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Monc-iron hydrogenase is one of three types of hydrogenases, catalyzing reversible
hydride transfer to the substrate (methedyMPT") by heterolytically cleaving molecular
hydrogen into a proton and a hydridee The ke
a pyridone moiety, an acyl unit and facial ligation 6P'@™"*°"S%* donors. Each feature
was independently incorporated into a selected ligand system (BakéfN4, pincer and
thianthrene scaffold, respectively), in efforts)tdevelop possiblbioinspired catalysts for
H: activation using earth abundant metals (iron, cobalt, manganesé) muade synthetic
models of the enzyme active site for deeper understanding of the architecture of the active
site and catalytic mechanism. Synthetic rodibesnaking pyridonebased Schitbase N4
and NNS type ligands were explored: although not isolated, the ligands were
spectroscopically detected. On the other hand, the simpler v@rgigidine-based Schiff
base N4 ligands afforded dinuclear cobalt complex upon metalations with cobalt(Il)
precursors. Depending on the length of the diarimer as well as the substituents on
the pyridine rings, either spontaneous &ativation or BF activation was observed,
yielding t -peroxo dicobalt(lll) complexes qr-fluoride bridged dicobalt(Il) complexes,
respectively. In particular, twot-fluoride bridged dicobalt complexes showed

antiferromagnetic coupling between the two cobalt(ll) centers. From the pincer ligands
Vi



featuring the unique acyl moiety withiffgNP dneghioentergng CYINPYdnepPh2gonor set, the
(expected) meridional and an (unexpected) facial-aoyl complexes were isolated,
respectively. Upon deprotonation (pyric¥h@yridinate dearomatization), both complexes
showed reactivity towardszHhdivation; no evidence for hydrideansfer was observed.

For the facial ligation, thianthrerszaffolded manganese system was examined as a more
flexible version of the anthraceseaffolded systems. Preliminary results of the kinetic
studies support theoorelation between the flexibility of the scaffold and the reactivity of

the metal complex, without greatly altering the electronic environment of the metal center.
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Chapter 1: Introduction
1.1HYDROGEN ACTIVATION

1.1.1 Nature of Hydrogen

Hydrogen is the lightest and most abundant element in the universesarth
hydrogenis found mostly as part of compounds such as hydrocarbons and water, rather
than as Hgas? Molecuar Hz has a strong covalent bond of 103 kcalAaoldis unreactive
under ambientemperature and pressure.

About 50 million tong$260 B,2006) of H is annuallyproducedfrom industrial
processes (steam methane reformers, partial oxidation of heavy hydrocarbon fractions,
coal/biomass gasification, water electrolysis €tSeparately, His usedin industry
primarily for hydrogenation reactisrusing precious metsl(for example, platinum and
ruthenium for ketone hydrogenatfdh More recently, scientists bag to consider using

H: as energy carrier for fuel cells and combustion engines for transpoftation.
1.1.2 Utilizing Hydrogen

Figure 1.1 shows the transition of the global energy systems fromaatidiquid
based eergy systenin the past to more gasbased energgystemin the future over the
spanof 300 yearSS Hy dr ogen gas is considered as a su
environmentally andlimatically clean’. The only byproduct of Hcombustion is KD, and
H20 can be eleoblyzed into Qand H for the reverse reactiomherefore, it is free of CO
emission,avoiding greenhouse effegtunlike the case of conventional fossil futlis
addition, hydrogen is ubiquitous from the geographical point of view, meaning that no
nation or continents excluded from being hydrogen producer, hydrogen trader, or
hydrogen uset Moreover, shifting fronacarbonrich coal and fossil fuel energy economy

to a hydrogesrich energy economy supports the dematerialization prod&sgure 1.2)
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Simply comparing the molar mass of hydrogen versus carbon (1.008 versus 12.01 g/mol,
respectively) explains how using hydrogen can help dematerialize the energy system. For

these reasons, hydrogen is considered to be the fuel of the'future.
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However, the main disadvantage of utilizing hydrogen itoitsdensity. Despite
having the highest energy content per weight (120 MJagdng common fuels, the
energy density of molecular hydrogen is quite doanly 0.0108 MJ/L% This raisesthe
importance of devising a safe and efficient system to handle and store hydrogen gas.

As one way of storing 5l chemical hydrogen storage methods have been
investigated. These methods utilize steragediums such as metals (as metal hydrides,
metal hydride alloy8 metal borohydride§) and chemical compounds (cyclohexanes and
heterocycles! ammonia? hydrazine and amine boranés] formic acid®* and
alcohols®) through covalently binding hydrogen. Using formic acid as a hydrogen storage
medium, for example, conventionally involves complexes of the platinum group metals
such as ruthenium, rhodium, irididhtdowever, more recent studies on rusblemetat
based catlysts showed that nick&liror®, cobalt’, coppet” catalystswith phosphine and
nitrogen donor ligands (including pincer ligands) exhibit comparable catalytic reattivity.
For the release of hydrogen, thermal or catalytic decomposition of the carrier s used.

As Bl aser described, AHydrogen is the
is the most important catalytic method in synthetic organic chemistry bdile taboratory
and t he pr o8acauseithe two hydragenatonds are held together by a strong
two-electron HH bond, activating (splitting or the bond clegegorocess) the bond in a
controlled manner is the key point in utilizing.HThis process could be assisted by
transition metal(s), and much research on understanding the mechanisrimdirg to
the metals and further reactivity has beerestigated for a several decades in the field of
organometallic chemistry/. For designing effective homogemohydrogenation catalysts,
each of the following components of the catalyst should be considered: a central metal ion
assisted by one or more (chiral) ligands plus anions with ability to activatiedd transfer

the two H atoms to an acceptor{$). general, low valent ruthenium, rhodium and iridium
3
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complexes with tertiary chiral phosphorous ligands have shown to be the mostaadtive

versatile catalyst§'®

1.1.3 Inspirations from Biological Systems

Recently, the researdfimate has been shifted to look for the methods to replace
precious metalqusually the coinage group metals: ruthenium, rhodium, palladium,
osmium, iridium, and platinumyith earth abundant metal® the process of H
activation/poduction®®2?® Due to the limited supply of precious metals andHanidesas
well as their expensive cost, inexpensive fisl transition metas such as titanium,
manganese, iron and zthdave been taking the spotlight as the next generation
ingredients for catalytic process in industty?

't i s reasonable to take naturaeuddant per spec
metals, rather thanrgcious metals such as palladium or platinum faraktivation
catalysis. Indeed, Morris reported iron complexes used in place of platinum and ruthenium
for catalysis such as asymmetric hydrogenation, transfer hydrogenation,iliyydtios of
ketones. More specifically for bioinorganic chemists, the active site of a metalloprotein
provides inspirations for designing artificial biomimetic catalysts.

Nature has found the way to utilize molecular hydrogen as an energy source by
using enzymes, namely, theydrogenases in microorganismbhe ewvironment of
hydrothermal vents in ocean basins near volcanically a@iee exhibis extreme
condition® it is anoxic, carbon dioxideand hydrogesrich, no light, moderately high
temperature (280 °C compared to atvient water temperature of°€ at similar depths),
high pressure environmergplete withsulfur-containing minerals (sulfides of metals like
iron, copper, zinc) and even hydrogen sulfide, which is very toxic to most known

organisms® Although these conditions may seem too extremélifiey it is home for
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secluded ecosystems supported by hydrafyaren subsurface microbial communities.

One example is an activeleeps e a hyperther mal field cal
(hyperthermophilic subsurface | ithoautotrop
Central Indian Ridgé Since this distinctive environmentsembles the early Eattho

someextent some researchepostulatethat these hydrothermal fields are considered to

be the origin of the®* earthoés first metabolic

1.2HYDROGENASES (H2ASES)

Hydrogenases (fdses) are a group of metalloenzymes that are found in a wide
range of microorganisms (such as prokaryotic microbes to eukaryotic protozoa and fungi)
and catalyze the activation of moleauhydrogen into protons and electrons, as well as the
reverse reaction of dihydrogen generaffoi. These enzymes utilize elrabundant
transition metals such nickel and/or iron to perform the reversib®hversion catalysis
(heterolytic splitting and heterogenesis of, fbrward and reverse reactions in Eq 1.1,

respectively) in efficient ways®
( P (d P o ¢k (Eq1.1)
1.2.1 [NiFe] and [FeFe] Hydogenases

Three known types of hydrogenases are known (see Figure 1.3), and all three types
contain at least one iron metal center. Among those three, the two enzymes tHasivere
discovered first arethe [NiFe] and [FeFe] hydrogenases. These two bitheta
hydrogenasesonvertH: into two protons and 2 electrdigall the way to the right in Eq
1.1) and have several common characteristics of the activ& Biésed on the crystal
structuref [NiFe]***® and[FeFef**° both enzymes have two subunits of different sizes,
bearing the active site deeply buried at the center of the enzyme. In both cases, the iron
atoms are ligated by small inorganic ligands such as CO ahdT@bl twometal centers
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are held in place with two bridging sulfides. Several cubicalsudfur clusters (shown as
[AFe-4S] and [3Fe4S]) are located on or near the bimetallic center, serving as electron
transfer chain to shuttle electrons to the metal centein®uatalysis, at least one of the
metal centers changes its oxidation state (Mi(Wi(lll) in [NiFe] and Fe(Ig Fe(ll) in

[FeFe] hydrogenasglendern g it  tahcet i6vreedd ocxe nt er .
[NiFe] Hydrogenase [FeFe] Hydrogenase [Fe] Hydrogenase

methylene-H:MPT

small subunit (_, 2
[4Fe-4S] '
(NIFa] o 2 “F“S{‘F 0.45] m R [Fe] center
[3Fe-4S] cemer - @@

large subunit [4Fe-4S] 2e [Fe] center
small subunit Y
/ / large subunit &
methylene-H«sMPT
H, 2H*
CNH o
O Oys Oys [FesSaly_ Ig o Csllys A
oc_ $ S $ S -, \ CH e NH
NI o N /S\ S/ hs| s 0 < L
/Fe\ /N{\ / OC—Fe—N __>—0- P—O CH2 He_oL_ | N”NH
oc* CN |
NeNE XD / \ \ S HO  CH, O \H
o OH HO

Figure 1.3: X-ray structures of [NiFe], [FeFe] and [Fe] hydrogenase (top row) and the
chemical structure of the active site in each enzyme (bottom rowariaw
in [NiFe] and [FeFe] hydrogenases indicates the open metal coordination
site>

1.2.2 [Fe] Hydrogenase (Hmd)

The thirdtype [Fe] hydrogenase, is found in methanogenic arcHaganlyunder
nickeldeficient enironment>? During methanogenesis (methane generation via reduction
of carbon dioxide with b, it catalyzesan intermediate step that reversibly reduces the
substrate methenyltetrahydromethanopterin  (methdayiPT") by heterolyttally
cleaving H into a proton and a hydride (Scheme #*Mhis hydride is then transferred to
the substrate to produce methyldtd/PT and a proton as the products. Therefore, the net

reaction for His a heterolytic cleavagetima proton and a hydriéiémiddle reaction in Eq

6



1.1). The presence of methetydMPT" substrate adplutely dictates the catalytic activity
of the enzymé® Based on this catalysis, [Fe] hydrogenase is also named as Hmd, which
stands foH2-forming methylendetrahydromethanopterin dehydrogenase.

In contrast to [NiFe] and [FeFe] hydrogenases, Hmd is a homodimer with two
identcal subunits, each having only one irondgntered active site. Hmd is free of&e
clusters, only having one cysteisglfurin the active siteThe iron center is redeiractive,
keeping its oxidation state as Fe(ll) during catalysis. It is also-®BR, which initially
led to the mischaracterization ¢fmd as a6 me-t mé e 6 h y*d°rHowpeen a s e .
Mossbauer spectroscopy revealed a diamagnetic iron center (either Fe(0) or Fe(ll), but the
latter keing more conceivable as the enzyme can bind 1€dersibly§®, and the Xray
structuregevealedhe details of the active site, in which the iron center with unique donor

moieties is presert>*">

I
N H :
HN | \> o 7—-—+N +H,
).\\ N o_ 0 N e
HN" °N N U T
o 7N )% "eH

HO [¢] HaN N N
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H, <> H* + H:-
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Hg
o Hsm3 N

N g
HN 'CH,

Cys176 |
ye H;M/J\\N N “eH,

Active site of Methylene-H ,MPT

[Fe]-hydrogenase

Scheme 1.1: Reversible reduction of the substrate methétWllPT" catalyzes by
Hmd with H, producing methylerelsMPT and a proton.



In the active site of [Fe] hydrogenase, the Fe(ll) center adddywith a Cys176
sulfur, cis carbonylligands an spnitrogen and an acyl carbon from the #on
guanylylpyridinol/pyridone(FeGPyofactor:**>°"*8%%% The Cys176sulfur is the only
proteinaceouslonor directly linked to the protein. The rest of the sites arexbgenous
CO6s ( 20 1'MnIR spexctdudf), anopen coordination site foraér solvent (HO)
to bind, and the pyridoracyl chelate. It is notable that the acyl unit as metal ligand very
rare in nature, the only example reported so far being a possible intermediate in the reaction
of a nicketbased agtyl-CoA synthase/decarbonyla$é

It is worthnotingon the binding geometry of each donor atom/moiety, as it reflects
the natureds thought f uletyateectaingposiian footlie bésto c at i n ¢
performance of the enzynie catalysis. Although the pyridone oxygen doesdiotctly
participate in the ligation to the metal centernsitpositioned directly towards the open
coordination site where +and methenyiHsMPT" substrate would bindand the hydride
transfer occurs. This emphasizes the critical role of pendant base in the catalytic
mechanism. Also, &N ess176 njt is bound to Fe(ll) i facial mdif, in addition to
the substrate binding site lted trans to the acyl moiefjhese moieties are arranged in
such a meticulous way: scientists are responsible for understanding the intentions of the
nature, and thus the overall mechanism of the catalyspecially, synthetic bioinorganic
chemistscae x ami ne t he natur eds unigudyagsyntheatic gn of |

models of the enzyme.



1.3LIGAND DESIGN STRATEGY FOR BIOINSPIRED M ODEL SYSTEMS

One of the several objectiveSour research group to make bioinspired catalysts
using eartkebundant transition metals with meticulously designed ligands containing
certain features of enzyme active sit€he Hydrogenase subgroup focus on mimicking,
and thus, understanding the role of the components that the active site of [Fe] hydrogenase
holds.Therefore, at this stage of investigation, we focused on selecting a few key features
of Hmd active site to be implemented in ligand design. The featurearéfatcused on
separately as independent projects within this thesis ingludepyridone moety, ii) the
acyl unit, andii) thefacial ligation ofaligand usinga scaffold system(Figure 1.4)All of
these topicsare discussed in detail in the following chapters. Ideally, the information
gathered from both the successful achievements and ithe=gawill help build more
profound understanding of the Hmd system, and ttiesgesignof more sophisticated

bioinspired catalysts in the future.

- N4/NNS
P r{done »| Schiff-base
moiet ligands

Pincer Acyl
ligands moeit!!

Scaffold Facial

system Iigatio n I Active site of
Cys [Fe] hydrogenase

Figure 1.4: The features of Hmd active site that were implemented in ligand designs as
independent preits within thigdissertation



1.3.1 SchiffBase N4 Ligands

Our original intention of this project was to synthesize a variepyonfionebased
Schiff-base N4 ligands and their corresponding mononoati@ltcomplexedo evaluate
the role of the pyridom moiety as a proton shuttle in the known ccbklt catalytic
platform such as cobaloxim&®® and salcominéd (Figure 1.5) These complexes have
either N4 or N202donor system within their ligand(s), coarating toa mononuclear
cobalt center. A number of cobaloximes@heen studied as model complexes of vitamin
B12, whereas salcomine apossible @ carrier. From more broader perspective, a good
example of iroAN4 system is the active site of hemogtglexhibiting an iron center with

N4-donating heme.

(o} \7/% C:)’I;;/H
CH. ; Ke)
HoN N’\\ ;N\ N N 0:
C —N/C.Q — \N/:\‘
AN Y y PN LN
N (e} Oi/ ..Co”’ =
H?N\[ J ’I H™ o.- .
NN ~ N (0]

Methylcobalamin  Methylcobaloxime Salcomine
vitamin B, vitamin B, O, carrier ability

NH
o :
Po N
O W0 OH L
o I derivative model complex
N
HO
(o]

Figure 1.5: Examples of cobalN4 or cobakN202 systems.

Having these examples in mind, a varietypgfidine-basedSchiff-base N4type
ligands were synthesizethefore making theyridonebasedligandg by condensation
reaction of primary diamines (ethylenediamineogshenylenediamine) with substituted
pyridinecarboxaldehyde/ketones (Scheme 1.2). Two nitrogen donors from diamine and
two from two pyridines makes a fotl-donor chelate. The substitte R and R as well

as the phenyl group on the diamine were placed with the intention for mononucleation.
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These series gbyridine-basedligands were synthesized as rehearsals for making more
sophisticated N4ype ligands containing two pyridone moiettescheck the viability of

the complexation/metalation of cobalt metal. The Sdbaffe condensation was chosen for
its facile synthetic procedurghat was suitable for introductorylaboratory learning

experience at the beginning of our project.

RZ R'=HICH,
R?=H / CH, / OCH,

Schiff-base N4

Schemel.2:  General reaction scheme for synthesiziggdine-basedSchiff-base N4
ligands via condensation reaction.

The reaction of thee Schiff-base N4 ligands with cobalt salts gave=xjrected
results: rather thaiorming monomeric cobalt complexes, dinucleabalt complexes were
synthesized via either spontaneousaGivation (forminge-peroxo bridg€, Chapter 2) or
spontaneousiB- activation (forming-F bridge(s}', Chapter 3). Although these dinuclear
cobalt complexes were not the desired complexes, #teictural, spctroscopic and

magnetigoropertieproved worth of investigation.
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1.3.2 PyridoneN4/NNS Ligands

As thepyridine-basedSchiff-base N4 ligand project was progressing, attempts to
incorporate the pyridone moiety were carried out in parallel. Similar éopttiidine
versions described in Section 1.3alSchiff-base condensation reaction was utilized to
synthesize the pyridoAd4 ligands (exhibiting two pyridone moieties in symmetric
fashion) using pyridonaldehydes, as well as the asymmetric Nij& ligands featuring

one pyridone group with one methylthioetheBNle) group from the primary amine

AE B
PR

R =-OCH, pyrldone- Q
-0'Pr aldehyde Q

-Br —S  NH,

(Scheme 1.3).

HN / R

° NNS-type

Scheme 1.3: General reaction scheme for synthesizing pyrildd&NNS ligands via
Schiff-base condensation reactiof pyridonealdehyde and a choice of
primary amine.

This project was partially successfahly detecting the N4 and NNS ligands'ih

NMR spectra without a clean isolation. It is liketjue tothe strong intramolecular

hydrogen bonding interactions beten the pyridondH and pyridoneC=0. However, the

experimental procedures for the key synthon, pyrigaldehyde werediscovered. This
insight is beneficialfor future projects employing the pyridone moiety. The dedail

experimental procedures aneludedin Appendix A.
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1.3.3 Pincer Ligands

Pincer ligands are onenportantclass of various chelates. In general, a pincer
ligand binds taa metal center irtridentatemeridional fashiortransition metalforming 2
five- (or sometimes sy membered metaltyclic rings (Figure 1.6} ™ Based on their
strong chelating ability that preverligand dissociation, a wide variety of pincer ligands
has been strategically utilized in the field of inorganic and organometallic chefBtry.
studying the catalytic activities/applications for iron systéfi& or for synthetically

modelling the Hmd active sit&¥, various pyridinebased pincer ligands have been

investigated.
; B : L =NH,CH,, O
; : Dc=N,C
> g )
WDE N Ds = PR,, NR, P(OR),, ...
| | M =Ru, Pd, Pt, Fe, Mo, Ni, ...
Do M- Ds Y =NCMe, CO, Br, Cl, H,...

Y
Figure 1.6: Generalized structure of pincer compleXes.

As mentioned earlier in Section 1.3 (Figure 1.4), the acyl moietyisque feature
of the Hmd active site, not found in any other metalloenzyme active site, other than as an
intermediate in acetyCoA synthasé® Employing the tunability of pincer ligands, the acyl
unit was incorporated into the pyridibased pincer ligand systaming2-methylpyridine
group, which is later wsitu activated into an acyl group upon metalation, forraimgon-
acyl bond through acylmethylpyridinyl unit. The synthetic route for-aoyl complexes
using methylpyridinyl ligand was largely inspired by the works of Xile Hu and cowgtkers
similar to the Fischer route for metatyl generatiof®

In addition to the acyl unit, thesulfur donor in the active site of Hmd asstein-
thiolate was imposed on the other side of the pincer ligand as a thie&itie),(which is
chosen for its effective prevention thie{ 2-thiolato bridging motif ancs-S dimerization.

The related work on ireacylpincer complexes are discussed in Chapter 4.
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1.3.4 Scaffold System

For bioinorganic chemists designing molecular catalysts and/or biomimicking
enzyme active siteg,rigid scafold has been used as a platform for orienting multidentate
ligands in specific binding geometries to achieve particalaretatbinding motit In
addition it has aralility to introduce different functional groups by changing substituents
for the desiredprimary coordination environment on the metal center in terms of both
geometric and electronic contf8For example, aboidal [FeSs] clusters by Holm utilized
a trisubstituted benzenigearing three thiolate donoas a scaffold?* And a tiptycene
based scaffold by Lippard was used for modeling the diiron active site of monooxytfenase.
Transspanning bidentate diphosphine scaffolds were studied for
nickel/palladium/rhodium calgsts by Gelman (triptycene and anthracef&) Lu

(dibenzofurarf**and van Leeuwen (xantheriéf® (Figure 1.7)

Holm (1996)

g 0 a0 ..
(o)
> () ( °
R,P PR, PR,
RoP PR, PR, PR RoP
Gelman (2006) Gelman (2010) Lu (2011) van Leeuwen (1999)

Figure 1.7: Examples othe knownscaffolds? *°

In our research groupnanthracenscaffold has been a successful framework for
enforcing facial ligation othe donor atoms to iron or manganese cer(@g#/2m

N pyridine/pyridone an d giolate/thioether or thosphin3 .100' 102 The target anth racemaﬁolded Ilgand
14



would have two different functionalized phenyl groupstioa1- and 8positiors on the
anthracendo arrange20hAn asymmetric tridgate p-C** andm-NP""from one group,
m-S"°€from the other) with optimal space between the donor atomsi @®BA) for it

to bind iron or manganese in facial mode. (Figure 1.8) Other scaffolds provide donor

distance that are either too séoor too far way for facial ligation.

Donors too close Best geometry Donors too far away
for facial ligation for facial ligation for facial ligation

CCO

Supports trans or
Steric clash un-ideal Steric clash
coordination

Figure 1.8: Possible scaffold approaches for incorporating the biomimetic donor sets of
Hmd active sité?

As the ironranthracene complexes show some degree of reactivity towards H
activation'®**“our focus progressed into the effect of fluxionality of the scaffold on the
readivity of the metal complex. Work by van Leeuwen showgutomising resultn that
the increased flexibility on the anthranoid scaffold does have positive influence on the
catalytic activity of the rhodium complé%® In our casewe chose thehianthrene scaffold
to be used as the more flexible version of anthracene scaffold. Details of thianthrene and

the attempts to synthesize the thianthrec&ffolded ligads are discussed in Chapter 5.
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Chapter 2: AiCriss-Cr ossed0 Dinucl eating Behavi

Ligand in { 2O0H,{ 202 Dicobalt(lll) Speciest
2.1INTRODUCTION

2.1.1 MetalDioxygen Complexes

Activating dioxygen is a crucial process in biological systemisisdirectly related
to life-sustaining metabolism. In nature, reversible KInding is performed by
metalloproteins such as hemoglobin, hemerythrin and hemocyanin, in which transition
metal(s) like iron(s) and coppers are present in the asitegFigire 2.1). Biomolecules
such as cytochrome P4&f8eknown for their oxygeractivating ability with the aid of iron
containing heme. Indeed, these wailbwn enzymeachievecatalytic activity by utilizing
active site metal ion(s). From the bioinorganic/biimetic perspective, this inspires many
researchers to study metibxygen complexes for their industrial and medical

applications.
O His 177

R o~ HN/S + Z~ His 328
R // ’/N \\ : EN H 0\0 N j
= = o /\ N=\
—~ \| R K\N\ 7N /.-'-N\\ NH N
R HN_ L ST Fe Cu -Q-Cu \
7 NN NAS His 204 N />/HIS -
/ NJ 09~ _9° \\\NH /“: Y
/ H Y His 1737 N

"""" His 364

Oxy-hemoglobin Oxy-hemerythrin Oxy-hemocyanin
Figure 2.1: Structuresf active site of the metalloproteins with Kinding ability.

However,nature does not utilize calt as the active site metal ioBuring the
oxygenation of the Fe(Il) center in irgrorphyrin into Fe(l11)O2*, the unpaired electron

of Fe(Ill) (low spin, d) can antiferromagnetically couple with a radical of the superoxide,

2 Cho, Y. I.; Joseph, D. M.; Rose, M.iCrissCr o s sed o Dinucl eating Behavior

Ligand: Formation of & OH,t Oz Dicobalt(lll) Core via Q Activation. Inorg. Chem2013 52 (23),
13298 13300. The autharontributed as the first author in publishing this article.
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exhibiting a spectroscomially diamagnetic system. In case ©6(lI1)-O2"", the cobalt
becomess= 0 having no unpaired electrdor antiferromagnetic coupling &tabilize the
radical of the superoxid®ature chose to utilize iron, instead of cobalt, to avoid unstable
radical @mpound formationAdditionally, a Co(lll) (low spin d°) system exhibits a large
aact, which makes the oxygesdducttoo kinetically stable for the release of:Ghisis a
critical disadvantagé o r 6 ¢ athat nequireg bintbi@ling and releasingf Oz. In the
case of irongacr is not as largewhich makes gufficiently stableoxygenbound species
and reactiveenough species for releasing O

Despite the fact that there is no naturally occurring cdizded enzyme catalyzing
Oz activationyet, utilizing cobaltdioxygen complexes as synthetic models feirr€ated
catalysis ha potential. In the periodic table, Co is close to Fe and Cu, the transition metals
found in metalloenzymes (hemoglobin, hemerythrin and hemocyan@rgbyproviding
some similarities. In addition, synthetically produced cebatsion of hemoglobin catl
6Cobogl obi nd sHbmding,dhougteite afinity wes lower cOmpared to the

iron-version'®®

2.1.2 DicobaltDioxygen Complexes

After thevery first dicobalt complex was discovered in 1852 by Edmogah{f*,
research ondinuclear cobalt complexes has been heavily studied by a number of
researcher¥”™ Among them, pioneering work by Al fre
served as a foundation ftire field ofperoxcebridged dicobalt system®/erner described
the preparation of coordination complexes containing a dicobalt coreavsthbilized
dioxygen ligand, and the remaining coordination sphere was proposed to be occupied by
an array of ammine ligand§:**®*However, the exact structure and designation of the core

dioxygen ligand was controveasifor some time. Nearly 100 years after Werner's initial
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report of the crystalline dioxygeactivated dicobalt species, Werner's historical sample
was characterized by Xay crystallography and reported @sOH, {-Oz, t-NH2-
[{Co(NH)3}2](NOs)s.*" (Figure 2.2)

Figure 2.2: X-ray structure of the complgxOH, { -Oz, { -NH2-[{Co(NH) 3} 2](NOs)s by

prepared by Werner in 19%0and chaacterized by Spinglest al. in

2001

Oxygenadducts of cobalt complexes are the mostdisd metadioxygen

complexes?® In general, @is oxidatively added to Co(ll) precursors upon the synthesis
of Co(lll)-Oz2 complex (Sceme 2.1) via highly rapid and reversible procé%%’ From
each Co(ll) center, an electron is transferred into dioxygen, forming an overall diamagnetic
dimer of two Co(lll) centers and a peroxif@?) bridge. However, it has been reported
that the reversibility is limited in most cases, as the main species are decomposed over
many cycles into inactive species with higher oxidation $taTée origin of the briding
O:was confirmed by isotopic labeling studies usifi@, proving that it is not from oxygen
from a water molecule, but rather from the molecular oxygen from atmosphEne.Oi
O distanceof binuclear cobalt -peroxo systemmoughly ranges 1.421.49 A (Table 2.1),
though exceptionsare presentepending on the number of bridges present or type of

ligands.
2 Co(ll)

2 Co(ll) 0,2
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Scheme 2.1: Generic scheme @&electron transfer from Co(ll) to dioxygen, yielding
Co(lll) and peroxideon.

Species Oi O distance (A)  Bond order Ref.
Dioxygen (Q) 1.20 2 122
Superoxide (&) 1.26 + 0.02 1.5 122
1.321.35 123

Peroxide (&) 1.49 + 0.02 1 122

Table 2.1: Average distances f@i O in different dioxygen species.

The majority of synthetic dicobattioxygen complexes have two Co(lll) centers
connected by fi-peroxo (Q%) bridge. Tte e-peroxobridge can be further oxidized using
an oxidant, such as Ce(IV), to prepare the correspomdsuperoxocomplexes® These
dicobaltdioxygen complexes sometimes feataisecond bridge such ag-aydroxo (OH
) or at -amido (NH') group. Especially, theynd r ox 0 bri dge i s proposed
peroxo bridge with the caged system, driving the equilibrium further towards the
oxygenated compleX! This is consistent with spontaneous-@pturing process /
oxidative addition of @during the reaction of Co(ll) precursors to yidldobaltdioxygen
complexes. The superoxo versions are considered useful, based on some studies showing
superoxo speciggor example, a cobaloxime compleRyfCo(D2Hz)-02*-Co(D2Hz)-Py{*,
D = dianion of dimethylglyoximeas key intermediate in the mechani¥rhowever, due
to a highly reactive nature of superoxide ion, irreversible annihilation is not unaotfimo
Generally, these dicobghieroxocomplexes are supported by menbi- or tetra
dentate nitogenous ligands (NH bpy, en, Meeta), as well as mixed N,O donor sets
(salen)}*®It has been reported that the presence of oxygenic groups decrease the readiness
of the dicobalt complexeas form stable @ adducts?"** On the other hand, nitrogen has

somewhat strongef-donating ability than oxygen, allowing the cobalt center to transfer
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an electron to € thus forming lhe adduct® In this sense, a Schiffase ligand with four

N donors and chelating effect greatly enhances the syatiilihe oxygenated product.

2.1.3 Applications of DicobaltDioxygen Complexes

A number of binuclear cobalt complexes wjtfO- (peroxo or superoxo) bridge
have been studied for their applicability in biomedical research -asafiers:®'%
Particularly, photodissociable cagee d@mplexes are considered tofr®mising modes
for in situ Q production. Such complexes releaseddly when irradiated with light,
revealing theiwtility. Their high watersolubility at physiological pH is also a desirable
feature. Having intense absorbance in the UV region is anaitivantage of thg-O:
dicobalt complexes, causing less interference in visible region in optical measurements in
biological systems.

Researchers worked on dicobpéiroxo systems as synthetic models featuring
robust and earthbundant transition metal (as seen in thevacsite of enzymes like
cytochrome c oxidase) instead of Pt, in order to better understand the-qoafnad
electron transfer (PCET) process via reduction of dioxygen into wateobalt(lll)
dioxygen adducts have also been studied as small moleculelg#t® relevant to

heterogeneous oxygen evolving materials, such as cobalt oxig®s)E6*®
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2.2RESULTS AND DISCUSSION

2.2.1 Synthesis Overview

Reaction of the Schiff base ligand NH&(pyridin-2-ylmethylene)ethané,2-
diimine (enNs) with either[Co(Hz20)e](BF2)2 or [Co(H20)s](ClO4)2 in aerobic MeCN with
excess pyridine (~10 equiv) results in the formation of a dark blackaige solution

(Scheme 2.2).

/N 1
/\ o, = o
—N N= excess py L s|||\0'"'~(I;o"'
V; \N N/ \ [Co(OH,)6]X; //N/lo\g/l N7
—_ N
— — MeCN N \/N\ \\
enN4 - i
X =BF,~ : 1(BFy)
ClO,: 2(ClO,)
*PFg™ : 3(PFg)

Scheme 2.2:  Synthesis of dicobalt coptexes1(BF4)s, 1(ClO4)s and1(PFs)s. *: For
1(PFs)s, [Co(MeCN)e] (PFs)2 was used instead of the hexahydrate salt.
The solution from the reaction of [Cof®l)s](BF4)2 was set up for vapor diffusion
with EtO, which yielded black blocks suitable fofr&y diffraction (31% yield) a$-OH,
t -O2[Co(enN4)]2(BF24)s (1(BFs)3s). When [Co(HO)s(ClO4)2 was used in place of the
tetrafluoroborate saltf -OH, t -Oz[Co(enNs)]2(ClO4)s, or 1(ClOas)s, was isolated as a
precipitate directly from the reactioB1%yield). Slow evaporation of a dilute MéCtol
solution afforded Xray quality crystals ag-OH, t -Oz[Co(enNs)]2(CIOs):A 2 Me C.8,A H
confirming a nearly identical core structure to that observddBF4)s From the reaction
of [Co(MeCN)s](PFe)2 instead of the hexahydrasalts, followed by vaporiffusion with
EtO, X-ray quality crystals were isolated, again with an almost identical careQat | -
Oz[Co(enNs)]2(PFs)s (L(PFs)s) (28% vyield). Furtherdetails of the Xray crystal structures

are provided in section 2.2.2 (Figure-2.5).
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Thesenearly identical structure of the catiorfsghlights the generality of the
reaction. Solutions of both(BF4): and1(ClOa4)s in CDsCN exhibit'H NMR peaks in the
diamagnetic region (Figure 2.3 and 2.4), includinghydroxy proton resonance observed
at10.91 ppn andi 0.86 ppm, respectivelyin conjunction with the hydroxy proton located
in the density map, this supports the overallCYCo(Ill) assignment. Solutions in GON

are stable in the presence of air and moisture over the course of several months.

Figure 2.3: '"H NMR of 1(BFs)sin CDsCN (298 K) obtained at 400 MHz.

| U T

Figure 2.4: *H NMR of 1(ClO4)s (as isolated directly from the reaction mixture) in
CDsCN (298 K)obtained at 400 MHz
22



Omission of excess pyridine in the reaction or any subsequent krgsiah
prevented isolation of the complex. We ascribe this observation to the need for pyridine in
the stoichiometry of the reaction, according to Ej:

2enN: + 2 [Co(H:0)s](X): + py + O —

1-OH, 1-O7[{Co(enN4)}-1X5 + py-HX + 11 HO

2.2.2 Xray Structure of Metal Complexes

All three structure exhibit a dicobalt system bridgéy i) at -OH andt -Oz core
andii) a stretche@nN: ligand frame for 1(BF4)s, N2i C71 C8 = 114.2(3)°, NBC8/ C7 =
117.6(3)°] that spans both cobalt ions. The emd\: ligands cechelate the cobalt centers
in a diagonal fashion that crissosses thg-OH, { -O: dicobalt core. The peroxo bridge is
slightly disordered across diagonal orientatid8®X1%for 1(BF4)s; 91/9% for1(ClO4)s;

see Figure 2.5 and 2.6).

2.2.2.1(t -OH)-(f -5 “O2)-[(enNNe)2C 0] (BF 2)s (1(BFa)s)

Figure 2.5: ORTEP diagram (50% ellipsoids) of (lefje cation ofL(BF:)s and (right)
the full crystal structure illustrating the disordered peroxo unit (89/11%)
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The X-ray structure ofL(BF4)s (Figure 2.5) exhibits the i@ bond of 1.394 A and
Cai 0P ponds of 1.848(2) and 1.8 A (See Table 2.2 far complete comparison of
bond metrics.). The observed i@¥”°bonds are 1.8920) and 1.900(184. TheenNs
ligands are stretched and crig®ssed, generating the torsion angles of 81°2¢t)N2-
C7-C8N3 and 80.1(5)for N6-C21-C22N7. As a resulttwo cobalt centers are separated
3.182A from each other.

2.2.22 (f -OH)~({ -5 -O2)-[(enN4)2Caz](ClOa)s (1(CICx)s)

Figure 2.6: ORTEP diagram (50% ellipsoids) of (left) the catiorL@€104)s and (right)

the full crystal structure illustrating the disered peroxo unit (91/9%) and

perchlorate disorder (80/20%).

The X-ray structure ol (ClOa)s (Figure 2.6) exhibits the {@ bond 0f1.401(3) A

and Cé O"*°bonds of 1.839(3and1.858(3) A (See Table 2.2 for a complete comparison
of bond metrics.)The observed QO™ bonds are 1.886(2) arid894(2)A. TheenNs
ligands are stretched and crig®ssed, generating the torsion angles84f.1(3) for N2-
C7-C8-N3 andi 80.5(3) for N6-C21-C22-N7. As a result, two cobalt centers are separated
3.178A from each other.
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2.2.23 (f -OH)-(f -s *-02)-[(enN4)2Ca2](PFs)3 (1(PFe)3)

By 7
NN T N o .
\ \N8 ‘ 01/\’/t§ /5 ’K,.,,,

= \4 9 SN 3 (e

/N A S, A ,V/w &
u /N3 \ Hbondmg ) "\

| N e \\

</

Figure 2.7: ORTEP diagram (50% ellipsoids) of (left) the catiorL{fFs)s and (right)
the full crystal structure, showing hydrogen bonding between pyridine N
andt -hydroxo H

The X-ray structure ofl(PFe)s (Figure 2.7) exhibits the i@ bond 0f1.410(4) A
and Cé O"*™°bonds of 1.847(2and1.852(3) A (See Table 2.2 for a complete comparison
of bond metrics.). The observedi@”*>°bonds are 1.884(3) and 1.894(3) A . Twoatibb
centers are separated 3.172 A from each other. Notice the preseneepyridine per
cation. The W atomis directly pointing at th¢-hydroxo bridgevia hydrogen bonding of

the H ™¥**°atom,which providesan evidence that the bridge is indeed' @rd not 3.

2.2.3 Structural Comparison with Known Dicobalt Complexes

There are a number of simifgtOH, { -Oz dicobalt cores supportéy N-containing
ligands that have been structuraltyharacterized (see Table 2.2). Fexample, the
complexeg -OH t -Oz-[{Co(en)} 2] (en = ethylenediamine) andOH, { -Oz-[{Co(bpy)z} 2]

(bpy = 2,2bipyridine) exhibit the analogous core structure withoatdhpport of the N4
type dinucleating ligan#-***'*42 |n the tren [tren = tris@minoethyl)amine)] and
Mesteta [Meteta = N,N(dimethyl)triethylenetetramine] derivatives{ -OH -
O2[(L) 2C0](ClOs)s, the ligands simply cap each cobalt center, with no interconnection of

the ligand across the two cobalt centers.
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The two CéO(0) bond lengths of 1.839(3) (Cio®12) and 1.858(3) A (Cb@13)
are quite short when compared to othénaienine ligated -OH f -O2 complexes [range =
1.860(2) to 1.877(4) A] of tyge OH t -O:[(bpy)-CoL**; similar complexes derived from
alkyl amines (en, tren, Meeta) are also longer [range = 1.857 to 1.947°R% The
observed peroxo bond [@ = 1.401(3) A ] (01i2013) is shorter thatmat found in the bpy
derivatives [1.415(6), 1.412(3) A] and most of the alkylamine derivatives [range = 1.430
to 1.462 A]. Two exceptions of note are the en diri®H,t -Oz-[(en)Co](NOs)s [Oi O
= 1.339 A] and the Werner complgxOH, t-Oz, t -NH2-[(NH3)sCa]2(NOs)s [Oi O =
1.340(4) A], which exhibits an anionic amido bridge in addition tot t@H, t -O2
core'*"**¥*2The O O bond in1(BF4)s (1.401(3) A) is on thew end of the peroxo range
(typically 1.41.5 A) compared to the superoxo range ¢1.35 A). Another interesting
structural metric is the CoAAACo distance.
exhibiting thet -OH, 1 -O:z corelisted in Table 2.2]1(BF4)s exhibits the shortest distance
between cobalt centers (3.18 A). Only the Werner compt®H, t-O2, t-NH:-
[(NH3)sCo(NOs)se x hi bi ts a shorter distance between
A1B“%2This is likely due to the additional amido bridge and the higher overall oxidation
state of the species (formally @ib)-Co(lV)). The close proximity of the cobalt centers in

the present case is thus likely the result of the ‘crigsséd’, dinucleatingenNs ligands.

26



UV/vis

Complex Denticity  Di-nucleating? CoiO(O) (0)OiCo (Co)0iO(Co) CoiO(H) (H)OiCo CoARA  ainnm Ref.
( BemtMY
1(BFs)s 2 X N4 Yes 1.848(2)  1.866(2) 1.394(3)  1.892(19) 1.900(18) 3.182  478(10060)  this

390 (11 320)  work
474 (11 340)  this

1(CIO)s 2 x N4 Yes 1.839(3)  1.858(3) 1.401(3) 1886(2) 18942 3178 ‘ogtoen)  uen
1(PFs)s 2x N4 Yes 1.847(2)  1.852(3) 1.410(4) 1.884(3)  1.894(3)  3.172 - Vf,';'rsk
3+ i
A 2N, 2 x N4 Yes 1.8464  1.8429 1.3737 1.9284 19347  3.2265 = s
3+ a
il - 2 x N4 Yes 1.8378  1.8367 1.4264 19170  1.9251  3.2498 - Vf,g'fk
E(;\Aoei{e[téizco]z(uoogb 2 x N4 No 1946(14) 1843(15)  1420(20)  1934(19) 1987(19) 3321 o0 E:g 888; 142
t -OH, { -O2 2x N4 -
T il No 1.857(18) 1.869(20)  1462(26)  1.970(23) 1.872(23)  3.292 139
E(bop;’zgzg]);(qoz‘)a 4% N2 nla 1.868(5)  1.877(4) 1.415(6) 1.917 1.911 3.304 - 132
}(;)Op;'ztc‘o‘]);(,\los)3 4% N2 n/a 1.860(2) 1.8717(19)  1.412(3) 1.892(2) 1.894(2)  3.270 - 131
E<’£Q&:‘0j§é|o4>3 4% N2 n/a 1.866(10)  1.880(8) 1.460(13)  1.919(8) 1.934(10)  3.289 ggg E:g gggg 141
L@tk [ Ok 4 X N2 nla 1.875 1.873 1.339 1.916 1.900 3.261 - 140
[(en)2Co]2(NO3)s : ’ ’ ‘ ’ '
E(;\%Hs')gcgj(,gg\:;'z 6 x N1 nla 1.872(3)  1.887(3) 1.340(4) 1.922(4) - 2.766 - 117
1% (DFT) )
R Pl x N4 Yes 1.8379  1.8369 1.3383 19219  1.9221  3.2377 - -
1% (DFT)
=i 2 x N4 Yes 18819  1.8794 1.3524 19167 19197  3.2791 - -

Table 2.2: Selected bond distancé’) in complexes containingtaOH, { -O2 core and DFT calculated bond distances for
1** and1*. (a) note: thet -OH andt -NH:z in this structure were crystallographically indistinguishalilp TETA
= triethylenetetraminéc) tren = tris(2aminoethyl)amine
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2.2.4 Infrared Spectroscopyvia Isotopic Labeling Studies

The IR spectrum 01(ClO4): exhibits a liganebased3(CN) feature at 1633 ch
(1635 cmt* in 1(BF4)3), which is redshifted from the unbound ligand value of 1647 tm
The lower energy region df(ClO4)s exhibits notable strehes at 882, 776 and 650 'cm
(887, 775 and 649 cimfor 1(BF4)3) (See Appendix B.1 for the fuihfrared spectra)The
assignment of the(Oi O) IR feature was verified using isotopic labelinge chose
1(ClOa)s instead ofl(BF4)s for isotopic labeling stidy, due to its convenient and direct
precipitation from the reaction without the need of further crystallization, ub(iREz)s.
Metalation ofenNs with [Co(H:0)s](ClOa4)2 in MeCN in presence of pyridine undéo:
atmosphere results in one shifted fedure at 833 ci (the *°0i *°O stretch at 882 crh
is absentsee Figure 2.8, red trace). This confirms (@i O) assignment at 882 ¢trin
the IR spectrum o1(ClO4)s. Consequently, metalation undéD. atmosphere results in

01 O stretch at 860 cih(Figure 2.8, green trace)

1.0 1
0.9 -
(]
e
s 0.8 - i
= 882 cm™
/)] 0.7 by .: s =]
g 860 cm™' 833cm
- 0.6 4
=) " 16
- Col'-O—co' 1702
0.5 - \0,0' O,
1
80,
0.4 . ' y .
1200 1000 800 600 400

Energy (cm'1)

Figure 2.8: Infrared spectra of isotopically distintfClO4)s as derived from°O2 (blue
trace,3 Qi O) = 882 cm'), 'Oz (green tracez Qi O) = 860 cmM'; aBexpt = 22
cm'?, a8teory= 26 cm?) and*®0: (red tracea Qi O) = 833 cM; aBexpt= 49
Crnll'l, Btheory = 48 le).
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2.2.5 Oxidation Reactions

2.25.1 Electrochemical Oxidation

We suspected that the interlinked nature of the cobalt peroxo core might stabilize
reduced or oxidized species to an unusual extent. The cyclic voltammogigBFat in
MeCN (0.1 M TBAP, 100 mV/s) ishown in Figure 2.9. The complex exhibits a reversible
feaure atE. = +0.50 V vs Fc/Fg as well as an irreversible feature &t07 V vs Fc/Ft
Alt hree peak currents in the CV fosg(insetw a scar
of Figure 2.9; all data shown in Figure 2.10). We hypothesized that the reversible feature

was the result of clean Co(lll)Co(llg) Co(lll)Co(IV) transformations

-15 1

-10 4

- C |u,%\(c°|v
15 o’
-
c
E o
= 4
(&} M—O—pnall 3
5 Co\o’o,Co i /
31
10 4 8 12 16 20
vscan rate (\mV/s)
1.0 0.5 0.0 -0.5 -1.0

Potential (V) vs Fc/Fc*

Figure 2.9: Cyclic voltammogram o1(BFs)s in MeCN containing 0.1 M NBiCI|Oa
(100 mV/s).Inset: Scan rate dependence of the reversible oxidation wave at
+0.54 V (see Figure 2.10 for scan rate dependence of other peaks).
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Figure 2.10:Scan rate dependen@5{400 mV/s) of the three features in the CV of
1(BF4)s: reversibleoxidation wave at +0.53 V€ft); reversible reduction
wave at +0.47 V (middle); irreversible reduction wavela07 V (ight).
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2.25.2 Chemical Oxidation and EPR Spectroscopy

In the absece of structural characterizatioof the oxidized speciesEPR
spectroscopy was performed. Treatmert(@fiO4)s in MeCN with (NH:)[Ce(NGs)e] ati
40 °C resulted in an immediate color change from brownish red tegyesn; this solution
was not stable dtigher temperatures. EPR analysis of an aliquot frorfi4B€C reaction
(frozen MeCN, or MeCN/CEKLCI. glass, 90 K) afforded a somewhat broad, asymmetric
EPR spectrum witlg-values = 2.06, 2.02sée Figure 2.11). No prominent hyperfine
features were obsezd at lower temperatures-80 K) or upon introduction ofO.. The
lack of notable axial features in the spectrum (as often observ&d(IV) porphyrins,

cobaloximes, salersls likely due to the alternate arrangement ofzlais at the cobalt

z-axis
Pseudo-Ds
N

center.

Intensity

El xz ¥z

| 0 1000 2000 3000 4000 5000

3000 3200 3400 3600 xy % % xi-y?

Magnetic Field (G)

Figure 2.11:(Left) X-band EPR spectra of an MeCN solutiorL{€104)s treated with 1
equivalent of (NH)2[Ce(NQx)e] ati 40 °C. Instrument settings: temperature,
90 K; frequency, 9.44 GHz; modulation, 100 kHz; power, 20 mW; field
modulation, 5 G. Neaylidentical spectra were recorded fror3@ K.
(Right) Local arrangement of the z axis in a Co(IV) center and-thréithl
diagram.
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As the oxidized species proved unisolable in our hand, we investigated its structural
and electronic properties by DEpeformed by another researcher, David M. Joseph)
Calculations on thepeciesl®* at the 631G*/PW91 (and TZP/B3PW91) level afforded
good agreement (within ~0.02 A) between calculated and experimental bond distances
(Table S2of Ref 70). Overall, DFT suppas our assignment of a @b)Co(lll) dimer
bridged by a dianionic peroxide ligand. DFT calculations on theetswtron oxidized
species* (S= %) show that the spin densiygure 2.12, left) is delocalized acrdssth
cobalt centerandthe peroxo/speroxo ligandBy most quantitative measuregaple S3
of Ref 70), the balance of spin density tilts in favor of the peroxo (or superoxo) ligand.
Some shortening~0.07 A) of the 00 bond is observed in the oxidized species (DFT,
1.338, 1.352 A) versusd resting state (DFT = 1.374, 1.426 A ; &kperia = 1.401(3),
1.394(3) A). But the oxidizedi© distance irl* is longer than the canonical superoxo
bond length of ~1.25 A

Close inspection of the DFT calculatdd orbital indicates that it is not anted
along an axis obonding (see Figure 2.12Rather, thed2 axis trisects one face of the
octahedron, eliminating its assignment a®aar Dantype system. Some seemingly related
Ds systems like [Fgll)(bpy)]** or [Ir(IV)(gdtk]* alsoexhibit a pimary feature a, a
2.6 (with a smaller featurgy = 0.3-1.6)° The asymmetric MD: coordination environment
in 1** appears to give rise to a minor axial component that results in an electronic
environment that resembles an axially elong&edysten (this usually promotes high or
intermediate spin systems in the(lA§ d° case). Note that the obsengdalues ofl* are
similar to reports of cobaftoordinated superoxo specigsd( 2 . 0 0 " OweralRwe0 8 ) .
interpret the EPR signal as emanatingm anS = % C@V) ion in a slightly axial

coordination environment; this is partially consistent with the DFT calculation(s).
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Figure 2.12:(Left) DFT calculated structure and spin density plot of theadeetron
oxidized specie$* (6-31G*/PW91).(Right, top DFT calculated (6
31G*/PW91)d:2 orbital in the optimized geometry af* (S= 0). (Right,
bottom) Thed: orbital for the oneelectron oxidized** calculated at the
same level$=%2)

2.25.3 X-ray Absorption Spectroscopy

K-edge Xray absorpion spectroscopy (XAS) was performed onl¢€104)s and
oneelectron oxidized species by Jackson group at the University of Kansas. The
Co(lINCo(lll) and Co(llINCo(IV) samples have nearly identical edge anebpige energies
(Figure 2.13 and Table 2.3Jhis suggest that the oméectron oxidation does not occur
solely at the Co(lll) centei.€., the hole is significantly delocalized, or localized at a site
other than Co). The extendedrXy absorption fine structure (EXAFS) curves for the
Co(lINCo(lll) and Co(IlCo(IV) samples are nearly identical (Figure 2.14). The Feurier
transforms of the EXAFS spectra are also very similar (Figure 2.15), although there are
some subtle differences in the EXAFS data that suggests there are minor structural

differences between the Co(lIl)Co(lll) and Co(lll)Co(IV) complexes.
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Figure 2.13:X-ray absorption neagdge regions of Co(lll)Co(lll) and Co(lll)Co(IV)

samples
Complex Pre-edge energy (eV) Edge energy
Co(lInCo(lln) 77111 7721.3
Co(lINCo(1V) 77111 7721.8

Table 2.3: Preedge and edge energies (eV) for Co(lll)Co(lll) and Co(lll)Co(IV)
samples

Co(llN)Co(ll)

Ka(k)

Kx(k)

Figure 2.14:Raw EXAFS data for Qdll)Co(lll) and Co(lll)Co(IV) sampls.
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FT Magnitude

Co(ll)Co(IV)
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Figure 2.15:Fouriertransform EXAFS datek(= 2- 14 A)
2.3CONCLUSIONS

A series of coplexes with a dinucleatgd Oz, { -OH dicobalt core using an N4
Schiff base ligand were synthesized, exhibiting more contracted core compared to previous
reports of similar dicobalb er o x 0 c omp | exrems s eldhoe |ficgrainsds ar r
facilitates reversible Co(ll)Co(lllz Co(ll)Co(lV) processes and the detection of the
one electron oxidized Co(lll)Co(IV) species was achieved by cyclic voltamyrefiR
spectroscopy and partially DFT calculatimwever, XAS and EXAFS data on chemically

oxidized species supports the oxidationsites other than solely on cobalt ion.
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2. 4EXPERIMENTAL

2.4.1 Reagents and Procedures

Cobalt(ll) perchlorate hexahydrate, cobalt(ll) tetrafluoroborateexahydrate,
ethylenediamine, -pyridinecarboxyaldehyde and 99¥%:. were obtained from Sigma
Aldrich. The ligandenN: was synthesized according to the published procedure of
Banerjee and coworket$.MeCN, pyridinetoluene and EO were purchased from Fisher
Scientific and used withoufurther purification. The deuterated solvent LM was
purchased from Cambridge Isotopes amskd as received. Electrochemical grade
tetrabutylammonium perchlorate (TBAP) was purchddsam Fluka.

2.4.2 Synthesis of Compounds

2.4.2.1N,N-bis(pyridin-2-yImethylene)ethand. , 2-diimine (enNy)**

The 2pyridinecarboxaldehyde (4.29 g, 40.0 mmol) was added dropwise to 25 mL of
MeOH. Separately, 1.20 g (20.0 mmol) of ethylenediamine was diluted in 10 mL of MeOH
and added dropwise to the aldehyde solution. The solution was refluxed for 7 h, after which
the sdution turned yelloworange. Upon cooling, the solution was dried with N2 in warm
water bath. The final product was pgielow solid. Yield: 3.71 g (77.8%). Selected IR
bands(3 in cm*): 1645 s 1584 m, 1564 m, 1470 m, 1434 m, 1425 m, 1356 m, 1333 m,
1295m, 1217 w, 1150 w, 1105 w, 1043 m, 991 m, 97967, m, 920 m, 903 m, 869 m,
769 vs, 741's, 649 w, 617 s, 572 w, 514 m, 482 s, 488 NMR in CDCE (tiin ppm):

8.56 d (2H, imineH), 8.37 s (2H), 7.3d (2H), 7.66 t (2H), 7.24 dd (2H), 4.01 s (4H).

2.4.2.2(t -OH)-(t -s -02)-[(enN4)2C0z](BF 4)s (1(BF4)3)
The ligandenN: (100 mg, 0.420 mmol) was dissolved in 7 mL of MeCN to make a pale

yellow solution, and 5 drops of pyridine were added. Separately, 143 mg (0.420 mmol) of

[Co(H0)s](BF2)2 was dissolved in 8L of MeCN to generate a pale red solution, and then
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it was added dropwise to the stirred solution of the ligand. The solution became a
red/burgundy within minutes, and over the course of 1 h became dark-brange; the
reaction was stirred overnightqrcolor change). Black microcrystalline material was
obtained from vapor diffusion of 2 into the MeCN solution of the complex over the
course of several days (75 mg, 31% vyield)ray quality crystals were grown via slow
vapor diffusion of EXO into a dute MeCN solution of the complex supplemented with
several additional drops of pyridine (omission of pyridine at any stage prevented isolation
of the complex). Angfsis for GzHs7BsCozF12N1004: calcd C 38.28 H3.71, N 13.95 found
C37.76 H3.7Q N 12.94 Selected IR bands, in ¢m1635 w(3c=x), 1601 m, 1305 m, 1229

w, 1018 br vg3sr), 887 m(3; 0-0), 775 S, 583 w, 516 &1 NMR in CD:CN (li in ppm):

8.69 s(4H), 8.49 d(2H, J=5.2), 8.20 s, 8.19 t (2H), 8.09 m (4H), 7.70 m (2H), 7.62 d
(2H), 7.49 t (2H), 4.42 t (2H) = 11), 4.21 dd (2HJ = 13.2, 5.2, 4.06 dd (2HJ = 12.4,
5.6),3.96t (2HJ=11.8); 7 0.91 s (1H); the'H spectrum remains unchanged in«CHN for
months. UV/vis in MeCNaxin nm Uin cm® M'%): 474 (11 340), 398 (8 060).

2.4.2.3(t -OH)-(t -s *-O2)-[(enN4)2C2](ClO4)3 (1(ClO4)3)

The ligandenN: (200 mg, 0.840 mmol) was dissolved in 15 mL of MeCN to make a pale
yellow solution, and 5 drops of pyridine were added. Separately, 308 mg (0.840 mmol) of
[Co(H20)6](ClO4)2 was dissolved in 5 mL of MeCN to generate a pale red so|utibich

was added dropwise to the stirred solution of the ligand. The solution becamierawad
within minutes, and over the course of 1 h became dark brown. After stirring 16 h, a black
microcrystalline solid was collected by filtration, and washed ®itl. Yield: 163 mg
(837%). X-ray quality crystals (black parallelipipes) were obtained from slow evaporation
(at 35°C) of a saturated solution of the complex in MeCN/toluene (3:1) containing 10 extra

drops of pyridine. (Note: omission of pyridine in astiep prevented isolation of the
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complex.) Anagysis for G7H4sClaCN11020: calcd C 36.38§ H 3.55 N 12.6% found C
34.27 H3.49 N 12.61 Selected IR bands, in ém1633 w 6c=n), 1600 m, 1304 m, 1229
w, 1073 vs brdcio), 882 m br(3; 00), 776 S, 621 vs, 583 m, 516 fil NMR in CD:CN
(Gin ppm, Jin Hz): 8.73 s (4H), 8.52 d (2 5.2), 8.248.09 m (8H), 7.72 t br (2H =
4.8),7.65d (2H)=6.0), 7.51t (2H) =6.4), 4.45t (2HJ=11.2, 4.24 dd (2H,) = 13.2,
5.6), 409 dd (2HJ =12.4, 5.6), 4.02 t (2, J = 11.6), 1 0.86 5 (1H); roughly 0.5pyH-ClOx
wasobserved in the material collected directly from the reaction:-7.24 m. Note: the

'H spectrum remains unahged in CRCN for months after storage at room temperature.
UV/vis in MeCN,ain nm Uin cm* M™): 478 (10 060), 390 (11 320).

2.4.2.4(t -OH)-(t -s *-O2)-[(enN2)2C0](PFs)3 (1(PFs)3)

The ligandenN: (100 mg, 0.420nmol) was dissolved iBO mL of MeCN to make a pale
yellow solution, and 5 drops of pyridine were added. Separ&eymg (0420mmol) of
[Co(MeCN)s](PFs)2 (prepared by reacting CaQNith TIPFs) was dissolved in 5 mL of
MeCN to generate a papenk solution, which was added dropwise to the stirred solution
of the ligand. The solution became a red within minutes, aed thhe course 00.5 h
became black; the reaction was stirred overnight (no color change). Yield: 127 mg (28%).
X-ray quality crystals were growas brownish black needlega slow vapor diffusion of
EtO into areaction mixturesupplemented with severaldditional drops of pyridine
(omission of pyridine at any stage prevented isolation of the comflebected IR bands,

in cm®: 1627 w @c=n), 1601 m, 1306 m, 1229 w, 884 (@ 0-0)), 821 vs brrs), 778 s,
555 s, 518 m.
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2.4.3 Xray Crystallography

Definitions used for calculatingJ@?), R(F) and the goodness of fit, S, are given
below. Tables of crystal data and refinement parameters and tables for bond lengths, angles

and torsion angles are summarizedppendix C.1.
Bu gOs ¢$Os
BoO $Os

v 0

O = BS@s <@s
BS@S  forreflections with k> 4({(Fo))
B0 sOs sOs
€

2.4.3.1(t -OH)-(t -s -02)-[(€NN4)2C0e](BF4)s(MeCN)(H20) (1(BF4)s)

Crystals grew as clusters of prisms \mpa diffusion of EtO into the MeCN
solution of1(BF4)s. Theanalyzectrystal was cut from a larger crystal and had approximate
dimensionsof 0.48 x 0.26 x 0.21 mm. The data were collected on a Rigaku S@ii
diffractometer with a Mercury 2 CCD using a gni#p monochromator with MdKU
radiation 6= 0.71075A ). A total of 2160 frames of data were collected udiagans with
a scan range of 0.&nd a counting time of 8 seconds per frame. The data were collected
at 153 K using a Rigaku XStream low temperature device. Data reductiemperéormed
using the Rigaku Americas Co'fphestractuiewasds Cr ys
solved by direct methods using SIR9and refined by fulmatrix leastsquares on¥with
anisotropic displacement parameters for the-Hatoms using SHELX{97 1 Structure
analysis was aided by use of the programs PLATON@8d WinGX**® The hydrogen
atoms on carbon were calculated in ideal positions with isotropic displacement parameters

set to 1.2 Ueq Of the attached atom (136Ueq for metyl hydrogen atoms). The hydrogen
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atom on the hydroxyl group was observed
displacement parameter.

The oxygen molecule bridging the two Co ions appeared to be slightly disordered.
The disorder was modeled by assig) the variable x to the site occupancy factors to one
set of oxygen atoms and-f} to the site occupancy factors for the alternate set. A common
isotropic displacement parameter was refined for the four oxygen atoms while restraining
the geometry of #.amolecule to be equivalent. In this way, the site occupancy for the major
component of the disordered oxygen molecule consisting of atoms O12 and O13 refined to
89(2)%.

In addition, a partially occupied molecule of water was also located. This atom,
O1w,was close enough to belbbund to N1b and F12, but did not have enougteasity
to constitute a fully occupied water molecule. Its occupancy was estimated to be close to
1/3 by fixing its isotropic displacement parameter to 0.05 while refining thecsitgpancy.
No H atoms for this molecule were included in the final refinement model.

The function,Sw(|Ff - |Fcf)?, was minimized, where = 1/[(i(Fo))? + (0.079*P§¥
+ (3.118*P)] and P = (}E + 2|Rc[)/3. R«(F?) refined to 0.176, with R(F) equal to 0.0634
and a goodness of fi§, = 1.16. The data were checked for secondary extinction but no
correction was necessary. Neutral atom scatteringriaatod values used to calculate the
linear absorption coefficient are from the International Tables foayXCrystallography
(1992)4°
2.4.3.2(t -OH)-(t -s *-0O2)-[(enN4)2C 0] (ClO4)3(MeCN(H20) (1(ClOa)3)

Crystals grew as larddackprisms by slow evaporation fromMeCN/toluene (3:1)

solution of1(ClO4)s at 35 °C. Theanalyzedcrystal was cut from a larger crystal and had

approximate dimensiorsf 0.26x 0.16x 0.12mm. The data were collected on a Rigaku
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AFC12 diffractometer with a Saturn 724+ CCD using a graphite monochromator with Mo
KUradiation 6= 0.71075A). A total of 1632 frames of data were collected assitgns

with a scan range of 0.5and a counting time of 25 seconds per frame. The data were
collected at 153 K using an Oxford Cryostream low temperature device. Data reduction
were performed using the Rigaku Ame'ficas Co
The structure was solved by direct methods using SfR&7 rdined by fullmatrix least
squares on Fwith anisotropic displacement parameters for the-iHoatoms using
SHELXL-97° Structure analysis was aided by use of the programs PLATEONGRI
WinGX.**® The hydrogeratoms on carbon were calculated in ideal positions with isotropic
displacement parameters set to %.2Jeq of the attached atom (1.5 Ueq for methyl
hydrogen atoms). The hydrogen atom on the hydroxide oxygen atom, O15, was observed
i n a @&a&F athdnisoteopid dispadement parameter.

One of the hydrogen, Hlwa, atoms on the oxygen atom of the water molecule, Ol1w,
was found in the &F map. The hA.ohsubsgguent at o mo s
refinement models, the bond length was fixe0.80A . The displacement parameter for
H1lwa was set to 1.8 Ueqfor that of Olw.

One of the perchlorate ions and the peroxide dianion were disordered. The disorder
was modeled in the same manner for each anion. For example, in the perchlorate ion case,
the site occupancy factor for one component was assigned the variable x, while the alternate
component's site occupancy was set ®)(JA common isotropic displacement parameter
was assigned to the two CI atoms, CI3 and Cl3a. A separate isotropic disghace
parameter was assigned to the oxygen atoms, 09, 010, O11 and O12 of one component
and O9a, 010a, Ol1la and O12a to the second component. The geometry of the ions was
restrained to be equivalent throughout the refinement. In this way, the site occtgrancy

the major component consisting of CI3, 09, 010, O11 and 012 refined to 80(2)%. For the
40



peroxide ions, the site occupancy of the major component consisting of atoms, O13 and
014, refined to 91(2)%. The higher occupancy atoms of these anions weral refine
anisotropically with their displacement parameters restrained to be approximately isotropic
in the final refinement model.

The function Sw(|Ff - |Fcff)?, was minimized, whene = 1/[({(Fo))? + (0.0385*Pj
+ (4.0847*P)Jand P = (|if + 2|Re[)/3. Ru(F?) refined t00.111, with R(F) equal to 0.0455
and a goodness of fit, S = 1.09. The data were checked for secondary extinction effects but
no correction was necessary. Neutral atom scattering factors and values used to calculate
the linear absorption coa&tfent are from the International Tables for-ray
Crystallography (1992}?
2.4.3.3(t -OH)-(t -s *-02)-[(enN2)2C0](PFs)3 (1(PFs)3)

Crystals grew aseedles byapor diffusion of B into the MeCN solution of
1(PFs)s. The analyzedcrystal was cut from a cluster of crystals and had approximate
dimension®of 0.32x 0.15x 0.08 mm. The data were collected on an Agilent Technologies
SuperNova Dual Source diffractometer usimgfacus Cu Ka radiation sourcd (= 1.5418
A) with collimating mirror monochromators. The data were collected at 100 K using an
Oxford Qryostream low temperature device. Data collection, unit cell refinement and data
reduction were performed using Agilent Technologies CrysAlisPro V 1.171.37R3%k
structure was solved by direct methods using SHERXahd refined by fulmatrix least
squares on Fwith anisotropic displacement parameters for the-lHoatoms using
SHELXL-2014/7*** Structure analysis was aided by use of the programs PLATEN98
and WinGX'*® The hydrogen atoms were calculated in ideal positions with isotropic

displacement parameters set to %.2Jeq Of the attached atom (1.5 Weq for methyl
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hydrogen atoms) The data crystal was twinned with twin law determined using
CrysAlisPro.

The function Sw(|Fof - |Fcf)?, was minimized, where w = 1{[(Fo))? + (0.1132P)?
+(9.3992P)] and P = (|B* + 2|Rc[)/3. R«(F) refined to 0189 with R(F) equal to 066
and a goodness of fit, § 1.03. The data were checked for secondary extinction effects
but no correction was necessary. Neutral atom soajtdéactors and values used to
calculate the linear absorption coefficient are from the International Tables-rfay X

Crystallography (1992}?
2.4.4 Electrochemistry

Cyclic voltammograms were obtained on a Pine Wavenow potentiostat. The cell
was constructed using a polished glassy carbon working electpdatinum counter
electrode, and Ag wire reference electrode in 0.1 M TB@&IBtion in MeCN. The reported
potentials are referenced versus ferrocene as internal standard. Standard CVs were obtained

at 100 mV/s, except in scan rate dependence experi@&490 mV/s) (Figure 2.10).

2.4.5 Physical Measurements

'H NMR spectra were collected on Varian DirecDrive 400 MHz spectrometer and
chemical shifts were referenced to £LI. UV/vis absorption spectra were obtained using
Varian Cary 6000i spectrometesing ~0.1 mM solutions in 1 cm quartz cuvettes. Infrared
spectra were recorded by using a Bruker Alpha spectrometer equipped with a diamond
ATR crystal. EPR spectra were obtained WBruker Biospin EMXplus 114 »band
spectrometer equipped with a liquid nitrageryostat Elemental analysis was done by

Midwest Micro Lab
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Chapter 3: Fluoride-Bridged Dicobalt(ll) Complexes viaSpontaneous
Bi F Abstraction: Structures and Magnetisn®

3.1INTRODUCTION

3.1.1 Spontaneous Fluoriddridge Formation of Dicobalt Complexes

In addition tof -perxo dicobalt complexes discussedChapter 2there are also a
number of preceding examples of dinucleating cobalt(ll) complexes that spontaneously
form fluoride bridged structures as a result of fluoride abstraction from tetralfloate
(BF4') anion (Figure 3.1). For example, Reaction ofdghyl1,2,4triazole with a series
of cobalt(ll) reagents yieldbe singly fluoridebridged species [Gfj -F)z(detrHB(NCS),
wherein the bridging angle of CBi Co is 114.44%%3%*|n related work, another series of
monofluoride bridged dimers of general formulsl {(t -F)( -L »*) 2](BF2)s was reported,
where M = Fe(ll), Co(ll), Ni(ll), Cu(ll), Zn(ll), and Cd(ll) and_m is m-bis[bis(3,5
dimethyk1-pyrazolylrmethyllbenzene(or, poly-(pyrazolyl)methane ligandj> These
complexes have a linear I M bridge and each M(Il) center exhibits trigonal
bipyramidal geometnSeparatelyMeyer et al. characterized structures of dinucledfo
complexes wh bridging pyrazolate ligands and multidentate side awhgreinthe {N-
Co-F-Co-N} unit forms a fivemembered ring that is nearly coplanar with the bridging
pyrazolate?® These researchers observed fluoride abstraction upon crystallization of the
ion-exchanged reaction mixture, affording the final complex[&@ -F)](BPh:)2, where
Lt is [3,5(R:NCH2)2CsNzHz, R = MeN(CH)s.

The spontaneous formation bis-fluoride bridged cobalt dimers has also been

reported.In a remarkable reactivity study, Holland and coworkers found that reaction of

b Cho, Y. I.; Ward, M. L.; Rose, M. J. Substituent effects of N4 Schiff base ligands on the formation of
fluoride-bridged dicobalt(ll) complexes viai B abstraction: structures and magnetiBralt. Trans.2016
45(34), 1346613476. The author contributed as the first author in publishing this article.
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fluorobenzene with a coordinatively unsaturatedllCoomplex ligated with bulky -

diketiminate undergoes binuclear caiiye addition to generate thecdordinatecomplex

Reger et al. (2012) Reedijk et al. (1978)

Figure 3.1: Examples of M{(-F)M (left, M = Mn(ll), Fe(ll), Co(ll), Ni(Il), Cu(ll),

Zn(Il), Cd(Il)) and M¢ -F):M (right, M = Co(ll)) from the literaturé>>*>’
[L*®“Co(t -F)]2, where LY = 2,2,6,6tetramethi3,5-bis(2,4,6
triisopropylphenylimido)hept-yl.**® Reedijk et al. reported the studies on {fe
F)(DMP2Z)3](BF4). (DMPZ = 3,5dimethylpyrazoles). Flourides from hydrated Co{BF
abstracted during the reaction with DMPZ and small amount of triethyl orthoformate
(dehydrating agent) in ethanol, forming €d{).Co in near trigonal bipyramidal symmetry
around each metal centéf Additionally, several bigetradentate acyclic amine ligands
provided a series of bipyridyype binding sites that afforded ninlclear (M = 46) metal
complexes, which contain sboordinate metal centers such as{C8)x(t -F)«](BF4)« and
[Cos-(LM™ )t -F)](BF4)awhere each set of two Q8 centers are connected by tyver
bridges'>*'®Inomata et al. reported a crystal structure of two octahedr@l)@enters
ligated  with  tri§(6-methypyridin-2-yl)methyllamine  to  afford [Ca -
F)2(C21H24N4)2] (BF )2, which exhibits doubly bridging-F motifs!®* Additionally, several

Zn(I1) and Cdll) based dimers [Mt -F)=(L)](BF2)2 of a Schiff bas expanded porphyrin
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were studied by Sessler and coworkérslost importantly, except fol[*Co( -F)]2"%,
thefluoride source fothet -F unitin all of the above cases was the tetrafluorobaaten
from the cobalt source [Co(QMl](BF2)2 (Zn(l1) or Cdl) in the case oRef 162).

Although no precise mechanistic explanation has been elucidated so far for the
spontaneous fluoride abstraction from tetrafluoroborate to gener&téhige(s)several
plausible explanations are reported based on expetahobservationgGoebeze et al.
noted that the fluoride abstraction can occur in a protic solvent, such as méthahis!
is possibly due to the strong hydrogemnding interaction of*“O-HA A-BFs. Others
showed that in the presence of a strong base with bulky substituents (such as quinuclidine
and 3,5dimethylpyrazole), decomposition of tetrafluoroborate occurs and, as a result,

metatfluorides®® or polymeric ME(ligand)y complexe¥* are generated.

3.1.2Magnetic Properties of KnownMetal-Fluoride Dimers

It is well known that halides fluoride especially can serve as effective conduits
for magretic coupling between metal centers. The magnetic properties of a number of
fluoride- and difluoride-bridged cobaltdimers have been reported to exhibit varying

extents of antferromagnetic magnetic (AFM) coupling (Figure 3.2).

eJ=-6.7cm"
1°°_ e J=-16.3cm’

8ok e J=-241cm’
- e J=-39.0cm’
° - -1
§ 60 ® J=-322.0cm
£
S
= 40
:c'_, e O ®

20 Ni (Il 0900533888

f Cu (Il

0 50 100 150 200 250 300
Temperature, K

45



Figure 3.2: Magnetic ssceptibility plots of M{ -F)M complexes by Reger et &r.

Long and Reger described theonofluoride bridged cobalt dimer [C@ -F)(i -
L)](BFa4)s, (wherel. = m-bis(dipz)GH4) supported by a dinucleating tetrapyrazolylmethane
ligand!® In solid state measurementhe dimer followed linear* vs T) CurieWeiss
behavior between 30040 K (t e = 6.87{ & per Ca; { e = 4.861 & per Co;g = 2.45), and
the plot exhibited ar-intercept af =116 K, indicative of small extent of AF coupling (
=70.67 cm'). However, anethylated version of this dimer exhibited a much greater extent
of AFM coupling 0=724.1cm) . I ndeed, these authors stater
in intramolecular AFM exchange, interactions should be at a maximum in a bimetallic
complex with asingle bridging monoanionic ligand, X, whenthéXiM angl e is 180 A
Along these same lines, Miller and coworkers reported a Cr(lll) dimer $atst ions)
with one nearly linear (179.85(12)) bridging fluoride © namely [Ce(f -
F)(Fe(TPA)](BF2)3T which also exhibited a high extent of AFM couplidg=(i 13 cm?).

The di-fluoride bridged Cr(lll) dimer [C(t -F)(TPA)](BF4)2 exhibited greatly
diminished coupling J = 11.53 cm'). Indeed, a number dfi-fluoride bridged Co(ll)
dimers exhibit diminished AFM coupling across thekzdiamond core, versus the linear
CaoF motif. For example, Zsolnand ceworkers described g {F)(t -pyrazolyl) Co(ll)
dimer that exhibited &-value closer to zerd (= 14.30 K), indicating an interadiate
extent of AFM coupling. Brooker and -aworkers investigated a series of
phenylpyrimidinebridged Co(ll) dimers (al6=*2 Co centersj both with and without an
additionalt -F bridge. While the pyrimidinéridged dimers exhibited weak AFM coupling
(J =12.74,12.87 cm'), the addition of a fluoride bridge greatly increased the AFM
coupling 0 =713.36 cr?).
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However, there is at least one example of a transition metal dimer witfir-a M
diamond core that does not exhibit detiromagnetic couplingThe copper(ll) dimer
[Cu=F2(tmpz)](BF2)2 (where tmpz = trimethylpyrazole) exhibits a magnetic susceptibility
ofter=1.80teand alineaPA T p | P+ 0 KwThe lack of AFM coupling in this case,
however, was attributed to tlexclusivelyaxial orientation of the Cu(ll) spin density in
thed? orbital, which is perpendicular to the plane otEibonding. Thuswe hypothesized
there would be significant AFM coupling of the t8e %2 Co(ll) centers with spin density

along both the-axis andxy-plane.
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3.2RESULTS AND DISCUSSION

3.2.1 Synthesis Overview

A series of ligands assynthesized by modifyintheenNsl i gandds (i) Chapter
linker lengthfrom 2-carbon to 3carbon pnN4) and/or {i) the orthesubstituent-H, -OMe
and-PhCl) ofpyridine rings (Figure 3.3). The initial purpos@s to investigate the effect
of ligand framework and substituents on thienfation of related dicobalt peroxo structures.
Modifications were thus introduced in the linker lengthfrom 2-carbon to 3carbon
(pnN4) to give more space and flexibility in between the metal cedtees well as the
functionality at the ortho positiofpnN+-OMe andpnNs-PhCI) to alter the steric and the

electronic environment.
(ii) Bulky substituent

T

=N N= =N N=
T 7N\ - 7N
N N N N
o) o
, / \
[0

Linker
Iengthl
_N/\N_ _N/\N_
G D )
pnN, — pnN,;-OMe —
o] o
/ \

Figure 3.3: Structures of the ligands usedGhapter 3

Complexation of the ligands with cobalt(ll) hexahydrate salts gave unexpected
results. he ligands enN--OMe and enN«-PhCl yielded no isolable metal complex,
whereas all of the -8arbonlinker ligands,pnN4, pnN+-OMe and pnN+-PhCl, afforded
unexpectedtobalt products (Scheme 3.1). Dimeric cobalt(ll) complexes were produced
with the ligandspnN+ and pnNz-PhCl, whereasmonomeic cobalt(ll) complexes were

synthesized from ligangnN+-OMe or a control reaction (only pyridine with no ligand).
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Scheme 3.1: Synthetic scheme depicting the isolation of the cobalt(ll) monomers and
dimers

In the case of complexingnN+-OMe with [Co(OHz)s](X)2 (X = BFs or CIOs) the
final crystal structure revealed hydrolysis of one arm ofptid.-OMe framework, thus
forming a tridentatpnNs-OMe ligand. As a result, twpnNs-OMe units chelated a single
6-coordinate Co(ll) center in [Co(prMNDMe)](ClOs4)2 (5(Cl0O4)2) to afford the bidigated
species(Crystallizations of the BF version did not afford Xay quality crystals.Jlhe
specific hydrolysis of only thenNs-OMe complex is likely due to its methoxy substituent,
which is capable of Hhonding toadventitious water molecule(s), which could recru®H
solvates to the second coordination sphere of the complex, or stabilize a charged transition

state or intermediate (e.g. tetrahedral oxyanion). In contrast, the aromatic or hydrocarbon
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only substituats of the other ligands (RiH, i PhCI) do not Hbond, and therefore do not
promote hydrolysis.

In contrast, complexation of the unsubstitupgtN4 ligand with the same cobalt
source |l ed to th-brif dged étyp®dimep[CogpmNg:|éBF2 n 0 n
(3). It thus appears that-@ctivation which was observed in the caseeof\:, may be
prevented by if the longer distance between cobalt ions, andtlje coordinatively
saturated environment of each Co centd. iMore specifically, the twaobalt(ll) centers
are coordinated bhreetotal pnN4 ligandsi in contrast to the Gainit coordinated bywo
enNs ligands inthe cobaklperoxo dimer 1(BF4)s).

Regarding the bulkiest of this series of liganpisN+-PhCl, the identity of the
metalationproduct was determined by the presence or absence of pyridine. First, reaction
of pnN4+-PhCl in the absence of pyridingith a pink MeCN solution of [Co(Ohk](BF4)-
generated a pale orange solution, from which we obtained pink crystals of the mono
fluoride bridged dimer [Ce(f -F)(pnNe-PhCIR(OHz)(MeCN)](BF): (F'), wherein one
fluoride has been abstracted from the: BRion (presumably generating 1 equiv ofsBF
The same reactiom the presence of pyridindowever, afforded a different product,
namely the dfluoride bridgel dimer [Ca(t -F)2(pnNs-PhCIY](BF4)2 (F?). From these two
reactions, it was clear that pyridine was remjuiredas a cereagent to promotei bond
cleavage.

To confirm that pyridine did not independently promoid-Bond cleavage, the
simple complexatin of [Co(OH)s](BF4)2 with excess pyridinevas performed.The
straightforward isolation of the resulting coordination complex [Ce(MACN)](BF4)2
(4) confirms that the simple combination of pyridine and CbBBs starting salt are not
sufficient to pomote the fluoride abstractidff. Direct reaction of4 with pnNs-PhCI

(assistedy extra pyridine) in MeCN confirmed the formationFSfvia X-ray diffraction,
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consistent with4 as the intermediate species to forrdfldoride bridged dimefF? from
[Co(OHk)s](BF4)2.

In the absence of a rigorous mechanistic explanation for fluorideaatbgn from
tetrafluoroborate generating -fluoride bridge(s), we postulated that the bulky
chlorophenyl group stabilizes a transient and coordinatively unsaturated cobalt species,
which reacts with the BFanion to promote 'Fabstraction. Alternatively, the system of
the T PhCI unit (not presernn any of the other ligands used here) could bind or stabilize
the BR anionor the byproduct BE; thereby promoting theil bond cleavage. In contrast
to previous reports where the metalation conditions (vide supra: protic solvent, base, etc.)
were invikked as a factor in'iB- cleavage, all of the metalation conditions in the present
case were quite similar. Thus, the precise reason(s) foii thelBavage in the present case
remain(s) uncledout is directly related to the identity of the N4 chelate.

In our case, the choice @nNa-type ligand controlled the'Fabstraction. In
particular metalation of the unsubstitutgzhN4 resulted in a symmetric Co(ll) dimer,
wherein the connectivity between the two cobalt centers is provided only by thprihkee

ligandsrather tharfluoride ion(s).
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3.2.2 Xray Structure of Metal Complexes

3.2.2.1[Cox(f -F)(pnNa-PhCI):(OH2)(MeCN)](BF2)sA ( M e :CAY))

| \_

» g \
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Figure 3.4: ORTEP diagram (50% ellipsoids) of the cation in4€eF)(pnNe-
PhCIp(OH2)(MeCN)](BF2): (F). HO6s are not shown for sc¢

In the structure of the (mono)fluorideidged dimerF* (Figure 3.4), twopnNa-
PhCI ligands dinucleate the two pseudctahedrakobalt(ll)c e nt er s -cirno sas e@dr i s
fashion, mu cdr d deskideda&edh @epedoxodimes (BF4)s) that served
as inspiration for this work. The two cobalt centers areeoted by 4 -flouride bridge,
which was abstracted from the tetrafluoroborate anion. The-tamben linkers on each
ligand are folded toward the face/side where the solvents are occupied. On the ligand frame,
the ortho-PhCl moiety is twisted out of planarity frorhe pyridine moiety, wherein the
dihedral angle between the of the pyridine ring artdo-PhCl is 133.5(2)°. The d~Npy
link on the ligand generates a chelating pocket where it makes a stabteefivieered ring
when ligated with cobalt. Each center alss la solvent coordinating site, ligated to either
MeCN (Cd Nwecn = 2.21(2) A) or ED (Cda O = 2.08(2) A). The side wheyeflouride
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bridge resides is hindered by the ligating tlonor groups and the bulkyPhCl groups,

which facilitate a greater extent of open space that serves to allow solvent molecules to
ligate. The Ns donors (from distinct ligands) are all arrangetrams orientation from one
another, and the averagei®is bond distance is 2.105 A . The angle &fil€0i Ns & is
178.14(8)°, very close to linear geometry, and these two setsiocCN Ns s are positioned
nearly parallel to each other. ThgyMonors arerins from various ligands '(FMeCN,

OH>), but nonetheless reside within a narrow range of distancesZ28% ) from the
cobalt center; the average i®y distance is 2.269 A , approximately 0.16 A shorter than
the Ca Nse distances. For all the previoysknown Ca(t -F) complexes, aromatic N
donors of the ligand(s) to the Co centers were from either pyrazole or triazole, not pyridine,
and the averag€ai Npymipyr distances ranges from 1.945 to 2.172 A (See Tablé*3.2).
156165 The observed Ad- bond ofl is 2.034(5) A, wich is within thenormalrange .96
2.077(3) A¥31%61%5pyt slightly above the average. The angle of8€o is 159.47(11)°,

which provides steric relief for the binding of solvent molecules; it also separates the cobalt

centers quite far way (CoAAACo & 4.00 ).
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3.2.2.2[Coz(t -F)2(pnNs-PhCl)2](BF 4)2 (F?)
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Figure 3.5: ORTEP diagram (50% ellipsoids) of the cation in €&~ )(pnNs-
PhCIy(BF4)2(F) . H6s are not shown for sake of

The overallstructure ofF* (Figure 3.5) is analogous that of F*, except for the
presence of the secondflouride bridge in place of the two solvent molecules. As a result,
complexF’”does not have distinguishable 6facesd s
the two nearly 99angledi -fluoride bridges. The Gd- bond distances of 28(4) and
2.049(4) A are slightly longer than that foimthelinearCai F unit found inF* (2.034(5)
A). The acutely angled bridges bring the two cobalt centers closer together (3.109 A)
compared with that d¥* (4.003 A ). The average @obond distancesr the known Cef -
F).complexes range from 2.036 to 2.196 facipg F?in the lower range. This short bond
distance is likely attributable to the tightly crs®ssing motif. Relatedly, the threarbon
linkers are perfectly crissrossed when viewed down the plane fedy the two cobalt

centers with twq -flouride bridges. The Cid\'ss and Cd Npy distances are each slightly
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longer than the corresponding bond distanceE'jrbut unremarkable: G®ss(avg) =

2.121 A ; CoNpy(avg) = 2307 A . The average ONyy distances othe known Ce(t -F)2
complexes range from 2.129 to 2.214 A (See Table*3!%):*" Overall, the short Qd~

bond distances and cospondingly long CbNpycirh) bond distances suggest a pyshi

effect wherein the steric repulsion of the bulhCl unit drives the compression of all
four Cd F bonds in Cgf -F)2core. Lastly, thePhCI group from one ligand exhibits close

p-p stacking (3.616 Awith a pyridine moiety from the other ligand on the same Co center.
Although they are not stacked directly on top of each other, they are aligned in parallel

fashion(see spacefill representation, Figure 3.6).

Figure 3.6: Capped stick and spafifting representations of complé, illustrating the
A-A interactions between ligands. Red lines represent the plane of the
aromatic ring. The 6@dAosest CAAAC di st ar
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3.2.2.3[Coz(pnN4)s](BF 2)sA ( Me 8 @) (3)

- \ 5/ -~
\41/ = =) /(\/
\— \\5 Co1A/ \ / \,;ﬁ!—_ / l .
N\ /Y AV v N
’r&\/xr -’is\ )i‘\
A E N AN TN y 5
{7 N

Figure 3.7: ORTEP diagram (50% ellipsoids) of the cation in{@aN:)s](BF4)4 (3).
H6s are not shown for sake of <clarity
The trisligateddimer 3 (Figure 3.7) is characterizgaimarily by a much loger
distance between cobalt centémmost 7.0 A . The propyl linker in each of the tme
ligands is widely stretched out &W-shape, and the wcobalfll) centers are dinucleated
at the opposite ends of the cryptand. Both cobalt centers exlsbitdpoctahedral
geometry, ligated with three sets ofsNind Ny from the three ligands. Since the ligands
are widely open, two cobalt centers are extremely far away from each other (6.801 A)
which is more than twice Rsandbbouth7timestherhe Co A/
that of F*. There is a (horizontal) paddlewhdige 3-fold axis ofchemicalsymmetry that
along the axis between the two metal centers, anfbla 2rystallographicsymmetry as a
(vertical) mirror plane between the two cobahters. While the average Oxss distance
(2.151 A) is comparable to those foundFirandF? (2.105, 2.121 A), the absence of the

fluoride or solvent molecules results in a much shorter averagdCdistance of 2.160

A,
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3.2.2.4[Co(py)x(MeCNY)](BF 4)2 (4)
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Figure 3.8: Full ORTEP diagram (50% ellipsoids) of [Co(pgfleCN)](BF4)2 (4)
including disorder model of the BEounterions HO6s ar e not shown
of clarity.

A simple reaction of [Co(Okk|BF: dissolved in MeCN and treated with excess
pyridine affordedthe tetrapyridineobalt(ll) complex4 (Figure 3.8). The four equatorial
pyridine molecules and two axial acetonitrile molecules are occupying the coordination
sites on cobalt(ll), along with two disordered tetrafluoroborate counter afibesfair
pyridine moieties [CONpy = 2.156(8)A ] are arranged in a propeller arrangement around
the equatorial plane, wherein the torsion angle of each pyridine ring versyspiaee is
126.03°. The coordination geometry of tkebal(ll) center exhibits a reely perfect
squarebipyramidal geometry in terms of the bound N atoms: th@&d¥Wi Npy angle is
90.003(1)°, while the Ni Coi Nvecn. angle is 90.000(1)°, and the angles of all the trans

positioned N donors with Co are 180.0°.
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3.2.2.5[Co(pnNs-OMe)](ClO4)2 (5(Cl0x)2)
C13

(]

=

Co

Figure 3.9: ORTEP diagram (50% ellipsoids) of the catinoCo(pnN-OMe)] (ClOa)2
(5(ClIO4)2) . H6s are not shown for sake of
The cobalt(ll) center of another monon®€10a4): is ligated by six N donor atoms
from two spontaneously HalhydrolyzedpnNs-OMeligands (originallypnNs+-OMe). Each
ligand is bound in meridional fashion. The methaxygens do not participate in
coordination, making the two™"A Bd\distances 3.27 and 3.48 The methyl groups
on those oxygens are pointiagray from the cobalt center. Although the half of the ligand
is hydrolyzed, the other half is intact as a Seb#te, keeping the CM2 and and C14
N5 as double bonds with 1.267@&)and 1.270(3R, respectively.
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3.2.2.60verall

Selected bond distan&and angles for complexE4 F?, 3 and4 arelisted in Table
3.1. Considering the Qd\yy distance 2.156(8) A efas t he standard (i
pyridine distance in absence of a chelate), theflummide bridged dimeB exhibits the
closest CoN,y distance (avg = 2.160 A), whereas the fluekiddged dimers* andF?
have significantly longer average distances (2.269 A and 2.307 A, respectively). Having
no other substituents except for the Sehdfe linker on the pyridine ringsnN+ most
closelyresembles the coordination environmen#éirAlthough an equivocal conclusion
cannot be made in the absence phils-PhCl-based structure without fluoride bridge(s),
it is likely that the bulky-PhCI substituents cause some steric repulsion close toetiad m
center and surrounding ligands. In support of this claim, it is notable that while the reported
manganese carbonyl complex {{NS)Mn(CO}(Br)] exhibits a standard MmNy bond
length (1.987(2) A), substitution of the bulBhF unit at the ortho pogin elongates the
Mni Npy bond significantly (2.100(4) A'$¢

Complex CoAA, CoiNss CoiNy  CoiF ” Co-F-Co

[Co(f -F)(pnN-PhCIR(OHz)(MeCN)](BF2)s (F)  4.003 2103(2)  2.2559(19) 2.034(5) 159.47(11)
2.107(2)  2.282(2)
2.115(4) 2.288(4) 2.045(4)  98.8(2)
2.127(4) 2.326(4) 2.049(4)  99.1(2)
2.141(7)  2.154(7) i i
[Cox(pnN)s](BF4)s (3)  6.801  2.144(7)  2.160(7) i i
2.168(7)  2.166(7) i i

[Cox(t -F)o(pnNe-PhCIY](BF2)2 (F)  3.109

[Co(py}(MeCNE](BF4)2 (4) i i 2.156(8) i i

Table 3.1: Selected bond distances (A ) and angles (°) fox(f@8)(pnN-
PhCI)(OH2)(MeCN)](BF4)3 (FY), [Coz(t -F)2(pnNe-PhCIY](BF4)2 (F?),
[Coz(pnNs)s](BF4)4 (3) and [Co(pyd(MeCNYX](BF4)2 (4).
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Reference

No Chemical Formula MAAA M-N* M -Npy M -Npyr M-F " M-F-M
. [Coz(t -F)(pnNs-PhCIR(OHz)(MeCN)] *Schiff-base: 2.2559(19), "
This work @F)(F)  +008 2.103(2), 2.107(2) 2.282(2) : 20349 159.4(11)
155 [Coe(t -F)(t -Ln*) 2] (BF4)s 413 i i ;’\’,ér:azzf’()'geé 2.0626(4) 180.00
. - *pyrazole: 1.9521(4), 1.9774(4
165 [Cof{ -F)({-L)(BF):s  3.90 i i v 2.00 a\fg? L) 180
156 [Cost -BOLY(BPh).  3.577 i i 1.944(1), 1.945(4) 2.077(3) 118.902
153 [Cos(t -F)e(detrHyNCS)|(H:0)  3.3726(3) i i ) 13;?2)120'506 - 1'92\2,;1:>22_'832(1) 114.44(7)
*triazole:
154 [Cos(t -F)(tmtr)(NCS)(H:0)](H:0)  3.4015(3) i i 2.131(2), 2.152(2), 2'023(1-)’226?1?8(2) 112.92(7)
. 2.168(2), 2.172(2) avg: &
169 [Cra(t -F)(FR(TPyA)](BF)s 3.862 ) Sggjlgéoss 2.016, 2.042 i 11313%523) 179.85(12)
This work [Cox(t -F)(pnNe-PhCIpI(BF4) (F)  3.109 2215%‘('2) bg_sg( " 2.288(4), 2.326(4) i 2.045(4), 2.049(4)  98.8(2), 99.1(2)
i REMIE: 2.100(4)2.162(4) REAE e 1.987(3)2.086(3)
160 [COLY™)o(F)I(BF4):  3.114(9) 2.1;2(;2:, 3:123(4) ear 5126 2.2riz(:g; 5:253(4) 5036 100.0(1), 99.4(1)
*pyrimidine:
159 [CosLE)o(F)e](BFa)a  3.1946) 2'1%;22.’ 5.%;(2) 2‘12%2.)22%?58(2) 2.390(2), 2.316(2) 1'?2@?3??8%” 11%3%((55))’
s Ce mean: 2.353 T ’
170 [Co:F(dmpz}I(BF+):  3.092(2) i i 2.033(5), 2.040(5), 2.042(6)  1.924(4), 2.146(4) 98.8(2)
158 [L™Co(-F)l.  3.062 1_;%;‘"‘1‘_957 4 i i 1.860, 1.988 105.43
167 [CoLa(t-FYI(BF)0 3143 i 2'12;58?22'2132(13) 2.093(12)2.190(9) 2'02\5/;‘?)22'825(5) 100.18, 100.36
161 [Cox(t -F)eLo](BF4)2 3.157 ;alrgf(eg) 2‘142(2)5;12('32)49(3)' i 1'921?/%2:)'2_21'828(2) 101.24
el *diketiminate § § 1.9757(12), 102.44(10),
171 ILirs ATl SR 2.0081(18), 2.0161(17) : : 1.9774(14) 102.56(9)
172 [Cuz(t -Fl(tmpz)](BFs)z  3.0141(8) i i 2.103(3), 2.009(3), 1.965(3)  2.183(2), 1.911(2) 94.59(7)
173 [Cu:F:(bnpy)](PF).  3.137(1) *"’z”gigj: 2.014, 2.019 i 1.918(2), 2.232(2) 97.97
This work [Coo(pnN)s|(BF) (3)  6.801 2.141(;;02122?73)9,:2.168(72 2.15;(.71)6'62(.71)60(7)' i i
This work [Co(py)s(MeCNY](BFa)2 (4) i i 2.156(8) i i
Table 3.2: Selected bond distances (A) and angles (°) for dimerg witbridge(s) reported here and in literatur



3.2.3 Magnetism

3.2.3.1Experimental and Simulated Magnetic Susceptibilities of &d F

The temperaturalependent magnetic susceptibilities of dimEtsand F* were
obtained The? vs T plos for both dimers arshown in Figure 3.1QA for F*; B for F),
which wereobtained from 300 to 2 K at 1000 &om 300 to 50 Kfor F*, the magnetic
susceptibility steadily increases from 0.015 to 0.028 emu*nfBigure 3.10A)This is
nearly identical to the range exhibited by the méinoride dimer [Ce({ -F)(f -L)](BF4)3
reported by Reger and Ozarowski (0.015 to 0.035 emu')itdlIFollowing a small
decrease i? near 30 K, thé value rises rapidly approaching 0 K (0.05 emu'folhe
aforementioned cobalt dimer followed a similar pattern, approaching 0.04 eriunezol
0 K. The corresponding data in tR& vs T plot (inset, Figure 3.2) can be readily
simulaed by the modified van Vleck equation for a symmetric system ofStwd- ions

(wherec = TIP = 0.00155 emu mi@).*"

? @  (Eq.3.1)

The besffit AFM coupling constant of =1 14.9 cm* for F*is comparable to other
strongly AFM coupled systems with nearly lineaii EoCo anglesJa 710 toi 25 cm?).
Additionally, the simulatedy value of 2.34 is within the raegof other singlyfluoride
bridged cobalt(ll) dimers, which span a narrow rangg=of.26 to 2.45>>'*The effective
magnetic moment at 300 K was determined t¢ dae= 6.071 s (SQUID, 1000 G; Figure

B.4, righ); benchtopt e = 6.241 s.
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Figure 3.10:Plots of? vs Tfor F* (A) andF? (B). Insets:The correspondin@T vs T
plots. Experiment condition®2 Y 300 K at 1000 G. Solid red line
represents the best fit for the modified van Vleck formula u$emgg
values as variables. Black circles represent the experihtztgawas fit by

the simulation; gray open circles represent experimental data that was not fit
by the simulation

One notable discrepancy between the simulation and the experimental ddta for
is clearly observed at low temperatures in?hes T plot.Indeed, such a deviation from
simple AFM coupling was also observed in the dinucleating dmpz sy3t&he authors
attributed such anomalous behavior at low temperatures to the large zero field splitting in
the excited paramagtie states. Such a phenomenon is not accounted for by the modified
van Vleck dimer equation used here, and instead requires full diagonalization of the
Hamiltonian in higher order matrices; at present, no analytical formula is available for
cobalt(ll) dimes with significant zerdield splitting contributions. However, from the
clear agreement of the simulation with experimental data above 50 K, our deandd

values in the present analysis appear valid.
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3.2.3.2Comparison of J and ¢/alues forF* and F?

In contrast td=*, the? vs T plot forF* exhibits values in the range of 0.02 to 0.11
emu mol' from 300 to 50 K; the latter value is greater than thatFoat the same
temperature (0.028 emu mdl Like F*, dimerF? also exhibits an exponential iease in
? below 30 K that is not accounted for by the van Vleck dimer formula. Nonetheless, both
the? vs T and?T vs T plots are welsimulated by the equation above 50 K. Feflaloride
bridgedF?, the simulated AFM coupling constantlf i 2.97 cm' is significantly weaker
than that folF* (J =714.9 cm’). This is expected based on the significant deviation from
180° of the Ca2 diamond core (Xay for2:” Coi Fi Co =98.8(2), 99.1(2)°), as compared
with the corresponding C&i Co angle found iff* (159.47(11)°). In this structural respect,
it is not surprising that the AFM coupling constant Foris notably weaker than that of
one of the strongest AFM couplings] (= 7124.1 cm; " CoiFiCo = 180°
crystallographically defined). Interestingly, the simethy value for F* (g = 2.72) is
significantly higher than that fd#* (g = 2.34), and quite similar to a number of known di
fluoride bridged cobalt(ll) dimergE 2.62 to 2.74). Such a consistently higheralue in
the case of diluoride bridged dimersnay be due to the inherently greater symmetry in
the coordination environment, thus leading to greater orbital angular momentum effects

(vide infra)
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3.2.3.30rigins of MagneticParameters
The present data and the accumulalaid in Table 3.3 warrant asdussion of the
origin of the experimentally determingd/alues. They value for a greater than hdified

*Tig single ion is classically given by Equatichig-4:'"

Q ¢Grp — (Eq. 3.2)
_ Y (o) (Eq. 3.3)
Q grp —— (Eq. 3.4)

First, EqQ3.4 is in that notable thag is proportional tas- (the spinorbit coupling
parameter). In a purel®n» “Tig System the spirorbit coupling constant is quite high due to
the high orbital angular momentum of the unpaitg@lectron across the degenertate
set. This effect is amplified by the high spin of the complg$ € J). As a complex moves
away from pureOn symmetry, the orbital angular momentum decreases due to the loss of
degeneracy in thég set. Therefore, higher symmetry in the coordination environment
generally results in a higherparameter, and a correspondingly higgesmalue. Another
factor governing thg value is 10Dq. In our systems, the main difference between the two
complexes (in terms of ligand donor strength) is the number of bridgifigaRds per
Co(ll) center. Fludde is one of the weakest ligands in the spectrochemical series,
especially compared to nitrogegnonat i ng | i gands with ° acid
Schiff base). Thus, more coordinatedidhs will lower the 10Dq value of the complex,

thus contributingd a higheig value.
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Reference : Donor Set P o -

No. Chemical Formula Core on each Metal Geometry CaoiFiCo () J(cm'h) g
. [Co(t -F)(pnNe-PhClY ] N5F1 .

This work (OH)(MeCN)(BRs () COt-F)CO NAOLEL On 159.47(11) i14.9 2.34
155 [Coxt -F)(t -Ln*)2(BFa)s  Co( -F)Co N4F1 TBP 180.00 i241(5) 2.26
165 [Cout -F)(t -Lm)2](BFs):  Cof -F)Co N4F1 TBP 180 10.67(5) 2.45(1)
156 [Cox(t -BLY(BPh)>  Coft -Br)Co N4Br1 D'itgl'}ed 118.9(2) 1<3<0 -
169 [Cra(t -F)(FY(TPyAY|(BFs)s  Cr(t-F)Cr N4F2 On 179.85(12) 13 2.00
- ) 98.8(2) ]

This work  [Co({ -F)o(pnNe-PhCIp](BF)2 (F)  Cof(t -F)Co N4F2 On 29.1(2) i2.97 2.72
160 [Cos(LM™)o(F)](BFa)s  [Co(t -F)Colz N4F2 On 19%040((11)) i13.36  2.62
159 [CO(LEYo(F)(BFa):  [Coft -F)eCol N4F2 On igg:ggg i385 274
161 [Coz(t -F)eL2](BFs)2  Cof -F)Co N4F2 On 101.24 - -

Table 3.3: Magnetic properties and geometry information of the dicehadtide complexes
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3.2.3.4J and gValues: Comparison to literature

Dimer F2 Brooker and coworkers studied tetranuclear cobaitptexes that have
two sets of nosinteracting Co(-F)2:Co cores in eachomplex (See Table 3.8 °Each
cobalt center has an N4F2 donor set with octahedral geometry analogous tBdifher
observeqgv al ues for two examples of this type of
which are comparable to that of dint€r(g = 2.72). The collection of rather higjvalues
reflects a narrow range (very similar coordination environments), and is likely attributable
to both the weak ligand fields (twd Bridges) and the relatively symmetric ligand fields
(Cz2 axes). Turning to theoupling constants, th&values for the tetranuclear examples
reported by Brooker werd 13.36 andi3.85 cm'. The latter example, namely
[Coa(LE)2(F)s](BF4)s, showed a coupling constant very close to diRfgd =12.97 cm?).
These rather small couplirgpnstant values are attributable to the acutd-Gtiamond
core: the CoFi Co angles deviate greatly from 180°% 100.64(5)° and 104.29(5)° for
[Coa(LE)2(F)s](BFa)4; 98.9(2)° and 99.1(2)° for dimeF? (See Table 3.3).

Dimer F'. For the monefluoride-bridged dimer F!, two similar Cof{-F)Co
complexes studied by Reger and coworkers exhibit compaiaindg values, although
their ligation environment is not strictly the sahe® Both complexes share the same
chemical formula of [Cdt-F)({-L)2J(BF4)s, where L is either Lm, m
bis[bis(pyrazolyl)methyl], or benezene Lnm*, m-bis[bis(3,5dimethyl1-
pyrazolyl)methyllbenzene. However, each cobalt center exhibits a trigonal bipyramidal
(TBP) geometry rather thadn. This results in the idedinear Ca Fi Co bridge (180.0°),
thus producing very strong AFM coupling € 7 24.1(5) cm'). In comparison, dimef*
exhibits a slightly lower AFM coupling constadt£ 1 14.9 cm?), likely due the slightly
acuté Coi FiCo of 159.47(11)° (~20°lessthan Reg 6 s compl ex, Tabl e 3)
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g value determined foF* (g = 2.34) is quite close to those determined for the two TBP
Co(ll) dimers ¢ = 2.26 and 2.45(1)). We also considered a structurally and electronically
related mondluoride bridged chromiumamplex, namely [CL] -F)(Fx(TPyA)](BF4)s,
reported by Miller and coworket®. The appraimately On Cr(lll) centers exhibit the
analogous AFNMcoupledS = 32 metal ions § =113 cm®,” Cri Fi Cr = 179.85(12)), but
instead emanating from*aAz;ground termi( & Y0J& 0) r dTghsdnrthetasea n
of cobalt. The chromium dimer exhibitechatably smalleg value (2.00), again providing
evidence thag) > 2.0 forF* andg >> 2.0 forF? plausibly result from greater contributions
from thex parameter.

Regarding the structural propertiesFgf closer inspection of the individual Co
centers regals a donor set comprised of oref6ur N donors (two i and two Ng) that
and the last site is either a nitrogen donor (MeCN) or an oxygen do#@y. (Fhis mixed
N4FO or N5FNecn coordination sphere lowers the symmetry around the Co(ll) cénter
bothat the individual metal centers, as well as in the dimer as a whole (i.e. the dimer is not
centrosymmetricCzv or everCz), thereby lowering contributions ggfrom thex parameter.
Additionally, dimerF* has only one weafield F ligand, resulting in a larger 10Dq
(compared td?), which is again correlated to a lowgvalue (forF': g = 2.34; forF* g =
2.72). In contrast, dime&thas two coordinated Fons resultiig in a smaller 10Dq value at
each metal center. Additionally, the N4F2 donor set provides approximateQsacal
symmetry at each metal center; this imposes higher symmetry, gteaetr orbital
degeneracy, and a correspondingly higkeralue. Thus, théestfit g value forF* is

predictably greater than that fit.
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3.3CONCLUSIONS

In summary, this work shows that the combination of [CO(E(BFs). plus
pyridine is not sufficient to promotei B bond cleavage, instead leading to the formation
of the streturally characterized species [Co(fi)eCN)](BFs).. In addition, the
unsubstituted ligandonN+ is not sufficient for BF bond cleavage, resulting in a
dicobalt(ll) complex withnoc oupl ed met al centers (CoAAACo
hand, the steraly hindered ligandonNz:-PhCl in the absence of pyridine promotes a
single B F cleavage event, leading to the formation of the rfbraride bridged cobalt(l1)
dimer F'. Reaction of this bulky ligangpnNs-PhCl with the pyridinebound Co(ll)
precursor promtes two B F cleavage events, leading to isolation of th#tudride bridged
species.

The linearly monefluoride bridged dimeF"* exhibits strong AFM coupling)(= 1
14.9 cm'), while the diamondatore CaF: di-fluoride bridged dimeF* exhibits weaker
AFM coupling § =72.97 cm’). The observed values forF* are higher than that fd+',
due to the smaller ligand field splitting and suggesting significant contributions from the
larger spirorbit coupling parameter Z i/, which emanates from the magmmetric*Tayg

ground state of the individual cobalt ionsFh
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3.4EXPERIMENTAL

3.4.1 Reagents and Procedures

Cobalt(ll) tetrafluoroborate hexahydrate, cobalt(ll) perchlorate hexahydrate, 1,3
diaminopropane, -pyridinecarboxaldehyde, -@-chlorophenyh2-
pyridinecarboxaldehyde andnrbethoxy2-pyridinecarboxaldehyde were obtained from
SigmaAldrich. The solvents MeOH, EtOH, MeCN, pyridine andCEtvere purchased

from Fisher Scientific and used without further purification. The deuterated solvent CDCI
was purchased from Cambridge Isotopes and used as received. All ligand synthesis and

metalations were performed under ambient atmosphere.
3.4.2 Synthesis of Ligands

3.4.2.1 (1E,1'EIN,N'-(ethane1,2-diyl)bis(1-(6-methoxypyridin2-yl)methanimine)
(enNs-OMe)

A batch of Bmethoxy2-pyridinecarboxaldehydg.91 g, 21.2 mmol) was dissolved in 25

mL of MeOH. Separately, ethylenediamine (603 mg, 10.0 mmol) was dissolved in 5 mL
of MeOH and added dropwise to the aldehyde solution with extra 5 mL as a final wash.
The solution was refluxed overnight. Upon cooling, the solution spontaneously
recrystallized and filtered oniBhner funnel taffordyellow crystals. Yield: 2.92 g (98%).

'H NMR in CDCE (1 in ppm):8.30 (s 2H), 7.60 (t 2H), 7.58 (d 2H), 6.75 (d 2H), 4.02 (s
4H), 3.94 (s 6H).

3.4.2.2 (1E,1'E)N,N'-(ethane1,2-diyl)bis(1-(6-(4-chlorophenyl)pyridin2-
yl)methanimine) (enMd-PhClI)

A batch of 6(4-chlorophenyB2-pyridinecarboxaldehydg1.81 g, 8.32 mmol) was
dissolved in 25 mL of MeOH. Separately, ethylenediamine (250 mg, 4.16 mmol) was
dissolved in 5 mL of MeOH and added dropwise to the aldehyde solution, which made the

whole reaction mixture into a pasty palellow substance. Addition of ext 1620 mL of
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MeOH dissolved most of the substance. The solution was then refluxed overnigftat 70
yielding abright yellow solution with visible powder. The progress of the reaction was
monitored by takingH NMR spectroscopy. Since the aldehyde resmes were still
present, MeOH replaced by EtOH and additional 130 mg of ethylenediamine was added.
Refluxing the reaction for additional 7.5 h resulted peachy orange solution with solids.
Vacuum filtration of the reaction mixture afforded white s@algla product. Yield: 1.36 g
(71%).Selected IR bandst{n cm'*): 1020 vs, 804 mH NMR in CDCE (3 in ppm): 8.41

(s 2H), 7.857.82 (m 6H), 7.75 (s 2H), 7.63 (d 2H), 7.35 (m 4H), 4.01 (s 4H).
3.4.2.3(1E,1'E)-N,N'-(propane1,3-diyl)bis(1-(pyridin-2-yl)methanimine)(pnNa)

A batch of 2pyridinecarboxaldehydgl.645 g 15.36 mmol) was dissolved in 25 mL of
EtOH. Separately, 1;8iaminopropane (0.513 .92 mmol) was dissolved in 10 mL of
EtOH and added dropwise to the aldehyde solufibe.solution was refluxed at 8C for

6.5 hours, during which the solutiaarned redorange. Upon cooling, the solution was
evaporated in vacuo under heating until the liquid turned oily and more viscous. The
solution was then evaporated under a stream:@fald to remove any remaining solvent.
The final product was a dark ogabrown oil. Yield: 1.40 g (80%). Selected IR bands (

in cm'): 1333 w, 1303 w, 771 84 NMR in CDCE () in ppm): 8.52 (d 2H), 8.31 (s 2H),
7.88 (d 2H), 7.61 (t 2H), 7.17 (t 2H), 3.69 (t 4H), 2.06 (q 2H). HRMS (+E&bcalcd.

for CisHisNa (M), 252.1F5; found, (M+HJ 253.1437.

3.4.2.4(1E,1'E)-N,N'-(propanel,3-diyl)bis(1-(6-(4-chlorophenyl)pyridin2-
yl)methanimine)(pnNs-PhCl)

A batch of 6(4-chlorophenyh2-pyridinecarboxaldehyde (1.0 4.6 mmol)was dissolved
in 30 mL of MeOH. Separately, tdamnopropane (0.17,82.3 mmol)was dissolved in

10 mL of MeOH and added dropwise to the aldehyde solution. The resulting solution was
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refluxedovernight at 65C, forming an offwhite precipitate. Upon cooling, the precipitate
was filtered and collected, fafding an ivory powder. Yield: 1.03 g (95%). Selected IR
bands ¢in cm®): 1328 w, 1300 w, 802 &1 NMR in CDCE (] in ppm): 8.48 (s 2H), 7.95

(m 6H), 7.80 (t 2H), 7.70 (dd 2H), 7.42 (d 4H), 3.81 (t 4H), 2.18 (q 2H). HRMS (+ESI):
m/zcalcd. for GiH2:Cl2Na (M), 472.1222; found, (M+H)473.1305.

3.4.2.5(1E,1'E)-N,N'-(propanel,3-diyl)bis(1-(6-methoxypyridin2-yl)methanimine)
(pnNs-OMe)

A batch of Bmethoxy2-pyridinecarboxaldehyde (1.905 13.89 mmol)was dissolved in

25 mL of MeOH. Separately, F@amnopropang0.500 g 6.75 mmol) was dissolved in

10 mL of MeOH and added dropwise to the aldehyde solution. The solution was refluxed
at 70 °C overnight. The resultingn orange solution evaporated in vacuo under heating
until the liquid turned oily and nme viscous. The final product was an orange oil. Yield:
1.75 g (81%). Selected IR bandsirf cm'*): 1465 s, 1264 s, 802 %1 NMR in CDCk (3

in ppm): 8.25 (s 2H), 7.56 (d 2H), 7.53 (t 2H), 6.70 (d 2H), 3.90 (s 6H), 3.71 (t 4H), 2.09
(g 2H). HRMS (+ESI)m/zcalcd. for GrH20N4O2 (M), 312.1586; found, (M+H)313.1671.

3.4.3 Synthesis of Metal Complexes

3.4.3.1[Cox(f -F)(pnN4+-PhCl)2(OH2)(MeCN)](BF4):A ( M e GAY))

The ligandonN+-PhCI (250 mg, 0.528 mmol) was dissolved in 20 mL of MeCN to generate

a slurry.Separately, 180 mg (0.528 mmol) of [Co(§MHHBF4)2 was dissolved in 20 mL of
MeCN to generate a dark pink solution and added dropwise to the stirred ligand solution.
Upon completing the addition of the metal salt, the solution became transparent and brigh
orange. The color did not change any further as the solution was stirred in air for 1 h and
allowed to stand overnight; no precipitate was formed from the initial reaction. Vapor

diffusion of EtO into the MeCN solution of the complex over one week dédrsmall
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reddishpink crystals suitable for Xay diffraction. Yield: 60 mg (28%). Selected IR bands

(& in cm'): 1599 m, 1450 m, 1000 vs, 838 m, 807 s, 751 m. Elemental analysis for
CeoHssB3ClaCo2F13N110, calcd.: C 48.52, H 3.73, N 10.37; found: C 4823,63, N 10.21.
Magnetic susceptibility (benchtop, 298 K} = 6.241 .

3.4.3.2[Co(t -F)2(pnNs-PhCl)](BF )2 (F?)

Method AThe ligandonN+-PhCl (250 mg, 0.528 mmol) was dissolved in 20 mL of MeCN

to generate a slurry, and 5 drops of pyridine wededdSeparately, 180 mg (0.528 mmol)

of [Co(OHb)s](BF4)2 was dissolved in 20 mL of MeCN to generate a dark pink solution and
added dropwise to the stirred ligand solution. Upon completing the addition of the metal
salt, the solution became transparent bright orange. The color did not change any
further as the solution was stirred in air for 30 minutes and stored overnight; no precipitate
was formed from the initial reaction. Vapor diffusion of@tnto an MeCN solution of the
complex over two weeks affded small red crystals formed suitable feray diffraction
studies. Yield: 47 mg (26%). Selected IR bangia cm'*): 1652 w, 1595 m, 1455 m, 1432

w, 1394 w, 1172 w, 1091 s, 1045 vs, 1034 vs, 1012 s, 1001 s, 974 s, 922 m, 837 s, 802 vs,
756 s, 742 m,717 w, 650 m, 520 m, 504 m, 472 m. Elemental analysis for
Cs4H44B2ClsCo2F10Ns, calcd.: C 50.82, H 3.48, N 8.78; found: C 50.66, H 3.50, N 8.77.
Magnetic susceptibility (benchtop, 298 K} = 7.70t .

Method B.ComplexF? can be produced via differerdute. The liganghnNs-PhCl (37.6

mg, 0.0794 mmol) was dissolved in 7 mL of MeCN with one drop of pyridine. Separately,
4 (50.0 mg, 0.0794 mmol) was dissolved in 7 mL of MeCN and added dropwise to the
stirring ligand solution. Upon completing the additidntlee solution of4, the solution
became orange. The solution was stirred in air for one hour and then overnight covered; no

precipitate was formed from the initial reaction. Vapor diffusion eDEnhto the MeCN
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solution of the complex over one month affed small reebrange crystals suitable for X

ray diffraction, giving the same unit cell values as those from previous synthetic route.

3.4.3.3[Coz(pnNs)3](BF a)sA ( Me s RGP (3)

The ligandpnN4 (600 mg, 2.378 mmol) was dissolved in 20 mL of MeCN to geeean
orange solution. Separately, 540 mg (1.585 mmol) of [Ca[§{BF2)2 was dissolved in

15 mL of MeCN and added dropwise to the stirring ligand solution. Upon completing the
addition of the metal salt, the solution became dark black, with a re@hmsolution was
stirred in air for one hour and then overnight covered. A beige precipitate was formed and
filtered with a Buchner funnel (307 mg). Vapor diffusion ofEinto a MeCN solution of

the precipitate over one month afforded small red crystatieedles. Yield: 307 mg (28%).
Selected IR bandst{n cm'Y): 1643 w, 1599 m, 1446 w, 1307 w, 1049 vs, 1020 vs, 885 w,
775 m, 520 w, 494 w, 416 w. Elemental analysis forH&BsCaFieN:120
([Coz(pnNa4)s](BF4):A (2B)), calcd.: C 43.59, H 4.06, N 13.55; found: C 42.98, H 4.06, N
14.03. Magnetic susceptibyifbenchtop, 298 K)} e = 7.09t &.

3.4.3.4[Co(py(MeCNY)](BF 4)2 (4)

In 10 mL of MeCN 100 mg offCo(OH2)¢](BFs)2was dissolved and 20 drops of pyridine
were added dropwise into the solution. The solution was stirred in air overnight, which
remained arrangishpink color. Vapor diffusion of EO into the MeCN solution of the
complex was over 3 d afforded small pink crystals suitable foayXdiffraction studies.

Yield: 96 mg (52%). Selected IR bandsif cm*): 1604 m, 1445 s, 1220 m, 1112 s, 1039

vs, 1009 vs, 980 vs, 951 s, 756 s, 702 vs, 655 w, 629 m, 425 m. Elemental analysis for
CaoH20B2CoFsN4 ([Co(py)](BF2)2), calcd.: C 43.76, H 3.67, N 10.21; found: C 41.30, H
4.22, N 10.73.
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3.4.3.5[Co(pnNs-OMe)](ClO4)2 (5(Cl0x)2)

The ligandpnNs-OMe (100 mg,0.320 mmol) was dissolved in 10 mL of MeCN (the
presence or absence of 5 drops of pyridine had no effect) to make a yellow solution.
Separately, 117 mg (0.320 mmol) of [Co(§HH{ClO4). was dissolved in 10 mL of MeCN

and added dropwise to the stirring Igisolution. Upon completing the addition of the
metal salt, the solution became dark red. The color did not change any further as the
solution was stirred in air for one hour and stored overnight; no precipitate was formed
from the initial reaction. Vapadiffusion of EtO into an MeCN solution of the complex

over one week afforded feathery reddish pink crystals formed suitableréy diffraction
studies. Yield: 53 mg (26%). Selected IR bangm(cn?): 1597 s, 1574 s, 1480 s, 1433

S, 1310 s, 1288 s, 1069 vs, 1003 s, 970 s, 959 s, 945 s, 916 s, 807 s, 799 s, 760 s, 736 m,
621 vs, 575 m. Elemental analysis fasHEoCl2.CoNsOxo, calcd.: C 37.28, H 4.69, N 13.04;
found: C 37.27, H 4.52, N 11.84.

3.4.3.6[Co(pnNs-OMe)](BF 4)2 (5(BF4)2)
This salt was prepared according to the same procedure as above. Selected IRibands (
cm’): 1597 s, 1575 s, 1481, 1434, 1393 m, 1311 s, 1287 s, 1032 vs, 1001 s, 957 s, 944 s,

916 s, 801 s, 760 s, 738 w, 520 merkntal analysis for 2Hs0B2CoRNsO2, calcd.: C
38.81, H 4.88, N 13.58; found: C 38.74, H 4.84, N: 13.46.

3.4.4 Xray Crystallography

Definitions used for calculating.J®&?), R(F) and the goodness of fit, S, are given
below.Tables of crystal data and irfment parameters and tables for bond lengths, angles

and torsion angles are summarized in Appendix C.2.
Bo g§O0s ¢Os
Bo SOs

Y O
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Y0 = BS@s <@s
BS@S  forreflections with k> 4({(Fo))
B0 sOs gOs
€ N

3.4.4.1[Cox(f -F)(pnNs-PhCl)2(OH2)(MeCN)](BF4)sA ( M e :CAY))

Crystals grew as clusteof parallelipipes by vapor diffusion of:EXinto the MeCN
solution of F'. The analyzedcrystal was cut from a larger crystal and had approximate
dimensionsof 0.56 x 0.46 x 0.32nm. Thedata were collected on a Rigaku AFC12
diffractometer with a Saturii24+ CCD using a graphite monochromator with KU
radiation 6= 0.71073 A). A total of 1220 frames of data were collected dssagns with
a scan range of 0.&and a counting time of 45 seconds per frame. The data were collected
at 100 K using a Rigaku XStream low temperature device. Data reduarerperformed
using the Rigaku Americas Co'fphestractuiewasds Cr ys
solved by direct methods using SIR2604nd refined by fulimatrix leastsquares ofF)*
with anisotropic displacement parameters for the-lHatoms using SHELX2014/7>
Structure analysis was aided by use of the programs PLATONS® WinGX* The
hydrogen atoms on carbon were calculated in ideal positions with isotropic displacement
parameters set to 1.2U¢q Of the attached atom @ x Ueq for methyl hydrogen atoms).

For complexF*, the cobalt complex resides around a crystallographicfobdb
rotation axis at %2, y, ¥ . The #ietd rotation axis passes through the bridging fluoride
ion, F1. To maintain charge balance in the crystare are three BRons per dimeric
complex. In the asymmetric unit, one of the tetrafluoroborate ions is givewéiglfit.

This ion is disordered with a haMeighted molecule of acetonitrile. The tfad
symmetry of the complex results in the dider of a molecule of water and a molecule of

acetonitrile that are bound to the Co ion. By symmetry, the water and acetonitrile molecules
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are halfweighted in the refinement model. Because this disorder could be the result of
imposing twefold symmetry orthe complex, a model in the lower symmetry space group,
Cc, was considered. I&c, there is no requirement that the water molecule and the
acetonitrile molecule need be disordered. The refinemenCanwas reasonable.
Predictably, the refinement model@a suffered from high correlation between parameters
that would be related by the twold rotation axis. The agreement factors were also
reasonable but significantly higher than those foiGR& model. For th€c model, R1 =
0.0543, while wR2 = 0.149 drGOOF = 1.08. When compared to ®&'c model, where

R1 =0.0452 and wR2 = 0.112, with a GOOF = 1.07 & model is superior.

The function Sw(|F|* - [Fcf)?, was minimized, where w = 1{[(Fo))* + (0.0403*P}
+(19.6854*P)] and P o[ + 2|c[)/3. Ru(F?) refined t00.112 with R(F) equal to 0.0452
and a goodness of fit, S, = 1.07. The data were checked for secondary extinction effects
but no correction was necessary. Neutral atom esoadt factors and values used to
calculate the linear absorption coefficient are from the International Tables-rfay X
Crystallography (1992}?
3.4.4.2[Cox(t -F)2(pnNs-PhCl)2](BF 4)2 (F?)

Crystals grew as clusters of parallelipipes by vapor diffusion6f i6to the MeCN
solution of F°. The analyzedcrystal was cut from a largerystal and had approximate
dimensionsof 0.15 x 008 x 007 mm. Thedata were cdécted on a Rigaku AFC12
diffractometer with a Saturn 724+ CCD using a graphite monochromatorvaiti U
radiation 6= 0.71073 A). The data were collected at 100 K using a Rigaku XStream low
temperature device. Data reduction were performed using theklRiganericas
Corporationds Cr y%Theltrudureavasrsolvechy diiead methads 4 0 .

using SIR2004° and refined by fulimatrix leastsquares on ¥ with anisotropic
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displacement parameters for the ddatoms using SHELX42014/7*** Structure analysis
was aided by use of the programs PLATON98nd WinGX:*® The hydrogen atoms on
carbon were calculated in ideal positions with isotropic displacement parameters set to 1.2
x Ueq Of the attached atom (1.5Ukq for methyl hydrogentams).

The function Sw(|Ff - |Fcff)?, was minimized, whene = 1/[({(Fo))? + (0.0336*Pj
+ (5.5519*P)] and P = (}F + 2|Fc[)/3. R«(F?) refined to 0.121, with R(F) equal to 0.064
and a goodness of fit, S, = 1.10. The data were checked for secontiacyicx effects
but no correction was necessary. Neutral atom scattering factors and values used to
calculate the linear absorption coefficient are from the International Tables-rfay X

Crystallography (1992}?
3.4.4.3[Coz(pnN4)3](BF a).A ( Me & K@) (3)

Crystals grew asedneedles by vapor diffusiorof EtO into the MeCNsolution of
3. Theanalyzedcrystal was cut from a larger crystal and had approximate dimersfions
0.19x 016 x 014 mm. Thedata were collected on a Rigaku AFC12 diffractometer with a
Saturn 724+ CCD using a graphite monochromaitir Mo KUradiation 6= 0.71073 A).
The data were collected at 100 K using a Rigaku XStream low temperature device. Data
reduction were performed using the Rigaku An
1.40!* The struatire was solved by direct methods using SIR20@hd refined by ful
marix leastsquares on Fwith anisotropic displacement parameters for the-lHatoms
using SHELXI-2014/7*** Structure analysis was aided by use of the programs
PLATON98*" and WinGX!*® The hydrogen atomsnocarbon were calculated in ideal
positions with isotropic displacement parameters set to U« of the attached atom (1.5

x Ueq for methyl hydrogen atoms).
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The function Sw(|Ff - |Fcff)?, was minimizedwhere w = 1/[((Fo))? + (0.0340*Pj
+ (7.4434*P)] and P = (}F + 2|Fc[)/3. Ru(F?) refined to 0.120, with R(F) equal to 0.055
and a goodness of fit, S, = 1.05. The data were checked for secondary exéffetts
but no correction was necessary. Neutral atom soajtdéactors and values used to
calculate the linear absorption coefficient are from the International Tables-rfay X

Crystallography (1992}?
3.4.4.4[Co(pyX(MeCNY](BF 2)2 (4)

Crystals grew aBexagons by vapor diffusion oft into the MeCN solutioof 4.
Theanalyzedcrystal was cut from a larger atal and had approximate dimensioh®.43
x 039 x 035 mm. Thedata were collected on a Rigaku AFC12 diffractometer with a
Saturn 724+ CCD using a graphite monochromator MitH< Uradiation 6= 0.71073 A).
The data were collected at 100 K using a RigXStream low temperature device. Data
reduction were performed using the Rigaku An
1.40M* The structure was solved by direct methods using SIRZG0# refined by ful
matrix leastsquares on Fwith anisotropic displacement parameters for the-lH atoms
using SHELXI-2014/7** Structure analysis was &d by use of the programs
PLATON98“" and WinGX!* The hydrogen atoms on carbon were calculated in ideal
positions with isotropic displacementrpeeters set to 1.2 3eq of the attached atom (1.5
x Ueq for methyl hydrogen atoms).

The function Sw(|F|* - |Fcf)?, was minimized, where w = 1{[(Fo))* + (0.1971*Pj
+ (31.3920*P)] and P = (§F + 2|c[)/3. Rv(F?) refined to 0.396, with R(F) equal 0.125
and a goodness of fit, S, = 1.19. The data were checked for secondary extinction effects

but no correction was necessary. Neutral atom scattering feaorssalues used to
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calculate the linear absorption coefficient are from the Internationake3dbl Xray

Crystallography (1992}?
3.4.4.5[Co(pnNz-OMe)](ClO4)2 (5(Cl0x),)

Crystals grew aseedles by vapor diffusion of & into the MeCN solutionf 5.
Theanalyzedcrystal was cut from a larger crystal and had approximate dimen8ié4s;
x 019 x 016 mm. Thedata were collected on a Rigaku ARCdiffractometer with a
Saturn 724+ CCD using a graphite monochromator MitH< Uradiation 6= 0.71073 A).
The data were collected at 100 K using a Rigaku XStream low temperature device. Data
reduction were performed using the Rigaku An
1.40M* The struatire was solved by direct methods using SIR26@#d refined by ful
marix leastsquares on Fwith anisotropic displacement parameters for the-lHatoms
using SHELXI-2014/7*? Structure analysis was aided by use of the programs
PLATON98“" and WinGX**® The hydrogen atomsnocarbon were calculated in ideal
positions with isotropic displacement parameters set to U< of the attached atom (1.5
x Ueq for methyl hydrogen atoms).

Thefunction, Sw(|F|* - |Fcf)?, was minimized, where w = 1{[(Fo))*> + (0.1475*Pj)
+ (30.3352*P)] and P = (jF + 2|Fc[)/3. Rv(F?) refined to 0.086, with R(F) equal to 0.036
and a goodness of fit, S,E01. The data were checked for secondary extinction effects
but no correction was necessary. Neutral atom soajtdactors and values used to
calculate the linear absorption coefficient are from the International Tables-rfay X

Crystallography (19927
3.4.5 SQUID

Magnetic susceptibility measurements were carried out in a Quantum Design
superconducting quantum interference device (SQUID) magnetometer aftagéoaero
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field (ZFC) and after cooling in a measuring field (FC) of 100 Oe or 1 kOe. Room
temperature magnetic susceptibility measurements were performed by Alfa Aesar

magnetic susceptibility balance.

3.4.6 Physical Measurements

'H NMR spectra were colided on Varian DirecDrive 400 MHz spectrometer and
chemical shifts were referenced to CR@hfrared spectra were recorded using a Bruker
Alpha spectrometer equipped with a diamond ATR crystal. Elemental analysis was
performed by Midwest Micro Lab. Higresolution mass spectrometry data was measured

on an Agilent Technologies 6530 Accurate Mass QTofLC/MS instrument.
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Chapter 4: Different Binding Modes of Pincer Ligands in H
Activating Iron -Acyl Model Complexes for Monalron Hydrogenase
(Hmd)

4.1INTRODUCTION

4.1.1 [Fe] Hydrogenase

In nature, dihydrogen activation has been accomplished by a class of enzymes
called hydrogenasés.Among the three types, mono [FBydrogenase catalyzes the
reversible cleavage of:Hn a nonredox heterolytic fashion as a key step during the
methanogenic conversion of carbon dioxide 0 methane (CH.*’ In this process, the
substrate methenyltetrahydromethanopterin (methdiMiPT") isused as & 6 car r i er 0
throughout the metabolic pathway. As a result efaétivation by Hmd, a hydride is
transferred to the MPT" substrate, thus producing methylenetetrahydromethanopterin
(methyleneHsMPT) and a proton.

Based primarily on the 2008 and 2009 crystal structures of the enzyme, the active
site is composed of the following moieties (Scheme 4 1¢doxinactive Fe(ll) center, a
bidentate acypyridine moiety presenting a N (pyridone/pyridinol) and C (acyl) donor
from derived from the soalled FeGP cofactor; a S donor from Cysl@ié carbonyl
ligands; and lastly a labile/open coordination sitensto acytC) for solvent or substrate
binding®>"*®'""1"® As a structure diates its function, close examination of particular
coordination motifs through a biomimetic approach can aid in clarifying the role of each
ligand and itsorientation thus providing deeper insight for understanding the catalytic

mechanism.
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Scheme 4.1Active site of the [Fehydrogenase

One of the most intriguing features of [Fjdrogenase is the presence ofithe-
acyl moiety. Indeed, this donor motif is thus far unique in biological systems.
Electronically, the ad-C donor cannot be replicated by any of the standard amino acid
residues, nor by any of the ligands found in other hydrogenase enzymes (C®j@ate,
azadithiolate, etc.). While it is an extremely strairigonor pKaa 3i Sstyonger than
almost any other known biological ligand other than methyKg & 45 ; e .
methylcobalimin)i i t | s a lasceptoaduat@tiedavailable resonance form of the
oxyanion/Fisher carbene (FeEFQ). It is thus presumed to play a very specific role in the

nontredoxactivation of H and hydride transfer mechanism.

4.1.2 MetatLigand Cooperation of Pincer Systems

Regarding the geometry of the donors about the metal center, it can be reasonably
postulated that in the absence of steric (or otherwise geometricallyirdijeetfects, the
strongA-donating ability of the acyC directs the open/solvent binding site totrns
position. Indeed, this postulate is epitomized in the model chemistry developed by Hu,
Pickett and other$ wherein noAamacrocyclic CNS donor sets (i.e. the thiolate is not

tethered to the acylpyridine or carbamgytridine moiety) inherently adopt fac-CNS
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I,258(]' 182

donor geometry with the halide, solvEhobr ope site orientedransfrom the acylC

donor . However, reanpont et hgr sddudmedge lwi ¢ dmplue)
been forthcoming, likely due to the instability of hydride intermediates or possibly lack of

H2 activation due to fluxional geometries. This strdrans influence ofthe acyl group

(much stronger than carborflis thought to play a major role in the catalysis in terms of

electronic effects. In thigespect, it is remarkable that nature chose to make use of a rare

type of ligand to promote catalysis.

Metatligand cooperativity in small molecule systems, and even more broadly in
active site chemistr{?’> has been recently noted. A number of related iron(ll) carbonyl
complexes have been investigated by organometallic and catalysis researchers in the last
decade to better understand the role of each damiety (Scheme 4.2). Milstein and
cowakers adopted the use of pindggpe PN°N and PN“P-type ligands, in whichhe
central pyridine presents two phosphine moieties abtti® positions via methylene
linkers!* A variety of Fe(ll}(PNN/PNP)hydride complexes were shown to serve as
hydrogemtion catalysts for ketones, aldehydes and esters to alcohalsoG@rmate;
alkynes to alkenes; and amines to amide and alc&H6I&®* Mechanistically, these
species universally proceed through a dearomatized pyridinate species, wherein one of the
picolinic protons in the methylene linker is deprotonated. Subsequently, theligeatdl
cooperativity of the Lewis acidic (metalphé basic (ligand) sites drive the heterolytic
activation of H. In related work, Kirchner and amorkers focused on iron(ll) complexes
with P'N"P-type ligands where the pyridine ring and the phosphine moieties are connected
by amide (NH) linkers instedd® Upon activation with strong base (NH deprotonation),
the complexes catalyze the hydrogenation of ketones and aldehydes, and proceed through
the same heterolytic cleavage of & suppded by DFT calculation€:** A number of

ruthenium complexes with either symmetric RN®®? asymmetric PNMbased pincer
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ligands were also studied for their various catalytic activities by Huang and cowdfkers.

87 In this case, asymmetric PNN type ligands were empldpeahich he resulting Ru

pincer compl exes were similarly éuihear omat i z
complexes performed: dehydrogenative homocoupling of primary d&the@sters and
dehydrogenative couplings of amines to imiffésransfer hydrogenation of ketongs;

and electrocatalytic reduction of @ CO and HCOOH in ¥D/MeCN mixture®’

Milstein Kirchner
| X
=
HN N NH
| o
p—Fe“—p R, R; P—Fe“—PR2
= X=cl X=H
ey L=co oy t L = labile
='Pr, 'Bu Pr, 'Bu
Ketone Ester Heterolytic Ketone & Aldehyde
hydrogenation hydrogenation H, cleavage hydrogenation

co apoenzyme

R = COMe, 2-MeP R = 2,6-diMebenz, 'Bu .
y Heterolytic

H, cleavage

Scheme 4.2: Examples of known PNP pincer systefttp row) and synthetic models
of [Fe] hydrogenase (bottom row).
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4.1.3 Synthetic Models of Hmd

Among biceinorganic researchers, the Song group utilizedcy@methyl6-
pyridinol (or hydroxymethyl) ligands to chelate iron(ll) and provide more structural
resemblance to the [Feydrogenase enzyme active S&:***Although lacking reactivity
studies, they successfully implemented all the donor atoms in correct geonuetigrem
orientation as found in the active site. The Hu group has also investigatedrsrielle
mimics featuring acylmethylpyridine ligands exhibiting-ay&iroxy"®, 2-methoxy®***° or
2-tertbutyl group® a thiolate ligand (2;8limethylbenzenethiolat®***and others?* and
the cis-carbonyl motif. And although there was neither crystallographic evidence or
reactivity towards Eof the isolated complex, the first acylmetpyiridinol ligand bound
iron(ll) complex was synthesizéd. Through pioneering studies using a hybrid
protein|molecule approach, it wagdothesized that the following components are crucial
in the K activation:i) the presence of protein environment and substrate (methenyl
HsMPT"), i) thiolate ligand as an internal base (in other words, a proton acceptaii) and
the pyridine2-OH moiey (or conjugate pyridone), which positions the active site/cofactor
suitable for the heterolytic cleavage of. IBupport for these claims was provided by the
preparation and c¢haearyandthertiizat|[iFoen] obfyda ogsem
reconstituted ¥ binding the synthetic models into the apoenzyme. The resulting hybrid
enzyme exhibited measurable reactivity (TOF = 2 arld fbisthe heterolytic cleavage of
H: in the presence of the substrate and the productionzofddpectively}® which
corresponded to about 1% of the wildtype enzyme activity. This exceeded the rates of the
previously reportegynthetic hydrogenatin c at al y s'tts10{(sH.&F & 10

Figure 4.1 shows the works by our group demonstrating that preservation of the
facial coordinan motif of the C, N, Sdononsi a an Oant hracene scaff
synthetic model can, in fact,rggmote Hz activation in the absence of the protein
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environment® The active solvatd-€(ll) species nobnly activates kb but also abstracts
hydride from a model imidazolidine substrate (hydride source vk &tivation), then
produces H with the aid of a bulky phenol (proton source). Furthermore, we recently
demonstrated that functionalz Fctivation and hydride transfer can be performed by
thioether and thiolatecontaining model complexes derived from this anthracene

scaffold!0%12
Anthracene-scaffold Pincer

¥ o N
Seo et al. Kerns et al. Seo et al. Xie et al.
(2017) (2018) (2018) (2017)

Figure 4.1: Previouslystudied anthracerAgased and pincer iron complexes from our
research group™021921%

More closely related to the predevork, we reported the carbamepihcer model
complex [(C"NS)Fe(COY(Br)]*****(Figure4.1 and Scheme 4.B)the carbamoyVersion
of the methylen@acyl Fe-CNS complex in this paper. The CNS donor set was ligated in
standard pincernferidional) fashion, and treatment with a hydride source (NahBEt
provided spectroscopic evidence for thé apecies (low temfH NMR spectroscopyi:
5.08 ppm in 8THF). However, the complex was not competent foaétivation and
ligand decompositiowas observed upon treatment with strong base (NH deprotonation).
We were thus interested to determine the importance of the donor identity (acyl versus

carbamoyl) in an analogous complex forddtivation.
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The focus for this project wasn the structurabnd reactivity effects of the
methyleneacyl donor in concert with thioether versus phosphine donors in a-singjigte
approach. The apparent flexibility of this |
the ideal binding mode based on structaatl electronic effectsThe structures and
enzymelike reactivities of the resultingdrFe-CNS and Fe-CNP congenerswere thus
compared herein in the f ol | aaclivatign (pregdeynce 0 f or we

or absence of base).

(amino)CNS| N (methyI)CNS| N CNP| N
Pz Z Pz
HN, N N N
T 7 ( }C

mer-Fe-NHCNS mer-Fe-CNS fac-Fe-CNP

(previous work) (this work)

Scheme 4.3:  Structures of the apligands CNS andCNP), our previous Fe
carbamoyl compleX****and the Feacyl complexesHe-CNS andFe-
CNP) used in this work
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4.2RESULT AND DISCUSSION

4.2.1 Syntheses

Both ligands,CNS andCNP, were synthesized from the same starting materal, 2
broma6-methylpyridne. CNS was directly isolatedollowing Suzuki coupling with 2
(methylthio)phenyl boronic acid in moderate yield (67%). For synthesiZiB, 2-(2-
bromophenyb6-methylpyridinewas first synthesized via Suzuki coupling, followed by
the diphenylphosphine sertion. For the insertion, rigorous -fiee techniques were
required to securely introduce th®Ph moiety into the ligand.Full experimental
procedures ardescribed in Section 4.4.2.3.

Metalations to prepare tHee-CNS and Fe-CNP complexes were penfmed in
analogous fashion (Scheme 4.4).raported previously, syntheses an acylmethylpyridyl
Fe(ll) complexes typically proceed through harsh deprotonation of the methylpyridine
moiety, followed by metalation with Fe(0) or Fe(ll) carbonyl®ie choice ofan iron
sourc® Fe(CO3}vs. NaFe(CO)d depends on how the ligand is activated. When starting
with methylpyridinebased ligang it is activated bynBuLi at 110 °C first to form the
lithiated specieghen reacted with Fe(C&at low temperaturd 78 toi 25 °C) to generate
aFe(0) intermediate. This intermediate undergoes a migratory insertion at one carbonyl to
generate the methyleraeykiron unit; finally, it is oxidizedwith X2 (X = | or Br) to afford
the desired Fe(lacyl complexX®® The airsensitive crude product was collected as a
yellow-brown powder, and purification via alumina chromatography (performed inzthe N

glovebox) provided analytically pure and crystallographically defgsadples
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= nBuLi Fe(CO)s I,
N .
-10°C  j)-78°C -78°C
Et;0  j)-25°C Et,0
R dark o |/ |
R =-SMe (CNS) co
-PPh, (CNP) (7

Fe-CNS: CO -SMe (mer)
Fe-CNP: -PPh, CO (fac)

Scheme 4.4: Metalation ofCNS andCNP ligand into the acylmethylpyridyfFe(ll)
complexesFe-CNS andFe-CNP, respectively

4.2.2 Xray Structures

4.2.2.1CNP ligand
7~ Niocs

P1/(;12\ /7
';/!‘
//‘;7C19 c13
CNP \ ..‘

Figure 4.2: ORTEP diagram (50% thermal ellipds) of CNP. Hydrogen atoms are
omitted for clarity. Color scheme: carbon (grey); nitrogen (blue);
phosphorous (purple)
The X-ray structure of CNP (Figure 4.2) exhibits the-C&C7-C8 torsion angle
of 26.00(19). The three CP bond distances are 1.8504)(11.852614) and 1.8301(134
for C12, C14 and C19, respectively. Three phenyl rofgke triphenylphosphine moiety
have a pseud&s axis around P1, where all three rings are angled like a propeller in the

same direction.
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4.2.2.2Structural Comparisos of Metal Complexes

/\\ N
\ \e ./ -
<\~1/\</ /\ /N ’-‘%/cs,\
c1 Ci15 & — \ | \ .-:\

/\‘// S c13"\ P1/ \“__‘i
— </ — I\/w \

< C16 \ c26 = he \ ﬂ\

1 Fe-CNS ¢ Fecnp M

Figure 4.3: ORTEP diagram (50% thermal ellipsoids)F& CNS (left) andFe-CNP
(right) exhibiting thenerCNS orfac-CNP donor orientations, respectively.
Hydrogen atoms are omitted for clarity. Color scheme: carbon (grey);
nitrogen(blue); oxygen (red); sulfur (yellow); iron (orange); iodine (green);
phosphorous (purple)
The crystal structures of the faeyl thioether fe-CNS) and phosphinegHe-CNP)
complexes arelepicted in Figure 4.3. In each case, the Fe(ll) center is coordwéted
one iodide, two carbonyls and one ligand (C, N and L donors). Notably, the ligation mode
of the dédpincer d | i gainF@CNSexhibiting rheedioeahbindiign e ac h
whereas-e-CNP exhibits a facial coordination motif. In each cases 6® ligand occupies
the positiontransto the pyridine N, similar to the Hmd active site. However, the second
carbonyl in each case is differentially locateednsto the iodide infFe-CNS, andtransto
the acyiC donor inFe-CNP. Each of the FeC([ O) bord distances is approximately 1.77
A, with the notable exception for the G@nsto the acyl moiety in RENP, which is
nearly 0.1A longer (1.876(11), Table 4.1). This isndicative of the strongi-donor
strength of the acytarbanion donor. The FE€acy bond distances fdte-CNSandFe-CNP
are not drastically different (1.945(3) and 1.974(@A0yespectively). Regardirige-CNP,

a literature search reveals that the average distancéGcfrbond with atrans CO is
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roughly 1.976A 71801881951 hich is consistent with the value B&CNP (1.974(10)A).
The Fé| distances for both complexes are nearly identical: 2.6958(5) and 2.6980(17)

for Fe-CNS andFe-CNP, respectively.

Selected bond lengths (A ) Sdected bond angles()
Fe-CNS Fe-CNP Fe-CNS Fe-CNP
FeiN,, 2.031¢) 2.038(8) N, Fe C, ., 85.19(17) 82.9(4)
. I S P
Fei C,,, 1.9456) 1.974(10) N, iFeS/P 87.8001) 79.1(2)
. S P S e .

Fe S/P 233960.4) 2202(3) prI prl CPhI CP h 6 I 412(7) 389(13)
. trans-iodide trans-acyl . - Meridional .
Fe CO 1.7726) 1.876(11) Ligand binding (pincertype) Facial
Fe& CO, sy 1.7686) 1.774(11)  transto acyl? S-Me co
Feil 2.6958(7) 2.6980(17)  transto N ? co co

Table 4.1: Selected bond lengths and bond angle comparison befee€NS andFe-
CNP.

In CNS, the Nyi Fé Cacyi ferracycle angle is 85.19(12)Table 4.1). The aryl unit
coupled at theortho position on the pyridine ring is twisted out of planeildi.2(7)°,
primarily due to the steric hindrance between the hydrogen atoms on the pyridineland ary
ringsorthot o t he coupling site. This oO6flipped
to the Fe centeitrans to the acyl moiety, thus affording theer coordination motif. In
contrast, theortho aryl unit of the CNP ligand rotates in the oppits direction,
characterized by a +38.9(13)° torsion angle. This allows the bulRRer moiety (versus
-SMe) to occupy the sitieansto iodide, rather thaaisto iodideas inFe-CNS.

Based on these reasonings, an ideal ligand would exhibit a thiolaitéstead of
the thioether) with additional substituent(s) to provide a steric hindrance, which will induce

a facial ligation.
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4.2.2.3Parameters Leading to Mer versus Fac Coordination Motifs

The unexpected and spontaneous facial ligati@N® can beexplained by closely
examining and comparing both steaied electronic effects on the Faeyl complexes. In
both complexes, the coordination of the acyl C, pyridine N, iodide arf@®®emains
unchanged. Only two sites, thasansto iodide andransto acyl (represented as dotted
circle anddotted square in Scheme 4.4, respectively) are occupied by different @donors
namely, the second CO and eith¥f & P Also, spacdilling models of both complexes
(Figure 4.4, top row) reveal that, in fatite iodide is the bulkiest donor atom (radius: 206
pm) among the six; iodide is also larger than the combined CO ligand. Therefore, iodide
will preferentially occupy the least crowded coordination site (Complete $iflaxge
models: Figure 4.4, bottonow). ForFe-CNS, the second bulkiest donor is the SMe unit,
while in Fe-CNP it is PPh moiety. ComparingSMe and-PPh, the forme has only one
6short 6 awhoh dameadilyhbg teflected away from the bulky iodide without
changing the coordinatiosite of theSMe donor. On the other har&Ph has twobulky
substituents. Therefore, the bulky phosphine moiety cannot occupy the positiothe
bul ki est donor at om, I odi de.orthoaryt iinkagent al | vy,
facilitates bnding of the-PPh unit transto the iodide, while retaining unperturbed Pe
bond metrics (2.202(3) A); the facial CNP ligation is the final result.

Deepetinspection othe donosstrengtls of-SMe versusPPh also provides insight
into the geometric j@perties of the complexes. Among @IS andCNP donor sets, the
A-donor strength is ordered as follows: a€yb -PPh > Nyy > -SMe. Thus, the position
transfrom the acylC would be the most labile site due to its strinagsinfluence,thus
dissuading the coordination of another strdagonor (such asPPh). Therdore, the
phosphine group rotates about trého-phenyl ring, locating thePPh moiety cis to the
acyl site. However, in case 6NS, the-SMe unit is a weak-donor, not unlike the aakly
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bound HO molecule trans from acyl in the active siteleed, dlof the previously reported
iron-acykphosphine complex&s'® exhibit nonchelating phosphine ligand(s) ats
site(s). Similary, all examples of iroicarbamoylcomplexes that contain narmelating
phosphine ligands exhibiis-phosphine(s), except for one case tfaas PMes unit.****%°
All of these data are consistent with the strdndonor effect of the acyl group, thus

affording thecis-PPh binding motif (and consequenttigc-CNP).

Fe-CNS o Fe-CNP

{3:co c—idh {3 ¢ PPh,
{7 sMe (men) 1 |e\1=.'.'i {i:CO (fac)
co N

Figure 4.4: Top row:Structures ofFe-CNS andFe-CNP, respetively, showing only
the six donor atoms in spatiting model. Bottom row Complete Space
filling models ofFe-CNS andFe-CNP, respectively. Note that in each case,
the bulkiest groups are located away from the site of iodide ligation. Each
inset represnts the cappesticks model of the larger structure at the same
angle. Color scheme: carbon (grey); nitrogen (blue); iodine (dark magenta);
sulfur (yellow); phosphorous (orange). Hydrogen atoms are omitted for
clarity.
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4.2.3 Reactivity Studies

4.2.3.1Deprotonation

In related norbiomimetic work on iron(ll) pincers, it has been established that
heterolytic cleavage of +bccurs via metaligand cooperation that utilizes the conjugate
base of acidic methylene or amide linkers in the ligand frame¥dhese conjugate bases
ar e 0de aduetmthd grezemad 6f a pyridonate anion (rather than pyridine) in the
central position. In our biomimetic system, we found that the methylene linker protons

serve aranalogous role (Scheme 4.5).

Deprotonation | o~
excess H,
Base
—_—
THF &
~NEt,l (s) (THFi' co OH,
R = SMe : Fe-CNS o’ R = SMe : Fe-CNS'

PPh,: Fe-CNP Bas‘:r@< PPh,: Fe-CNP'
I

*NEt,

Scheme 4.5: Deprotonatio of Fe-CNS or Fe-CNP with a bulky phenolate base. The
hollow wedged bond shown in grey for one carbonyl group represent the
position either trans from iodid&€CNYS) or trans from acylKe-CNP).

Up tofour equivalentof base was required for a completaversion oFe-CNS

to FeeC N S dhe progress was monitored by infrared spectroscopy, showing a clear

transition of the carbonyl stretches (2015, 193B83, 1921 ci) as well as the acyl

stretch (166% 1587 cnt') (Figure 4.5, left). Under similar conditions, deprotonation of a

methylene proton ofFe-CNP yielded the dearomatized speckesC N B, éxhibiting red

shift of the carbonyls (2014, 19601987, 198 cni') and the acyl (16351586 cn')

stretches in infrared spectrum (Figure 4.5, hight
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Fe-CNS Fe-CNP
— p—t— ——
2015, 1957 2014, 1960 P / ‘\ ~
1662 1635 \ ‘ NV
| V
1 equiv. base 1 equiv. base " K
m 4equiv. base
Fe-CNS' Fe-CNP'
1983, 1921 1987, 1936
1587 1586
2500 2000 4 1500 2500 2000 % 1500
wavenumbers (cm ) wavenumbers (cm ™)

Figure 4.5: Infrared spectra dfe-CNS (left) andFe-CNP (right) deprotonation via
bulky phenolate. Note that more than one equivalent of base is required for a
conplete deprotonation tbe-C N Sod Fe-C N P 6

The nethylene protons in theseon-acyl complexes are diastereotapitheir
chemical environment is quite different, resulting two doublet$iNMR (ds-THF) at
5.39 and 4.24 ppm @&nd H respectivelyfor Fe-CNS, in Figure 4.6A; forFe-CNP, see
Figure 4.8) Comparing the structures of the two complexes, the chemical environments of
the 6fdebdt protons adjacent to the i1iodide re
di stinct chemical -endedopmenodss of ®lhfinec eébiacko
Fe-CNSversus-e-CNP). The nearly identical chemical shifts of 5.#&{CNS) and 5.44
(Fe-CNP) support the assignment of the downfield diastereotopic resonance toirbe H
both cases. The more deshielded reatwf H. indicates more susceptibility to
deprotonation, and thusahb likely the acidic proton in the reactivity studies detailed
below.
Reactivity studies required the use dfTHF (versus @s) as a coordinating
solvent and for improved solubility ofagents. Treatment B&-CNS (*H NMR spectrum,
Figure 46A) with a bulky phenolate base (NEtsalt of 2,6di-tert-butyl-4-
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methoxyphenolate) results in the disappearance of the diastereotopic resonances, indicating
the formation of the dearomatized speciesC N S @igure 46B). As a result, the
conjugate acid phenol is observgeddH: 5.70 ppm), and NE(S) is formed as precipitate.

It is noted that an excess of phenolate (see assigned resonances in .BBjuremains
observable due to the requirement for ~4 equiv to drive complete deprotonation (see IR
section above, Figue5, left). Similarly, as noted in the IR spectra (Figure 4.5, rigfd),

CNP also required ~4 equiv of base to complete deprotonation.
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4.2.3.2D2 Activation

The deprotonated speci€ge-C N Swas then placed under 5 atm of &d the
reaction monitored b§H NMR spectroscopy{fFigure 4.7A) A new resonance at 5.39 ppm
was obsrved within 30 min, which was assigned as the conjugate pEhotsonane;
no Fé D resonance (D was observed (e.g., 0 t@0 ppm). Nonetheless, the observation
of theD" resonance indicates activation afila heterolysis by the FENS system. Recent
results from our group demonstrated that a bulky Lewis acid substrate (putative hydride
acceptor) could be employed to stabilize and detecthiyainide species ifH NMR
experiments? or serve as a hydriggccepting substrat& Therefore, the sameaetion
was performed in the presence of the model substtatgéBArf], a bulky imidazolium
salt that mimics the role of metheryfMPT" in the enzyme Hactivation process.
However, a nearly identicAH NMR spectrum was obtained in this cage@D = 5.41
ppm; no FéD resonance observed), indicating that'tHe* substrated) does not impede
H2 heterolysis, l§) does not aid in stabilizing the implicit irateuteride intermediate, and
(c) does not serve as a hydride acceptor in this system.

For the deprotonated phosphine congdre€C N R the analogous reaction with
D2 (5 atm, no model substratél NMR analysis) results in the same phe®f) resonance
(D"); again, no FieD resonance was detected. Additionally, a new resonance at 7.77 ppm
(Figure4.7B) was evident. We hypothesized that this feature was diagnostic of a deuterated
methenyiD linkage (i.e. the deprotonated methylerfesimilar spectrum was obtained in
the presence of the model substratén{"), indicating that (like th&e-CNS system) the
Fe-CNP deuteride is neither stabilized by nor active for hydride transgidr the model
substrate. Provided the similar reactivities betwee«CNS andFe-CNP, a schematic of

the proposed reaction cycle fos &ctivation is displayed in Schemeb.

97



[2] =
QLE &
A 348 B :
§
K £ .
E 9
o Nk o
v N H M +
\d With ™m* M With Melm oY
oD Wiy W Ayt
Conjugate ! ; i J ! ! 0 5 o 5 10 Conjugate
phenol 0 5 0 -5 -10 -5 1 G phenol
from remaining base from remaining base
I +
[
%8
et
~e
R
v No * No
substrate substrate

it it

5 0 -5 5 0 5 -10
f1 (ppm) f1 (ppm)

Figure 4.7: *’H NMR spectra of Bactivation byFe-C N S(A) or Fe-C N P(B) with or

without the presence of substrate iim THF, exhibiting a resonance at 5.4
ppm from-OD of a conjugate phenol

"lre __'L Heterolytic
Fe-CNL S cleavage of D,
< co
%% (1]

Deprotonaﬁ}\
Hp

it

ST+ R
(THF) co & H remaining co (]
Fe-CNL’ =1 Base

L= SMo:Fe-CNg' -~

. 0/
PPh,: Fe-CNP*
Im-D
Unknown
Hydride oD

Destination

Scheme 4.6: A proposed mechanism ot Rctivationby Fe-C N SFe-C N P ®he

hollow wedged bond shown in grey for one carbonyl group represent the

position either trans from iodid&€C N g 6r trans from acylKe-
CNB.0

98



There is a plausible pathway to explain the new feature at 7.77 ppm (mdihenyl
in the Fe-CNP case. The iromeuteride specieB (resulting from D activation, with
methyleneDa,Hb) may be redeprotonated atithus affording the methenrila anionlll °.
As this irondeuteride species is not observable in #HeNMR spectrum (no R
resona c e ) , the i1 dentity of t h e -hylideterr avresdf eg e c |
product,IV°. The ultimate destination of the deuteridé)(Bas not yet been identified.

This proves that, at least fBe-CNP, more than one round of cycle can take place,
as a result of a slightly increased stability of species Ill with phosphine moiety (versus
phenythioether) even in the absence of substrate stabilization. However, we still could not
observe FeD signal from?H NMR spectrum.In the presence df’lm* substatg a
preliminary’H NMR spectrum (Figure 4.7B) exhiki the same metheny) feature at
7.77 ppm, a new feature at 7.29 ppm (undefined) and extremely weak -@i2ro 1
ppm. The use of*Im* substrate was with the intention of bringing the carbocation
closer/making the carbocatiomore approachable to the iE® in the process of
stabilization; however, even the use of less blfky* did not lead to the detection ofiFe

D resonance.

4.2.3.3Discussion

Both meridional and facial Facyl complexesfe-CNSand Fe-CNP, respectively)
can activate HHwhen deprotonated. This indicates that in the presence of a formally
deprotonated basic site on the ligand, the ability to activatéolls not depend on the
binding mode of the liganddc versusmer). We have noacquired comparative kinetic
data in the present work (both systems activatenx30 min) to provide more specific
insight into the relative reactivities &fe-C N Sv@rsusFe-C N P. 8lowever, even if that

data were acquired, the difference in donor typefsith between thioeth& and
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diphenytP would preclude any conclusion regarding which tridentate orientgaon (
versusmer) is preferable for efficient &or Hz) activation.

It is evident that the more indispensable factor that dictates the reatdivdyds
H: is the deprotonated methenyl(acyl) moiety, which acts as a pendent base during H
heterolysis. In the enzyme active site, the emergent postulate is that this role is
accomplished by pyridone moiety (rather than the-Eyas in [NiFe]). Howevergur
system lacks the truly biomimetic and anionic pyridonate donor (i.e. the more stable
deprotonated carboxamide resonance form), and instead employs the neutral pyridine as a
substitute. Duetothepeex i st i ng ani oni c c¢harlgterocycle, t he (e
the methylene(acyl) K» would be biologically inaccessible; its deprotonation would
require the generation of @i-anionic (!) pyridonei unlikely. Thereforewe are not
claiming that the methylene/methenyl(acyl) interconversion is an acéighamism in the
enzyme We do, however, the present system demonstrates the important utility of a

pendant base in the vicinity of the iron center to drivdéderolysis.

PN y
e
Inactive Active Doubly Deprotonated

Resting State Resting State Pyridonate/Methenyl(acyl)
[Not Involved]

Enzyme Active Site

Present Model Complexes

Inactive Active
Resting State Resting State

Scheme 4.7: Comparison of the enzyme active site versus the model complexes
preseted in this chapter, focusing on the pendant base.
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By directly comparing the reactivity #'e-CNS(acyl) with the published reactivity
of its carbamoyl congener (i.e.-NH- linker in place of -CHz- linker), namely
[(CN'NS)Fe(CO)(Br)],**we postulate that the baiicof the carbamoyl unitsf NH with
a lone pair) was not strong enough to promoteh&erolysis, as compared with the

deprotonated methenyl(acyl) complexes in this wdte-CNL§. Another (functional)

carbamoyl model r eporNSFe@D))]'Ddoes agivate tlip, [ ( An

upon simple halide abstraction.e., without deprotonation. However, in this case the CNS
ligation was strictly facial (via anthracene scaffold), which allows for an open coordination
sitetransfrom the F&C(acyl) bond. Kubas famously has stated éhstrongransA donor
promotes Hheterolysiswhile a strondrans” -acceptor promoteszhomolysis®’

Thus, regarding Hactivation, this work implies that the presence of an anionic
pendant base on the ligand framework supercedefmtharsusmer ligation motif as a
criterion for promoting Hactivation. Based on previously published resiit¥Zit is then
logical to postulate that thggomal scenario for maximizing catalytic efficiency would be
to couple the presence of a pendant base with a facial ligationinwaitih H2 activation
occurring at the coordination siteansto the F&C (acyl) bond. Such a scenario is thus
exemplified bythe evolutioatuned enzyme.

Regarding the hydride transfer, however, is not achieved infacthe-C N Padd
merFeCNS 6. We post ul at eacteptingtligahdi@ ReC N Sa@ddh c e of
PPhin Fe-C N B ransfrom the possiblé&e& D unit is not favorable for the hydride to be
transferred to a hydride acceptor. In the case of Hmd active site, a stfeshgigting acyl
group occupies that positiofacilitating the hydride transfer by providing @ensity from

thetransposition.
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4.3CONCLUSIONS

In summary, we were able to directly compare the electronic and steric effects on
the binding mode of thioether versus triphenylphosphine moiety {acflesysem by
designing two asymmetric pincer ligandSNS and CNP. CNS having thioether S is
smaller in size and leg&donating ligates meridionally, whil€NP having bulkier and
more stronglyA-donating triphenylphosphine P ligates facially. From reactivity studies,
both Fe-CNS and Fe-CNP, regardless of the binding mode, activated Wwhen
deprotonatedn both the absemcand presence of a model substrétethis particular
deprotonated Facyl system, the binding mode of the ligand was not the important factor
for the reactivity towards Hactivation; rather, the presence of a pendant basthényi

acyl) was the mostital feature required for reactivity.
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4. 4EXPERIMENTAL

4.4.1 Reagents and Procedures

Fe(CO} and Pd(PPH: were purchased from Strem Chemicals:bramo6-
methylpyridine, Pd(PRRCl> from Oakwood Chemicals;-@nethylthio)phenyl boronic

acid from BoronMolecular and Matrix Scientific; -bromophenylboronic acid fromo
Combi Blocks, Inc.;dand CIPPhfrom Acros Organics; 1.6 MBuLi in hexanes and D
(99.8%) from Sigm&ldrich; K2COs from Fisher Scientific.; Aluminum oxide (neutral,
Brockmann |, 50200 um 60 A) from ACROS Organics; Silica (SiliaFlash® Irregular
Silica Gels, 4063 um, 40 A) from SiliCycle. The solvents dimethoxyethane (DME), ethyl
acetate (EA) and l,dioxane were purchased from Fisher Scientific and used without
further purification. Thesolvents diethyl ether (ED), dichloromethane (DCM),
chloroform, tetrahydrofuran (THF) and pentane were procured from Fisher Scientific and
dried over alumina columns using a Pure Process Technology solvent purification system,
and stored over 3 A moleaulsieves until use. The deuterated solvent GR@Is
purchased from Cambridge Isotopes and used as received. Imidazolit)d @nd the
bulky phenolate base were synthesized following literature procedofesed spectra
were recorded on a Bruker Alpha spectrometer equipped with a diamond ATR cHstal.
and*'P NMR spectra were collected using Varian DirecDrive 400 MHz, WhilBIMR
spectra were collected using 600 MHz. Elemental analyses were perfoynhidviest

Micro Lab.
4.4.2 Synthesis of Ligands
4.4.2.12-Methyt6-(2-(methylthio)phenyl)pyriding CNS)

A Suzuki coupling of Zromo6-methylpyridine (4.0 g, 23 mmol) with -2
(methylthio)phenyl boronic acid (5.9 g, 35 mmol) was performed using LGDK(35
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mmol) andrans-Pd(PPR)-Cl. (816 mg, 1.2 mmol, 5 mol%) in 100 mL of DME. The slurry
was heated at 8% for 24 h in a pressure vessel. The organic layercaiected by ethyl
acetate (EA) extractions 100 mL) and dried over N8O Purification viacolumn
chromatography (EA:Hex = 1:8) afforded the product as pale yellowv@ld: 3.4 g
(67%).*H NMR (CDCE, | in ppm): 7.64 (t 1H), 7.42 (d 1H), 7.34 (m 2H), 7.22 (t 1H),
7.13 (d 1H), 2.63 (s 3H), 2.39 (s 3H).

4.4.2.22-(2-Bromophenyl}6-methylpyridine

A Suzuki coupling of zbromo6-methylpyridine (3.27 g, 19.0 mmol) with-2
bromophenylboronic acid (4.20 g, 20.9 mmol, 1.1 equiv) was performed usdig .89

g, 20.9 mmol, 1.1 equiv) and Pd(BRRh(769 mg, 0.66 mmol, 3.5 mol%) in 1,4
dioxane:HO (3:1) mixture. The slurry was refluxed for 24 h. The organic layer was
collected by EA extractions 8100 mL) and dried over N&O:. Purification via column
chromatography (EA:Hex = 1:8) afforded the product as pale yellawr@ld: 3.89 g
(83%).'H NMR (CDQs, | in ppm): 7.64 (dd, t 2H), 7.51 (dd 1H), 7.37 (m 2H), 7.22 (dd
1H), 7.14 (dd 1H), 2.62 (s 3H).
4.4.2.32-(2-(Diphenylphosphaneyl)pheny$-methylpyridine(CNP)

[Note: the synthetic conditions were modified from the work of Speiser’t alote:
Rigorous airfree handling technique is required to isolate this product as the free
phosphine (avoiding phosphine oxid&)solution ofnBuLi (1.6 M in hexanes, 16 mmol)
was added dropwise into a fregmempthawed solution of Z2-bromophenyb6-
methylpyridine (3.97 g, 16 mmol) in THF a78 °C. After stirring the solution at the same
temperature for 1 h, CIPP{16 mmol) was added dropwise via syringe and let slowly come
up to r.t. overnight. Degassed®was added via syringe, followed by multiglie-free
EtO extractions using cannula transfers. The organic layer was transferree poigéd
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Schlenk flask containing N8O: via cannula, and stirred for 30 min. The dried solution
was then cannula transferred to a new Schlenk flask, and the velasneeduced under
vacuum until a white powder was formed. The resulting yellow supernatant (impurities)
was transferred into a separate Schlenk flask via cannula, and the remaining white powder
(product) was washed several times with colgDEEthen driedunder N. Storage of the
supernatant and washed 20 °C for 2 d afforded large colorless blocks suitable ferax
diffraction. Yield: 2.94 g (52%)*H NMR (CDCB, ) in ppm): 7.63 (m 1H), 7.53 (t 1H),

7.43 (td 1H), 7.3 (m 12H), 7.09 (dd 1H), 7.00 (d 1H), 2.31 (s 3A)NMR (CDC}, ) in
ppm):i10.9 (s). CCDC deposition #: 1590145.

4.4.3 Synthesis of Metal Complexes

4.4.3.1[Fe(CNS)I(CO)] (Fe-CNS)

The CNS ligand (4® mg, 1.86 mmol) was dissolved in 10 mL of@&tand degassed by
freezepumpthaw method. Then it was cooleditb0 °C for the addition ohBuLi (1.6 M

in hexanes, 1.86 mmol). After the addition, the reaction was stirred at r.t. for 45 min. After
the formaion of an orange slurry, a paohilled EtO solution (3 mL) of Fe(C®)250¢ L,

1.86 mmol) was added dropwise &8 °C. The reaction mixture was stirred for about 1.5

h to reach 25 °C, then cooled down back i@8 °C for oxidation. Under dark, prehilled

EtO solution (7 mL) of4 (212 mg, 1.67 mmol) was added dropwise into stiging
solution via cannula transfer and kepi @8 °C for 2 h. A yellowbrown precipitate was
isolated using an atfree filter tube and dried under:Xcrude, 528 mg, 59%). A DCM
solution of the crude product was then filtered through neutral aluamddayeredvith
pentane at 25 °C to afford X-ray quality crystals (retbrown needles}H NMR (CDCE,

1 in ppm): 7.36 (s 1H), 6.96 (s 1H), 6.82 (m 2H), 6.72 (t 1H), 6.61 (d 1H), 6.26 (d 1H),
5.46 (d 1H), 3.86 (d 1H), 2.00 (s 3KBelectedR bands (crt): 2032 @ero vs), 1962 i o
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vS), 1662 éc-ovs), 1583, 1572, 1474 (s), 1449, 1438 (s), 760, 744 (siné&ital analysis
for: calcd (FECNS with residual solvents: 0.1 equiv DCM and 0.2 equiv pentane): C 40.75,
H 2.92, N 2.78; found: C 40.90, H 2.80, N 2.41. CCDC deposition #: 1590122.

4.4.3.2[Fe(CNP)I(COY] (Fe-CNP)

The CNP ligand (500 mg, 1.42 mmol) wassdolved in 15 mL of EO and degassed by
freezepumpthaw. The solution was cooledit@0°C for the addition ohBuLi (1.6 M in
hexanes, 1.42 mmol). After the addition, the reaction was stirred at r.t. for 45 min. After
the formation of an orange sluriy prechilled EtO solution (3 mL) of Fe(C®)191¢ L,

1.42 mmol) was added dropwisei @8°C. The reaction mixture was stirred for about 1.5

h to reachi 25°C, then again cooled i¥8°C for oxidation. Under dark, pmehilled EO
solution (7 mL) of 4 (0.162 g, 1.27 mmol) was added dropwise into the stirring solution
and kept at 78°C for 2 h. A yellowbrown precipitate was isolated using anfese filter

tube, then driedinder N (crude, 615 mg, 78%). The crude was purified by dissolving in
DCM and thdoaded on short alumina (neutral) column in arathospherglovebox; the
products were eluted using a series of solvents of increasing polarity
(DCMY CHCLY THF). The final elution with THF produced a yellow solution, from
which the product was collected via crystallization (vapor diffusion of pentane into the
THF solution at r.t.). Small orandsown clusters of Xay quality crystals were generated
after ~10 days'H NMR (CeDs, | in ppm): 7.86.6 (m, 14H), 6.54 (d 1H), 6.46 (t 1H), 6.39

(d 1H), 5.44 (d 1H), 4.92 (d 1H}P NMR (GDs, ) in ppm): 79.9 (s)SelectedR bands
(cm'Y): 2011 @ero vs), 1974 écro vs), 1637 dc-ovs), 1590, 1473 (s), 1427,9D(s), 979,

765 (s), 742 (s), 691 (vs), 602 (vs), 565, 543, 509 (s). Elemental analysis for
CaHisFelNGsP, calcd: C 52.38, H 3.09, N 2.26; found: C 52.48, H 3.32, N 2.14. CCDC
deposition #: 1590123.
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4.4.4 Xray Crystallography

Definitions used for calcuting R«(F?), R(F) and the goodness of fit, S, are given
below. Tables of crystal data and refinement parameters and tables for bond lengths, angles

and torsion angles are summarized in Appeii
Buo sOs $Os
B0 gOs

v 0

O = BS@s <@s
BS@S  forreflections with k> 4({(Fo))
B0 sOs sOs
€

4.4.4.12-(2-(diphenylphosphaneyl)phenyd-methylpyridine(CNP)

Crystals grew as btks from E4O solution ofCNP ati 20°C. Theanalyzeccrystal
wascut from a larger crystal and had approximditeensionsof 0.23 x 011 x 0.0 mm.
The data were collected on a Rigaku AFC12 diffractometer with a Saturn 724+ CCD using
a graphite monochrortar with Mo K Uradiation 6= 0.71073R ). The data were collected
at100K usinga Rigaku XStream low temperature device. Data reduction were performed
using the Rigaku Americas Co'phestraciréeveasn 6s Cr y s
solved by direct methods using SIR2804nd refined by fulmatix leastsquares on ¥
with anisotropic displacement parameters for the-lHatoms using SHELX2014/7%>
Structure analysis was aided by use of the programs PLATONS® WinGX*® The
hydrogen atomsrocarbon were calculated in ideal positions with isotropic displacement
parameters set to 1.2U¢q Of the attached atom (1.5Ukq for methyl hydrogen atoms).

The function Sw(|Fo|* - |Fcf)?, was minimized, where w = 1{[(Fo))* + (0.0529P)*
+(3.6702P)] and P = (|62 + 2|RP)/3. Ru(F?) refined to 0106, with R(F) equal t®.089
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and a goodness of fit, § 1.06 The data were checked for secondary extinction effects
but no correction was necessary. Neutral atom soajtdéactors and values used to
calculate the linear absorption coefficient are from the International Tables-rfay X

Crystallography (1992}?
4.4.4.2[Fe(CNS)I(CO)] (Fe-CNS)

Crystals grew arseedles byayering pentane on the DCM solutionFeCNS at i
25°C. Theanalyzedcrystal was cut from a largerystal and had approximatimensions
of 0.10 x 0.08 x 0.08,mm. The data were collected on a Rigaku AFC12 diffractometer with
a Saturn 724+ CCD using a graphite monochromator wittKMoadiation &= 0.71073
A). The data were collected Hi3 K usinga Rigaku XStream low temperature device.
Data reduction were performed using the Rig
version 1.43* The structure was solved by direct methods using SIRZ0 refined
by full-matrix leastsquares onFwith anisotropic displacement parameters forrtbe-H
atoms using SHELX2014/7**? Structure analysis wasdasd by use of the programs
PLATON98“" and WinGX!* The hydrogen atoms on carbon were calculated in ideal
positions with isotropic displacemerdnameters set to 1.2Ukq of the attached atom (1.5
x Ueq for methyl hydrogen atoms).

The function Sw(|Fof? - |Fc[)?, was minimized, where w = 1{[(Fo))? + (1.5194P)]
and P = (| + 2|P)/3. R«(F?) refinedto 0.043 with R(F) equal t®.020and agoodness
of fit, S, = 1.15 The data were checked for secondary extinction effedtao correction
was necessary. Neutral atom scattering factors and values used to calculate the linear
absorption coefficient are from the International Tables fera)X Qystallography

(1992)1°
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4.4.4.3[Fe(CNP)I(CO)] (Fe-CNP)

Crystals grew as small clusters of orange crystals by slow evaporation
(THF/pentane). Theanalyzed crystal was cut from a cluster of crystals and had
approximate dimensiorf 0.11x 0.06x 0.06mm. The data were collected on an Agilent
TechnologiesSuperNova Dual Source diffractometer usingrocus Cu Ka radiation
source = 1.5418 A) with collimating mirror monochromators. A total of 1064 frames of
data were collected using-scans with a scan range ofdind a counting time of 9 seconds
per frane with a detector offset of + 41.4nd 25 seconds per frame with a detector offset
of £ 112.0. The data were collected at 100 K using an Oxford Cryostream low temperature
device. Data collection, unit cell refinement and data reduction were perfornmgd us
Agilent Technologies CrysAlisPro V 1.171.37.3%The structue was solved by direct
methods using SHELXT and refined by fulimatix leastsquares on Fwith anisotropic
displacement parameters for the ddatoms using SHELX42014/7*** Structure analysis
was aided by use of the programs PLATONS8nd WinGX!*® The hydrogen atomsewve
calculated in ideal positions with isotropic displacement parameters settdJi,af the
attached atom (1.5 Meq for methyl hydrogen atoms). The data crystal was twinned with
twin law determined using CrysAlisPro.

The function, Sw(|Fof* - |Fc[)?, was minimized, where w = 1fj(Fo))* +
(0.1853*P§] and P = (|6 + 2|FeP)/3. R«(F?) refined to 0.241, with R(F) equal to 0.093
and a goodness of fit, § 1.04. The data were checked for secondary extinction effects
but no correction was necessary. Neutral atom scattering factdrvadues used to
calculate the linear absorption coefficient are from the International Tables-rfay X

Crystallography (1992}?
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4.4.5 NMR Spectroscopy

4.4.5.1[Fe(CNP)I(CO)] (Fe-CNP)
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Figure 4.8: 'H (top) and®™P (bottom) NMR spectra fdfe-CNP in CsDe.

The'H NMR spectrum of RENP inCsDs (Figure4.8) shows two diastereotopic
protons at 5.44 and 4.92 ppm as doublets, and aromatic protonis/a8 gm regionThe
P NMR spectrum shows a single peak at 79.89 ppm for the phosphine P in the metal

complex.
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Chapter 5: Thianthrene Scaffold: Flexibility -Reactivity Relationship
5.1INTRODUCTION

5.1.1 Effect of Scaffold Flexibility on Reactivity

Metalloenzymes have dynamic motions, especially during catalysis. In the active
site of a metalloenzyme, each donor atom almost always comes from differetiesoi
such as different helices, sheets, domains;usuis etc. In contrast, conventional bio
inspired small molecule mimics feature rather rigid/constrained scaffolds, mainly due to
the difficulty replicating the vastly bigger protein structure withmiichmal | er 6 mol ecu
Deeper investigation is necessary to decrease this gap between the flexible nature of a real
enzymatic environment versus the rigidity of
no critical, bioinorganic studies focusing on #féects of molecular motion on reactivity
thus far.

Work by van Leeuwen on rhodiuanthranoid complexes revealed some
correlation between the flexibility of scaffold and the catalysis: more flexible, anthranoid
supported rhodium complex displayed high@bsity, and thus exhibited greateri
(straight chain:branched) selectivity for hydroformylation compared to its more rigid
counterparts with a linked bisaphthyl framework. It is plausible to hypothesize that the
extra flexibility on the scaffold codlinduce an enhanced accessibility to higheznergy
(thus more reactive) intermediates, resulting greater reactivity.

In case of HmMd, the activation bf: proceed through the conformational change
(open/close) of the protein, which consequently give rise to dynamic movement of donor
moieties on such as pyridone and cyst¢melate, as well as the substrates ahd
HaMPT". As a resulyodoofthdiseneddfdexbaditier of th

likely lowered, thusthetb r eact i vitydé i s accomplished.
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5.1.2 Thianthrene Versus Anthracene as Scaffold

The pioneering work by other Rose group members on anthracaffeld metal
complexes are shawn Figure 5.1A series of manganese complexes were synthesized by
using symmetric/asymmetric anthracdresed ligands with pyridine and/or
phenylthioether/thiolate substituent$A variety of ironanthracene complexes showed
great possibility of mimicking the thctivation of Hmd°'**'**These anthracergased

iron acyl/carbamoyl complexes reproduce the donor identities on the iron center, showing

Manes et al. Seo et al. Kerns et al. Seo et al.
(2016) (2017) (2018) (2018)

Figure 5.1: Previously studied anthracebased manganese and iron complexes from
our research groujg? 102192

However, the rigidity of the anthracene scaffold poorly imitates the actual active
siteds dynami c e rhemaingaalrofhistprojeciivasto irvéstigatethe t
effect of scaffold flexibility on the reactivity (more specifically, the rate of ligand
substituti on) -anthracene rcompgexas ugwards attivatiom by i)
enhancing flexibility on the sffald through the use of thianthrene backbone and (
directly comparing the reactivity between the anthracene versions and the thianthrene

analogues (Scheme 5.1).
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Anthracene Thianthrene

Seo et al. (2017)

Kerns et al. (2018) \ S’Q
s )

Seo et al. (2018)

1 1
A= CH; or NH o A=CH, or NH o

Scheme 5.1: Strategy of the thianthrene project, making the thianthrene versions of
theanthracenescaffolded iroracyl/carbamoyl complexe8.19%19

In contrast to essentially planar structure of anthracene, the structure of thianthrene
is often described as O6butterflyd $§3ructure
axis?2?* This flip-flop conformational change has a low energy barrier at equilibrium.
Fromthecr y st al structure of thianthrene, the di
found to be 128at 295 K% Even over a wide range of temperatures, this flappiotion
is retained (from 127.14(3) to 130.373 temperatures from 125 to over 428%K)in
case ofdisubstituted thianthrene, namely 4li®henylthianthrene he observed butterfly
angle was 124°77(Figure 5.2). This is slightlymore acute angle compared to the typical
values for simpler thianthrenes (:280°), and the two phenyl rings make an angle of

55.8° with respect to each othé&t.

Figure 5.2: Chem3D" representations of 4@iphenylthianthrene by Lovetit al**
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For comparative studies, thianthrene versions of the existing anthvscaffeded
ligands was fannedout (Figure 5.3). ThegandsAnth-S;, Anth-N2 andAnth-NSve were
previously utilized for making Mn(l) carbonyl compleX&Swhereas various types of
Anth-NaSs were used for the synthesis of Fe(ll) carbonyl complé€®e¥:*’As this
project is at its preliminary stag€hianth-S: and Thianth-N2 were the first two ligands
to be synthesized and tested for complexation with a Mn(l) source for the direct
comparisons with their correspondiagthracene counterparts, as well as some simple
ligand substitution reactions (i.e. CO removal reaction using TMADgntually, this
project will aim to synthesize the ir@actyl/carbamoyl complexes of asymmetric

thianthrene ligand for investigation onuwsttural and reactivity comparisons with their

anthracenanalogues (Scheme 5.1).

O |\ l\ |\
ss 2 N N s
(I I

A =CH; or NH,
A R R=CH; H, or
bulky group
Anth-S, Anth-N, Anth-NS,,, Anth-N,Sg
Manes et al. (2016) Manes et al. (2016) Manes et al. (2016) Seo et al. (2017 & 2018)

Kerns et al. (2018)

CLC %U“%D gti Z
Q.0 Q0 Q ? IZ‘N?

Thianth-S, Thianth-N, Thianth-NSy, Thianth-N,Sg

Current Chapter Future Goal

Figure 5.3: Series of previously studied anthracesaffolded ligands (top row) and the
corresponding thianthrerszaffolded ligands for this project (bottom row).
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5.2RESULTS AND DISCUSSION
5.2.1 Synthesis Overview

5.2.1.1Ligand Synthesis

Thesynthesis of the ligan@lhianth-S: from thianthrene was inspired by the work
of Lovell®®® Ogawd” and Sheikh et &> with some modifications (Scheme 5.2). First
thianthrene was oxidized using 1.5 equivalents of purifiechloroperoxobenzoic acid
(mCPBA) toafford thianthrene Eoxide (Thianth-ox) in 69% yield and some quantity of
starting material after column purification. This step is easily scalable, up to 5 g scale of
thianthrene. However, it should be only up to a reabte scale, as using a large quantity
of the oxidizing agenthnCPBA, could cause a safety hazard since it is a strong oxidizing
agent that could cause fire upon contact with flammable material: it is potentially
explosive. In consequence, purificationaa@mmercially obtainednCPBA (7075%) is
necessary because it contains up to 10%methlorobenzoic acid and water for
stabilization. Once purified, it is reasonably stable; however, it should be stored at

relatively low temperature in@asticcontainer.

S
@ :@ oxidation (:/L :@ TMS insertion (; :@

i
T™MS O TMS
Thianthrene Thlanth-ox Thianth-(TMS),

Srommanon
EI(OH]2

Cr YU E;E :Q
S Suzukr coupling
Thianth-S, O O Thianth-Br,
S S

Scheme 5.2:  Synthetic shemefor prepamng Thianth-Brz from thianthrene.
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The cond step was th&imethylsilyl group addition, which required 2.5
equivalents of in situ generated lithium diisopropylamide (LDA) and 3.5 equivalents of
trimethylsilyl ~ chloride (TMSCIl) to afford 50% of the pure 46
bis(trimethylsilyl)thianthrene Bxide (Thianth-(TMS)z) as white solid. This was the most
challenging step during the process of making the final li§anden successful, the
formation of white solid (pure prodt)as observed at the end of the waux; upon failure,
only a yellow oil is isolated due to side products such as mand/or trisubstituted
thianthrene Soxides (4(TMS) and 1,4,8ris(TMS), respectively). Some of the possible
reasons for the failuref the TMS insertion include using) (deactivated LDA (by using
either an old reagent directly from the bottle instead of in situ generation or using
undistilled/degraded diisopropyl amine when making in situ LDi)not airfree TMS
Cl reagent; ofiii) some other as yet unidentified factors.

The third step was the simultaneous bromination and reduction of TMS groups and
oxide, respectively, by reactinghianth-(TMS)2 with Br: in distilled chloroform at room
temperature. In the literature, GQlas ber used as solvent for this process; however,
using chloroform still producedhainth-Br2 with excellent yield (95%). However, the
distillation of chloroform should not be neglected, since commercial chloroform contains
up to 1% ethanol for stabilizationagsing unwanted side reactions with.Brherefore,
removal of ethanol is the main purpose of the distillation. L&¥alhd Ogaw&° suggested
a twostep process for makinghainth-Br2 (via reduction using AcCI/KI, followed by
bromination using Bj, whereas SheikPf proposed the concurrent conviers(using Bs
only). As the isolation of 4:8is(TMS)thianthrene was not necessary for this project,
Shei khdés method was empl oyed.

The last step was the Suzuki couplingTdianth-Br2 with 3-(methylthio)phenyl

boronic acid using Pd(PBawith NaHCQ @9 in DME. This yieldedThianth-S: as the
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major product (92%) after column purification, which removed small amount of
homocoupl ed s ibid(methplthiagdld, ubgpenyl. SeyeBabtrials to couple a
3-pyridine moiety withThianth-Brz under similarconditions were not successful. It is
possible that the sterically unhindered reagent, pyr8igkoronic acid, deactivates Pd(0)
catalyst by coordinating. In order to resolve the problem, Pd{dlze) used with XPhos;
however, this also did naifford any coupled product(s). Therefore, further investigations
on the symmetric coupling ofhianth-Brz with the pyridine moiety, as well as the
asymmetric coupling with pyridine and thioether/thiolate are necessary in the long term,
so that the direct comparison can be achieved with the anthtbased Fe(ll)

complexeg 102192

5.2.1.2Synthesis of Mn(l) Complexes

The complexation of the ligan@Thianth-S: with Mn(CO¥Br was performed
according to the previously reported procedayeur group, as shown in Scheme §%3.
Although there isit presenho X-ray structure evidence of the formationMf - Thianth -

S, the producexhibited carbonyl stretches at 2015, 1933 and 1914 wihich are nearly
identicalto those of the anthracene versi@®23, 1933 and 1918 ¢mFigure 5.3). This
similarity indicates not only the formation of the thianthrana@logue oMn-Anth-S: as

the product, but also the negligible influence of scaffold flexibility on the donor strength
of the donor atoms, and thus, the electronic environment on the metal center.

One contrast observed was that both the ligementh-S: and the complein -
Thianth-S2: showed enhanced solubility in organic solvents compared to their anthracene
analogues. This can be explained with theaX structure of theMin-Anth-S:* The

measured distance AgFiguresi4R Rk Mndanbht the scafold ig 0 5
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Scheme 5.3:  Synthesis oMn-Thianth-S from Thianth-S: with Mn(CO)Br.
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Figure 5.3: Infrared spectra dfin-Thianth-S; (orange trace) anéin-Anth-S' (blue
trace). Note the similarity of the CO stretches.

Figure 5.4: X-ray structure oMn-Anth-S: showing the longange distance between
C13 and Mn1 of 6.408.°
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separated far enough from the met al cent e

flexibility/dynamic does not greatly affect the structural and electronic environment on
Mn(l) center. However, the flapping motion of thianthrene via two sulfur atoms may
enhance the solubility of the ligand and the metal complex, compared to the arghracen
versions. This was a desirable outcome since the anthracaffelded ligands and metal
complexes generally showed poor solubility in organic solvents, and therefore, by using
the ligandThianth-S, the solubility issue could be resolved without dradiyfcchanging

the electronic environment of the metal center.

5.2.2 Reactivity Study

In order to compare the reactivityn -Thianth -Sz with Mn-Anth-S;, CO removal
via one equivalent of trimethylamine-dkide (TMAQ) was conducted on a THF solution
of each cmplex. The CO removal (substitution with THF) reaction was chosen as a
preliminary reactivity comparison study, based on its straightforward reaction and the
feasibility of monitoring the progress by Kpectroscopy (Figure 5.5). Aklected time
pointsafter the addition of TMAOa small aliquot of the reaction wasmoved for drop
cast IR spectroscopy.

Both complexes showed an overall trend of the weakening of the CO stretch over
time, though some exceptions (strengthening) were observed at certas ctdipee.
These outliers are likely due to the inconsistency of the concentration of theastep
sample for each IR measurement. Even with an effort to take out the same amount of the
reaction mixture, the amount of compound that actually getsaiipd can vary, which
can cause the change of CO intensity in an unexpected direction. To reduce this issue, more
reliable method such as solution IR spectroscopy or in situ IR spectroscopy should be

attempted.
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Figure 5.5: IR spectra of C&¥ THF substitutiom reaction over time using TMAO on
Mn-Anth-S: (top) andMn -Thianth-S: (bottom)

A preliminary kinetic study comparing the CO removal (substitution with THF)
rates ofMn-Anth-S: with Mn-Thianth-S: is shown in Figure 5.6. The %CO substitution
was deduced fra the intensity of one of the carbonyl stretches from the IR spectra, where

astrong CO stretch (low transmittance) represtnvt %CO substitution. lis notable that

in case oMn-Thianth-S, approximately 95% CO substitution is observed 5 minutes after
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the addition of TMAO, whereddn-Anth-S: exhibits less than 20% CO substitution over
much longer period of time. The negative % conversion valuddrfeAnth-S: is probably
due to, again, concentration change from solvent evaporation and/or differefee in t

amount of sample drepasted for IR spectroscopy, as well as the variance inpéalkC O )

over time.

100 | p . .
o 807 Mn-Thianth-S,
o
§ 60 4
2 40
?

o 20-
o
= 0
Mn-Anth-S,
-20 -
40 T T T T
0 5 10 15 20

Time (min after TMAO addition)

Figure 5.6: Kinetics of COY THF substitution using TMAO fa¥n-Anth-S: (blue
trace) andvin-Thianth-S: (orange trace)

5.3CONCLUSION

In an effort to examine the hypothesis of flexibHigactivity relationship,
thianthrenescaffold sems to be a good candidate for performing comparison studies with
our existing anthracerscaffolded metal complexes. Preliminary results show that by
changing the scaffold from anthracene to thianthrene, thé T4F substitution rate upon
the addition TMAQas well as the solubility were improved, whereas the donor strengths
of the donor atoms remained unchanged. Further investigation using a variety of
thianthrenescaffolded systems for comparative investigation is encouraging to unveil the
effect of dynamigrotein environment, presenting a new avenue for designing enzyme

inspired small molecules.
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5.4EXPERIMENTAL

5.4.1 Reagents and Procedures

Thianthrene was obtained from TCI Chemicals;-cBloroperoxybenzoic acid was
purchased from Acros Organics; bromwas purchased from Alfa Aesdin(CO)Br and
Pd(PPh)s were purchased from Strem Chemicalsis@propylamine n-BuLi (2.5 M in
hexanes)and chlorotrimethylsilane were obtained from Sigiidrich. The deuterated
solvent CDCJ was purchased from Cambridg®etspes and used as receivédl.ligand
synthesiand metal complexation weperformed undeK: atmosphereOnce synthesized,

the ligand and precursors were stable in ambient atmosphere.
5.4.2 Synthesis of Ligand and the Precursors

5.4.2.1Thianthrene 5oxide (Thianthox)

A batch of thianthrene (1.00 g, 4.62 mmol) was dissolved in 15 mL of DCM and cooled to
0 °C. Separately, 1.1 equivalent of purifisé@PBA* (3-chloroperoxybenzoic acid, 0.878

g, 5.08 mmol) was dissolved in 15 mL of DCM, which was themakantransferred into

the thianthrene solution. Upon addition, white precipitate formed. After the reaction was
stirred and maintained at O °C for 1 h, it was extracted with aqueous Na3&@Q5 mL)
followed by HO (2 x 20 mL) washes. The organic layeasvdried over N&O: then
reduced under vacuum, which yielded white powder as a crude. Purification via column
chromatography (EA:Hex = 1:5) afforded the product as colorless crystalline solid. Yield:
1.07 g (69%). When the reaction was scaled up to 5t@@agthrene, 3.09 g (58%) of the
pure product was isolateth NMR (CDCk, ] in ppm):7.93 (dd 2H), 7.63 (dd 2H), 7.55

(dd 2H), 7.43 (td 2H).

*. Purification of commercially obtainedhCPBA: 35.0 g ofmCPBA (7075%) was
dissolved in 250 mL of dry ED, then washed with buffer solution (410 mL of 0.1 M NaOH
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combined with 250 mL 0.2 M KHPO;, then diluted up to 1 L to make pH 7.5x350
mL). The organic layer was dried over 8@ and carefully reduced under vacuum to
afford puremCPBA (24.5 g, 70%) as white chunks of solid. The product was stored in a

plastic container and ded with parafilm.

5.4.2.24,6-Bis(trimethylsilyl)thianthrene 5oxide (Thianth-(TMS)z)

A batch ofThianth-ox (2.00 g, 8.60 mmol) was dissolved in 25 mL of THF and cooled to
178 °C. Separately, a freshly generated LDA* (lithium diisopropylamine, 21.5 n#rol,
equiv.) in THF was also cooledit@8 °C, then cannula transferred into the stirring solution
of Thianth-ox, yielding a clear yellow solution. After the reaction was stirred for 3ih at
78 °C, the cooling bath was removed and the solution stirretl &mr10 min to afford a
brownish black solution, then cooledit@8 °C. Trimethylsilyl chloride (3.30 mL, 25.8
mmol, 3.0 equiv.), which was stored in the glove box, was added dropwise into the reaction
via syringe. The reaction was allowed to warmttaorernight, resultingyellow solution,
which was then quenched with 100 mL ofCH An additional 50 mL of chloroform was
added, then washed with®l (2 x 100 mL), followed by brine (2 100 mL). The organic
layer was dried over N&O: then reduced undeacuum, which yielded a white precipitate
with yellow oil. The crude solid was washed with hexanes on filter to afford white solid as
a pure product. Yield: 1.605 g (509 NMR (CDCEk, | in ppm):7.72 (dd 2H), 7.63 (dd
2H), 7.44 (t 2H), 0.56 (s 18H).

*. in situ LDA (21.5 mmol) generation: To the stirring solution of distilled diisopropyl
amine** (21.5 mmol, 3.01 mL) in 5 mL of THF &¥8 °C, 2.5 M nBuLi in hexanes (22.6
mmol, 9.03 mL)was added dropwise @@enerate alightly hazy and ofiwvhite colored

solution.
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**: Diisopropyl amine could degrade over time in ambient condition without a SureSeal.

Therefore, distillation is required if the reagent bottle has been opened for long time.
5.4.2.31,9-Dibromothianthrene (ThiantkBrz)

In a 50 mL Schlenk flask with 30 mL of distilled* chloroforifhianth-(TMS)2 (1.50 g,

3.98 mmol) was dissolved and purged with Nnder N, Br2 (1.44 ni, 27.9 mmol, 7.0
equiv) was added dropwise into the stigisolution via syringe, generatiaglark orange

brown solution. After stirring underaNor 24 h avoiding direct light, the reaction was
guenched with 15 mL of 1 M N8 aq), followed by HO washes (% 100 mL). A small
amount of distilled chloroform as added, dried over &0, then reduced under vacuum

to afford a yellow solid (white solid with yellow oil). The crude was dissolved in small
amount of toluene and set up for slow evaporation overnight. Crystalline solids were
washed with minimum amouaof fresh toluene, followed by hexanes to yield white crystals
as pure product. More product was collected from the washes, as well. Yield: 1.42 g (95%).
'H NMR (CDCE, | in ppm):7.54 (d 2H), 7.42 (dd 2H), 7.10 (t 2H).

*: to completely remove residual ettol in commercial chloroform, which reacts with.Br

5.4.2.41,9-Bis(3-(methylthio)phenyl)thianthreng Thianth-S)

For a Suzuki couplingThainth-Brz (100 mg, 0.267 mmol) was dissolved in 10 mL of
DME with Pd(PPh) (19.0 mg, 0.016 mmol, 6.0 mol%) at. for 10 min. Separately,-3
(methylthio)phenyl boronic acid (135 mg, 0.802 mmol, 3.0 equiv.) was dissolved in 5 mL
of DME with 3 mL of 1 M NaHCQqq), degassed. This slurry was added toTheanth-

Br2 solution, then refluxed for 4 h with vigorous stiginAfter solvent was removed, 15
mL of H.O was added, then extracted witb@&({3x 10 mL). The organic layer was washed
with H20 and brine, dried over MgSGand reduced under vacuum. Purification via column
chromatography (hexanes) afforded the prodaataorless crystalline solid. Yield: 113
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mg (92%)."H NMR (CDCEk, ) in ppm):7.56 (d 2H), 7.29 (t 2H), 7.22 (m 4H), 7.17 (t 2H),
7.13 (s 2H), 7.00 (d 2H), 2.43 (s 6H).

5.4.3 Synthesis of Metal Complex

5.4.3.1Mn(Thianth -S)(CO)Br] (Mn -Thianth-S)

The ligandThianth-S:2 (50.0 mg, 0.109 mmol) was dissolved in 5 mL of Thileldinga
yellow solution. Separately, Mn(C& (29,8 mg, 0.109 mmol) was dissolved in 5 mL of
THF and added to the ligand solution dropwise unddgve box) at room temperature.
After stirring overnight, the reaction was reduced under vacuugaterateyellowish
sage gooey foam. After addition of several mL ofEia sage solid precipitated out from
the yellow solution. After filtering the slurry through Celite, the yellow filtrate was reduced
under vacuum to afford bright yellow solid as a ppreduct. Yield: 40.8 mg (55%).
SelectedR bands (crit): 2015 (vs), 1933(vs), 1914(vs), 1561 (w), 1440 (m), 1384 (m),
1256 (s), 1087 (bs), 1013 (br, s), 966 (s), 785 (vs), 748728 (S),694 (vs), 669 (s), 624
(vs), 512 (m).
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Appendix A: Pyridone Project

A.1INTRODUCTION

The goal of this project was to incorporate the pyridone moiety, which is considered
as a penaht base in the active site of [Fe] hydrogenase during tteeti/ation catalysis,
into 3 or 4donor chelate system (NNS or Me ligands, respectively) as shown in

Scheme A.1.
Route A

R = -OCH;, <t
O'Pr H2N NH2 H2 N
H,N NHz Hz
N4t e
fj\ yp
o
\n/R pnas

_s NHz -—S N

H —
HN
Route B /

=z

R

°  NNS-type

Scheme A.1: Overall scheme showing the goal of this project frohydroxy-6-
methyl2-pyrone to N4type or NNStype ligands.

A.2 EXPERIMENTAL

A.2.1 Route A

Route A: First sustitute the hydroxy proton ofydroxy-6-methyt2-pyrone with

different R groups, then make the corresponding pyridones.
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A.2.1.1 4Bromo-6-methyk2-pyrone&®
Br

-

(0 (0
In 30 mL of DMF, 4-hydroxy-6-methyl2-pyrone (1.00 g, 7.93 mmol) was dissolved and
cooled down to OC. Separately, 3 equiv. of PBB.28 mL, 23.8 mmol) was dissolved in
30 mL of EtO and added to the DMF solution of pyrone dropwise over the course of 1 h.
Thereaction changes froatransparent lemoegellow solution to creamy white slurry with
precipitate. Then, the reaction was refluxed at®Gdor 20 h, which formed a very dark
brown solution with dark orange precipitate. Once the reaction was cooled Ta@vmL
of H:O was added and extracted with@t6 x 150 mL), followed by HO washes (X
100 mL). The organic layer was collected, dried oveiSaand reduced under vacuum
to generate ayellow solid. Purification via column chromatography (Hex@Etl:1)
afforded the product amnivory crystalline solid. Yield: 0.776 b2%).'"H NMR (CDCk,
1 in ppm): 6.46 (s 1H), 6.19 (s 1H), 2.25 (s 38¢lected IR bands (¢t 1713 (m), 1614
(m), 1542 (m), 1302 (m), 1259 (s), 1210 (m), 1128 (m), 1083 (s), 1041 (s), 1027 (s), 983
(s), 863 (s), 831 (s), 796 (vs), 726 (m), 625 (M), 579 (s), 513 (S).

A.2.12 4-Methoxy-6-methyt2-pyrone

o~

-

o) (0]
In 30 mL of acetone,-iydroxy-6-methyl2-pyrone (2.00 g, 15.9 mmol) was dissolved. To
the stirring slurry solution, ¥COs (4.39 g, 31.8 mmol) and dimethylsulfate (1.71 mL, 18
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mmol) were addedequentially. The slurry solution was refluxed for 3 h, wigeherated

a slightly yellow solution with beige precipitate. Once cooled down, saturateIpi

was added to the stirring solution until all precipitate dissolved. This solution was ektracte
with EA several times. The yellow organic layer was collected, dried ovSMland
reduced under vacuunio afford light yellow solids. Purification via column
chromatography (Hex:EA=3:1) afforded the product as leyeow solid. Yield: 0.687

g (31%)."H NMR (CDCb,  in ppm): 5.78 (s 1H), 5.47 (s 1H), 3.79 (s 3H), 2.21 (s 3H).
Selected IR bands (¢Ar 1738 (m), 1715 (s), 164%9), 1567 ¢s), 1462 €), 1434 (),

1406 6), 1325 (m), 1249 ys), 1148 §), 1047 (n), 1026 §), 938 §), 867 (M), 823 ¢s), 817

(vs), 569 {9).

A.2.1.3 4lsopropoxy6-methyl2-pyrone

AN

-

o) (o)
In 50 mL of DMF, 4hydroxy-6-methyt2-pyrone (4.00 g, 31.8 mmol) was dissolved. To
the stirring slurry solution, ¥COs (8.77 g, 63.6 mmol) and isopropylbromide (3.56 mL, 38
mmol) were added sequentially. The slurry solution was refluxed for 4 h, \ykiobrated
ayellow solution with beige precipitate. Once cooled down, saturate@Rdwas added
to the stirring solution until all precipitate dissolved. This solution was égttagith EA
several times. The yellow organic layer was collected, dried ovesand reduced
under vacuum togenerate white and vyellow solids. Purification via column

chromatography (Hex:EA=5 to 7:1) afforded white transparent crystals with yello oil.
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final wash with hexaneaffordedthe product as white transparent crystals. Yield: 2.52 g
(47%)."H NMR (CDCB, ] in ppm):5.71 (s 1H), 5.35 (s 1H), 4.49 (septet 1H), 2.18 (s 3H),
1.32 (d 6H. Selected IR bands (¢Hx 1736 (m), 1711 (s), 1648 (vs), 1555 (vs), 1412 (s),
1257 (s), 1147 (s), 1137 (s), 1102 (s), 1032 (m), 998 (m), 908 (m), 857 (vs), 843 (vs), 803

(vs).
A.2.2 Route B

Route B: First convert -fiydroxy-6-methyt2-pyrone into its corresponding

pyridone, then substitute the hydroxy proton with different R groups.

A.2.2.1 4Hydroxy-6-methyl2-pyridone
OH

o N
H

[Note: The procedure wdsllowed by the literature by Demuner et’d].In 250 mL of
NH4OH, 4-hydroxy-6-methyl2-pyrone (20.0 g, 159 mmol) was dissolved, wipcbvided
ayellow transpeent solution. After the reaction was refluxed for 8 h at@5t was cooled

in anice bath while stirringgeneratinga green solution within minutes. The addition of
saturated NaHSQq) to decreas¢he pH from~8 to 3, whichgeneratea thick yellowih

gray slurry. Vacuum filtration followed by # wash afforded the pure product in
quantitative yield'H NMR ((CD3).SQ, ) in ppm) 10.97 (s 1H), 10.41 (s 1H), 5.58 (m 1H),
5.32 (d 1H),2.06 (d 3H).Selected IR bands (¢t 1633 fc-0 vs), 1660 (vs), 1448 (m),
1351 (m), 1265 (s), 1232 (vs), 1172 (m), 901 (m), 829 (vs), 627 (m), 595 (s), 534 (vs), 512
(s), 408 (m).
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A.2.2.2 4Methoxy-6-methyt2-pyridone

o~

(0 N
H

In 20 mL acetone,-fhydroxy-6-methyt2-pyridone (8.00 g, 63.9 mmol) was dissolved. To
the stirring solution, KHC®(12.8 g, 128 mmol) was added and heated for 15 min at 45
°C. Then, dimethyldéate (7.21 mL, 1.2 equiv., 76.7 mmol) was added and refluxed for 10
h at 75°C, whichgenerated alightly yellow solution with white precipitate. After the
reaction was cooled down, saturated Nk was added and extracted with EA. The
organic layer s dried over N&Os and reduced under vacuumgeneratdight yellow

solid as a crudproduct which was washed with EA dhefilter and dried taafford apale
yellow creamcolored solid as a pure produ¥ield: 1.84 g (21%)*H NMR ((CDs)2S0O, )

in ppm): 11.05 (s 1H), 5.66 (s 1H), 5.50 (s 1H), 3.67 (s 3H), 2.8H{sSelected IR bands
(cm'%): 1638 (be=o0 vs), 1450 (vs), 1431 (s), 1385 (m), 1233 (vs), 1200 (m), 1159 (s), 1053
(m), 940 (m), 919 (m), 824 (vs), 636 (M), 586 (s), 551 (vS).

A.2.3 4Methoxy-6-pyridone-2-carbaldehyde
o

Iz

o
A batch of 4methoxy6-methyt2-pyridone (500 mg, 3.59 mmol) was dissolved in-1,4

dioxane and Sef)700 mg, 1.8 equiv., 6.31 mmol) was added. After the reaction was

130



heated at 10010°C for 1 h, he reaction mixture was filtered through Celite with a layer
of NaSOs with more dioxane to remove Sethat became gray. The yellow filtrate was
then reheated at 1a010°C with a second batch of Se(@00 mg). This was repeated until
the 4" addition ofSeQ (total of 2.80 g = 7.2 equiv. Se@dded). The dioxane solution was
cooled and reduced under vacuumattord a crudeproductas brickred sticky solids.
Yield: 620 mg @uantitative selenium impurity not removedd NMR ((CDs):SO,) in
ppmfor the cesired produgt 9.53 (s 1H), 6.72 (s 1H), 6.06 (s 13)79 (s 3H)Selected

IR bands (crit): 1702 (bcr=0 m), 1622 (bc=o vs), 1554 (m), 1443 (m), 1416 (m), 1342 (m),
1268 (m), 1230 (vs), 1148 (s), 1031 (s), 960 (m), 931 (s), 906 (s), 842 (m), 829 vs), 62
(m), 553 (s), 458 (s).

A.2.4 Pyridone-N4 Ligand

H /—\ H

N N

o o
A batch of4-methoxy6-pyridone2-carbaldehydé2.50 g, 16.3 mmol) was dissolved in 25
mL MeOH, then filtered t@enerate amrangishbrown solution. To this solution, pre
dissolved ethylenediamine (0.546 mL, 8.16 mmol) solution of MeOH (~5 mL) was added
dropwise providingthe color change to almost black with hint of yellow. The reaction was
stirred overnight at room temperature. By gently blowing fédbrown solids wes
observed, which presumably is the selenium byproduct from the previous reaction of
making 4-methoxy6-pyridone2-carbaldehyde Even after multiple filtrations, the red
brown solid was not completely removable from the reaction mixtdiMR ((CDs)2SO,

1 in ppmfor the desired produrt8.02 (s 2H), 5.98 (s 2H), 5.55 (s 2H), 4.74 (s 4H), 3.75

131



(s 6H).Selected IR bands (¢t 1637 @c-ovs), 1610 (vs), 1582 (m), 1437 (m), 1406 (m),
1376 (vs), 832 (s), 822 (s).

A.2.5 PyridoneNNS Ligand

A batch of4-methoxy6-pyridone2-carbaldehyd€96.2 mg, 0.628 mmol) was dissolved
in 8 mL MeOH and filtered to enerate d@ransparent orange solution. Separately, 2
methylthioaniline (0.0787 mL, 0.628 mmol wrorg was dissolved in 1.5 maf MeOH,
then added dropwise into the aldehyde solution. The reaction was stirred overnight at room
temperature, which affordesth orange solution with small amount of brown precipitate.
The crudéH NMR spectrumwasacquiredo show the mixture of-Bnethyithioaniline and
the NNS ligand present, with no signdbmethoxy6-pyridone2-carbaldehydeAttempts

to isolate the NNS ligand from the crugductwas unsuccessfulH NMR of the crude
product listing the peaks for only the NNS liga(€Ds)-SO, 7 in ppm) 10.15 (br), 8.296

(s 1H, imine), 7.28 (m 3H), 7.153 (m 2H), 5.949 (s 1H), 3.788 (sGMg), 2.413 (s 3H,
-SMe).Selected IR bands (¢Ht 1674 @c-o vs), 1645 (s), 1607 (m), 1469 (m), 1452, (
1438 (), 1379 (), 1232 ys), 1210 §), 1154 (n), 965 (M), 954 (), 860 (M), 812 §), 760
(m), 736 §), 725 M), 587 (M).
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A.3 CONCLUSION

For synthesizing substituted pyridone from-hybroxy-6-methyl2-pyrone,
synthetic route B was successful, which makes the hyevgrgone first, then substitute
the hydray group with other alkyl groups, rather than making the substituted pyrone first.

Converting the methyl group of-mhethoxy6-methyl2-pyridone into aldehyde
required sequential addition of Se@tal of 7.2 equivalents) over 4 additions, removing
the deomposed Sefeach time. However, residues of Seuld not be completely
removed from the product even after the following condensation reactions, which
interrupted the clean isolation gfyridone-N4 and pyridone-NNS ligands (only
spectroscopicallycharaterizd via *H NMR). Improved experimental procedure for

removing the Seg&xesidue seems critical for the project.
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Appendix B: Spectra and Plots

B.1 CHAPTER 2 SPECTRA

B.1.1(f -OH)-( -8-02)-[(enN:)2C0](BF 2)s (1(BF2)s)
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Figure B.1: Infrared spectrum df(BF4)s.

B.1.2({ -OH)~(f -5-02)-[(eNNx)>C07](ClO 2)s (1(ClO4)s)
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Figure B.2: Infrared spectrum o (ClO4)s.
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B.1.3(t -OH)-(t -d*-O2)-[(enNa4)2C02](PFs)3 (1(PFe)3)
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Figure B.3: Infrared spectrum df(PFe)s.
B.2 CHAPTER 3 PLOTS

B.2.1 [Coa(t -F)(pnNe-PhCl)2(OH2)(MeCN)](BF 2)s (FY)

Figure B.4: The reciprocaP vs T (left) andt e vs T (right) plots for complexe&*
obtained 1000 G; filled circles represent experimental data thelis
modeled by the magnetic simulation (red line). Open black circles are
experimental data that deviates from the simulation.
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