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Abstract

Developing Transition Metal Catalysts that Incorporate Redox-Active Ligand
Frameworks for Sustainable Catalysis

By

Ailing Yu

Transition metal catalysis has been an essential pillar of modern organic synthesis.
Traditionally, the primary focus has been on using expensive noble metal catalysts since they
tend to undergo multi-electron transformations. Recently, the more sustainable first-row
transition metal catalysts attracted wide attention with the development of redox-active
ligands that can function as electron reservoirs to facilitate multi-electron reactions.

We aim to develop sustainable catalysts that incorporate redox-active ligands with
first-row transition metals and use dioxygen as the green oxidant for environmentally benign
chemical transformations. In Chapter 2, the design, syntheses, and characterizations of two
novel redox-active ligands will be described. These ligands contain a multi-dentate
nitrogenous moiety and catechol moieties, allowing more coordinative versatility and
electronic tunability of corresponding metal complexes. The catalytic properties of the two
resulting Cu complexes, a cobalt cluster, and an iron cluster were investigated by X-ray
crystallography, cyclic voltammetry, and UV-vis spectroscopy. Chapter 3 discusses the
design, syntheses, and characterizations of terminal alkyne modified redox-active ligands for
application in flow chemistry. Cobalt complexes with these newly synthesized ligands were
obtained and used in cyclic voltammetry studies, UV-vis spectroscopy, O-atom transfer

reaction, and aerobic hydrazone oxidation.
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1. Chapter 1: History and Introduction of Redox-Active Ligands and
Their Role in Facilitating Chemical Reactions with First-Row
Transition Metals

Introduction

Metal-based catalysis is an integral aspect of modern life. For example, the Harbor-
Bosch process made ammonia fertilizer widely available, which significantly advanced
modern agriculture. This method achieved large-scale ammonia production through artificial
nitrogen fixation using hydrogen and nitrogen gas and an iron catalyst. Another example of
metal-based catalysis in our daily life is the catalytic converters for automobiles. This device
converts toxic gas and pollutants including hydrocarbons, carbon monoxide, and nitrogen
oxides into less harmful pollutants through reduction and oxidation reactions catalyzed by
palladium, platinum, or rhodium. The utilization of catalysts can help facilitate these
desirable chemical transformations. However, traditional catalyst design often utilize
expensive noble metals such as second and third-row transition metals.! For example, Pd-
catalyzed cross-coupling reactions have been widely used in industrial applications to
synthesize potential or existing drug candidates.? While powerful, catalysis using these noble
transition metals comes with several limitations, including limited natural abundance, high
cost, and specific toxicity. These limitations of noble transition metal catalysts have led to an
extensive search for more sustainable, cost-effective catalysts.

First-row transition metals present a promising alternative for being less expensive,
more earth-abundant, and environmentally benign. These properties have led to an increase in

the number of researchers trying to incorporate first-row transition metals in catalyst design.



Despite these attractive properties, one limitation in these systems is that the first-row
transition metal complexes tend to undergo one-electron redox events rather than the two-
electron processes necessary for various synthetically relevant catalytic conversions,
including oxidative addition, reductive elimination, and atom transfer reactions. Fortunately,
nature has provided one possible solution by incorporating redox-active ligands with first-
row transition metals for the successful catalysis of multi-electron reactions. Inspired by
nature, researchers have focused on developing first-row transition metal complexes that
incorporate redox-active ligands to facilitate multi-electron reactions. This approach imparts
noble-metal characters to more abundant, less toxic first-row transition metals such as Fe, Co,
Ni, Cu, and Zn in the multi-electron reactions.?
Redox-active ligands in nature

The power of incorporating redox-active moieties with first-row transition metals has
long been demonstrated in nature. Because many important biological transformations are
multi-electron processes, redox-active moieties have been incorporated with cheap, earth-
abundant first-row transition metals to facilitate such redox events. Some biological enzymes
such as galactose oxidase, ribonucleotide reductase, cytochrome c oxidase, glyoxal oxidase,
and catechol dioxygenase incorporate first-row transition metal catalysts supported by redox-
active ligands. Facilitated by these redox-active ligands, these enzymes can achieve multi-
electron reactions by distributing redox-events over multiple redox-active centers.

Galactose oxidase (GO) is a copper-containing enzyme that catalyzes the oxidation of
primary alcohols to the corresponding aldehydes.® At its core, GO contains a novel redox-

active site comprised of a copper ion coordinated with four amino acid residues, including



two histidines, two tyrosines, and a solvent molecule which can later be replaced by the
substrate.* GO can exist in three distinct oxidation states: (a) Cu(ll) coordinated with a
tyrosyl radical, which is the catalytically active species, (b) Cu(ll) with a tyrosine, (c) Cu(l)
with a tyrosine.> Extensive spectroscopic and X-ray crystal studies suggested a proposed
mechanism for the two-electron oxidation reaction as shown in Scheme 1-1.58 The free
radical on Tyr272 in the copper active site is stabilized through delocalization by the aromatic
ring of the tyrosine and the cross-linked cysteine sulfur. This tyrosine 272 residue functions
as the redox-active ligand in GO enzyme and facilitates the electron transfer during the

oxidation reaction, allowing the conversion of galactose to galactose-1-aldehyde.
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Scheme 1-1. Mechanism proposed for galactose oxidase catalyzed oxidation reaction.®3



Ribonucleotide reductase found in humans and bacteria utilizes a diiron-tyrosyl
radical cofactor to promote multi-electron reactions at the first-row transition metal site
(Figure 1-1). Ribonucleotide reductase (RNR) is essential for the conversion of
ribonucleotides into deoxyribonucleotides, the building blocks of DNA (Scheme 1-2).°
Studies showed that the tyrosyl radical is critical for the enzymatic activities and is stabilized

by an adjacent binuclear iron center.%°

Tyry;

OH OH

ribonucleotide deoxyribonucleotide
Scheme 1-2. Ribonucleotide reductase catalyzed reduction of ribonucleotide to

deoxyribonucleotide.

Another example of enzyme that incorporates redox-active ligand with first row
transition metal is cytochrome c oxidase (CcQO). Cytochrome ¢ oxidase is a key respiratory
enzyme that reduces oxygen to water and stores the energy released from the reaction with a

bimetallic Cu-Fe system in the active site (Figure 1-2).2*2 The porphyrin ligand in the CcO



enzyme helps facilitate multi-electron reactions at its first-row transition metal center. The
extensive m-network in the porphyrin ligand allows the delocalization of the electrons and
thus stabilizes the ligand radical.14%°
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Figure 1-2. Cytochrome c oxidase.

The redox-active moieties in these enzymes help store and mediate electron transfer
as well as promote multi-electron catalytic reactions. Inspired by these naturally occurring
enzymes, researchers have been developing redox-active ligand systems to advance first-row
transition metals in multi-electron catalysis.

Development of redox-active ligands

The concept of redox innocent and non-innocent ligands was first introduced by
Jorgensen in 1966.1° Redox non-innocent or redox-active ligands can accept or donate
electrons and actively participate in electron transfer reactions, thus having received special
attention. In the system where the metal center is coordinated with a redox-active ligand, the
frontier molecular orbitals, HOMO (highest occupied molecular orbitals) and LUMO (lowest

unoccupied molecular orbitals) of the metal center, are similar in energy to the frontier



molecular orbitals of the ligand to which they coordinate. This similarity in energy allows the
electron transfer to not only occur solely on the ligands or metal centers, but synergistically
between the redox-active ligands and the metal centers as well. The redox-active ligands
coordinated with first-row transition metals function as electron reservoirs and allow more
possible redox events in the metal complexes, thus expanding their utilization in multi-
electron catalysis. The incorporation of redox-active ligands in the metal complexes is a
powerful strategy to overcome the inherent electronic limitation of first-row transition metals
for multi-electron catalysis. Therefore, the development of redox-active ligands and their

metal complexes for catalysis was and continues to be the focus of many research efforts. /-2

Dithiolene ligands

The initial studies of redox-active ligands trace back to more than half a century ago.
In 1962, Schrauzer and Mayweg first synthesized complex 1-1 by reacting nickel sulfides
with diphenylacetylene.?® They reported that only one signal was observed in the proton
magnetic resonance spectrum, suggesting a square planar geometry around the nickel center.
The charge of the nickel complex 1-1 and dithiobenzil ligand 1-2 are both zero, suggesting a
formal Ni® oxidation state; however, magnetic measurements and spectroscopic evidence
suggested a Ni' center.? This in turn, implies that each ligand 1-2 was reduced by one

electron, forming the Ni' neutral complex.?*

U O U
o OO

1-1 -2

Figure 1-3. Nickel complex 1-1 and dithiobenzil ligand 1-2.



In 1962, the Gray group synthesized and studied a series of complexes M?*, which
coordinated to modified dithiolene ligands (maleonitriledithiolate ligands).2®> The bis-ligated
complexes M(MNT)? (M= Ni'", Ccu", Co", Pd", Pt'") were found to be in square planar
geometry as supported by X-ray powder diffractometry and magnetic susceptibility
measurements. In the following year, the Gray group reported another series of complexes
M*, with toluene 3,4-dithiolate ligand coordination.?® The magnetic susceptibility data and
electronic spectra suggested that the complexes are planar and are composed of metal centers

with +1 oxidation state and two dithiolate mono-radical anion moieties.2®

1

Ny . T
N C C d
SN Me SN
| /M\ | /M\
-C S S Cs S S Me
N* N
M2t = Ni%*, Cu?*, Co?*, Pd?*, P>+ M* =Ni*, Cu’, Co™, Fe*
M(MNT),* M(TDT),"
MNT= maleonitriledithiolate TDT= toluene 3,4-dithiol

Figure 1-4. Two series of dithiolene complexes synthesized by the Gray group.

To further investigate the possible redox events in the complexes with dithiolene
ligands, Davison et al. prepared a series of neutral complexes with dithiolene ligands, and
their corresponding one-electron and two-electron reduction products were generated through
electron-transfer reactions by polarography.?” Through the studies regarding the structural,
spectroscopic and electronic properties of dithiolene metal complexes, it was concluded that
the redox chemistry could happen solely on the ligand, leaving the oxidation state of metal
centers unchanged.?*?8 The research regarding the dithiolene complexes set the stage for the

development of redox-active ligand incorporated metal complexes in multi-electron reactions.
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Scheme 1-3. Dithiolene complexes in three different oxidation states.

Catecholate ligands—the oxygen analogs

With the report of dithiolene ligands functioning as electron reservoirs in redox events
involving metal centers, increasing interests were devoted to the development of redox-active
ligands with dithiolene analogs. The ortho-benzoquinones (catecholate) systems, the oxygen
analogs of dithiolene ligands, have received extensive attention.?® Similar to dithiolene
ligands, catecholate ligands have three potential oxidation states as shown in scheme 1-4. The
catecholate [Cat]* ligand can undergo one-electron oxidation to form semiquinone [SQ]
ligand or undergo two-electron oxidation to form benzoquinone [BQ] ligand. The electronic
tunability of the catecholate ligands provide three possible coordination modes with the metal

centers (Scheme 1-4 (b)).
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[Cat]*> [SQT [BQ]
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\ MP== x> M
(0) +e O
2 2

1-6 1-7 1-8

Scheme 1-4. (a) Schematic representation of three oxidation states of catecholate ligands (b)

three possible binding modes of catecholate ligands involved metal complexes.
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3,5-di-t-butylbenzoquinone 9,10-phenanthrenequinone tetrachloro-1,2-benzoquinone

1-9 1-10 1-11
Figure 1-5. Three developed catecholate redox-active ligands.

Many initial studies were carried out using three catecholate ligands in their various
oxidation states: 3,5-di-t-butylbenzoquinone, 9,10-phenanthrenequinone and
tetrachloro-1,2-benzoquinone (Figure 1-5). In 1966, Holm and coworkers reported the
syntheses and characterizations of a series of bis(catecholato) complexes where metal centers
are Co'", Ni"", Cu'" or zn".3 However, this study was not able to confirm the oxidation states
of the metals and ligands. In 1978, the Hendrickson group studied the structural and magnetic
properties of neutral tris(semiquinone) complexes prepared with Fe and Cr (Figure 1-6).%!
The tris-chelated iron complexes had an octahedral geometry and the Mdssbauer parameters
suggested ferric Fe''" ion.?® The magnetic moment studies assigned a S=1 ground state which
aligned well with a S=5/2 metal ion interacting with three S=1/2 semiquinone ligands,
affirming the Fe''(R-SQ)s assignment. In the case of Cr'"' metal ion, the spin state of the
metal is 3/2. The complexes Cr'"' (R-SQ)s were found to be diamagnetic at all temperatures,

thus affirming the assignment of Cr'"' coordinating with three S=1/2 semiquinones.
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Figure 1-6. M(SQ)z complexes prepared by the Hendrickson group.

Diimine and amidophenolate ligands—the nitrogen analogs

To expand the scope of redox-active ligands, the nitrogen analogs were synthesized
and explored. Diimine and amidophenolate ligand systems were developed and both exhibit

similar redox properties to catecholate ligands, where three oxidation states are possible.

R
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Figure 1-7. Three possible oxidation states of (a) diimine, (b) amidophenolate ligand.
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The first diimine complex was synthesized in 1927 by Feigl and Firth. A violet
complex Ni[CeHa(NH)2]2 formed upon mixing Ni?* and o-phenylenediamine in aqueous
ammonia.®? Later in 1965 and 1966, Holm and coworkers synthesized a series of [M—Na]?
complexes as parallel work to their catecholate/ semiquinone/ quinone studies.®*3* The metals
studied were Pd, Pt, Co, Ni and [M—N4]* complexes were proposed to have formal charge z=
-2,-1, 0, +1, +2. However, spectroscopic and magnetic data cannot be used to unambiguously

assign the oxidation states of metals and ligands at that time. It was not until 2001 that the
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electronic structures of these complexes with radical involved diimine ligands were carefully
studied by Wieghardt and co-workers.®® They reported that the diamagnetic square planar
complexes of Ni", Pd", and Pt" of the type [M—0a4], [M—Na4], and [M—0O2N;] contain two o-
semiquinonato radical ligands, and the observed singlet ground state is due to intramolecular
antiferromagnetic coupling of the radicals in the ligand system (Figure 1-8). An example of
their study regarding the select bond lengths of complexes with amidophenolate ligand in

three different oxidation state is shown in Figure 1-9.%

A < v \
Z N\ /
M
/ \_7
Y X
Singlet groud state

(X, Y)= (NH,NH); (NH,0); (0,0), (S.S)
M= Ni'l, pd", pt"!

Figure 1-8. Electronic structure of [M—04], [M—Na4], and [M—02Nz2] reported by Wieghardt

and co-workers.

amidophenolate (2-) amidobenzoquinone (0)
amidobenzosemiquinonate (1-)

Figure 1-9. Select bond lengths of complexes with amidophenolate ligand in three different

oxidation states.

The 2,2’-bipyridine (bpy) ligand derived from diimine ligand was discovered at the
end of nineteenth century®” and has become one of the most explored chelating systems in
coordination chemistry.®® 2,2’-bipyridine has a similar extensive m-network as dithiolene,

catecholate and diimine ligands, and therefore can also facilitate redox events.
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Scheme 1-5. Three possible oxidation states of 2,2’-bipyridine ligand.

In 1928, magenetochemical investigations were first applied to the metal complex
with 2,2’-bibyridine ligand, [Fe(bpy)s](SOa), which was determined to be a diamagnetic low
spin Fe!' complex.®*%° Since then, extensive studies have been done with focus on utilizing
the bidentate 2,2’-bibyridine ligands to form metal complexes*® and metallosupramolecular
complexes.**3 With the advancing of spectroscopic technologies, researchers were able to
determine and characterize the structure of these complexes. However, their redox-activities
were not reported until early 2000.*+*6 The Wieghardt group first performed a density
functional theoretical (DFT) study to provide guidance on the assignment of the oxidation
level of bpy ligand in the complexes.*’ In later years, they performed detailed electronic
structure studies on a number of tris-2,2’-bipyridine complexes M[bpy3]" of V, Fe, Ru, Ti, Cr,
Mo and Mn.*®-2 Discussions of analogous complexes M[tby2]", which has 2,2:6,2-terpyridine
ligands were also included in their reports (Scheme 1-6). The inclusion of reduced mono-

radical anions was confirmed in the monoanion metal complexes such as Fe[bpys]*.
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Scheme 1-6. Neutral and mono-radical anions of (a) 2,2’-bipyridine and (b)

2,2:6,2-terpyridine.

Iminopyridine ligands

Iminopyridine ligands are one of the most widely used ligands due to their ease of
synthesis and capability of coordinating with a wide variety of metals. In addition, change of
functionalities on the pyridyl or aryl rings can modulate the steric and electronic properties of
the ligands. Wieghardt and co-workers reported the syntheses and characterizations of a
series of bis(a-iminopyridine)metal complexes with the first-row transition metal ions (Cr,
Mn, Fe, Co, Ni, and Zn) in 2008.%* In principle, the a-iminopyridine ligand can exist in three
different oxidation states as shown in Scheme 1-7. Wieghardt and co-workers reported that
the neutral bis(a-iminopyridine)metal complexes comprise a divalent metal ion and two
mono-anionic ligand radicals as supported by physical measurements including X-ray
crystallography, magnetic susceptibility measurements, cyclic voltammetry, UV-vis
spectroscopy, NMR, EPR, and Madssbauer spectroscopy, as well as density functional
theoretical (DFT) calculations. In addition, the unpaired spins at the ligands and metal center
were shown to be antiferromagnetically coupled.>* Detailed investigations on the one-
electron oxidized cationic series suggested ligand-centered oxidation, resulting in mostly
mixed-valent complexes, wherein the two ligands have formally different redox states, (L)°
and (Le)". Different electronic structures were observed due to the nature of the metal linker:
the ligand radical was fully delocalized in the cationic Fe and Co complexes, while localized

in Zn, Cr, and Mn complexes.
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Scheme 1-7. Three possible oxidation states of a-iminopyridine.

In addition to a-iminopyridine ligands, Wieghardt and co-workers also contributed
significantly to the coordination chemistry of bis(imino)pyridine ligands.>>*® A study on the
model complex (‘PrPDI)FeCl; revealed that it consisted of a high-spin ferrous center ligated
by a neutral bis(imino)pyridine ligand.%® The single-electron reduction product, (‘PrPDI)FeCl,
was still with a high-spin ferrous center (S=2), but was also antiferromagnetically coupled to
the radical (S=1/2) in the reduced ligand, resulting in experimentally observed S=3/2 ground
state. Continued single-electron reduction preserved the ferrous center and generated a
bis(imino)pyriidine diradical. These results demonstrated that sequential redox events
happened on the conjugated n-system of the bis(imino)pyridine ligands, rather than on the

metal center.

| X xs 0.5 % Na(Hg) | X xs 0.5 % Na(Hg) I X
or or
| N N NaBEt;H | N N NaBEt;H | N N
—_— —_—
Ar’N\IJe/N\Ar - NaCl Ar’N\Fle/N\Ar lam N, Ar’N\Fle/N\Ar
- NaCl

CI, Cl CI, N, N2

(‘PrPDI)FeCl, (‘PrPDI)FeCl (‘PrPDI)Fe(N,),

Scheme 1-8. Reduction of (‘PrPDI)FeCl..

Other imine based ligands

Porphyrin is a naturally occurring redox-active ligand that is a component of

hemoproteins, whose functions include carrying oxygen in the bloodstream. Porphyrin can
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act as a tetradentate ligand, and the extensive m-network allows its redox-active property.
Dipyrrin, which can be seen as ‘half-porphyrin’>’, has similar electronic, geometrical, and
structural parameters with the porphyrin ligand and can facilitate multi-electron events at the
metal center.®®®1 In 2009, the Betley group developed a dipyrrin ferrous complex that can
catalyze intramolecular C—H amination.®! In the same year, the Betley group also performed
structural and electronic studies on a series of transition metal complexes (Mn, Fe, Co, Ni, Cu,
Zn) of the dipyrrin ligand. A two-electron oxidation pathway, which was entirely ligand-
based, was detected through differential pulse voltammetry.%’ Other studied nitrogenous
redox-active ligands include pathalocyanine®?®® and 9,10-phenanthrenediimine (Figure 1-
10).%5%° One common feature of these redox-active ligands is the existence of extensive n-
network which can function as electron reservoir and facilitate redox events when

coordinated with metals.

porphyrin dipyrrin
N
’ A
Y O
o (0
N N
P _ R-NH HN-R
N
pathalocyanine 9,10-phenanthrenediimine

Figure 1-10. Examples of other imine based redox-active ligands.
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In 2008, Hu et. al, developed a new amidobis(amine) pincer type ligand as shown in
Figure 1-11.° Studies showed that the nickel compound incorporating this ligand can

promote cross coupling of nonactivated alkyl halides.”"

R\NH HN'R
H

Figure 1-11. Amidobis(amine) pincer type ligand.

Phenol-containing ligands

Inspired by the discovery of tyrosyl radicals in the active site of enzymes that
naturally catalyze multi-electron reactions, researchers have been developing phenol
containing redox-active ligands that could form phenoxyl radicals. In some cases,
2,6-di-tert-butylphenol moiety was installed to the original ligand system,’3"* allowing the

formation of relatively stable phenoxyl radical upon oxidation.

By
HO\Q\(O R
Bu OH Bu HN
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I ~N
Bu N NH
R / \N
N
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R
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Figure 1-12. Examples of ligand system involving 2,6-di-tert-butylphenol moiety.

Some other examples of phenol containing redox-active ligands include salphen

ligands 1-14,7>7° bis(phenol)amine ligands 1-15,8%% and o-mercaptophenol ligands 1-16.85%°
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Figure 1-13. Examples of phenol containing redox-active ligands.
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Applications of redox-active ligands in catalysis

Conventionally, in the metal complex with redox-inactive ligands, the redox events
originate on the metal center while the coordinated ligands remain spectators. Whereas for
complexes with redox-active ligands, redox events can happen on the metal center or ligand
scaffold or even both in the metal complexes with redox-active ligands, offering better multi-
electron catalysis by first-row transition metals which usually prefer single-electron redox
events. However, the involvement of redox-active ligands in the system made the assignment
of oxidation state on the metal center more difficult. Consequently, researchers over the years
have been focusing on investigating the structure-bonding correlation and understanding the
electronic and magnetic properties of the redox-active ligands and their complexes.

Only recently, with advances in the mechanistic elucidation of metallo-enzymatic
reactions that include redox-active ligand participation, research interests have shifted to
utilizing redox-active ligand-metal cooperative system for catalysis. Redox-active ligands not
only can offer coordination and steric control to the metal centers, but also function as
electron reservoirs and/or participate in the reactions, thus facilitating the multi-electron

catalysis at first-row transition metals.
Carbon-Carbon bond formation

Carbon-carbon bond formation has consistently been a key area of interest in
synthetic chemistry. Generally, these reactions proceed through the mechanism of oxidative
addition/reductive elimination, which often involve two-electron transfer mechanisms. As a
result, several noble transition metal catalysts including the well-known palladium catalysts
for cross-coupling reactions were developed. However, with higher demand for chemical

products and rapid depletion of natural resources, scientists have been searching for more
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cost-effective and eco-friendly alternatives to replace the expensive noble transition metal
catalysts. First-row transition metals with redox-active ligands have become popular in
sustainable catalyst design. First-row transition metals are more earth-abundant and less toxic,
and their preference for single-electron events can be altered by incorporating redox-active
ligands that serve as electron reservoirs to facilitate multi-electron events. With the help of
redox-active ligands, the multi-electron redox events can happen either synergistically at the
metal center and ligand system or purely at the ligand, thus avoiding unfavorable
intermediates with high oxidation states of metal centers.

In 2006, Chirik and co-workers developed a bis(imino)-pyridine-coordinate
Fe'-dinitrogen catalyst 1-17 for [2n+2n] cycloadditions.®® The proposed mechanism started
with a reaction between the catalyst 1-17 and the diene substrate. The diene substrate was =-
coordinated to the metal through ligand exchange and formed the intermediate 1-18. Both 1-
17 and 1-18 contained a ferrous ion center with a two-electron-reduced bis(imino)-pyridine
ligand radical. Intermediate 1-19 formed in equilibrium with 1-18. The C—C coupling product
was then formed through reductive elimination with the regeneration of the catalyst 1-17. The
ligand-centered redox events in the catalytic cycle allowed the oxidation state of the iron
center remained unchanged, thus avoiding the unfavorable oxidized Fe'V species (Scheme 1-

9) ) 18,90



20

| X
Me Z Me
‘Pr N 1 ipr
N IL_N
v/ \ j@
Pr i
3 N
X Reduced ligand, Fe' X
1-17
® B
Me z Me Me z Me
| T | N
N I _N II
A" TSFe”T A /N\ I\/N\Ar
X =z
idized li Fell
Oxidized ligand, Fe y \L Reduced ligand, Fe'!

1-19

N S

X = CH,, NHBn, NH'Bu, C(CO,Et),

o
//_/

Scheme 1-9. Proposed mechanism of [2n+2x] cycloadditions by developed a

bis(imino)-pyridine Fe'-dinitrogen catalyst.8:%

In 2010, Soper and co-workers developed Co'' complexes with redox-active
amidophenolate ligands.®* These Co"' complexes reacted with alkyl halides through a pseudo
oxidation process and generated five-coordinated square pyramidal alkylcobalt(lll)
complexes 1-21. The intermediate 1-21 contained two one-electron-oxidized ligand radicals,
while the oxidation state of the cobalt center remained unchanged. Upon adding aryl or alkyl
zinc bromides into the reaction mixture, the C—C coupled products were obtained through

two-electron reductive elimination (Scheme 1-10).%
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Scheme 1-10. Negishi-type C—C cross-coupling reaction by Co'"' complexes.®*

Carbon-Heteroatom bond formation

Like C—C bond formation, C—heteroatom bond formations such as C-N, C-S, C-O
bond formations are also important in organic synthesis for the formation of value-added
products from simple feedstocks.

In 2018, Desage EI-Murr and co-workers reported a copper(ll) catalyst with redox-
active amidophenolate ligand for aziridination reaction.® The authors started with a tetra-
coordinated quasisquare-planar 1-22 copper(ll) complex which was coordinated with two
one-electron-oxidized amidophenolate ligand radicals (Scheme 1-11). The two
iminosemiquinone ligand radicals in the catalyst 1-22 were antiferromagnetically coupled to
each other, resulting in a S=1/2 doublet ground state. Spectroscopic and computational
studies suggested that the proposed mechanism began with 1-22 reacting with N-

tosyliminobenzyliodinane, producing nitrene radical intermediates 1-23. A subsequent
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reaction with the alkene (styrene) yielded trigonal bipyramidal copper(ll) complex 1-24
which contained an iminosemiquinone radical and a styrene-based radical. Finally, the radical
ring closure was accomplished, generating the aziridine products and regenerating the

catalyst 1-23. This system exhibited copper(ll) oxidation state throughout the catalytic cycle.

1-22

T
/= PhINTs Sj}
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Scheme 1-11. Proposed mechanism of Cu(ll) catalyzed aziridinations.

Another nickel-based C-N and C-S cross-coupling catalyst was developed by Paul in
2019.9%% This catalyst 1-25 contained two antiferromagnetically coupled single-electron
oxidized diiminosemiquinonato type ligands. Through cooperative synergistic participation of
metal and ligand-centered redox events, energetically unfavored nickel(O)/nickel(Il) or
nickel(1)/nickel(111) redox processes were avoided with the help of the redox-active ligands as

electron reservoirs. In the proposed mechanism, the catalyst 1-25 was first deprotonated by
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base 'BuONa and formed the mono-anionic active species 1-26, followed by the oxidative
addition of aryl halides onto catalyst 1-26. This oxidative addition process synergistically
happened at the metal center and ligand system, resulting in one-electron oxidation of the
nickel center to nickel(l1l) in the intermediate 1-27 and one-electron oxidation of the ligand,
thus avoiding the energetically less favorable nickel(IV) center. In the next step, the nitrogen-
nucleophiles replaced the halides ligand and protonated one of the ligands forming a
nickel(111) intermediate 1-28. In the end, reductive elimination of 1-28 yielded the N-arylated
products and regenerated the catalyst 1-25. C-S bond formation that generates aryl thioethers,
commonly found in pharmaceutically relevant molecules, was also achieved by the same

catalyst 1-25 through a similar mechanism.
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Scheme 1-12. Proposed mechanism of C-N and C-S cross-coupling using a nickel(11)

catalyst.

Aerobic oxidation

Oxidation reactions are vital in many chemical transformations; thus, the development
of sustainable catalysts for oxidation reactions has received rigorous attention. Much research
effort has focused on first-row transition metal catalysts for aerobic oxidation reactions to
achieve greener chemical processes. The alcohol oxidation to aldehydes and ketones has

received particular attention because the oxidized alcohol can further be functionalized to a
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wide range of valuable organic compounds.

Galactose oxidase is a naturally occurring enzyme that can achieve alcohol oxidation
catalysis through the synergistic participation of copper and the coordinated phenoxyl radical
in the redox events. Inspired by Galactose oxidase, the first biomimetic complex 1-30 was
developed in 1996.%% Although it could only catalyze the oxidation of benzylic and allylic-
activated alcohols, its report raised interest in this field. In 1999, Wieghardt and co-workers
reported Cu(ll) and Zn(I1) complexes 1-31 incorporating a tetradentate ONNO redox-active
ligand as catalysts for aerobic oxidation of primary alcohols.®” In the proposed mechanism,
the alcohol substrate first coordinated with the metal center in anionic alcoholate form. This
process resulted in a five-coordinate metal alkoxide with phenoxyl radical intermediate 1-32.
In 1-32, a hydrogen bond was formed between one hydrogen atom of the a-carbon atom in
the alcoholate ligand and phenoxyl radical, which helped with the intramolecular H-
abstraction in the next step. A ketyl radical 1-33 formed together with the intramolecular H-
abstraction. 1-33 underwent one-electron transfer and generated the aldehyde, a weak ligand
that dissociated from the metal complex. The reduced catalyst 1-34 then reacted with

dioxygen, yielding the activated catalyst 1-31 and H.Ox.

1-30

Figure 1-14. The first biomimetic complex of galactose oxidase for alcohol oxidation.
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Scheme 1-13. Aerobic oxidation of primary alcohol using Cu(ll) and Zn(I1) catalysts

featuring redox-active ONNO-pincer ligand.

The aforementioned systems are only a few examples of cooperating redox-active
ligands with first-row transition metals to promote catalytic multi-electron reactions.
Intensive studies have been conducted in this area with the focus of developing sustainable
catalysts for useful chemical reactions.

Dissertation overview

To explore sustainable catalysis utilizing first-row transition metals and redox-active
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ligands, the MacBeth lab developed a bis(amidophenyl)amine type ligand framework.%8-1%
The extensive n-network in the ligand framework allows the redox-active property; the three
nitrogenous groups allow up to three coordinations with the metal center and the R groups
provide electronic and steric tunability. Examples of the explored R groups including

isopropyl, tert-butyl, methyl, 2,4,6-trisopropyl phenyl (TRIP) and trifluoromethyl group.

Tri-dentate coordination

Redox-active
(H,L®)

R=ipr, tBu, Me, TRIP, CF;
TRIP= 2,4,6-trisopropyl phenyl

Figure 1-15. Redox-active ligand scaffold developed by the MacBeth group.

Coordinative versatility has been observed with this ligand as shown in Scheme 1-14.
When two equivalents of base were applied to the ligand, it coordinated to the cobalt center
in a bidentate manner, forming a mononuclear cobalt complex. While application of three
equivalents of base generated a dinuclear cobalt complex with tridentate ligands. In addition,
this dinuclear Co(ll) complex supported by a bis(amidophenyl)amine redox-active ligand
[Co2L"P",]> was reported to be an efficient homogeneous catalyst for catalytic oxidations and
C-H amination reactions.?®*° Experimental and computational studies suggested that the
dinuclear cobalt complex underwent rearrangement, forming a mononuclear four-coordinated
cobalt complex as the active species for the catalysis (Scheme 1-15).1% Inspired by these
studies, two projects to further expand the library of redox-active ligands and their

corresponding catalysis with first-row transition metals were proposed.
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Scheme 1-14. Schematic illustration of coordinative versatility of ligand scaffold developed

by the MacBeth group.
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Scheme 1-15. Rearrangement of [Co2L"™>]? upon oxidation.

In the first project, two novel redox-active ligands containing a multi-dentate
nitrogenous moiety and catechol moieties were designed and synthesized to allow more
coordinative versatility and electronic tunability of corresponding metal complexes (Figure 1-
16). Metalations and recrystallizations yielded crystals of two Cu complexes, a cobalt cluster,
and an iron cluster. X-ray crystallography, cyclic voltammetry and UV-vis spectroscopy were

applied to study their catalytic properties.
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Figure 1-16. Two novel redox-active ligands developed in Project 1.

In project two, inspired by the homogeneous catalyst [Co,L"™"2]> and the development
of “click chemistry’, the terminal alkyne was proposed as the modification to the redox-active
ligand framework, thus allowing the further immobilization of the homogeneous catalyst onto
solid support. The terminal alkyne modified redox-active ligands were successfully
synthesized through two synthetic routes. Cobalt complexes with these newly synthesized
ligands were obtained and their electrochemical properties were studied by cyclic
voltammetry and the electron-rich electrochemical profile showed their potential to catalyze
multielectron reactions. UV-vis studies were performed to monitor the aerobic oxidation of
catalysts under excess amount of oxygen. The O-atom transfer reaction of oxidizing
triphenylphosphine into triphenylphosphine oxide and aerobic hydrazone oxidation of
benzophenone hydrazone into diazo compound were achieved with good to moderate yield

using the newly synthesized catalysts.
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Figure 1-17. Ligand scaffolds developed in Project 2.
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2. Chapter 2: Design and Syntheses of Novel Catecholamine Redox-
Active Ligands and the Subsequent Metalations

Abstract

The design and application of redox-active ligands for facilitating first-row transition
metal catalysis has grown in importance over the past decades. Traditionally, noble metals are
used in catalysis due to their efficacy in promoting multi-electron reactions. On the other
hand, first-row transition metals, although less expensive and more earth-abundant, are prone
to undergo single-electron transformations, which pose limitations to their use in catalysis for
common chemical reactions. One efficient strategy to promote multi-electron catalysis at
first-row transition metal centers is by coordinating the first-row transition metals with redox-
active ligands.! In this context, the development of novel redox-active ligands and their first-
row transition metal complexes for catalysis is valuable for improving the sustainability of
chemical transformations. In this work, two novel redox-active ligands containing both a
multi-dentate nitrogenous moiety and catechol moieties were designed and synthesized to
increase the coordinative versatility and electronic tunability of the corresponding metal
complexes. Two synthetic routes will be presented for the preparation of the redox-active
catecholamine ligands, 2,3-dihydroxy-N-(2-(phenylamino)phenyl)benzamide (H4LAT) and
N,N'-(azanediylbis(2,1-phenylene))bis(2,3-dihydroxybenzamide) (H/LAT). With the newly
synthesized ligands in hand, a large amount of effort was devoted to the investigation of
different varieties of metalations. Crystals of Kz[Cu(H2L%A"),], (PPhs)2[Cu(H2LAT),],
K2CuHsLCAT, a cobalt cluster complex, and an iron cluster complex were obtained and

analyzed by X-ray crystallography. Cyclic voltammetry studies were carried out on
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K2[Cu(H2L®A"),] and the cobalt cluster. In addition, the oxidation of Kz[Cu(H2L“AT);] by

dioxygen was monitored by UV-vis spectroscopy.
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Introduction

Catalysts are widely used in modern chemical synthesis for the transformations of
simple feedstocks into valuable products. Most catalytic reactions are mediated by transition
metal complexes. Thus, developing efficient transition metal catalysts for the preparation of
organic compounds is of crucial importance. One approach for catalyst design involves
expensive noble metals, such as second-row and third-row transition metals, for multi-
electron transformations. This approach has been widely studied over the past 200 years.>
However, noble transition metal catalysts have been facing sustainability-related challenges
since the limited natural abundance of such metals may not meet the increasing demand for
chemical products. Furthermore, the utilization of those noble metals involves high cost and
concerns about toxicity.

Being less expensive, earth-abundant, and environmentally benign, first-row
transition metal catalysts have attracted increasing attention in sustainable catalyst design.
One limitation to this approach is that the first-row transition metal complexes tend to
undergo one-electron redox events rather than two-electron processes which are necessary for
a variety of catalytic conversions, including oxidative addition, reductive elimination, and
atom transfer reactions. Nature, on the other hand, has offered ample examples of
incorporating redox-active moieties to the first-row transition metal active sites of different
enzymes to solve the issue. The redox-active ligands in the complexes can store and mediate
electron-transfer as well as promote multi-electron catalytic reactions.? Inspired by nature,
significant effort has been devoted to developing complexes that incorporate redox-active

ligands to facilitate stoichiometric and catalytic multi-electron reactions. This approach



48

imparts noble-metal character to more abundant, less toxic first-row transition metals, such as
Fe, Co, Ni, Cu and Zn in the multi-electron reactions.?

Because of redox-active ligands’ potential in catalytic systems, their design and
application in metal complexes have attracted extensive attention during the past decades. By
incorporating redox-active ligands, the reactivity of the metal centers could be modified,
offering more possibilities in elementary bond activation steps in a catalytic cycle.®# In these
complexes, the metal centers and redox active ligands can work synergistically to facilitate
chemical processes® and enhance activity in catalytic reactions.’

A variety of redox-active moieties have been explored over the past 90 years.
Examples of developed redox-active ligands include dithiolene, diimine, and catechol
functionalities.® A common feature for most redox-active ligands is the presence of extensive
n-networks that can help stabilize ligand-based radicals. Catechol groups are frequently
incorporated in redox-active ligands with their ability to access three different oxidation states
as shown in Scheme 2-1. Iron and manganese complexes coordinated to catechol groups have

been studied to be catechol oxidation catalysts (Figure 2-1)."8

red > sq q
0 . o . 0
@ : e @ - e q
— —
—~— B w—
O +e 0 te )
catecholato semiquinonato quinone

Scheme 2-1.The three possible oxidation states of the catechol ligands.
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Figure 2-1. Reported examples of catalysts involving catechol groups in the redox-active

ligand frameworks.

Ligand systems with nitrogenous groups have also received attention with transition

metals for a variety of catalytic transformations.®® Attaching another donor-moiety to a

diamine backbone produces modular ligand with bidentate and tridentate possibilities as

shown in Figure 2-2.1! Like catechols, these tridentate, pincer-type ligands can act as

reservoirs for multi-electron transformations in the catalytic reactions (Scheme 2-2). The

first-row transition metal complexes coordinated to these ligands have been shown to be

efficient catalysts for alcohol oxidation (Ni(ll) center),!! dioxygen activation, and C-H

activation (Co(ll) center) (Figure 2-3).1

R. R. R
NH g NH p NH

Figure 2-2. Bidentate (L) and tridentate (LB) ligands from diamine backbone.

R.- -.R R.- R R. - .R
N N e« N N e N N
N _— N l —_— N\
+e +e

Scheme 2-2. The three possible oxidation states of triamine tridentate pincer-type ligands.
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Figure 2-3. Reported catalysts involving nitrogenous groups in the redox-active ligand

frameworks.

Inspired by the reactivity of the catechol and nitrogenous systems, we proposed that
the incorporation of both the nitrogenous system and the catechol system in the same ligand
scaffolds would provide the ligands with coordinative versatility and increased electronic
tunability. When coordinated to first-row transition metal centers as electron reservoirs, these
ligands would give rise to a variety of multi-electron transformations, thus affording more
potential catalytic reactivity. To this end, we designed both the mono- and di-substituted

amine ligand scaffolds as shown in Figure 2-4.
OH OH HO
OH gOH HO]?
0”7 "NH
H
0 fj ﬁ)

2,3-dihydroxy-N-(2-(phenylamino) N,N'-(azanediylbis(2,1-phenylene))
phenyl)benzamide bis(2,3-dihydroxybenzamide)
H4LCAT H7LCAT

Figure 2-4. Target redox-active ligands, HaLA" and H7LCAT,
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In addition, the designed redox-active ligands have two potential sites for metalation:
the amine sites on the diamine/ triamine moiety and alcohol sites on the catechol moiety. We
believe that these metalation sites would allow the synthesis of hetero- and homo-bimetallic
complexes (Figure 2-5) which can mimic metalloenzymes involving multi-metallic systems,
such as copper-based oxidases and oxygenases,’** non-heme iron-based active sites,'

dinuclear nickel-containing systems® as well as many mixed-metal biocatalysts.’

o |
Nl e N o N/l:N 0
Ne_ =
Y ~ A
|
Ph Ph
Complex 1 Complex 2

Figure 2-5. Target complexes.
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Results and discussions
To obtain the desired redox-active ligands, two synthetic pathways were proposed: (1)
a condensation/demethylation pathway and (2) a protection/condensation/deprotection

pathway.

Syntheses of the designed redox-active ligands through pathway |

The condensation reaction of bis(2-aminophenyl)amine and 2,3-dimethoxybenzoic
acid forms N,N'-(azanediylbis(2,1-phenylene))bis(2,3-dimethoxybenzamide) (2-1) in 82%
yield (Scheme 2-3). Compound 2-1 was characterized by 'H NMR (Figure 2-6), *C NMR

(Figure 2-7), electrospray ionization mass spectrometry, and X-ray crystallography (Figure 2-

8).
MeO OMe
OMe
NH, NH, (1) EDC, HOBt MeO OMe
NH 49 DMF, 0 °C -
OMe (2) DIPEA 0~ "NH H HN™ SO0
07 ~oH 25°C, 12h ©/N\©

2-1

Scheme 2-3. Synthesis of compound 2-1.
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Figure 2-6. “H NMR of compound 2-1.
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Figure 2-7. *3C NMR of compound 2-1.
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Figure 2-8. Solid-state structure of compound 2-1 as determined by single X-ray

crystallography. Most hydrogen atoms are omitted for clarity.

A crystal of compound 2-1 was obtained by vapor diffusion of hexane into a
dichloromethane (DCM) solution of compound 2-1 (Figure 2-8). The solid-state structure
determined by X-ray crystallography reveals the presence of hydrogen bonding interactions

between each pair of amides and methoxy moieties in compound 2-1.
OMe OH HO
£ :OMe BBr, OH HO: £
—
O °NH . HN" ™0 DCM

H7LCAT

MeO

MeO

Scheme 2-4. Synthesis of H7L*AT,

The demethylation was performed with boron tribromide in dichloromethane for 24
hours (Scheme 2-4).8 It is worth mentioning that the initial demethylations were carried out

using an old bottle of 1.0 M BBrs in dichloromethane solution that appeared brown, likely
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due to Br, contamination. H7L°AT was characterized by *H NMR, ¥C NMR, electrospray
ionization mass spectrometry. Crystallization attempts were not successful.

Initial metalation attempts were made by deprotonating the ligand with four
equivalents of KH, followed by the addition of one equivalent of NiBr, and two equivalents
of PPhsBr (Scheme 2-5). The product isolated from this reaction turned out to be a boron
complex instead of the proposed Ni complex. The solid-state structure of the unexpected

boron complex as determined by single X-ray crystallography is shown in Figure 2-9.

2 PPh
OH HO (1)4.0 KH 4

(2) 1.0 NiBr,
OH HO 3)2.0 PPh4Br
— X

25°C,3h
-4.0 KBr

2.0 H,
H7LCAT

Scheme 2-5. Attempted metalation of H7L®AT,

Figure 2-9. Solid-state structure of boron complex as determined by single X-ray
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crystallography. Most hydrogen atoms are omitted for clarity.

We postulated that the boron atom is introduced from the demethylation step where
BBrs is used. A B NMR was taken to prove the presence of boron in the demethylated
product. The !B NMR result (Figure 2-10) showed boron peaks at around 14 ppm, which is
typical of tetra-alkoxy borate species, suggesting that boron is present in the product after
demethylation. The other two peaks might correspond to disassociated boron species in the
deuterated methanol solvent, and the broad peak is the result of boron species from the NMR
tube. The formation of the boron compound is possibly due to the proximity of two catechol

moieties that provide favorable environment for the coordination of electron deficient boron

atom.
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Figure 2-10. *B NMR of the product after demethylation.

Demethylation was attempted through several other approaches such as by using
iodocyclohexane®® or aluminium powder with iodine?’; however, these methods were not able

to achieve the simultaneous demethylation of four methoxy groups (Scheme 2-6).
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Scheme 2-6. Other attempted demethylation reactions.

While we were investigating the formation of the boron complex, the odd brown color
of the old BBrz solution caught our attention. This brown color was likely due to the Br»
contamination which indicates the decomposition of BBrs in the reagent used. To exclude this
possibility, a new bottle of 1 mol/L BBr3 solution in dichloromethane was purchased and used
in the following demethylation reaction. The quenching process by DI water was prolonged
until clear separation of the aqueous and organic layer was observed to ensure full removal of
water-soluble boron species in the product. After these adjustments, the demethylation of 2-1
by BBr3 was able to be achieved with full conversion in 26 hours by using three equivalents
of BBrs. A single colorless block crystal of the product H7L°AT was obtained from
dichloromethane by slow evaporation. The X-ray crystal structure of H7L°AT is shown in

Figure 2-11.
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Figure 2-11. Solid-state structure of H7LAT as determined by single X-ray crystallography.

Most hydrogen atoms are omitted for clarity.

Syntheses of the designed redox-active ligands through pathway 11

Inspired by the recently reported synthesis of B-dicarbonyl(bis-catecholamine)
ligands,? the protection of hydroxy groups by benzyl groups and deprotection by
hydrogenation reaction was applied in pathway IlI. Pathway Il allowed the successful
syntheses of desired redox-active ligands HsLAT and H/L°AT (Scheme 2-7). Various
techniques such as *H NMR (Figure 2-12), *C NMR (Figure 2-13), MS-ESI and X-ray

crystallography were used to characterize the ligands.



Step 1: Protection of -OH groups

OH (1) BnBr, K2C03 OBn
Acetone, reflux, 48 h
OH _ > OBn
(2) LiOH
0) OH MeOH, reflux, 3 h f0) OH
Step 2: Condensation reaction OBn

(1) EDC, HOBt
OBn

OBn
NH, R DMEF, 0 °C
s X OBn > 07 °NH
(2) DIPEA
0~ ~OH

25°C,12h

zm

H4LCAT; R=H, X=1,R'=H

BnO
CAT. R— =7 R'=
HLOMT: R-NHp, X=2,R=
HN ~O
nhn
Step 3: Hydrogenation
OBn OH
OBn H, (g, 65 psi), Pd/C (10%) OH
' > n
0~ 'NH I R THF, 12 h O~ 'NH H R
N N
H,LAT: R'=H, R"=H
BnO HO
H7LCATZ R'= n R"=
BnO HO
HNTSO HN ~O
wha whn

Scheme 2-7. Syntheses of H4L°AT and H7L®AT ligand through pathway 1.



60

i d,-MeOH
Hyy OH
(a) . '
07 >NH Hy
Ho { Ha
Hg HeHs Ha
Hy Hq
ArH ds-MeOH
—
He
-
ML J \_ N T |
i S bt g
3 SN gasw

:6 8:4 8.’2 8.'0 7:8 7:6 7?4 7.‘2 7:0 6:8 6?6 614 622 6j0 5:8 5:6 5.‘4 522 SIO 4:8 416 4:4 4j2 4:0 3j8 316 314 3:2
f1 (ppm)

(b) ds-MeOH

H, H,

H, H  HO H,
Hy H  HO Hy
O7NH L HNTTO
Hy N Hy
Hg Hy Hy Hs

He He
ds-MeOH
B ArH
H, r: —_—
A
It il .
L A
T s i L
IR

34 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28
f1 (ppm)

Figure 2-12. *H NMR of (a) ligand H4L°AT and (b) ligand H7L°AT in deuterated methanol.

1900
1800
1700
1600

1500




61

-

Bl

ol

172 170 168 166 164 162 160 158 156 154 152 150 148 146 144 142 140 138 136 134 132 130 128 126 124 122 120 118 116 114 112 110
f1 (ppm)

(b)

OH HO.
g&-{ HO
07 "NH H HN

] | J

Jul,

16000

15000

13000

12000

11000

(10000

8000

7000

6000

5000

4000

[-3000

2000

1000

7500

7000

6500

6000

5500

5000

4500

4000

3500

T T T T T T T T T
175 170 165 160 155 150 145 140 135

T T T T
130 125 120 115

f1 (ppm)

T T T T T
110 105 100 95 90

Figure 2-13. *C NMR of (a) ligand H4L“~Tand ligand (b) H7LCAT.



62

Figure 2-14. Solid-state structure of ligand HsLA" as determined by single X-ray

crystallography. Most hydrogen atoms are omitted for clarity.

Orange prism-shaped single crystals of ligand H4L AT suitable for X-ray diffraction
studies were obtained by vapor diffusion of pentane into a toluene solution of H4L*AT (Figure

2-14).
Syntheses of metal complexes

With the designed HsL®AT and H7LCAT ligands synthesized and fully characterized,
they were then utilized for metalations. In the deprotonation step, catechol moieties in the
ligands tend to be deprotonated first due to their smaller pKa value compared to protons on
nitrogenous group. Metalations were attempted with a) a deprotonation of catechol moieties
followed by an addition of one metal salt; (b) a deprotonation of catechol moieties followed
by an addition of one metal salt, and then another deprotonation of nitrogenous moieties
followed by an addition of another metal salt; (c) a full deprotonation of the ligand followed
by an addition of two different metal salts (Scheme 2-8). The attempted metalations are
summarized in Table 2-1. Countercation exchange using PPhsBr was attempted to facilitate

recrystallization of the metal complexes.



OH OH HO
OH i OH HO i
(0) NH NH HN
H O H
g @NG
H,LCAT H, L CAT

(a) HLLCAT +2KH + 0.5 Metal salt
H,LCAT +4 KH + 1.0 Metal salt

(b)  H,LCAT +2KH+ 0.5 Metal salt A +2 KH + 0.5 Metal salt B
H,LCAT +4 KH + 1.0 Metal salt A + 3 KH + 1.0 Metal salt B

() H,LCAT +4KH + 0.5 Metal salt A + 0.5 Metal salt B
H,LCAT +7 KH + 1.0 Metal salt A + 1.0 Metal salt B

Scheme 2-8. Three metalation approaches.

Table 2-1. Attempted metalations.

(a) H,LCAT +2 KH + 0.5 Metal salt
H,LCAT +4 KH + 1.0 Metal salt

Metalations (a)

Metal

Ligand A Countercation
H4LSAT  CuBr K*
H4LSAT  FeCly K*
HisL“AT  NiBr2 K*
HsLAT  CoBr K*
HsLSAT  CuBr K*
HsLAT  ZnBr; K*
H,LAT  CuBr; PPhs*
H7;LCAT  FeCls PPhs*
H,LAT  NiBr PPhs*
H,LAT  CoBr; PPhs*
H,LAT  CuBr; K*
H7LCAT FeBrs |::'|::'h4Jr

(b) H,LCAT +2KH + 0.5 Metal salt A + 2 KH + 0.5 Metal salt B
H,LCAT +4 KH + 1.0 Metal salt A + 3 KH + 1.0 Metal salt B
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(c)

Metalations (b)

Ligand Metal A Metal B Countercation

HsLAT  ZnCl,  CuBr K*
HsL¢AT  ZnCl, CuBr» PPhs*
HsL®AT NiBr, CuBr» K*
HsLCAT NiBr, CuBr» PPhs*
HsLCAT  ZnCl, CoBr» K*
HsLAT  FeCl, CoBr K*
HsLAT  FeCl,  ZnBr. K*
H4LSAT CoBr,  ZnBr: K*
H4L°AT  CuBr CoBr; K*
HsLCAT  CuBr  FeBrs K*
HsL®AT  ZnBr, CuBr: PPhs*
H/L°AT  ZnCl, CoBr; K*
H/,L“AT  ZnCl,  FeCl, K*
H/L°AT  FeBrs  NiBr; K*
H/L°AT  FeCl, CoBr; K*
H/LSAT  FeCl,  ZnBr: K*
H/L°AT CoBr, ZnBr: K*
H,LAT  CuBr CoBr K*
H,LAT  CuBr  FeBrs K*
H,LAT +4 KH + 0.5 Metal salt A + 0.5 Metal salt B
H,LCAT +7 KH + 1.0 Metal salt A + 1.0 Metal salt B
Metalations (c)
Metal Metal

Ligand A B Countercation
HsLCAT CuBr, CuBr K*
HsL“AT CuBr2 NiBr K*
HsL“AT CuBr, CoBr: K*
HsL“AT CuBr, FeCl, K*
HsL“AT CuBr, FeCl, PPhs*
HsLCAT CuBr, ZnCls K*
H;L°AT CuBr, NiBr» PPhs*
H,LAT CuBr, CoBr PPh,*
H;L°AT ZnCl, CoBr» PPhs*
H,L“AT CuBr, CoBr; K*
H,L“AT CuBr, FeCl, K*
H/LSAT  CuBr, FeBrs K*
H/,L°AT CuBr, ZnBr; K*
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Although many metalations and a significant number of recrystallizations were
attempted, only a few successfully yielded the crystals that were suitable for single X-ray
crystallography. Shown in Scheme 2-9 are the syntheses of two monometallic Cu(ll)
complexes with ligand HsLAT in two different countercations. Ligand HsL AT was first
treated with two equivalents of KH, followed by addition of half equivalent of CuBrto form

the metal complexes.

] 2k

OH (1)2.0 KH ©\ /@
(2) 0.5 CuBr, N
OH DMF g .
—  » 05
07 NH . 25°C,3h
N -1.0 KBr
\© 2.0H,

2 PPh
1)2.0 KH | 4
ol (D
(2) 0.5 CuBr,
(3) PPh,Br
OH DMF

_—
SN 25°C. 3 h 0.5
N -2.0 KBr Cu
@ 20,

Scheme 2-9. Syntheses of monometallic Cu(Il) complexes with ligand HaL°AT,

© &z

The solid-state structures of Kz[Cu(H2LA");] and  (PPha)2[Cu(HoL®AT),] as
determined by single X-ray crystallography are shown in Figure 2-15. Different coordination
environments were observed in their structures. In Kz[Cu(H:LAT),], two potassium

countercations are coordinated to the oxygen atoms of ligand backbone and the solvent
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dimethylformamide. This is not observed in the corresponding (PPha)2[Cu(H2L"AT),]
complex because the PPhs* countercations are non-coordinating. In addition, the structure of
K2[Cu(H2L®A"),] is less linear likely due to the interaction between potassium and oxygen
atom that pulls the ligand together. The Cu—O distances are compared and summarized in

Table 2-2.

3,0 1"

OsNH
5(0 <

il

O o

TZ

\/

Figure 2-15. Solid-state structures of monometallic Cu(ll) complexes with ligand HsL®AT as
determined by single X-ray crystallography, (a) K as the countercation, (b) PPhs* as the

countercation. Hydrogen atoms except those involved in H-bonds are omitted for clarity.

Table 2-2. Comparison of distances between Cu and O atoms in Kz[Cu(H2LA")] and

(PPh4)2[Cu(H2LAN)].
Kz[Cu(HzLCAT)z] (PPh4)2[Cu(H2LCAT)2]
Cu-01 1.914 A 1.916 A
Cu-02 1.920 A 1.916 A
Cu-03 1.916 A 1.886 A

Cu-04 1.919 A 1.886 A
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A crystal of monometallic Cu(ll) complex with ligand H7L“T (Scheme 2-10) was
also obtained by vapor diffusion of pentane into a tetrahydrofuran and dimethylformamide
solution of the complex. Its solid-state structure as determined by single X-ray

crystallography is shown in Figure 2-16.

OH HO (1)4.0 KH O\c P
u
OH HO 2) 1.0 cuBr2 O/ \0
—>
25°C.3h 07 NH | HNTTO
-2.0 KBr N
4.0 H,

Scheme 2-10. Synthesis of KoCuH3L AT,

Figure 2-16. Solid-state structure of KoCuHsL°AT as determined by single X-ray

crystallography. Most hydrogen atoms are omitted for clarity.

360°—(a+f) _

T4 IS a geometry parameter for 4-coordinate compound. w3 = o020

—0.00709 (a + B) + 2.55, where a and P are the two greatest valence angles of coordination
center; 6 =~ 109.5° which is a tetrahedral angle. When 14 is close to 0, the geometry is similar

to square planar; while if 14 is close to 1, then the geometry is similar to tetrahedral. A
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comparison of the 14 values of coordination centers in Cu(ll) complexes Kz[Cu(H2LAT),],
(PPh4)2[Cu(H2LAT)2], and K2CuHsL AT is shown in Figure 2-17. All three Cu(ll) complexes

show square planar or pseudo-square planar geometry around the coordination center.

(PPhy),

K,[Cu(H,LCAT),] (PPh,),[Cu(H,LEAT),] K,CuH;LCAT
7,=0.15 7,= 0, Square planar 7,=0.06

Figure 2-17. A comparison of the 14 values of coordination centers in Cu(ll) complexes

K2[Cu(H2LAT),], (PPh4)2[Cu(H2LAT),], and K2CuHsLCAT,

In addition, two interesting cluster complexes were obtained. One is ligand H7L®A"
coordinated with cobalt centers as shown in Scheme 2-11. Its solid-state structure was
identified to contain three ligand units, four cobalt ions and two tetraphenyl phosphonium
countercations in a unit cell (Figure 2-18). The zoomed-in coordination environment around
the cobalt centers is shown in Figure 2-19. This cobalt cluster complex was also studied by

cyclic voltammetry and the result is shown in Figure 2-20.

(1) 4.0 KH

OH HO
(2) 1.0 CoBr,
OH HO (3) 2.0 PPh,Br
DMF
HNT X0 — > 3Ligand 4 Co2 PPh,"

NH 25°C,3h
N -4.0 KBr
4.0 H,

Scheme 2-11. Synthesis of cobalt cluster.

(¢}
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Figure 2-18. Solid-state structure of cobalt cluster as determined by single X-ray

crystallography.

Co3
Col

Co2

Co4

Figure 2-19. The zoomed-in coordination environment around the metal centers in the cobalt

cluster complex with ligand H7LCAT,
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Figure 2-20. Cyclic voltammetry of the cobalt cluster complex in acetonitrile.

Another cluster complex that was able to be isolated in a crystal form was a Fe
complex with HsL®T ligand (Scheme 2-12). Its solid-state structure was identified to contain
six ligand units, four iron ions and four potassium counteractions in a unit cell (Figure 2-21).

The zoomed-in coordination environment around the iron centers is shown in Figure 2-22.

OH (1)2.0 KH

(2) 0.5 FeCl,

DMF
———» 6 Ligand 4 Fe 4K*

0= NH . 25°C,3h
N -1.0KCl
vy

Scheme 2-12. Synthesis of iron cluster.

OH
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Figure 2-21. Solid-state structure of iron cluster as determined by single X-ray

crystallography.

‘Fe
°O Fe

Fe3

Fe
Fe4

Figure 2-22. The zoomed-in coordination environment around the metal centers in the iron

cluster complex with ligand HsL®AT.

Oxidation of K2[Cu(H2L°AT)2] by dioxygen

Aerobic oxidation of Kp[Cu(H.L®“T);] was investigated. A solution of
K2[Cu(H2L°A"),] was treated with an excess amount of Oz, and the reaction was monitored by
UV-visible spectroscopy. As shown in Figure 2-23, the orange trace represents Cu(ll) metal
complex before oxidation, and the green trace represents the complex after being exposed to

oxygen for 24 hours.
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Figure 2-23. UV-visible spectra of Ko[Cu(H2L“A"),] before and after oxidation by O in

acetonitrile.

The absorption at 676 nm is likely due to the d-d transition. Since Kz[Cu(H2L%AT),]
has a square planar geometry which is centrosymmetric around Cu center, the d-d transition
of K2[Cu(H2LAT,] is Laporte forbidden, showing nearly no absorption in the spectra before
oxidation. However, when K,[Cu(H2L®AT),] was exposed to an excess amount of dioxygen,
the geometry around the Cu center might become distorted during the oxidation process, thus
the d-d transition is allowed to happen, giving rise to the absorption at around 676 nm. The
other absorption at around 440 nm is likely due to the ligand-to-metal charge transfer. One
possible interpretation of this observation is the formation of a Cu-semiquinone species as

oxidation product (Figure 2-24).
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Figure 2-24. The proposed Cu-semiquinone species as oxidized product.

K2[Cu(H2L A"),;] was also studied by cyclic voltammetry, and the result is shown in

Figure 2-25.

K, [Cu(H,L*"),]

L L [ [ T [ [ (R (R I
15 10 05 00 -05 10 -15 -20 -25 -3.0

Potential (V vs. Fc/Fc ')

Figure 2-25. Cyclic voltammetry of K2[Cu(H2L°AT),] in acetonitrile.
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Conclusions and future directions

In summary, two new redox-active ligands, HsL®AT and H;L®AT, that incorporate
catechol and nitrogenous groups have been synthesized. A variety of metalations have been
attempted. Crystals of Ko[Cu(H2LAT),], (PPha)2[Cu(H2L AT)2], KoCuHsLCAT, a cobalt cluster
complex, and an iron cluster complex were obtained and analyzed by single X-ray
crystallography. Cyclic voltammetry studies were carried out on Kz[Cu(H2LA");] and the
cobalt cluster. The oxidation of K2[Cu(H2L“AT),] by dioxygen was monitored by UV-visible
spectroscopy, and a Cu-semiquinone species as the oxidation product was proposed.
Electromagnetic studies such as EPR, EXAFS, XES, and magnetic susceptibility can be
performed to further confirm the structure of the oxidized product.

Since the newly synthesized HsL®AT ligand potentially has four ligand based redox-
events and the H7L®AT ligand has seven oxidation states, they can be further used to study the
multi-electron processes beyond two-electron processes. For example, atom transfer reactions,
oxygen evolution reaction, CO> and N fixation reactions are possible multi-electron

processes that can be achieved.
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Experimental section
General considerations

Manipulations under inert atmosphere were carried out using standard Schlenk
techniques or conducted in an MBRAUN LabMaster 130 drybox under a nitrogen
atmosphere. All reagents used were purchased from commercial vendors and used as received
unless otherwise noted. Anhydrous solvents were purchased from Sigma-Aldrich with a
Sure/Seal ™ bottle or were further purified by sparging with Argon gas followed by passaging
through activated alumina columns. NMR experiments were performed on INOVA 400, 500,
600 and Bruker 400, 600 MHz instruments at ambient temperature. Chemical shifts are
referenced to the residual solvent. Mass spectra were recorded in the mass spectroscopy
center at Emory university on a Thermo LTQ-FTMS mass spectrometer. Infrared spectra
were recorded as KBr pellets on a Nicolet iS10 Series FT-IR spectrophotometer. UV-visible
absorption spectra were recorded on a Shimadzu UV-3600 (UV-vis/NIR) spectrophotometer
using 1.0 cm quartz cuvettes at room temperature. X-ray diffraction studies were carried out
in the X-ray crystallography laboratory at Emory university on a XtaLAB Synergy, Dualflex,
HyPix diffractometer. Cyclic voltammetry experiments were carried out using a CH
instrument (Austin, TX) Model 660C potentiostat. All experiments were conducted in
acetonitrile (MeCN) with 0.10 M tetrabutylammonium hexafluorophosphate as the
supporting electrolyte. Electrochemical experiments were conducted in a three-component
cell consisting of a Pt-wire auxiliary electrode, a non-aqueous reference electrode
(Ag/AgNO:s), and a glassy-carbon working electrode. All electrochemical measurements are

referenced and reported versus the ferrocene/ferrocenium couple.
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Ligand syntheses

Bis(2-nitrophenyl)amine [HN(0-PhNO2):]. Prepared using a modified literature
procedure.??
NH, KofBu
oo 22
25°C,24h

A mixture of 2-nitroaniline (13.814 g, 0.1 mol) and 1-fluoro-2-nitrobenzene (10.55
mL, 0.1 mol) was stirred in dimethyl sulfoxide (DMSO, 150 mL) at 25 °C. KO'Bu (22.442 g,
0.2 mol) was added slowly, and the reaction was stirred at 25 °C for 24 hours. The reaction
mixture was then quenched with DI water (600 mL) and filtered to give a bright orange solid.
This bright orange solid was washed with DI water (4 x 50 mL), followed by diethyl ether (3
x 30 mL), and then dried under vacuum to give a bright orange powder. (19.69 g, 76%) H
NMR (400 MHz, CDCls) 6 11.04 (s, 1H), 8.23 (dd, J = 8.4, 1.5 Hz, 2H), 7.61 (dd, J = 8.5, 1.4
Hz, 2H), 7.55 (dddd, J = 8.5, 7.0, 1.6, 0.5 Hz, 2H), 7.12 (ddd, J = 8.5, 7.0, 1.5 Hz, 2H). 13C
NMR (151 MHz, CDCl3,) 6 137.40, 134.30, 127.01, 121.32, 119.20. MS-ESI: C12HoN3O4 m/z
Calcd: 259.06, Found: 260.06 [M+1]".
Bis(2-aminophenyl)amine [HN(0-PhNH?2)2]. Prepared using a modified literature

procedure 324

NO NO H2, Pd/C
NH
SO e OO
To a THF (50.0 mL) solution of HN(0-PhNO3)2 (4.0 g, 15.4 mmol) was added 10 wt.%
Pd/C (1.0 g, 0.9 mmol, 6 mol%). The reaction mixture was placed in a pressure-safe reaction

vessel and shaken under H: at 50 psi for 4 hours. The reaction mixture was filtered through a

pad of celite, and then the resulting filtrate was concentrated under vacuum to give a thick,
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colorless oil. Washing the oil with hexanes afforded the product as a solid. This solid was
filtered and dried under vacuum to yield the final product as pink powder (2.9 g, 95%). 'H
NMR (400 MHz, CDCls) & 6.93 (ddd, J = 7.8, 5.2, 3.5 Hz, 2H), 6.85-6.80 (m, 2H), 6.79—
6.73 (m, 4H), 5.02 (s, 1H). 3C NMR (151 MHz, CDCls,) § 138.56, 131.21, 124.12, 122.61,
120.84, 118.78. MS-ESI: C12H13N3 m/z Calcd: 199.11, Found: 200.11 [M+1]".

N,N’-(azanediylbis(2,1-phenylene))bis(2,3-dimethoxybenzamide)

MeO OMe
OMe
NH, NH, ) EDC,HOOBt MeO OMe
NH DMEF, 0 °C
+ 2
OMe 2 DIFEA > 0”7 >NH . HNTSo
o OH 25 OC’ 12h @/N\©

A mixture of bis(2-aminophenyl)amine (3985 mg, 2 mmol) and 2,3-

dimethoxybenzoic acid (728.7 mg, 4 mmol) was dissolved in 15 mL dimethylformamide and
cooled to 0 °C. 3-(ethyliminomethylideneamino)-N,N-dimethylpropan-1-amine hydrochloride
(805.2 mg, 4.2 mmol) and 1-hydrozybenzotriazole monohydrate (643.1 mg, 4.2 mmol) were
dissolved in 6 mL dimethylformamide, and this solution was added dropwise to the stirred
mixture from the first step. Then the reaction was allowed to return to 25 °C and N,N-
diisopropylethylamine (646.2 g, 5 mmol) was added dropwise. The mixture was stirred at 25 °C
for 12 hours. The resulting light-orange solution was diluted with 150 mL ethyl acetate and
extracted with saturated NaCl solution (4 x 30 mL), dried over MgSQOs, and concentrated
under vacuum to afford pink powder (1.055 g, 86%). *H NMR (400 MHz, CDCl3) § 10.21 (s,
2H), 7.95 (dd, J = 7.5, 2.1 Hz, 2H), 7.68 (dd, J = 8.0, 1.6 Hz, 2H), 7.17-6.99 (m, 8H), 6.95
(dd, J = 7.4, 2.1 Hz, 2H), 6.30 (s, 1H), 3.84 (s, 6H), 3.70 (s, 6H). 13C NMR (151 MHz, CDCl5)

0 164.36, 152.58, 147.68, 136.65, 130.30, 126.58, 126.02, 124.38, 123.61, 123.13, 123.07,
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121.25, 115.85, 61.44, 56.08. MS-ESI: C3oH29N3Os m/z Calcd: 527.21, Found: 528.21
[M+1]".

N,N'-(azanediylbis(2,1-phenylene))bis(2,3-dihydroxybenzamide)

Dp L, G
S S

To a 20 mL dichloromethane (DCM) solution of N,N'-(azanediylbis(2,1-
phenylene))bis(2,3-dimethoxybenzamide) (268.3 mg, 0.5 mmol) was added excess amount of
fresh 1.0 M boron tribromide solution in dichloromethane (1.5 mL, 1.5 mmol). The reaction
mixture was stirred at room temperature for 26 hours. Then the reaction was quenched with
200 mL ice-cold DI water and left stirred overnight until the clear separation of organic layer
and aqueous layer was observed. Afterwards, the reaction mixture was extracted with
dichloromethane (DCM) (5 x 50 mL), and the organic layers were combined. The combined
organic layer was then extracted with saturated NaCl solution (3 x 100 mL), dried over
MgSOQs4, and concentrated under vacuum to afford pale-white powder. (235.7 mg, 98 %) H
NMR (400 MHz, CD30D) & 7.59 (dd, J = 7.9, 1.5 Hz, 2H), 7.26 (dd, J = 8.2, 1.5 Hz, 2H),
7.15-7.06 (m, 2H), 7.02-6.94 (m, 4H), 6.92 (dd, J = 7.8, 1.5 Hz, 2H), 6.70 (t, J = 8.0 Hz, 2H).
13C NMR (151 MHz, CDsOD) & 168.64, 148.33, 145.77, 137.77, 128.10, 126.52, 125.57,
121.67, 119.82, 118.53, 118.48, 115.97. MS-ESI: C26H21N3Os m/z Calcd: 471.14, Found:

472.15 [M+1]".
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2,3-bis(benzyloxy)benzoic acid

OH (1) BnBr, K,CO;4 OBn
Acetone, reflux 48 h
OH ) > OBn
(2) LiOH
0) OH MeOH, reflux 3 h o) OH

A solution of 2,3-dihydroxybenzoic acid (1.5412 g, 10 mmol), benzyl bromide
(3.7627 g, 22 mmol), and K>CO3 (3.0406 g, 22 mmol) in acetone (35 mL) was refluxed for
48 hours. After filtration, the solution was concentrated under vacuum to obtain the crude
product as clear oil. The crude product was dissolved in methanol (30 mL), and LiOH*H20
(2.31 g, 55 mmol) was slowly added. The mixture was refluxed and stirred for 3 hours. Then,
the solution was acidified with 3.0 M HCI to pH=2.0 and filtered to obtain the product as
white solid (2.07 g, 62%). *H NMR (400 MHz, CDCl3) & 7.73 (ddd, J = 7.9, 1.7, 0.8 Hz, 1H),
7.50-7.29 (m, 9H), 7.27-7.23 (m, 2H), 7.18 (td, J = 8.0, 0.8 Hz, 1H), 5.25 (s, 2H), 5.18 (s,
2H). C NMR (151MHz, CDCls): § 165.61, 151.45, 147.25, 135.94, 134.84, 129.30, 129.25,
128.85, 128.83, 128.55, 127.81, 125.02, 124.42, 123.19, 119.06, 71.57. MS-ESI: C21H1804
m/z Calcd: 334.12, Found: 333.11 [M-1]-.

2,3-bis(benzyloxy)-N-(2-(phenylamino)phenyl)benzamide

OBn
NH, OBn (1) EDC, HOBt OBn
NH DMEF, 0 °C
+ >
OBn 07 "NH
(2) DIPEA 0
0”7 “oH 25°C, 12 h \©

A mixture of N!-phenylbenzene-1,2-diamine (737.0 mg, 4.0 mmol) and 23-
bis(benzyloxy)benzoic acid (1.3376 g, 4.0 mmol) was dissolved in 20 mL

dimethylformamide (DMF) and cooled to 0 °C. 3-(ethyliminomethylideneamino)-N,N-
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dimethylpropan-1-amine hydrochloride (843.6 mg, 4.4 mmol) and 1-hydrozybenzotriazole
monohydrate (673.4 g, 4.4 mmol) were dissolved in 15 mL dimethyl formamide (DMF), and
then this solution was added dropwise to the stirred mixture from the first step. Then the
reaction was allowed to return to 25 °C, and N,N-diisopropylethylamine (1.0858 g, 8.4 mmol)
was added dropwise. The mixture was stirred at 25 °C for 12 hours. The resulting solution
was diluted with 200 mL ethyl acetate and extracted with saturated NaCl solution (4 x 75
mL), dried over MgSOs, and concentrated under vacuum to afford powder product (1.8589 g,
93%). 'H NMR (400 MHz, CDCl3) & 10.08 (s, 1H), 7.77 (dd, J = 6.0, 3.6 Hz, 1H), 7.64 (dd, J
=7.9, 1.6 Hz, 1H), 7.48-7.42 (m, 2H), 7.42—-7.33 (m, 3H), 7.32-7.18 (m, 6H), 7.19-7.06 (m,
5H), 7.02 (td, J = 7.6, 1.6 Hz, 1H), 6.83-6.72 (m, 1H), 6.68-6.61 (m, 2H), 5.49 (s, 1H), 5.15
(s, 2H), 5.09 (s, 2H). 3C NMR (151MHz, CDCls,): 5 163.74, 151.84, 146.65, 144.73, 136.34,
136.19, 135.26, 131.35, 129.14, 129.04, 128.71, 128.66, 128.31, 127.71, 125.61, 124.60,
123.74, 123.54, 123.29, 122.81, 119.88, 117.59, 116.69, 76.50, 71.42. MS-ESI: C33H2sN203
m/z Calcd: 500.21, Found: 501.22 [M+1]".

N,N*-(azanediylbis(2,1-phenylene))bis(2,3-bis(benzyloxy)benzamide)

BnO OBn
OBn
NH, NH, @8 EDC,HOOBt BnO OBn
NH DMEF, 0 °C
+ 2 >
OBn (2) DIPEA 0~ "NH H HN™ 0
o OH 25°C,12h @/N\©

A mixture of N!-(2-aminophenyl)benzene-1,2-diamine (398.5 mg, 2.0 mmol ) and

2,3-bis(benzyloxy)benzoic acid (1.3376 g, 4.0 mmol) was dissolved in 15 mL
dimethylformamide (DMF) and cooled to 0 °C. 3-(ethyliminomethylideneamino)-N,N-

dimethylpropan-1-amine hydrochloride (805.2 mg, 4.2 mmol) and 1-hydrozybenzotriazole
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monohydrate (642.8 mg, 4.2 mmol) were dissolved in 10 mL dimethylformamide (DMF),
and this solution was added dropwise to the stirred mixture from the first step. Then the
reaction was allowed to return to 25 °C and N,N-diisopropylethylamine (1.0858 g, 8.4 mmol)
was added dropwise. The mixture was stirred at 25 °C for 12 hours. The resulting solution
was diluted with 150 mL ethyl acetate and extracted with saturated NaCl solution (4 x 30
mL), dried over MgSOs, and concentrated under vacuum to afford powder product (1.5012 g,
90%). 'H NMR (400 MHz, CDCl3) 6 9.73 (s, 2H), 7.54 (dd, J = 7.7, 1.9 Hz, 2H), 7.41-7.21
(m, 14H), 7.20-6.95 (m, 16H), 6.86 (td, J = 7.5, 1.7 Hz, 2H), 6.44 (s, 1H), 5.17 (s, 1H), 5.05
(d, J = 7.1 Hz, 8H).

2,3-dihydroxy-N-(2-(phenylamino)phenyl)benzamide (H4LCAT)

OBn OH

OBn H, (65 psi), Pd/C OH

07 NH > P NH
H THF, 12 h H
ORe 0O
Ti )

0 a THF (100 mL solution of 3-bis(benzyloxy)-N-(2-

(phenylamino)phenyl)benzamide (1.8020 g, 3.6 mmol) was added 10 wt.% Pd/C (0.6 g, 0.56
mmol, 15 mol%). The reaction mixture was placed in a pressure-safe reaction vessel and
shaken under H> at 65 psi for 12 hours. The reaction mixture was filtered through a pad of
celite, and the resulting filtrate was concentrated under vacuum to obtain a thick, colorless oil.
Washing the oil with hexanes afforded the product as a solid. This solid was filtered and dried
under vacuum to yield the product as pink powder (0.9126 g, 79%). *H NMR (400 MHz,
CDs0D) 6 7.87 (dt, J = 8.0, 1.4 Hz, 1H), 7.26 (ddt, J = 17.3, 8.1, 1.4 Hz, 2H), 7.19-7.11 (m,

3H), 7.10-7.04 (m, 1H), 6.92 (ddd, J = 7.9, 2.9, 1.5 Hz, 1H), 6.85 (ddt, J = 7.8, 2.0, 1.0 Hz,
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2H), 6.77 (dddd, J = 7.3, 6.3, 1.8, 1.0 Hz, 1H), 6.73-6.67 (m, 1H). 1*C NMR (151 MHz,
CD30D) 6 167.73, 147.80, 145.85, 144.90, 136.24, 130.47, 128.75, 125.75, 124.17, 122.84,
121.93, 119.59, 118.58, 118.43, 116.78, 116.36. MS-ESI: C19H16N203 m/z Calcd: 320.12,
Found: 319.11 [M-1].

N,N’'-(azanediylbis(2,1-phenylene))bis(2,3-dihydroxybenzamide) (H7LCAT)

OH HO
/I\ £ H, (65 psi), Pd/C I OH Hoj?

THF, 12 h

To a THF (50 mL) solution of N,N'-(azanediylbis(2,1-phenylene))bis(2,3-
bis(benzyloxy)benzamide) (1.5 g, 1.8 mmol) was added 10 wt.% Pd/C (0.6 g, 0.56 mmol, 31
mol%). The reaction mixture was placed in a pressure-safe reaction vessel and shaken under
H> at 65 psi for 12 hours. The reaction mixture was filtered through a pad of celite, and the
filtrate was concentrated in vacuo to obtain a thick, colorless oil. Washing the oil with
hexanes afforded the product as a solid. This solid was filtered and dried under vacuo to yield
the product as pink powder (0.1874 g, 82%). *H NMR (400 MHz, CD3z0D) & 7.59 (dd, J =
7.8, 1.5 Hz, 2H), 7.26 (dd, J = 8.1, 1.4 Hz, 2H), 7.15-7.06 (m, 2H), 7.03-6.90 (m, 6H), 6.70
(t, J = 8.1 Hz, 2H). 13C NMR (151 MHz, CD3s0D) & 168.64, 148.36, 145.78, 137.77, 128.13,
126.51, 125.57, 121.67, 119.82, 118.52, 118.48, 115.98, 67.46. MS-ESI: CsH21N3Os m/z

Calcd: 471.14, Found: 470.14 [M-1].
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3. Chapter 3: The Design, Syntheses and Metalation of Alkyne

Modified Redox-Active Ligands for Applications in Flow Chemistry
Abstract

Diazo compounds have versatile utilities in organic syntheses and are specifically
used as carbene precursors. However, their unstable nature and safety concerns limit their
long-term storage and use in large-scale syntheses. One way to overcome the safety issue is
through flow chemistry where the diazo compounds can be synthesized in situ and consumed
immediately in downstream reactions with other transition metal catalysts. Having previously
developed a bis(amidophenyl)amine redox-active ligand, whose cobalt complex was capable
of catalyzing the transformation of hydrazones to diazo compounds in homogeneous systems,
we are motivated to modify the ligand for its use in heterogeneous diazo syntheses. To
achieve the heterogeneous catalysis, the ligand in the homogeneous catalyst needs to be
modified for immobilization on solid support. Terminal alkyne was chosen as the
modification for our ligand system because azide-alkyne cycloaddition (click chemistry)? can
straightforwardly react azide with alkyne compound to selectively give 1,2,3-triazoles with
high vyields, simple purification, and good functional group tolerance.? Ideally, with an
alkyne-modified ligand system involved in the catalyst, it would be able to be immobilized
on azide modified support such as silica, polymer or MOF material for heterogeneous
catalysis.

The terminal alkyne moiety was explored to be installed onto the
bis(amidophenyl)amine redox-active ligand at aromatic or amide site. Two asymmetric

alkyne-functionalized bis(amidophenyl)amine redox-active ligands
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N-(2-((2-isopropylamidophenyl)amino)phenyl)hex-5-ynamide (HsL™'L"®¥™) and N-(2-((2-
(hex-5-ynamido)phenyl)amino)phenyl)-2,4,6-triisopropylbenzamide  (HsLTR'PL"®¥"¢)  were
designed, synthesized, and optimized through two synthetic routes. The Co'' catalyst
[Coa(L™PrLM®Ymey,]2- [1]%, [Coz(LTRPLM®YMe),]2- [2]> were synthesized. Another unexpected
Co" catalyst [Cop(L'PrLintemal-hexyney,12- 1312 with an internal alkyne chain was obtained when
slightly excess amount of base was used in the metalation step. Crystals of (PPhas)2[1], K2[3],
(EtsN)2[3] and (PPhas)2[3] were analyzed by X-ray crystallography. Their electrochemical
properties were studied by cyclic voltammetry, and the electron-rich electrochemical profile
showed their potential to catalyze multielectron reactions. UV-vis studies were performed to
monitor the aerobic oxidation of catalysts under excess amount of oxygen. The O-atom
transfer reaction of oxidizing triphenylphosphine into triphenylphosphine oxide and aerobic
hydrazone oxidation of benzophenone hydrazone into a diazo compound were achieved with
good to moderate yield using the newly synthesized catalysts. With the confirmation of the
reactivity of these new cobalt catalysts with asymmetric alkyne functionalized redox-active
ligands, we believe their efficacy can be further explored by immobilizing the catalyst onto

different solid supports for heterogeneous catalysis in flow systems.
X
7 NH  HN" 70 0~ "NH HN” S0

Figure 3-1. Structure of ligands HsL"P"L3" and HaLTPLY" jn this study.
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Introduction

C—H functionalization is a powerful transformation in the construction of complex
molecules from simple feedstock chemicals.>* Diazo compounds, with far-reaching
applications in C—H functionalization including cyclopropanation,> C-H and C—X bond
activation,®® and ylide formation,'® have received rigorous attention.!* In addition, diazo
compounds have shown potential in the field of chemical biology for protein modification.!
However, diazo compounds' tendency to undergo exothermic decomposition, which may be
explosive!®, draw concerns regarding their long-term storage and use in large-scale syntheses.
One way to overcome the safety issue is through flow chemistry which allows the diazo
compounds to be synthesized in situ and consumed immediately in downstream reactions
(Figure 3-2).}41 Given the safety concerns, it is of crucial importance to develop

heterogeneous catalysts that can be used in the flow reactors to synthesize diazo compounds.

Catalyst 1 Catalyst 2
HzN\N N2
)|\ )j\ Final Product
R Rl R R'
oxidant

Figure 3-2. Oxidation of hydrazones to diazo compounds in flow chemistry.

In 1883, Curtius developed a method to synthesize ethyl diazoacetate® which leaded to
interest in using diazo compounds as building blocks for C—C bond formation. Since then,
several other synthetic approaches for accessing diazo compounds have been developed. One
common approach is through diazo transfer, where a diazo group from a donor, such as
sulfonyl azide, is transferred to a suitable acceptor. Examples of diazo transfer agents used in
the syntheses are tosyl azide;!’ p-acetamidobenzenesulfonyl azide!® and imidazolesulfonyl

azide.r® Although diazo transfer is a relatively efficient approach to synthesize diazo
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compounds, some diazo transfer agents and/or by-products from the synthesis of diazo

transfer agent are highly explosive?® and the side-products can be challenging to remove.

Base N,
-TOISO ZNHZ

Scheme 3-1. Synthesis of diazo compounds through diazo transfer approach using tosyl

azide.'’

Another widely used synthetic approach for the synthesis of diazo compounds is
dehydrogenation of hydrazones; however, most of the previously reported methods involve
heavy and toxic metals as oxidants. For example, Pb(OAc)s,2* HgO,%% Ag,0,2* MnO2,%
KMnOs?® have been used in the syntheses of diazo compounds through hydrazone
dehydrogenation. Compared to the aforementioned methods that involve the generation of
stoichiometric amount of toxic waste, synthesis of diazo compounds through catalytic aerobic
oxidation of hydrazone is more favorable because this process uses dioxygen as the green
oxidant, can be carried out under mild conditions, and water is the only by-product.

The MacBeth group has developed a series of symmetric bis(2-R-amidophenyl)amine
((HN(0-PhNHC(O)R).)) redox-active ligands for catalyzing aerobic oxidation reactions
(Figure 3-3).2"2 The N-amidate groups in this ligand system are strong c-donors that can

help stabilize metal compound in high oxidation states.*°
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R R
o)?'ﬁm HNA , .
. E X Tri-dentate coordination
Redox-active
(H,L®)

R=ipr, tBu, Me, TRIP, CF;
TRIP= 2,4,6-trisopropyl phenyl

Figure 3-3. Bis(2-R-amidophenyl)amine redox-active ligands developed by the MacBeth
group.
Previous studies have shown that a Co(ll) complex supported by a
bis(amidophenyl)amine redox-active ligand (PPhs)2[Co.L"™"] is an efficient homogeneous

catalyst for the aerobic oxidation of hydrazone to diazo compounds (Scheme 3-2).

“ /

0) /Co\ /0" 0
2 N N

) @ "’,\//‘K )

HaN< 10 mol% [Co,LP7,]* N,
I o0 e > SN
o MeCN o)
25 °C, 30 min
>99% yield

Scheme 3-2. [Co,L™™;]* as homogeneous catalyst for hydrazone oxidation reaction.

The discovery of this homogeneous hydrazone oxidation catalyst and the idea of
involving flow reactor to solve the safety issue during the production of diazo compounds
inspired us to design heterogeneous catalysts for safer diazo synthesis. We are motivated to

synthesize modified redox-active ligands that can be easily incorporated into heterogeneous



91

catalytic systems and/or attached to solid supports so that we can apply the catalytic aerobic
oxidation of hydrazones for diazo production in flow reactors. Literature examples of solid
supports for heterogeneous catalysis including silica,3! polymer resin®? and MOF materials.33

Our goal is to develop catalysts that incorporate less-expensive and abundant first row
transition metals with terminal alkyne modified asymmetric redox-active ligand, as well as
using dioxygen as green oxidant for catalytic hydrazone oxidation. The asymmetric ligands
are more challenging to synthesize chemically due to more complicated substitutions in the
ligand scaffold.3* In this work, we will report the design, syntheses and characterizations of
terminal alkyne functionalized asymmetric redox-active ligands and their subsequent
metalations with a cobalt center. The reactivity of these Co complexes towards aerobic

oxidation, O-atom transfer reaction, and hydrazone oxidation reaction will also be discussed.
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Ligand syntheses

Design of redox-active ligands functionalized with a terminal alkyne

Functionalizing the redox-active ligand with a terminal alkyne was proposed to
achieve the goal of anchoring the homogeneous catalyst onto a solid support as
heterogeneous catalyst for flow chemistry. Terminal alkyne modification was selected
because azide-alkyne cycloaddition (click chemistry)! can straightforwardly react azide with
alkyne compound to selectively give 1,2,3-triazoles with high yields, simple purification, and
good functional group tolerance.?. To functionalize the redox-active ligand framework, one
proposed approach is to install the terminal alkyne onto the aromatic ring, and the other is to

install the terminal alkyne as one of the amide substituents (Scheme 3-3).

Approach A

R

g 0) NH HN /&O
©/ \© """" - | II\{I | Approach B

Scheme 3-3. The proposed syntheses of terminal alkyne functionalized ligands through two

approaches.

Ligand syntheses in approach A: Terminal alkyne on the aromatic ring

In approach A, a terminal alkyne was proposed to be installed on the aromatic ring.

An alkyne chain longer than four members was proposed to introduce flexibility to the
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anchored ligand system. Previous studies suggested that the dimeric cobalt complexes would
undergo rearrangement to form monometallic active species under oxidizing conditions, this

flexibility is essential for the rearrangement that might form active species (Scheme 3-4).%

Scheme 3-4. Rearrangement of [CozL"P"2]? upon oxidation.

Two synthetic routes were proposed and tested to install the terminal alkyne chain
onto the aromatic ring. In route one, ligand with a benzyl bromide moiety was proposed to
react with an alkyne tethered organolithium reagent via lithium-halogen exchange. In route
two, cross coupling was proposed to synthesize the final alkyne functionalized product

(Scheme 3-5).
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Route one

R R H
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o)\NH HNT X0 N~ ©/
H | i »
N
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S

Route two

R

R q 0
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O0” 'NH HN™ O Cross coupling
H _______________ >
Br
X

Scheme 3-5. Proposed synthetic routes in approach A.

Ligand syntheses—Approach A: Route 1

In route one, 4-methyl-2-nitro-N-(2-nitrophenyl)aniline 3-1 was obtained in 88% yield
through a nucleophilic aromatic substitution using 1-fluoro-2-nitrobenzene and
4-methyl-2-nitroaniline as starting materials (Scheme 3-6). Then
N*-(2-aminophenyl)-4-methylbenzene-1,2-diamine 3-2 was synthesized in 81% through

catalytic hydrogenation using palladium-on-carbon (Pd/C, 10 wt.%) as the catalyst (Scheme

3-6).
NO, NO, NO, NO, NH, NH,
FOHN KO'Bu g H,,Pd/C 11\{1
+ 2 e —
DMSO THF
3-1 3-2

Scheme 3-6. Two step synthesis of N!-(2-aminophenyl)-4-methylbenzene-1,2-diamine 3-2.

After the N!-(2-aminophenyl)-4-methylbenzene-1,2-diamine 3-2 ligand precursor was



95

successfully synthesized, it was then utilized in the acylation reaction using isobutyryl

chloride to form the desired ligand 3-3 in 91% yield (Scheme 3-7).

" EtN, \f*m
T v
0 °C to 25 °C

3-2 3-3
Scheme 3-7. Synthesis of 3-3.

Then N-bromosuccinimide was used in the bromination reaction with 3-3 to form the
alkyl bromide. However, the product isolated from the bromination reaction was not the
desired ligand with the benzyl bromide moiety, instead, bromine atom directly attached to the
aromatic ring forming an aryl bromide (Scheme 3-8). Different solvents including DMF,
MeCN, CHCIs and CCly4, various reaction temperatures, reaction times, and radical initiator
adduct benzoyl peroxide were attempted for reaction optimizations to generate the desired

ligand with benzyl bromide moiety but were not successful.
NH HN Oxa_N NH HN™ O
N ' j\;).:o ol {
Br

Fon ol

34

Scheme 3-8. Aryl bromide product formed in the bromination reaction.
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Ligand syntheses—Approach A: Route 2

With the aryl bromide product in hand, route two was proposed to form alkyne
functionalized ligand through coupling reactions. This time, with the intention of brominating
the aromatic ring, N-bromosuccinimide (NBS) was added to 3-3 in CHCIs under reflux

condition for 24 hours, and 3-4 was yielded in 83% yield (Scheme 3-9).

I T o X T
07 "NH HN” S0 ! 07 "NH HN” S0
H + 1.1 O8N —_— E
N O cHcl,
reflux
Br

3-3 3-4

Scheme 3-9. Synthesis of the aryl bromide 3-4.
A crystal of 3-4 that was suitable for X-ray diffraction was obtained by slow
evaporation of hexane into a concentrated dichloromethane (DCM) solution of 3-4 (Figure 3-

4).

Figure 3-4. Solid-state structure of 3-4 as determined by single X-ray crystallography.

Hydrogen atoms are omitted for clarity.
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With compound 3-4, the starting material of route two synthesized and isolated, it was
used in cross coupling reactions for the installation of the terminal alkyne chain. Sonogashira
coupling reaction was first tested by mixing ligand 3-4, Pd(PPh3)2Cl> (3 mol%),
N,N-diisopropylethylamine and Cul (10 mol%) in N,N-dimethylformamide (DMF), and
purged with nitrogen. Then hex-1-yn-1-yltrimethylsilane was added to the mixture, which
was stirred for 24 to 48 hours (Scheme 3-10). The reaction mixture was then poured into
saturated NaHCO3 solution and extracted with ethyl acetate (EtOAc). Then the organic layer
was combined and washed with saturated NaCl aqueous solution, dried over MgSOa, and
filtered. Optimizations of reaction time, temperature or catalyst loading were attempted;
however, they did not help yield the desired product. Thin layer chromatography studies after

the reactions showed that starting material was recovered (Table 3-1).

OINH HI\I) /\/\
{ + \/S\i = —>—> NR.

Br

Scheme 3-10. Attempts of Sonogashira coupling reactions.

Table 3-1. Conditions used in Sonogashira cross coupling attempts.

Solvent  Time Temperature Pd catalyst loading

1 DMF 24 h 25°C 3 mol%

2 DMF 24 h Reflux 3 mol% SM

3 DMF 48 h Reflux 3 mol% recovered
4 DMF 24 h Reflux 5 mol%

Besides Sonogashira coupling, Negishi coupling reaction was also attempted by first

synthesizing the organozinc bromide compound in situ, followed by addition of aryl bromide
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and 5 mol% of Pd(PPhz)s as catalyst (Scheme 3-11). A large amount of effort was devoted to
separating the product by manual column chromatography; however, due to low yield and

undesired side-reactions, the separation attempts were not successful.

+ ZnBr,

Scheme 3-11. Attempts of Negishi coupling reactions.

Ligand syntheses in approach B: Terminal alkyne as the amide substituent
Ligand syntheses—Approach B: Route 3

In efforts to successfully synthesize the alkyne functionalized ligands, focus was
shifted to installing the terminal alkyne chain as the amide substituent as illustrated in
Approach B. Bis(2-aminophenyl)amine [HN(0-PhNH2)2] was first prepared using a modified

literature procedure®® (Scheme 3-12).

F NH,
NO, NO H2 Pd/C
+ “DMso
25°C, 20 h

Scheme 3-12. Two step synthesis of bis(2-aminophenyl)amine [HN(0-PhNH2)2].

Monoacylation was then attempted to prepare 3-5 using isobutyryl chloride (Scheme
3-13). Due to the electronic and steric effect, monosubstituted ligand should be the major

product. It is confirmed by the NMR result where the molar ratio of mono 3-5 and di 3-6
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substituted ligand product is calculated to be 1:0.39.

0
NH NH
’ S ’ 6N, YC] NH HNIO OINH HI\I)
o 2 H + H
DCM N N
0°C to 25 °C, 20 h
3 3

-6

-5

Scheme 3-13. Synthesis of 3-5 and 3-6 through acylation reactions.

Recrystallizations were performed to purify the desired monosubstituted ligand 3-5.
The product mixture was dissolved in minimum amount of dichloromethane in a
crystallization jar and then carefully layered with hexane and was left overnight. Then the
crystals/powder formed was filtered out from the solution, and the filtrate was concentrated
under vacuum and reused for the following recrystallizations (Table 3-2). At the third time of
recrystallization, the molar ratio of 3-5 and 3-6 in the filtrate turned to 1: 0.16, however, the
crystal/powder that formed after the third recrystallization was found to be a mixture of 3-5
and 3-6 instead of pure 3-6, as in the cases of previous recrystallizations. Bulkier bases such
as N,N-diisopropylethylamine were used instead of triethylamine in the hope of promoting
the formation of mono-substituted product, but this approach was not successful. Intense
studies on adjusting the equivalents of base and acyl chloride used in the reaction, as well as
lowering temperature or using of syringe pump for slow addition were carried out; however,

none of these methods were able to eliminate the formation of di-substituted product 3-6.
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Table 3-2. Recrystallization trials after first acylation reaction.

Recrystallization round  Molar ratio in filtrate  Crystal/powder formed

mono 3-5: di 3-6
18 1: 0.33 3-6
2nd 1: 0.28 3-6
3 1:0.16 3-5 and 3-6

Since the aforementioned method did not successfully yield the desired mono-
substituted ligand with high purity, column chromatography was applied to the reaction
mixture using 3:1 hexane: ethyl acetate as eluent. The reaction mixture contained the desired
mono-substituted one arm ligand 3-5, di-substituted two arm ligand 3-6 and the unreacted
stating material. Since they all contained free amine in their structures, the interaction
between free amine and acidic silica gel created difficulty in complete separation of the
product on the column. In addition, the structural similarity between mono- and di-substituted
ligands caused overlap between fractions and resulted in a 30% maximum vyield of the final
isolated product 3-5.

The alkynyl acyl chloride was synthesized by reacting 5-hexynoic acid with excess
amount of thionyl chloride in dry dichloromethane (DCM) under nitrogen atmosphere
(Scheme 3-14).%¢ The product 5-hexynoyl chloride was obtained with full conversion as light-

yellow colored liquid.

0 SOCl 0
\\\/\)]\ : \\\/\/U\
OH Dry DCM Cl
25°C, 48 h

Scheme 3-14. Synthesis of 5-hexynoyl chloride.

Then, a second acylation reaction was carried out between the purified mono-

substituted isopropyl ligand 3-5 and 5-hexynoyl chloride to yield the desired terminal alkyne
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functionalized ligand HsL™'La%" in 94% of yield (Scheme 3-15). A crystal of HsLPrLalkyne
was obtained from a concentrated dichloromethane solution of HsL'P'L¥%" Jayered with
hexane, and its solid-state structure is shown in Figure 3-5.

NH, HN
H
N

DCM
25°C,20h

Scheme 3-15. Synthesis of H3L'p'La'ky”e.

Figure 3-5. Solid-state structure of HsL'P"L3"® as determined by single X-ray

crystallography. Most hydrogen atoms are omitted for clarity.

The 2,4,6-trisopropyl phenyl group was then proposed as a bulkier amide substituent
that could help increase the yield of mono-substituted product (Scheme 3-16). The mono-
substituted product with 2,4,6-trisopropyl phenyl group was purified by column

chromatography with 9:1 hexane:ethyl acetate as eluent in a yield of 44%.
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0
cl
NH, u NH, EGN,
— +
©/\© DCM NH, . HN”™0 07 "NH . NHTTO
0°C t025°C,20 h f N f f N i

Scheme 3-16. Synthesis of ligand HsL ™.

Since the H4L™" ligand is more sterically hindered for the second substitution, excess
amount of base (2.5 equiv.) and acyl chloride (1.2 equiv.) was required for a full consumption

of starting material H4sL™" ligand during the second acylation reaction (Scheme 3-17).

X
EtN, AKX
DCM

25°C,20h | |

Scheme 3-17. Synthesis of HaL TP alkyne,

A crystal of the ligand HsLT"L3%"e was obtained by slow evaporation in ethanol and

methanol solution (Figure 3-6).

Figure 3-6. Solid-state structure of HsL""PL" a5 determined by single X-ray
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crystallography. Most hydrogen atoms are omitted for clarity.

Ligand syntheses—Approach B: Route 4

Since the separation of mono-substituted ligand precursor in route 3 bore the
limitations of low yield, small scale, and tedious manual column chromatography, route 4
was proposed where only one primary amine moiety was available for acylation reaction each
time, thus eliminating the formation of di-substituted ligands. Ligand precursor
N*-(2-nitrophenyl)benzene-1,2-diamine 3-7 only has one primary amine available for the
following acylation reaction. Ligand precursor 3-7 was first synthesized and purified via

column chromatography using 94:6 hexane:ethyl acetate eluent with a yield of 57% (Scheme

F NH,
NO, NH
+ DMsO.
130 °C, 8 h

Scheme 3-18. Synthesis of 3-7 N*-(2-nitrophenyl)benzene-1,2-diamine.

3-18).

Then the first acylation reaction was carried out by adding base and isobutyryl

chloride into the dichloromethane (DCM) solution of 3-7, affording 3-8 in 98% vyield

0
NH, NO, I
N BN, Y I NO, , HNTO
DCM N
25°C, 20 h

3-7 3-8

(Scheme 3-19).

Scheme 3-19. Synthesis of 3-8.

The nitro group in the ligand precursor 3-8 was then reduced to the primary amine via

a Pd/C catalyzed hydrogenation and the resulting product was then used for the second
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acylation reaction that installs the terminal alkyne onto the ligand framework (Scheme 3-20).
The hydrogeneration afforded 3-9 N-(2-((2-aminophenyl)amino)phenyl)isobutyramide
product in 92% yield. The following second acylation reaction was carried out by reacting
3-9 with 5-hexynoyl chloride, same as discussed in route 3. These ligands were isolated and
fully characterized by *H NMR, 3C NMR, and mass spectrometry. Detailed procedures and

characterization information are described in the experimental section.

NO, ., HN" 70 H,,Pd/C  NH, g HNTTO ’ \5\ I
N THF N DCM HN
25°C,20 h

3-8 3-9 H3L1prLalkyne
Scheme 3-20. Synthesis of ligand HsL™"La%" through hydrogenation and second acylation

reaction in route 4.
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Syntheses of cobalt complexes

2K
A _I
(1)3.0 KH
2) 1.0 CoBr
() 2 / \ / O
\/ \ O
07 "NH . HNTTO 250C3h a N
N -3H, I %
-3 KBr —
—
+
2K
= |
‘zLN"' e o
Co Co
0 /7 N/ \ O
iN N, N
CHO
—

Scheme 3-21. Synthesis of [Coa(LP'LA"€),]1%, [1]%.

Cobalt dimer complex was synthesized by deprotonating ligand HsL™'L3" thrice
with KH, followed by the addition of cobalt(ll) bromide under an inert atmosphere. The
deprotonation was stopped when the release of Hz gas ceased, and then cobalt(Il) bromide
was added to the reaction. The reaction mixture was left stirring for 3 hours before it was
dried under vacuum and redissolved in acetonitrile (MeCN). A filtration was then performed
to remove KBr. The resulting filtrate was dried under vacuum and used for recrystallization.
Powdered products were obtained and isolated after recrystallization or by washing the dried
product with hexane overnight. It is worth mentioning that there are two possible structures
for the dimeric cobalt complexes. As shown in Scheme 3-21, the first cobalt complex has two
identical Co centers that are each coordinated to one NPh(COL™), one NPh(COL"®), and

two N(Ph)2 moieties. The second possibility is that two cobalt centers are different where Col
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is coordinated to two NPh(COL™") and two N(Ph)2 moieties, while Co2 is coordinated to two
NPh(COL¥") and two N(Ph)2 moieties. X-ray crystallography studies suggested that the
isolated cobalt complexes were of the first structure where two cobalt centers in the complex
shared the same chemical environment.
Results and discussions

Mass spectroscopy was applied to the [1]* powder isolated from crystallization
immediately after it was taken outside of glovebox. The peak with largest intensity in the
negative ion spectrum (found m/z: 419.11) aligns well with the desired dimeric cobalt
complex with a 2 minus charge (m/z Calcd: 838.78/2=419.39). A single crystal of [1]*
suitable for X-ray diffraction was obtained by diffusing diethyl ether into a concentrated
acetonitrile solution of [1]* in the glovebox (Figure 3-7). The bond lengths and bond angles

around the metal centers are shown in Table 3-3.

Figure 3-7. Solid-state structure of (PPhs)2[1] as determined by single X-ray crystallography.

Hydrogen atoms are omitted for clarity.
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Table 3-3. Select bond lengths and bond angles for (PPha)2[1].

Atom  Atom length/A Atom  Atom Atom Angle/°
Col N1 1.958 N1 Col N3B  130.238
Col N1B 2.037 N2 Col N3B  130.900
Col N2 1.925 N1B Col N3B  81.209
Col N3B 2.165 N1 Col N2 89.668
Col Co2 2.558

It is worth mentioning that alkyne walking phenomenon was observed when slightly

excess of base KH (3.2 equiv) was used in the deprotonation step (Scheme 3-22).3" The

crystal suitable for X-ray diffraction of dimeric cobalt complex with internal alkyne ligand

was obtained by diffusing diethyl ether into a concentrated acetonitrile solution of

[Cop(L'PrLintemal-alkyney,12- 1312 jn the glovebox. The [3]% crystals were able to be obtained

with three different countercations as K2[3], (EtsN)2[3] and (PPha4)2[3]. A comparison of Co—

Co and Co—N distance is summarized in Table 3-4.

X

NH

[sae

R
HN AO

(1)3.2KH
(2) 1.0 CoBr,

25°C,3h
- 3H,
-3 KBr

W\

[31>

Scheme 3-22. Formation of [Cop(LPrLintermal-alkyney,12- 1312

Table 3-4. Co—Co and Co—N distances in K2[3], (EtaN)2[3] and (PPha)2[3].

Distance/ A K2[3] (EtaN)2[3] (PPha4)2[3]
Co-Co 2.617 2.592 2.610
Co-Nakyne 1942  1.965 1976 1976 1977 1.963
Co-—NiP 1.949  1.954 1944 1944 1972 1974
Co-NP"™Ph 2049  2.045 2.053 2.053 2.064 2.052
2.025 2.036 2.041 2.041 2.038 2.024

W

—|2'
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Figure 3-8 shows the C—C bond length of the terminal three carbons on the alkyne
chain in ligand HsL"™"L3" jtself and cobalt complex [3]%. Figure 3-8(a) shows the solid-
state structure of HsLP"L2" ligand and the C—C bond distances around the triple bond in the
alkyne moiety. The length of C22—C21 bond is 1.207 A, which is typical for a triple bond.
The length of C21-C20 is 1.511 A, and the length of C20-C19 is 1.504 A. This confirmed
that the alkyne moiety in the synthesized ligand was terminal. However, it rearranged to an
internal alkyne after the metalation as shown in Figure 3-8(b). In the cobalt complex [3]%, the
length of terminal C17—C18 bond is 1.456 A, and C16—-C15 bond length is 1.466 A which are
typical for a C—C single bond. Surprisingly, the internal C17—C16 bond is the shortest among
all three with the value of 1.179 A, suggesting an internal triple bond. With the shortest C-C
bond being in the middle of the chain, this proves that the terminal alkyne moiety rearranged
to internal during the metalation process when excess amount of base existed. The alkyne
walking case can be avoided by using exactly 3 equivalents of base KH. Without the excess

amount of base, alkyne moiety can remain terminal in the cobalt complexes.
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(a)

O~ 'NH HI\XD

ZT

(b)

A\

Figure 3-8. Solid-state structures of (a) HsL'P"L3"® (b) [3]* as determined by single X-ray

H3LiprLinternaI-alkyne

crystallography and select C—C bond lengths.
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After cobalt complexes [1]> and [3]> were structurally characterized, their

electrochemical properties were studied by cyclic voltammetry. Both [1]> and [3]* showed

electron-rich electrochemical profile (Figure 3-9). The cyclic voltammetry studies indicate

that these two complexes have the potential to catalyze multi-electron chemical processes,

such as catalytic oxidations.

(a) (b)
i Ik: 2- o
[COZ(LIPrL: yne)z] [002(L\prmlemal—alkyne)z]Z—
(1] 3F
T T T T T T T T T T T T T T T T T T T T T T T T T
1.5 1.0 0.5 oo -05 -0 -5 -20 -25 -30 1.5 1.0 0.5 0.0 05 -10 -15 -20 -25 -30

Potential (V vs Fc/Fc") Potential (V vs Fc/Fc")

Figure 3-9. Cyclic voltammetry of 0.5 mM (a) (PPhas)2[1] (b) (PPha4)2[3] in 10 mL of 0.1 M
TBAPFs in acetonitrile at v =100 mV/s.

Cyclic voltammetry was also performed on the HsL™L¥" [igand in acetonitrile,
which also showed electron-rich electrochemical profile but with fewer events than cobalt
complexes (Figure 3-10). This further demonstrated that electrochemical events could happen
between the cobalt metal center and redox-active ligand, and as a result, contributing together

to the catalysis of multi-electron reactions.
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Figure 3-10. Cyclic voltammetry of 1.5 mM HsL"P"L3"™ jn 10 mL of 0.1 M TBAPF in

acetonitrile at v =100 mV/s.

Aerobic oxidation

The oxidation of the cobalt complexes by excess amount of dioxygen was monitored
by UV-vis spectrometry. Shown in Figure 3-11 is the oxidation of (PPhas)2[1] cobalt dimer
complex with terminal alkyne functionalized redox-active ligand by dioxygen. The green
trace represents the complex before oxidation, showing two absorptions at 636 nm and 810
nm. Then the excess amount of dioxygen was injected into the cuvette and the reaction was
continuously monitored by UV-vis spectroscopy. In the first 40 minutes after being exposed
to dioxygen, the intensity of both absorptions kept increasing and reached maximum at the
end of the 40 minutes as shown in purple trace. The absorption at 636 nm shifted to 631 nm
and a new absorption at 524 nm appeared. The broad absorption at 810 nm shifted to 789 nm
40 minutes after the oxidation. Later, the intensity of the absorptions began to decrease and
eventually reached the black trace after an overnight oxidation, which is likely due to

decomposition of the cobalt complex.
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Figure 3-11. Oxidation of (PPhs)2[1] by excess dioxygen monitored by UV-vis spectroscopy

in acetonitrile.

A similar aerobic oxidation reaction was performed on [3]%, and the result is shown in
Figure 3-12. Similarly, there are two absorptions at 611 nm and 926 nm before oxidation as
shown in the green trace. With the addition of excess dioxygen to [3]%, the intensity of
absorptions kept increasing, the wavelength shifted to lower value, and the intensity of
absorptions reached maximum 40 minutes after being exposed to dioxygen. The

decomposition of cobalt complex was also observed when [3]% was exposed to dioxygen for

prolonged time.



113

1.0x10* T T
‘ K,[3] Crystal + excess O,
\ 517 nm PP
" Before oxidation
8.0x10" 1 1‘ — 40 min after exposed to O,
Overnight
. 6.0x10° 1 ,
5
= |
w  4.0x10°4 |
\‘\
2.0x10° \
926 nm
0.0

T & T 3 T L] T ) T J T
400 600 800 1000 1200 1400
Wavelength (nm)

Figure 3-12. Oxidation of K2[3] by excess dioxygen monitored by UV-vis spectroscopy in
acetonitrile.

A comparison of using crystal or powder sample K>[3] for the UV-vis study is shown
in Figure 3-13. The overall patterns of the spectrum were similar; however, it took longer for
the powder sample to finish the oxidation process (60 min vs 40 min), and the intensity of
absorptions over the whole spectrum were lower for the powder sample. These indicate that
the purity of the powder samples may be lower. Since the powder samples were obtained by
washing samples with hexane, the purity issue is likely due to the contamination of some

inorganic salt like KBr or organic salt like PPhsBr or EtsNBr from the metalation step that

was carried to the powdered sample.
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Figure 3-13. A comparison of K»[3] aerobic oxidation between (a) crystal (b) powder sample

monitored by UV-vis spectroscopy in acetonitrile.

Catalytic O-atom transfer reaction

To further explore the oxygen activation reactivity of Co complexes supported by
terminal alkyne modified redox-active ligands, catalytic O-atom transfer reaction was
performed using triphenylphosphine as model substrate, oxygen as terminal oxidant, and 5

mol% of Co complex as catalysts (Scheme 3-23).

O

wo-P 1l
@ \© 02 catalyst wi-P
@ MeCN @

25 °C
Scheme 3-23. Catalytic O-atom transfer reaction.

As shown in Table 3-5, when 5 mol% of [PPhs]2[1] was used as the catalyst in the
reaction of oxidizing triphenyl phosphine into triphenyl phosphine oxide, a yield of 23% was
achieved 1 min after mixing the reactants based on 3P NMR. Increasing the reaction time led
to a higher yield at a relatively fast increase rate within the first 60 minutes. The yield
reached 61% after a reaction time of 60 minutes. Afterwards, the reaction rate slowed down
significantly, and the yield was 70% at 2 hour, 72% at 3 hour, 77% at 4 hour and 79% at 5

hour. This slowdown was possibly due to the decomposition of the catalyst as also observed
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in the UV-vis studies. [Cox(LTRPLM®YM€),]2- [2]% and [Cogp(LPrLiMermal-hexyne),12- 1312 showed
less favorable catalytic reactivity towards O-atom transfer reaction with a yield of 25% and

42% after a reaction time of 60 minutes respectively.

Table 3-5. Yield of catalytic O-atom transfer reaction with [1]%, [2]* and [3]* as catalysts;

triphenylphosphine as model substrate and oxygen as terminal oxidant.

[PPh4]2[1] catalyst

Reaction Time 1 min 15min  40min  60min 2h 3h 4h 5h
Yield % (O)PPhs? 23% 44% 56% 61% 70% 72% 77% 79%

K>[2] catalyst

Reaction Time 25min  40min  60min  70min  3h 6h 27h 46h
Yield % (O)PPhs? 13% 23% 25% 27% 38% 48% 66% 72%

K>[3] catalyst

Reaction Time 1 min 30min 60 min 5h 21h
Yield % (O)PPhs? 28% 39% 42% 54% 67%

2 Yield determined by *'P NMR

Aerobic catalytic hydrazone oxidation reaction

In addition to the O-atom transfer reaction, the catalytic reactivity of [1]% and [3]*
was also studied in aerobic catalytic hydrazone oxidation reaction. Oxidation of
benzophenone hydrazone to diphenyldiazomethane was chosen as the model reaction due to

the commercial availability of the reactant and the relative stability of the product (Scheme 3-

24).
NG N, 0
| 0,, 5 mol% catalyst
+
SACEECACEOAS
25°C,0.5h
3-10 3-11

Scheme 3-24. Aerobic catalytic hydrazone oxidation reaction using benzophenone hydrazone.

Studies showed that with 5 mol% of [1]* as catalyst, 32% of hydrazone was
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converted to diazo product 3-10 after 30-minute reaction time with 65% of starting material
recovered. When [3]? is used as the catalyst, the yield of diazo product 3-10 after 30-minute
reaction time was 40% and the remaining start material was 56%. It is worth mentioning that
in both entries, over-oxidized product 3-11 was also observed with a yield that is 10% with

respect to the yield of diazo product (Table 3-6).

Table 3-6. Catalytic hydrazone oxidation with [1]% or [3]% as catalyst, diphenyl hydrazone as

substrate and oxygen as the terminal oxidant.

Entry Catalyst Yield 3-10% Yield 3-11%* SM%*?
1 (PPh4)2[1] 32% 3% 65%

2 (PPha)2[3] 40% 4% 56%
2Yield determined by *H NMR
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Conclusions and future directions

In this study, two asymmetric alkyne modified redox-active ligands HzL'P"L3" and
HsLTRIPLake were successfully synthesized and metalated to form the dimeric cobalt(l1)
complexes [Coz(LPLM®Y™),)2 [1]%, [Coz(LTRIPL"®Y™€),]> [2]% and [Cop(LPrLintemal-hexyney,12-
[3]%. The aerobic oxidation of the cobalt complexes was studied by UV-vis spectroscopy, and
major change of absorptions were detected within the first 40 minutes of the reaction.
Catalytic O-atom transfer and hydrazone oxidation reactions were achieved with the
synthesized catalysts in good to moderate yields. The synthetic routes for asymmetric ligands
shown in this report could be adapted for other asymmetric ligand systems and provide
guidance for future ligand designs. Collaborators can further immobilize these catalysts that
are ready with terminal alkyne moiety for heterogeneous catalysis and eventually achieve a

reusable, recyclable, and more environmentally benign catalysis.
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Experimental section
General considerations

Manipulations under inert atmosphere were carried out using standard Schlenk
techniques or conducted in an MBRAUN LabMaster 130 drybox under a nitrogen
atmosphere. All reagents used were purchased from commercial vendors and used as received
unless otherwise noted. Anhydrous solvents were purchased from Sigma-Aldrich with a
Sure/Seal ™ bottle or were further purified by sparging with Argon gas followed by passaging
through activated alumina columns. NMR experiments were performed on INOVA 400, 500,
600 and Bruker 400, 600 MHz instruments at ambient temperature. Chemical shifts are
referenced to the residual solvent. Mass spectra were recorded in the mass spectroscopy
center at Emory university on a Thermo LTQ-FTMS mass spectrometer. Infrared spectra
were recorded as KBr pellets on a Nicolet iS10 Series FT-IR spectrophotometer. UV-visible
absorption spectra were recorded on a Shimadzu UV-3600 (UV-vis/NIR) spectrophotometer
using 1.0 cm quartz cuvettes at room temperature. X-ray diffraction studies were carried out
in the X-ray crystallography laboratory at Emory university on a XtaLAB Synergy, Dualflex,
HyPix diffractometer. Cyclic voltammetry experiments were carried out using a CH
instrument (Austin, TX) Model 660C potentiostat. All experiments were conducted in
acetonitrile (MeCN) with 0.10 M tetrabutylammonium hexafluorophosphate as the
supporting electrolyte. Electrochemical experiments were conducted in a three-component
cell consisting of a Pt-wire auxiliary electrode, a non-aqueous reference electrode
(Ag/AgNO:s), and a glassy-carbon working electrode. All electrochemical measurements are

referenced and reported versus the ferrocene/ferrocenium couple.
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Ligand syntheses

4-methyl-2-nitro-N-(2-nitrophenyl)aniline

NO, NO, NO, NO,
t H
F H-N KO'Bu N
+ 2 —
DMSO

A mixture of 4-methyl-2-nitroaniline (1.5215g, 0.01 mol) and 1-fluoro-2-nitrobenzene
(1.05 mL, 0.01 mol) was stirred in dimethyl sulfoxide (DMSO, 20 mL) at 25 °C. KO'Bu
(2.2442 g, 0.02 mol) was slowly added to the reaction, which was stirred at 25 °C for 24
hours. The reaction mixture was then quenched with DI water (60 mL) overnight and then
filtered to yield a bright orange solid. This bright orange solid was washed with DI water 3
times (3 x 15 mL) followed by ice cold diethyl ether (3 x 15 mL) three times and then dried
under vacuum to yield the bright orange powder. (2.4167 g, 88%) H NMR (400 MHz,
CDCls) &: 10.92 (s, 1H, NH), 8.24 (m, 1H, ArH), 8.02 (dd, J = 2.1, 1.0 Hz, 1H, ArH), 7.53 (m,
3H, ArH), 7.39 (m, 1H, ArH), 7.05 (ddd, J = 8.4, 6.2, 2.2 Hz, 1H, ArH), 2.42 (s, 3H, CHj).
13C NMR (151 MHz, CDCls) & 139.08, 138.09, 137.83, 135.70, 134.89, 134.35, 132.65,
126.80, 126.40, 121.10, 120.62, 119.02, 20.50.

N!-(2-aminophenyl)-4-methylbenzene-1,2-diamine

NO, NO, NH, NH,
H H
i H,,Pd/C H
—_—
THF

10 wt.% Pd/C (0.6 g) was added to 4-methyl-2-nitro-N-(2-nitrophenyl)aniline (2.4167
g, 8.84 mmol) in a THF (150.0 mL) solution. The resulting reaction mixture was placed in a
pressure-safe reaction vessel and shaken under H at 50 psi for 1 hour until no more Hz was
consumed. The reaction mixture was then filtered through a pad of celite, and the filtrate was

concentrated under vacuum to generate thick, colorless oil. Washing the oil with hexane
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yielded the product as a solid. This solid was then filtered and dried under vacuum to yield
white powder (1.5227 g, 81%). 'H NMR (400 MHz, CDCls) § 6.89-6.81 (m, 2H, ArH), 6.77
(td, J = 7.3, 6.8, 2.0 Hz, 1H, ArH), 6.74-6.65 (m, 3H, ArH), 6.60 (dd, J = 8.0, 1.9 Hz, 1H,
ArH), 3.91 (s, 4H, NH), 2.28 (s, 3H, CHs). 3C NMR (151 MHz, CDCls) § 138.14, 136.09,
133.87, 132.77, 128.13, 122.35, 121.96, 120.90, 120.72, 118.82, 117.61, 117.19, 20.92.

N-(2-((2-isobutyramido-4-methylphenyl)amino)phenyl)isobutyramide

H i 2.1 EN, 21\f*01 INH H]\I
H
DCM N
0°C to 25 °C

To a dichloromethane (25 mL) solution of N!-(2-aminophenyl)-4-methylbenzene-1,2-

diamine (1.0664g, 5.0 mmol) was added triethylamine (1.0625 g, 10.5 mmol). The solution
was then lowered to 0 °C followed by an addition of isobutyryl chloride (1.1188g, 10.5
mmol). The reaction mixture was left slowly warmed up to room temperature and stirred for
20 hours. The resulting orange colored solution was extracted with saturated aqueous
NaHCO3 (3 x 15 mL) solution and saturated aqueous NaCl solution (1 x 15 mL), dried over
MgSO4, and then concentrated under vacuum to vyield N-(2-((2-isobutyramido-4-
methylphenyl)amino)phenyl)isobutyramide as an orange powder. (1.6 g, 91%) *H NMR (600
MHz, CDCls) & 8.10 (s, 1H), 7.84 (s, 1H), 7.74 (s, 1H), 7.48 (dd, J = 7.9, 1.5 Hz, 1H), 7.08—
7.02 (m, 1H), 6.95-6.87 (m, 3H), 6.76 (dd, J = 8.1, 1.4 Hz, 1H), 2.62 (hept, 1H), 2.56 (hept,
1H), 2.32 (s, 3H), 1.21 (d, J = 6.9 Hz, 6H), 1.11 (d, J = 6.9 Hz, 6H). 3C NMR (151 MHz,
CDCI3) 6 176.42, 176.34, 137.69, 134.17, 131.23, 130.96, 127.22, 126.68, 126.11, 124.64,
123.89, 123.12, 121.61, 118.84, 36.02, 35.93, 21.01, 19.64, 19.49. MS-ESI: C2:1H27N302, m/z

Calcd. 353.2103, Found: 354.2169[M+1]".
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N-(5-bromo-2-((2-isobutyramido-4-methylphenyl)amino)phenyl)isobutyramide

0 NH HN ) ! NH HN
H + 1.1 ON-N
N 0 CHC13
reflux

A mixture of N-(2-((2-isobutyramido-4-methylphenyl)amino)phenyl)isobutyramide
(1.7674 g, 5.0 mmol) and N-bromosuccinimide (0.9789 g, 5.5 mmol) was stirred in
chloroform (CHCls, 30 mL) and heated under reflux at 62 °C for 24 hours. Dichloromethane
(DCM, 30 mL) was added to the resulting dark blue colored solution, and then the solution
was extracted with saturated NaCl solution (3 x 50 mL), dried over MgSQOs, and then
concentrated under vacuum to yield a dark blue oil. The oil was then washed with hexane
overnight to afford the grey-blue colored powder. (2.1619 g, 83%) H NMR (600 MHz,
CDCls) & 7.95 (d, J = 10.7 Hz, 2H), 7.81 (s, 1H), 7.58 (s, 1H), 7.14 (dd, J = 8.6, 2.3 Hz, 1H),
6.89 (dd, J = 8.1, 2.0 Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 6.68 (d, J = 8.6 Hz, 1H), 2.66-2.54
(m, 2H), 2.30 (s, 3H), 1.17 (t, J = 6.9 Hz, 12H). 3C NMR (151 MHz, CDCls) & 176.48,
176.42, 136.06, 133.67, 132.06, 129.89, 129.33, 128.95, 126.91, 126.60, 124.32, 121.97,
121.04, 113.77, 35.99, 35.91, 20.90, 19.57, 19.52. MS-ESI: Cz1H26BrN3O2, m/z Calcd.
431.1208 (100%), 433.1188 (97.3%), Found: 430.1139 (99%), 432.1117 (100%) [M-1]-.

N-(2-((2-aminophenyl)amino)phenyl)isobutyramide

0
NH,
Et;N, Cl I I I
N ’ \ﬁ{ NH2
DCM
0 °C to 25 °C, 20 h

To a dichloromethane (5 mL) solution of bis(2-aminophenyl)amine (199.0 mg, 1.0

NH,
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mmol) was added triethylamine (116.2 mg, 1.15 mmol). The reaction mixture was stirred at
room temperature for 30 minutes. Then the solution was placed in an ice bath, and the
temperature was lowered to 0 °C before isobutyryl chloride (122.4 mg, 1.15 mmol) was
slowly added into the reaction. The reaction mixture was slowly warmed to room temperature
and stirred for an additional 20 hours. The resulting burgundy colored solution was extracted
with saturated NaHCO3 (3 x 10 mL) solution, saturated NaCl solution (2 x 10 mL) and DI
water (1 x 10 mL), dried over MgSOa, concentrated under vacuum, and purified through
silica gel chromatography (EtOAc/Hexane 1:3) to give the product N-(2-((2-
aminophenyl)amino)phenyl)isobutyramide as a white powder. (40.4 mg, 15% yield). H
NMR (400 MHz, CDCls)  7.53 (d, 2H), 7.37 (s, 1H), 7.10 (t, 1H), 6.97 (m, 2H), 6.90 (d, 1H),
6.82 (m, 2H), 6.75 (d, 1H), 5.52 (s, 1H), 3.83 (s, 2H), 2.54 (septet, 1H), 1.22 (d, 6H). *C
NMR (151 MHz, CDClz) 6 175.98, 140.14, 137.92, 129.33, 126.91, 126.63, 124.80, 124.32,
123.13, 121.35, 119.27, 118.43, 116.33, 36.26, 19.64.
Hex-5-ynoyl chloride
\/\)Ol\ - \/\)Ol\
OH Dry DCM Cl
25°C,48h

Dry dichloromethane (DCM, 5 mL) was transferred into a 25 mL round bottom flask
in the glovebox under nitrogen atmosphere. The round bottom flask was charged with a stir
bar and sealed with a septum with electrical tape around the neck before it was taken outside
of the glovebox. Then 5-hexynoic acid (0.5 g, 0.5 mL, 4.45 mmol) was injected into the
round bottom flask by a syringe followed by addition of thionyl chloride (2.7 g, 1.7 mL, 23.4

mmol) through another syringe. The round bottom flask was then charged with a nitrogen
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balloon, and the reaction was left stirred for 48 hours. Afterwards, the excess amount of
thionyl and solvent was removed under vacuum with a base trap filled with K.COg3. Product
5-hexynoy! chloride was isolated as a light-yellow colored liquid. (0.58 g, 100% yield) 'H
NMR (400 MHz, CDCls) 6 3.08 (t, J = 7.2 Hz, 2H), 2.32 (td, J = 6.8, 2.7 Hz, 2H), 2.04 (t, J =
2.7 Hz, 1H), 1.93 (p, J = 7.0 Hz, 2H). C NMR (151 MHz, CDCls) § 173.41, 82.17, 70.00,
45.55, 23.62, 17.20.

HaLPrLalkyne N-(2-((2-isobutyramidophenyl)amino)phenyl)hex-5-ynamide

5l H X

DCM
25°C,20h

To a dichloromethane (20 mL) solution of N-(2-((2-
aminophenyl)amino)phenyl)isobutyramide (100.0 mg, 0.3573 mmol) was added
triethylamine (36.16 mg, 0.3573 mmol). The reaction mixture was stirred at room
temperature for 30 minutes. Then the solution was placed in an ice bath, and the temperature
was lowered to 0 °C before 5-hexynoyl chloride (46.7 mg, 0.3573 mmol) was slowly added
into the reaction. The reaction mixture was slowly warmed to room temperature and stirred
for an additional 20 hours. The resulting light-yellow colored solution was extracted with
saturated NaHCOs (3 x 15 mL) solution, saturated NaCl solution (1 x 15 mL) and DI water
(1 x 15 mL), dried over MgSQa4, concentrated under vacuum, and yielded the product as off-
white powder. (121.9 mg, 94%) 'H NMR (600 MHz, CDCls) & 7.87 (s, 1H), 7.73 (s, 1H),
7.68 (dd, J =7.8, 2.6 Hz, 2H), 7.10 (tt, J = 7.9, 2.2 Hz, 2H), 7.04 (t, J = 7.6 Hz, 2H), 6.91 (d,

J=7.9 Hz, 2H), 2.62-2.56 (m, 1H), 2.54 (t, J = 7.3 Hz, 2H), 2.27 (tdd, J = 6.9, 2.7, 0.8 Hz,
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2H), 2.00-1.96 (m, 1H), 1.89 (p, J = 7.1 Hz, 2H), 1.17 (d, J = 6. 9Hz, 6H). 3C NMR (151
MHz, CDCl3) & 176.20, 171.55, 135.86, 128.98, 126.31, 126.22, 124.14, 124.09, 122.92,
121.14, 120.85, 83.55, 69.24, 36.05, 35.51, 24.04, 19.55, 17.84.

N-(2-((2-aminophenyl)amino)phenyl)-2,4,6-triisopropylbenzamide

0
Cl
EGN,

NH NH
2 H 2
N - +
DCM NH HN (6] (0] HN (6]

- NH
0°C t0 25 °C, 20 h f N f f N f

To a dichloromethane (25 mL) solution of bis(2-aminophenyl)amine (797.0 mg, 4.0
mmol) was added triethylamine (526.2 mg, 5.2 mmol). The reaction mixture was stirred at
room temperature for 30 minutes. Then the solution was placed in an ice bath and the
temperature was lowered to 0 °C before 2,4,6-triisopropylbenzoyl chloride (1387.4 mg, 5.2
mmol) was slowly added into the reaction. The reaction mixture was slowly warmed to room
temperature and stirred for an additional 20 hours. The resulting solution was extracted with
saturated NaHCOs (3 x 15 mL) solution, saturated NaCl solution (2 x 15 mL) and DI water
(1 x 15 mL), dried over MgSOa, concentrated under vacuum, and purified through silica gel
chromatography (EtOAc/Hexane 1:9) to give N-(2-((2-aminophenyl)amino)phenyl)-2,4,6-
triisopropylbenzamide as white powder. (752.9 mg, 44%). 'H NMR (600 MHz, CDCl3) &
7.60 (s, 1H), 7.57 (dd, J = 7.9, 1.5 Hz, 1H), 7.28 (s, 1H), 7.15 (td, J = 7.7, 1.5 Hz, 1H), 7.03—
6.94 (m, 3H), 6.89 (dd, J = 8.1, 1.4 Hz, 1H), 6.82 (dd, J = 7.9, 1.4 Hz, 1H), 6.78 (td, J = 7.6,
1.4 Hz, 1H), 5.83 (s, 1H), 3.16 (hept, J = 6.8 Hz, 2H), 2.93 (hept, J = 6.9 Hz, 1H), 1.28 (dd, J
=6.9, 2.3 Hz, 18H). 13C NMR (151 MHz, CDCls3) § 170.11, 150.36, 145.04, 138.46, 133.07,

129.74, 127.12, 126.96, 124.64, 124.19, 123.08, 121.38, 121.17, 119.44, 118.65, 116.54,
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34.46, 31.29, 24.63, 24.44, 23.99.

N-(2-((2-(hex-5-ynamido)phenyl)amino)phenyl)-2,4,6-triisopropylbenzamide

X
< O
Et;N, \\/\)lCl
DCM >
NH, N O O NH HN O
H H
Cﬁ@ Nf)

25°C,20h |

To a dichloromethane (20 mL) solution of N-(2-((2-aminophenyl)amino)phenyl)-

2,4,6-triisopropylbenzamide (100.0 mg, 0.2328 mmol) was added triethylamine (58.9 mg, 0.
5820 mmol). The reaction mixture was stirred at room temperature for 30 minutes before
5-hexynoyl chloride (36.5 mg, 0.2794 mmol) was added into the reaction. The reaction
mixture was stirred for an additional 20 hours. The resulting solution was extracted with
saturated NaHCOs3 (3 x 15 mL) solution, saturated NaCl solution (1 x 15 mL) and DI water
(1 x 15 mL), dried over MgSOs, concentrated, dried under vacuum, and yielded the product
as off-white powder (111.3 mg, 91%). *H NMR (400 MHz, CDCls) & 8.06 (s, 1H), 8.02-7.95
(m, 1H), 7.74 (s, 1H), 7.56-7.49 (m, 1H), 7.20-7.08 (m, 3H), 7.08-6.99 (m, 4H), 6.86 (d, J =
8.1 Hz, 1H), 6.04 (s, 1H), 3.09 (h, J = 6.8 Hz, 2H), 2.94 (dq, J = 13.8, 6.7 Hz, 1H), 2.46 (t, J
= 7.4 Hz, 2H), 2.16 (td, J = 7.0, 2.7 Hz, 2H), 1.86 — 1.81 (m, 1H), 1.77 (q, J = 7.2 Hz, 2H),
1.27 (dd, J = 6.9, 5.3 Hz, 18H). *C NMR (151 MHz, CDCls) & 171.33, 170.17, 150.44,
144,99, 138.33, 133.75, 132.93, 131.34, 127.39, 127.31, 125.33, 124.43, 124.11, 123.51,
123.09, 122.06, 121.15, 119.26, 83.53, 68.99, 35.75, 34.44, 31.39, 24.66, 24.25, 24.08, 23.98,

17.77.
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N!-(2-nitrophenyl)benzene-1,2-diamine

F NH,
NO, NH
+ DMSO
130 °C, 8 h

A reaction mixture of 1-fluoro-2-nitrobenzene (776 mg, 5.5 mmol) and
1,2-diaminobenzene (542 mg, 5 mmol) in DMSO (10 mL) was stirred at 130 °C for 8 hours.
After cooling to room temperature, it was quenched with H.O (10 mL) and extracted with
ethyl acetate (EtOAC) (3 x 20 mL). The combined organic layer was washed with saturated
NaCl solution (3 x 10 mL), dried over anhydrous Mg.SQOs, concentrated, and purified
through silica gel chromatography (EtOAc/hexane 6:94) to give N-(2-nitrophenyl)benzene-
1,2-diamine as a bright orange solid. (652.4 mg, 57%) *H NMR (400 MHz, CDCl3) § 9.10 (s,
1H), 8.28-8.22 (m, 1H), 7.37 (dddd, J = 8.5, 7.1, 1.6, 0.6 Hz, 1H), 7.23-7.13 (m, 2H), 6.92—
6.72 (m, 4H). 3C NMR (151 MHz, CDCl3) & 144.16, 143.42, 136.04, 132.80, 128.51, 128.39,
126.55, 123.64, 119.11, 117.15, 116.26, 116.15. MS-ESI: C12H1:N3O2 m/z Calcd: 229.0851,
Found: 228.08 [M-1]".

N-(2-((2-nitrophenyl)amino)phenyl)isobutyramide

NH2 0,
EGN, \fuCI NO, , HN
— bom N
25°C,20 h

To a dichloromethane (20 mL) solution of N-(2-nitrophenyl)benzene-1,2-diamine
(411.4 mg, 1.8 mmol) was added triethylamine (181.6 mg, 1.8 mmol). The reaction mixture
was stirred under room temperature for 30 minutes before isobutyryl chloride (191.2 mg, 1.8

mmol) was added to the solution and stirred for an additional 20 hours. The resulting orange
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colored solution was extracted with saturated NaHCO3 (2 x 20 mL) solution, saturated NaCl
solution (2 x 20 mL), and DI water (1 x 10 mL), dried over MgSOs, and then concentrated
under vacuum to yield N-(2-((2-nitrophenyl)amino)phenyl)isobutyramide as an orange
powder (525.6 mg, 98%). *H NMR (600 MHz, CDCls) & 9.10 (s, 1H), 8.29 (d, J = 8.2 Hz,
1H), 8.26 (dd, J = 8.6, 1.6 Hz, 1H), 7.46 (s, 1H), 7.42-7.34 (m, 2H), 7.21 (td, J = 7.6, 1.5 Hz,
1H), 6.85 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H), 6.73 (dd, J = 8.6, 1.3 Hz, 1H), 2.44 (hept, J = 6.9
Hz, 1H), 1.13 (d, J = 6.9 Hz, 6H). 3C NMR (151 MHz, CDCls) § 175.34, 143.41, 136.18,
134.77, 133.46, 128.21, 127.40, 126.65, 125.12, 122.48, 118.20, 116.18, 36.62, 19.43, 1.03.
MS-ESI: C16H17N303 m/z Calcd: 299.1270, Found: 298.12 [M-1]".

N-(2-((2-aminophenyl)amino)phenyl)isobutyramide

HI\I) H,,Pd/C NH HNj:O
NO, q 2 5 2 g
©/N\© THF ©/N

To a THF (10 mL) solution of N-(2-((2-nitrophenyl)amino)phenyl)isobutyramide
(559.8 mg, 1.87 mmol) was added 5 wt.% Pd/C (52.5 mg, 3 mol%). The reaction mixture was
placed in a pressure-safe reaction vessel and shaken under H at 50 psi for 45 minutes. The
reaction mixture was filtered through a pad of celite, and the filtrate was concentrated under
vacuum to yield a thick, colorless oil. Washing the oil with hexane yielded the product as
white powder. (464.5 mg, 92%) 'H NMR (400 MHz, CDCls): & 7.53 (d, 2H, ArH), 7.37 (s,
1H, ArNHCOR), 7.10 (t, 1H, ArH), 6.97 (m, 2H, ArH), 6.90 (d, 1H, ArH), 6.82 (m, 2H, ArH),
6.75 (d, 1H, ArH), 552 (s, 1H, ArNHAr), 3.83 (s, 2H, NHzAr), 2.54 (septet, 1H,
Me,CHCOR), 1.22 (d, 6H, CH3R). *C NMR (151 MHz, CDCls): § 175.98, 140.14, 137.92,

129.33, 126.91, 126.63, 124.80, 124.32, 123.13, 121.35, 119.27, 118.43, 116.33, 36.26, 19.64.
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Catalytic O-atom transfer reaction procedure

In a 25 mL round bottom flask, 0.1 mmol PPhs and 0.005 mmol catalyst (5 mol%)
was dissolved in 5 mL acetonitrile (MeCN) in the glovebox. Then the round bottom flask was
sealed with a septum, and the neck was taped with electrical tape before taking out of the
glovebox. The O line was charged with a needle, and O> flow was introduced to the reaction
mixture by injecting through the septum of the round bottom flask. Another open needle was
injected through the septum for ventilation. 3P NMR was performed to determine the yield

for triphenylphosphine oxide.

Catalytic hydrazone oxidation reaction procedure

In a 25 mL round bottom flask, 0.1 mmol benzophenone hydrazone and 0.005 mmol
catalyst (5 mol%) was dissolved in 5 mL acetonitrile (MeCN) in the glovebox. Then the
round bottom flask was sealed with a septum, and the neck was taped with electrical tape
before taking out of the glovebox. The O2 line was charged with a needle, and O flow was
introduced to the reaction mixture by injecting through the septum of the round bottom flask.
Another open needle was injected through the septum for ventilation. The reaction mixture
was left under O flow for 30 minutes. The solvent was then removed under vacuum, and the
residue was redissolved in diethyl ether (Et20). The diethyl ether solution was filtered
through a short plug of silica, and the collected filtrated was dried under vacuum. *H NMR

was performed to determine the yield of diphenyldiazomethane.
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