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ABSTRACT OF THE DISSERTATION

Synthesis, Characterization, and Reactivity Studies of Iron Complexes
Supported By the Redox-Active [ONQ] Ligand

By
Janice Lin Wong
Doctor of Philosophy in Chemistry
University of California, Irvine, 2014

Professor Alan F. Heyduk, Chair

The work reported herein primarily focuses on the development of new platforms for
multi-electron reactivity using iron complexes supported by a redox-active pincer-type ligand.
This dissertation details the synthesis, characterization, and reactivity of iron complexes
coordinated to the redox-active [ONQO] (JONO]H3 = bis(3,5-di-tert-butyl-2-phenol)amine) ligand.

Chapter 1 provides a genera background on ligand-centered and metal-centered redox
reactivity. Specificaly, the characteristics of redox-active ligands and their ability to promote
multi-electron reactivity at redox-inert metal centers is presented. In addition, iron-catalyzed
organic transformations in which the metal center undergoes redox changes is aso discussed.
Finaly, ligand-enabled redox reactions mediated by iron complexes containing redox-active
ligands is described.

Chapter 2 reports on the complexation of bis(3,5-di-tert-butyl-2-phenoxy)amine,
[ONHO], and the redox-active [ONO] ligands by iron centers to afford a new family of iron
complexes. Characterizations of each compound through a battery of analytical techniques reveal
the oxidation states of the metal center and ligand. Furthermore, the electronic properties of each
complex were investigated in order to evaluate their potential to facilitate multi-electron

reactivity.
Xiv



Chapter 3 details the reactivity of the [ONO]Fe platform. Metathesis reactions are
conducted with [ONOYFe"'X, (X = ClI, N[SiMes],) complexes, demonstrating the capability of
the fully-oxidized [ONO*" to act as a two-electron acceptor to generate the fully reduced
[ONO™]*" that is coordinated to an iron(l11) center. Similarly, oxidation of [ONO®]Fe" (py)s
(py = pyridine) using dihalogens result in two-€electron oxidations of the tridentate ligand while
the metal oxidation state remains the same. These redox reactions showcase the ability of the
[ONQ] ligand platform to undergo reversible two-electron oxidation state changes, allowing
multi-electron reactivity to occur at the iron center.

The synthesis and characterization of two novel bimetallic complexes of the form
[ONO]M'[ONO].M (M' = Fe, Zn; M = Fe) are presented in Chapter 4. The rich redox profiles of
both complexes suggest that they can potentialy impart unique cooperative bimetallic reactivity.
The synthetic techniques developed to prepare these complexes lay the foundation for a general
method to access new bimetallic combinations that could be promising for multi-electron
reactivity.

Finally, Chapter 5 discusses the synthesis, characterization, and electronic comparisons
between two homoleptic tris-iminosemiquinonate chromium(lll) compounds. While one is
coordinated to three N,N'-bis(3,5-dimethylphenyl)acenapthenediimino-semiquinonate, (dmp-
ADI™?, ligands, the other contains three N,N'-bis(3,5-dimethylphenyl)phenanthrenediimino-
semiquinonate, (dmp-PDI™*", ligands. The differences in the electronic properties between each
complex likely stems from variation in the diimine ligand backbones. However, further
investigation is required to completely understand the complicated behaviors of such complexes,

both of which apparently exhibit intramolecular anti-ferromagnetic properties.
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Chapter 1

| ntroduction



1.1 Overview of Redox-Active Ligands and Their Enabled Reactivity

Transition-metal complexes containing "non-innocent” ligands have been the subject of
intense research for almost fifty years. In his seminal review published in 1966, Jargensen coined
the term "innocent ligands" when referring to ligands that allowed "oxidation states of the central
atoms to be defined."!? For example, cis[Co(NH3).Cl,], a classic Werner-type compound,
possesses four neutral L-type and two anionic X-type ligands to provide a Co(ll) complex. The
ability to classify and assign oxidation states to the ligands allow for subsequent determination of
the metal oxidation state. Ligands that are non-innocent, on the other hand, often lead to
ambiguity in assigning oxidation states to the metal and ligand entities.® Namely, when
complexes containing non-innocent ligands are oxidized or reduced, it is difficult to discern
whether the oxidation state changes are metal- or ligand-based. This concept is usually apparent
in cases where mid- and late-transition metal ions are coordinated to non-innocent ligands.*
Owing to the favorable overlap between the valence orbitals of the metal and coordinated ligand,
the valence electrons of their complexes can readily come from either the metal or ligand. The
term "redox-active" is often used interchangeably with non-innocent, although this expression is
generally reserved for describing ligands that can exist in multiple stable oxidation states.” This
term is most appropriate when referring to complexes in which the metal only has one accessible
oxidation state and is considered "redox-inert". In this case, redox changes to the overall metal

complex are limited to the ligand, allowing formal oxidation states to be made for the metal.
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Scheme 1.1. (a) Resonance structure of square-planar nickel complexes containing two d|th|0ben2|l ligand moieties
prepared by Schrauzer and Mayweg. (b) Ligand non-innocence in nickel dithiolene complexes.

One of the first examples of complexes with ligands exhibiting non-innocent behaviors
comprised a family of nickel dithiolene complexes.” As presented in Scheme 1.1, Schrauzer and
Mayweg surmised that coordination of two neutral dithiobenzil ligands to the nickel center
should lead to a formal Ni(0) metal center (A).° However, magnetic measurements supported a
square-planar Ni(ll) system, suggesting that each dithiobenzil was singly-reduced to form a
radical residing in each ligand (B). Gray and coworkers later prepared a number of dianionic
nickel dithiolene complexes (C) which were structurally analogous to the neutral nickel
dithiolene compounds (E), but differ by two electrons.” Subsequently, Davison, et al. isolated
several monoanionic nickel dithiolene complexes (D) which could then be transformed into
either the dianionic (C) or neutra (E) forms via electron transfer processes, demonstrating the
facile single-electron redox activity of these nickel species.® Careful analyses through molecular
orbital calculations revealed a substantial degree of meta—dithiolene covalency and established
the primarily ligand-based character of the frontier orbitals of these complexes.? Because of this
peculiarity, oxidation changes of such complexes mainly occurred at the ligand rather than the

metal center.
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Scheme 1.2. Three accessible oxidation states of the catechol-type and ortho-phenylenediimine ligands.

In the ensuing decades, a number of complexes containing transition-metal ions
coordinated to various redox-active ligand moieties have been developed to further understand
the metal-ligand interplay of such systems. Archetypa models include metal complexes
supported by the "dioxolene” ligand set, a term that was introduced by Balch to describe the
oxygen-containing analogues of dithiolenes.’® As illustrated in Scheme 1.2, the catechol-type
ligands, perhaps one of the most well-studied dioxolene ligands, possess three viable oxidation
states.! Upon coordination to a metal ion, the catecholate, semiquinonate, and quinone forms of
the ligand act as dianonic, monoanionic, and neutral donors, respectively. In subsequent years,
the catechol-type ligand family has expanded to include those with polycyclic w-conjugated
backbones (Chart 1.1). As demonstrated through the ortho-phenylenediimine platform in Scheme
1.2, ligands of the a-diimine form also have three accessible oxidation states: doubly-reduced
diamide, = radical iminosemiquinonate, and neutral diimine.* In contrast to their dithiolene and
dioxolene congeners, the ability to vary the substituent bound to each nitrogen donor atom of the
a-diimine ligand permits the structural and electronic profiles of their complexes to be modified.

This has led to the development of a range of derivatives based on the phenylenediimine moiety,



including those containing extended r-conjugated backbones as well as those with non-extended

n systems (Chart 1.2).*
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Chart 1.1. Examples of dioxolene ligandsin their neutral forms.
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Chart 1.2. Examples of a-diimine ligands in their neutral forms.

To enhance the fundamental understanding of transition metal complexes supported by
redox-active ligands, the complicated behaviors of such systems have been explored extensively
through a wide range of spectroscopic and computational techniques. **'* These studies revea a
great deal of orbital mixing between the ligand-based = orbitals and metal-based d orbitals within
such complexes. This behavior may be responsible for the observed formal redox changes in
metallated non-innocent ligands, an implication that redox-active ligands can act as electron
reservoirs when coordinated to metal ions. The ability of redox-active ligands to behave as
electron donors and acceptors has been exploited for the purposes of multi-electron reactivity.

Early work in our group aimed at utilizing redox-active ligands to promote two-electron
reactivity a redox-inert d’° metal centers. > As depicted in Scheme 1.3, treatment of
Zr'V(ap)o(THF), ((ap)* = 4,6-di-tert-butylamidophenolate) with one equivalent of PhICl, leads
to addition of two chloride ligands to the metal center accompanied by single-electron oxidations
a each (ap) ligand to produce Zr'V(ap™)Cl,.'° Addition of two equivalents of PhLi to

5



Zr'V (ap)(THF), displaces the THF ligands and forms Lis[Zr(ap)Ph,], which is then oxidized by
two electrons to produce Zr' (ap™)Ph,.}” Subsequent extrusion of biphenyl and association of
two THF regenerates Zr''(ap)(THF),. Chelation of the redox-active (ap) ligand to the d°
zirconium(1V) metal center allows for bond-breaking and forming processes to occur at the metal
coordination sphere. While the metal oxidation states remain unchanged, both ligands undergo
redox changes to facilitate two-electron molecular oxidative addition and reductive elimination
reactions in a zirconium complex where zirconium(l1) is not feasible.

However, it soon became apparent that oxidation of d® metal complexes containing (ap)
ligands produces the coordinatively labile monoanionic or neutral forms of the ligand, leading to
product decompositions.*® For instance, solutions containing Zr'’ (ap™)Cl, are unstable over time,
resulting in ligand exchange to form product mixtures. Furthermore, four-electron oxidations of
Zr"V (ap)-(THF), result in unstable coordination environments wherein the metal dissociates from

the iminoquinone ligands.*®

PhICI,

THF,  THF 8y ©
tBu o—(er"—o tBu Nl Zr no
o Q ~=C>
{Bu tBu  tBu tBu 2 THF + Phl
Zr(ap)z(THF), Zr(ap*9),Cl,
2 PhLi
2 THF
2THF
2 [CPzFE]iPFs]
tBu
O——Zr |u Zr nQ
Q— tﬁ 2 L|[PF3] Q tg‘Q
Li;[Zr(ap),Ph;] Zr(ap®),Ph;

Scheme 1.3. Ligand-enabled oxidative addition and reductive elimination reactivity at d° metal center.

To prevent metal dissociation upon oxidation of the ligand platform, our group has

developed an array of redox-active tridentate and tetradentate ligands. The tetradentate [N2N2]
6



platform ([NoN2"*]%" = N,N"-bis-(3-dimethylamino-propyl)-4,5-dimethoxy-benzene-1,2-diamide)
developed in our laboratory exhibits redox behaviors akin to that of ortho-phenylenediimine, and
as such the ligand also possesses three oxidation states (Scheme 1.4).'° Upon metallation to a
titanium(lV) center, the terminal amines situate in the apical positions of the metal center.
However, in the presence of nucleophilic substrates the amine arms can be viewed as hemilabile
ligands (Scheme 1.4). This provides a method for introducing new species to the metal
coordination sphere, as demonstrated through the ligand exchange reactivity of [NoN"¥]TiCl,
wherein the terminal amines are displaced by two 4-dimethylaminopyridines in a stepwise
manner. In addition, we have also investigated a series of metal complexes containing redox-
active [ONQ], [NNN], and [SNS] ligand platforms (Figure 1.1) which coordinate to the metal
centers in a meridional fashion. Deprotonation of the neutral [ONO]H3; results in a redox-active
ligand moiety where the trianionic catecholate ([ONO®]*), dianionic semiquinonate
([ONO*?), and monoanionic quinonate ([ONOYY) forms are attainable (Figure 1.1). %
Analogous oxidation states have also been established for the [NNN] ligand™ % whereas the

redox activity of the recently-developed [SNS] ligand platform is currently under investigation.®?
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Scheme 1.4. (a) Oxidation states of the tetradentate [N,N,] ligand platform. (b) Ligand substitution reactions of
[NoN TiCl.
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Figure 1.1. (a) Structural motifs for tridentate, pincer-type redox-active ligands. (b) Three accessible oxidation
states of the [ONQ] ligand.

1.2 Metal-Centered Redox Chemistry of Iron

The ability of iron-containing metalloenzymes to activate some of the strongest chemical
bonds has inspired synthetic chemists to mimic these enzymes and understand their reactivity;
specifically, iron can achieve a wide range of oxidation states from —2 to +6.%% ¥ For instance,
several groups have endeavored to synthesize the key intermediates in oxygenases in which the
oxidation states of iron range from +3 to formally +5. %> Conversely, iron is also capable of
functioning at lower oxidation states of 0 to +2 as observed in nitrogenases.?® The accessibility of
iron's multiple oxidation states is a key aspect in transformations of biologically relevant
molecules that involve multi-electron processes.

Redox-active ligands are aso prevalent in biological systems,® and their presence
alongside iron-containing systems often convolutes the exact determination of the metal and
ligand oxidation states. This concept is showcased by the process in which the
homoprotocatechuate 2,3-dioxygenase, an extradiol aromatic ring-cleaving dioxygenase,
transfers the oxygen atoms of O, to the catechol ligand. Due to the readily accessible

8



iron(111)/iron(11) redox couple as well as the fully- and partialy-reduced forms of the catechol,
understanding of the mechanism for extradiol dioxygenases has been relatively elusive.”> % As
described in Scheme 1.5, activation of oxygen likely begins with binding of O, to form the short-
lived Fe''-0," species. Subsequently, the catalytically active species Fe'-0," is produced
through intramolecular electron transfer steps that lead to the reduction of iron(l1l) to iron(Il)
accompanied by oxidation of the catechol to its semiquinone form.?®> The overall transformation

involves a change not only in the oxidation state of the metal center, but of the redox-active

ligand as well.
)
B: \0 B: 0 BH
His O/ His /({ His
H s H . o\«
O—IFe"'—His — —-,Fe"—His e y —-(Fe"—His
o | o | o |
Glu Glu Glu
R R R l
B: B
His HO His
H : >
product release <—— O—Fe!l—His —-—— 0 —Fe"'—His
—_ 4 = 4\
/ /-2 Gu S0 Q Glu
R \ O R
o

Scheme 1.5. Proposed mechanism extradiol dioxygenases.

In addition to the important roles of iron in organic transformations relevant to biological
systems, there have been rising interests in using iron salts as cheaper and more environmentally-
benign base-metal catalysts for cross-coupling reactions. ?°** However, insights into the
mechanism for such reactions has been obscure.® * In 1971, the Kochi research group reported
their pioneering studies on coupling alkenyl halides with Grignard reagents and proposed that the

11

active catalyst is A, an Fe' species generated from two-electron reductions of the Fe'!' pre-

catalyst (Scheme 1.6).% In contrast to the Fe(111)/ Fe(1) redox couple presumably operative under



Kochi's proposed mechanism, Furstner and coworkers suggest that the Fe(l1-)/ Fe(0) redox
couple plays the operative role where the active catalyst is D in Scheme 1.7.% Since the in-situ
formed active catalysts are highly reactive low-valent iron species, further interrogations of the
mechanism of iron-catalyzed cross-coupling reactions are challenging. Nonetheless, the benefits
of using non-toxic and more cost-effective metals to catalyze bond-forming reactions provides

motivation for further development in the area of iron catalysis.
FEX3

RMgBr

?/ el \S
[Fe“l]

= [Fe"l] B
Br

MgBr RMgBr

Scheme 1.6. Proposed catalytic cycle by Kochi et al. for iron-catalyzed cross-coupling reactions.

FEX3
RMgX
R'-X
—R? [(MgX),Fe']
D
MgX,
MgX),Fe?
R1\_¥ I"Iv
R2MgX

Scheme 1.7. Proposed catalytic cycle by Furstner et al. for iron-catalyzed cross-coupling reactions.
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1.3 Iron Complexes Supported by Redox-Active Ligands

One strategy to expand the use of base-metal complexes in catalytic organic
transformations is through the use of redox-active ligands, as these ligands can provide the
necessary reducing/oxidizing equivalents for such processes.® This view is highlighted in the
catalytic [2n + 2rt] cycloaddition of o,w-dienes facilitated by [PDI|Fe(N>). ([PDI] = 2,6-pyridine
diimine; Scheme 1.8).* Originally described as a formal iron(0) species (A), the electronic
properties of [PDI]Fe(N,). were interrogated through various analytical techniques and later
established to be an iron(l) complex supported by the doubly-reduced ligand (C).*" Taking
advantage of the non-innocent behavior of the [PDI] platform, iron-mediated cyclization
reactions have been carried out under mild conditions in which the transformations are mediated
by ligand-centered processes while the metal oxidation state remains unaffected.*® The electronic

dexterity provided by the redox-active ligand has aso enabled the hydrogenation and

eS36, 38

hydrosilation of organic substrat as well as cyclization of 1,6-enynes and diynes using

[PDI]Fe(N,), as acatalyst.*

Scheme 1.8. Electronic arrangements of [PDI]Fe(N,), and the catalytic cycloaddition of dienes mediated by
[PDITFe(N,),.
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More classic examples of iron complexes containing redox-active ligands include the
homoleptic complexes containing catechol-type ligands (Figure 1.2). Six-coordinate iron
complexes of the form Fe[SQ]s ([SQ] = 3,6-di-tert-butyl-1,2-semiquinonate or tetrachloro-1,2-
semiquinonate) coordinated to three monoanionic © radical semiquinonate ligands.** ** These
complexes exhibit complicated magnetic behaviors owing to the exchange coupling between the
ligand-based radicals and d® metal ion. Another example of a redox-active homoleptic iron
complex is FefONO],, which was first synthesized by Balch and coworkers in the 1970s and
further characterized by Pierpont and coworkers fourteen years later.*? EPR spectroscopic and X-
ray crystallographic data indicate that the metal center is supported by [ONO%*" and [ONO™]*
(Figure 1.1) ligands, providing an iron(l11) complex. In addition, FfONQ], is able to support
multi-electron redox changes as evidenced by the multiple reversible redox couples generated

through cyclic voltammetry experiments.

tBu
Tﬁ-\j Nﬂtau
[ T w0 (b) l I

(a) 3
QO/FF\ s’ Fevo

[e] - |
o \J tBu%/N !
tBu
cl cl

Figure 1.2. (a) Fe[SQ]s complexes. (b) Fe[ONO], complex.

1.4 Contributions of This Dissertation

While the synthetic community has focused primarily on iron-centered redox chemistry,
only a handful of synthetic systems have been developed that incorporate redox-active ligands
into the coordination sphere of an iron center. The premise of this work is to develop new

platforms for multi-electron reactivity using iron complexes supported by the redox-active [ONQ]
12



moiety. Chapters 2 and 3 will detail the synthesis and characterization of a series of iron
complexes containing singly-coordinated [ONQ] ligands. Their reactivity will aso be discussed
in the third chapter. The synthesis and characterization of two novel bimetallic compounds of the
form [ONO]JM'ONO] .M (M' = Fe, Zn; M = Fe) will be presented in chapter 4. The final chapter
will explore how the nature of the ligand backbone affects the redox activity of two homoleptic

tris-iminosemiquinonate chromium(l11) complexes.
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Chapter 2

Synthesis and Characterization of Iron Complexes
Coordinated to the Redox-Active [ONO] Ligand

Portions of thiswork have been reported previously:
Wong, J. L.; S&nchez, R. H.; Logan, J. G.; Zarkesh, R. A.; Ziller, J. W.; Heyduk, A. F. Chem. <ci.
2013, 4, 1906-1910.
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2.1 Introduction

Research in redox-active iron complexes has garnered increasing attention in recent years

4,5,6,7 and

due to their potential applications catalysis,™* * small-molecule activation reactivity,
other multi-electron transformations.® * X° Although the redox activity of many iron complexesis
primarily metal-centered due to iron's ability to achieve alarge range of oxidation states, redox-
active ligands can also provide reducing/oxidizing equivalents.

Chirik and coworkers developed a family of five-coordinate iron complexes derived from
[PDI]FeBr, ([PDI] = pyridine diimine) that exhibit ligand-enabled multi-electron reactivity. * As
shown in Scheme 2.1, reduction of this complex under a nitrogen atmosphere produces an iron
bis(dinitrogen) complex, [PDI]JFe(N>).."* While the resulting complex is formally an iron(0)
compound, spectroscopic and magnetic studies indicate that it is better described as a high-spin

iron(I1) complex with a doubly-reduced [PDI]* ligand. The redox flexibility afforded by the

[PDI]Fe platform has enabled the development of catalysts for the hydrogenation and

12a-b

hydrosilation of organic substrates,” *° cycloaddition of dienes,***® and cyclization of 1,6-enynes

12¢-d

and diynes.

- Fe"/Br xs 0.5% Na(Hg)

 j 1 atm N,
/ Br 2NaBr

—N
~
R

R = 2,6-diisopropylphenyl

Scheme 2.1. Reduction of [PDI]FeBr, to form resulting iron bis(dinitrogen) complex. Resonance is shown here to
highlight the redox non-innocent nature of the compound.

Another well-studied redox-active pincer-type ligand is the [ONO] ligand ((ONO™H3 =
bis(3,5-di-tert-butyl-2-phenol)amine).*> ** An attractive feature of the [ONO] platform is that it

can be isolated in three oxidation states, providing a diverse reagent palette for the preparation of
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new coordination complexes. 1718 A5 shown in Scheme 2.2, deprotonation of neutral
[ONO®*]H; results in a redox-active ligand moiety where the trianionic catecholate ([ONO®]*),
dianionic semiquinonate ([ONO]%), and monoanionic quinonate ([ONO%) forms are
accessible. The potassium salt of [ONOYY can be synthesized in high yields by first
deprotonating [ONO“*]H3 with three equivalents of KH followed by a two-electron oxidation
with PhI(OAC),.Y" Synthesis of K [ONO™] can be achieved via comproportionation of
K3[ONO™] and K[ONOY. The [ONHO]* ligand can also be generated via selective
deprotonation of the phenols in [ONO®*]Hs, athough the protonation of the central nitrogen
disrupts the conjugation of the ligand 1 system, inhibiting the redox-activity.

tBu tB

=

tBu OH tBu

3
(
P

NK

tBu tBu OK

o
A

tBu tBu
[ONO®*']H, K;[ONOS2)
K[ONOT]
PhI(DAc),
/ \f\, Phl + 2 KOAc

tB

=

tB

=

tBu OK tBu OK

&
4

tBu OK tBu

QL
- =
“:
=

o

tBu
K;[ONO®9] K[ONO9]

Scheme 2.2. Synthetic routes towards accessing the various oxidation states of the [ONO] ligand.

Towards our goal of developing a new platform for multi-electron reactivity, iron
complexes of the [ONO] moiety have been targeted for synthesis.*® The homoleptic complex
Fe''[ONOJ, was the first reported example of an iron complex supported by the [ONO] ligand.™

Despite its rich redox properties, the saturated coordination environment leaves the pseudo-
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octahedral complex unsuitable for further reactivity studies. In order to generate iron complexes
capable of effecting inner-sphere reactivity, a series of iron complexes coordinated to a single

[ONQ] ligand have been prepared and characterized.

2.2 Reaults
2.2.1 Synthesisand Characterization of (BDI-mes)FeCl,

The iron(l1) coordination complex, (BDI-mes)FeCl, (1), was prepared according to
modified published procedures for use as a synthon in the preparation of new iron complexes
containing the [ONO] ligand platform.'® The N,N'-bis(2,4,6-trimethyl phenyl)-2,3-butanediimine
(BDI-mes) directly reacted with iron(l1) chloride to generate 1 in 81% yield. X-ray quality red
crystals of 1 were grown from a saturated chloroform solution of the complex at —35 °C (Figure
2.1). Table 2.1 shows alist of selected bond lengths and angles for 1. The Cl(1)-Fe(1)-Cl(2) and
N(1)-Fe(1)-N(2) bond angles of 115.52(2)° and 76.23(7)°, respectively, establish that 1
possesses a distorted tetrahedral geometry. The BDI-mes ligand can behave as a hon-innocent
ligand and adopt one of the following forms. a-diimine (neutra), iminate p radical (1-), and a-
diamide (2-). The oxidation state of the ligand is characterized by the C-N and C-C bond
lengths.?® The N(2)-C(1) and C(1)-C(2) bond lengths of 1.279(3) A and 1.518(3) A, respectively,
are consistent with the C-N double and C-C single bonds of the BDI-mes ligand.?* Hence, the

BDI-mesligand isin the neutral Lo-type form and the oxidation state of the iron center is +2.
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Figure 2.1. ORTEP diagram of the crystal structure of 1. Thermal ellipsoids are drawn at 50% probability.
Hydrogens have been removed for clarity.

Table 2.1. Selected bond lengths (A) and angles (°) of 1.

Bond Length Bond Angle
N(2-C(1) 1.279(3) Cl(1)-Fe-ClI(2) 115.52(2)
C(1)-C(2) 1.518(3) N(1)-Fe-N(2) 76.23(7)

2.2.2. Synthesis and Characterization of [ONHO]Fe(BDI-mes)

Complex 2 proved to be a useful starting materia for coordination of the doubly-
deprotonated [ONHO]* ligand to iron. As shown in Scheme 2.3, the [ONO*¥]H; was first
deprotonated with two equivalents of KH. To the in-situ generated K, ONHO], 1 was added to
yield dark green crystals of [ONHO]Fe(BDI-mes) (2) by sat metathesis in 69% yield. Single

crystals of 2 suitable for X-ray crystallography were grown from saturated pentane solutions at

a4

ambient temperature.

tBu tBu tBu
tBu OH 2KH 2H,; tBu OK tBu (i
NH ;A» NH \ ; H..N_.-Fé._-_-:_N;_r:
tBu OH tBu OK \r tBu ol :
2 KCI
tBu L tBu _ tBu
2

Scheme 2.3. Synthesis of 2 from metathesis of 1 and K,JONHOQ].

21



Analysis of the structural metrics of 2, obtained by X-ray crystalography, alowed for
assignment of possible oxidation states of the ligands and metal centers. The solid-state structure
of 2 is shown as an ORTEP diagram in Figure 2.2 and selected bond metrical data for the
primary coordination sphere at iron are given in Table 2.2. The geometric parametert = (b —a) /
60 (t = 1 for perfectly trigonal bipyramid; O for perfectly square pyramid) was used to describe
the coordination geometry at the iron center.? Given that b = ZN(1)-Fe(1)-N(2) and a =
Z0(1)-Fe(1)-0(2), the t value of 0.75 indicates that 2 is best described as having a distorted
trigonal-bipyramidal geometry. The C(1)-N(1)-C(15), H(1)-N(1)-Fe(1) and C(15)-N(1)-Fe(1)
bond angles of 117.42(14)°, 113(1)°, and 102.29(11)°, respectively, are consistent with a pseudo-
tetrahedral geometry at the protonated N(1) atom. For the BDI-mes portion of 2, the N(2)-C(29)
bond length of 1.296(2) A indicates a C-N double bond and the C(29)-C(30) bond length of
1.496(3) A indicates a C-C single bond. The C(15)-N(1) and C(2)-O(1) bond lengths of 1.451(2)
A and 1.343(2) A, respectively, of the tridentate ligand are consistent with corresponding C(sp?)—
N(sp®) and C(aryl)-O single bonds.?* These bond lengths indicate that the BDI-mes remains in

its neutral a-diimine form while the [ONHO)] ligand has two anionic oxygen donors.
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Figure 2.2. ORTEP diagram of the crystal structure of 2. Thermal ellipsoids are drawn at 50% probability. With the
exception of H(1), al hydrogens have been removed for simplicity.

Table 2.2. Selected bond lengths (A) and angles (°) of 2.

Bond Length Bond Angle
C(15)-N(1) 1.451(2) C(1)-N(1)-C(15) 117.42(14)
C(2-0(1)  1343(2) C(15)-N(1)-Fe(1) 105.63(11)
N(2-C(29) 1.296(2) C(1)-N(1)-Fe(1) 102.29(11)
C(29)-C(30) 1.496(3) N(1)-Fe(1)-N(2) 170.76(6)
Fe(1)-N(1) 2216(2) N(1)-Fe(1)-N(3)  95.86(6)
Fe(1)-N(2) 2139(2) O(1)-Fe(1)-O(2) 125.96(5)
Fe(1)-N(3)  2.095(2)

Fe(1)-O(1)  1.943(1)
Fe(1)-O(2)  1.985(1)

Spectroscopic measurements are consistent with the crystallographically-determined +2

oxidation state of the iron center. A sharp infrared stretch a 3282 cm™ coupled with the

tetrahedral geometry at N(1) are evidence that the central nitrogen on the [ONHO] ligand
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remains protonated and behaves as an L-type ligand. The M&ssbauer spectrum of 2 at 80 K,
shown in Figure 2.3, displays an isomer shift (&) of 0.93 mm/s, which is typical of high-spin

Fe(11) complexes.”®
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Figure 2.3. Mdsshauer spectrum of [ONHO]Fe(BDI-mes) (2) collected at 80 K.

Towards our goal of synthesizing new iron complexes supported by a redox-active [ONO]
moiety, attempts to deprotonate the [ONHO] ligand of 2 followed by oxidation of the complex
by one electron were pursued. As described in Scheme 2.4, to promote w-conjugation in the
ligand backbone, 2 was treated with a combination of bases and oxidants for removal of a proton
and an electron. However, these reactivity pathways led to extrusion of the BDI-mes ligand,
resulting in disproportionation of the product. The challenges posed by the [ONHO]Fe platform
motivated us to develop new synthetic routes for generating redox-active iron complexes. When
K,[ONO™| reacted with (BDI-mes)FeCl, (1), free diimine ligand was also observed and no new

iron complex was isolated. Regardless of the reagent stoichiometry, when K[ONQ reacted with

24



iron(11) salts, only Fe'""[ONO], could be isolated. These results indicate that [ONO]Fe complexes

could not be accessed through iron(l1) starting materials.

tBu

tBu (0]
\ i, i :<< >>:
H"'N'i‘é'-";”..”é]: Base + Oxidant I}_\(N + [Fe]
tBuQO _::

tBu

2
Base (equiv.) Oxidant (equiv.)
EtsN (1) Phi(OAc), (0.5)
EtsN (1) PhICl, (0.5)
EtsN (1) AgPFs (1)
EtsN (1) FcPFs (1)
n-Butylithium (1) FcPFg (1)

Scheme 2.4. Deprotonation and oxidation of complex 2 using various bases and oxidants. All reactions were carried
out at ambient temperature using either THF, pentane, or diethyl ether solvents.

2.2.3. Synthesis and Char acterization of [ONOYFeX, Complexes

By employing iron(lll) sats as starting materidls, a new class of [ONOYFe"X,
complexes have been prepared and characterized. As shown in Scheme 2.5, the oxidized ligand
synthon, K[ONQY], provided a direct route for the synthesis of iron complexes of the [ONO]

platform.®
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Scheme 2.5. Synthesis of [ONOFeX, complexes.

Coordination of the [ONO“*" ligand to an iron dihalide was carried out via salt
metathesis reaction of K[ONOY with FeXs. Treatment of FeCls in toluene or FeBrs in diethyl
ether with one equivalent of K[ONQOY resulted in the eimination of potassium halide salts and
the concomitant formation of new [ONOYFeX, (X = Cl, (3a); Br (3b)) in 71% and 72% yields,
respectively. Dark red crystals suitable for X-ray crystallography of 3a were isolated at —35 °C
via diffusion of pentane into toluene solutions containing 3a. Dark red crystals of 3b were
obtained at —35 °C by diffusing pentane into diethyl ether solutions of 3b.

Intraligand bond distances within the [ONO] ligand of 3a and 3b are used as diagnostic
tools for determining the ligand and consequently, the metal oxidation states. Figure 2.4 shows
an ORTEP diagram for the crystal structure of 3a. Selected bond measurements of 3a and 3b are
listed in Table 2.3. Electron delocalization within the molecules influences the C(2)-O(1) and

C(16)-O(2) bond lengths to lie between 1.36 A and 1.21 A, which are the corresponding
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C(aryl)-0 single and C(sp®)-O double bond lengths.?* The bond lengths of the C(17)-C(18) and
C(19)-C(20) bonds of the [ONO] ligand six-membered ring are shorter than those of the other
four ring C-C bonds. The two short and four long C-C bonds of the [ONQ] ligand backbone are
consistent with the bond metrical patterns observed in M[ONO, (M = Ni, Zn, Pb)** ** and
[ONOYM (M = Ta,*® AI*®) complexes. Thus, the [ONO] ligands of 3a and 3b are in the fully-
oxidized [ONO*" form, suggesting that both iron dihalide complexes have iron(l11) centers.
Given that a = ZN(1)-Fe(1)-X(1) and b = ZO(1)-Fe(1)-0O(2), the t values of 0.18 for 3a and

0.12 for 3b suggest that both complexes adopt distorted square pyramidal geometries.?

Figure 2.4. Crystal structure of 3a. The hydrogens and tert-butyl groups are removed for simplicity. Thermal
ellipsoids drawn at 50% probability.

Table 2.3. Selected bond lengths (A) and angles (°) of 3a and 3b.

Bond lengths/angles 3a(X=Cl) 3b(X=Br)
C(16)-0(2) 1.268(2) 1.287(2)
C(2-0(2) 1.296(2) 1.279(2)
C(1)-N(1) 1.359(2) 1.336(3)
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C(15)-N(2)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(15)-C(20)
Fe(1)-0O(2)
Fe(1)-0(2)
Fe(1)-X(1)
Fe(1)-X(2)
Fe(1)-N(2)
O(1)-Fe(1)-0(2)
O(1)-Fe(1)-N(1)
N(1)-Fe(1)-X(1)
N(1)-Fe(1)-X(2)

1.332(2)
1.474(2)
1.443(2)
1.360(3)
1.444(2)
1.357(3)
1.427(3)
1.943(1)
1.997(1)
2.2056(6)
2.2054(6)
2.157(1)
151.23(6)
77.01(5)
140.69(4)
104.87(4)

1.349(3)
1.445(3)
1.434(3)
1.371(3)
1.431(3)
1.358(3)
1.422(3)
1.963(1)
1.972(1)
2.3609(4)
2.3570(4)
2.162(2)
149.94(6)
75.77(6)
142.88(5)
107.77(5)

Both iron dihalide complexes have been characterized using various analytical techniques
in order to investigate the oxidation states and spin states of the metal centers. Mdssbauer
spectroscopy revedls that 3a is a high-spin Fe(l11) compound with & = 0.3 mm/s and AEq = 0.61
mm/s at 80 K (Figure 2.5).2*> Small amounts of high spin Fe(I1) impurities (5 = 1.04 mm/s, AEq =
2.33 mm/s) are also present in the spectrum. The EPR spectrum of 3a displays a rhombic signal
with g values of 9.70, 4.32, and 2.00 (Figure 2.6). These resonances are consistent with a high-
spin iron(I11) species having E/D = 0.33 rhombicity.* Mdssbauer data of 3b could not be
obtained because the bromide significantly attenuates the gamma rays. Nonetheless, as shown in

Figure 2.6, the EPR spectrum of 3b is also consistent with the metal complex possessing a high-

spiniron(l1l) center.
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Figure 2.5. Mdsshauer spectrum of [ONOYFeCl, (3a) collected at 80 K. The iron(l11) species major component
(94%) is shown in blue while the iron(I1) species minor component (6%) is shown in green. The overal data fit is
shown inred.
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Figure 2.6. X-band EPR spectra of [ONOYFeCl, (3a; left) and [ONO"]FeBr, (3b; right). Experimental conditions:
B; L Bg; solvent, toluene; temperature, 77 K.
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Metallation of the [ONO%* to generate mononuclear iron amide and dinuclear iron
imide complexes was achieved by reacting K[ONOY with the FeCl(THF)[N(SiMes)2], and
{ (tBUNH,)FeCl(p-NtBu)}, synthons developed by Lee and coworkers (Scheme 2.5).% Salt
metathesis reaction of K[ONOY and FeCl(THF)[N(SiMes),], in toluene led to precipitation of
K Cl accompanied by formation of [ONOFe[N(SiMes)2]. (4) in 65% yield. Dark brown crystals
of 4 suitable for X-ray diffraction were obtained by the diffusion of acetonitrile into toluene
solutions of the iron complex at —35 °C. Treatment of { (tBuNH_)FeCl(u-NtBu)} 2 in toluene with
two equivalents of K[ONO] resulted in elimination of KCI to produce {[ONOYFe(u-NtBu)} » (5)
as adark green product in 60% yield. Crystals of 5 were obtained via the diffusion of acetonitrile
into THF solutions of the diiron compound at room temperature.

X-ray diffraction data for 4 help determine the coordination geometry of the metal center
as well as the metal and ligand oxidation states. The crystal structure of 4 is depicted as an
ORTEP diagram in Figure 2.7 and a list of selected bond measurements is shown in Table 2.4.
Provided that a = ZN(1)-Fe(1)-N(2) and b = £0(1)-Fe(1)-0O(2), t = 0.13 for complex 4, an
indication that the geometry at the iron center is best described as square pyramidal.?? The C-O
bond lengths of 1.28 A lie between 1.36 A and 1.21 A, which are the corresponding C(aryl)-O
single and C(sp?)-O double bond lengths. In addition, localization of double bond character
within the [ONQO] ligand backbone is also observed, as evidenced by the two short C(16)-C(17)
and C(18)-C(19) bond lengths in comparison to the four long C-C bonds. These bond metrical
patterns are consistent with what has been observed in other metal complexes coordinated to the

[ONOq] 1- |igand.13’ 14, 15, 16

30



Figure 2.7. Crystal structure of 4. The hydrogens and silicon-bound methyl groups are removed for simplicity.

Thermal ellipsoids are drawn at 50% probability.

Table 2.4. Selected bond lengths (A) and angles (°) of 4.

Bond Lengths Bond Angles
C(15)-0(2) 1.277(2) O(1)-Fe(1)-O(2) 143.46(4)
C(1)-0(1) 1.275(2) O(1)-Fe(1)-N(1) 74.38(4)
C(15)-N(2) 1.342(2) N(1)-Fe(1)-N(2) 135.50(5)
C(6)-N(1) 1.345(2) N(1)-Fe(1)-N(3) 104.04(5)
C(15) -C(16) 1.454(2)

C(16) -C(17) 1.366(2)
C(17) -C(18) 1.433(3)
C(18) -C(19) 1.355(2)
C(19) —C(20) 1.429(2)
C(15) —C(20) 1.454(2)
Fe(1)-O(1) 2.048(1)
Fe(1)-0(2) 2.093(1)
Fe(1)-N(1) 2.188(1)
Fe(1)-N(2) 1.933(1)
Fe(1)-N(3) 1.940(1)
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The coordinated [ONO* and bis(trimethylsilyl)amide ligands are evidence that the
oxidation state of iron in 4 is +3, a contention that is further supported by EPR spectroscopy. As

shown in Figure 2.8, the EPR spectrum of 4 collected at 77 K shows an axia signal with g values

of 5.37 and 2.00. These resonances are in agreement with 4 being an iron(111), S= % complex.*
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Figure 2.8. X-band EPR spectrum of [ONOYFe[N(SiMes),]» (4). Experimental conditions: B, L Bg; solvent, toluene;
temperature, 77 K.

The solid-state structure of {[ONOYFe(mNtBu)}» (5) provides an overall description of
the physical and electronic characteristics of the dimer (Figure 2.9). As listed in Table 2.5, the
O(1)-Fe(1)-0O(2) angle of 128.06(7)° (b) and N(1)-Fe(1)-N(2) angle of 166.86(8)° (a) resultsin
at vaue of 0.65, an indication that the geometry at each iron center lies in between square
pyramid and trigonal bipyramid.?> The asymmetric unit of this diiron complex consists of half
the dimer, revealing the highly symmetric nature of 5. The carbon-carbon bond measurements of
the six-membered rings of the [ONQO] backbone are also consistent with the bond metrics
expected for the [ONOY* ligand.™® ** > 1® The average iron-imide bond lengths of 1.80 A

indicates that the imido ligands are coordinated almost equidistant from each iron center. In
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addition, the Fe(1)-N(2)-Fe(1A) and N(2)-Fe(1)-N(2A) bond angles of 89.20(8)° and 90.80(8)°,
respectively, indicate that the shape of the diiron core is arhomboid. The Fe(1)-Fe(1A) distance
of 2.5344(5) A islonger than the length of an Fe-Fe single bond of 2.48 A,% but similar to other

25b

diiron compounds with bridging imido ligands.”>* Coordination of two bridging imidos and one

[ONOY* at each metal provides evidence that 5 possesses two iron(l11) centers.

Figure 2.9. Crysta structure of 5. The hydrogens, imido tert-butyl groups, solvent molecules and a
crystallographically unique but structurally analogous molecule of 5 are omitted for clarity. Thermal ellipsoids are
drawn at 50% probability.

Table 2.5. Selected bond lengths (A) and angles (°) of 5.

Bond Lengths Bond Angles
Fe(1)-Fe(1A)  2.5344(5) O(1)-Fe(1)-0O(2) 128.06(7)
Fe(1)-N(2) 1.785(2) O(2)-Fe(1)-N(1) 81.72(7)
Fe(1)-N(2A) 1.824(2)  N(1)-Fe(1)-N(2) 166.86(8)
Fe(1)-0(2) 1.919(2) N(1)-Fe(1)-N(2A)  102.34(8)
Fe(1)-0(1) 1.915(2) Fe(1)-N(2)-Fe(1A)  89.20(8)
C(16) -0O(2) 1.322(3) N(2-Fe(1)-N(2A)  90.80(8)
C(15) -N(2) 1.383(3)

C(15) -C(16)  1.421(3)
C(16) -C(17)  1.424(4)
C(17)-C(18)  1.382(3)
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C(18)-C(19)  1.413(3)
C(19) -C(20)  1.371(4)
C(15)-C(20)  1.404(3)
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Figure 2.10. Mossbauer spectrum of {ONO%Fe(mNtBu)} , (5). Data collected at 95 K.

The structural and electronic properties of 5 have also been investigated through NMR
and Mossbauer spectroscopy. Interestingly, complex 5 is diamagnetic in contrast to other
[ONO] Fe complexes reported in this chapter. The *C NMR spectrum of this compound reveals a
resonance at 173 ppm, corresponding to a C=0 fragment, and is in agreement with the presence
of the carbonyl found in the [ONO*" ligand. The *H NMR spectrum of the diiron complex
displays four resonances and the *C NMR spectrum shows twelve resonances, an implication
that 5 likely adopts a D4, symmetric structure in solution. The M&ssbauer spectrum of 5 shows
one quadrupole doublet with AEqg = 0.87 mm/s (Figure 2.10), ascertaining that both iron centers
have identical coordination environments and consistent with the argument that the structure of 5
is highly symmetric. An isomer shift value of 0.06 mm/s indicates that the diiron complex
contains low-spin Fe(l11) centers.?®
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2.2.4 Synthesisand Char acterization of [ONO®*]FeL , Complexes

Iron complexes containing the fully-reduced form of the [ONO] ligand were accessed via
reaction of [ONO®®]H3 and FeClsin the presence of coordinative L-type ligands and a base. The
synthetic routes towards preparation of [ONO®®]Fe(dppe) (6) and [ONO™|Fe(py)s (7) (py =
pyridine; dppe = 1,2-bis(diphenylphosphino)ethane) are shown in Scheme 2.6. To toluene
solutions containing the FeCls, dppe, and triethylamine, the addition of [ONO®*]H; at ambient
temperature led to precipitation of triethylammonium chloride salts and concomitant generation
of 6 in 98% yield. Dark red crystals of 6 were isolated in saturated acetonitrile solutions of the
compound at room temperature for X-ray crystallography measurements. Treatment of FeCls
with [ONO®H; in pyridine solutions containing triethylamine led to elimination of
triethylammonium chloride salts and simultaneous formation of 7 in 70% yield. Green crystals of
7 suitable for X-ray crystalography were isolated via diffusion of acetonitrile into pyridine

solutions of the compound at —35 °C.
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Scheme 2.6. Synthesis of [ONO**]FeL , complexes.

The structural properties and ligand and metal oxidation states of 6 have been
investigated through X-ray crystallographic data. An ORTEP diagram of 6 aswell as the selected
bond measurements are shown in Figure 2.11 and Table 2.6, respectively. Given that a =
Z0(1)-Fe(1)-0(2) and b = ZN(1)-Fe(1)-P(1), t = 0.59, an implication that the geometry of the
solid-state structure of 6 lies in between square pyramidal and trigonal bipyramidal geometries.?
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The carbon-oxygen bond distances within the [ONO] ligand backbone average to be 1.34 A,
consistent with a C(aryl)-O single bond. The average C(1)-N(1) and C(15)-N(1) bond lengths of
1.39 A indicate carbon-nitrogen single bond characters. Finally, the variation in the
carbon—carbon bond lengths within the six-membered rings is consistent with electron
delocalization within an aromatic system.”* These bond metrical patterns are observed in other
[ONO™M complexes (M = Ta,® Nb? Rh'’), indicating that the [ONO] ligand of complex 6

adopts the [ONO®¥]* form and the oxidation state of iron is +3.

Figure 2.11. Crysta structure of 6. The hydrogens and two crystallographically unique but identical crystal
structures of 6 are removed for simplicity. Thermal ellipsoids are drawn at 50% probability.

Table 2.6. Selected bond lengths (,&) and angles (°) for 6.

Bond Length Bond Angle
C(2-0(1) 1.341(5) N(1)-Fe(1)-P(1) 133.1(1)
C(16)-0O(2) 1.348(4) N(1)-Fe(1)-O(1) 83.6(1)
C(1)-N(1) 1.406(4) P(1)-Fe(1)-P(2) 83.18(4)
C(15)-N(1) 1.397(5) O(1)-Fe(1)-O(2) 168.2(1)
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C(15)-C(16)  1.417(5)
C(16)-C(17)  1.408(5)
C(17)-C(18)  1.384(6)
C(18)-C(19)  1.406(6)
C(19)-C(20)  1.388(6)
C(15)-C(20)  1.391(6)
Fe(1)-P(1)  2.2569(9)
Fe(1)-P(2)  2.248(1)
Fe(1)-N(1)  1.815(3)
Fe(1)-O(1)  1.895(3)
Fe(1)-0(2)  1.881(3)

EPR spectroscopy has been employed to probe the electron properties of 6. Figure 2.12
displays rhombic EPR signals for 6 with g values of 2.04, 2.13, and 2.22. These resonances are
consistent with the metal complex exhibiting low-spin iron(I11) behavior. A small signa at g =

4.23 isindicative of the presence of high-spin iron(l11) impurity. %

\
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Figure 2.12. X-band EPR spectrum of [ONO*|Fe(dppe) (6). Experimental conditions: B, L Bo; solvent, toluene;
temperature, 77 K.
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Single-crystal X-ray crystallography has also been applied to interrogate the structural
properties [ONO®]Fe(py)s (7) in order to assign formal charges to the metal and ligand. The
ORTEP diagram of 7 is shown in Figure 2.13 while selected bond lengths and angles are listed in
Table 2.7. The average C(2)-O(1) and C(16)-O(2) bond length of 1.34 A is consistent with the
presence of carbon—oxygen single bonds in the [ONO] ligand backbone. The C(1)-N(1) and
C(15)-N(1) bonds have very similar lengths of 1.395(3) A and 1.392(3) A, respectively, which
are indicative of C—N single bond character. The variation in the carbon—carbon bond lengths
within the six-membered rings are also consistent with electron delocalization within an aromatic
system.?! These bond length measurements also confirm that the [ONO] ligand of 7 adopt the
[ONO™]* form. The N(1)-Fe(1)-N(2), N(1)-Fe(1)-N(4), and O(1)-Fe(1)-O(2) bond angles of
178.73(7)°, 90.70(7)°, and 163.68(6)°, respectively, is consistent with a pseudo-octahedral

geometry at theiron center of 7.

Figure 2.13. Crystal structure of [ONO°31]Fe(py3 (7). Hydrogen atoms, solvent molecules, and a

crystallographically unique but structurally analogous molecule of 7 have been omitted for clarity. Thermal
ellipsoids are drawn at 50% probability.
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Table 2.7. Selected bond lengths (A) and angles (°) of 7.

Bond Length Bond Angle
C(2-0(1) 1.338(3) O(1)-Fe(1)-0(2) 163.68(6)
C(16)-0(2) 1.344(2) N(1)-Fe(1)-N(2) 178.73(7)
C(1)-N(1) 1.395(3) N(1)-Fe(1)-N(4) 93.70(7)

C(15)-N(2) 1.392(3)
C(15)-C(16)  1.441(3)
C(16)-C(17)  1.402(3)
C(17)-C(18)  1.401(3)
C(18)-C(19)  1.392(3)
C(19)-C(20)  1.400(3)
C(15)-C(20)  1.401(3)
Fe(1)-O(1) 1.950(2)
Fe(1)-0(2) 1.949(2)
Fe(1)-N(1) 1.982(2)
Fe(1)-N(2) 2.145(2)
Fe(1)-N(3) 2.252(2)
Fe(1)-N(4) 2.238(2)

Complex 7 has been further characterized through spectroscopic methods in order to

investigate the electronic behavior of the metal center. Figure 2.14 displays the M &ssbauer and
EPR spectra of 7. The isomer shift value of 0.37 mm/s indicates 7 is an S= % system.”® The

EPR spectrum shows g values of 9.34 and 4.03, in agreement with the metal complex adopting a

high-spin iron(111) center.?*
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Figure 2.14. (Left) Mossbauer spectrum of [ONO™]Fe(py)s (7). Data collected at 90 K. (Right) X-band EPR
spectrum of 7. Experimental conditions: B; L Bg; solvent, pyridine; temperature, 77 K.

2.3 Discussion
2.3.1 Reactivity of [ONHO]F€'' (BDI-mes)

Towards our goa of preparing new iron complexes that exhibit ligand-based redox
activity, we attempted to remove the amino proton of the [ONHQ] ligand of [ONHO]Fe(BDI-
mes) (2) and subsequently oxidize the complex. However, these synthetic routes led to
decomposition product (Scheme 2.4). We postulated that upon deprotonation and oxidation, the
putative iron product could adopt one of the following forms: [ONO®Fe'"(BDI-mes) or
[ONO™]Fe"(BDI-mes) (Scheme 2.7). Due to the hardness of iron(l11), coordination of the soft
diimine ligand may not be preferable, leading to disproportionation of the putative iron(l11)
compound. Thus, [ONO**]Fe'"(BDI-mes) could not be observed. Reaction of K,JONO¥] and
(BDI-mes)FeCl; (1) led to extrusion of the free diimine, an indication that coordination of the
redox-active [ONO] ligand to iron(I1) was unfavored and formation of [ONO™|Fe' (BDI-mes)
was not possible. These factors motivated us to prepare redox-active [ONO]Fe complexes

through the use of iron(111) salts and fully-deprotonated forms of the [ONQ] ligand synthons.
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Scheme 2.7. Deprotonation and oxidation of 2 leading to putative iron product containing two possible isomers.
2.3.2Ligand and Metal Oxidation State Assignments

Coordination of the redox-active [ONO] ligand to the iron center leads to ambiguity in
determining the oxidation states of the ligand and metal center. Reaction of K[ONO with
various iron(I11) salts produces formally iron(l11) complexes of the formula: [ONOYFeX, (X =Cl
(3a); Br (3b); N(SiMe3), (4); mNtBu (5)). Because the [ONQO] ligand is able to collect single
electrons, the ligand can be in the [ONO™]* form coordinated to an iron (1) metal center. With
the exception of several non-heme iron enzymes, complexes containing formal iron(lV) metal
centers are rarely observed.?® Another possible isomer is the [ONO®]*" ligand coordinated to the
iron(V) metal center. However, with the exception of select “true” non-heme iron(V)—oxo or
iron(V) nitride species, most formally iron(V) complexes are better described as iron(1V)
compounds possessing ligand radical species.”® Hence, the best way to describe 3- 5isaniron(l11)
complex coordinated to [ONO%*". These electronic assignments are further supported by the
structural data obtained from X-ray crystalography as well as EPR, Mdssbauer, and NMR
spectroscopic data for the metal complexes.

On the other hand, complexes 6 and 7 have been assigned as [ONO™|FelL,, an
implication that both are formally iron(l11) compounds. Because the fully reduced form of the
ligand can donate single electrons, two plausible electron distributions also exist: [ONOYFe'L,

or [ONO™Fe''L,.. Low-valent iron(l) complexes have been invoked as intermediates in various
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cross-coupling catalytic cycles.! However, their instability has precluded further spectroscopic
studies to confirm the identity and oxidation states of the iron species. While a family of
dinuclear iron(l) complexes have been prepared and characterized that exhibit unique reactivity,’
the ability to isolate metal complexes containing iron(l) is nonetheless uncommon.® & Iron(11)

9 10, 11 \which

complexes ligated to redox-active ligands have been reported in the literature,
suggests that synthesis of [ONO™F€''L, is theoretically possible. However, as we have
established earlier, coordination of the [ONO™]* to an iron(ll) center is not favored.
Furthermore, crystallographic and spectroscopic evidences support that complexes 6 and 7 are
best described asiron(l11) complexes supported by the [ONO®]*" ligand.

2.3.3 Electronic Properties of [ONO]Fe Complexes

The diamagnetic nature of 5 givesrise to the question of how the electrons interact within
the diiron compound. The Fe-Fe distance of 2.5344(5) A in complex 5 is only slightly longer
than a Fe—Fe bond length of 2.48 A ?® Since the two irons lie close to each other, it is possible
that the singly unpaired electron at each metal facilitate an iron—iron bond. Another possibility is
that the radicals at each iron are antiferromagnetically coupled to one another, making 5an S=0
system.

Qualitative analyses based on coordination geometries can be used to describe the
electronic differences among the iron(I11) complexes 3-6. While al five complexes possess
distorted five-coordinate geometry, the t values of 0.18, 0.12, and 0.13 for [ONOFeCl, (3a),
[ONOFeBr; (3b), and [ONOYFe[N(SiMes),]2 (4), respectively, indicate that their geometries
lie much closer to a square pyramid than trigonal bipyramid. In contrast, t values of 0.64 and
0.59 for {{ONO“]Fe(mNtBu)}, (5) and [ONO*]Fe(dppe) (6), correspondingly, suggest that

neither complexes show clear preferences for square pyramidal or trigonal bipyramidal
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geometries. Nevertheless, both complexes deviate from the square pyramidal geometries, which

may lead to destabilization of the d,” orbital. The higher energy of the orbitals of d*~,* and d,”
parentage may have provided for the low-spin S = % configuration observed for complexes 5
and 6 as opposed to the high-spin S= % configuration for 3a, 3b, and 4. While the electronic

behaviors of complexes 3-6 can be described through qualitative observations, quantitative

analyses using techniques such as DFT calculations may provide more accurate explanations.

2.4 Summary and Conclusions

The versatility of the [ONQO] ligand platform offers a wide array of pathways towards the
synthesis of various [ONO] metal complexes. Due to the accessibility of all three [ONO] ligand
scaffold oxidation states, a new series of redox-active complexes have been prepared where a
single [ONO] ligand is coordinated to iron. The electronic properties of the [ONHO]Fe' (BDI-
mes), [ONOFe""'X,, and [ONO*“|Fe"'L,, compounds have been explored in order to evaluate
their potential to facilitate multi-electron reactivity. While oxidation of the iron(I1) complex
leads to decomposition product, coordination of the redox-active [ONO] moiety to iron(ll1)
suggest that redox reactivity should be achievable through these complexes. Chapter 3 will detail

the reactivity of the [ONOFeX, and [ONO®*]FeL,, complexes.

2.5 Experimental

General Procedures. All compounds and reactions reported below require manipulations to be
carried out under air- and moisture-free conditions using standard glovebox techniques or
Schlenk techniques. Solvents were sparged with argon and then deoxygenated and dried by
passage through Q5 and activated alumina columns, respectively. To test for effective oxygen
and water removal, solvents were treated with a few drops of a purple solution of sodium

benzophenone ketyl in THF. The CsDg NMR solvent was dried in sodium-potassium amalgam
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benzophenone ketyl for two days, followed by trap-to-trap vacuum distillation and several
freeze-pump-thaw cycles.

The compounds FeCl(THF)[N(SiMes)2]2,2? { (tBUNH,)FeCl(u-NtBu)} 5, K[ONO,Y
and [ONO™H; * *° were synthesized according to published procedures. The synthesis of
complexes 3a, 4, and 7 have also been reported previously.*® Diphenylhydrazine was purchased
from Alfa Aesar and sublimed before use. The pyridine (Macron), tert-butylthiol (Alfa Aesar),
and triethylamine (Fisher Scientific) were dried with 4 A molecular sieves (Fisher Scientific)
overnight and then distilled under reduced pressure into a Straus flask and degassed through
severa freeze-pump-thaw cycles. Potassium hydride (Alfa Aesar) was washed with pentane to
remove the oil prior to usage. The FeCls, FeBrs, and 1,2-bis(diphenylphosphino)ethane were
purchased from Strem and used without further purification.

Physical Measurements. The UV-vis-NIR spectra were recorded with Perkin-Elmer
Lambda 800 Spectrometer as solutions in toluene, THF or pyridine. Electrospray ionization mass
spectrometry MS(ESI) was performed at the Mass Spectrometry Facility at University of
Cdifornia, Irvine. NMR spectra were acquired on a Bruker Avance 400/500/600 MHz
spectrometer. Perpendicular-mode X-band EPR spectra were collected using Bruker EMX
spectrometer equipped with ER041XG microwave bridge. *’Fe Mossbauer spectra were
measured on liquid nitrogen cooled samples at zero magnetic field with a constant acceleration
spectrometer (SEE Co., Edina, MN). Elemental analysis experiments have been performed on all
new compounds, and the results of those that fall in the expected mass ranges are reported.
Crystallographic Methods. X-ray diffraction data were collected on crystals mounted on glass
fibers using a Bruker CCD platform diffractometer equipped with a CCD detector.

M easurements were carried out using Mo Ky (A = 0.71073 A) radiation, which was wavelength



selected with a single-crystal graphite monochromator. A full sphere of data was collected for

each crystal structure. The APEX2 program package was used to determine unit-cell parameters

and to collect data.** The raw frame data were processed using SAINT* and SADABS* to yield

the reflection data files. Subsequent cal culations were carried out using the SHELXTL** program

suite. Structures were solved by direct methods and refined on F? by full-matrix |east-squares

techniques to convergence. Analytical scattering factors for neutral atoms were used throughout

the analyses. Hydrogen atoms, though visible in the difference Fourier map, were generated at

calculated positions and their positions refined using the riding model. ORTEP diagrams were

generated using ORTEP-3 for Windows™ and all thermal ellipsoids are drawn at the 50%

probability level.

Table 2.8. X-ray diffraction data-collection and refinement parameters for complexes 1, 2, 3a, 3b.

1+(CHCIy) 2¢1.5(CsH1y) 3a*C/Hg 3be2(C/Hy)

Empi rical formula C22H29C| SNoFee CsoHegN3OoFee C28H40N02C| oFee C28H40N02C| oFee
(CHCly) 1.5(CsH1y) C/Hs 2(C7Hg)

Formula weight 566.58 911.13 641.49 822.55
Crystal system Monoclinic Monaclinic Monoclinic Orthorhombic
Space group P2;/c P2;/n P2;/n Pbca
T 143(2) K 88(2) K 143(2) K 143(2) K
a 12.7925(6) A 16.7902(9) A 10.1903(6) A 14.7919(9) A
b 14.7081(7) A 14.7504(8) A 12.5783(8) A 19.0608(12) A
c 14.1838(7) A 22.0971(12) A 27.2498(17) A 28.5218(18) A
a 90° 90° 90° 90°
B 91.2696(6)° 99.2130(10)° 96.2952(8)° 90°
g 90° 90° 90° 90°
\Y; 2668.1(2) A3 5402.0(5) A3 3470.4(4) A3 8041.6(9) A3
z 4 4 4 8
Reflections collected 30568 47699 36819 48014
data/restraints/parameters 6359/0/ 288 13013/1/612 7105/0/ 468 5804/ 0/ 447
R1[l>25()]? 0.0378 0.0423 0.0341 0.0220
WR2 (all data)® 0.0964 0.1124 0.0802 0.0553
GOF? 1.038 0.746 1.026 1.027

" R1 = Z[|Fo| - [Fll/ZIFol; WR2 = [Z[W(Fo* — F*)/Z[W(Fo)]] ™ GOF = [Zw(|Fol - [Fe)(n — m)]™*
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Table 2.9. X-ray diffraction data-collection and refinement parameters for complexes 4, 5, 6, 7.

4 5¢(C,Hs0) 6 7+(C,H3N)

Empirical formula CuoH7s N3O,SisFe  CeyHogN4O4F s CssHeNO,P,Fe CusHssN4O,Fee
(C4Hg0) (C2H3N)

Formula weight 799.25 1171.26 876.85 756.81
Crystal system Monoclinic Triclinic Triclinic Monaclinic
Space group P2i/c p1 p1 P2,
T 143(2) K 88(2) K 143(2) K 88(2) K
a 11.9269(7) A 13.7409(6) A 15.7749(11) A 14.0101(6) A
b 17.5744(10) A 14.4065(6) A 19.6249(14) A 15.7187(7) A
c 24.1583(13) A 18.4223(8) A 25.7121(19) A 19.9340(8) A
a 90° 70.9781(5)° 101.1161(11)° 90°
B 111.5826(6)° 88.5738(5)° 103.8271(11)° 97.6912(5)°
g 90° 82.8514(5)° 104.4414(10)° 90°
Y 4708.75 A® 3420.4(3) A® 7210.4(9) A® 435038 A
z 4 2 6 4
Reflections collected 11228 37006 72624 47597
data/restraints/parameters 11228/0/ 756 13907/0/713 26313/ 0 1657 17560/ 1/981
R1[l > 26(1)]? 0.0297 0.0432 0.0559 0.0354
WR2 (all data)® 0.0737 0.1204 0.1219 0.0877
GOF* 1.032 1.039 0.974 1.008

*RL = Z|IFo| - IFdl/ZIFd; WR2 = [Z[W(F,” ~ Fe’)JZ[W(F,") 1" GOF = [2wW(IFo| - [Fe)/(n — m)] ™

Synthesis of (BDI-mes)FeCl; (1). A solution containing 1.38 g of BDI-mes (4.31 mmol, 1
equiv.) in 25 mL of THF was cooled at 77 K and then charged with 543 mg of iron(Il) chloride
(4.32 mmol, 1 equiv.). After stirring for 12 hours as inside the glovebox as it warms to ambient
temperature, the resulting dark green solution was placed under vacuum to remove the solvent
and revealed red solids. Solids were recrystallized from layer diffusion of dichloromethane and
diethyl ether at 238 K overnight to yield dark red crystalline material. *H Yield: 1.57 g (81%). *H
NMR (500 MHz, CDCl3) 8/ppm: 1.869 (s, 12H), 11 (s, 8H), 14.778 (s, 4H), 99 (s, 4H).

Synthesis of [ONHO]Fe(BDI-mes) (2). A solution containing 400 mg of [ONO®*H5 (0.941
mmol, 1 equiv.) in 30 mL of THF was cooled at 77 K and then charged with 84.8 mg of KH
(2.12 mmol, 2.25 equiv.). After stirring at room temperature for 2 hours, the light green solution
was cooled again at 77 K before 420 mg of 1 (0.940 mmol, 1 equiv.) was added. After stirring at

46



room temperature for 24 hours, the resulting dark brown-green solution was placed under
vacuum to remove the solvent. Following coevaporation of the residue with diethyl ether and
then with pentane, the product was extracted with pentane and concentrated to half the volume
before cooling at 238 K overnight. Dark green crystalline materials were isolated and liquid
filtrate was concentrated to half the volume before cooling again overnight to recover more
product. Yield: 517 mg (69%). IR (KBr) v(N-H)/cm™: 3282. UV-vis-NIR (THF) Amad/nm (¢/ M™
lem™): 302 (6,000).

Synthesis of [ONOYFeCl, (3a). A 75 mL toluene suspension of 1.13 g of FeCls (6.97 mmol, 1
equiv.) was cooled at 77 K followed by addition of 3.22 g K[ONOY (6.98 mmol, 1 equiv.). After
stirring for 15 hours at ambient temperature, the solid byproducts were removed via vacuum
filtration and washed with toluene. The combined toluene fractions were then concentrated to 50
mL and recrystallized from a mixture of toluene and pentane solution at 238 K overnight. Dark
brown crystaline solids were obtained in 71% vyield (2.70 g). Ana. calc. (Found) for
CosHaoNO,CloFe (%): C, 61.22 (60.99); H, 7.34 (7.25); N, 2.55 (2.48). UV-vis-NIR (Toluene)
Amadnm (¢/ M7t cm™Y): 318 (13,200), 456 (7,000), 840 (7,000), 930 ( 10,600). MS(ESIY) m/z;
548.14 (M+), 550.14 (M+2), 552.15 (M+4).

Synthesis of [ONOY]FeBr, (3b). A solution containing 762 mg of FeBrz (2.58 mmol, 1 equiv.)
in 50 mL THF was cooled at 77K and then charged with 1.19 g of K[ONOY (2.58 mmol, 1
equiv.). After stirring for 15 hours, dark green solution was placed under vacuum to remove the
solvent. The residue was coevaporated and then extracted with diethyl ether. The residue was
recrystallized from layer diffusion of diethyl ether and pentane and cooled at 238 K overnight.
Dark brown solids were isolated and the liquid filtrate was concentrated before adding more

pentane to the solution and cooled overnight at 238 K. Yield: 1.18 g (72%). UV-vis-NIR (THF)

47



Amadnm (&/ M~*em™): 226 (14,400), 438 (11,700), 664 (4,200), 856 (7,600). MS(ESI") m/z:
636.09 (M+), 638.09 (M+2), 640.09 (M+4).

Synthesis of [ONOYFe[N(SiMes),]2 (4). To a 50 mL pentane solution containing 2.63 g of
FeCl(THF)[N(SiMes),]2 (5.69 mmol, 1 equiv.), 2.74 g of K[ONOY (5.69 mmol, 1 equiv.) was
slowly added. After stirring for 15 hours, the solid byproducts were removed via vacuum
filtration and washed with pentane. The combined pentane fractions were taken to dryness and
the dark brown residue was recrystallized from a mixture of toluene and acetonitrile solution at
238 K overnight. Dark brown solids were obtained in 65% yield (2.97 g). UV-vis-NIR (Toluene)
Ama/nm (/' Mem™): 458 (10,100), 872 (10,600), 914 (11,000). Ana. Calc. (Found) for
CaoH76N30,SisFe (%): C, 60.11 (60.10); H, 9.58 (9.82); N, 5.26 (5.09). 7.57 H 798.35 (M+),
799.98 (M+1).

Synthesis of ([ONO%Fe),(u-N'Bu), (5). A 30 mL THF solution containing 380 mg of
{ (tBUNHy)FeCl(u-NtBu)}» (0.812 mmol, 1 equiv.) was cooled at 77 K and then charged with
750 mg of K[ONOY (1.63 mmol, 2 equiv.). After stirring for 15 hours, the dark green solution
was placed under vacuum to remove the solvents followed by coevaporation with pentane (2x15
mL). The product was extracted with 20 mL diethyl ether and concentrated to 8 mL. Acetonitrile
was then added and dark green solution was cooled to 238 K for two days. Yield: 539 mg (60%).
'H NMR (400 MHz, C¢Dg) 8/ppm: 1.49-1.50 (overlap, 72H, tBu), 1.701 (s, 18H, NtBu), 7.330 (s,
4H, aryl-H), 8.159 (s, 4H, aryl-H). UV-vis-NIR (THF) Amadnm (¢/ M~*cm™): 470 (15,000), 762
(21,000).

Synthesis of [ONO**]Fe(dppe) (6). To a 10 mL toluene slurry containing 37.5 mg of FeCls
(0.231 mmoal, 1 equiv.), 92.0 mg of 1,2-bis(diphenylphosphino)ethane (0.231 mmol, 1 equiv.)

was added followed by addition of 96 uL triethylamine (0.69 mmol, 3 equiv.). Upon addition of
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the [ONO®]H3 at ambient temperature, the dark red solution stirred at ambient temperature for
15 hours. The solid byproducts were isolated via vacuum filtration and washed with
approximately 20 mL toluene. The liquid filtrate was then removed under vacuum to reveal dark
red powder, which was subsequently washed with 5 mL of acetonitrile. Yield: 198 mg (98%).

Synthesis of [ONO®]Fe(py)s (7). To a 25 mL pyridine solution containing 970 mg of FeCls
(5.98 mmoal, 1 equiv.), 2.70 mL of triethylamine (19.5 mmol, 3.26 equiv.) was added. Addition
of the [ONO®H; a ambient temperature produced a dark green solution accompanied
formation of solids. After stirring for 20 hours, the dark green mixture was filtered to remove
solid byproducts and washed with 25 mL of pyridine. The dark green solution was then
concentrated to approximately 20 mL, after which acetonitrile was added and the solution was
cooled to 238 K overnight to yield dark green microcrystalline solids. Yield: 2.90 g (69%). UV -
Vis-NIR (Pyridine) Ams/nm (¢/ M 'em™): 342 (sh; 12,200), 384 (6,700), 432 (sh; 4,100), 504 (sh;
2,700), 618 (2,300), 1137 (3,000). Anal. calc. (Found) for C43HssN4OzFe (%): C, 72.15 (70.72);

H, 7.75 (7.88): N, 7.83 (7.75).
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Chapter 3

Reactivity of Iron Complexes
Coordinated to the Redox-Active [ONO] Ligand

Portions of thiswork have been reported previoudly:
Wong, J. L.; Snchez, R. H.; Logan, J. G.; Zarkesh, R. A.; Ziller, J. W.; Heyduk, A. F. Chem. <ci.
2013, 4, 1906-1910.
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3.1 Introduction

Driven by the need to develop cost-effective and environmentally benign alternatives to
toxic and expensive metal catalysts, research in iron-catalyzed organic transformations has been
gaining momentum in recent years." Multi-electron transformations tend to be catalyzed most
efficiently by precious metals such as Pd, Ir, and Rh due to their strong proclivity towards two-
electron changes to their oxidation states.? In contrast, iron complexes are typically dominated by

the one-dectron Fe'""

redox couple, making their complexes generally not amenable to well-
controlled two-electron transformations. One strategy to promote two-electron reactivity at the

base-metal center is through the use of redox-active ligands.®
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3 \Z L RN,
—_— r‘_ |
i /
2 CNtBu N\
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Scheme 3.1. Catalytic nitrene transfer reactivity mediated by Zr(1V) coordinated to a redox-active ligand.

Redox-active ligands are capable of accessing multiple oxidation states and thus hold
promise as electron or hole reservoirs when coordinated to a metal ion. This view is exemplified
through the ligand-enabled redox-reactivity pathways of early-transition metal complexes.*>®

As illustrated in Scheme 3.1, coordination of the redox-active [NNN] ligand platform
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(INNN“¥H3 = bis(2-isopropylamino-4-methoxyphenylamine)) to a zirconium(IV) metal center
allows for redox reactivity to occur at the redox-inert d®° metal center.® ” While the metal
oxidation states remain unchanged, the ligand undergoes reversible two-electron oxidation state
changes, facilitating catalytic turnovers in a zirconium complex where zirconium(ll) is not
readily accessible.

By examining redox-active ligands in the context of base-meta complexes, the ligand
redox activity can be exploited to promote two-electron reactivity previously unprecedented in
such systems. Iron(ll) complexes containing the redox-active [PDI] ligand scaffold ([PDI] =
pyridine diimine) have been shown to undergo ligand-enabled bond activation of small
molecules and catalytic transformations.® ® ° As discussed in Chapter 2, a series of redox-active
iron complexes containing the [ONO] ligand scaffold ([ONO**]Hz = bis(3,5-di-tert-butyl-2-
phenol)amine) has been developed in our laboratory.'® To further develop the chemistry of the
[ONO]Fe platform, oxidative addition and reductive elimination reactions have been pursued as
away to investigate the multi-electron chemistry imparted by the redox-active ligand set. These
studies provide deeper insights into how the interaction between the iron and the ligand can

influence the bond-breaking and bond-forming processes that are potentially useful in catalysis.

3.2 Results
3.2.1 Synthesis and Characterization of {{ONOYFe(cat-Cl,)}, and [ONOYFe(cat-Cls)(py)
The basicity of the amide ligands of [ONOYFe[N(SIMes)s], (4) suggested that

protonolysis might be a suitable method for introducing new X-type ligands to the [ONO]Fe
platform.’® As shown in Scheme 3.2, addition of one equivalent of tetrachlorocatechol (cat-Cl,)
to benzene solutions of 4 at room temperature produced the dimer {[ONOYFe(cat-Cl4)} > (8). X-

ray quality green crystals of 8 were obtained from saturated pentane solutions of the bimetallic

54



complex at —35 °C. Dimer 8 was highly soluble in organic solvents and as such, crystalline
yields of the complex were low. To circumvent solubility issues, the monomeric form of the
dimer was targeted for synthesis. Treatment of 8 in diethyl ether with excess pyridine afforded
the [ONOYFe(cat-Cly)(py) (9) in 63% yield. Green crystals of 9 suitable for X-ray

crystallography were obtained from saturated diethyl ether solutions of the monomer at —35 °C.

tBu cl cl &
cl
HO cl & BY s
tBu 0 cl ”@‘Q, / cl tBu 0
\ N—Fe—0 g, oy tBu—@—Q /
N—"FQTN{SIIMQJ]Z 0.8 tBuQO \ 0@‘3“—" N—Fe—0 O
0 iy ooy A D
tBu =0 2 HN(SiMey), cl o oQtBu tBu  PY
tBu
tBu - ci
ci
4 8 9

Scheme 3.2. Synthesis of 8 and 9 from protonolysis of 4.

Single-crystal  X-ray diffraction have been applied to establish the structura
characteristics of complexes 8 and 9. ORTEP diagrams of both iron complexes are displayed in
Figure 3.1 while Table 3.1 lists selected bond lengths and angles. The bond angle measurements
of both metal complexes establish that the geometry at each iron center is pseudo-octahedral.
Intraligand bond distances within each [ONO] and (cat-Cl,) ligand scaffolds are used to
determine the ligand oxidation states. For both complexes, electron delocalization within the
[ONQ] ligand influences the C(2)-O(1) and C(16)-O(2) bond lengths to lie between 1.36 A and
1.21 A, which are the corresponding C(aryl)-O single and C(sp?)—-O double bond lengths.** Such
C—-O bond distances are aso observed in other M[ONOY, (M = Ni, Zn, Pb)**** and [ONO“|M
(M = Ta* Al**) complexes. The C(16)-C(17) and C(19)—C(20) bond lengths of 1.34 A and 1.35
A, respectively, are shorter than the bond lengths of the other four carbon—carbon bonds within
the six-membered ring of the [ONO] backbone for both 8 and 9. The pattern of two short and

four long C—C bonds is characteristic of the tridentate ligand adopting the [ONO"*™ form.**21314
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The (cat-Cl;) moiety also has three accessible oxidation states: tetrachlorocatecholate (2-),
tetrachl orosemiquinonate (1-), and tetrachloroquinone (neutral).*® For both 8 and 9, only small
variations are observed in the six-membered ring, in accordance with electronic delocalization
and aromaticity.™ The C(29)-0O(3) and C(34)—-O(4) bond lengths for both iron complexes are in
the range of 1.32-1.35 A, consistent with C(aryl)-O single bond attributes.*! Diagnostic
examinations of these bond lengths establish that the bidentate ligand is in the dianionic
tetrachl orocatechol ate form. These catecholate carbon—oxygen bond lengths are also observed in
other catecholato iron complexes.’® Thus, coordination of the [ONO%*™ and (cat-Cl4)*" ligands

indicate iron(l11) centersfor 8 and 9.

Figure 3.1 Crystal structure of 8 (a) and 9 (b). Thermal ellipsoids are shown at 50% probability. Hydrogen atoms
and solvent molecules have been omitted for clarity.

Table 3.1. Selected bond lengths (A) and bond angles (°) of 8 and 9.

Bond 8 9
C(16)-0(2) 1.284(3) 1.269(4)
C(2-0(1) 1.282(3) 1.285(4)
C(15)-N(1) 1.341(3) 1.332(5)
C(15)-C(16) 1.458(4) 1.463(6)
C(16)-C(17) 1.447(4) 1.453(6)
C(17)-C(18) 1.360(4) 1.360(5)
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C(18)-C(19) 1.442(4) 1.433(6)

C(19)-C(20) 1.355(4) 1.349(6)
C(15)-C(20) 1.421(3) 1.443(6)
C(29)-C(30) 1.392(3) 1.381(7)
C(30)-C(31) 1.398(3) 1.410(7)
C(31)-C(32) 1.379(4) 1.380(5)
C(32)-C(33) 1.397(3) 1.385(7)
C(33)-C(34) 1.378(3) 1.385(6)
C(29)-C(34) 1.413(4) 1.415(5)
C(29)-0(3) 1.318(3) 1.329(6)
C(34)-0(4) 1.353(3) 1.329(5)
Fe(1)-N(1) 2.156(2) 2.157(3)
Fe(1)-N(2) - 2.163(3)
Fe(1)-0(1) 1.987(2) 2.006(3)
Fe(1)-0(2) 2.023(2) 2.064(3)
Fe(1)-0(3) 1.950(2) 1.967(3)
Fe(1)-O(4) 2.091(2) 1.931(3)
Fe(1)-0(5) 2.018(2) _

O(3)-Fe(1)-N(2) - 166.6(1)
O(1)-Fe(1)-0(2)  148.21(7) 150.8(1)
O(4)-Fe(1)-N(1)  157.65(7) 177.0(2)

O(3)-Fe(1)-0(5) 150.35(7) _
O(4)-Fe(1)-0(5) 72.96(6) _
Fe(1)-O(4)-Fe(2) 106.46(7) _

The electronic properties of complex 9 are further probed using EPR spectroscopy. As
shown in Figure 3.2, the EPR spectrum of the mononuclear complex features a rhombic signal

with g values of 2.00, 1.95, and 1.88. This is consistent with the metal center of 9 adopting a

low-spin iron(111) configuration, engendering an overall S= % system.”’
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Figure 3.2. X-band EPR spectrum of [ONOYFe(cat-Cl,)(py) (9; black) and simulation (red). Experimental
conditions: B; L By; solvent, toluene; temperature, 4 K.

3.2.2 Metathesis Reactions of the [ONOYFeX, Platform
To explore the reactivity of the [ONOYFe'""'X, platform, metathesis reactions were

performed with [ONO9FeCl, (3a) and [ONOYFe[N(SiMes)s]. (4), as summarized in Scheme
3.3.2% Treatment of 4 with two equivalents of tert-butylthiol in neat pyridine produced a green
solution containing [ONO®|Fe(py)s (7) and di-tert-butyl disulfide in 81% yield. Complex 7
could be prepared by two other methods: either by hydrogenation of 4 with one equivalent of
diphenylhydrazine (and concomitant formation of azobenzene in 94% yield), or by reduction of
3a with two equivalents of KCg. These reduction reactions showcase the ability of the

[ONOYFe'"'X, platform to undergo ligand-based two-electron redox reactivity.
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Scheme 3.3. Reductions of 3a and 4 in the presence of excess pyridine to produce 7.

In the absence of pyridine, treatment of 3a and 4 using the same reductants described in
Scheme 3.3 led to elimination of the corresponding byproducts and isolation of a diiron complex
(Scheme 3.4). The structure of this bimetallic complex, formed in sub-stoichiometric quantities,
was established to be Fe;)ONO]3 by single-crystal X-ray crystallography and features five- and
six-coordinate iron centers. The formation of this bimetallic complex through multiple reaction
pathways €elicited our interest in developing a rational method for preparing this unique diiron

complex. Detailed synthesis and characterization of Fe,[ ONQO]3 will be discussed in Chapter 4.
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Scheme 3.4. Reductions of 3a and 4 in the absence of pyridine to produce the diiron complex Fe,[ONO].

3.2.3 Synthesisand Characterization of the Dimer {{ONO®|Fe(py)}»

When reductions of 3a and 4 were carried out using excess pyridine in non-pyridine
solvents, dark purple solutions were generated that contained a new dimer alongside complex 7.
In the presence of 10 equivalents of pyridine, addition of two equivalents of tert-butylthiol in
diethyl ether solutions of 4 resulted in formation of the disulfide while reduction of 3a with two
equivaents of KCgin THF eliminated KCI salts. Through the diffusion of acetonitrile into THF
solutions containing the iron product, dark microcrystalline materials were obtained and
established through X-ray crystallography to be complex 7. In contrast, treatment of 4 in benzene
with one equivalent of diphenylhydrazine and 100 equivaents of pyridine led to formation of the

azobenzene byproduct and isolation of a diiron compound, {[ONO*®]Fe(py)} 2 (10). Dark purple
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crystals of 10 suitable for X-ray crystallography were obtained via diffusion of acetonitrile into
THF solutions containing the dimer at —35 °C. Asillustrated through the ORTEP diagram of 10
in Figure 3.3, 10 is a dimer in which the two iron centers are bridged by the nitrogen donors of
the [ONO] ligand backbone.

Through X-ray crystallography, the structural properties of 10 are investigated. The
geometric parameter t = (b - a) / 60 (t = 1 for perfectly trigona bipyramid; O for perfectly
square pyramid) is used to describe the geometry at each iron center of 10 based on the bond
angle measurements provided in Table 3.2."® Given that a = ZO(1)-Fe(1)-0(2); b = ZN(2)-
Fe(1)-N(1), t = 0.53, an indication that the geometry at each metal center lie in between square
pyramid and trigonal bipyramid. The small variations in the carbon—carbon bond lengths of the
[ONQ] ligand six-membered ring are characteristic of electronic delocalization within an
aromatic system.™ The C(1)-N(1) and C(15)-N(1) bond lengths of 1.44 A lie within the C(aryl)—
N(sp?) and C(sp>)-N(sp®) single bond lengths, suggestive of C-N single bond character.™
Finally, the C(2)-O(2) and C(16)-O(1) bond lengths of 1.339 A are consistent with C(aryl)-O
single bonds.™* These bond metrical patterns are observed in other [ONO®*]M (M = Ta,* Nb*®
Rh?®) complexes, indicating that complex 10 has two [ONO®]*" ligands each coordinated to an

iron(111) center.
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Figure 3.3. ORTEP diagram of complex 10. Hydrogen atoms and tert-butyl groups have been omitted for clarity.
Thermal ellipsoids are shown at 50% probability.

Table 3.2. Selected bond lengths (A) and angles (°) of 10.

Bond Length Bond Angle
C(2-0(1) 1.339(3) O(1)-Fe(1)-0(2) 131.31(7)
C(16)-0(2) 1.339(3) N(1)-Fe(1)-N(2) 162.89(7)
C(1)-N(1) 1440(3) Fe(1)-N(1)-Fe(1A) 88.02(7)
C(15)-N(1) 1440(2) N(1)-Fe(1)-N(1A)  91.98(7)
C(15)-C(16) 1.410(3)

C(16)-C(17) 1.414(3)
C(17)-C(18) 1.381(3)
C(18)-C(19) 1.395(4)
C(19)-C(20) 1.389(3)
C(15)-C(20) 1.395(3)
Fe(1)-0(1) 1.879(1)
Fe(1)-0(2) 1.873(1)
Fe(1)-N(1) 2.163(2)
Fe(1)-N(2) 2.134(2)
Fe(1)-N(1A) 1.992(2)
Fe(1)-Fe(1A)  2.8889(5)
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The ability to isolate {{ONO**|Fe(py)}. (10) and [ONO“|Fe(py)s (7) through similar
reaction pathways suggested that both complexes exist concurrently in solution. As described in
chapter 2, pure crystalline solids of 7 were obtained through diffusion of acetonitrile into neat
pyridine solutions containing the monomer. The EPR and electronic spectra were collected in
pyridine in order to obtain data of neat compound 7. When green crystalline materials of 7 were
dissolved in non-pyridine solvents, the UV-vis-NIR spectrum of the resulting purple solution
displayed features consistent with those observed in the electronic spectrum of solutions
containing 10. Likewise, when dark purple solids containing the dimer were dissolved in
pyridine to produce a dark green solution, its UV-vis-NIR spectrum featured absorptions
characteristic of the electronic spectrum of 7. These results suggest that in non-pyridine solvents,
two coodinatively-labile pyridine ligands of 7 can dissociate and the resulting {[ONO*]Fe(py)}

fragments will dimerize to form 10 (Scheme 3.5).

! \Fe‘. By 2Py 05 $F{;‘:N

e pettl oo e g

pv"/ 2py tBu ey \

tBu o (o] tBu
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Scheme 3.5. Equilibrium between 7 and 10 in non-pyridine solvents.

To further support this conjecture, EPR spectroscopic experiments were performed.
When green crystalline materials of 7 were dissolved in non-pyridine solvents to produce a dark
purple mixture, silent EPR signals were observed at room temperature and at 77 K. The same
observations were made when the EPR spectrum of the dark purple solids containing 10 were
collected in THF or toluene solutions. Upon removing the solvent under vacuum, the dark purple
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residue was dissolved in pyridine, and the EPR spectrum of the resulting dark green mixture
revealed resonances consistent with the S = %, iron(l11) monomer 7.° Thus, in non-pyridine

solutions, the monomer and dimer exist in equilibrium with one another.

3.2.4 Reactivity of [ONO*|Fe(py)s
Coordination of labile pyridine ligands to the iron(I11) center of [ONO*¥]Fe(py)s (7)

indicated that ligand substitution would be an appropriate method for installing new ligands to
the iron coordination sphere. Addition of a-diimine ligands to solutions of 7 did not result in
isolation of new [ONO®*FelL, complexes and free diimine substrates were observed. The
hardness of the iron(l1l) center suggested that coordination of the soft diimine ligands was
disfavored. On the other hand, reaction of 7 with one equivalent of diphenylphosphino ethane
(dppe), astrong-field ligand, produced [ONO*]Fe(dppe) (6) in 90% yield (Scheme 3.6).
tBu tBu tBu
tBu 0 Ph P/_\Pth tBUQO Br, tBuQO
{%_).:j 474 _>ﬂ ”Lﬁ“’ N
tBu 0 ? tBu o tBu—Q=o

tBu tBu tBu
6 7 3b

Scheme 3.6. Ligand substitution and oxidative-addition reactivity of 7.

Ligand-enabled redox reactivity of 7 was investigated through the use of dihalogens as
oxidants. Since halogen-containing compounds have mass spectrometric patterns based on the
relative peak abundances (molecular ion [M], [M+2], [M+4], and so on) unique to the type and
number of halogens present, electrospray ionization mass spectrometry (ESI/MS) was employed
for initial confirmation of the successful preparation of iron—halide complexes (Figure 3.4).* As
described in Scheme 3.6, addition of pentane solutions of bromine to toluene solutions of 7 led to

isolation of dark red crystalline solids in 62% yield. The ESI/MS chromatogram of this material
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displayed the following m/z peaks. 636.09 ([M]; 54%), 638.09 ([M+2]; 100%), and 640.09
([M+4]; 42%), consistent with the isotope patterns of the iron dibromide complex, [ONO FeBr,
(3b). To further verify the identity of this product, EPR spectroscopy was utilized and the

spectrum revealed resonances characteristic of the S = % system, complex 3b (see chapter 2).

Through the additions of PhICl, and iodine to 7, the syntheses of the corresponding
[ONOYFeCl, (3a) and [ONOY Fel, were also pursued. While the ESI/MS chromatogram of the
resulting crude products indicated that both iron dihalide complexes were formed (Figure 3.4),
clean isolation of either compounds could not be achieved. Because PhICl,is fairly unstable and
decomposes slowly over time,? treatment of 7 with the likely contaminated starting material
resulted in the formation of product mixtures rather than quantitative yields of 3a. The high
solubility of the putatative [ONO% Fel, in organic solvents also led to difficulties in purification
and isolation of clean crystalline material. Nonetheless, the distinctive peak patterns observed in
the ESI/M S spectrum of al three [ONOFeX, complexes demonstrate the ability of 7 to undergo

ligand-based two-€lectron oxidation.
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Figure 3.4. ESI/MS chromatograms of [ONO"FeCl, (3a; |eft), [ONO FeBr. (3b; center), [ONOFel, (right).

The reversibility of the ligand-based two-electron oxidation state changes of the
[ONO]Fe platform prompted our interest in probing the ability of 7 to catalyze nitrene-transfer

reactivity using organoazides (RN3) as the imido precursor. We surmised that treatment of 7 with
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(RN3) should lead to formation of the transient iron nitrene complex, which could possibly
dimerize to form diiron compounds with bridging imidos. This hypothesis was tested through the
reaction of 7 with one equivalent of tert-butyl azide in CgDg a ambient temperature or 70 °C
(Scheme 3.7). However, by monitoring the experiment through *H NMR, neither consumption of
the azide nor formation of the diamagnetic {[ONOYFe(mNtBu)}, (5) were observed.
Furthermore, under analogous conditions, addition of excess pyridine to 5 did not result in
elimination of the di-tert-butyl diazene to form 7. These results indicate that azido ligands do not

have strong enough driving forces to displace the pyridines bound to the iron center of 7.

tBu tBu

tBu
%*Ns
tBu o] tBu (o] tBu
\ APy II} > 4 \ 0\ ABu O tBu
N‘;;;/Fe—py S P—;a:hl—% = (.5 PI—;E\—N N\F/ .
— g —|
tBu o ' tBu =0 tBu =0 tBu L
3 py. N, 0= tBu
tBu
7

tBu tBu

Scheme 3.7. Proposed mechanism to form 5 through treatment of 7 with tert-butyl azide.

3.3 Discussion
3.3.1 Reactivity Patterns of Iron Complexes Supported by [ONO] Ligand
The extrusion of di-tert-butyl disulfide through treatment of [ONOYFe[N(SiMes)J]> (2)

with two equivalents of tert-butylthiol gives rise to mechanistic questions of the formation of
new sulfur—sulfur bonds. Asillustrated in Scheme 3.3, we hypothesize that this reaction proceeds
through formation of the transient [ONOYFe"(StBu), complex followed by reductive
elimination of the two sulfide ligands to form the disulfide. The resulting {[ONO®¥]Fe} fragment
is then captured by pyridine ligands to form [ONO™]Fe(py)s (7). Since elimination of a disulfide
from an iron complex is rare, > our studies show that this unusual result is achievable through

the cooperative redox reactivity of the metal and redox-active ligand.
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Metallation of the [ONO] ligand to the iron(I11) center promotes two-electron reactivity at
the metal coordination sphere while avoiding formation of potentially unstable iron intermediates.
Metathesis reactions of the [ONO“]Fe"'X, complexes lead to two-electron reduction of the
redox-active ligand, circumventing the Fe(l) intermediate which is not feasible.?* > Oxidative
addition of dihalogens to 7 results in the two-electron oxidation of the [ONO] moiety, bypassing
the formation of unstable Fe(V) species.?® When the reactions were carried out with sub-
stoichiometric quantities of reductants or oxidants, there was no evidence for formation of the
one-electron reduced or one-electron oxidized iron complexes. The reactivity pathways of the
[ONO]Fe platform lend support to the argument that coordination of the redox-active [ONO]
ligand to iron strongly prefers the +3 metal oxidation state.

Towards designing metal complexes capable of facilitating group-transfer reactivity, the
coordination environment of the metal center must be taken into consideration. Chelation of the
fully-reduced [ONO®*]* to the iron(l11) center of 7 suggests that the complex is an appropriate
pre-catalyst for this type of reactivity. While the labile pyridine ligands should be displaceable
through the use of relevant substrates, this may be difficult to be achieved by many common
organic precursors used in group-transfer catalysis. Coordinatively-unsaturated iron complexes
have been shown to mediate nitrene-transfer reactions.?’ As such, coordinatively-unsaturated
iron complexes containing the [ONO®]*", such as [ONO™] Fe(dppe) (6), should be more suitable

candidates for this type of catalytic organic transformations.

3.4 Summary and Conclusion

Coordination of the redox-active [ONQ] ligand to iron provides a new platform for multi-
electron reactivity. This concept is showcased through the ligand-enabled redox chemistry of the

[ONOJFe platform. Although conventional reductive elimination chemistry involves two-
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electron reduction at the metal center, the cooperative redox reactivity of the metal and ligand
can facilitate formation of new bonds.® Likewise, this type of metal-ligand cooperativity also
mediates oxidative addition processes that circumvents two-electron oxidation at the metal
center.>® Hence, upon coordination to the iron center, the [ONO] ligand is capable of providing

the necessary electron equivalentsin order to facilitate bond-activation processes.

3.5 Experimental

General Procedures. All compounds and reactions reported below were carried out under air
and moisture-free conditions using standard glovebox or Schlenk techniques. Solvents were
gparged with argon and then deoxygenated and dried by passage through Q5 and activated
alumina columns, respectively. To test for effective oxygen and water removal, solvents were
treated with a few drops of a purple solution of sodium benzophenone ketyl in THF. The CgDsg
NMR solvent was dried over sodium-potassium amalgam benzophenone ketyl for two days,
followed by trap-to-trap vacuum distillation and severa freeze-pump-thaw cycles.

The compounds potassium graphite KCg,? [ONO®]H3,* % K[ONO",° and 1,2-his(4-
methylphenyl)diazene® were synthesized according to published procedures. The synthetic
procedures for [ONO%FeCl, (3a) and [ONOYFe[N(SiMes),]- (4) have been reported in chapter 2
aswell asin the literature.'® Diphenylhydrazine and azobenzene were purchased from Alfa Aesar
and sublimed before use. The pyridine (Macron), tert-butylthiol (Alfa Aesar), diisopropyl
disulfide (Acros), and di-tert-butyl disulfide (Acros) were dried over activated 4 A molecular
sieves (Fisher Scientific) overnight and then distilled under reduced pressure into a Straus flask
and degassed through several freeze-pump-thaw cycles. Tetrachlorocatechol was purchased from
Sigma Aldrich and used without further purification. Potassium hydride (Alfa Aesar) was

washed in pentane to remove the oil prior to usage.
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Physical Measurements. UV-vis-NIR spectra were recorded on toluene or pyridine solutions
using a Perkin—-Elmer Lambda 800 Spectrometer. Electrospray ionization mass spectrometry
(ESI/MS) and gas chromatography mass spectrometry (GC/MS) were performed at the Mass
Spectrometry Facility at University of California, Irvine. X-band EPR spectra (B1LB0) were
collected using Bruker EMX spectrometer equipped with ER041XG microwave bridge.
Elemental analysis experiments have been performed on al new compounds, and the results of
those that fall in the expected mass ranges are reported.

Crystallographic Methods. X-ray diffraction data were collected on crystals mounted on glass
fibers using a Bruker CCD platform diffractometer equipped with a CCD detector.
M easurements were carried out using Mo Kq (A = 0.71073 A) radiation, which was wavelength
selected with a single-crystal graphite monochromator. A full sphere of data was collected for
each crystal structure. The APEX2 program package was used to determine unit-cell parameters
and to collect data.®* The raw frame data were processed using SAINT*? and SADABS® to yield
the reflection data files. Subsequent calculations were carried out using the SHELXTL** program
suite. Structures were solved by direct methods and refined on F? by full-matrix least-squares
techniques to convergence. Analytical scattering factors for neutral atoms were used throughout
the analyses. Hydrogen atoms, though visible in the difference Fourier map, were generated at
calculated positions and their positions refined using the riding model. ORTEP diagrams were
generated using ORTEP-3 for Windows® and all therma ellipsoids are drawn at the 50%

probability level.

Table 3.3. X-ray diffraction data-collection and refinement parameters for complexes 8, 9, and 10.

81.5 (CsH1o) 9+(C4H100) 10
Empirical formula CegH72ClgFeN,Oge CagHsClFEN,Oye CesHaoFEN4O,4
1.5 (CsHyo) (C4H10)
Formula weight 1556.86 877.54 1115.12
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Crystal system Triclinic Monaclinic Monoclinic
Space group P1 P2;/n P2;/c

T 143(2) K 88(2) K 143(2) K

a 14.8709(8) A 12.6068(11) A 14.1943(10) A
b 15.7470(8) A 24.431(2) A 14.2798(10) A
c 17.9214(10) A 16.6177(14) A 17.1104(13) A
a 94.0663(7)° 90° 90°

b 111.4278(7)° 111.8027(9)° 113.9953(9)°
g 95.5142(7)° 90° 90°

v 3863.0(4) A’ 475217 A’ 3168.4(4) A’
z 2 4 2
Reflections collected 42365 46245 33737
datalrestraints/parameter 15780/0/893 8703/11/498 6485/0/ 355
R1[l >25()]? 0.0401 0.0610 0.0413
wWR2 (all data)® 0.0999 0.1709 0.1125
GOF? 1.074 1.019 1.014

*RL = Z||Fo| - IFlZIFol; WR2 = [Z[W(Fo” - F)V/Z[W(Fo?)T]"; GOF = [Ew(IFo| - [Fe)(n — m)] 2

Synthesis of {{ONOYFe(cat-Cla)}2 (8). To the frozen 10 mL benzene solution containing 210
mg of 4 (0.263 mmol, 1 equiv.), 65.9 mg of tetrachlorocatehol (0.266 mmol, 1 equiv.) was added.
Upon thawing at ambient temperature, the dark brown solution became dark green as it
continued to stir overnight (> 12 hours). Removal of the solvent revealed dark green residue
which was subsequently co-evaporated with pentane (2 x 10 mL). Yield: 140 mg (73%).

Synthesis of [ONOYFe(cat-Cls)(py) (9). To the 10 mL cold dark brown benzene solution
containing 211 mg of 4 (0.264 mmol, 1 equiv.), 65.5 mg of tetrachlorocatehol (0.264 mmoal, 1
equiv.) was added. The solution warmed to ambient temperature as the color changed to dark
green. Upon stirring overnight (>12 hours), the solvent was removed under pressure to yield dark
green residue. After dissolving the residue in diethyl ether, 69.5 uL of pyridine (0.861 mmol,
3.26 equiv.) was added and the mixture stirred at room temperature for 30 minutes, after which
the dark green solution was cooled overnight at 238 K to afford dark green solids of 9 in 63%
yield (134 mg). UV-vis-NIR (Toluene) Amax/nm (¢/ M 'em™): 310 (5,100), 458 (5,100), 556

(3,000), 828 (4,500).
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Synthesis of {{ONO*Fe(py)}» (10). To the 10 mL cold benzene solution containing 79.8 mg of
4 (1.00 mmol, 1 equiv.) and 805 uL of pyridine (100 mmol, 100 equiv.), 18.5 mg of 1,2-
diphenylhydrazine (1.00 mmol, 1 equiv.) was added. The dark brown-green solution was stirred
overnight (>12 hours), after which the solvent was removed under vacuum. The dark residue was
dissolved in THF to yield dark purple solution. Diffusion of acetonitrile into the concentrated
THF solution at 238 K overnight afforded dark microcrystalline solids. Yield: 361 mg.

Synthesis of [ONOYFeBr, (3b) from [ONO“|Fe(py)s (7). A dark purple toluene solution
containing 153 mg of 7 (0.214 mmol, 1 equiv.) and a red pentane solution of 11 uL of bromine
(0.215 mmol, 1 equiv.) were cooled at 77 K. As the dark purple solution stirred at ambient
temperature, solutions of bromine were added drop-wise. After stirring for 6.5 hours, the
resulting dark green mixture was placed under reduced pressure to remove the volatiles and
subsequently co-evaporated using toluene (3 x 10 mL) until the solution was no longer green.
Extraction of the dark residue using toluene produced dark red-brown solutions which were then
concentrated to half volume. Diffusion of pentane to the toluene solution led to isolation of dark
red-brown crystalline material. Yield: 85.2 mg (62%). UV-vis-NIR (THF) Amadnm (g/ M~tem™):
226 (14,400), 438 (11,700), 664 (4,200), 856 (7,600). MS(ESI") m/z: 636.09 (M+), 638.09
(M+2), 640.09 (M+4).

Analytical Quantification Procedures

All reactions were monitored via gas chromatography mass spectrometry (GC/MS). Calibration
curves were generated using benzene solutions of 1,2-bis(4-methyl phenyl)diazene (0.00150 mM)
and di-isopropyldisulfide (0.0314 mM) as internal standards along with solutions of azobenzene

(0.000500-0.00250 mM) and di-tert-butyl disulfide (0.000414-0.00207 mM), respectively, as
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the analytes. These samples were then injected into the GC/MS instrument. Ratios of area of

anayte: area of internal standards were plotted against known concentrations of the analyte.

Quantification of di-tert-butyldisulfide

To a thawing solution of 4 (0.251-0.253 mmol, 1 equiv.) in 15 mL of benzene and 2.0 mL of
pyridine (25 mmol, 100 equiv), 57 uL of tert-butylthiol (0.51 mmol, 2 equiv.) was added. The
dark brown-green solution was stirred at ambient temperature for 16 hours, after which a 1 mL
aliquot of the reaction mixture was taken to prepare a 100 mL benzene solution. From this stock
solution, three 10 mL benzene solutions of the GC/M'S samples were prepared, each containing 1
mL aliquot of the stock solution and known amounts of the internal standard. These steps were
repeated two more times, generating a total of nine samples that were then injected into the
GC/MS instrument. The average yield of the di-tert-butyl disulfide was determined to be 81%

based on initial quantities of 4.
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Figure 3.5. Plot of calibration curve (blue) and quantification of di-tert-butyl disulfide (green). [A]/[IS] describes
the ratio of analyte peak area (A): internal standard peak area (1S). [A] corresponds to the concentration of di-tert-
butyl disulfide.

Quantification of azobenzene

To athawing solution of 4 (0.251 mmol, 1 equiv.) in 15 mL of benzene and 2.0 mL of pyridine
(25 mmol, 100 equiv), 12 mg of diphenylhydrazine (0.25 mmol, 1 equiv.) was added. The dark
brown-green solution was stirred at ambient temperature for 16 hours, after which a1 mL aliquot
of the reaction mixture was taken to prepare a 100 mL benzene solution. From this stock solution,
three 10 mL benzene solutions of the GC/MS samples were prepared, each containing 1 mL
aliquot of the stock solution and known amounts of the 1,2-bis(4-methyl phenyl)diazene internal
standard. These steps were repeated two more times, generating a total of nine samples that were
then injected into the GC/MS instrument. The average yield of the azobenzene was determined

to be 94% based on initial quantities of 4.
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Figure 3.6. Plot of calibration curve (blue) and quantification of azobenzene (green). [A]/[IS] describes the ratio of
analyte peak area (A): internal standard peak area (1S). [A] corresponds to the concentration of azobenzene.

3.6 References

! (@) Plietker, B., Ed. Iron Catalysis in Organic Chemistry; Wiley-VCH: Weinheim, 2008. (b)
Plietker, B., Ed. Iron Catalysis; Springer-Verlag: Berlin Heidelberg, 2011.

2 (a) Praneeth, V. K. K.; Ringenberg, M. R.; Ward, T. R. Angew. Chem. Int. Ed. 2012, 51,
10228-10234. (b) Crabtree, R. H.; Luca, O. R. Chem. Soc. Rev. 2013, 42, 1440-1459.

3 Chirik, P. J.; Wieghardt, K. Science 2010, 327, 794-795.
4 Zarkesh, R. A.; Ziller, J. W.; Heyduk, A. F. Angew. Chem. Int. Ed. 2008, 47, 4715-4718.

® (a) Blackmore, K. J.; Ziller, J. W.; Heyduk, A. F. Inorg. Chem. 2005, 44, 5559-5561. (b)
Haneline, M. R.; Heyduk, A. F. J. Am. Chem. Soc. 2006, 128, 8410-8411. (c) Blackmore, K. J.;
Lal, N.; Ziller, J. W.; Heyduk, A. F. J. Am. Chem. Soc. 2008, 130, 2728-2729.

® (@) Heyduk, A. F.; Zarkesh, R. A.; Nguyen, A. . Inorg. Chem. 2011, 50, 9849-9863. (b)
Munhg, R. F.; Zarkesh, R. A.; Heyduk, A. F. Dalton Trans. 2013, 42, 3751-3766.

"Nguyen, A. |.; Zarkesh, R. A.; Lacy, D. C.; Thorson, M. K.; Heyduk, A. F. Chem. Sci. 2011, 2,
166-9.

8 (@) Bart, S. C.; Lobkovsky, E.; Bill, E.; Chirik, P. J. J. Am. Chem. Soc. 2006, 128, 5302-5303.
(b) Bart, S. C.; Chiopek, K.; Bill, E.; Bouwkamp, M. W.; Lobkovsky, E.; Neese, F.; Wieghardt,
K.; Chirik, P. J. J. Am. Chem. Soc. 2006, 128, 13901-13912. (c) Bart, S. C.; Lobkovsky, E.;
Bill, E.; Wieghardt, K.; Chirik, P. J. Inorg. Chem. 2007, 46, 7055-7063. (d) Bart, S. C,;

74



Lobkovsky, E.; Chirik, P. J. . Am. Chem. Soc. 2004, 126, 13794-13807. (e) Trovitch, R. J;
Lobkovsky, E.; Chirik, P. J. Inorg. Chem. 2006, 45, 7252—7260.

® (@ Thammavongsy, Z.; Seda, T.; Zakharov, L. N.; Kaminsky, W.; Gilbertson, J. D. Inorg.
Chem. 2012, 51, 9168-9170. (b) Thammavongsy, Z.; LeDoux, M. E.; Breuhaus-Alvarez, A. G.;
Seda, T.; Zakharov, L. N.; Gilbertson, J. D. Eur. J. Inorg. Chem. 2013, 20, 4008-4015.

%Wong, J. L.; Sanchez, R. H.; Logan, J. G.; Zarkesh, R. A.; Ziller, J. W.; Heyduk, A. F. Chem.
Sci. 2013, 4, 1906-1910.

1 Allen, F. H.: Kennard, O.; Watson, D. G. J. Chem. Soc. Perkin Trans. Il 1987, S1-S19.

12 (@) Girgis, A. Y.; Balch, A. L. Inorg. Chem. 1975, 14, 2724-2727. (b) Simpson, C. L.; Boone,
S. R.; Pierpont, C. G. Inorg. Chem. 1989, 28, 4379-4385.

13 (@) Chauduri, P.; Hess, M.; Weyhermuller, T.; Wieghardt, K. Inorg. Chem. 1999, 38, 2781-
2790. (b) McGarvey, B. R.; Ozarowski, A.; Tian, Z.; Tuck, D. G. Can. J. Chem. 1995, 73,
1213-1222. (c) Attia, A. S.; Conklin, B. J.; Lange, C. W.; Pierpont, C. G. Inorg. Chem. 1996,
35, 1033-1038.

14 Szigethy, Géza; Heyduk, A. Dalton Trans. 2012, 41, 8144-8152.

15 (@) Pierpont, C. G. Coord. Chem. Rev. 2001, 221, 415-433. (b) Zanello, P.; Corsini, M. Coord.
Chem. Rev. 2006, 250, 2000-2022.

18 @) Cox, D. D.; Que, Jr., L. J. Am. Chem. Soc. 1988, 110, 8085-8092. (b) Bruijnincx, P. C. A.;
Lutz, M.; Spek, A. L.; Hagen, W. R.; Weckhuysen, B. M.; van Koten, G.; Gebbink, R. J. M. K.
J. Am. Chem. Soc. 2007, 129, 2275-2286. (c) Zirong, D.; Bhattacharya, S.; McCusker, J. K.;
Hendrick, D. N.; Pierpont, C. G. Inorg. Chem. 1992, 31, 870-877. (d) Buchanan, R. M.; Kessd,
S. L.; Downs, H. H.; Pierpont, C. G.; Hendrickson, D. N. J. Am. Chem. Soc. 1978, 100, 7894—
7900.

" Que, Jr., L. Physical Methods in Bioinorganic Chemistry; University Science Books: Sausdlito,
CA, 1999; 134-185.

18 Trans, D.; Addison, A. W.; Rao, T. N. Dalton Trans. 1984, 1349-1356.
19 Hananouchi, S. P. MS Thesis, University of California, Irvine, 2014.

2 Szigethy, G.; Shaffer, D. W.; Heyduk, A. F. Inorg. Chem. 2012, 51, 12606-12618.

2l Silversteing, R. M.; Webster, F. X.; Kiemle, D. J. Spectrometric Identification of Organic
Compounds, 7th ed.; Wiley: New Jersey, 2005.

22 Lucas, H. J.; Kennedy, E. R. Org. Synth. 1942, 22, 69.

2 0'Toole, M. G.; Kreso, M.; Kozlowski, P. M.; Mashuta, M. S.; Grapperhaus, C. A. J. Biol.
Inorg. Chem. 2008, 13, 1219-1230.

75



4 (@) Lee, Y.; Kinney, R. A.; Hoffman, B. M.; Peters, J. C. J. Am. Chem. Soc. 2011, 133, 16366
16369. (b) Mankad, N. P.; Whited, M. T.; Peters, J. C. Angew. Chem. Int. Ed. 2007, 119,
5870-5873. (c) Kisko, J. L.; Hascall, T.; Parkin, G. J. Am. Chem. Soc. 1998, 7863, 10561-
10562. (d) Brown, S. D.; Betley, T. A.; Peters, J. C. J. Am. Chem. Soc. 2003, 125, 322-323.

% (@) Yu, Y.; Sadique, A. R.; Smith, J. M.; Dugan, T. R.; Cowley, R. E.; Brennessel, W. W.;
Flaschenriem, C. J,; Bill, E.; Cundari, T. R.; Holland, P. L. J. Am. Chem. Soc. 2008, 130,
6624-6638. (b) Dugan, T. R.; Holland, P. L. J. Organomet. Chem. 2009, 694, 2825-2830.

% (a) Dey, A.; Ghosh, A. J. Am. Chem. Soc. 2002, 124, 3206-3207. (b) de Oliveira, F. T.;
Chanda, A.; Banerjeg, D.; Shan, X.; Mondal, S.; Que, L. Jr.; Bominaar, E. L.; MUnck, E.;
Callins, T. J. Science, 2007, 315, 835-838. (c) Grapperhaus, C. A.; Mienert, B.; Bill, E,;
Weyhermuller; Wieghardt, K. Inorg. Chem., 2000, 39, 5306-5317.

% (a) Cowley, R. E.; Eckert, N. A.; Elhaik, J.; Holland, P. L. Chem. Commun. 2009, 48, 1760-
1762. (b) Mankad, N.; Miiller, P.; Peters, J. C. J. Am. Chem. Soc. 2010, 132, 4083-4085. (c)
Jensen, M. P.; Mehn, M. P.; Que, Jr., L. Angew. Chem. 2003, 115, 4493-4496.

28|, S, Weitz and M. Rabinovitz J. Chem. Soc. Perkin Trans. 1993, 1, 117—-120.

2 Chaudhuri, P.; Hess, M.; Weyhermiiller, T.; Wieghardt, K. Angew. Chem. Int. Ed. 1999, 38,
1095-1098.

%5, Lahaand R. G. Luthy Environ. Sci. Technol. 1990, 24, 363-373.
3L APEX2, Version 2008.3-0/ 2.2-0, Bruker AXS, Inc.; Madison, WI 2007.

32 SAINT Version 7.53a/ 7.46a, Bruker AXS, Inc.; Madison, WI 2007.
33 sheldrick, G. M. SADABS, Version 2007/4, Bruker AXS, Inc.; Madison, WI 2007.
34 Sheldrick, G. M. SHELXTL, Version 6.12: Brucker AXS, Inc.: Madison, WI, 2001.

% |nternational Tables for X-Ray Crystallography 1992, Vol. C., Dordrecht: Kluwer Academic
Publishers.

76



Chapter 4

Synthesisand Char acterization of Homo- and Heter obimetallic
Complexes of the Formula: [ONO]M'[ONO],M
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4.1 Introduction

The study of multi-metallic complexes has become an important area of research owing
to the ability of such complexes to facilitate multi-electron transformations. Homo- and
heterobimetallic complexes are often found in catalyst precursors or active catalysts for cross-

1.2.3:4 nolymerization,™ ® and small molecule activation reactions.®*’ In addition to

coupling,
their potential roles in catalytic processes, bimetallic combinations are often featured in the
active sites of many metalloenzymes.®' ® In particular, the [FeFe] and [NiFe] hydrogenases
possess two metal centers in the active sites that work cooperatively to facilitate bond activation
of hydrogen.®®

One approach to developing bimetallic systems entails the design of a suitable ligand
framework that allows the coordination environment of the metal centers to mimic those of
metalloenzyme active sites.’® ! Figure 4.1 displays the dinucleating ligand platform, XDK
(H2XDK = m-xylenediamine bis(Kemp's triacid imide), employed by the Lippard group in which
the carboxylate ligands were incorporated to mimic the metal binding sites in hemerythrin.***2
Metallation of this ligand with two equivalents of Fe(11),*® Mg(11), ** Co(11), ** and Mn(11), *° sdlts
led to formation of new homobimetallic complexes. Furthermore, it was shown that reaction of
mononuclear [Zn"(XDK)(H,0)] with M"(acac), - 2H,0 (acac = 2,4-pentaneionate; M = Co, Mn,
Fe, Ni)'" afforded heterobimetallic compounds. The rigidity of the XDK ligand scaffold imparts
stability in the formation of bimetallic complexes with bridging carboxylates. These complexes

served as structural models for understanding the reactivity and behavior of various

metalloprotein and metalloenzyme systems.
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Figure 4.1. The XDK ligand used by Lippard and coworkers to prepare new bimetallic complexes.

The crucial role of ligand architecture in the construction of new bimetalic systems is
further highlighted in the use of macrocyclic ligand systems with two metal-binding sites..* %1
For example, the Bosnich group prepared a family of diphenoxide-based ligand scaffolds that
allowed encapsulation of two metals in different coordination environments (Scheme 4.1).***°
By sequentially introducing the metals into each coordination site, this type of metallation
strategy permitted tunability of the metal centers, which was conducive for investigating the
structural properties and cooperative redox reactivity of various bimetallic combinations. It was
shown that when M, = Co(ll) or Fe(ll) for the monometallic system, the metals were readily
oxidized to the +3 oxidation state.* However, incorporation of the second metal resulted in

deactivation of the six-coordinate component. This was likely caused by ligand reorganization

induced by oxidation of the metals, a phenomenon known as mechanical coupling.*®
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Scheme 4.1. Stepwise synthesis of bimetallic complexes based on dinucleating diphenoxide-based ligand scaffold.
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Our laboratory has taken a modular approach towards assembling bimetallic complexes
incorporating redox cofactors for the purposes of investigating metal- ligand redox cooperativity.
A myriad of homoleptic, six-coordinate compounds of the formula M[ONO], ((ONO™H; =
bis(3,5-di-tert-butyl-2-phenol)amine; M = Fe, Cu, Ni, Zn, Cd,®® M = Al, Ga, Ca, Ba,>* M = Mn,
Co”?M =Ti, V, Ge, Sn,2 M = Pb*) have been reported in the literature. While many of these
complexes display multiple stable oxidation states, their saturated coordination sphere limits
their ability to perform inner-sphere reactivity. In contrast, ligand-based multi-electron reactivity
is achievable using metal complexes coordinated by a single [ONO] ligand.?* %2 # By
combining the preformed monomers, {[ONO]M'} and M[ONO],, two novel bimetalic
complexes of the form [ONO]JM'ONO].M (M' = Fe, Zn; M = Fe) have been prepared. This
platform lays the foundation for a general synthetic method to access awide variety of bimetallic

complexes that could be promising for multi-electron transformations.

4.2 Results
4.2.1 Synthesis and Char acterization of [ONO*]Zn(py)

A new zinc complex supported by one [ONQ] ligand was prepared for use as a synthon in
new heterobimetallic complex synthesis. As shown in Scheme 4.2, treatment of Zn(OAc), with
one equivalent of KoJONO™] in neat pyridine produced [ONO™|Zn(py). (11) in 71% yield.
Single crystals suitable for X-ray crystalography were obtained from diffusion of acetonitrile

into pyridine solutions of 11 at —-35 °C.
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Scheme 4.2. Synthesis of complex 11.

Through X-ray diffraction studies, the oxidation state of the [ONQ] ligand and the
geometry of complex 11 are elucidated. An ORTEP diagram of the crystal structure is depicted
in Figure 4.2. A list of selected bond measurements is shown in Table 4.1. The C-N and C-O
bond lengths of 1.354(6) A and 1.312(5) A, respectively, along with the C—C ring bond lengths
of the [ONQ] ligand are consistent with what has been observed in other meta complexes
supported by the [ONO** ligand.?® ?° *° 3! The geometric parameter t = (b - a) / 60 (b =
DO(1)- Zn(1)- O(2); a = BN(1)- Zn (1)- N(2)) was used to probe the coordination geometry of
the zinc ion.** The t value of 0.305 indicates that the geometry at Zn(1) lies in between a square

pyramid and trigonal bipyramid.
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Figure 4.2. ORTEP diagram of 11. Thermal elipsoids are displayed at 50% probability. The hydrogen atoms and
solvent molecules have been removed for simplicity.

Table 4.1. Selected bond lengths (A) and angles (°) of 11.

Bond Length Bond Angle
0O(1)-C(2) 1.312(5) 0O(1)-Zn(1)-0O(2) 157.6(1)
C(1)-C(2) 1.435(6) O(1)-Zn(1)-N(1) 79.5(1)
C(2-C(3) 1.376(6) N(1)-Zn(1)-N(2) 139.3(1)
C(3)-C(4) 1.419(6) N(1)-Zn(1)-N(3) 120.4(2)
C(4)-C(5) 1.385(6) N(2)-Zn(1)-N(3) 100.2(1)
C(5)-C(6) 1.410(6)

C(1)-C(6) 1.453(6)
N(1)-C(6) 1. 354(6)
Zn(1)-0(1) 2.097(3)
Zn(1)-N(2) 2.008(4)

Spectroscopic data for 11 further supports that the [ONO]

ligand adopts the

semiquinonate form while zinc retains its +2 oxidation state. When perpendicular mode EPR

experiments were conducted on toluene or pyridine solutions of 11 a 77 K, an isotropic
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resonance was observed at g = 2.00 (Figure 4.3). This is consistent with 11 being an S= %

system with an unpaired electron localized on the ligand scaffold.
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Figure 4.3. X-band EPR spectrum of [ONO™]Zn(py). (11). Experimental conditions: B, ~ By, solvent, toluene or
pyridine; temperature, 77 K.

4.2.2 Synthesisand Characterization of Fe;[ONO]3; and FeZn[ONO]3
The diiron complex, Fe;[ONO]3(12), was initially isolated as an unexpected side product

in reduction reactions with [ONOYFeX,, as described in Chapter 3. For example, the reduction
of [ONOYFeCl, (3a) in the absence of pyridine led to elimination of KCI and isolation of the
iron-containing product, Fe;[ONQO]; (Scheme 4.3). This isolation of this unsymmetrical dimer

triggered our interest in developing arational synthetic route to this unusual diiron complex.
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Scheme 4.3. Reductions of [ONOYFeCl, in presence or absence of pyridine.
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A route to Fe;)[ONQJ 3 was designed retro-synthetically by breaking the complex up into
two parts. a {[ONOJFe} fragment and a six-coordinate FEfONQO], species. The source for
{[ONO]Fe} could be derived from a series of five-coordinate [ONO"]Fe"'X, complexes in
which the two X-type ligands could be replaced by FEfONQ], as a dianionic ligand source. As
illustrated in Scheme 4.4, reduction of FEfONO], was carried out using two equivalents of
potassium graphite at room temperature. Addition of one equivalent of 3a to the durry
containing K(Fe{ONO]>) in-situ furnished 12 in 77% yield. Alternatively, [ONO*¥|Fe" (py)s (7)
was aso a source for {[ONO]Fe} wherein the three labile pyridine ligands were displaced by
Fe[ONOQO]J, to produce 12 in 88% yield. In this case, FefONOQ], could be considered a neutra

bidentate ligand to the {[ONO**|Fe} species.

tBu

-

Fe ~0

£ @Nf}m - T -2

_,-Fe-.o._.. Fe_N py-—Fe"N
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%/@V . KzFE{ONO)ZI -2KCl \®» - 4%}:5
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tBu
Fe[ONO], 7

tBu
Scheme 4.4. Synthesis of compl ex 12.

Analysis of the structural metrics of 12, obtained by X-ray crystallography, is applied to
allow for determination of possible metal and ligand oxidation states. Figure 4.4 shows the
ORTEP diagram for the solid-state structure of 12 and Table 4.2 lists selected bond
measurements. The geometry at the six-coordinate iron center is pseudo-octahedral. Thet value
of 0.265 (a = BDN(1)-Fe(2)-0O(6); b = BO(1)-Fe(2)-0O(2)) indicates that Fe(2) lies in between
square-pyramidal and trigonal -bipyramidal geometries.*® The carbon-carbon ring bond lengths

of the [ONOQ] ligand bound meridionally to Fe(2) are consistent with the bond lengths observed
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in the [ONOY® form of the ligand.?® ? The C(72)-O(6) bond length of 1.354(2) A is longer
than the C(58)-O(5) bond length of 1.306(2) A, an indication that the carbon-oxygen bonds
containing the bridging oxygen atoms have more C(aryl)-O single bond character than the C-O
bonds containing the non-bridging oxygen have.® This is also suggestive of a radical that is
localized on the aryl carbon containing the non-bridging oxygen atom coordinated to Fe(1). The
Fe(2)-0(6) bond length of 1.974(1) A is shorter than the Fe(1)-O(6) bond length of 2.159(1) A.
Based on the bond metric data, the two [ONQ] ligands surrounding the Fe(1) likely are in the
dianionic [ONO™]? form while the [ONO] ligand coordinated to the five-coordinate Fe(2) isin
the [ONO"" form. The two bridging oxygen atoms derived from the [ONO™]* bind more
closely to the five-coordinate iron site, suggesting that these two oxygen atoms act more like
anionic X-type ligands to Fe(2). If the bridging O(6) and O(4) atoms have aready been
assigned as anionic X-type ligands to the Fe(2) site, this leaves two anionic O(3) and O(5)
atoms behaving as X-type ligands to Fe(1). Therefore, the six-coordinate iron center has an
oxidation state of +2. Thus, the structural data indicates that 12 adopts the following form:
[ONO FefONO™].Fe, where the {[ONO™],F€''}* can behave as a dianionic ligand to the

{[ONOFe""}?* fragment.
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(b)

Figure 4.4. ORTEP diagram of 12 (a) and 13 (b). Thermal ellipsoids are displayed at 50% probability. The tert-
butyl groups, hydrogen atoms, and solvent molecules have been removed for simplicity.

Table 4.2. Selected bond lengths (A) and angles (°) of 12 and 13.

Bond lengths/ Angle 12 13
C(1)-C(2) 1.422(3) 1.454(3)
C(2-C(3) 1.376(3) 1.361(4)
C(3)-C(4) 1.415(4) 1.439(4)
C(4)-C(5) 1.372(3) 1.360(3)
C(5)-C(6) 1.417(3) 1.422(3)
C(6)-C(2) 1.441(3) 1.466(3)
C(1)-0(1) 1.311(3) 1.269(3)
C(72)-0O(6) 1.354(2) 1.353(2)
C(58)-0O(5) 1.306(2) 1.299(3)
Fe(1)-N(2) 2.014(2) 2.036(2)
Fe(1)-N(3) 2.029(2) 2.024(2)
Fe(1)-0(3) 1.998(1)

Fe(1)-0O(4) 2.165(1)

Fe(1)-0O(5) 1.953(1) 2.011(2)
Fe(1)-0(6) 2.159(1) 2.114(1)
Fe(2)-0(6) 1.974(1)

Fe(2)-0(4) 1.978(1)

Fe(2)-0(1) 1.928(1)
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Fe(2)-0(2) 1.927(1)

Fe(2)-N(1) 2.073(2)
Fe(1)-Fe(2) 3.0726(5)

Zn(1)-0(6) - 2.019(2)
Zn(1)-0(4) - 2.013(1)
Zn(1)-0(1) - 2.006(2)
Zn(1)- O(2) - 2.027(2)
Zn(1)-N(1) - 2.145(2)
Zn(1)-Fe(2) - 3.0542(7)
N(2)-Fe(1)-N(3) 164.79(7) 164.44(7)
N(2)-Fe(1)-O(3) 79.16(6) 78.65(7)
O(3)-Fe(1)-0O(6) 92.75(6) 92.05(6)
O(1)-Fe(2)-0(2) 156.53(6)

0(2)-Fe(2)-0(6) 98.49(6)

N(1)-Fe(2)-O(6) 140.64(6)

N(1)-Zn(1)-O(6) - 140.56(7)
O(1)-Zn(1)-0(2) - 155.70(7)
0(2)-Zn(1)-0(6) - 100.76(7)

M 6ssbauer spectroscopy was applied to better understand the electronic properties of the
iron centers in 12. As shown in Figure 4.5, the overall Mossbauer spectrum could be fitted by
two quadrupole doublets with quadrupole shift values of 1.6 mm/s and 1.81 mm/s, which is
consistent with the two iron centers having different coordination geometries. Isomer shift values
of 0.59 mm/s and 0.49 mm/s for each quadrupole doublet fall in the range of high-spin Fe(l1) and

high-spin Fe(l11),** supporting the contention that Fe;[ONO]s isan iron(l1)- iron(l11) system.
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Figure 4.5. Mdssbauer spectrum of Fe;]ONO]; (12). Data collected at 80 K.

By applying the same modular approach used to generate 12, we were able to assemble
new heterobimetallic systems. Towards our goal of preparing the FeZn[ONO]; (13) containing
five-coordinate iron and six-coordinate zinc centers, we first reduced Zn[ONO], with two
equivalents of KCg at ambient temperature. Subsequently, one equivaent of 3a was added in-situ
to the durry of Ky(Zn[ONO],) to generate FeZn[ONOQ]3 in 60% yield (Scheme 4.5). Single
crystals of 13 suitable for X-ray crystallography were obtained from diffusion of acetonitrile into
diethyl ether solutions of the bimetallic complex at - 35 °C. Contrary to our initially proposed
structure, crystallographic data for this compound indicates that the structure contains {[ONO]Zn}

and six-coordinate Fef ONO], fragments (Figure 4.4).
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Scheme 4.5. Synthesis of complex 13.

Alternative synthetic pathways for the preparation of FeZn[ONO]; were explored to help
determine the exact nature of the heterobimetallic complex. Complex 13 was readily formed in
74% yield through the reaction of [ONO™]Zn(py). (11) with FefONQ], in toluene or benzene
solutions (Scheme 4.6). The reaction of 7 with one equivaent of Zn[ONQO], in benzene generated
the same heterobimetallic compound but with the addition of mild heating. Because the
iron- zinc complex could be prepared through either using Fe{ONO], or Zn[ONQ], as starting
materials, these experiments could not confirm if the five- and six-coordinate sites were occupied

by iron or zinc.
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Scheme 4.6. Alternative synthetic pathways for preparing 13.

The identity of the six-coordinate metal was confirmed by dissociating the
heterobimetallic complex in pyridine. The *H NMR spectrum of 13 in pyridine-ds revealed the
presence of FeONO], while no Zn[ONQ], was observed. The EPR spectrum of this reaction

mixture displayed an isotropic signal consistent with the presence of [ONO™]Zn(py)2 (11). These
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results confirm that the six-coordinate site contained iron while zinc occupied the five-coordinate
site. Likewise, the *H NMR spectrum in pyridine-ds of the dissolved 12 aso exhibited
resonances pertaining to the FefONO], complex. The EPR spectrum of 12 in pyridine-ds showed
resonances belonging to 7. Hence, in the presence of a large excess of pyridine, dissociations of
FeZn[ONO]3; and Fe,JONO]3; were highly favored to form FEONQO], and the corresponding
coordinatively-unsaturated {[ONO]Zn} and {[ONO]Fe} species, which were then captured by

pyridine ligandsto regenerate 11 and 7, respectively.

Single-crystal X-ray crystallography is also applied to make possible oxidation state
assignments to the ligand and metal entities of 13. Figure 4.4 shows the ORTEP diagram for the
solid-state structure of the iron- zinc complex while Table 4.2 lists selected bond length and
angle measurements. Similar to 12, the geometry at the six-coordinate Fe(1) is pseudo-octahedral
while thet value of 0.252 (a = DN(1)-Zn(1)-0O(6); b = BDO(1)-Zn(1)-0O(2)) indicates that the
geometry at the five-coordinate zinc lies between a square pyramid and trigonal bipyramid.*
Based on the carbon- carbon ring bond lengths, the [ONO] ligand coordinated meriodionally to
Zn(1) is aso in the [ONOY* form.*® ?® Analogous to 12, the Fe(1) is supported by two
[ONO™? ligands, as evidenced by the longer C(72)-O(6) bond length of 1.353(2) A in
comparison to the C(58)-0(5) bond length of 1.299(3) A. The Zn(1)-0(6) and Fe(1)-O(6) bond
lengths of 2.019(2) A and 2.114(1) A, correspondingly, indicate that the bridging oxygens bind
more strongly to Zn(1) as compared to the six-coordinate Fe(1l). There are two possible
combinations for the formal oxidation states of the metals: iron(V)-zinc(0) and iron(l11)—zinc(I1).
Since metal complexes containing either zinc(0) and iron(V) centers are rarely observed,® ¢ 3

the FeZn[ONOQ];3 is best described as an iron(l11)-zinc(l1) system. Thus, the overall structural
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data indicates that 13 adopts the form: [ONO%Zn[ONO™|,Fe, where the {{ONO™],Fe"'} ¥ can

behave as amonoanionc ligand to the {[ONO%Zn'"}** fragment.

4.2.3 Electrochemical and Spectroscopic Data Comparisons

To further elucidate on the structural and electronic properties of the bimetallic
complexes, cyclic and differentia pulse voltammetric techniques along with UV-vis-NIR
spectroscopy are utilized. Figure 4.6 displays the voltammograms of 11, 12, and 13 as well as
F[ONOJ], and 3a for comparison. Figure 4.7 shows the UV-vis-NIR spectra of both bimetallic

complexes and FeONQ]».
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Figure 4.6. Cyclic (left) and differential pulse (right) voltammograms of [ONO%FeCl, (3a; magenta), Fe;JONO];
(12; red), (13; blue), [ONO™]Zn(py), (11; green), and FEfONO], (purple). Bulk of the materia indicated by *.
Voltammograms were recorded at 1mM analyte concentration in 0.10 M ["BusN][PF¢] in THF using a glassy carbon

working electrode, Pt wire counter electrode, Ag”* wire reference, and scan rate of 200 mV/s at 298 K.
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Since the Fe[ONO]; complex is a combination of the {[ONOYFe} and FeONO],
species, the voltammetric and spectroscopic data of the bimetallic complex are compared to
those of [ONOYFeCl, and FefONQ],. Complex 12 displays two partially-reversible oxidation
events and three partially-reversible reduction events, none of which appear to correlate with the
redox events found in the mononuclear components. Although the diiron complex and FfONQO],
exhibit broad absorptions in the NIR region, we cannot conclusively assign the absorbance at
850 nm for 12 to be based on the Fef ONO], component.

Interestingly, the redox and spectroscopic features of FeZn[ONO]3 appear to correlate
with those of F{ONO],. Complex 13 displays two partially-reversible oxidation events as well
as multiple partialy-reversible reduction events. The oxidation event at 0.476 V of 13 seem to

compare with that of FefONO], at 0.480 V. In addition, the redox couplesat - 1.70 V and - 1.28

V of the heterobimetallic compound align closely with those corresponding to FEfONQ], at
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-1.75V and - 1.30 V. The absorptions in the visible region for 13 (356 nm and 436 nm) appear
to correlate with those of FfONQO], (354 nm and 448 nm).

However, as with complex 12, voltammetric and spectroscopic features cannot be
assigned to particular mononuclear components of the heterobimetallic 13. The broad NIR
absorptions of 12 (850 nm), 13 (806 nm), and FeONO], (854 nm) can be ascribed to
intramolecular charge-transfer transitions likely stemming from the meta-ligand as well as
ligand-ligand interactions within all three redox-active complexes. Various metal complexes
containing [ONOY* and [ONO™]* ligands also feature broad charge-transfer bands in the NIR
region.?> % Consequently, it is difficult to discern whether the electrochemical redox events and
el ectronic absorption attributes are based on specific mononuclear constituents of each bimetallic

complex.

4.3 Discussion
4.3.1 Reactivity Patterns of the Bimetallic Synthesis
The unexpected reactivity pathways toward generating FeZn[ONOQ]3 (13) via Zn[ONO],

and either [ONO?FeCl, (3a) or [ONO*Fe(py)s (7) are still under investigation. Reaction of
[ONOMZn(py). (11) and Fe[ONO], at ambient temperature produces 13 in a relatively
straightforward manner (Scheme 4.6). On the other hand, heating is required in order for 7 and
Zn[ONOQ]; to react completely and form the same heterobimetallic compound. Furthermore,
metathesis of K3(Zn[ONO],) with one equivalent of 3a aso leads to the formation of
FeZn[ONOJ]3; comprising five-coordinate zinc and six-coordinate iron sites (Scheme 4.5). These
experiments suggest that formation of 13 proceeds through transmetallation reactions of
ZN[ONOQ]; and its {[ONO]Fe} counterpart to generate the FeONO], fragment, which then

coordinates to the {[ONO]Zn} species. It has been shown that Zn[ONQ], can act as a delivery
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agent of the [ONO] ligand for tin(IV) complexes.® This fact further supports the argument that a
[ONQ] ligand derived from Zn[ONO], can migrate towards the {[ONO]Fe} to form the
Fe[ONO], fragment of 13.

Consequently, for bimetallic combinations of the form [ONO]M'[ONQ].M, where M' =
Fe or Zn, the six-coordinate Zn[ONO)J; is less preferred. Attempts to prepare a dizinc complex of
the form [ONO]Zn[ONOQO],Zn have been carried out through treatment of the Zn[ONO], with
[ONO™|Zn(py), at ambient temperature and at 45 °C. However, this pathway does not lead to a
new a dizinc product as consumption of ZnN[ONQO] is not observed. This corroborates with the
contention that the FfONQ], fragment is more strongly favored in bimetallic complexes of the

form [ONO]M'[ONO].M.

4.3.2 Non-Innocent Behaviors of Bimetallic Complexes

By replacing the iron with a redox-inactive zinc, we anticipate that the isostructural
complexes 12 and 13 will reveal methodical variations with regards to their redox properties.
However, it appears that observations of such systematic changes might have been complicated
by the metal-ligand non-innocent behaviors. Based on the bond metrics obtained from X-ray
diffraction data, we characterize 12 as [ONOYFe'"[ONO¥,Fe! and 13 as
[ONO%zn"[ONO™|,Fe". However, due to the metal-ligand redox interactions influencing
electron delocalization, we cannot disregard other possible metal and ligand oxidation state

interpretations.

4.4 Summary and Conclusion

Through exploiting the redox properties of the monometallic fragments, the redox-active
monomers can be combined to construct new bimetallic combinations. The rich redox profiles of
complexes 12 and 13 suggest that they can potentially impart unique synergistic bimetalic
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reactivity. We envision that the FefONCQ], fragment can serve as a redox cofactor for the five-
coordinate {[ONOJFe/Zn} species where reactivity can take place in the open-coordination site.
This platform has also inspired the synthesis of new bimetallic combinations for the purposes of

exploring new multi-electron reactivity.

4.5 Experimental

General Procedures. The potassium graphite K Cg,* [ONO®]H3,> % K[ONO,* FONO],,%
and Zn[ONO],” were synthesized according to published procedures. Synthesis of complexes 3a
and 7 have been reported in chapter 2 and in the literature.?® Potassium hydride (Alfa Aesar) was
washed with dry degassed pentane to remove the oil prior to usage. The air- and moisture
sensitive compounds and reactions reported below require al manipulations to be carried out
under air- and moisture-free conditions using standard glovebox or Schlenk techniques. Solvents
were sparged with argon and then deoxygenated and dried by passage through Q5 and activated
alumina columns, respectively. To test for effective oxygen and water removal, solvents were
treated with afew drops of a purple THF solution of sodium benzophenone ketyl.

Physical Measurements. The UV-vis-NIR spectra were recorded with Perkin-Elmer Lambda
800 Spectrometer as solutions in toluene or pyridine. Electrospray ionization mass spectrometry
(MS/ESI) was performed at the Mass Spectrometry Facility at University of California, Irvine.
NMR spectra were acquired on a Bruker Avance 400/500/600 MHz spectrometer.
Perpendicular-mode X-band EPR spectra were collected using Bruker EMX spectrometer
equipped with ER041XG microwave bridge. >’Fe Mossbauer spectra were measured on liquid
nitrogen cooled samples at zero magnetic field with a constant acceleration spectrometer (SEE

Co., Edina, MN).
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Electrochemical Methods. Cyclic voltammograms were collected using Gamry Series G 300
potentiostat/galvanostat/ZRA (Gamry Instruments, Warminster, PA) inside a nitrogen-filled
glovebox. A glassy carbon working electrode (3.0 mm), platinum wire counter electrode, and
silver wire reference electrode were used. Sample concentrations were 1.0 mM in THF with 0.10
M tetrabutylammonium hexafluorophosphate as the supporting electrolyte. All potentials are
referenced to [Cp.Fe] ™ using (Cp).Fe as an internal standard. Decamethylferrocene (Acros) and
ferrocene (Acros) was purified by sublimation under reduced pressure. Tetrabutylammonium
hexafluorophosphate (Acros) was recrystalized from ethanol three times and dried in the oven
before use.

Crystallographic Methods. X-ray diffraction data were collected on crystals mounted on glass
fibers using a Bruker CCD platform diffractometer equipped with a CCD detector.
M easurements were carried out using Mo K, (A = 0.71073 A) radiation, which was wavelength
selected with a single-crystal graphite monochromator. A full sphere of data was collected for
each crystal structure. The APEX2 program package was used to determine unit-cell parameters
and to collect data.*® The raw frame data were processed using SAINT* and SADABS* to yield
the reflection data files. Subsequent calculations were carried out using the SHELXTL* program
suite. Structures were solved by direct methods and refined on F? by full-matrix |east-squares
techniques to convergence. Analytical scattering factors for neutral atoms were used throughout
the analyses. Hydrogen atoms, though visible in the difference Fourier map, were generated at
calculated positions and their positions refined using the riding model. ORTEP diagrams were
generated using ORTEP-3 for Windows™ and all thermal ellipsoids are drawn at the 50%

probability level.
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Table 4.3. X-ray diffraction data-collection and refinement parameters for complexes 11, 12, 13.
11+0.5(CsHsN)#0.5(CH5CN) 12¢0.5(CH4CN) 13
mpiica formia CHONOZIOSGHA):  CaltiaNOFer - Colla Ol
Formula weight 706.25 1400.06 1389.04
Crystal system Monaclinic Monaclinic Monaclinic
Space group P2, P2,/c P2,/c
T 88(2) K 88(2) K 143(2) K
a 14.208(3) A 15.5180(10) A 15.5857(8) A
b 20.222(4) A 20.0893(13) A 20.1236(11) A
c 14.512(3) A 26.9179(18) A 26.8587(14) A
a 90° 90° 90°
B 108.954(3)° 104.1755(9)° 104.2326(7)°
y 90° 90° 90°
v 3943.6(12) A3 8136.0(9) A3 8165.4(7) A
Z 4 4 4
Reflections collected 46059 87960 87548
data/restraints/parameters 17365/ 1/ 899 16658/ 0/ 916 16711/0/985
R1[l>2s(l)] 0.0435 0.0412 0.0429
WR2 (all data)® 0.1005 0.1059 0.1300
GOF* 1.074 1.013 1.035

“R1 = Z||Fo| - [Fll/ZIFol; WR2 = [Z[W(Fo" - F)VZ[W(F6)] "% GOF = [w(|Fo| - [Fe)/(n — m)]™*
Synthesis of [ONO™]Zn(py), (11). A 10 mL pyridine solution of 125 mg of Zn(OAc), (0.681

mmol, 1 equiv.) was treated with 340 mg of K,JONO™] (0.680, 1 equiv.) at room temperature.
After 18 hours, the solid byproduct was filtered and washed using 15 mL of pyridine solvent.
The resulting dark green solution was concentrated to reduced volume prior to diffusion of
acetonitrile at —35 °C to generate dark green crystals. Yield: 312 mg (71%). Anal. Calc. (Found)
for CasHsoN3O»Zn (%): C: 70.63 (70.14); 7.80 (7.87); N: 6.50 (6.23).

Synthesis of Fe;[ONO]; (12). Method A: A combination of 30.5 mg of potassium metal (0.780
mmol, 2 equiv.) and 77.5 mg of graphite (6.45 mmol, 16 equiv.) was heated under vacuum in the
presence of a Teflon stir bar with constant agitation until the solids were finely divided and
bronze in color. A durry of this KCg was prepared by addition of 5 mL of THF and frozen at 77

K. To this mixture, a 10 mL THF solution containing 352 mg of FeONO], (0.390 mmoal, 1
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equiv.) was added and the resultant brown-black solution was stirred at room temperature for 1
hour. The mixture was frozen and upon just thawing, 214 mg of 3a (0.390 mmol, 1 equiv.) in 10
mL of THF was added. The mixture stirred overnight at room temperature, during which time it
became a purple-black color. The reaction mixture was filtered through a bed of celite and the
solvent was removed from the filtrate under reduced pressure to yield a glassy, black foam.
Addition of 3 mL of acetonitrile to this residue and cooling at 238 K yielded the product as a
dark purple powder (243 mg over two crops, 77%).

Method B: To a 10 mL toluene solution of 131 mg of FefONO], (0.146 mmol, 1 equiv.), 105 mg
of 7 (0.146 mmol, 1 equiv.) was added and stirred at ambient temperature for 20 hours. The
resulting dark brown solution was placed under reduced pressure to remove the volatiles. Upon
dissolving the dark residue again in toluene, diffusion of acetonitrile at 238 K yielded the product
as a dark purple powder. Yield: 177 mg (88%). UV-Vis-NIR (THF) Amadnm (¢/ M~tem™): 318
(44,900), 350 (52,400), 506(17,600), 890 (23,700). Anal. Calc. (Found) for CgsH121N306F€; (%0):
C, 73.08 (72.93); H, 8.83 (8.74); N, 3.05 (2.95). MS(ESI+) m/z: 1378.75 (M +)

Synthesis of FeZn[ONO]; (13). Method A: A combination of 116 mg of potassium (2.90 mmoal,
2 equiv.) and 280 mg of graphite (23.3 mmol, 16 equiv.) was heated under vacuum until the
solids were finely divided and bronze in color. A suspension of KCg in 100 mL of THF was
cooled in the cold well. Upon just thawing, 1.34g of Zn(ONO), (1.47 mmol, 1 equiv.) was added,
and the black-green solution was allowed to stir at room temperature. After 5 hours, the reaction
mixture was cooled, and a cold solution containing 805 mg of 3a (1.47 mmol, 1 equiv.) in THF
was added drop-wise. The black-green solution was then allowed to stir at room temperature
overnight. After filtering the solution through celite on a fine frit, the solvent was removed to

give a black-green solid. The product was recrystallized from a 1:1 layered solution of diethyl
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ether and acetonitrile to give the final product in 60% yield (1.249).

Method B: To a 10 mL toluene solution of 132 mg of FefONO], (0.146 mmol, 1 equiv.) 94.5 mg
of complex 11 (0.146 mmol, 1 equiv.) was added and the dark green solution stirred at room
temperature for 20 hours. Upon removal of volatiles under reduced pressure, the resulting dark
green residue was dissolved again in toluene. Diffusion of acetonitrile at 238 K yielded dark
green product in powder form. Yield: 150.6 mg (74%). Ana. Cac. (Found) for
CasH120FeN30sZn (%): C, 72.63 (72.35); H, 8.71 (9.15); N, 3.02 (2.93). 'H NMR (400 MHz,
CsDe) 8/ppm: -0.57, -9.80. UV-Vis-NIR (THF) Amadnm (e/M~* ecm™): 354 (20,200), 438 (14,000),

746 sh (21,400), 806 (24,400). MS(ESI+) m/z: 1386.75 (M+)
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Chapter 5

Synthesis and Characterization of Homoleptic Chromium(lI1)

Complexes Coordinated to Redox-Active a-Diimine Ligands
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5.1 Introduction

Ove the past few decades, metal semiquinonate complexes containing redox-active
dioxolene-type ligands have been of interest due to the unique electronic and magnetic properties
imparted by the metal-ligand interactions.* Among many classic examples of these compounds,
homoleptic tris-semiquinonate chromium(l11) complexes are an ideal platform for these studies
as six-coordinate chromium has a strong preference for the +3 oxidation state (Scheme 5.1).%%3
These complexes display rich redox profiles and oftentimes complicated magnetic behaviors due
to exchange coupling between the ligand-based radicals and the d® metal ion.® The diverse

behavior of non-innocent ligands on the electronic properties of these complexes have bolstered

the motivation for further investigations of a-diimine ligands.
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Scheme 5.1. (a) The three accessible oxidation states of dioxolene ligands. (b) Homoleptic tris-semiquinonate
complexes of chromium(111).

While a-diimines and dioxolenes share many similarities, they differ largely in the
tunability of the structural and electronic properties of their complexes. Much like their
dioxolene congeners, a-diimines can also bind to octahedral metal centers in the bidentate
coordination mode and in three different oxidation states.* This concept is portrayed through the
N,N'-bis(aryl)acenapthenediimine  (ar-ADI; a = 3,5-dimethylphenyl) and N,N'-
bis(aryl)phenanthrenediimine (ar-PDI; ar = 3,5-dimethylphenyl) ligand sets in Scheme 5.2.% °

Unlike the dioxolenes, the steric properties of the diimine ligands can be modulated through
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changes to the organic group bound to the nitrogen donor atom, which in turn can influence the
physical and redox profiles of their metal complexes as well as their reactivity.”® Furthermore,
the replacement of oxygen with nitrogen results in a decrease in the electronegativity of the
donor atoms, leading to anodic shiftsin the redox potentials of the complex.

N N
e (S]

dmp-ADI (dmp-ADI®9)" (dmp-ADA)?

w‘fa %}:fﬁ @259

Scheme 5.2. Three accessible oxidation states of the (dmp-ADI) and (dmp-PDI) ligand scaffolds (dmp = 3,5-
dimethylphenyl).

Recently, studies of chromium complexes containing singly-coordinated a-diimine
ligands have garnered interest due to their applications in polymer cataysis.® ° Mu and
coworkers have shown that upon activation with methylaluminumoxane (MAO), chromium(l11)
catalysts that contain (ar-PDI™)'" ligands are able to perform isoprene polymerization, while
those supported by (ar-ADI)*" exhibit high activities in isoprene and butadiene polymerization
(Chart 5.1). ™' *2 Although the reactivity of chromium(I1) complexes supported by (ar-PDI) and
(ar-ADI) ligands have been explored, little is understood about the redox activity of these
systems. Furthermore, there are virtuadly no investigations of homoleptic tris-
iminosemiquinonate chromium(l11) complexes of these ligand sets; studies which may be
instrumental to enhancing our understanding of the reactivity of chromium complexes supported

by non-innocent ligands.
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Chart 5.1. Chromium polymer catalysts containing (ar-ADISq)l‘ and (ar-PDI™*" coordinated to single metal centers.

To further our fundamental understanding of chromium(lll)—iminosemiquinonate
complexes, we have become interested in studying how the nature of the backbone affects the
redox activity of the ligand and overall metal-ligand electronic behaviors of such systems. Two
homoleptic chromium(l11) complexes have been prepared and characterized.”® The (dmp-ADI)
and (dmp-PDI) ligand sets, which differ mainly in the level of conjugation within the ligand

scaffold (Scheme 5.2), comprise the current study.

5.2 Results

5.2.1 Synthesisand Structural Characterization of Homoleptic Chromium(l11) Complexes

o
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Scheme 5.3. Synthesis of complex 14.

Synthesis of the homoleptic chromium(l11) compound Cr(dmp-ADI*); (14) was carried
out through adapting known procedures (Scheme 5.3)."* Heating to reflux for five days, a
mesitylene solution containing one equivalent of Cr(CO)gs and three equivalents of neutral N,N'-

bis(3,5-dimethyl phenyl)acenapthenediimine (dmp-ADI) resulted in release of the CO ligands and
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coordination of three (dmp-ADI) ligands to the metal center. Dark red crystals of 14 suitable for
X-ray crystallography were grown from concentrated benzene solutions at ambient temperature.
The solid state structure of 14, obtained from X-ray crystallography, provides an overall
physical description of the complex to assist in assigning ligand and metal oxidation states. The
solid-state structure of 14 is displayed as an ORTEP diagram in Figure 5.1 while Table 5.1 lists
selected bond lengths and angles in the primary coordination sphere of chromium. The
N(1A)-Cr(1)-N(1D), N(1B)-Cr(1)-N(1E), and N(1A)-Cr(1)-N(1B) angles of 172.29(2)°,
172.22(5)°, and 79.77(5)°, respectively, indicate that the chromium complex adopts a pseudo-
octahedral geometry. Complex 14 crystallizes in a rhombohedral crystal lattice system and as a
result, the asymmetric unit of 14 consists of one chromium metal bound to half a unit of (dmp-
ADI). Consequently, all six C-N bonds have equi-length values of 1.326(2) A. This bond
distance fals in the range typically reported for the C—N bond distances of complexes with (ar-
ADI™) coordinated to chromium(l11), as well as to akali and akaline-earth metals.® 1214116
The backbone C—C bond length of 1.432(2) A is also consistent with the 1.41-1.43 A C—C bond
distance range observed in chromium(lll) and other metal complexes containing (ar-ADI™)
ligands. These diagnostic bond measurements are indicative of the bidentate ligands adopting the
(dmp-ADI)* form. Thus, 14 can be assigned as a chromium(il) complex in which three

monoanionic (dmp-ADI*%)" ligands coordinate to the metal center.
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Figure 5.1. Crystal structure of 14. Solvent molecules and hydrogen atoms are removed for clarity. Thermal
ellipsoids are drawn at 50% probability.

Table 5.1. Selected bond lengths (A) and angles (°) of 14.

Bond Lengths Bond Angle
C(1A)-N(1A) 1.326(2) N(1B)-Cr(1)-N(1E)  172.22(5)
C(1A)-C(1B) 1.432(2) N(1A)-Cr(1)-N(1B)  79.77(5)
Cr(1)-N(1A) 2.030(1) N(1A)-Cr(1)-N(1D) 172.29(5)

N(1A)-Cr(1)-N(1C) 94.71(5)
N(1A)-Cr(1)-N(1E) 94.68(6)
N(1A)-Cr(1)-N(1F) 91.18(6)

Coordination of three N,N'-bis(3,5-dimethylphenyl)phenanthrenediimine (dmp-PDI)
ligands to chromium proceeded through metathesis reaction using a chromium(l11) salt (Scheme
5.4). Initial attempts to prepare Cr(dmp-PDI*)3 (15) through heating to reflux in toluene or
anisole solutions containing Cr(CO)s and three equivalents of (dmp-PDI) led to recovery of free
diimine ligands in high yield. Hence, a different route was developed using chromium(lil) and
lithiated  iminosemiquinonate  starting  materials. Upon  treating  N,N'-bis(3,5-
dimethylphenyl)phenanthrenediamine (dmp-PDA) with two equivalents of n-butyllithium, the in

situ generated dark red solution of Lio(dmp-PDA) was reacted with one equivaent of the neutral
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(dmp-PDI) to produce Li(dmp-PDI*) via comproportionation. Addition of CrCls(THF)s to the
dark green mixture led to a dark red solution containing 15, which was isolated in 58% yield.
Single crystals of 15 suitable for X-ray crystallography were obtained at —35 °C by the diffusion

of acetonitrile into atoluene solution of the chromium complex.
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Scheme 5.4. Synthesis of complex 15.

The structural properties of 15 are investigated through X-ray crystallography in order to
help determine the ligand and metal oxidation states. Similar to the (dmp-ADI™) analogue, the
geometry at the chromium center of 15 is best described as pseudo-octahedral, as evidenced by
the N(1)—Cr(1)-N(3), N(2)—-Cr(1)-N(6), and N(1)—-Cr(1)-N(2) angles of 171.44(7)°, 171.75(7)°,
and 76.25(7)°, respectively. All three backbone carbon—carbon bond lengths (1.43-1.44 A) are
consistent with those observed in other chromium(lll) compounds containing (ar-PDI™)
ligands."* The C-N bond distances of 15 are between 1.34-1.35 A. The reported C-N bond
distances of the (ar-PDI™) coordinated to chromium(I11) centers are in the range of 1.35-1.46 A.
Carbon—nitrogen bond distances of 1.32-1.35 A have also been described in the literature for
chromium(I11) complexes containing iminosemiquinonate ligands with varying backbone
topologies.® ¥ An examination of these diagnostic bond lengths suggest that all three bidentate
ligands of complex 15 adopt the (dmp-PDI*)* form. Chelation of three monoanionic ligands to

the metal center, therefore, indicates that 15 possesses a chromium(l11) center.
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Figure 5.2. Crystal structure of 15. Solvent molecules and hydrogen atoms are removed for clarity. Thermal
ellipsoids are drawn at 50% probability.

Table5.2. Selected bond lengths (A) and angles (°) of 15.

Bond Lengths Bond Lengths Bond Angle
C(1)-C(2) 1.438(3)  Cr(1)-N(1) 2032(2)  N(1)-Cr(1)-N(3)  171.75(7)
C(1)-N(1) 1.349(3)  Cr()-N(2 2.036(2)  N(2-Cr(1)-N(6)  171.44(7)
C(2)-N(2) 1.347(3)  Cr()-N@E) 2037(2)  N(1)-Cr(1)-N(2)  76.25(7)

C(31)-C(32)  1.434(3)  Cr(1)-N(4) 2.036(2)  N(1)-Cr(1)-N(4)  97.44(7)
C(31)-N(3) 1.347(3)  Cr(1)-N(d) 2041(2)  N(1)-Cr(1)-N(5)  88.40(7)
C(32)-N(4) 1.3433)  Cr(1) -N(6) 2034(2)  N(1)-Cr(1)-N(6)  97.50(7)
C(61)-C(62)  1.436(4)
C(61)-N(5) 1.347(3)
C(62)-N(6) 1.342(2)

5.2.2 Magnetism and Spectroscopic Comparisons of Chromium(l11) Complexes

The electronic spectra of 14 and 15 further support the presence of Cr(I11) centers in both
systems. For both complexes, the visible region is dominated by two absorptions (Figure 5.3).
Intraligand transitions for complexes 14 and 15 are observed at 508 nm and 482 nm, respectively.
The bands at 572 nm for 14 and 566 nm for 15 have the energy expected for the 4Azg - 2Eg spin-
forbidden d-d transitions in d® compounds; '’ however, the observed molar extinction

coefficients for such transitions are larger than usual. The enhanced intensity can be ascribed to
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coupling between the metal-based electrons and the ligand-based radicals.™® The absorption

features of 14 and 15 support the argument that both are chromium(111) complexes.
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Figure 5.3. Absorption spectra of Cr(dmp-ADI™); (14; black) and Cr(dmp-PDI™); (15; red) collected in THF.

EPR spectroscopy is aso employed to interrogate the electronic properties of 14 and 15.
At 298 K, the EPR spectrum of complex 14 reveals a nine-line isotropic signal centered at g =
2.00 (Figure 5.4). These hyperfine splittings are due to coupling of a singly-unpaired electron to
six equivalent **N nuclei (I = 1, 99.63%, Ay = 1.46 mT). In addition, weak satellite peaks arising
from coupling to **Cr nuclei (I = %, 9.6%, Ac; = 4.41 mT) are also observed. ** Upon cooling to
77 K, a broad isotropic signal was observed. Hyperfine coupling patterns have also been
observed at ambient temperatures in various main-group complexes containing (ar-ADI¥)*"
ligands, wherein the unpaired electron residing in each ligand is coupled to the nuclei of the *N
and the coordinated main-group element.® * Thus, the EPR spectrum of 14 unequivocally
supports the contention that each (dmp-ADI) moiety surrounding the chromium center contains a

radical that resides in the ligand. In contrast, at room temperature complex 15 is EPR silent while
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at 77 K, an axial resonance with g = 1.98 and 2.01 is observed (Figure 5.5), consistent with a

metal-based S= % system and indicative of alow-spin Cr(l11) species.
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Figure 5.4. X-band EPR spectra of Cr(dmp-ADI™); (14; black) and simulation (red). Experimental conditions: By L
Bo; solvent, THF; temperature, 298 K.
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Figure 5.5. X-band EPR spectra of Cr(dmp-PDI®); (15). Experimental conditions. B; L By, solvent, THF;
temperature, 77 K.
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The observed differences displayed in the EPR spectra of 14 and 15 prompted our
interests in exploring their magnetic properties. An Evans method measurement of 14 at ambient
temperature provided a magnetic moment (my;) value of 1.18 nB, similar to what has been
observed for Cr(Phen™); (1.15 nB) and Cr(Cat-Cl,™); (1.08 nB).2 On the other hand, when
magnetic measurements of 15 were performed under comparable conditions, the *H NMR
spectrum displayed little to no separations between the resonance belonging to the solution
containing the paramagnetic analyte and that of the isolated standard. The results of these
measurements suggest that both complexes exhibit varying degrees of intramolecular anti-

ferromagnetic coupling often observed in other chromium(l11) tris-semiquinonate complexes.’

5.2.3 Electrochemical Studies of Chromium(l11) Complexes
To investigate the redox properties of Cr(dmp-ADI™); (14) and Cr(dmp-PDI*); (15),

cyclic and differential pulse voltammetric techniques have been applied (Figure 5.6). As
indicated in Table 5.3, overal, the redox events of 15 occur at more positive potentials as
compared to those of 14. Each complex displays three reversible redox couples relevant to the
cationic series of the respective chromium compounds. However, differences in the reduction
events, which pertain to the anionic series of the chromium compounds, are observed between
the two complexes. While all three reduction events of Cr(dmp-ADI™); are reversible, one
reversible and two irreversible reductions are present for the (dmp-PDI™) counterpart. The six
redox processes of each chromium compound are likely ligand-based, as three oxidation and
three reduction events have also been observed for the dioxolene congener Cr(Phen™)s (Table
5.3).° In contrast to Cr(Phen™); the redox potentials of 14 and 15 are more negative, in
agreement with the lower electrophilic character of the nitrogen-containing semiquinonate

ligands.
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Figure 5.6. Cyclic voltammograms (left) of Cr(dmp-ADI™; (14; black) and Cr(dmp-PDI™); (15; red) and
differential pulse voltammogram (right) of 15. Bulk of the material denoted by *. V oltammograms were recorded at

1mM analyte concentration in 0.10 M ["BusN][PFg] in THF using a glassy carbon working electrode, Pt wire
counter electrode, Ag”* wire reference, and scan rate of 200 mV/s at 298 K.

Table5.3. Redox potentials vs. [Cp,Fe]”* for Cr(dmp-ADI™; (14) and Cr(dmp-PDI%); (15).2

Redox Couple 14 15 Cr(Phen™);°
2+ [ 3+ 0.12 0.42 0.68
1+/ 2+ -0.33 -0.03 0.54

0/1+ -1.08 -0.87 0.35
1/0 -2.19 -1.56° -0.62
2711 -2.58 -2.15 -0.95
3/2 -2.81 -2.75° -1.38

3Experimental conditions are detailed in Figure 5.6. °Irreversible process. ¢ Potentials converted from E°' vs. SCE to
E°' vs. [Cp,Fe]”*. Data obtained from Ref. 2c.

5.3 Discussion
5.3.1 Ligand and Metal Oxidation State Assignments

Intramolecular charge distribution is a commonly observed entity in metal complexes
containing non-innocent ligands and as such, ligand and metal oxidation state determinations are
often convoluted. In order to make such assignments, a battery of analytical techniques must be
applied. Structural data obtained from X-ray diffraction experiments establish that the (3,5-dmp

ADI) and (3,5-dmp PDI) ligand scaffolds of 14 and 15, respectively, are in their monoanionic
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iminosemiquinonate forms. The EPR spectrum of 14 also ascertains that aradical islocalized in
the acenapthenediimine ligand. Chelation of three monoanionic ligands to each chromium center,
therefore, suggests that the metal center oxidation state is +3. This contention is further
supported by UV-vis spectroscopy wherein the absorption bands at 572 nm and 566 nm for
complexes 14 and 15, correspondingly, pertain to metal-ligand interactions of Cr(l111) complexes
containing ligand-based radicals.’” These measurements establish that complexes 14 and 15 are

formally chromium(111) compounds supported by = radical iminosemiquinonate ligands.

5.3.2 Redox Properties of Chromium(l11) Complexes

Although the metal center coordination environments are very similar for Cr(dmp-
ADI™)3(14) and Cr(dmp-PDI™); (15), the differences in their ligand backbones have significant
impacts on their eectronic profiles. Whereas the phenanthrene moiety of (3,5-dmp PDI) is
aromatic when fully reduced, the acenapthene moiety of (3,5-dmp ADI) is anti-aromatic in its
diamide form (Scheme 5.2). Therefore, it should be easier to reduce and harder to oxidize (3,5-
dmp PDI)*" in comparison to (3,5-dmp ADI™)*". This proposal is in agreement with the results
of electrochemical studies wherein the redox potentials of 15 are generally shifted more positive
as compared to those of 14.

Based on the electrochemical data of complexes 14 and 15, the neutra tris-
iminosemiquinonate chromium(l1l) complexes are capable of supporting multi-electron
oxidation and reduction reactions without formal oxidation state changes at the metal centers
(Scheme 5.5). Successive additions of three single electrons to Cr(1SQ); generate the molecular
monoanionic, dianionic, and trianionic complexes in which the iminosemiquinonate ligands act

as the electron acceptors. Sequential oxidations of Cr(1SQ)s produce the singly-, doubly-, and
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triply-oxidized species wherein the ligands act as electron donors. These redox series are akin to

those of chromium(l11) tris-semiquinonate complexes containing dioxolene-type ligands.®

(-] -] a =] =] -]

e e e e e e
Cr(DI)s™ <=5 Cr(DN(ISQ)** <=5 Cr(DIISQ), ™ == 5 Cr(ISQ);* <5 Cr(DAISQ)," <=5 Cr(DA),(ISQ)* =~ 5 Cr(DA)s™
e° e®
7N ) 2N =) SN
R-N° 'N-R _g° R-N ' N-R _g° R-N N-R

© e e
DI 15Q DA

Scheme 5.5. Redox series of tris-iminosemiquinonate complexes of chromium(I11).

5.4 Summary and Conclusion

Complexes 14 and 15 display clear differences in their electronic properties likely
stemming from differences in the diimine ligand backbones. The electrochemical activity of both
chromium complexes conform with the view that the phenanthrenediimine moiety is more
difficult to oxidize but easier to reduce than the acenapthenediimine moiety. However, further
investigations are required in order to completely understand the unique behaviors of such

complexes, both of which apparently exhibit intramolecular anti-ferromagnetic properties.

5.5 Experimental

General Procedures. All compounds and reactions reported below require manipulations to be
carried out under air- and moisture-free conditions using standard glovebox techniques or
Schlenk techniques. Solvents were sparged with argon and then deoxygenated and dried by
passage through Q5 and activated alumina columns, respectively. To test for effective oxygen
and water removal, solvents were treated with a few drops of a purple solution of sodium
benzophenone ketyl in THF. The CsDg NMR solvent was dried in sodium-potassium amalgam
benzophenone ketyl for two days, followed by trap-to-trap vacuum distillation and several
freeze-pump-thaw cycles. Mesitylene was dried by heating at reflux in the presence of sodium

benzophenone before being distilled into Straus flasks and degassed through severa freeze-
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pump-thaw cycles. The ligands N,N'-bis(3,5-dimethyl phenyl)acenapthenediimine (dmp-ADI),%
N,N'-bis(3,5-dimethyl phenyl)phenanthrenediimine ~ (dmp-PDI), % and  N,N'-his(35

5a, 21

dimethyl phenyl)phenanthrenediamine (dmp-PDA) were synthesized according to published
procedures. The CrCl3(THF)3 (Strem), Cr(CO)s (AlfarAesar), and n-butyl lithium (Alfa-Aesar)
were used without further purification.

Physical Measurements. The UV-vis spectra were recorded with Perkin—Elmer Lambda 800
Spectrometer as solutions in toluene, THF or pyridine. Electrospray ionization mass
spectrometry MS(ESI) was performed at the Mass Spectrometry Facility at University of
Cdifornia, Irvine. NMR spectra were acquired on a Bruker Avance 400/500/600 MHz
spectrometer. Perpendicular-mode X-band EPR spectra were collected using Bruker EMX
spectrometer equipped with ER0O41XG microwave bridge. Elementa anaysis experiments have
been performed on all new compounds, and the results of those that fall in the expected mass
ranges are reported.

Electrochemical Methods. Cyclic voltammograms were collected using Gamry Series G 300
potentiostat/galvanostat/ZRA (Gamry Instruments, Warminster, PA) inside a nitrogen-filled
glovebox. A glassy carbon working electrode (3.0 mm), platinum wire counter electrode, and
silver wire reference electrode were used. Sample concentrations were 1.0 mM in THF with 0.10
M tetrabutylammonium hexafluorophosphate as the supporting electrolyte. All potentials are
referenced to [Cp,Fe] " using (Cp*).Fe and Cp,Fe as internal standards. Decamethylferrocene
(Acros) and ferrocene (Acros) were purified by sublimation under reduced pressure.
Tetrabutylammonium hexafluorophosphate (Acros) was recrystallized from ethanol three times

and dried in the oven before use.

116



Crystallographic Methods. X-ray diffraction data were collected on crystals mounted on glass
fibers using a Bruker CCD platform diffractometer equipped with a CCD detector.
M easurements were carried out using Mo Kq (A = 0.71073 A) radiation, which was wavelength
selected with a single-crystal graphite monochromator. A full sphere of data was collected for
each crystal structure. The APEX2 program package was used to determine unit-cell parameters
and to collect data.?? The raw frame data were processed using SAINT? and SADABS? to yield
the reflection data files. Subsequent cal culations were carried out using the SHELX TL? program
suite. Structures were solved by direct methods and refined on F? by full-matrix |east-squares
techniques to convergence. Analytical scattering factors for neutral atoms were used throughout
the analyses. Hydrogen atoms, though visible in the difference Fourier map, were generated at
calculated positions and their positions refined using the riding model. ORTEP diagrams were
generated using ORTEP-3 for Windows? and all thermal ellipsoids are drawn at the 50%

probability level.

Table 5.4. X-ray diffraction data-collection and refinement parameters for complexes 14 and 15.

14+(CeHe) 153(C+Hy)
Empirical formula CgqH7oNgCre(CgHg) CgoH7g NgCre3(C;Hg)
Formula weight 1295.58 1571.98
Crystal system Rhombohedral Triclinic
Space group R3c p1
T 88(2) K 133(2) K
a 13.1416(5) A 13.2313(7) A
b 23.1416(5) A 13.3926(7) A
c 70.675(3) A 25.6445(14) A
a 90° 79.8351(7)°
B 90° 84.4156(8)°
y 120° 70.6054(7)°
v 10570.4() A’ 4215.4(4) A3
Z 6 2
Reflections collected 35656 46400
data/restraints/parameters 2389/0/ 150 17199/ 0/ 1014
R1[I>20(1)]* 0.0380 0.0522
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WR2 (all data)® 0.1127 0.1414
GOF? 1.054 1.021
*R1 = Z[|Fo| - IFVZIFol; WR2 = [Z[W(F,” - FE)VEIW(FS) 1] GOF = [Zw([Fo| - IFcl)?/(n — m)]*?

Synthesis of Cr(dmp-ADI); (14). Dry mesitylene was transferred via cannula into a Schlenk
flask containing 3.10 g of dmp-ADI (7.98 mmol, 3.5 equiv.) and 502 mg of Cr(CO)s (2.28 mmol,
1 equiv). The dark red solution was heated at reflux under argon for 5 days to afford a dark
purple solution. Solvent was removed via distillation under vacuum to reveal dark purple solids
which were then washed with pentane. Yield: 1.73 g (62 %). UV-vis (THF) Amad/nm (¢/ M~ cm
1: 508 (8,600), 572 (6,200), 804 (2,100), 960 (1,200), 1116 (1,400). MS(ESI+) m/z; 1217.60
(M+).

Synthesis of Cr(dmp-PDI); (15). A THF solution containing 83.6 mg of dmp-PDA (0.200
mmol, 1.5 equiv.) was cooled at 77 K. To the cold orange solution, diethyl ether solutions of n-
butyl lithium (0.400 mmol, 3 equiv.) was added and the resulting dark red solution stirred at
ambient temperature for 1 hour, after which the mixture was cooled at 77 K. To the cold dark red
mixture, 82.1 mg of dmp-PDI (0.197 mmol, 1.5 equiv.) was added at room temperature. After
reacting for 2 hours, the resulting dark green lithiated semiquinonate mixture was once again
cooled at 77 K. Subsequent addition of CrCl3(THF)3 at warmer temperatures produced a dark red
solution that was stirred overnight (>12 hours) after which the mixture was placed under vacuum
to remove the volatiles. The dark red product was then extracted with 25 mL of toluene and the
solid byproducts were removed by filtration. Upon concentrating the dark red filtrate to one-
quarter volume, acetonitrile was added and the resulting dark red mixture was cooled overnight
at 238 K to produce dark microcrystalline solids. Yield: 100.5 mg (58%). UV-vis (THF) Amax/nM

(e/ M~'cm™): 566 (6,100), 490 (5,000). MS(ESI+) m/z: 1296.58 (MH-+).
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Appendix
Synthesis of N,N'-bis-(3-adamantylamino-propyl)-4,5-dimethoxy-benzene-1,2-diamine
(["N2NzJH)

The preparation of N,N'-bis-(3-adamantylamino-propyl)-4,5-dimethoxy-benzene-1,2-
diamine (["“N,N]H,) was adapted from synthetic procedures for N,N'-bis-(3-dimethylamino-
propyl)-4,5-dimethoxy-benzene-1,2-diamine  ([V*N,Ny]H,). * As described in Scheme A.1,
heating to reflux a methanol solution of the [N2Cly]H, precursor with excess dimethylamine
hydrochloride and potassium carbonate provided [M*N.N3JH, in high yield. However, under
comparable conditions, reaction of [N2Cl,]H, with 2.5 equivalents of adamantylamine resulted in
recovery of free amine in considerable yields. When the reaction was carried out in the presence

of stronger bases, such as KOH or NaH, formation [*N,N,]H, was still not observed.

o Ccl 2.2 Me;NH-HCI

g fo) NMe,

o e 25 choa\ Hﬁ(z KCl o ?m/\/

g I I " A, MeOH l -\O:C[NH
04\/\;, OJ\/\NMez

[NCl3]H, [MeN,NoJH,

Scheme A.1. Synthesis of [M*N,N]H,.

To increase the driving force for installing the adamantylamide, it was hypothesized the
use of a better leaving group would be necessary. Hence, [N2l2]H2 was used as a precursor in
place of [N2Cl,]H2 (Scheme A.2). Interestingly, when the reaction mixture was heated to reflux
in methanol overnight, the product formed appeared to be [N,(OMe);]H, based on *H NMR
spectral analysis. Under similar conditions, [N2(OMe),]H, was a so isolated when [N2Cl,]H, and

2.2 equivaents of Nal were used as starting materials.

121



NH,

oy 212 -
O
H,CO3 + 2 KCI
\0 NH A, MeOH 2¥M3

OJ\/\l OY\/OME

NH, o

NH
~
[N H, . @ . :C[
o NH

° - )\/\
j/\/ o OMe
/0 NH
j@( s, MeOH I~ [N,(OMe);1H;
o NH
OJ\/\

NH,

Cl
IN,CLIH, 2.2 K,CO; + z.z@ + 2.2 Nal

Scheme A.2. Attempts to prepare [*“N,N,]H, leading to formation of [N,(OMe),]H,.

Ultimately, it was discovered that treatment of the [NCl;]H, synthon in THF with excess
adamantylamine and catalytic amounts of Nal was necessary to furnish the desired product
[*N,N,JH, (Scheme A.3). When either 2.2 or five equivalents of adamantylamine were
employed, asymmetric products were observed by *H NMR. In contrast, the use of ten
equivalents of adamantylamine generated a fully aminated [*“N,N]H,. However, separation of
the excess amine precursor from [AszNz] H, proved challenging. Due to their similar solubilities,
isolation of the desired product via solvent extractions or recrystallization were unsuccessful.
Because their polar and basic properties were very alike, purification by column chromatography
was aso difficult to achieve. Thus far, the most effective technique for removing the free
adamantylamine was through sublimation, although significant amounts of the free amine was

still present in the final product mixture.
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Scheme A.3. Synthesis of [*“N,N,]Hs.

Experimental

Synthesis of [AszNz]Hz. To a THF solution containing 100 mg of [N2Cl,]H, (0.286 mmoal, 1

equiv.), 80 pL of triethylamine (0.572 mmol, 2 equiv.), 434 mg of adamantylamine (2.86 mmoal,

10 equiv), and a catalytic amount of sodium iodide were added. After heating the dark brown

solution to reflux for 12 hours, solid byproducts were removed via vacuum filtration. Addition of

diethyl ether to the liquid filtrate led to precipitation of beige solids, which were then dissolved

in dichloromethane and washed with 1 M sodium hydroxide. After drying with magnesium

sulfate, the dichloromethane solution was placed under reduced vacuum to remove volatiles,

revealing light brown solids. Excess adamantylamine was removed by sublimation under static

vacuum at 65°C. *H NMR (500 MHz, CDCls) d/ppm: 1.59-1.76 (overlap, 54 H, CH from free

adamantylamine and adamantylamine of [*N,N,]H,), 2.04-2.16 (overlap, 14 H, NH from free

adamantylamine and adamantylamine from [*N,N,]H,,), 2.72 (s, 4 H CH,), 4.87 (s, CHy, 4 H),

3.83 (s, 6 H O-CH3), 7.00 (s, 2 H, aryl-H). MS(ESI+) m/z: 579.4 (MH+).
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