-MST]~ with NMO or PhIO; only
the singly-hydroxylated ligand product 1 was observed after isolation of the ligand
products from these reactions. This indicates that products 2-4 do not result from
stepwise oxidation of [Fe""-O—-MST] . Moreover, free HsMST and 1 show no reactivity
with NMO and only unidentifiable products with PhIO, which suggests that the ligand
must be coordinated to the metal center in order to form products 2-4. Finally, none of the
oxidized ligand products were observed when O, was used as the oxidant instead of an
O-atom transfer reagent.

Table 3.2. Distribution of the isolated ligand products.

FeMST MnMST
NMO PhIO PhIO
HsMST 25% 48% 24%
1 56% 38% 64%
2 19% 0% 11%
3 5% 10% 1%
4 2% 17% 0%

Reactivity of [Mn"MST]” with PhIO. Reaction of NMesMn"MST] with an

equivalent of PhIO in the absence of a second metal ion generated a dark green, EPR
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silent (_L -mode) product whose ESI mass spectrum also contained a major ion peak that

was two mass units below that expected for NMes[Mn""MST(OH)]. In addition, the
isolated solid contained no observable O—H vibration corresponding to the expected
hydroxide ligand in the FTIR spectrum. Analysis of the ligand products after the reaction
indicated formation of three of the same oxidized ligand products that were observed
from the reaction of NMey[Fe"MST] and NMO or PhIO, and in comparable ratios (Table
3.2, products 1-3). Note that product 4 was only observed from the oxidation reactions of
NMey[Fe"MST]. The isolation of 64% of the hydroxylated ligand 1 from the reaction of
NMey[Mn"MST] and PhIO indicates that the major Mn-containing product can be
formulated as NMes[Mn""—O-MST].

Ligand Oxidation in the Presence of Ca" ions. The ligand products of the
reactions with O-atom transfer reagents conducted in the presence of Ca' ions to generate
the heterobimetallic complexes were also analyzed after demetalation of the ligand. In the
case of Fe, none of the oxidized ligand products 1-4 shown in Chart 3.2 were observed.
With the exception of a small amount of an unidentified ligand product (<5% overall, 5),
only unfunctionalized H3sMST was isolated. For Mn, a small amount of the hydroxylated
ligand product 1 was observed (5%), and the unidentified ligand product 5 was formed in
higher yield (22%). In an attempt to determine the identity of the unknown product, 5
was separated from the unfunctionalized H;MST via column chromatography as a
mixture with product 1 and analyzed via 'H and >C NMR spectroscopy and ESI-MS
techniques. The molecular ion peak of 5 in negative mode ESI-MS indicated loss of two
protons from the parent [H,MST] ion, and the pattern of the 'H NMR resonances

suggested functionalization of an ortho methyl group of one mesityl ring (Figure A.10).
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However, no major changes in the IR spectrum or ?C NMR spectrum relative to HsMST
were observed, as would be expected for modification of the ligand (Figure A.11). As a
result of these complications, the identity of 5 could not be determined.

One explanation for the limited formation of product 1 when the reactions are
carried out in the presence of Ca" ions could be spatial separation of the ortho methyl
groups and the reactive M—O unit as a result of pre-association of a Ca' ion within the
secondary coordination sphere. Binding of Ca" to a sulfonamido oxygen atom of all three
ligand arms would rigidify the structure and position the mesityl groups far enough away
from the metal center to prevent hydroxylation of an ortho methyl group upon addition of
the O-atom transfer reagent. Such an arrangement of the mesityl groups is observed in the
molecular structures of the bimetallic [M"(OH)M™]" complexes (M" = Ca, Sr, Ba; M"' =
Mn, Fe; Figure 2.5 for reference) even though only two of the ligand arms participate in
bonding interactions with the group 2 metal ions at a time, which provides support that a
similar arrangement would be adopted upon coordination to all three arms.

Examination of New Ligand Derivatives. The observed oxidation of the [MST]*
ligand upon reaction of its Mn(II) and Fe(I) complexes with O-atom transfer reagents
prompted the pursuit of a more robust ligand that could withstand oxidation of the metal
center. The one step synthetic route used to make the tripodal sulfonamido ligands from
sulfonyl chloride starting materials allows for facile preparation of a variety of ligand
derivatives. One such derivative that was explored for the purpose of preventing ligand
oxidation incorporates naphthyl groups (NST = naphthyl sulfonamido tripod, Chart 3.3),
whose C—H bond dissociation energies (BDEs) are estimated to be 23 kcal mol™ stronger

than the methyl groups of mesitylene.'* Despite this increased bond strength, evidence for
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Chart 3.3. Ligand derivatives studied in an attempt to prevent ligand oxidation.
hydroxylation of the ligand was still observed by ESI-MS for the oxidation of the
NMe4[Fe"NST] complex with two equivalents of NMO (Figure 3.7A and B). In addition
to the oxidized ligand product, a mass corresponding to the desired hydroxide product
was observed in ratios that depended on the solvent used in the reaction. Solvents with
weaker C—H bonds such as tetrahydrofuran (THF, BDEc gy = 92 kcal mol'l) gave
predominantly hydroxide product, whereas reaction in acetonitrile (MeCN, BDEc g = 96
kcal mol™") gave mostly oxidized ligand (Scheme 3.2)."° This suggests the possibility that
the BDE of the O—H group in the hydroxide product is between 92 and 96 kcal mol™. The
green color of the oxidized ligand product (Amax = 615 nm) is consistent with a phenolate-
to-Fe(III) charge transfer band, which supports hydroxylation of the aryl ring.*'® This
615 nm band is not present in the predominantly hydroxide product, which has a Ay =
360 nm. Both products exhibit EPR signals at g = 4.2 and 8.7 that are consistent with
Fe(III) species, and the hydroxide product displays an O—H vibration at 3473 cm™ in the

IR spectrum.
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Figure 3.7. ESI mass spectra from reaction of [Fe"NST] with NMO in (A) MeCN
and (B) THF where 786 = hydroxide product and 784 = phenoxide product. (C)
Calculated isotope pattern of [Fe""NST(OH)]™ (C3¢H34FeN40-S3). (D) Reaction of
[Mn''NST] in THF and (E) MeCN where 785 = hydroxide product and 783 =
phenoxide product. (F) Calculated isotope pattern of [Mn''NST(OH)]"
(C36H34MHN4O7S3).
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Scheme 3.2. Major products observed in the oxidation of NMey[Fe"NST] with
NMO.
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In the analogous study of the NMe,[Mn''NST] complex, oxidation with two
equivalents of PhIO in THF again yielded a high ratio of the hydroxide product relative
to the phenoxide product (Figure 3.7D). However, in MeCN, the ESI-MS peak ratio of
hydroxide to phenoxide product was closer to one (Figure 3.7E). This lower selectivity
for the phenoxide product by Mn in MeCN compared to the Fe products suggests that the
Mn intermediate is a weaker oxidant than the Fe intermediate.

The molecular structure of the proposed NMesMn""-O-NST] and NMey[Fe"'-
O-NST] products could not be determined due to difficulties in growing X-ray
diffraction-quality crystals, which prevented determination of the location of ligand
hydroxylation. However, based on comparison to the molecular structure of [Fe'"-O—
MST] shown in Figure 3.5, we propose that the 9 position of the naphthyl ring is
functionalized. The carbon atom in this position occupies the same location relative to the
metal center as the carbon that is hydroxylated in the ortho methyl group of the mesityl
ligand, which should make it similarly susceptible to oxidation based on spatial
arguments. A third ligand derivative was therefore prepared in which this ortho carbon
was removed via substitution with a tolyl group ([TSTT"). The increased strain that
would be created within the ligand in order to make this group accessible to the active
oxidizing species was predicted to make it less prone to oxidation than [NST]*. This
hypothesis was supported by analysis of the isolated ligand products after oxidation of
the Mn" and Fe' complexes with O-atom transfer reagents, which showed no evidence
for hydroxylation of the ligand. This greater stability of the [TST]*" ligand compared to
[MST]> and [NST]> allowed for further study of the reactivity with O-atom transfer

reagents, which will be discussed in the next chapter.
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Mechanistic Proposals for Ligand Hydroxylation. Similar oxidations of benzylic
and aromatic C—H bonds within ligands have been reported by others for oxidation of
Fe(Il) complexes with O-atom transfer reagents. For example, Chang reported
hydroxylation of both the mesityl and phenyl derivatives of their
tris(pyrrolylmethyl)amine (tpa®) ligand platforms upon oxidation of the [tpa“Fe"]
complexes with an O-atom transfer reagent, trimethylamine N-oxide (TMO) (Chart
3.4A).>° Que has also characterized an Fe(III)-phenoxide product from oxidation of [(6-
PhTPA)Fe(NCCH;),]*" (TPA = tris(2-pyridylmethyl)amine) with PhIO and an Fe(III)-

alkoxide product from reaction of [Fe''(TMGstren)(CH3CN)]*" (TMGstren = 1,1,1-tris{2-

[N2—(1,1,3,3—tetramethyl—guanidino)]ethyl}amine) with a substituted PhIO derivative
(Chart 3.4B).”” As discussed above, O-atom transfer reagents such as the three described
in this chapter (TMO, NMO, and PhIO) are understood to react in two-electron processes

with Fe(Il) centers to generate Fe(IV)—oxo intermediates, which Chang could observe

_I_

[tpaMeSZMesOFeIII]— [tpathPhOFeIII]—

[(6-(0-C¢H,)-TPA)Fell(L)]2*  [Fe!'-O-TMGjtren]2*

Chart 3.4. Alkoxide and phenoxide products of A) Chang and B) Que that were
generated from reaction of the corresponding Fe(Il) salts with O-atom transfer
reagents.

65



spectroscopically with the phenyl ligand derivative and which Que crystallographically
characterized for the TMGstren complex. Based on their observations, possible
mechanisms for the hydroxylation of [MST]> and [NST]" are discussed below for the Fe
complexes. Note, however, that no definitive evidence of an Fe(IV)—oxo intermediate
was observed for the complexes of either [MST]> and [NST]*. Although the discussion
focuses on Fe, a similar mechanism is expected to be operative in the Mn complexes as
well.

The most obvious step to follow the formation of Fe(IV)-oxo involves intra- or
intermolecular C-H bond cleavage of the ligand or a substrate/solvent molecule to
generate a carbon radical (Scheme 3.3). This radical can either rebound intramolecularly
into the Fe(Ill)-hydroxide unit or be quenched intermolecularly with an exogenous
substrate or solvent molecule. For the intramolecular rebound reaction, the resulting
product is an Fe(Il) species with a coordinated alcohol that must be deprotonated and
oxidized by one electron to give the observed Fe(Ill)-alkoxide product (Scheme 3.3,
pathway A). Que proposed that in his TMGstren complex, a second Fe(IV)—oxo unit
performs this final electron and proton transfer, producing a mixture of Fe(Ill)-alkoxide
and Fe(Ill)-hydroxide products, which is consistent with the products observed with our
[MST]’ and [NST]* systems.” However, Nam has proposed an alternate pathway based
on detailed study of C—H bond activation by non-heme Fe(IV)-oxo units, from which he
concluded that dissociation of the carbon radical is favored over the intramolecular
radical rebound mechanism in non-heme systems.'” In this case, after C-H bond cleavage
from the ligand to give a ligand-based radical and an Fe(Ill)-hydroxide unit, the radical

could react intermolecularly with a C—H bond of a solvent or substrate molecule to return
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to the unfunctionalized methyl group and give the final Fe(Ill)-hydroxide product, or the
radical could react with another equivalent of O-atom transfer reagent to hydroxylate the
ligand (Scheme 3.3, pathway B). Proton transfer to the Fe(III)-OH unit followed by
displacement of the resulting aquo ligand upon coordination of the alkoxide could then
give the observed Fe(Ill)-alkoxide product. Although detailed mechanistic studies were
not performed for the [MST] system, the observed formation of the oxidized ligand
products 2-4 is suggestive of a long-lived radical species, as these types of five-

membered rings are typically prepared through radical reactions.'®"

This reactivity better
correlates with the dissociation and intermolecular reactivity pathway suggested by Nam

than the intramolecular radical rebound mechanism of Que.
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Scheme 3.3. Two possible mechanistic routes leading to the observed mixture of
Fe(IIT)-hydroxide and Fe(IIT)-alkoxide products from the oxidation of [Fe'"MST]
with an O-atom transfer reagent: A) intramolecular (or radical rebound)
mechanism; B) intermolecular reaction of the ligand-based radical with solvent,
substrate, or oxidant.
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The high bond strength of the napthyl rings of [NST]>" (BDE = 112 kcal mol™)*
and of the phenyl rings of Chang and Que’s tripodal ligands indicate that a different
mechanism of hydroxylation must give rise to the Fe(Ill)-phenoxide products than the
Fe(IlI)-alkoxide products. One possible mechanism that was described by Que invokes
electrophilic attack of the Fe(IV)—oxo unit on the aryl ring to give an unstable Fe(II)
species that is then oxidized to return aromaticity and produce the observed Fe(IIl)—
phenoxide products (Scheme 3.4, pathway A). The Fe(IlI)-hydroxide product that is also
observed in the reaction of [NST]*" could be generated from abstraction of an H-atom
from the solvent by the Fe(IV)-oxo intermediate (Scheme 3.4, pathway B), which is
consistent with the dependence of the product distribution on the C—H bond strength of

the solvent.
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Scheme 3.4. Possible mechanism leading to the observed mixture of Fe(Ill)-
hydroxide and Fe(III)-phenoxide products from the oxidation of [Fe''NST]™ with
an O-atom transfer reagent. A) Electrophilic attack of the Fe(IV)—oxo unit on the
aromatic ring followed by oxidation to give the Fe(Ill)-phenoxide product. B)
Intermolecular H-atom abstraction to give the Fe(IlI)-hydroxide product.
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Summary and Conclusions

In summary, reaction of NMey[Fe"MST] with dioxygen produced an Fe(III)—
hydroxide complex that is analogous to the bimetallic complexes formed in the presence
of a secondary metal ion. However, unlike the bimetallic Fe(Ill)-hydroxide products, the
NMey[Fe""MST(OH)] species is mnot stable in solution and converts to
NMe,[Fe"MST(OH,)]. The NMes[Mn"MST] salt reacts too sluggishly with O, to isolate

the monometallic [Mn""

MST(OH)]™ product, and so oxidation with O-atom transfer
reagents was pursued as an alternate pathway to the mono- and bimetallic M(III)-
hydroxides of Mn and Fe. While the same bimetallic Fe(Ill)-hydroxide complex was
isolated from NMO and Ca" as from dioxygen, a new product was isolated when NMO
was reacted with NMey[Fe"MST] alone. This product was determined to be an Fe(III)—
alkoxide species that resulted from activation of a C—H bond in a mesityl group of the
ligand (BDEc_y ~ 88 kcal mol'). Additional analysis of the ligand products after the
reaction revealed further oxidation to ring-closed products that had hydroxyl and
carbonyl functionalities as well as a product in which two ligand arms had been activated.
A similar distribution of oxidized ligand products was also observed from oxidation of
the [Mn"MST] complex with PhIO. When Ca" ions were present in the oxidation
reactions, only trace amounts of the hydroxylated ligand product 1 were observed—a
result that is attributed in part to an inaccessible spatial orientation of the mesityl groups
relative to the metal center upon precoordination of the Ca' ion to the three ligand arms.
A naphthyl ligand derivative was prepared in an attempt prevent ligand oxidation

based on the higher strength of the aromatic C—H bonds compared to those of the mesityl

ligand. However, formation of the hydroxylated ligand product was again observed by
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ESI-MS analysis of the reaction mixture. For both [Mn"NST] and [Fe"NST], a solvent-
dependent mixture of the [M"'NST(OH)]” and [M""-O-NST] products were observed,
which suggests that the BDE of the O—H group in the hydroxide products is between 92
and 96 kcal mol™. The carbon atom in the 9 position of the naphthyl ring was proposed to
be hydroxylated based on comparison to the molecular structure of [Fe"'—-O-MSTT,
which suggests that the carbon atom off of the ortho position of the R group is most
susceptible to oxidation. A tolyl ligand derivative was therefore prepared, and oxidation
of its complexes of Mn" and Fe" with PhIO and NMO showed no evidence of ligand
hydroxylation. This is attributed to the greater separation between the tolyl group and the
metal center compared to the mesityl and naphthyl derivatives, which makes this group
less accessible to the active oxidizing species.

The observed oxidation of the mesityl and naphthyl ligand derivatives highlights
the oxidizing power of their Mn and Fe complexes as well as a limitation of these ligand
systems in generating high-valent species. Addressing this limitation by removing
susceptible C—H bonds from the ligand framework should allow the high reactivity of the
oxidized intermediate to be redirected toward intramolecular substrates—a topic that is
discussed in Chapter 4.

Experimental Section
General Methods

Syntheses of metal complexes were completed under an argon or nitrogen
atmosphere in a VAC drybox. Solvents were sparged with argon and dried over columns
containing Q-5 and molecular sieves. All reagents were purchased from commercial

suppliers and used as received unless otherwise noted. Sodium hydride as a 30%
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suspension in mineral oil was filtered and washed five times each with Et,O and pentane
and dried under vacuum. PhIO,”' H;MST, NMes[Mn"MST],'" NMes[Fe"MST],'* and
H3TST?* were prepared according to literature procedures.
Complex Syntheses

NMe4[Fe"™MST(OH,)]. A suspension of NMes[Fe"MST] (0.10 g, 0.12 mmol) in
4 mL THF at room temperature was treated with 3 pL (0.17 mmol) H,O via syringe,
causing the solution to become homogenous. The reaction was stirred vigorously for five
minutes, after which the solvent was removed under vacuum. The resulting residue was
redissolved in DCM and filtered through Celite to remove fine particulate solid. The
product was crystallized from the DCM filtrate via diffusion of pentane to give 0.10 g
(93%) of NMey[Fe"MST(OH,)] as colorless needle crystals. Elemental analysis calcd for
NMey[Fe"MST(OH,)], C37HsoNsO;S:Fe: C, 53.03; H, 7.10; N, 8.36%, found: C, 53.00;
H, 7.03; N, 8.38%. FTIR (KBr disc, cm™, selected bands): 3255 (m), 2968 (m), 2852 (m),
1604 (w), 1491 (m), 1255 (s), 1127 (s), 974 (s), 812 (s), 654 (s).

NMe4[Fe'"-O-MST]. A solution of NMe4[Fe"MST] (0.25 g, 0.30 mmol) in 15
mL DCM at room temperature was treated with a solution of NMO (72 mg, 6.1 mmol) in
5 mL DCM, resulting in immediate color change to red. The reaction was stirred for three
hours and then filtered through Celite. The product was recrystallized twice from DCM
via pentane diffusion to give 0.13 g (50%) of orange crystals. Elemental analysis calcd
for NMey[Fe'-O-MST]-0.5 CH,Cl,, Cs75Hs;NsO;S;CLFe: C, 51.34; H, 6.55; N,
7.98%, found: C, 51.69; H, 6.51; N, 7.77%. FTIR (KBr disc, cm’', selected bands): 3029
(W), 2932 (m), 2855 (m), 1604 (m), 1488 (m), 1292 (s), 1136 (s), 958 (s), 797 (s), 654 (s).

Amax, nm (DCM, &, M'em™): 351 (7500). EPR (1:1 DCM:THF, 77K): g = 9.0, 4.2.
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[(15-crown-5)D Ca-(n-OH)-Fe"MIST]OTSf. A solution of NMey[Fe"MST] (50
mg, 0.061 mmol) and Ca(OTf),/15-crown-5 (37 mg, 0.067 mmol) in 3 mL DCM at room
temperature was treated with a solution of NMO (14 mg, 0.12 mmol) in 2 mL DCM,
resulting in immediate color change to orange. After 5 hours, the reaction mixture was
filtered through Celite and the product was recrystallized twice via pentane diffusion to
give 60 mg (85%) of yellow-orange crystals. Elemental analysis calcd for [(15-crown-
5)DCa"-(u-OH)-Fe""MST]OTf* 0.5CH,Cly, Ca4sHg7CaClF3N, O1sS4Fe: C, 44.00; H,
5.56; N, 4.61%, found: C, 44.13; H, 5.31; N, 4.50%. FTIR (KBr disc, cm’', selected
bands, strong (s), medium (m), weak (w)): 3379 (m), 2937 (m), 2868 (m), 1604 (w), 1266
(s), 1144 (s), 1090 (s), 1031 (s), 955 (s), 811 (s), 659 (s), 638 (s). Amax, nm (DCM, e,
M em™): 383 (6000). EPR (1:1 DCM:THF, 77K): g=9.4, 4.7, 4.2.

[(15-crown-5)DCa"-(n-OH)-Mn""MIST]OTf. A solution of NMes MnMST]
(240 mg, 0.293 mmol) and Ca(OTf),/15-crown-5 (164 mg, 0.294 mmol) in 10 mL DCM
was treated with iodosylbenzene (77 mg, 0.41 mmol). The reaction mixture was stirred
overnight and filtered to remove an insoluble brown material. The solvent was removed
under vacuum and the blue-green solid redissolved in DCM. An initial recrystallization
from diffusion of pentane gave the desired blue-green crystals as well as colorless
crystals on the upper walls of the flask. The colorless crystals were scraped from the sides
of the vial and suspended in solution. Most of these crystals were removed by decanting
of the solvent. The product was recrystallized two more times using this method, after
which the blue-green crystals were collected on a glass frit and washed with Et;O and
pentane. Drying of the crystals under vacuum gave 0.17 g (50%) of the desired product.

FTIR (KBr disc, cm™, selected bands): 3329 (w), 2935 (m), 1604 (m), 1457 (m), 1277
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(s), 1147 (s), 1089 (s), 1030 (s), 954 (m), 837 (m), 638 (s). kmax, nm (DCM, &, M'em™):
449 (250), 642 (410), 770 (sh, 340).

NMe4[FeHNST]. A solution of H;NST (400 mg, 0.56 mmol) in 10 mL anhydrous
DMA at room temperature was treated with three equivalents of solid NaH (40 mg, 1.7
mmol). After the evolution of H, gas had ceased, Fe(OAc), (97 mg, 0.56 mmol), and
NMe4sOAc (74 mg, 0.56 mmol) were added. The reaction was stirred for three hours and
then filtered through a medium porosity frit to remove nearly three equivalents of NaOAc
(131 mg, 1.6 mmol). The filtrate was concentrated under vacuum to 2 mL of DMA, and
Et;0 (40 mL) was added to precipitate the complex. The resulting solid was collected on
a frit, redissolved in MeCN, and filtered through Celite to remove a small amount of fine
insolubles. The complex was precipitated with Et,O after concentrating the filtrate to 1
mL of MeCN, collected on frit, washed with Et,O, and dried under vacuum to give 0.40 g
(84%) of a light yellow powder. FTIR (KBr disc, cm™, selected bands): 3049 (w), 2856
(w), 1488 (w), 1256 (m), 1119 (s), 991 (m), 958 (w) 804 (m), 773 (s), 677 (m), 590 (m).

NMes[Mn"NST]-DMA. A solution of H;NST (0.20 g, 0.28 mmol) in 4 mL
anhydrous DMA was treated with three equivalents of solid NaH (20 mg, 0.84 mmol).
After the evolution of H, gas ceased, Mn(OAc); (48 mg, 0.28 mmol) and NMesOAc (37
mg, 0.28 mmol) were added to the light yellow solution. The mixture was stirred
overnight and then 4 mL Et,O was added to precipitate the NaOAc biproduct. After 15
minutes of stirring, the solution was filtered to remove three equivalents of NaOAc (66
mg, 0.80 mmol). The orange filtrate was concentrated under vacuum to ca. 1 mL and
treated with 20 mL Et,O to precipitate the product, which was collected on a glass frit

and dried under vacuum to give 0.26 g (95%) of light yellow powder. FTIR (KBr disc,
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cm’, selected bands): 3047 (w), 2851 (w), 1626 (m), 1250 (m), 1150 (m), 1133 (s), 992
(m), 830 (m), 800 (m), 676 (m), 607 (m).

NMe4[FeHTST(OH2)]. A solution of the ligand HsTST (0.20 g, 0.33 mmol) in 4
mL anhydrous dimethylacetimide (DMA) at room temperature was treated with three
equivalents of solid NaH (24 mg, 1.0 mmol), causing H, evolution and precipitation of
the deprotonated ligand. After the evolution of H, gas ceased, Fe(OAc), (57 mg, 0.33
mmol) and NMesOAc (44 mg, 0.33 mmol) were added to the heterogeneous mixture,
which was then stirred for three hours. One equivalent (6 pL) of H,O was then added via
syringe and the reaction mixture filtered through a medium porosity frit to remove three
equivalents of insoluble NaOAc (79 mg, 0.96 mmol). Vapor diffusion of Et,O into the
pale yellow filtrate gave the product as pale blue crystals in 90% yield. Elemental
analysis calcd for NMey[Fe"TST(OH,)], CsH4NsO;S:Fe: C, 49.40; H, 6.28; N, 9.29%,
found: C, 49.13; H, 6.23; N, 9.14%. FTIR (KBr disc, cm’', selected bands): 3257 (m),
3037 (w), 2896 (w), 2845 (m), 1599 (w), 1494 (m), 1246 (s), 1129 (s), 973 (s), 815 (s),
663 (s), 597 (m), 555 (s).

NMe4[MnHTST]. A solution of the ligand H3;TST (0.40 g, 0.66 mmol) in 10 mL
anhydrous dimethylacetimide (DMA) at room temperature was treated with three
equivalents of solid NaH (47 mg, 1.7 mmol), causing H, evolution and precipitation of
the deprotonated ligand. After the evolution of H, gas ceased, Mn(OAc), (114 mg, 0.66
mmol) and NMesOAc (87 mg, 0.66 mmol) were added to the heterogeneous mixture,
which was then stirred overnight. The solution was filtered to remove three equivalents of
NaOAc (0.14 g, 1.7 mmol). The light yellow filtrate was concentrated under vacuum to

ca. 1 mL and treated with 50 mL Et,O to precipitate the product, which was collected on
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a glass frit and then redissolved in THF. The solution was filtered through Celite to
remove a small amount of fine insolubles and then concentrated under vacuum to ca. 3
mL. Et,O (40 mL) was added to precipitate the complex, which was collected on a frit,
washed with Et,0O, and dried under vacuum to give 0.43 g (89%) of white powder. FTIR
(KBr disc, cm™, selected bands): 3035 (w), 2962 (w), 2853 (w), 1577 (w), 1491 (w),
1247 (s), 1193 (s), 976 (m), 816 (m), 662 (m), 555 (m).
Ligand isolation studies

In a typical experiment, a DCM solution of the reaction mixture was brought out
of the dry box and the metal ion extracted with 1 M HCI. The organic layer was washed
with brine, dried over MgSQOs, and filtered. The DCM solution was then passed through a
plug of silica, which was flushed with additional DCM. The ligand was eluted from the
silica with 5% MeOH in DCM and the solvent removed under vacuum. To verify that this
procedure did not cause any changes to the ligand, control experiments were performed
in which the ligand was isolated from [Zn"MST]" and [Fe""-O-MST]; clean H;MST and
1 were isolated in these experiments.
Physical Methods.

Electronic absorption spectra were recorded in a 1.0 or 0.1 cm quartz cuvette on a
Cary 50 spectrophotometer or an 8453 Agilent UV-vis spectrometer equipped with a
Unisoku Unispeks cryostat. Negative mode electrospray ionization electrospray mass
spectra were collected using a Micromass MS Technologies LCT Premier Mass
Spectrometer. X-band (9.28 GHz) EPR spectra were collected as frozen solutions using a

Bruker EMX spectrometer equipped with an ER041XG microwave bridge. IR spectra

75



were recorded on a Varian 800 Scimitar Series FTIR spectrometer as KBr disks or as a
solution using a Beckman liquid IR cell.
X-Ray Crystallographic Methods

A Bruker SMART APEX II diffractometer was used to collect all the data. The
APEX® program package was used to determine the unit-cell parameters and for data
collections. The raw frame data was processed using SAINT** and SADABS™ to yield
the reflection data file. Subsequent calculations were carried out using the SHELXTL®
program. The structures were solved by direct methods and refined on F* by full-matrix
least-squares techniques. The analytical scattering factors> for neutral atoms were used
throughout the analysis. Hydrogen atoms were included using a riding model. The data
set of NMey[Fe""-O-MST] contained several high residuals in the final difference-
Fourier map. It was not possible to determine the nature of the residuals although it is
probable that a pentane or DCM solvent molecule was present. The SQUEEZE routine in
the PLATON?® program package was used to account for the electrons in the solvent
accessible voids.

In NMe4[Fe"MST(OH,)], Hydrogen atoms H(1) and H(2) were located from a
difference-Fourier map and refined (x,y,z and Ujs,). The remaining hydrogen atoms were
included using a riding model. The tetramethylammonium ion was disordered. Carbon
atoms C(35)-C(40) were included using multiple components with partial site-
occupancy-factors.
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CHAPTER 4

Evidence for Formation of an Fe(IV)—oxo Intermediate in a Tripodal Sulfonamido
Fe Complex

Introduction

High-valent iron species are often reactive intermediates and are understood to be
involved in the C—H bond functionalization of a variety of substrates. For example, non-
heme iron-containing monooxygenases utilize a mononuclear iron(IV)—oxo unit as the
active species to perform a diverse set of reactions, including hydroxylation,
halogenation, desaturation, and epoxidation.'® These diverse and important reactions
have made non-heme high-valent iron complexes a target for synthetic chemists, both for
understanding the functional aspects of active sites in enzymes and for developing new
synthetic oxidants for chemical transformations such as C—H activation.

Within the last 13 years, over 50 unique synthetic Fe(IV)—oxo complexes have

been reported in the literature.”” "

While the study of these complexes has lead to a
greater understanding of the electronic and structural properties of M—oxo units in
synthetic complexes and in biology, their reactivities with C—H bonds have generally
been limited.”*** One common explanation for this limited relative reactivity is that most
synthetic Fe(IV)—oxo complexes are low spin while biological non-heme Fe(IV)-oxo
units are high spin.”’ In support of this hypothesis, Que compared the reactivities of his
numerous synthetic complexes and found that those with S=2 spin states were overall
more reactive than those with S=1 spin states.”* Despite this correlation, there is still
significant uncertainty as to whether unpaired spin is important at all in determining

reactivity, as several closed-shell systems such as permanganate ion (MnOj ) are capable

of reacting with C—H bonds.*® Further complicating the understanding of spin state’s
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contribution to reactivity is the limited availability of synthetic high spin Fe(IV)-oxo
complexes, with only five well-characterized examples reported.'®***”* Continued
exploration of synthetic Fe(IV)—oxo complexes with S = 2 spin states is therefore needed
to better understand the fundamental origins of C—H activation reactivity. Utilization of
ligand frameworks that establish trigonal bipyramidal geometry around the Fe center—
such as the tripodal sulfonamido ligands described throughout this dissertation—provide
a means of enforcing the desired high spin electronic configuration; of the five previously
characterized high spin Fe(IV)-oxo complexes, four are supported by tripodal ligand
frameworks.' %%

Numerous routes to synthetic Fe(IV)—oxo complexes have been reported, but a
common preparative method includes reaction of an oxygen-atom (O-atom) transfer
reagent with an Fe(Il) starting complex. For example, the first structurally characterized
Fe(IV)-oxo complex, [Fe" (O)(TMC)(NCCH;3)]*" (TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraaza-cyclotetradecane) was generated from oxidation of [Fe(TMC)(OTf),] with
iodosylbenzene (PhIO) in CH3;CN at —40 °C.*° Similarly, the first high spin Fe(IV)-oxo
complex, [Fe" (0)(TMGstren)]*, was prepared via reaction of the Fe(Il) precursor with a
substituted PhIO derivative.'® Although O-atom transfer reagents often provide a
straightforward method for generating Fe(IV)—oxo intermediates, weak points in the
ligand that are susceptible to oxidation can prevent the observation of an Fe(IV) species.
An example of this was discussed in Chapter 3 for the reactions between our
NMey[Fe"MST] and NMe4[Fe"NST] salts and O-atom transfer reagents, which resulted
in hydroxylation of the ligand. This undesirable intramolecular reactivity was eliminated

in the tolyl ligand derivative, [TST]*, which allowed us to further explore the oxidation
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of its Fe(Il) complex. Particular interest was given to probing the intermediate that could
not be observed in the complexes of [MST]> and [NST]*" but whose high reactivity was
apparent in the observed oxidized ligand products. Described here is preliminary
evidence for the formation of an Fe(IV)—oxo intermediate from oxidation of the Fe(II)
complex with an O-atom transfer reagent as well as the reactivity of this intermediate
with C—H bonds.
Results and Discussion

Unlike [Fe"MST], the four-coordinate [Fe'TST] complex could not be cleanly
isolated due to partial coordination of adventitious water to form the aquo complex,
[Fe"TST(OH,)], that could not be separated from [Fe"TST] during purification.
Therefore, [Fe"TST(OH,)]” was purposely prepared via addition of an equivalent of
water and used as the starting complex for all oxidation reactions. In order to verify that
the presence of an aquo ligand would not influence the reactivity of the Fe center, the

analogous [Fe""MST(OH,)]” complex was also prepared and its oxidation with O, and 4-
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Scheme 4.1. Reactivity of NMey[Fe"MST(OH,)] with O, and NMO.
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methylmorpholine-N-oxide (NMO) were compared to the reactivity of the [Fe"MST]
complex that was described in the previous chapter (Scheme 4.1). For both complexes,the
same [Fe'MST(OH)]  and [Fe"'-O-MST] products were generated from the aquo
precursor as from the four-coordinate, empty cavity complex. In addition, a similar
distribution of ligand oxidation products was observed from reaction with excess NMO.
These results suggest that the presence of an aquo ligand does not significantly influence
the oxidative reactivity of the Fe center, and so all experiments described in this chapter
were carried out using the [Fe" TST(OH,)] complex.

Reactivity of the [Fe'TST(OH,)]- Complex. Oxidation of the [Fe"TST(OH,)]"
complex with O, or NMO in dichloromethane (DCM) resulted in the isolation of
identical products that were assigned to the Fe(Ill)~hydroxide product, [Fe"" TST(OH)] .
The identity of this product was confirmed by X-ray diffraction (XRD) of a single crystal
that was grown from the NMO reaction. The [Fe'TST(OH)] ion consists of a five-
coordinate Fe(II) center in trigonal bipyramidal geometry (t = 0.82)' that is established

by the four nitrogen donors of [TST]’” and a terminal hydroxo ligand (Figure 4.1, Table

Figure 4.1. Thermal ellipsoid diagram depicting [Fe""TST(OH)] . Ellipsoids are
drawn at the 50% probability level, and only the hydroxo hydrogen atom is
shown. The NMe," counter ion is omitted for clarity.
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A.4). The average Fe-N¢, distance of 2.035(2) A and the Fe-N1 distance of 2.329(2) A
are similar to the distances in [Fe"'-O-MST] (2.021 and 2.358 A, Figure 3.6), which is
the only other structurally characterized Fe(III) complex of a tripodal sulfonamido ligand.
The Fe-O1 distance in [Fe""TST(OH)] is slightly longer at 1.831(1) A compared to
1.803 A in [Fe"-O-MSTT, and the oxygen atom of the hydroxo ligand is also tilted out
of the Fe—N1 vector with an O1-Fe—N1 angle of 173.56(6) (Table 4.1). One sulfonamido
oxygen atom on each of the three ligand arms of [Fe""'TST(OH)] points nearly parallel to
the Fel-O1 vector, forming a negatively-polarized fence around the hydroxo ligand. A
short distance (2.743 A) between the oxygen atom of the hydroxo ligand and one of these
sulfonamide oxygen atoms (O2) is suggestive of an intramolecular hydrogen bonding
interaction between these two groups.

Table 4.1. Select metrical parameters for [Fe" TST(OH)] .
Bond Distances (A)

Fel—Ol 1.831(1)
Fel—N1 2.329(2)
Fel—N2 2.053(2)
Fel—N3 2.031(2)
Fel—N4 2.022(2)
01---02 2.743
Bond Angles (°)
Ol1—Fel—N1 173.56(6)
N2—Fel—N3 124.46(7)
N2—Fel—N4 110.42(6)
N3—Fel—N4 111.26(6)
T value 0.82

The NMey[Fe"'TST(OH)] product exhibited a number of similarities to the
analogous complex with the [MST]" ligand that was described in the previous chapter;
characterization by electrospray ionization mass spectrometry (ESI-MS) revealed a
negative ion peak with a mass-to-charge ratio (m/z) of 687 that corresponds to the

formulation [FeTST(OH)], and the electron paramagnetic resonance (EPR) spectrum
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exhibited a signal at g = 9.7 and 4.3 that is consistent with a high spin Fe(Ill) center
(Figures 4.2A and B). The Fourier transform infrared (FTIR) spectrum of
[Fe""TST(OH)] contained a well defined band at 3450 cm™ that is nearly identical to that
of [Fe""MST(OH)]™ (3463 cm™, Figure 4.2C). Furthermore, like NMe4[Fe""MST(OH)],
the NMey[Fe"'TST(OH)] product is unstable in DCM solution, and the v(OH) band
decreased over time with the concomitant increase of a new band at 3279 cm™ that
belongs to the Fe(Il)-aquo complex, [Fe"TST(OH,)]. However, the rate of this
conversion was significantly slower in the [TST]> complex than the [MST]> analog, with
incomplete conversion observed even after 14 days, while full conversion of the [MST]*"
complex was accomplished within 7 days. The cause for this difference in stability
between the Fe(Ill)-hydroxide complexes of [TST]* and [MST] is still under
investigation, but this increased stability is likely the reason that NMey[Fe"'TST(OH)]
could be crystallized in high yield (60%) while crystallization attempts of
NMe,[Fe""MST(OH)] gave only the aquo salt, NMes[Fe"MST(OH,)].
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Figure 4.2. Spectra collected of isolated NMey[Fe"'TST(OH)]: A) ESI-MS
showing the molecular ion peak assigned to [Fe""TST(OH)]; B) perpendicular
mode EPR spectrum collected at 77 K on a 5 mM 1:1 DCM:THF solution, inset

showing an expansion of the g = 9.6 signal; C) IR spectrum of the crystalline
solid as a KBr disk.
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Despite the isolation of identical products from the reactions of [Fe"TST(OH,)]
with NMO and O, these two reactions produced visibly different color changes; while
the O, reaction gave a slow change from colorless to the increasingly intense orange
color of the [Fe"'TST(OH)]” product, addition of NMO resulted in the immediate
formation of a red species that faded to orange over the course of several minutes. When
this reaction was monitored optically, an intermediate with peaks at 380 and 895 nm
appeared and then converted to a new species containing a single optical feature at 352
nm that matched the isolated [Fe"'TST(OH)]” product (Figure 4.3). Although the
mechanism for the oxidation of [Fe"TST(OH,)]” with NMO is unknown, the observation
of a low intensity absorbance band at Ay, = 895 nm (em = 100) indicates that the reaction
may have involved an Fe(IV)—oxo intermediate. There is a growing body of data to
suggest that synthetic non-heme Fe(IV)-oxo complexes have optical features between

800-900 nm that arise from d-d transitions, and these features appear to be independent of
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Figure 4.3. Electronic absorption spectra for the oxidation of a 0.2 mM DCM
solution of NMey[Fe"TST(H,0)] with NMO at 25°C showing (A) conversion of
the Fe(Il) complex (dashed black) to the intermediate species (solid black) and
(B) further reaction of the intermediate to the final NMey[Fe"TST(OH)] product
(dotted black). The inset of (B) shows the decay of the low energy band in a 5
mM DCM solution.
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- 29,11
spin state and molecular structure.””

For example, we have previously characterized the
related trigonal bipyramidal Fe(IV)-oxo complex [Fe''Hsbuea(O)]™ ([Hsbuea, tris[(V'-
tert-butylureaylato)-N-ethylene]aminato), which exhibits a band at 808 nm (em = 280).%8
Similarly, the [F ¢"V(0)(TMC)(NCCH3)]** complex exhibits a band at 820 nm (em = 400)
in the optical spectrum despite having a different coordination geometry (tetragonal) and
spin state (S = 1).* Reactivity of this putative Fe(IV)—oxo intermediate with a C—H bond
in the solvent could possibly be the source of the isolated [Fe"'TST(OH)]  product.

When Ca(OTf),/15-crown-5 was introduced into the reaction between
[Fe"TST(OH,)] and NMO, no intermediate species containing the diagnostic low energy
band of an Fe(IV)-oxo species was observed by UV-vis spectroscopy (Figure 4.4A).
Instead, the complex converted directly to a single species that was determined to be the
heterobimetallic Fe(III)-hydroxide product, [15-crown-52Ca"-(u-OH)-Fe"TST]OTH, via
XRD methods (Figure A.12, Tables A.4 and A.5). Furthermore, when Ca(OTf),/15-
crown-5 was added to the proposed Fe(IV)—oxo intermediate that was stabilized at low
temperature, the spectrum immediately converted to one that matches the
heterobimetallic Fe(Ill)-hydroxide product (Figure 4.4B). This result is important
because in the last 5-6 years, there have been a number of reports in the literature of

338 or nitrido’’ ligand of high valent

redox-inactive metal ions binding to the oxido
transition metal complexes. For example, Nam reported the coordination of a Sc¢** ion to
the oxido unit of [Fe"(O)TMC)(NCMe)]** to form a neutral
[(TMC)(Fe""—0-Sc™)(OTf)4(OH)] complex.33 However, in the last two years, this

formulation has been called into question by two independent researchers, both of whom

cited the metrical parameters of the molecular structure that was used to assign the
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complex as a source of concern. Swart first used DFT calculations to argue that the bond
lengths of the proposed Fe'Y'—0—-Sc" adduct actually fit better to
[(TMC)Fe™—0-Sc"(OTf)4(OH,)],*® and Que synthetically reproduced the adduct and
performed further spectroscopic analysis that also pointed to an Fe oxidation state of 3+
instead of 4+.*° Our preliminary results with the formation of an Fe(III) species upon
addition of Ca®" ions to the proposed [Fe'VTST(0)]” complex provides additional support
that coordination of a Lewis acid to a high valent M—oxo unit effects an oxidation state

change.
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Figure 4.4. Electronic absorption spectra of 0.2 mM MeCN solutions for (A)
oxidation of [Fe"TST(OH,)]” with NMO in the presence of Ca(OTf)y/15-crown-5
at 20 °C showing the direct conversion to a single species that was assigned to
[15-crown-52Ca"-(u-OH)-Fe""'TST]OTf and (B) addition of Ca(OTf),/15-crown-
5 to the proposed [Fe'VTST(0)] intermediate stabilized at -40 °C (dotted black)
showing immediate conversion to [15-crown-52Ca"-(p-OH)-Fe"" TST]OTY.
Reactivity of Fe(IV)—oxo Intermediate with External Substrates. The observation
of a putative Fe(IV)—oxo species that did not react with the ancillary tripodal ligand
suggested that we might be able to intercept this reactive intermediate to activate an X—H

bond of an external substrate. Indeed, addition of half an equivalent of diphenylhydrazine

(DPH) to the stabilized Fe(IV)—oxo intermediate at low temperature resulted in the rapid
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Figure 4.5. Electronic absorption spectra for the reaction of 0.2 mM

[Fe"VTST(0)]” intermediate stabilized at -40 °C with (A) 0.5 DPH in THF and (B)

20 DHA in MeCN.
loss of the 895 nm band and concomitant growth of the high energy band of azobenzene
at 320 nm (Figure 4.5A).% Similarly, addition of excess dihydroanthracene (DHA)
resulted in the appearance of the sharp, high energy features of anthracene’' and loss of
the 895 nm band (Figure 4.5B). Furthermore, when the reaction of [Fe"TST(OH,)]” with
NMO was carried out in the presence of 1 equivalent of DHA on a larger scale, 20%
conversion of DHA to the oxidized products anthracene (A), 9,9',10,10'-tetrahydro-9,9’-

bianthracene (B), and anthraquinone (C, Scheme 4.2 and Figure A.13) was observed. For

comparison, no conversion of DHA was observed for the identical reactions with

NMe,[Fe!'TST(OH,)] + 2NMO ~
DCM or MeCN

N,, rt

DCM: 3% 11% 4%
MeCN: 22% 27% 4%

Scheme 4.2. Oxidation products of dihydroathracene: (A) anthracene, (B)
9,9',10,10'-tetrahydro-9,9'-bianthracene, and (C) anthraquinone and percent
conversion obtained from reaction in DCM and MeCN.
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NMey[Fe"MST] or  NMeyFe"MST(OH,)], and the isolated  product,
NMe,y[Fe""TST(OH)], showed no reactivity with DHA. When the reaction of the
[Fe"TST(OH,)]” complex with NMO was conducted in MeCN instead of DCM, 50% of
the DHA was converted to oxidized products, and the NMey[Fe"'TST(OH)] product was
crystallized from the reaction in 90% yield. Based on the proposed mechanism of H-atom
abstraction by the Fe(IV)—oxo intermediate from either substrate or solvent molecules,
this increase in DHA conversion is thought to result from the stronger C—H bonds of
MeCN relative to DCM (BDEc 5 = 96 and 92 kcal mol'l, respectively)“, which allows
the reactivity with the substrate to be more favored.

The conversion of DHA was further improved by using PhIO as the oxidant
instead of NMO. In fact, this switch in oxidant led to catalytic conversion, with 90%
yield of oxidized products obtained from 10% catalyst loading and stoichiometric oxidant
(relative to H-atoms, Scheme 4.3). This significant improvement in yield was initially
proposed to be a consequence of the low solubility of PhIO in DCM and MeCN, which
serves to introduce the oxidant into the reaction slowly. Because the [Fe"'TST(OH)]
product is known to convert back to the [Fe"TST(OH,)] starting complex over time, it
was thought that the slow introduction of oxidant allowed this Fe(II) complex to be
produced and then react again with PhIO. To test this hypothesis, NMO was added to a

5:1 mixture of DHA and NMey[Fe"MST(OH,)] in MeCN over the course of five hours

10 PhlO
al (OHy)] “MecN
N2’

68% 22% 2%

Scheme 4.3. Reaction conditions that give catalytic conversion of DHA.

88



via syringe pump, and the conversion of DHA was compared to the analogous reaction in
which NMO was added in one portion. No enhancement in conversion was observed
from the slow addition of NMO, which suggests that another factor is responsible for the
catalytic reactivity. However, no further studies were conducted to understand this
difference in reactivity between PhlO and NMO.
Summary and Conclusions

In summary, rational modification of the mesityl-containing sulfonamido tripodal
ligand, [MST]*, to incorporate tolyl groups successfully prevented undesirable
intramolecular reactivity and allowed for further examination of the oxidative reactivity
of the corresponding Fe complex. The Fe(Il)-aquo complex of this tolyl ligand,
[Fe"TST(OH,)], reacted with O, and NMO to generate identical Fe(IIl)-hydroxide
products, [Fe""TST(OH)], that could be crystallographically characterized due to its
improved stability over the analogous complex of the [MST]> ligand, [Fe""MST(OH)] .
Despite the isolation of identical products from O, and NMO, these two reactions
appeared to proceed through different mechanisms, with NMO producing a red
intermediate whose low energy band is characteristic of an Fe(IV)—oxo species.
Importantly, this intermediate was not observed in the same reaction with the Fe(Il)
complex of [MST]*, which converted directly to a single spectrum; the ability to observe
the low energy band of the proposed Fe(IV)—oxo therefore depended on the removal of
the ortho methyl groups in the tolyl derivative.

The proposed Fe(IV)-oxo intermediate that was produced from NMO could be
stabilized at low temperature so that its further reactivity could be studied. Addition of

Ca" ions to this stabilized intermediate resulted in immediate generation of a bimetallic
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Fe(Ill)-hydroxide product, which supports recent claims in the literature that the binding
of a Lewis acid to the oxido ligand of a high valent metal center effects an oxidation state
change. The Fe(IV)—oxo intermediate also reacted with the X—H bonds of DPH and DHA
by UV-vis spectroscopy, and isolation of the DHA products of the large scale reaction
revealed conversion to a mixture of three oxidized products. The extent of conversion
was improved with the choice of solvent, and the reaction became catalytic when PhIO
was used as the oxidant instead of NMO. Although the cause of the improved conversion
by PhIO is not understood, the catalytic conversion observed for DHA highlights how
rational molecular design can lead to functional small molecules.
Experimental Section
General Methods

Syntheses of metal complexes were completed under an argon or nitrogen
atmosphere in a VAC drybox. Solvents were sparged with argon and dried over columns
containing Q-5 and molecular sieves. All reagents were purchased from commercial
suppliers and used as received unless otherwise noted. Sodium hydride as a 30%
suspension in mineral oil was filtered and washed five times each with Et,O and pentane
and dried under vacuum. PhIO* and HsTST* were prepared according to literature
procedures.
Complex Syntheses

NMe4[FeHTST(OH2)]. A solution of the ligand HsTST (0.20 g, 0.33 mmol) in 4
mL anhydrous dimethylacetimide (DMA) at room temperature was treated with three
equivalents of solid NaH (24 mg, 1.0 mmol), causing H, evolution and precipitation of

the deprotonated ligand. After the evolution of H, gas ceased, Fe(OAc), (57 mg, 0.33
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mmol) and NMesOAc (44 mg, 0.33 mmol) were added to the heterogeneous mixture,
which was then stirred for three hours. One equivalent (6 pL) of H,O was then added via
syringe and the reaction mixture filtered through a medium porosity frit to remove three
equivalents of insoluble NaOAc (79 mg, 0.96 mmol). Vapor diffusion of Et,O into the
pale yellow filtrate gave the product as pale blue crystals in 90% yield. Elemental
analysis calcd for NMey[Fe"TST(OH,)], C3H4NsO;S:Fe: C, 49.40; H, 6.28; N, 9.29%,
found: C, 49.13; H, 6.23; N, 9.14%. FTIR (KBr disc, cm’', selected bands): 3257 (m),
3037 (w), 2896 (w), 2845 (m), 1599 (w), 1494 (m), 1246 (s), 1129 (s), 973 (s), 815 (s),
663 (s), 597 (m), 555 (s).

NMe4[Fe"TST(OH)]. A solution of NMes[Fe"TST(H,0)] (0.10 mg, 0.13 mmol)
in 6 mL of DCM at room temperature was treated with a solution of NMO (15 mg, 0.13
mmol) in 2 mL of DCM, causing an immediate color change to red. The reaction was
stirred for four hours, during which time the color faded to orange. After filtering through
Celite, the product was recrystallized twice by layering the DCM solution under Et,O to
give 60 mg (60%), of yellow-orange crystals. Elemental analysis caled for
NMey[Fe""TST(OH)], C3HNsO;S:Fe: C, 49.46; H, 6.16; N, 9.30%, found: C, 49.55;
H, 6.00; N, 8.98%. FTIR (KBr disc, cm™, selected bands): 3450 (m), 3036 (w), 2962 (w),
2859 (m), 1599 (w), 1490 (m), 1270 (s), 1138 (s), 1091 (s), 962 (s), 816 (s), 666 (s), 553
(s). hmax, nm (DCM, &, M"'em™): 355 (5500). EPR (1:1 DCM:THF, 77K): g =9.7, 4.3.
Electronic absorption studies

In a typical experiment, a 0.2 mM stock solution of the metal complex was
prepared in the glove box, and 3 mL of the solution was transferred to a quartz cuvette,

which was sealed with a rubber septum. The cuvette was brought out of the glovebox and

91



allowed to equilibrate in the sample holder at 25°C for ten minutes before NMO was
added as a 30 mM solution via syringe.
Substrate oxidation studies

In a typical experiment, a solution of NMO was added in one portion to a solution
containing the Fe complex and DHA. After 3 hours, the solvent was evaporated to
dryness and the resulting yellow residue stirred in Et,O. The Et,O was then filtered
through Celite, passed through a silica plug, and evaporated to give the DHA products as
an off white residue. The residue was redissolved in CDCIl; and the ratio of products was
determined by integration of their signals in the '"H NMR spectrum. The Fe-containing
products were redissolved in DCM and recrystallized by Et,O layering.
Physical Methods

Electronic absorption spectra were recorded in a 1.0 or 0.1 cm quartz cuvette on a
Cary 50 spectrophotometer or an 8453 Agilent UV-Vis spectrometer equipped with an
Unisoku Unispeks cryostat. Negative mode electrospray ionization electrospray mass
spectra were collected using a Micromass MS Technologies LCT Premier Mass
Spectrometer. X-band (9.28 GHz) EPR spectra were collected as frozen solutions using a
Bruker EMX spectrometer equipped with an ER041XG microwave bridge. IR spectra
were recorded on a Varian 800 Scimitar Series FTIR spectrometer as KBr disks or as a
solution using a Beckman liquid IR cell.
X-Ray Crystallographic Methods

A Bruker SMART APEX II diffractometer was used to collect all the data. The
APEX2* program package was used to determine the unit-cell parameters and for data

collections. The raw frame data was processed using SAINT* and SADABS" to yield
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the reflection data file. Subsequent calculations were carried out using the SHELXTL*®
program. The structures were solved by direct methods and refined on F* by full-matrix
least-squares techniques. The analytical scattering factors® for neutral atoms were used
throughout the analysis. Hydrogen atoms were included using a riding model. Hydrogen
atoms H(1) of NMey[Fe""TST(OH)] and H(7) of [15-crown-5DCa"-(u-OH)-
FeHITST]OTf were located from a difference-Fourier map and refined (x,y,z and Uss)
with d(O-H) = 0.85A for the latter.

The data set for NMe4[Fe'TST(OH)] contained several high residuals in the final
difference-Fourier map. It was not possible to determine the nature of the residuals
although it is probable that a pentane solvent molecule was present. The SQUEEZE
routine in the PLATON™ program package was used to account for the electrons in the
solvent accessible voids.

There was one molecule of tetrahydrofuran solvent present in the unit cell of [15-
crown-52Ca"-(u-OH)-Fe""TST]OTf. Several atoms were disordered and included using
multiple components with partial site-occupancy-factors.
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CHAPTER 5
Coordination Properties of a Tridentate, Redox Active, Sulfonamido Ligand

Introduction

A constant area of interest in synthetic inorganic chemistry is the preparation of
highly active molecular catalysts for the functionalization of simple commodity
chemicals into complex fine chemicals. While many types of reactions are needed for
building complex molecules, one approach that has gained particular interest in recent
years is the activation of unfunctionalized C—H bonds. This reaction is exceptionally
important both in the early stages of molecular synthesis where hydrocarbon feedstocks
are converted into synthetically useful building blocks and in the late stage introduction
of functional groups in complicated target syntheses. Tremendous progress has been
made in the field of homogeneous catalysis, with numerous examples of highly active
and selective catalysts reported in the literature.! However, the great majority of these
successful catalysts employ expensive second and third row transition metals such as
palladium and iridium. The rising cost of these metals has limited the practicality of their
application in long term and large scale synthetic applications, and so a recent drive is to
replace these precious metals with earth-abundant, first row transition metal catalysts.’

The reactivity requirement that makes second and third row transition metal
catalysts so good at C—H bond functionalization and that complicates the development of
first row transition metal catalysts is the need to perform multielectron processes; while
the lower transition metals are capable of easily undergoing 2 electron oxidation state
changes, first row metals typically favor single electron transfer processes. Although two

consecutive single electron transfer processes can lead to productive C-H bond
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activation,” the likely occurrence of unwanted side reactions in these radical pathways is
a constant threat to the yield and selectivity of the reaction as well as to the lifetime of the
catalyst.

One approach that has gained recent attention for improving the function of first
row transition metal catalysts in multielectron transformations is the development of
redox active ligand frameworks that can supply or store electrons during the reaction.*®
These ligands contain frontier orbitals that have similar energies as those of the metal
center that it is coordinated to, which allows the redox events to be localized on the
ligand instead of the metal center. The utility of this approach is clearly demonstrated by
the reactivity of d’ metals that are supported by redox active ligands in multielectron
transformations. For example, a Zr(IV) complex supported by two iminophenolate
ligands was shown to readily react with chlorine gas via oxidative addition at the metal
center to form a dichloride complex in which the necessary electrons with supplied by the
two iminophenolate ligands (Chart 5.1A).° A related complex containing two aryl ligands
was shown to undergo C—C bond coupling to form biphenyl upon two-electron oxidation
of the complex.'” In another example, a trianionic N ligand, bis(aminophenyl)amine
ligand (INNN]*) was shown to facilitate oxidative reactivity at the d° metal centers
Zr(IV) and Ta(V).""'? Both of these complexes reacted with aryl azides to form M—imido
complexes in which the necessary electrons for the two-electron reduction of the azide
were provided by the ligand (Chart 5.1B). Furthermore, the Zr(IV)-imido complex was
shown to catalytically transfer the nitrene unit to isonitrile.

The ability of redox active ligands to support multielectron transformations at late

first row transition metal centers has also been previously demonstrated. For example, C—
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Chart 5.1. Complexes whose redox active ligand frameworks have facilitated A)
oxidative addition of CI, gas at a d° Zr(IV) center , B) activation of aryl azide at a
d® Ta(V) center, C) C—C bond formation with organo zinc reagents, and D)
cycloaddition of dienes, enynes, and diynes.
C bond forming reactions by a square planar Co(IIl) center were shown to result from
one-electron oxidation of the two bidentate iminophenolate ligands upon oxidative
addition of an alkyl halide; the resulting square pyramidal complex (Chart 5.1C) reacts
with organozinc reagents to form the coupled products via reductive C—C bond
formation, which regenerates the fully reduced complex.*'*'* C-C bond forming
reactions were also shown to be catalyzed by the redox activity of a pyridinediimine
(Chart 5.1D) ligand in the reaction of its Fe complex with dienes, enynes, and diynes.'>'®
These examples illustrate the utility of developing new transition metal complexes that
are supported by redox active ligand frameworks for the purpose of organic catalysis.
The work that will be described in the final two chapters of this dissertation was
begun in 2014 in collaboration with Professor Cora MacBeth at Emory University

through the NSF Center for Selective C—H Functionalization. MacBeth and coworkers

have developed a derivative of the [NNNT*" ligand scaffold with amide functional groups
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that was shown to facilitate catalytic oxidation of triphenylphosphine to
triphenylphosphine oxide with two Co(I) complexes (Chart 5.2A) and dioxygen.'’
Electrochemical studies of the mononuclear complex revealed three reversible events—
two one-electron processes and one two-electron process—that illustrated the
contribution of the ligand to the redox properties of the complex. In addition to the
catalytic reactivity with dioxygen, the dinculear Co(II) complex was also shown to
perform catalytic intramolecular benzylic C—H amination of aryl azides with appended

phenyl groups.'®

R0 e W 28
SRS 9 g

Chart 5.2. The Co(Il) complexes of MacBeth that are supported by the amidate
derivate of the [NNNJ* ligand framework (A), and the sulfonamido ligand
derivative examined in this chapter (B).

The collaboration with the MacBeth lab was born out of the hypothesis that the
reactivity observed with the Co(II) complexes could be further modulated by
incorporating non-covalent interactions within the secondary coordination sphere. Our
group has conclusively shown that secondary sphere interactions could be used to
influence reactivity by stabilizing reactive intermediates such as highly basic Fe(IlI)-oxo
unit using intramolecular H-bond donors,” and also to enhance the rate of dioxygen
reduction via electrostatic interactions with a redox inactive metal ion, as discussed in

20,21
277

Chapter We therefore sought to similarly incorporate both types of interactions

within the [NNN7J* ligand framework used previously in the MacBeth lab and to examine
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their influences on the reactivity of the resulting complexes. In this collaborative project,
the MacBeth lab pursued the incorporation of H-bond donating groups within the
secondary coordination sphere while I pursued functionalization with sulfonamido
groups. This chapter describes the development of a tolyl sulfonamido ligand derivative
(Chart 5.2B) and the characterization of its complexes with Fe, Co, and Cu. Structures
with dinuclear cores similar to those of the amidate ligand derivative of MacBeth (Chart
5.2A, left) were determined for all three metal ions, and spectroscopic characterization
revealed a number of anomalies for the Cu complex that suggested a complicated
electronic structure. However, the coordination properties of this tolyl ligand derivative
did not align with our motivation of preparing discreet complexes whose reactivity could
be influenced by controlled interactions with secondary metal ions, which lead us to
prepare a second ligand derivative that will be described in Chapter 6.
Results and Discussion

Synthetic Methods. A sulfonamido ligand derivative containing tolyl groups was
selected for these initial studies based on the results described in Chapters 3 and 4 in
which both the mesityl and naphthyl derivatives of a tripodal ligand were shown to be
susceptible to oxidation while the tolyl derivative was not. The synthesis of this tridentate
tolyl ligand derivative, denoted Hstbaps, was accomplished in three steps from
commercially available starting materials (Scheme 5.1). The first two steps have been
previously published and involve nucleophilic aromatic substitution of 1-fluoro-2-
nitrobenzene with 2-nitroaniline to give the dinitro compound HN(o-PhNO,), that is then
reduced under H, gas with catalytic palladium on carbon (Pd/C, 10 wt%) to give the

bis(2-aminophenyl)amine (HN(o-PhNH,),) precursor.'” Functionalization of this
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compound is then performed using a similar procedure as the tripodal sulfonamido
ligands described in the previous three chapters: nucleophilic attack of the 2-aminophenyl
groups on p-tolyl sulfonyl chloride liberates HCI and produces the ligand precursor, N,N'-
(azanediylbis(2,1-phenylene))bis(4-methylbenzenesulfonamide) (Hstbaps) in  79%
crystalline yield. This ligand is air-stable as a solid but turns pink over time in solution.

2 05 KOBu 1 atm H2, Pd/C
+
NO, NO, DMSO rt, 24 h THF rt,1h
F

NH,

1) 3 pyridine

: SN ; 2) 2.1 \©\
0. ll .NH HN ll .0 S0,CI

[i:] [;:] MeCN, N, rt, 12 h

Hstbaps

Scheme 5.1. Synthetic route to Hstbaps.

Characterization of Hstbaps by 'H NMR and C NMR spectroscopies is
consistent with the expected C, symmetry; only 6 resonances are observed for the 16 total
aromatic protons, and two distinct N—H resonances are observed that integrate to three
total protons and which disappear upon addition of D,O to the sample. The ligand
precursor is detected as the monodeprotonated anion, [Hjtbaps], by electrospray
ionization mass spectrometry (ESI-MS) with a mass of 506. The FTIR spectrum of the
Hstbaps contains two sharp bands at 3409 and 3270 cm™ that are assigned to the N—H
groups of the sulfonamides and the central amine.

Metalation of Hstbaps was modeled after the procedure previously reported by
MacBeth and coworkers for the amidate redox active ligand with cobalt ions.'” The

modified procedure described here utilizes three equivalents of potassium hydride (KH)
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or sodium hydride (NaH) to triply deprotonate the ligand precursor in dimethylacetamide
(DMA), followed by transmetalation with either a M"(OAc), or a M"Br;, salt (M" = Fe,
Co, Cu) (Scheme 5.2). The resulting complexes were either isolated as the potassium
salts or treated in situ with NMesOAc or NEtBr to generate the corresponding
tetraalkylammonium salts. Complexes of both counter ions were isolated for all three
metal ions. Recrystallization from either DMA or MeCN via vapor diffusion of Et,O into

a concentrated solution gave crystalline products in high yields (55 — 90%).

2 _
©\ Q 1) 3 KH or NaH Q
N 2) M'/(OAc), or M!IBr — K
o) ) MY( )2 2 o ,/IS N /N S\‘O
> o k o

o} H ~S=
0.4.NH HN 11,0 3) NMe,OAc or NEt,Br \ N
M M
DMA, N, rt o] . 0O
O\\é’,N/ NN |s|’,/o

Scheme 5.2. Synthetic route to [M'5(tbaps),]* complexes. The third step is omitted in
the isolation of the dipotassium salts.

Structural Properties. The molecular structures of all of the Fe(Il), Co(Il), and
Cu(IT) complexes with both K™ and NR4" counter ions, except for the (NEty),[Fex(tbaps),]
salt, were determined by X-ray diffraction (XRD) methods, which revealed nearly
identical coordination properties as the analogous complexes of the amidate ligand
derivative that were described by MacBeth (Figure 5.1, Tables A.6 and A.7). These
complexes consist of a dinuclear structure containing two four-coordinate metal centers
and two ligands per molecule. One arm of each ligand coordinates to each metal ion, and
the central deprotonated amido donor bridges between the two ions to form a M)N;
diamond core. The metrical parameters of the ligand backbone indicate that the ligand

remains in its fully reduced form (Table A.8) The geometry around each metal center can
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Figure 5.1. Depictions of the molecular structures of the [MHz(tbaps)z]z'

complexes determined by XRD methods: A) complexes with NR," counter ions;

B) complexes with K™ counter ions. The tolyl groups adopt the same arrangement

in all five complexes but are shown only for the [Cuy(tbaps),]” complex in A. The

three complexes in A and the Co complex in B contain a two-fold rotation axis

that is orthogonal to the plane of the diamond core. Thermal ellipsoids are drawn

at the 50% probability level.
be described as distorted seesaw based on calculation of its t4 value. This parameter,
initially described by Houser, provides a straightforward method of evaluating the
geometry around four coordinate metal centers.”> The value is calculated by subtracting
the sum of the two largest bond angles within the primary coordination sphere of the
metal center from 360 and dividing by 141 (Equation 5.1, where o and 3 are the two

largest angles). The extreme values of 0 and 1 correspond to perfectly square planar and

360 -(a+ p)

_ 5.1
T 141 SR
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perfectly tetrahedral geometries, respectively. Intermediate values can be assigned to

intermediate geometries, such as trigonal pyramidal (0.85) and different classes of seesaw

(0.07 - 0.64). The calculated values for the dinculear [tbaps]3' complexes fall in the range

0.66 - 0.68 (Tables 5.1 and 5.2), indicating a geometry that is closer to tetrathedral than

square pyramidal. These values are similar to those reported for the amidate ligand

derivative (0.62 - 0.69), which indicates that the functionalization of the redox active

ligand backbone with sulfonamide groups does not significantly influence the primary

. . 2
coordination sphere.

3

Table 5.1. Metrical parameters for the primary coordination spheres of the

[MHz(tbaps)z]z' complexes.

K" salts NEt," salt
[Fex(tbaps),] [Coa(tbaps),] [Cua(tbaps):] | [Coa(tbaps).]
Bond Distances (A)
M1-N1 2.093 (2) 2.050(1) 2.102(1) 2.067(3)
MI1-N1' 2.110(2) 2.053(1) 2.095(1) 2.087(3)
M1-N2 1.997(2) 1.954(1) 1.926(1) 1.943(3)
M1-N3 1.988(2) 1.944(1) 1.020(1) 1.955(3)
MM 2.3759(6) 2.5734(4) 2.5332(6) 2.6083(9)
Bond Angles (°)

N3-M1-N2 143.67(7) 140.40(5) 145.41(6) 143.8(1)
N3-MI1-N1 122.75(6) 123.07(5) 120.17(5) 119.0(1)

N2-MI1-N1 82.12(6) 84.64(5) 83.51(5) 84.2(1)

N3-MI-N1" 81.35(6) 84.78(5) 83.41(5) 84.2(1)
N2-MI-N1" 116.39(6) 119.10(5) 116.12(5) 119.8(1)
NI-MI-N1" 111.14(5) 102.31(4) 105.75(4) 102.2(1)

MI1-N1-M1' 68.86(5) 77.68(5) 74.16(4) 77.8(8)

14 value 0.66 0.68 0.67 0.68

The tolyl groups of the sulfonamido moiety are oriented outward from the

complex such that they are nearly orthogonal to the plane formed by the M,N, diamond

core (Figure 5.1A). This positions the sulfonamido oxygen atoms from one arm of each

ligand on the same face and within close proximity (< 5 A separation) to form a
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Table 5.2. Metrical parameters for the primary coordination spheres of the two
distinct Cu(II) centers in (NMey),[Cuy(tbaps)a].

Cul Cu2
Bond Distances (A)

Cul-N1 2.058(4) Cu2-N2 1.919(3)

Cul-N3 1.936(3) Cu2-N4 2.122(4)

Cul-N5 1.935(3) Cu2-N6 1.930(3)

Cul-N4 2.078(3) Cu2-N1 2.161(3)

M-M 2.5715(7)
Bond Angles ()

N5-Cul-N3 151.6(1) N2-Cu2-N6 146.2(1)
N5-Cul-N4 83.6(1) N2-Cu2-N4 119.8(1)
N3—-Cul-N4 113.3(1) N6—Cu2—-N4 82.9(1)
N5-Cul-N1 114.0(1) N2-Cu2-N1 82.3(1)
N3-Cul-N1 83.8(1) N6—Cu2—-N1 119.4(1)
N1-Cul-N4 107.3(1) N4-Cu2-N1 102.1(1)
Cul-N1-Cu2 75.1(1) Cul-N4-Cu2 75.5(1)

T4 value 0.67 T4 value 0.67

negatively polarized pocket. Two such pockets of sulfonamido oxygen atoms are formed
in each complex. In the dipotassium salts, two potassium ions bridge between pockets on
adjacent molecules, thereby creating a linear chain within the unit cell (Figure 5.2). DMA
molecules complete the coordination spheres of the potassium ions. In the structures of
the NR," salts that were obtained for Co(I) and Cu(Il), the same negatively polarized
pockets of sulfonamido oxygen atoms are formed even though there is no metal ion to
coordinate to. This pre-organized secondary binding site is therefore promising for
controlled coordination of secondary metal ions such as Ca(II).

Analysis of the bond lengths in the series of dinuclear complexes revealed
relatively short M=M separations for all three metal ions (Tables 5.1 and 5.2). An
exceptionally short separation of 2.3759(6) A in the K,[Fey(tbaps),] salt suggests the
presence of an Fe—Fe bond, as this distance is shorter than the Fe-Fe distance of 2.48 A

in metallic iron and falls within the range of 2.29 A and 2.46 A that has been reported for
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Figure 5.2. Depiction of the interactions of the K™ ions with the pockets of

sulfonamido oxygen atoms that give rise to a polymeric structure. The tolyl

groups are excluded for clarity. Thermal ellipsoids are drawn at the 50%

probability level.
other dinuclear Fe(I[)Fe(Il) complexes with metal-metal bonds.***° A short separation is
also observed in the K,[Cox(tbaps),] salt, with a distance of 2.5734(4) A. However,
thisvalue falls outside of the range that is associated with metal-metal bonds, which
typically have distances below 2.4 A.>’ Finally, the separation of 2.5332(6) A observed in
the K[Cua(tbaps)] salt is slightly shorter than the distance observed in a related Cu,P;
diamond core reported by Peters (2.596 A)*® and in the analogous complex with the
amidate ligand derivative (2.562 A).” Note that the M=M separations for the (NEt;)"
salts of the Co and Cu complexes are slightly longer than in the K salts, at 2.6083(9) A
and 2.5715(7) A, respectively.

Spectroscopic Characterization. Characterization of the dinuclear complexes by

UV-vis spectroscopy highlighted a major difference in the electronic properties of the

Cu(II) species compared to the Co(II) and Fe(II) analogs; while the latter two metal ions

exhibited weak absorption bands that are consistent with d—d transitions, the Cu(Il)
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spectra contained significantly more intense bands that are suggestive of charge transfer
transitions (Figure 5.3). In particular, an intense band was observed at Amax = 1000 nm (€
= 3000 M 'cm™) that was not present in the Co(II) or Fe(II) spectra. This type of band in
dinuclear compounds is typically assigned to an intervalence charge-transfer between

29-32

mixed-valent metals centers. Furthermore, all of the features within the Cu(Il) spectra

resemble those of a dinuclear Cu,P, complex and a Cu;N, complex that have both been

1SCcu'” 3 This result suggests that the

assigned to an oxidation state of Cu
[Cu",(tbaps),]* complexes have been reduced by one electron and actually contain the

mixed-valent dimer, Cu'Cu". However, this formulation is not consistent with the overall

charge of the complex, as two counter cations are observed per molecule in the solid state

structure
—Co
3000 y; —-Cu
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Figure 5.3. Electronic absorbance spectra for the [M",(tbaps),]* complexes in
MeCN at room temperature.

Further complicating the analysis of the Cu dinuclear complexes is the
observation of an EPR spectrum that is more consistent with a mononuclear Cu(II) center
than either a Cu',N, core or a Cu'Cu" mixed-valent dimer. For the latter two

formulations, a silent spectrum or a g = 2 spectrum with a complex Cu hyperfine pattern
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would be predicted, respectively.**?’

However, the observed spectrum contains a
hyperfine pattern with a splitting of Ac, = 160 G that suggests two electronically
independent Cu(Il) centers (Figure 5.4A). An additional 13-line hyperfine pattern with A

=13 G is observed on the g, signal, which can be attributed to interaction with the four

nitrogen nuclei that are coordinated to the metal ions. The similarity of the observed
signal to that of other mononuclear Cu(Il) centers suggests that the dinuclear structure
characterized in the solid state could exist as mononuclear complexes in solution.*®
However, the EPR spectrum of a solid crystalline sample also contained an intense g =
2.05 signal (Figure 5.4B). In addition, the extensive '*N hyperfine splitting observed in
the frozen solution suggests that the complex remains assembled in solution. Altogether,

the spectroscopic features of the Cu(Il) complex give disparate results that require further

investigation to correctly assign its electronic structure.

g=2.22 (160 G)

I_I_I_I_I
LLLLLL|_LLI_LI_I
9=2.04 (13 G) ’—J /2-05

| 1 1 | |

1 1 1 1 1 1 L 1 1 1 1 1 1 1
3000 3400 2600 3000 3400

B (G) B(G)

L 1
2600

Figure 5.4. EPR spectra of the K;[Cuy(tbaps),] complex at 77K A) as a 5 mM
solution (relative to Cu) in 1:1 DMF:THF with an inset showing the 13-line
hyperfine pattern on the g = 2.04 signal, and B) as a solid sample.

108



Unlike the Cu(Il) complex, the EPR spectra of the Fe(Il) and Co(II) analogs are
consistent with electronic coupling between two divalent metal centers; for the
[Fex(tbaps),]* complexes, a sharp feature at g = 16 was observed in the parallel mode
spectrum at 10 K (Figure 5.5). This high g-value is consistent with the ferromagnetic
coupling between two S = 2 Fe(Il) centers to give an S = 4 spin state.”® A silent spectrum
was observed for the [Coy(tbaps),]* complexes in both parallel and perpendicular modes,
which suggests that the Co(Il) centers are antiferromagnetically coupled through the
bridging nitrogen donors. These results are summarized in an unexpected trend: the Fe
centers couple ferromagnetically, the Co centers couple antiferromagnetically, and the Cu

centers do not couple at all.

16.4
j—
1 1 1 1 1 |
0 500 1000 1500
B (G)

Figure 5.5. Parallel mode EPR spectrum of a 5 mM (based on Fe) solution of
K,[Fes(tbaps),] in 1:1 DMF:THF at 10 K.

The UV-vis spectra for the Fe(Il), Co(Il), and Cu(Il) complexes of [tbaps]3'
closely match those recorded by MacBeth and coworkers for the analogous complexes
with the amidate ligand derivative,” which suggests that similar anomalies in the
electronic structure should be observed for the Cu(Il) complex of the amidate ligand.

However, this complex was found to be diamagnetic via NMR spectroscopy, which
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contrasts the obvious paramagnetic nature of the [tbaps]® derivative. Additional studies
are needed to elucidate the electronic structure of this complex.

Electrochemical Properties. Characterization of the three dinuclear complexes by
cyclic voltammetry revealed rich but complicated electrochemical properties (Figure 5.6).
Due to the complexity of the signals, no attempts were made to assign each
electrochemical process. However, the interaction of the K' counterions clearly
influences the electrochemical properties of the dinuclear complexes relative to the
(NR4)" salts. The origin of the irreversible electrochemical behavior is not understood.

Although similarly complicated voltammograms were also reported for the Fe(II), Co(II),

K2[Fe2(tbaps)2] Kz[Coz(tbaps)Z] K2[Cu2(tbaps)2]
¢10pA t10pA th’A
0 4 =2 1 0 a1 =2 10 4 =2
Potential (V) Potential (V) Potential (V)
(NEt4)2[Fe2(tbaps)2] (NEt4)2[Coz(tbaps)2] (NMe4)2[Cu2(tbaps)2]
I10uA ¢10uA ¢10“A
e UC B B B B B
Potential (V) Potential (V) Potential (V)

Figure 5.6. Cyclic voltammograms of the six [My(tbaps),]* salts in MeCN
referenced to Fc”" (ImM, 0.1 M TBAP, 100 mV/s, with cobaltocenium
hexafluorophosphate as an internal standard).
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and Cu(Il) complexes of the amidate ligand,” the related Cu,P, complex of Peters
exhibited fully reversible redox events.”®

Examination of Secondary Metal lon Binding. As discussed in the introduction,
part of the motivation for incorporating sulfonamido groups within a redox active ligand
scaffold was to explore the coordination of additional metal ions within the secondary
coordination spheres of transition metal complexes. The molecular structures of the five
complexes described above confirmed the formation of a secondary binding site, but the
oligomeric structure formed in the crystal lattice from coordination of potassium ions to
adjacent molecules indicated that aggregation could complicate the reactivity studies. The
formation of discrete heterometallic complexes was therefore explored via the addition of
group 2 and group 3 metal ions as crown ether adducts. The ability of these crown ether
adducts to support the formation of discrete heterobimetallic complexes was illustrated in
Chapter 2.

Binding of the M"(OTf),/(crown ether) adducts to the [Cuz(tbaps)z]z' complex was
examined by UV-vis spectroscopy, and addition of Ca(OTf),/15-crown-5 to either the
(NMe, "), or the (K'), salt resulted in an immediate color change from pink to blue and
the appearance of new features at 454, 535, 644, and 873 nm (Figure 5.7A). A similar
change in the absorption spectrum was also observed upon addition of Sr(OTf),/15-
crown-5 and Ba(OTf),/18-crown-6 (Figure 5.7B). These spectral changes suggest that the
group 2 metal ion/crown ether adducts have a different mode of interaction with the
[Cuz(tbaps)z]z' complex than the potassium ions within the isolated salts. Addition of a
trivalent metal ion, Sc(OTf)s/15-crown-5, also caused a dramatic change in the

absorption spectrum, but this new spectrum was not stable and began to decrease within
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several seconds. A possible explanation for this continued change is that initial
coordination of Sc(Ill) is followed by structural rearrangement of the complex. Finally,

no spectral changes were observed upon addition of the monocation adduct,

Na(OTf),/15-crown-5.

—Ca/15-crown-5
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Figure 5.7. A) UV-vis spectral changes for the addition of Ca(OTf),/15-crown-5

to a 0.24 mM (with respect to Cu) solution of (NMeu),[Cux(tbaps),] in
acetonitrile, and B) Comparison of the spectra obtained from the addition of
group 2 metal ions as crown ether adducts.

In order to determine the mode of interaction between [Cug(tbaps)z]z' and the
group 2 metal ions, crystallization of the proposed [(15-crown-5DCa)Cux(tbaps),]
complex was pursued. Diffusion of Et,O into a concentrated solution of
(NEty),[Cu"y(tbaps),] and Ca(OTf),/15-crown-5 gave a purple crystal whose molecular
structure indicated that the crown ether ligand did not prevent oligomerization of the
complex (Figure 5.8, Tables 5.3 and A.7). Two Ca(Il) ions were observed per molecule:
one seven-coordinate ion remained bound to the 15-crown-5 macrocycle and also
coordinated to one sulfonamido oxygen atom from each ligand within the pocket. A

second Ca(Il) ion that was no longer bound by a crown ether molecule coordinated to the

other two sulfonamido oxygen atoms of the same pocket and bridged to the second
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Figure 5.8. Molecular structure of the complex obtained from crystallization of
[Cuz(tbaps)z]z' in the presence of Ca(OTf),/15-crown-5.

pocket of a neighboring molecule. This molecular structure highlighted a fundamental
problem created by the binding of two [tbaps]® ligands per molecule: the resulting
formation of two binding pockets prohibits the formation of the desired discreet
heterometallic complexes.

Table 5.3. Metrical parameters for the primary coordination spheres of the two
distinct Cu(Il) centers in the [Cuy(tbaps),]” containing Ca(Il) ions.

Cul Cu2
Bond Distances (A)

Cul-N4 1.916(3) Cu2-N3 1.912(3)

Cul-N1 1.919(3) Cu2-N6 1.916(4)

Cul-N2 2.042(3) Cu2-N5 2.145(3)

Cul-N5 2.058(3) Cu2-N2 2.175(3)

M-M 2.5194(6)
Bond Angles ()

N4-Cul-N1 140.9(1) N3-Cu2-N6 147.5(1)
N4-Cul-N2 115.7(1) N3-Cu2-N5 118.3(1)
N1-Cul-N2 84.8(1) N6—Cu2—-N5 82.5(1)
N4—Cul-N5 84.3(1) N3-Cu2-N2 82.2(1)
N1-Cul-NS5 121.0(1) N6—Cu2-N2 119.6(1)
N2—Cul-NS5 110.5(1) N5-Cu2-N2 102.5(1)
Cul-N1-Cu2 73.3(1) Cul-N4-Cu2 73.7(1)

T4 value 0.70 T value 0.66
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Summary and Conclusions

In summary, the structural and spectroscopic properties of six dinuclear
complexes supported by a tridentate sulfonamido ligand derivative were described. This
ligand was found to enforce nearly identical coordination properties as the amidate ligand
derivative reported by MacBeth; all of the sulfonamido and amidate complexes have
distorted tetrahedral geometries around the metal centers with t4 values within the range
0.62 — 0.69, and similar MM separations were observed between the two series of
complexes with a bonding interaction observed between the metal centers in the Fe
complexes.

Both the Fe and Co complexes exhibited low intensity absorption bands in their
UV-vis spectra that are consistent with d—d transitions within the Fe(Il) and Co(II)
centers. Furthermore, magnetic coupling between metal centers was observed for both
complexes; a g=16 signal for [Fe,(tbaps),]* is consistent with ferromagnetic coupling
while the silent spectrum observed for [Coy(tbaps),]” suggests antiferromagnetic
coupling. In contrast, [Cuy(tbaps),]* complexes displayed electronic properties that are
not consistent with the expected strong electronic coupling between the two metal
centers; while the UV-vis spectrum contained an intense low energy band that is
suggestive of intervalence charge transfer between mixed-valent metal centers, the
structural parameters are consistent with two Cu(Il) centers in distorted tetrahedral
geometry, and the EPR spectrum does not match either formulation. Instead, the observed
signal is suggestive of a mononuclear Cu(Il) species, which could result from the

dinuclear structure breaking apart in solution. However, the observation of an EPR signal
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for a solid state sample is not consistent with this explanation. These spectral anomalies
require more in depth study to understand their origins.

Addition of di- and trivalent redox inactive metal ions as crown ether adducts to
the (NMey),[Cua(tbaps),] and Ky[Cuy(tbaps),] salts caused a significant change in the
optical spectrum that suggested a unique mode of interaction compared to that observed
for the K" ions in the isolated salt. However, the molecular structure of the [Cuz(tbaps)z]z'
complex crystallized in the presence of Ca(OTf),/15-crown-5 indicated that an
oligomeric structure was still formed due to interactions of Ca(Il) ions with sulfonamido
binding pockets of adjacent molecules. This inability to form discreet heterometallic
complexes as well as the close similarities of our dinuclear complexes to those of the
amidate ligand system lead us to pursue a new ligand derivative that could enforce
different coordination properties. The studies of this new ligand derivative are described
in the next chapter.

Experimental Details
General Methods

Syntheses of metal complexes were completed under a nitrogen atmosphere in a
VAC drybox. Solvents were sparged with argon and dried over columns containing Q-5
and molecular sieves. All reagents were purchased from commercial suppliers and used
as received unless otherwise noted. Potassium hydride and sodium hydride as 30%
suspensions in mineral oil were filtered and washed five times each with Et,O and
pentane and dried under vacuum. The ligand precursor HN(o-PhNH;), was prepared

according to literature procedures.'” Multiple attempts at elemental analyses for
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K,[Cuy(tbaps),]-2DMA and (NEts),[Fex(tbaps),]-:2DMA failed to match the calculated
values.
Ligand Synthesis

N,N'-(azanediylbis(2,1-phenylene))bis(4-methylbenzenesulfonamide)
(Hstbaps). The triamine (1.2 g, 6.0 mmol) and pyridine (1.19 g, 15.0 mmol) were
dissolved in 30 mL of MeCN in the glove box. p-tolyl sulfonyl chloride (2.29 g, 12.1
mmol) was dissolved in 6 mL of MeCN and added dropwise to the acetonitrile solution
over the course of ten minutes, causing a change from clear orange to heterogeneous
pink-orange. The reaction was stirred overnight in the glovebox at room temp to give a
dark orange solution. After checking the reaction for completion by ESI-MS, the mixture
was concentrated to dryness under vacuum, redissolved in DCM, and washed with 1M
HCI until the aqueous layer was no longer colored. The organic layer was further washed
with H>O and brine, dried over MgSQ,, filtered, and concentrated under vacuum to a
foam. The ligand precursor was recrystallized from hot MeOH as light yellow crystals in
79% yield (2.4 g). '"H NMR (500 MHz, CDCls, ppm): 9.32, (s, 2H, NH), 7.52 (d, 4H),
7.17 (d, 4H), 7.03 (s, 1H, NH) 6.93 (t, 2H), 6.86 (d, 2H), 6.73 (t, 2H), 6.53 (d, 2H), 2.26
(s, 6H). >C NMR (125 MHz, CDCls, ppm): 142.9, 139.0, 136.7, 129.3, 127.1, 128.9,
126.2, 120.8, 118.7, 21.0. FTIR (Nujol, cm™, selected bands): 3409 (NH), 3270 (NH),
1591 (s), 1525 (s), 1333 (s), 1153 (s), 812 (s). HRMS (ES+): Exact mass caled (found)
for [M + Na]: 530.1184 (530.1179).
Complex Syntheses

K;[Cuz(tbaps):]-2DMA A solution of Hstbaps (0.10 g, 0.20 mmol) in 3 mL of

DMA was treated with three equivalents of solid KH (24 mg, 0.6 mmol). The reaction
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was stirred until gas evolution ceased, and then Cu(OAc), (36 mg, 0.20 mmol) was
added. After 2 h, the reaction was filtered through a medium porosity fritted funnel to
remove approximately one equivalent (15 mg, 0.15 mmol) of insoluble KOAc. The
reaction mixture was diluted to 5 mL of DMA, and the product was crystallized by vapor
diffusion of Et,O into the concentrated solution to give 123 mg (90%) of purple crystals.
Elemental analysis calcd (found) for K,[Cux(tbaps),]-2DMA (CeHs2NgO10S4Cu2Ks): C,
51.89 (49.37); H, 4.50 (5.42); N, 8.07 (8.45)% FTIR (Nujol, cm™, selected bands): 1630
(m), 1461 (s), 1257 (m), 1330 (m), 1086 (m), 960 (m), 816 (w), 661 (m). Amax, nm
(MeCN, &, M'em™): 520 (2600), 610 (2400), 1000 (3600). EPR (1:1 DMF:THF, 77 K):
Zpar = 2.22 (160 G), gperp = 2.04 (13 G).

(NMey)z[Cuz(tbaps),]-3DMA A solution of Hstbaps (0.10 g, 0.20 mmol) in 3 mL
of DMA was treated with three equivalents of solid NaH (14 mg, 0.6 mmol). The reaction
was stirred until gas evolution ceased, and then Cu(OAc), (36 mg, 0.20 mmol) and
NMesOAC (26 mg, 0.2 mmol) were added. After 3 h, the reaction was filtered through a
medium porosity fritted funnel to remove approximately two equivalents (35 mg, 0.43
mmol) of insoluble NaOAc. The reaction mixture was diluted to 5 mL of DMA, and the
product was crystallized by vapor diffusion of Et,O into the concentrated solution to give
140 mg (46%) of red-purple crystals. Elemental analysis caled (found) for
(NMey),[Cua(tbaps)2]-3DMA (C7,HosN;11011S4Cuy): C, 55.94 (55.83); H, 6.19 (6.06); N,
9.97 (9.76)%. FTIR (Nujol, cm™, selected bands) 1584 (m), 1460 (s), 1261 (s), 1136 (s),
1094 (m), 975 (m), 820 (w), 725 (s). Amax, nm (MeCN, &, M'em™): 520 (2300), 614
(2100), 1000 (3000). EPR (1:1 DMF:THF, 77 K): gpar = 2.22 (162 G), gperp = 2.04 (14 G).

K;[Coy(tbaps);]-2DMA This dipotassium salt of Co was prepared using the same
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procedure as K[ Cuy(tbaps),]-2DMA, with Hitbaps (0.10 g, 0.20 mmol), KH (24 mg, 0.60
mmol), and CoBr; (43 mg, 0.20 mmol) in 3 mL of DMA. The product was isolated as
dark green crystals (75 mg, 55%) from diffusion of Et,O into a concentrated DMA
solution.  Elemental analysis caled (found) for  Kj[Coa(tbaps),]:2DMA
(CeoHe2Ng0O10S4C02K>): C, 52.24 (52.31); H, 4.53 (4.94); N, 8.12 (8.78)%. FTIR (Nujol,
cm’, selected bands): 1637 (s), 1464 (s) 1294 (m), 1255 (s), 1087 (m), 968 (m), 831 (m),
751 (m), 671 (m). Amax, nm (MeCN, &, M"'cm™): 602 (390), 925 (50).
(NEty)2[Coz(tbaps),] This ammonium salt of Co was prepared using a similar
procedure as (NMey):[Cua(tbaps),]2DMA, with Hstbaps (0.10 g, 0.20 mmol), NaH (14
mg, 0.6 mmol), CoBr; (43 mg, 0.20 mmol), and NEt;Br (41 mg, 0.20 mmol) in 3 mL of
DMA. After 3 hours, the reaction was concentrated to dryness and redissolved in MeCN.
The dark green solution was filtered to remove approximately 2.5 equivalents of NaBr
(52 mg, 0.5 mmol) and then the solvent was removed under vacuum. The product was
isolated as dark green crystals (100 mg, 74%) from diffusion of Et,O into a concentrated
DMA solution. Elemental analysis calcd (found) for (NEts)2[Cox(tbaps)]
(CesHgaNgO3S4Co2): C, 58.86 (58.37); H, 6.10 (6.16); N, 8.08 (8.07)%. FTIR (Nujol,
cm’, selected bands) 1661 (m), 1578 (m), 1479 (s), 1252 (s), 1134 (s), 1085 (s), 962 (s),
833 (m), 739 (s). Amax, nm (MeCN, &, M"'em™): 602 (430), 925 (50).
K;[Fe,(tbaps),]-:2DMA This dipotassium salt of Fe was prepared using the same
procedure as K[ Cuy(tbaps),]-2DMA, with Histbaps (0.10 g, 0.20 mmol), KH (24 mg, 0.60
mmol), and FeBr; (42 mg, 0.20 mmol) in 3 mL of DMA. The product was isolated as
dark green crystals (119 mg, 88%) from diffusion of Et,O into a concentrated DMA

solution.  Elemental  analysis caled (found) for  K,[Fex(tbaps),]:2DMA
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(CeoHe2Ng010S4C02K5): C, 52.48 (52.12); H, 4.55 (4.46); N, 8.16 (7.60)%. FTIR (Nujol,
cm’, selected bands): 1657 (w), 1574 (s), 1254 (s), 1132 (m), 1085 (m), 966 (m), 740
(m). Amax, nm (MeCN, &, M'em™): 485 (320), 700 (130). EPR (1:1 DMF:THF, 77 K,
parallel mode): g =16.4.

(NEty)2[Fex(tbaps);] This ammonium salt of Fe was prepared using a similar
procedure as (NMey)[Cua(tbaps),]2DMA, with Hstbaps (0.10 g, 0.20 mmol), KH (24
mg, 0.6 mmol), FeBr; (43 mg, 0.20 mmol), and NEt;Br (41 mg, 0.20 mmol) in 3 mL of
DMA. After 3 h, the reaction was concentrated to dryness and redissolved in MeCN. The
dark green solution was filtered to remove almost three equivalents of KBr (64 mg, 0.54
mmol) and then the solvent was removed under vacuum. The product was isolated as
dark green crystals (150 mg, 64%) from diffusion of Et,O into a concentrated DMA
solution. Elemental analysis calcd (found) for (NEts)2[Fex(tbaps),] (CegHsaNgOgSsFes): C,
59.12 (56.61); H, 6.13 (6.03); N, 8.11 (7.78)%.FTIR (Nujol, cm™, selected bands): 3029
(W), 2932 (m), 2855 (m), 1604 (m), 1488 (m), 1292 (s), 1136 (s), 958 (s), 797 (s), 654 (s).
Amax, nm (MeCN, &, M"'em™): 700 (120), 485 (300). EPR (1:1 DMF:THF, 77 K, parallel
mode): g=16.4.

Physical Methods

Electronic absorption spectra were recorded in a 1 cm cuvette on a Cary 50
spectrophotometer or an 8453 Agilent UV-Vis spectrometer equipped with an Unisoku
Unispeks cryostat. Negative mode electrospray ionization electrospray mass spectra were
collected using a Micromass MS Technologies LCT Premier Mass Spectrometer. X-band

(9.28 GHz) EPR spectra were collected as frozen solutions using a Bruker EMX
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spectrometer equipped with an ER041XG microwave bridge. IR spectra were recorded
on a Varian 800 Scimitar Series FTIR spectrometer as suspensions in Nujol.

Cyclic voltammetric experiments were conducted using a CHI600C
electrochemical analyzer under an N, atmosphere with 0.1 M tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. A glassy carbon electrode was used
for the working electrode with a silver wire reference electrode and a platintum wire
counter electrode. A cobaltocenium/cobaltocene couple ([Conz]HO) was used to monitor
the reference electrode.

X-Ray Crystallographic Methods. A Bruker SMART APEX II diffractometer
was used to collect all the data. The APEX2** program package was used to determine
the unit-cell parameters and for data collections. The raw frame data was processed using
SAINT*® and SADABS?’ to yield the reflection data file. Subsequent calculations were
carried out using the SHELXTL*® program. The structures were solved by direct methods
and refined on F* by full-matrix least-squares techniques. The analytical scattering
factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model.

In the three potassium salts, the molecule was located about a two-fold rotation
axis and was polymeric. One molecule of dimethylacetamide was disordered and
included using multiple components with partial site-occupancy-factors.

In (NMey),[Cux(tbaps),], there were three molecules of dimethylacetamide
solvent present, and several atoms were disordered and included using multiple
components with partial site-occupancy-factors.

In (NEt4)2[Coa(tbaps),], the molecule was located about a two-fold rotation axis.
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There were several high residuals present in the final difference-Fourier map. It was not
possible to determine the nature of the residuals although it was probable that
diethylether solvent was present. The SQUEEZE® routine in the PLATON*' program
package was used to account for the electrons in the solvent accessible voids.

In the Ca salt, carbon atom C(38) was disordered and included using multiple
components with partial site-occupancy-factors. There was one-half molecule of
dimethylacetamide (DMA) solvent present per formula-unit. The DMA was located on
an inversion center and was disordered. The solvent atoms were included with site-
occupancy-factors = 0.50. There were three high residuals present in the final difference-
Fourier map. It was not possible to determine the nature of the residuals although it was
probable that diethylether solvent was present. The SQUEEZE routine in the PLATON®

program package was used to account for the electrons in the solvent accessible voids
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CHAPTER 6

Mononuclear Fe(II) and Co(II) Complexes of a Tridentate, Redox Active Ligand
Derivative Containing Sulfonamido Groups

Introduction

As discussed in the previous chapter, one approach to accessing multi-electron
transformations with first row transition metal catalysts is the development of redox-
active ligands that can contribute electrons to the reaction. I became involved in this
effort through a collaboration with Professor Cora MacBeth at Emory University, who
observed catalytic C—H bond amination with a cobalt complex of her amidate ligand
derivative (refer to Chart 5.1D). My contribution to the collaboration was to incorporate
sulfonamido groups within the [NNNJ* ligand framework in order to modulate the
catalytic reactivity of the resulting complexes via secondary coordination sphere
interactions. Using a ligand derivative that contained tolyl groups off of the sulfonamido
units, [ developed a series of dinuclear complexes that were structurally and
spectroscopically similar to those that were supported by MacBeth’s amidate ligand
derivative. In addition, the sulfonamido groups were shown to favor the coordination of
bridging secondary metal ions to form oligomeric structures in the solid state, even when
the secondary metal ion was added as a crown ether adduct. Together, these results
indicated that the ligand derivative containing tolyl groups would likely not support
discreet complexes whose reactivity could be influenced by controlled interactions with
secondary metal ions, and so a modified derivative was pursued.

Two different avenues are typically used to modulate the properties of metal
complexes through modification of the supporting ligand(s): 1) altering the steric bulk to

enforce higher or lower coordination numbers or to change the geometry around the
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metal center; or 2) adjusting the electronic properties through introduction of electron
donating or withdrawing groups to influence the redox properties of the metal center.
While the latter method is useful for fine-tuning the properties of a system, the first
approach of changing the steric bulk has the ability to significantly alter the structure and
reactivity of the resulting complexes. For example, initial coordination studies of the
bidentate B-diketiminate ligand system utilized derivatives with alkyl substituents off of
the nitrogen atoms, which lead to the characterization of four coordinate, homoleptic
complexes of Co(II), Ni(Il), and Cu(I) (Figure 6.1A)."” Modification of the steric
properties of this ligand system via introduction of sterically-encumbering 2,6-
diispropylbenzene groups as the N,N' substituents® prevented the coordination of two -

diketiminate ligands to a single metal center and supported the formation of the first
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Chart 6.1. Complexes of the B-diketiminate ligand system that illustrate the
influence of steric bulk on the coordination properties: A) An example of an early
homoleptic complex prepared with a non-bulky derivative; B) The first example
of a three coordinate Cu(II) complex made possible by the introduction of 2,6-
diisopropylbenzene; C) Cu—superoxide complex isolated from the reaction of the
starting Cu(I) complex with O,; D) A three coordinate Fe(II) complex whose
isolation required additional steric bulk in the ligand backbone; E) Unusual
dinitrogen compound isolated from a three coordinate Fe(I) complex.

125



example of a three coordinate Cu(Il) complex with trigonal planar geometry (Chart
6.1B).” This bulky ligand derivative was also shown to support a low-coordinate Cu(I)
center that reacted with dioxygen to give an unprecedented, low coordinate Cu(Il)—
superoxo complex while less bulky ligand derivatives gave bis(pu-oxo) bridged dimers
(Chart 6.1C).*'* Further modification of the steric properties at the R,R' positions in the
backbone via replacement of the methyl groups with tert-butyl substituents provided
access to a related three coordinate Fe(IT) complex,'' and reduction of the metal center to
Fe(I) lead to the isolation of an unusual three coordinate dinitrogen adduct (Chart 6.1D
and E).'”" The stabilization of these unusual low coordinate Fe and Cu complexes
illustrates the efficacy of this approach for altering the properties of metal complexes.
Based on the successful modification of the coordination properties described
above for the fB-diketiminate ligand system, the introduction of steric bulk into the
sulfonamido [NNN7" ligand derivative was chosen as the next approach to modifying the
coordination properties of the tridentate ligand system. This approach is easily
accommodated by the versatility of the reaction to functionalize amines with sulfonamide
groups, which allows the R group off of the sulfur atom to be easily substituted for more
sterically bulky substituents. Although these groups are not directly connected to the
same atom that coordinates to the metal center as they are in the f-diketiminate ligand,
the molecular structures of the [tbaps]®” complexes indicate that the tolyl groups lie in
close enough proximity to the metal center to influence the coordination properties. The
tolyl groups of the [tbaps]® ligand were therefore replaced with more sterically
encumbering triisopropylbenzene groups in an attempt to prevent the formation of the

dinuclear structures that were described in Chapter 5. As predicted, this modification of
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the ligand significantly influenced the coordination properties of the ligand and resulted
in the isolation of monomeric complexes of Fe and Co. The preparation, characterization,
and preliminary reactivity studies of these complexes are described in this chapter.
Results and Discussion

Synthetic Methods. The sterically encumbered triisopropylbenzene ligand
precursor Hsibaps was prepared from the sulfonyl chloride and 2-(o-aminophenyl)amine
in an analogous reaction as the tolyl derivative (Hstbaps) that was described in Chapter 5.
The precursor was isolated in 64% yield as a light pink crystalline solid that contained
three distinct N—H vibrations in the Fourier transform infrared (FTIR) spectrum between
3370 and 3213 cm™. Coordination of the ligand to a metal center was initiated by
deprotonation of the ligand precursor with potassium hydride (KH) followed by
metalation with a M"Br;, salt (M" = Fe, Co). In order to complete the coordination
sphere of the metal center, an additional mono- or bidentate pyridine ligand derivative
(dimethylaminopyridine (DMAP) or 2,2'-bipyridine (bpy)) was added following the
metalation step. Finally, in situ salt metathesis of the K™ ions with NEt,Br was performed
in an attempt to prevent the oligomerization that was caused by coordination of bridging
potassium ions in the [tbaps]3' complexes (Scheme 6.1).
e

3) 2,2'-bipyridine N
4) NEt,Br

DMA, N, rt
-3KBr

Hiibaps

Scheme 6.1. Synthetic route to monomeric complexes containing bipyridine.
DMAP was also added in the place of 2,2’-bipyridine to give a [Co(I[)DMAP]
complex.
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Structural Properties. Determination of the molecular structures of the isolated
complexes by X-ray diffraction (XRD) methods revealed that the increased steric bulk of
the triisopropylbenzene derivative was sufficient to enforce mononuclear species. Three
different complexes were structurally characterized that contained one metal ion, one
[ibaps]” ligand, and one DMAP or bpy ligand: NEt[Co"(ibaps)DMAP],
NEt,[Co"(ibaps)bpy], and NEt[Fe"(ibaps)bpy]. In the NEt,[Co"(ibaps)DMAP] salt, the
Co(Il) ion is four coordinate with a distorted seesaw geometry (t4 = 0.62) (Figure 6.1,
Tables 6.1 and A.9). The primary coordination sphere is made up of the neutral nitrogen
donor of the DMAP ligand and the three anionic nitrogen atoms of [ibaps]*". Within the
[ibaps]’” ligand, the phenyl rings of the backbone are nearly planar, which causes the
three anionic donors to coordinate in a meridional fashion at distances of 1.985(6) and
1.985(7) A. The bond distances within the backbone indicate that the [ibaps]3' ligand
remains in the fully reduced form (Table A.10) The central deprotonated amine has a
nearly trigonal planar geometry and coordinates at distances of 1.970(5) A. The four

sulfonamido oxygen atoms are positioned on one face of the complex, forming a

N5 _
@

Figure 6.1. Molecular structure of [Co'(ibaps)DMAP]  determined by XRD
methods. The NEt;" counter ion is omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level.
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negatively polarized pocket similar to what is observed in [tbaps]’". Note that in the tolyl
derivative, this pocket was formed by one sulfonamido group from each ligand in the
dinuclear complex, whereas both sulfonamido groups from the single [ibaps]® ligand
form the pocket in the [Co(ibaps)DMAP]" complex. The DMAP ligand coordinates on
the face opposite of the sulfonamido groups with a bond distance of 2.037(6) A.

Table 6.1. Key metrical parameters for NEty[Co" (ibaps)DMAP].
Bond Distances (A)

Col-N1 1.970(5)
Col-N2 1.985(7)
Col-N3 1.985(6)
Col-N4 2.037(6)
Bond Angles (°)
N1-Col-N2 82.0(2)
N1-Col-N3 82.9(2)
N2-Col-N3 141.8(2)
N1-Col-N4 131.1(2)
N2-Col-N4 107.4(3)
N3-Col-N4 107.4(3)
T4 value 0.62

Numerous attempts to crystallize the analogous four coordinate Fe complex with
a DMAP ligand were unsuccessful, and so formation of a five coordinate complex using
the bidentate ligand bpy was explored as an alternate route to a mononuclear complex. A
low resolution molecular structure of the resulting complex was determined by XRD
methods and can be only used to discuss connectivity (Figure 6.2A, Table A.9). The
complex contains an Fe(II) center whose geometry is best described as midway between
square pyramidal (t = 0) and trigonal bipyramidal (t = 1) based on an estimated t value
of 0.56. The three anionic donors of the [ibaps]’ ligand coordinate in a similar meridional
fashion as was observed in the [Co"(ibaps)DMAP] complex, and one of the neutral
donors of the bpy ligand coordinates almost exactly opposite of the central amine. The

sulfonamido oxygen atoms adopt a slightly staggered orientation on one face of the
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Figure 6.2. Molecular structures of the [M"(ibaps)bpy]” complexes determined
by XRD methods; A) [Fe'(ibaps)bpy], B) Space filling model of
[Fe''(ibaps)bpy]™ illustrating the open coordination site that is framed by the
sulfonamido oxygen atoms; C) [Co' (ibaps)bpy] . All of the NEt;" counter ions
are excluded for clarity. Thermal ellipsoids of C are drawn at the 50% probability
level.
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complex and frame an open coordination site on the iron center that is clearly exposed, as
illustrated in a space filling representation of the structure (Figure 6.2B). This orientation
suggests that an additional metal ion should be able to coordinate to the sulfonamido
oxygen atoms and possibly influence the binding and activation of small molecules at the
open coordination site.

Table 6.2. Key metrical parameters for NEt,[Co' (ibaps)bpy].
Bond Distances (A)

Col-N1 1.970(3)
Col-N2 2.113(3)
Col-N3 2.159(3)
Col-N4 2.132(3)
Col-N5 2.077(3)
Bond Angles (°)
N1-Col-N5 106.1(1)
N1-Col-N2 79.2(1)
N5—Col-N2 108.2(1)
N1-Col-N4 177.2(1)
N5—Col-N4 76.5(1)
N2—Col-N4 101.2(1)
N1-Col1-N3 78.9(1)
N5-Co1-N3 102.0(1)
N2-Co1-N3 146.5(1)
N4-Co1-N3 99.4(1)
T value 0.51

The molecular structure of the NEt,[Co"(ibaps)bpy] salt is isomorphous to that of
the Fe analog but co-crystallizes with an Et,O molecule that changes that space group
(Table A.9). The geometry around the Co(Il) center again is midway between square
pyramidal and trigonal bipyramidal, with a calculated T value of 0.52 (Figure 6.2C,
Tables 6.2 and A.10). One neutral pyridine donor is again opposite of the central
deprotonated amine with an angle of 177.2(1)°, which lengthens the N,,,—Co distance by
0.055(3) A relative to the other pyridine donor (2.132(3) vs. 2.077(3) A, respectively).

The bond distances to the sulfonamido nitrogen donors of the [ibaps]® ligand are

131



elongated by approximately 0.15 A relative to the four-coordinate DMAP complex,
which is consistent with the increase in the coordination number. An open coordination
site on the Co(II) center is again framed by the sulfonamido oxygen atoms.

Spectroscopic Characterization. The EPR spectra of the three characterized
[ibaps]’” complexes support their formulations as mononuclear species in solution. The
spectrum of NEt,[Co"(ibaps)DMAP] contains features at g = 4.4 and 2.02 that are
indicative of an S = 3/2 spin state for a Co(Il) center with approximately axial symmetry
(Figure 6.3A). A hyperfine pattern of 8 lines (one unresolved) with A =74 G on the g =2
signal further supports the formulation as a mononuclear Co(II) complex. The parallel
mode spectrum obtained of the NEty[Fe"(ibaps)bpy] salt at 10 K is also indicative of a
high spin Fe(II) center, with a sharp feature at g = 9.0 that is consistent with an S = 2 spin

state (Figure 6.3B).'*1

Finally, a complicated spectrum is observed for the
NEt,[Co"(ibaps)bpy] salt with features at g = 5.94, 2.35, and 2.23 (Figure 6.3C). The

position of these features is not immediately explainable by either an S = 1/2 or an S =

3/2 electronic configuration; although the signal in the g = 2 region is similar to the
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Figure 6.3. EPR spectra of the monomeric M(II) complexes at 10 K: A) 10 mM

NEt[Co"(ibaps)DMAP] in THF; B) parallel mode spectrum of 1 mM
NEt[Fe"(ibaps)bpy] in 1:1 THF:Et,0; C) 10 mM NEt,[Co"(ibaps)bpy] in THF.
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spectrum observed for a five-coordinate, low spin, square pyramidal Co(II) complex, the
g = 5.8 signal for [Co"(ibaps)bpy]” does not fit with this spin state.'® The location of the
features could be assigned to a highly rhombic S = 3/2 system, but their shapes do not
match this description."” Further studies are therefore needed to understand the spin state
and EPR spectrum of this complex.

Redox Chemistry. The electrochemical properties of the three structurally
characterized mononuclear complexes were examined by cyclic voltammetry and
chemically probed by reaction with FcBF,. The NEt,[Co"(ibaps)DMAP] salt exhibits the
fewest accessible redox processes of the three complexes, with three total events
observed in the cyclic voltammogram (Figure 6.4). Two quasireversible oxidations are
observed, one of which occurs at a potential negative of F¢”” (-0.68 V). The third event is

an irreversible oxidation that occurs at 0.9 V.

I10,uA

10
Potential (V)

Figure 6.4. Cyclic voltammogram of NEt,[Co'(ibaps)DMAP] in MeCN
referenced to Fc”" (ImM, 0.1 M TBAP, 100 mV/s, with cobaltocenium
hexafluorophosphate as an internal standard).

As predicted based on the cyclic voltammogram, the [Co'(ibaps)DMAP]

complex reacts with one equivalent of FcBF4 at -80 °C to generate an absorption

spectrum with an intense band at 878 nm (gy = 8300) and additional features at higher
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energy (Figure 6.5). Furthermore, in the corresponding EPR experiment, the S = 3/2
signal of the Co(II) center nearly disappears with the addition of one equivalent of FcBF,.
This almost silent perpendicular mode spectrum could result from either metal-based or
ligand-based oxidation; oxidation of the Co(Il) center to Co(IIl) would give a silent
spectrum in perpendicular mode, and the S =1 signal that would be expected if the
complex remains high spin after oxidation would be difficult to detect in parallel mode.
Oxidation of the ligand backbone would generate a ligand-based radical that would
couple with the unpaired electrons on the Co(Il) center to give a species with integer spin,

which would again be difficult to detect with EPR spectroscopy.
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Figure 6.5. Spectral changes upon addition of 1 equivalent of FcBF, (black) to
NEt[Co"(ibaps)DMAP] (grey) in THF at -80 °C: A) UV-vis spectra of a 0.12
mM solution, and B) EPR spectra of 10 mM solutions collected at 10 K. The g =
4.4 signal in the oxidized sample is thought to arise from an error in
stoichiometry.
Both the [Fe'(ibaps)bpy] and [Co"(ibaps)bpy] complexes exhibit rich and
reversible electrochemical properties by cyclic voltammetry, with three reversible

oxidation events observed for both complexes (Figure 6.6A and B). The first of these

oxidations occur at the same potential for both metal complexes in tetrahydrofuran
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(THF), which suggests that this event is ligand-based (Table 6.3). The second oxidation
occurs at a slightly more negative potential for the Fe complex and is therefore assigned
as the M""™ couple based on the lower 3™ ionization potential of Fe(Il) compared to
Co(I)."” Finally, a third reversible oxidation is observed only in acetonitrile (MeCN) for
the Fe complex; in THF, this oxidation is irreversible, and introduces additional
irreversible reduction features that are not observed when the scan is stopped at 0.4 V

(Figure 6.6C). The assignment of this final oxidation has not been determined.

I‘O”A IwyA I10/JA

0o 41 =2 =3 1 0 9 =2 1 0 1 2 3
Potential (V) Potential (V) Potential (V)

Figure 6.6. Cyclic voltammograms of A) NEt,[Co'(ibaps)bpy] in THF, B)
NEt[Fe"(ibaps)bpy] in MeCN, and C) NEt,[Fe"(ibaps)bpy] in THF showing the
irreversible behavior observed when the potential is scanned to the edges of the
solvent window (grey). Conditions for all experiments are 1 mM complex, 0.1 M
TBAP, 100 mV/s, with cobaltocenium hexafluorophosphate as an internal

standard. Potentials are referenced to Fc”'".

Table 6.3. Electrochemical potentials (V vs. Fc”) of the [M"(ibaps)bpy]
complexes in THF and MeCN.

[Fe'(ibaps)bpy]”  [Co' (ibaps)bpy]|”
THF MeCN THF MeCN

Eix(1) -0.99 -0.94 -0.99 -0.81

Oxidations  E;»(2) -0.53 -0.15 0.08 -0.09

Ei»(3) - 0.60 0.47 0.45

: Ein(1) -2.29 -2.09 -2.29 -2.17
Reductions Ein(2) B _ 278 _
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In addition to the three oxidative events observed for [Fe"(ibaps)bpy] and
[Co''(ibaps)bpy]”, both complexes exhibit reversible reduction chemistry, with one
reduction event observed for [Fe'(ibaps)bpy] and two events observed for
[Co"(ibaps)bpy]  (Figure 6.6A and B). Additional reduction events are observed for
[Fe"(ibaps)bpy]” when the potential is scanned to the edge of the solvent window, but
this again introduced irreversible features that were not observed when the window was
limited to -2.6 V (Figure 6.6C). The only reversible reduction in the Fe complex and the
first reduction event of the Co analog both occur at -2.29 V in THF, which again suggests
that this reduction is ligand-based. However, the [ibaps]” ligand is already in its most
reduced form and so this reduction must be localized on the bpy ligand. Similar potentials
have been observed for the reduction of bpy in other transition metal complexes.'*° The

second reduction at -2.78 V in the Co complex is assigned to the Co™"

couple. The four
total redox events that occur at or below the potential of Fc”" suggest the exciting
possibility that a four-electron chemical transformation should be accessible from the
doubly-reduced [Co(ibaps)bpy]’~ complex.

The observation of two reversible oxidative features that are at or below the
reduction potential of Fc”" in the [Fe'(ibaps)bpy]” and [Co'(ibaps)bpy] complexes
indicates that both of these complexes should react with two equivalents of FcBF,.
Indeed, titration of one and two equivalents of FcBF, into UV-vis samples of these
complexes at -80 °C generates two new spectra for each (Figure 6.7A and B). The singly-
oxidized [Fe(ibaps)bpy] and [Co(ibaps)bpy] complexes share several spectral similarities

including broad absorption bands at around 650 nm and 1000 nm that support the

assignment of the first oxidation as ligand-based event (Figure 6.7C). In contrast, no clear
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similarities are observed between the doubly-oxidized species, which is consistent with

metal-based oxidation by the second equivalent of FcBF..
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Figure 6.7. Spectral changes upon addition of 1 equivalent (grey) and 2
equivalents (dashed black) of FcBF4 to THF solutions of the NEt,[M"(ibaps)bpy]
salts (black) at -80 C: A) 0.1 mM Fe and B) 0.24 mM Co. C) Overlay of the
singly oxidized spectra of Fe (black) and Co (grey).

The assignments of the oxidation events in the [Fe"(ibaps)bpy] and
[Co''(ibaps)bpy]  complexes are less clear in the corresponding EPR experiments. In
NEt,[Fe"(ibaps)bpy], the first oxidation generates an S = 5/2 spectrum with features at g
= 8.9 and 4.3 that are typically associated with a rhombic Fe(IIl) signal (Figure 6.8A).
This suggests that the Fe center and not the ligand becomes oxidized with the first
equivalent of FcBF4. However, the possibility that the ligand is first oxidized to generate
a radical that couples ferromagnetically with the four unpaired electrons of the Fe(Il)
center cannot be ruled out. Addition of a second equivalent of FcBF, results in a nearly
silent perpendicular mode spectrum, which would be expected regardless of the location
of oxidation. In NEty[Co"(ibaps)bpy], reaction with one equivalent of FcBF, generates a
silent spectrum in perpendicular mode that could result from oxidation of the Co center to

give an S = 1 species, or oxidation of the ligand to generate a radical that couples with the

Co(II) center. After the second oxidation, a broad g = 2 signal is observed with a poorly
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resolved hyperfine pattern that has yet to be fit (Figure 6.8B). However, the complexity

of the pattern suggests a ligand radical coupled with the Co(III) center.
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Figure 6.8. Spectral changes upon addition of 1 equivalent (grey) and 2
equivalents (black) of FcBF; to THF solutions of the NEty[M"(ibaps)bpy]
complexes at -80 °C: A) 5 mM Fe collected at 77K and B) 10 mM Co collected at
10K.

Preliminary Reactivity Studies. As predicted by the low oxidation potentials of the
[ibaps]’” complexes, all three species react rapidly with dioxygen both in the solid state
and in solution. However, the products of the reactions with O, are not stable at room
temperature, so the reactions were examined at -100 °C in THF by UV-vis and EPR
spectroscopy. Under these conditions, the NEt4[Co(ibaps)DMAP] salt reacts with excess
O, to generate a moderately stable species with optical features at 500, 630, 770,and 994
nm (Figure 6.9A). The corresponding EPR experiment resulted in a decrease in the g =
4.4 signal of the Co(Il) complex and the appearance of a new signal at g = 2.2 that

contains a complicated hyperfine pattern (Figure 6.9B). These combined optical and EPR

spectral changes indicate that the Co center reacts readily with dioxygen, but the identity
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of the product has not yet been determined. One possibility is a Co(IlI)—superoxide

species, which is known to give similarly complicated signals at around g = 2.*'*
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Figure. 6.9. Spectral changes (solid black) upon addition of excess O, to
NEt[Co"(ibaps)DMAP] (dashed black) in THF at -100 °C: A) UV-vis spectra of
a 0.12 mM solution and B) EPR spectra of 10 mM solutions at 10 K with an
expansion of the g=2 signal. The spectrum of the Co(Il) starting complex is
shown for reference.

Signals at g = 2 were also observed from the reactions of the [M"(ibaps)bpy]”
complexes with excess O; at -100 “C . In the Co complex, this g = 2 signal is broad and
contains an unresolved hyperfine pattern (Figure 6.10A). The corresponding UV-vis
experiment shows nearly isosbestic conversion between the 719 nm band of the Co(II)
starting complex and a sharp band at 520 nm of the product. An additional broad low
energy band at approximately 900 nm also grows in (Figure 6.10B). In the Fe complex,
the g = 2 signal appeared to contain multiple species based on a hyperfine pattern that
partially fits to coupling with '*N (Ay = 24 G) (Figure 6.10C). The optical spectrum that
corresponds to this EPR signal contains features at 542, 628, and 1030 nm (Figure 6.10D)

and is quite similar to the spectrum obtained from one-electron oxidation with FcBFy;
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Figure 6.10. Spectral changes (solid black) upon addition of excess O; to the
NEt,[M"(ibaps)bpy] complexes (dashed black) in THF at -100 °C: A) EPR
spectrum of 10 mM Co at 10 K with an expansion of the g=2 signal; B) UV-vis
spectra of a 0.12 mM Co solution; C) EPR spectrum of 6 mM Fe at 10 K with an
expansion of the g=2 signal; D) UV-vis spectra of a 0.15 mM Fe solution; E)
Comparison of the optical spectra from the reactions of NEt,[Fe'(ibaps)bpy] with
1 equivalent of FcBF4 at -80 °C (black) and excess O, at -100 °C (grey).
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although the intensities of the features are slightly different, the spectrum from one
equivalent of FcBF, also contains bands at 540, 630, and 1030 nm (Figure 6.10E). These
similarities in the spectra suggest that the reaction with O, might proceed through an
outer sphere electron transfer process to give a singly-oxidized species. However, the
EPR spectra of the two reactions are significantly different—while the FcBF,4 reaction
generates a spectrum with an S = 5/2 signal (Figure 6.8A), the low temperature reaction
with O, gives rise to multiples species with g = 2 signals (Figure 6.10C). Therefore, this
reaction must be more complicated than outer sphere electron transfer, and further study
is needed to determine the identities of the products.

Addition of a Secondary Metal Ion. In the molecular structures of the
[Co"(ibaps)bpy] and [M"(ibaps)bpy] complexes, the sulfonamido oxygen atoms are
located spatially near to one another and are not sterically encumbered by the [ibaps]*
and auxiliary pyridine ligands. This positioning suggests that a secondary metal ion that
is capped by a crown ether molecule should be able to bind within the negatively
polarized pocket created by these oxygen atoms and form discrete heterobimetallic
complexes similar to those discussed in Chapter 2. In order to test this premise,
Ca(OTf),/15-crown-5 was added to the [Co"(ibaps)bpy]” complex, and single crystals
were grown from diethyl ether (Et;O) via vapor diffusion into a concentrated MeCN
solution. However, the molecular structure determined by XRD methods did not contain
a Ca(Il) ion within the secondary sphere (Figure 6.11, Table A.9). Instead, the central
nitrogen of the [ibaps]> backbone was protonated to give a neutral complex,
[Co"(Hibaps)bpy]. This caused an elongation of the Co—N, bond by 0.326 A relative to

the anionic complex and a distortion in the backbone such that the two phenyl rings are
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nearly orthogonal to one another (Table 6.4). A weak hydrogen bonding interaction is
observed between the protonated amine and a sulfonamido oxygen atom, which has
rotated around such that the two sulfonamido groups are no longer on the same face. The
source of the proton to give this neutral complex is not known, but the elucidation of this
structure reveals an unexpected flexibility in the coordination properties of the [ibaps]*”
ligand framework and suggests an additional variable that may be used to further tune to

properties of the monomeric complexes.

\
&

Figure 6.11. Molecular structure of [Co"(Hibaps)bpy] determined by XRD
methods. Thermal ellipsoids are drawn at the 50% probability level.

Summary and Conclusions

Introduction of steric bulk into a sulfonamido derivative of the [NNNJ* ligand
framework provided access to a set of mononuclear complexes via coordination of an
additional mono- or bidentate pyridine donor. A four coordinate Co(II) complex was
prepared with DMAP as the additional ligand, and five coordinate complexes of Co(II)
and Fe(II) were prepared with 2,2'-bipyridine. The five coordinate complexes exhibit rich
and reversible electrochemistry, with three oxidation events and at least one reduction

event observed for each complex. The first oxidation and the first reduction were both
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Table 6.4. Key metrical parameters for the [Co'" (Hibaps)bpy] complex.

Col-Nl1
Col-N2
Col-N3
Col-N4
Col-N5
O3-N1

N2—-Col-N3
N2-Col-N4
N3-Col-N4
N2—Col-N5
N3—-Col-N5
N4—Col-N5
N2-Col-Nl1
N3—-Col-Nl1
N4—-Col-N1
N5—Col-N1
T value

Bond Distances (A)

2.296(2)
2.018(2)
2.039(2)
2.070(2)
2.070(2)
3.043

Bond Angles (°)

122.77(9)
114.04(9)
97.11(9)
110.69(9)
121.58(9)
80.01(9)
75.26(9)
77.52(9)
170.67(9)
96.20(8)
0.82

assigned to ligand-based redox processes based on the match in potentials between the
Co and Fe complexes. Similar optical features for the oxidation of each complex with one

equivalent of FcBF4 support this assignment, although the corresponding EPR

experiments are not as clear.

All three mononuclear complexes react rapidly with dioxygen to form
intermediates that could be stabilized at -100 °C. The optical features of the intermediate
that was observed for the five coordinate Fe complex resemble those of the product from
one-electron oxidation with FcBF,, although differences in the corresponding EPR
spectra rule out the possibility that the reaction with dioxygen is simply an outer sphere

electron transfer process. Identification of this and other intermediates will require

continued in depth study with a variety of spectroscopic techniques.
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The isolation of both four and five coordinate metals centers and a neutral
complex in which the central amine was protonated illustrates the coordinative versatility
of the [ibaps]’” ligand. This flexibility adds variables that can be utilized to optimize the
reactivity of the corresponding complexes in addition to the ability to modulate the
reactivity via secondary sphere interactions with the sulfonamido oxygen atoms.
Furthermore, the synthetic versatility of the reaction to prepare sulfonamido ligand
derivatives allows for continued modification of the steric and electronic properties of the
ligand framework. These combined properties make this ligand system an ideal candidate
for implementing the principles of rational molecular design in order to impart desired
properties and function.

Experimental Details
General Methods

Syntheses of metal complexes were completed under a nitrogen atmosphere in a
VAC drybox. Solvents were sparged with argon and dried over columns containing Q-5
and molecular sieves. All reagents were purchased from commercial suppliers and used
as received unless otherwise noted. Potassium hydride as 30% suspensions in mineral oil
were filtered and washed five times each with Et,O and pentane and dried under vacuum.
The ligand precursor HN(o-PhNH,), was prepared according to literature procedures.”*
Ligand Synthesis

N,N'-(azanediylbis(2,1-phenylene))bis(2,4,6-triisopropylbenzenesulfonamide)
(Hizibaps). The triamine (1.28 g, 6.43 mmol) and pyridine (1.52 g, 19.2 mmol) were
dissolved in 50 mL of MeCN in the glove box. Tri-isopropylbenzene sulfonyl chloride

(4.08 g, 13.5 mmol) was dissolved in 20 mL of Et;,0O and added dropwise to the

144



acetonitrile solution over the course of ten minutes, causing a change from clear orange
to heterogeneous dark orange to green. The reaction flask was sealed with a rubber
septum, brought out of the glovebox, and fitted with a reflux condensor under a flow of
N». The reaction was refluxed overnight under N, to give a dark red solution. After
checking the reaction for completion by ESI-MS, the mixture was concentrated to
dryness under vacuum, redissolved in DCM, and washed with 1M HCI until the aqueous
layer was no longer colored. The organic layer was further washed with H,O and brine,
dried over MgSQO,, filtered, and concentrated under vacuum to a foam. The ligand
precursor was recrystallized from hot iso-octane as light pink crystals in 64% yield (3.0
g). '"H NMR (500 MHz, CDCls, ppm): 9.24, (s, 2H, NH), 7.19 (s, 1H, NH), 7.09 (s, 4H),
6.94 (t, 2H), 6.84 (d, 2H), 6.74 (t, 2H), 6.59 (d, 2H), 3.86 (m, 4H), 2.85 (m, 2H), 1.15 (d,
12H), 1.00 (d, 24H). C NMR (125 MHz, CDCls, ppm): 152.0, 150.0, 140.6, 133.4,
128.2, 127.3, 126.0, 123.4, 121.0, 118.9, 33.2, 29.5, 24.6, 23.4. FTIR (Nujol, cm™,
selected bands): 3370 (NH), 3276 (NH), 3213 (NH), 1597 (m), 1314 (s), 1168 (s), 1040
(m), 881 (m), 759 (m). HRMS (ES+): Exact mass calcd (found) for [M + Na]: 754.3688
(754.3680).
Complex Syntheses

NEt4Co(ibaps)DMAP] - Et,O. A solution of Hiibaps (0.10 g, 0.14 mmol) in 3
mL of DMA was treated with three equivalents of solid KH (16 mg, 0.41 mmol). The
reaction was stirred until gas evolution ceased, and then CoBr; (30 mg, 0.14 mmol) was
added. After 1 h, DMAP and NEt4Br were added to the reaction, which was stirred for an
additional two hours before removing the solvent under vacuum. The resulting tacky

residue was further dried by triturating with Et,O followed by removal of the solvent
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under vacuum. The solid was then redissolved in 4 mL of MeCN and filtered through a
medium porosity frit to remove three equivalents (48 mg, 0.40 mmol) of insoluble KBr.
The product was recrystallized by Et,O vapor diffusion into the MeCN filtrate to give
0.12 g (86%) of the product as red needle crystals. Elemental analysis calcd (found) for
NEt;[Co(ibaps)DMAP] * Et;O (Ce1H9sN¢OsS,Co): C, 65.74 (65.61); H, 8.50 (8.69); N,
7.54 (7.67)%. FTIR (Nujol, cm™, selected bands): 1613 (s), 1535 (s), 1346 (s), 1230 (s),
1125 (s), 1018 (s), 960 (s), 807 (s), 734 (s), 652 (s). Amax, nm (THF, &, M'em™): 406
(sh, 2300), 462 (sh, 1100), 570 (sh, 310), 856 (250). EPR (THF, 10K): g=4.4,2.02 (A =
74 G).

NEt4 [ Fe(ibaps)bpy]. This complex was prepared according to the same

procedure as NEt4[Co(ibaps)DMAP] - Et,O, with Hiibaps (0.10 g, 0.14 mmol), KH (16
mg, 0.41 mmol), FeBr; (30 mg, 0.14 mmol), bipyridine (21 mg, 0.14 mmol), and NEt,Br
(29 mg, 0.14 mmol) in 3 mL of DMA. The crude product was redissolved in 8§ mL of
THF and filtered through a medium porosity frit to remove three equivalents (49 mg, 0.40
mmol) of insoluble KBr. The product was crystallized from Et,O vapor diffusion into the
THF filtrate to give 0.110 g (73%) of the product as dark green needle crystals.
Elemental calcd (found) for NEts[Fe(ibaps)bpy] (CeoHs2N6O4S2Fe): C, 67.27 (67.29); H,
7.72 (8.10); N, 7.84 (7.85) %. FTIR (Nujol, cm™, selected bands): 1564 (w), 1360 (m),
1231 (s), 1119 (s), 947 (m), 725 (m). Amax, nm (THF, &, M'cm™): 438 (sh, 1800). EPR
(1:1 THF:Et,0, 10 K, parallel mode): g =9.00.

NEt;[Co(ibaps)bpy] - Et,O. This complex was prepared according to the same
procedure as NEt4[Co(ibaps)DMAP] - Et,O, with Hiibaps (0.10 g, 0.14 mmol), KH (16

mg, 0.41 mmol), CoBr; (30 mg, 0.14 mmol), bipyridine (21 mg, 0.14 mmol), and NEt,Br
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(29 mg, 0.14 mmol) in 3 mL of DMA. The crude product was redissolved in 6 mL of
MeCN and filtered through a medium porosity frit to remove three equivalents (49 mg,
0.40 mmol) of insoluble KBr. The product was crystallized from Et,O vapor diffusion
into the MeCN filtrate to give 0.130 g (86%) of the product as green needle crystals.
Elemental analysis calcd (found) for NEts[Co(ibaps)bpy] (CssH92NsOsS,Co): C, 66.93
(66.53); H, 8.07 (7.97); N, 7.32 (7.72) %. FTIR (Nujol, cm™, selected bands): 1597 (m),
1562 (m), 1228 (s), 1118 (s), 1060 (m), 1037 (m), 944 (s), 791 (m), 726 (s). Amax, nm
(THF, &, M"'em™): 717 (1300). EPR (THF, 10 K): g = 5.94, 2.35, 2.23.
Electronic Absorption Studies

In a typical experiment, a concentrated stock solution of the metal complex was
prepared in the glove box and a portion transferred via syringe to 2.0 mL of THF in a
quartz cuvette, which was sealed with a rubber septum. The cuvette was brought out of
the glovebox and allowed to equilibrate in the sample holder for ten minutes before the
reagent was added via syringe. FcBF4 was added in volumes of 20 puL per equivalent as a
solution in 2:1 THF:MeCN. Dioxgyen (1 mL) was injected into to the headspace of the
sealed, precooled cuvette via a 10 mL gas tight syringe.
EPR Studies

In a typical experiment, 250 uL of a solution containing the metal complex was
transferred via syringe to an EPR tube in the glovebox, which was sealed with a rubber
septum. The sample was brought out of the glovebox and cooled in a methanol/liquid
nitrogen cold bath at -100 °C for ten minutes before the reagent was added via syringe.
FcBF4 was added in volumes of 20 puL per equivalent as a solution in 2:1 THF:MeCN.

Dioxgyen (1 mL) was injected into to the headspace via a 10 mL gas tight syringe. After
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addition of the reagent, the EPR tube was quickly removed from the cold bath, inverted
while tapping the end to cause the solution and reagent to mix, and shaken to return the
sample to the end of the tube before returning the tube to the cold bath in as little time as
possible. This process was repeated five times to insure complete mixing. A total of 15
minutes after the first mix, the sample tubes were wiped clean of methanol and quickly
frozen in liquid nitrogen.

Physical Methods

Electronic absorption spectra were recorded in a 1 cm cuvette on a Cary 50
spectrophotometer or an 8453 Agilent UV-Vis spectrometer equipped with an Unisoku
Unispeks cryostat. Negative mode electrospray ionization electrospray mass spectra were
collected using a Micromass MS Technologies LCT Premier Mass Spectrometer. X-band
(9.28 GHz) EPR spectra were collected as frozen solutions using a Bruker EMX
spectrometer equipped with an ER041XG microwave bridge. IR spectra were recorded
on a Varian 800 Scimitar Series FTIR spectrometer as suspensions in Nujol.

Cyclic voltammetric experiments were conducted using a CHI600C
electrochemical analyzer under an N, atmosphere with 0.1 M tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. A glassy carbon electrode was used
for the working electrode with a silver wire reference electrode and a platintum wire
counter electrode. A cobaltocenium/cobaltocene couple ([Conz]HO) was used to monitor
the reference electrode.

X-Ray Crystallographic Methods
A Bruker SMART APEX II diffractometer was used to collect all the data. The

APEX2% program package was used to determine the unit-cell parameters and for data
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collections. The raw frame data was processed using SAINT*® and SADABS* to yield
the reflection data file. Subsequent calculations were carried out using the SHELXTL*®
program. The structures were solved by direct methods and refined on F* by full-matrix
least-squares techniques. The analytical scattering factors® for neutral atoms were used
throughout the analysis.

Hydrogen atoms of NEts[Co(ibaps)DMAP] were included using a riding model.
There was one molecule of diethylether solvent present. Several carbon atoms were
disordered and included using multiple components with partial site-occupancy-factors.

Hydrogen atoms of NEts[Co(ibaps)bpy] were included using a riding model.
Several atoms were disordered and included using multiple components with partial site-
occupancy-factors. It was necessary to restrain the distances within the
tetracthylammonium ion. There was one-half molecule of diethylether solvent present.
The solvent was located about an inversion center and was disordered.

Hydrogen atoms of [Co(Hibaps)bpy] were either located from a difference-
Fourier map and refined (x,y,z and Uijs,) or were included using a riding model. There
was one molecule of diethylether solvent present. Several carbon atoms were disordered
and included using multiple components with partial site-occupancy-factors.

The data for NEt4[Fe(ibaps)bpy] was weak and the structure could not be fully
refined. The wR2 value is 0.40.
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APPENDIX A

Supplementary Information

Table A.1. Crystallographic data and structure refinement parameters for the molecular

structures presented in Chapter 2.

Complex [(OTf)(15-crown-5)DBa’ -(-
OH)-Fe""MST]
Formula C44H66B8.F3N401584'3 .5(C2H3N)
Formula weight 1413.12
Crystal system Orthorhombic
Space group P2,2,2
a(A) 18.066(2)
b (A) 24.397(2)
c(A) 15.011(1)
a (") 90
B () 90
v 0) 90
Volume (A% 6615.9(9)
Z 4
Seate (Mg/m?) 1.419
Goodness-of-fit 1.053
R1 0.0374
wR2 0.0983

Table A.2. Crystallographic data and structure refinement parameters for the molecular

structures presented in Chapter 3.

Complex NMey[Fe' MST(OH,)] | NMey[Fe —-O-MST]
Formula C37 H59 Fe N5 07 S3 C37 H56 Fe N5 O7 S3
Formula weight 837.92 834.89
Crystal system Monoclinic Triclinic
Space group C2/c Pl
a(A) 26.649(1) 12.5853(5)
b (A) 9.6756(5) 13.3269(6)
c(A) 31.478(1) 14.4577(6)
a () 90 86.7120(5)
B () 90.5615(6) 75.4994(5)
v () 90 84.8241(5)
Volume (A% 8116.3(7) 2336.55(17)
Z 8 2
Seate (Mg/m?) 1.371 1.187
Goodness-of-fit 1.036 1.050
R1 0.0309 0.0397
wR2 0.0796 0.1108
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Table A.3. Select metrical parameters for NMe,[Fe"MST(OH,)].
Bond Distances (A)

Fel—Ol 2.128(1)
Fel—NI1 2.259(1)
Fel—N2 2.065(1)
Fel—N3 1.094(1)
Fel—N4 2.054(1)
01---03 2.696(1)
O1---05 2.693(1)
01---07 3.130(1)
Bond Angles (°)
Ol1—Fel—N1 172.17(5)
N2—Fel—N3 116.90(5)
N2—Fel—N4 113.44(5)
N3—Fel—N4 120.47(5)
T value 0.86
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Figure A.1. '"H NMR spectrum of ligand product 1 that was isolated from crystalline
NMe,[Fe"-O-MST].
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Figure A.9. 'H NMR spectrum of the mixture of ligand products isolated after the
reaction of NMey[Fe"MST] and 2 equivalents of NMO.
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Table A.4. Crystallographic data and structure refinement parameters for the molecular
structures presented in Chapter 4.

Complex NMegy[Fe" TST(OH)] [15-crown-52Ca’ -(u-OH)-
Fe"'TST]OTf
Formula C31 H46 Fe N5 07 S3 C3gH54CaF3FeN4O16S4'C4HgO
Formula weight 752.76 1160.12
Crystal system Triclinic Triclinic
Space group Pl Pl
a(A) 9.2518(5) 9.0916(3)
b (A) 13.5464(8) 14.2771(5)
c(A) 15.1289(8) 20.7655(7)
a (") 85.2057(7) 73.1596(4)
B () 75.4487(6) 85.8504(5)
v () 86.5673(7) 77.3919(5)
Volume (A% 1827.36(18) 2517.5(2)
V4 2 2
Seate (Mg/m®) 1.368 1.530
Goodness-of-fit 1.041 1.032
R1 0.0333 0.0379
wR2 0.0894 0.0897
Oo11 _cloi 7
@ S
( —-& ot -
‘ ca1 @ N
Figure A.12. Molecular structure of [15-crown-5DCa"-(u-OH)-Fe"'TST]OTf

determined by XRD methods. Thermal ellipsoids are drawn at the 50% probability level.
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Table A.5. Select metrical parameters for [15-crown-52Ca"-(u-OH)-Fe'TST]OTT.

Bond Distances (A)

Fel—Ol 1.881(1)
Fel—NI1 2.234(2)
Avg Fel —Ngq 2.025(2)
Cal—O7 2.333(1)
Cal--O1 2.349(2)
Cal--03 2.393(1)
Fel---Cal 3.764(6)
05--07 2.730(2)
Avg M1—0O¢rown 2.523(2)
d[Fe—Ncq] 0.394
d[M1—Ocrown] 1.137
Bond Angles (°)
O7-Fel-N1 174.42(6)
N2-Fel-N3 108.97(7)
N2-Fel-N4 124.81(7)
N3-Fel-N4 115.01(7)
T value 0.83
CDCls T™MS
=
"0 e G AN
_J . L
A= 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6‘.7 ppm
jese o
908 .0
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/ rease
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9!5 910 S Sm F: ::O‘N"l‘:ON‘ 6{5 510 5‘.5 5!0 4I‘5 4!‘0 315‘M 310 2!5‘0“ 210 1!5 110 0:5 OIO p;zm
LR I

Figure A.13.

NMe,[Fe"TST(OH,)] with 2 equivalents of NMO in MeCN.
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Table A.6. Crystallographic data and structure refinement parameters for the molecular
structures presented in Chapter 5.

Complex K,[Fes(tbaps),] K,[Cox(tbaps),] K,[Cux(tbaps),]
Formula CooHe2FeaKoNgO10S4 | CooHe2C02KaN5O10S4 | CooHeaCurKaN5gO10S4
'2(C4H9N0)w '2(C4H9NO)OO '2(C4H9NO)OO
Formula weight 1547.56 1553.72 1562.94
Crystal system Orthorhombic Orthorhombic Orthorhobic
Space group Pbcn Pbcn Pbcn
a(A) 11.026(1) 11.2306(6) 11.078(2)
b (A) 29.193(3) 28.973(2) 29.177(6)
c(A) 22.110(2) 21.836(1) 21.975(4)
a (%) 90 90 90
B () 90 90 90
v () 90 90 90
Volume (A% 7117(1) 7105.0(7) 7103(2)
Z 4 4 4
Seate (Mg/m®) 1.444 1.453 1.462
Goodness-of-fit 1.019 1.026 1.028
R1 0.0355 0.0303 0.0307
wR2 0.0829 0.0734 0.0735

Table A.7. Crystallographic data and structure refinement parameters for molecular
structures presented in Chapter 5.

Complex (NEts)2[Cox(tbaps),] | (NMea),[Cua(tbaps).] [(15-crown-
5)DCa]Ca[Cux(tbaps):]
Formula C52H44C02N60884 C72H95Cu2N1 101 1 S4 [C62H64C32CU2N6013S4
'2(C8H20N) ° 1/2(C4H9NO)]00
Formula weight 1387.53 1545.90 1480.23
Crystal system Monoclinic Monoclinic Triclinic
Space group C2/c P24/c Pl
a(A) 20.193(3) 26.175(2) 11.367(1)
b (A) 30.377(4) 12.7910(9) 11.500(1)
c(A) 13.452(2) 22.539(2) 26.923(3)
a () 90 90 82.245(1)
B () 98.596(2) 96.0072(7) 83.724(1)
v () 90 90 75.000(1)
Volume (A% 8159(2) 7504.7(9) 3358.3(6)
Z 4 4 2
Seate (Mg/m®) 1.130 1.368 1.464
Goodness-of-fit 1.017 1.177 1.025
R1 0.0531 0.0725 0.0562
wR2 0.1238 0.1510 0.1261
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Table A.8. Bond distances (A) within the backbone of one [tbaps]3' ligand for each of the
[Mz(tbaps)g]z' structures. The numbering scheme of the backbone is shown in Figure
A.14.

K" salts NR," salts Ca’" salt
Fe Co Cu Co Cu Cu

N1-Cl1 1.423(2) 1.428(2) 1.414(1) | 1.423(4) 1.413(5) | 1.405(4)
N1-C7 1.428(2) 1.434(2) 1.415(1) | 1.431(4) 1.416(5) | 1.409(4)
N2-C2 1.419(2) 1.415(2) 1.405(1) | 1.411(5) 1.397(5) | 1.397(4)
N3-C12 1.413(2) 1.414(2) 1.405(1) | 1.407(5) 1.401(5) | 1.406(4)
C1-Cé6 1.396(3) 1.396(2) 1.404(2) | 1.396(5) 1.404(6) | 1.396(5)
Cl-C2 1.412(3) 1.408(2) 1.402(2) | 1.415(5) 1.412(6) | 1.418(4)
C2-C3 1.395(3) 1.394(2) 1.417(2) | 1.392(5) 1.407(6) | 1.399(5)
C3-C4 1.390(3) 1.390(2) 1.399(2) | 1.389(5) 1.378(7) | 1.380(5)
C4-C5 1.383(3) 1.384(2) 1.394(2) | 1.383(5) 1.376(8) | 1.390(5)
C5-C6 1.392(3) 1.393(2) 1.390(2) | 1.377(5) 1.377(7) | 1.380(5)
C7-C8 1.393(3) 1.396(2) 1.403(2) | 1.388(5) 1.392(6) | 1.397(4)
C7-C12  1.415(3) 1.413(2) 1.422(2) | 1.410(5) 1.415(6) | 1.425(5)
C8-C9 1.387(3) 1.384(2) 1.386(2) | 1.387(5) 1.383(6) | 1.372(5)
C9—C10 1.391(3) 1.387(2) 1.396(2) | 1.393(5) 1.381(6) | 1.383(5)
C10-CI1 1.389(3) 1.392(2) 1.385(2) | 1.366(5) 1.375(6) | 1.383(5)
Cl11-C12 1.393(3) 1.397(2) 1.405(2) | 1.390(5) 1.407(5) | 1.393(5)

co c5
c10 Cs Cé ca
cii °7NC1 c3
c12 C2
N1

N N
“'N3 N2

Figure A.14. Numbering scheme that corresponds to the metrical parameters shown in
Table A.7.
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Table A.9. Crystallographic data and structure refinement parameters for molecular
structures presented in Chapter 6.

Complex [Co(ibaps)DMAP] | [Fe(ibaps)bpy] | [Co(ibaps)bpy] | [Co(Hibaps)bpy]
Formula C57H34C0N60582 C60H82F6N60482 C(,0H82CON604SZ C52H63C0N50482
°C4H10N ® 1/2(C4H100) ‘(C4H100)
Formula weight 1114.47 1071.28 1111.42 1019.24
Crystal system Monoclinic Triclinic Monoclinic Triclinic
Space group C2/c Pl P2y/n Pl
a(A) 48.014(9) 10.6445(6) 17.406(1) 9.9691(7)
b (A) 11.040(2) 17.455(1) 10.7648(8) 16.736(1)
c(A) 30.020(5) 17.864(1) 31.052(2) 18.086(1)
a(”) 90 113.9121(8) 90 113.0556(8)
B 128.546(2) 98.7901(8) 91.3044(9) 103.2517(9)
v () 90 91.4862(8) 90 95.9372(9)
Volume (A%) 12445(4) 2984.3(3) 5816.7(7) 2638.9(3)
Z 8 2 4 2
Seate (Mg/m’) 1.190 1.192 1.269 1.283
Goodness-of-fit 1.126 — 1.046 1.029
R1 0.1203 — 0.0718 0.0521
wR2 0.2681 — 0.1912 0.1281
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Table A.10. Bond distances (A) within the [ibaps]3' ligand backbone of the monomeric

Co(ibaps)L complexes and within the bpy ligand of the five-coordinate complexes. The

numbering scheme used to describe the bond lengths is shown in Figure A.15.
[Co(ibaps)DMAP]™ [Co(ibaps)bpy] [Co(Hibaps)bpy]

N1-ClI 1.372(9) 1.389(4) 1.457(3)
N1-C7 1.399(8) 1.372(4) 1.433(4)
N2-C2 1.428(8) 1.426(4) 1.435(4)
N3-CI12 1.423(8) 1.421(4) 1.425(3)
C1-Cé6 1.403(9) 1.404(4) 1.391(4)
Cl1-C2 1.435(9) 1.429(4) 1.390(4)
C2-C3 1.38(1) 1.394(5) 1.387(4)
C3-C4 1.406(9) 1.395(5) 1.389(5)
C4-C5 1.39(1) 1.383(5) 1.372(6)
C5-Cé6 1.39(1) 1.394(5) 1.396(5)
C7-C8 1.423(9) 1.409(4) 1.389(4)
C7-Cl12 1.427(9) 1.439(4) 1.403(4)
C8-C9 1.38(1) 1.395(5) 1.385(5)
C9—CI10 1.38(1) 1.382(5) 1.388(5)
C10-C11 1.40(1) 1.393(5) 1.391(4)
Cl11-C12 1.39(1) 1.398(5) 1.386(4)
bipyridine
N5-C22 — 1.340(4) 1.335(3)
N5-CI18 — 1.344(5) 1.357(3)
N4-C17 — 1.343(6) 1.352(4)
N4-Cl13 — 1.341(5) 1.338(4)
C13-Cl14 — 1.393(6) 1.388(4)
C14-C15 — 1.36(1) 1.368(5)
C15-Cl6 — 1.381(9) 1.378(5)
Cl6-C17 — 1.393(6) 1.386(4)
C17-C18 — 1.484(6) 1.485(4)
C18-C19 — 1.391(6) 1.389(4)
C19-C20 — 1.386(7) 1.376(5)
C20-C21 — 1.383(6) 1.382(5)
C21-C22 — 1.386(5) 1.378(5)
c9 Cc5 c17

c8 Cé6 N5 N4
c10 C4 c22,_N \ N—C13
c7 C1
c1 cs3 c21 c14
c12 '\'1“1 C2 N\ /2 \ /
N C20 "9 \ c16 ©1°

N
“N3 N2 c18

Figure A.15. Numbering scheme that corresponds to the metrical parameters shown in
Table A.8.
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