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SUMMARY

Ligands exert a subtle control dme structure and reactivity of transition metal
complexes in a way that is not only catalytically relevant but also an important aspect in
the coordination chemistryl'he ability to design and modify differefigand frameworks
has been an important componhehsynthetic chemistryl his ability has enabled reactivity
of complexes to be tuned via steric and electronic modification of the §@@moeworks.

In turn, ligands that perform different functions during the catalytic processes have been
developed maging from those that &as placéholders to thoséhat are actively involved.
Presented in this thesis is an elaboratbthe acridine framework and its application in

the study of CO and CQroordination complexes. Starting from acridone, a variety of
acridinebased ligands are synthesized, modified to suit different reaction conditions, their
respective complexes synthesized and characterizedthandbility to functionas an
electron reservoir investigated. For comparisbareactivity of complges of a wide bite

angle ligand, Cyantphos, with CO and GQre also presented herein.

Chapter 1 contains a brief description of cooperative catalys$ie gctivation of
small molecles. A discussion on the importanoé the metal ligand cooperation in
achievingbond-breakingforming reactions mimicking nature is presentgdre focus is
pl aced on the | igand f r amsgstemstk suppbrtreattivitg t or e
at the metal centers especially for £ativation ad reductionThese ligands cooperate
with metals in a synergistic manner, and their interplay facilitates chemical prodgsses.
majority of theredoxactive ligands used in GQctivation contain nitrogen donors an

conj ugat e d structusegrapdtye analysis show that reactivelow-nuclearity
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metal complexeare requiredor activationof small moleculeDue to the stability of these

small molecules, they require robust and reactive complexes for their activation. A number
of the CQ reduction ctalysts tend to be pincéype in nature to provide the robustness
that these complexes require. Put together, these observations inform the directions of
ligand synthesis strategies, complexes formation and reactivity studies contained in this

thesis.

Chapter 2 describessynthesis of substituted acridons from bis(4tert-
butylphenyl)amine via directed metalation usingitu-formed carbamate as a removable
directing group, followed by closing of the central-sbembered ring using phenyl
chloroformate The substituted acridone can be easily converteddibromoacridonga
versatile substrate for a numbereéctionsSubstitution of the bromidessing transition
metatcatalyzed crossoupling reactionsr halogenmetal exchangkeads to formation of
different ligand frameworks with varying degrees of steric hindrance around the nitrogen
donor atomThe reactiorof the different acridone ligand frameworks with transition metal
precursordo form corresponding complexesl not lead to isolable products. However,
the dibromoacridone and some of drého-functionalized acridonesereconveredto the

corresponding acridines undaoderate reaction conditions.

Chapter 3 describes the usedifromoacridinegn synthesis of a rigi terdentate
PNP-chloraacridine. Thechloro substituentt the 9position of this ligand makes it
vulnerable inlow-valent metal complexes due the possibility of side reactions like
oxidative additionHowever, the reactivity of this positidoward nuéeophilic aromatic
substitution allows its replacemaenith nucleophiles such as alkoxy and aryloxy groups to

give (MeO)PNRacridine and (ArO)PNHcridine respectivelyThis ligand framework
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accepts an electron during reduction to form a radical aniogandi. The cyclic
voltammetry study othe free(ArO)PNP-acridine shows reversiblereductionwave
confirmingthe redoxactivity of the free ligandThe ligands form nickel(ll) and cobalt(ll)
complexes that, after reduction, react with,@@d CO to form the respective coordination
complexes.Transition metals supported by thigandframeworkcan therefore participate
in redox processas a chemical reactiowhile avoiding uncommon oxidation states due

tot h e | abditgto fWirictsn as an electron reservoir.

In pursuit of a catalytic systethattransforns CO; as a @ building unit in GC
bond formation,Chapter 4 describethe synthesis and application of (&gntphos)Ni
complexes in C@activation.The reaction of (Cyantphos)Ni(0) with C@forms (Cy-
xantphos)Ni(CQ) complex Comparison of data obtained for this complex with other
bidentate nickeCO, complexes showa possite d?-binding mode. Further reduction of
(Cy-xantphos)Ni(CQ) in the presence oflifferent Lews acids followed by exposure to
CO or COp, producesa productsimilar to the independently synthesized (Cy

xantphos)Ni(CQO) complex
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CHAPTER 1. INTRODUCTION

1.1 Cooperative catalysis in small molecul@ctivation

Activation and conversion of small molecules;(K, CO,, Oz, H20 etc.) into
useful products is an energiytensive process and requnaulti-electron/proton systents.
For examplethetransition metatatalyzedwater oxidation intalioxygenand hydrogen,
which in nature takes place at the oxygetlvingcomplex of the photosystem Il (PSII)
occuss throughprotoncoupled electron transfefPCET)}? involving a total of four
electrors and protos.®'? Nitrogen reduction to tw@quivaknts of ammoniaequires a
series 6six electrons and six proto$!* Similar numbes of protons and electrons are
required for CQ reduction to methandP. Development otransition metals catalysts
activate these mole@s is motivated by observations of hoaturecarries out some of

these reactions

Reduction of nitrogen to ammonia in natusecatalyzed by nitrogenase which
consiss of two componenmmetalloproteins, the Ferotein and the MoFproteinl® These
two components work in concert to achieverddudion with the MoFeprotein acting as
the active binding site while the fpeotein being the redoxactive agenthat supplies
electrons to the active sité Anotherexample is th activation of H by [FeFe] or [NiFe]
hydrogenases wherexHs heterolytically split acrosthe metaligand bond(Scheme
1.1).1¥22 The reduction ofCO, to CO occursat a square planarickel centef*? that

contains a [NiF£54] core(Figure 1.1t has been proposed that the Fe playsieial



role in elorgation ofC-O bond making it easier to cleave the@bond to form Ni(13CO
fragment3! These observatiordus many others not listed herspired development of
coopeative multi-metallic catalytic approach to bontreaking and bonébrming

processed?3*

SCys O_—H NHis
S/
s S—Ni—C_
CVS\Fe/ I kS \ e\\\SCys
/
Fe—|—S~ M
|/ NH|s
Fe
SCys

Figure 1.1. Activationof CO; at a square planar nickel center in a [N8zgcore.

B 1+

Cys Cys Cys H
S CN & CN s H CN
o S +Hy, -e’ weeH S “ TN

Ni.,,, Fe=—CN ——=—> Ni7;, Fe=-CN| Ni7,,, Fe=CN

’S/ Y/,S\\n““ e\CO /S/ //// S\‘"““ e\CO /S/ //// S\\u““ e\CO
Cys ? Cys Cys ? Cys Cys ? Cys
Cys L Cys J Cys

Schemel.1l. Proposed mechanism og Kplitting by [NiFelhydrogenase.

An equally important approacis one whee the ligands are no longer usex
spectatorén a reactionbut work in cooperatiowith transiton metals to achieve catalysis.
Cooperation betweeligand fragmentsnd metals in catalysis is a ubiquitous concept in
biological systemsAn example is the case ffliFe]-hydrogenase wheran S atom of
cysteine helpsn the oxidation of H to H" as shown in Scheme 1.1 abdv&:3® This
cooperation is also representedadoxactive ligands, which can betegorized aither
reactivé® or nonreactive (electron reservoirgjands*®*® Ability of these ligands to store

electrondhas succesglly facilitated twaeelectron reactivity of metals that have an intrinsic



tendency to react by oredectron pathways. This has in turn made it possible for these

metals to be used in placerafble metalg®4* 4647

1.2 Activation of CO2 and effect of ligand framework

In CO; reduction, a number of transition metal complexes supported by nitrogen
donor ligands hae been used as molecularatgsts*®*° Some of the nitrogerich donor
ligands used include porphyrifs>* polypyridines>>®® cyclams, and related unsaturated
Ns-macrocycle$®®* In the case otomplexes bearing polypyridine ligandsvidence
suggests that reducing equivalents are stored on the supporting polypyridine ligands during
electrocatalytic reduction of GOmaking these more versatile ligands for molecular
catalyst developmeit:%8 Theelectron density is stored at the vicinity of the active site and

released only when needed for £@tivation®® 74

It is suggested that redox nemocence might have a significant impact on both
substrate and product selectivityManganese and rhenium tricarbonyl catalysts supported
on bipyridyl moieties reduce GQather than protons in presm of water and/or weak
acids’>’® An experimental and theoretical studytb& complexs made from ligands of
pyridinetype or related with noninnocence behavior suggest that this selectivity

originates fromhe complexes delocalized electronic st&fe

Previously, a structureactivity relationship study of phosphife@ntaining
palladium pincer electrocatalgstevealed that selectivity for GQeduction was highly
sensitive to variations in ligand substituents, donor ¢(gp@nic,1 to neutral2), bite angle
(1&2 compared t®&4) and changes in redox potential of the comeigure 12).3

980 These factors modulate the basicity of the catalytic conegl@®or example, for CO



activation at a more reducing potential, high selectivity for G€duction is achieved
resulting into a negative charge on the oxygen atom of the boupdr@@ higher basicity
than the metal centé?.®° CO, reduction inthe presence of acid usintyproduces only
hydrogen3 The activity andselectivity of molecular catalysts can be tuned by an informed

alteration in their structur&:82

IIICCH3‘| * TCCHg, 2+ (—Pprﬂ 2+ o/\ ks

Ph,P—Pd—PPh, Ph,P—Pd—PPh, bon
N X-Pd—NCCHj S
rs p-Pd—NCCH
Ph
7 PPh, 2NCCHs
1 2 3 X=NHS,AsPh 4

Figure 1.2. Physical alteration in ligand properties.

Due tothe high stabilityof CO, its conversionto useful productss chemically
chalenging oftenrequring a series of protoooupled electron transfer steps to avoid
formation of unstable, high energy intermedi&fe8. The ability of transition metal
complexes to coordate to CQ and enable these mubtlectron/proton transfer steps put
them at tle forefront of development effective activation catalystSIn manycaseslow-
valentlate transition metalare applied in these activaii studies since they are very basic

and capable of coordinating to a weak ligand like: @@ugh backoonding®’

Since the pioneering work on Ni and Co macrocyclic complexesotntal
electrochemical C@reduction catalyst®’ & various metal complexes have been used in
this pursuitmanyof thembased omoble metalg3 484983893 Coordindively unsaturated
transition metal complexes bearing pincer ligaadsa recurring mot*°° However the

cost and toxicity oprecious metals continue to drigesearch for alternatives within late



first-row transition metal&® % Molecular catalys from firstrow transition metal
complexes based on the terpyridine ligands have showed competition between hydrogen

evolution and C@to CO conversion in (90:10, v/v) DMF# mixtures'®*

Also, a largenumber of firstrow transition metals engage in singlectron
processe$>*’ Development of ligands that can contribute to the number of electrons
avail able for catalysis eit hienrn oacse netloe citsr ognt
appealing approachVhen these redeactive ligands are used in conjunction with metals
that possess different oxidation states, nml#ctron/proton transfer processes are

achieved leading t60; reduction to CQr even to methangf 8 102

1.3 Low-nuclearity late first-row transition metal complexes and their application

in catalysis and coordination chemistry

Small moleculeactivation often requirelarge energy inputs and reactive metal
centers. The right ligand can both stabilize the metal complexes to give robust catalysts,
and tune the geometry and electronic configuration at the metal to achieve the required
reactivity. Threecoordinate complexes afansition metals with partially filled d shells
have showed unusual reactivity and electronic stru¢tdrEhere are dew examples of
threecoordinate & nickel complexe&#!19in nature. Oneexample is found ahe low
coordinate proximal nickel site of the acetgenzyme A synthas(where transformation
of methylcobalamin, CO, and coenzyme A into acebgnzyme A takes plact):11°A
recurring motif in these systems is the presaigeometric constraints and/or rigidity to

enforce a Tshape orientation.



To achieve lownuclearity, anumber of nitrogen donor ligands have fdun
widespread applications as either chelating agents or in stabilizatibe aordinately
unsaturated complexe®f the different examples of Mlcomplexes reported, a number
of them are amido complexes [M(ME with bulky substituents like SiMé’ Others bear
mixed ligands like [M(NR)2-L] and [M(NR)L2] and most of the structurally characterized

complexes are of first row transitionetal complexe$t’

1.4 Concluding Remarks

Despiteintensiveresearch in the area of @ctivation, there remains work be
done in improving catalyst stability and product selectivitWhere possible, atalysts
should also be based on benign, #d@xic and earttabundant metals instead of the noble
ones, for the invention to have practical and economically viable applicatisgstenatic
ligand development based aitrogen donor atomsyith a rigid ligand backbone, capable
of providing vacant substrate binding/activation site while eliminating degradation
pathways is of great interes.tridentate pincetype ligand that can support a®Nin a
pseudo square planar geometry with a labil&tfoligand such as aolvent molecule,
would nevertheless allow threadyaccessibility ofa single equatoriaite of the nickel

center by a C@molecule for activatiod!®

The following chapters describe the synthesis, modification, characterization, and
reactivity studies of(PNP-acriding-supported nickel andtobalt complexes towards
formation of carbonyl comples andCO; activation This begins with development of a
new synthetic procedure that employs CO surrogates for synthesis of acridone as shown in

Chapter 2. The acridone is then applied in developmenew acridine framewoskin



Chapter 3. A redoactive ligand, PNRcridine, isused in thesynthesisof metal
complexesand modified to arrive at frameworks that are stable in reducing environments.
The complexes obtained are characterized and theitivigadested towards CO
activation. Chapte4 introduces nickedomplexes of a wide bite angleg@antphos ligand.
These complexesre studiedn theformation of carbonyl and CGdducts. Theeactivity

of the CQ complexesis tested in presence of diffent Lewis acids as well as with

hydrogen bond donors.
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CHAPTER 2. ACRIDONE SYNTHE SIS AND APPLICATION IN

COMPLEX F ORMATION

2.1 Background

2.1.1 Development of stericalgncumbering amido ligands for low nuclearity complexes

Sterically demanding amidayands have found widespread use in organometallic
chemistry and homogeous catalysis including applications as chelating systems to
stabilize lowvalent species or to a@vie unusual geometrieBiphenylaminecanbehave
as either a terminalor bridging ligand.A common method to achiewenusudly low
coordination is to use ligands which are so bulky as to preclude either the attachment of

further ligands or the attainmerftahigher coordination by ligartatidging?

Isolation of transitiormetalcomplexeswith coordination numberaslow asthree
has been achieved by employing diphenylamido;NPhand disilylamido (MeSi)2N-
ligandsY’ Many early cases of successfiyinthesis ohomoleptic M(NR)» complexes
with dialkylamides werdimited to the earlier transition metdid ater transition metals
showed reluctance to form stableMRR> complexes. This can be rationalized in terms of
the bonding properties 8NR,wh i ¢ h act sd oanso r b edonba. Itaheréfore
forms stronger bonds with earlier transition metals which have vaeartiitdls of p-
symmetry ( -acceptors) than with later transition metals which are electronc h  ( °

donors)®
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To induce mononuclearity, Powers, Lappert, Lee, Girolami and coworkers all used
bulky amido ligands to stabilize taapordinate transitio metal complexes of €through
Ni". *1® The stericconstraints inmonodentate 3;8imethyt1,8-diphenylcarbazolidq2)
and 1,8-dimesityt3,6-dimethylcarbazolidd3) ligands (Figure 2.1 below) enabled their
application inthe stabilization of highly reactive @®up 13 center¥:'® Moreover, fused
polycyclic ring type ligands have displayed a greater degree of stability under different
reaction conditions due to their rigidity and cherhinartness and also offer a variety of
avenues for modification to modulate activity and reactivity at the transition metal center.
Even though ligarsl2 and3 offered a point of comparison in the study of the differences
in electronic properties of amideersus aryl 1) ligands, when used in synthesis of

complexes of GCo, the resulting complexes were homoleptic gMe

O OO
n e A B0

X=CMe,, S, SO, Si, CO etc.

1 2 3 4

Figure 2.1. Structurally enforced binding pocket protection

The desire to construct frameworks that can supporcioevdinate, especially
mononuclear opeshell transitioametal complexes remains to be achievéwexpaision
of the carbazole backbometh an atom or combination of atoms like S,-&Mey, SO,-

C=0 (4, Figure 2.1would constrain the metal binding pocket and enhance the ability to
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achieve lownuclearity MNR: transition metal complexe3hisled to the design of,5

substituted acridonbased ligandé&, Scheme 2.3)

2.1.2 General applications adcridone and its analages

Acridone is a biologically active molecule found in an array of natural products,
biological probespigments, dyes, bioactive molecules, fluorescent labels, and functional
materials. The interaction of acridones with their datluarget is very diverse and
molecules of this family are broadly applied as antimaldtfiantifungal®? antitumor?
antrinflammatory* and antivirad>?® agents. Acridone analogs have also shown
promising leads in application as chemical therapeiiiesand as treatment measures
against multidrug resistance in cancer ceflsBecause of its versatile activities, this
phar macol ogically active moi ety ,haadsits ear ne
application in manufacture othe acridone acetic acidodium salt (NaAAA),
commercially available with a trade name Nepxaflects its relevance tdinical drug
development! Moreover, many acridoreontaining molecules exhibit fluorescence in the
visible region of the electromagnetic spectrumaking them applicable as fluorescent
probes for visualizing their activities aell cultures or tissue sampEs>34 For materials
developmentacridones with extended conjugated systems are promising candidates for
organic semiconductors duo their unusual electronic apthotophysical propertie®
Furthermoe, acridones offeflascinating potential catalyst backbones owing tar thgid
structure and dentate nitrogatom3®3” Owing to these many applications of acridones
and its analoges, development of a facile and efficient method for its synthesis is

desirable.
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2.1.3 Auvailable synthetic routes to acridone and its anaksg

Since the first synthesis ahsubstituted acridone in 1982a number of methods,
generally relying on intramolecular smmemberedentral ring closure askey step in most
employed strategieshave been developed as shown below. Even though numerous
cyclization approaches have been investigated, thialyc routes to obtaitme acridone
framework can be classified into thmaaintypes: (1) GN coupling®%4°(2) acidpromoted
cyclization***3 (3) andCO insertiorf**° The classical methods to acridone synthesis are

pathsa andb on Scheme2.1

X 0O
4 Wl
=
—_ +CO :
Do (X
R, NHRs
R, H
N CO insertion A R
T = L ) 1J +co i
A N ¢ R 2
o
R; = alkyl or H
Ry Br
SN
| | +CO  (iii)
R >R
1 2
| o NH2 A~ CO,H \_
+
= =
R1/ RZ/ Cl

Scheme2.1. Approaches towards synthesis of acridone and its derivatives

Reprinted with permission fron8ong, J.; Ding, K.; Sun, W.; Wang, S.; Sun, H.;
Xiao, K.; Qian Y.; Liu, C., Synthesis of acridones through palladicetalyzed
carbonylative of Bromo-diarylaminesTetrahedron Let2018 Copyright 2018. Elsevier
Ltd.
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Patha requires benzophenone substrates lHaarZnobenzophenones phenyt(2-
phenylaminophenyimethanoneo achieve the @ coupling reactiort® Acid-promoted
cyclization (pathb) includes the use oN-phenytanthranilic acid or intramolecular
nucleophilic substitivn of 2-amino2 -N@lobenzophenowré* 3% 41 4¢49|though these
strategies provide accedo substituted acridones, they suffer from drawbacks like
relatively harsh andstrict reaction conditionslow atom economy, tedious workup
procedures and the usé expensive substrates those that require prior preparation.
These disadvantages limit the application of these methods, and the need to aleselop
pot intermoleculasynthetic approach from readily available starting matetfiaisvould

exhibit advantages of step economy and high reaction efficierstyl needed.

2.1.4 Synthesis of acridone via CO insertion

With a view to address these challenges, a method that ag@i@ssertion, path
c, is more appealing since it utilizes CO as a chego@rce thereby meeting requirements
of atom economy, step econojrgnd green chemistry. These advantages have led to
increased interest in developing methods that apply CO insddroring closure in
acridone synthesis. The first synthetic route to acridones via CO insertion was developed
in 2015by Jiang and coworkers whepalladium catalyzedhe reaction between aryne
generated from silylaryl triflates precursors axdhlkyl(aryl)-iodoaniline Gcheme 2.1
(i)).**A palladium/copper ceatalyzed oxidative carbonylation of diphenylamiSel{eme
2.1(ii)) with the help of an oxidant has also been applied in synthesis of acaisione|*®
Recently, Song and coworkers reported acridone synthesis via palladium catalyzed

carbonylation/GH activation of 2bromaodiarylamine>®
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Over the past three dates, there has been a rising need to develop methodologies
that apply CGfree carbonylative procedurésat useeasy to handle inorganic or organic
carbonyl componds®® A number of CO surrogates are known, and transitietat
catalyzed carbonylation reactions that use CO surrogates as a convenient agi catét
for the synthesis of carbonyl derivatives circumventing the need to use gasebas«€O
been investigatett>® We herein report a complementamgethod for the efficient
construction ofsubstitutedacridons starting from commercifly available bis(4tert-
butylphenyl)amineAn ortho-directedmetalatiorof the insitu-formed carbamat®llowed
by thecentralsix-membered ring closure usipgenyl chloroformat&eads to the formation

of the substituted acridone.

2.2 Results and Discussion

2.2.1 New gnthesis and chacterization of acridone

To arrive atheacridone framework, a nitrogdrased ligand, a synthetic approach
that uses carbamate anion as a removable directing®§Pdums employed. Katritzky and
coworkers demonstrated the use of carbon dioxide Bspaatecting and a directg group

in the regiospecificortho-functionalization ofN-alkylanilines as shown o&cheme 2.2

below??°
1) n-BulLi .
2) CO, Li | DE E
3) t-BuLi @: j\ L' _2H @:
_R _ R
N Nige) N
H & H
R= methyl, ethyl E*=e.g.CHsl

Scheme2.2. Preparation obrtho-substitutedN-methy- andN-ethyl-aniline
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Starting withthe conversion obis(4tert-butylphenyl)amindo carbamatewe were able
to apply directed metalation to achieve symmetric dilithiat@Qunenching with phenyl
chloroformate led tdhe formation of 2,7-di-tert-butylacridin9(10H)-one in 30% vyield

(Scheme A).

Li .
1) n-BuLi ! Li 1) pheny| H
/©/ \©\ 2) CO, /@/N\©\ chloroformate
3) t-BuLi 12h
t- t-Bu t-B
tBu 1.5h Bu tBU 2)H* I !

Scheme2.3. Synthesis of 2/di-tert-butylacridin9(10H)-one

The parent acridone5) reacts readily with sodium hydride under reflux to give the

deprotonated version as seen from*tHeNMR of its deuterated adduct in Figure 2.9.

2.2.2 Modification of acridone, its coupling products and characterizatiamd

complexation studies

With 5 synthesizedeither as shown abowe via FriedelCrafts alkylatiofi° of the
parent acridondthe FriedelCrafts procedure was used due to the inconsistent yields
obtained in scaling up the reactipnje looked toenhance theteric encumbrance around
the nitrogen. One way to do this is to t&mnto a substrate that can undergo coupling
reactions, directed metalatiogtc. This would mean activating the ahd 5positions on
the acridone framewor®. Bromination of 2,7-di-tert-butylacridin-9(10H)-one (5) with
bromine in acetic acid produces 4lfbromeo2,7-di-tert-butylacridin9(10H)-one (6) in

nearquantitative yieldScheme?.4).
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Br Br

H
N
CL, e OO0
t-Bu t-Bu 81°C, 12 t-Bu t-Bu
5 97%

5

ZT

Scheme2.4. Bromination of 2,7di-tert-butylacridin-9(10H)-one

2.2.2.1 Maodification via conversion into chloroacridine

Acridines have attracted a considerable interest due to their unique physical and
chemical properties, biological activitiesd industrial applicatins®? In industry acridine
and its analogues function as pigments and 8f/ésridine derivatives with extended
conjugated systems are expected to be promising candidates for organic semiconductor
materials because they have unusual electronic andgihtical propertie¥ Therefore,
development of new synthetic methods tonstruction of various acridine derivatives
especially with this backbone that is poised to undergo numerous functionalization

reactions is an important step thechemistry community.

The availablesynthetic methods includée Brenthsen reactio(this is one of the
earliestmethods used in the preparation of acridines and entails heating a diphenylamine
and a carboxylic acid together with ZnQbetween 20@70 °C for 24 hour}, 64
cyclization rectiors of (2-formyl- or 2-ketophenyl)(phenyl)amines and other methods
which include GH functionalization, dehydrogenation, or metatalyzed coupling
reaction®”"! These methods often require either harsh reaction conditions, such as high
temperature andstrongly basicor acidic mediaor they require materials that are not

readily availableSubstraté howeverundergoes reaction with thionyl chloride to give in
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quantitative yields4,5-dibromo2,7-di-tert-butyl-9-chloroacriding(7) as shown below?

73

Br H Br Br Br
N N
1 I
72°C, 24h P
t-Bu t-Bu 99% t-Bu t-Bu
(0] Cl
6 7

Scheme2.5. Synthesis of 4 slibromao2,7-di-tert-butyl-9-chloroacridine

Substrate7 underges clean lithiumhalogen exchangemaking it a suitable
candidate for functionalization via electrophilic reactiofier lithium-halogen reaction,
treatment with DMF as shwn in Scheme 2.§ives an easilyidentified product as shan
by the singletresonancén theH NMR spectrumat d 11.61ppm for the two aldehyde

protons(seeFigure2.12).

Br o o

Br
N 1. n-BuLi, THF/Et,O N N
0°Ctort, th _ O N\
4
t-Bu t-Bu 2. DMF t-Bu = £Bu

-70°Ctor.t., 12h
7 36%

8
Scheme2.6. Synthesis oR,7-di-tert-butyl-4,5-dicarboxaldehyd®-chloroacridine
Substrate6 is a versatile synthon that can be converteddifferent ligand
frameworksvia functionalizationortho to nitrogen using cl’scoupling reactiongo
produceligands that hava rigid backboneare sterically hindered and contaif-basc
nitrogen donar Alternatively, drectedortho-metalationcould be applied to arrive at

neutralN-donor pyridinebased ligand framework
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2.2.2.2 Maodification viaortho-functionalization using tolyl groups and complex

formation studies

With a view of synthesizing sterically protected pockes depicted id in Figure
2.1, we envisioned that installation pftolyl groups wouldhave a snilar effectto the
mesityl groug in 1 and 3 (Figure 2.). To achieve this ligand framework, palladium
catalyzed carbooarbort® bond formation wagarried out,as depicted irscheme 2.7
affording 4,5di-p-tolyl-2,7-di-tert-butylacridn-9(10H)-one Q) in 68% vyield. We
hypothesizedhat these groups would align perpendicular to the plane of acridone thus only
allowing specific bonding orientation at the nitrogen center and achievirguoigarity

metal complexes.

ot O C
O O + 2 Pd(PPh3)4, Na,COg3
t'B“/‘iﬁ/\‘\t-Bu toluer;e/ethanol O O
0] B(OH), 80°C, 48h - -

68%

ZT

6 o

Scheme2.7. Synthesis of 4 A&li-p-tolyl-2,7-di-tert-butylacrid9(10H)-one

The complexes o2 in Figure2.1 were synthesized via salt metathesis between
the lithium adduct oB,6-dimethyt1,8-diphenylcarbazolidand tle respective transition
metal halides (CrG) MnClz, FeCh(thf)1.5 or CoBr(DME)).!® Gallium complexes oB
were also synthesized frothe treatment of 1;8imesityt3,6-dimethylcarbazolido lithium
adduct with GaGl'® With theseprecedents mind, wehoped thatigand9 mightbehave

similany.
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Treatment of9 with sodium hydride(Scheme 2.8)n THF cave a fluorescent
yellow-green solutionQuencting with D;O, andanalysis of the product usingd NMR
spectroscopy showedtle absencef aresonance normally observedds.30 ppm for the
N-H moiety,indicating a successful deprotonati@iigure 2.15) When tle sodium salt of
4,5ditolyl-2,7-di-tert-butylacridn-9(10H)-one wa& treated with either Cugl or
(CuOTiRACsHs, t he r e s uIHINMR gpeciparsiowad ighlky broadenedy
informative resonances typical of paramagoeproducts Attemptsto recrystallize the
sample le to powdering athreemergence of piiotligand. This ligand ©) however, reacts
in the same way a6 in Scheme 2.mabove to form4,5-di-p-tolyl-2,7-di-tert-butyl-9-

chloroacridine quantitatively and cleanly as shown in Figuié. 2.

z 1.NaH R
O e oI
o)
t-Bu t-Bu 99% t-Bu t-Bu
(@] O

Scheme2.8. Reaction of4,5di-p-tolyl-2,7-di-tert-butylacrid9(10H)-one with NaH

followed by DO quench.

2.2.2.3 Modification viaortho-functionalizationusing benzophenormine groups and

complex formation studies

To enhance the stability of the complexes formad,increased the number of
donor atomsUsing benzophenone imine aldunder palladiuncatalyzed GN cross
coupling reactiong* 2,7-di-tert-butyl-4,5-bis(diphenylmethyleneimin@acridin-9(10H)-

one(10) was synthesized in 81% yie{8cheme 2.0
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Pd(OAc),, rac-BINAP
NaO'Bu . SN 4 N7
toluene 105°C N
- LI

t-Bu t-Bu

@)
10

Scheme2.9.  Synthesis of 27di-tert-butyl-4,5-bis(diphenylmethylenienino)acridn-

9(10H)-one.

An attempt to synthesize a palladium(ll) complex of thédi-tert-butyl-4,5
bis(diphenylmethyleneimino)acridié(10H)-one by heating the free ligand with
palladium(ll) acetate, appeared successful as analyzeti BYMR spectroscopysee
Figure 2.21)and infrared spectroscopy. The sedigte structuref crystals obtained from
a DCM solution layered with ED at-35 °C however, revealed only 13% palladation and
gave the structure shown kgure 2.2below. This structure afforded an insight into the

free ligand structure which ewrystallized with it.
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Figure 2.2. Solid-state structure oflQ)Pd(Il) acetate complex shown as 50% probability

ellipsoids.(It was not possible to obtain reliable bandtrics due to disorder).

The solidstate analysis of the crystals obtained of the ligaditate a sterically
hindered binding site arod the nitrogen atom (Figure 2.3 The NAAAN di st a
A, putting the H atonea. 2.239A from each nitrogen ahpotentially allowing Hoonding

interactions.
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Figure 2.3. Solid-state structure df0 shown as 50% probability ellipsoids.
Selected interatomic distances (A) and andlpq5-N2, 1.421(2); C2N3, 1.05(3); N2
N3, 4.479; CAC5N2, 118.0(4); C3C27-N3, 114.2(2). N2 and N3 undergo hydrogen

bonding with the hydrogen on N1.

Ligand 10 shows an absorption frequency at 3370 @urresponding to the Il
stretch in the infrared spectroscafygure 2.4 red traceYlhe ketoe stretch shows up at
1635 cmt, a slightly lower frequency bubmparable to otherelated structures of similar
framework like 4-pyridone (1642 cmfor C=0 and 3212830 cm' for NH (or OH).The
appearance of a welldined single peak at 3370 c¢mfor the NH suggests the
predominance of the acridof@m overits 9-hydroxyacridine tautomem contrast to-

pyridone which has a more complex pattern in the spectrum in that region as a result of this
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effect’”®> When 10 is treatedwith MesAl, complex formationis indicated by the
disappearance of the NH absorption as shown by the blue tracefgpedtrum in Figure
2.4. In the'H NMR spectrun(Figure 2.22, there is a new resonanagd -0.94 ppm in the
region where the methyrotons of aluminum attached to an oxygen or g#ro are
expected to appeaiThe singlet resonancat d 9.63 ppmin the *H NMR spectrum

corresponding to N is also gone indicating aluminum complex formation.

100%
90%
80%
70%

60%

% Transmittance

50%

40%
3900 3400 2900 2400 1900 1400 900 400

Wavenumbers (cr)

Figure 2.4. IR spectrum ofigand, 10, before(red)and after (blue) reaction with Nl .

In solution, 10 has admax 0f 430 nm in theUV-Vis spectroscopy and after its

reaction with MeAl, the absorption is redhifted to @max0f 492 nm. Thespectroscomi

data obtained from the treatmesftthis ligand with MeAl points to the abilityof this
ligand to interact with group 13 metals and could offer a good comparison with structures
2 and3 in terms of steric hindranceélowever, from the data @sented herein, we cannot

tell whether the aluminum 8- or N-bound.
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2.2.2.4 Modification viaortho-functionalization using morpholimgroups and complex

formation studies

Ligand frameworks that incorporate electron reservoirs togethlrprotonchanneling
pathways could be very useful in the PCET processes that many catalytic processes require.
In light of the ease with which the central snembered ring converts intbe acridine
framework, we sought to install at tleetho-position functional groups beag oxygen

atoms capable of undergoing hydrogen bondingingy palladium catalyzed-0 cross
coupling reactions, 4s;8imorpholing2,7-di-tert-butylacridin-9(10H)-one (11) was
synthesizedn 56% yield(Scheme 2.10

0]

Br Br gy /P
H Pd,dbas, Cs,COs, \/\
(@) ly
"o ot
2 HN toluene, 110°C, 24h

t-Bu t-Bu .

5 56%

6

11

Scheme2.10. Synthesis oft,5-dimorpholine2,7-di-tert-butylacridin-9(10H)-one.
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Figure 2.5. Solid-state structure df1 shown as 50% probability ellipsts.
Selected interatomic distances (A) and andlpQ5-N2, 1.428(6); C1N3, 1.441(6); N2

N3, 4.586; CAC5-N2, 117.2(4); C1-N3, 116.3(9).

Crystals forX-ray diffraction wee obtained from a THF solution layered with
hexans and kept at35 °C. The solidstate structure of the ligandigure 2.5)reveals a
wider, less sterically hinderdainding pocketas compared to the previous liganditis
pocket was expected to be more amenable to stadti complex formation if stesavas
the problem previouslyAs with 9, treatment ofL1 with NaH led b deprotonation of the
ligand. Whenlte sodium salt of1 wastreated with CoCGland the product formed taken
for mass spectrometrya mass of 653 amu was obtainedpnsistent with
[M*+H+2CH:CN]. On the other hand, ¢hreaction of sodium salt dfL with CuCk gave a

product of mas§05 amu in the negative mode. Thisuld be consistent with addition of
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a methoxide ion from the methanol solvent to the moleculadiomg the process of
ionization Thefreeligand has &®max0f 398 nm in thdJV-Vis spectrum, whereaaiter

reaction with CuGl, peak absorbances 898 and 673 nmvere observed Attempts at
structurally characterniag these productproved unsuccesstulhe trimethylaluminum
reactionwith the ligandleads to similar observations as obtained with, notally the
disappearance dhe NH stretchat 3357 crit (blue trace)in the IR spectrum fothe

formation of the aluminum conlgx (red trace) Figure 2.6
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Figure 2.6. IR spectrum ofigand, 11, before (blue) and after (red) reaction with ik

2.3 Concluding Remarks

We have herein shown thdahrough a conbination of directed metalation
techniquestogether with use of C£and CO surrogagzwe can synthesize in one pot an
acridone bearingtertiary alkyl groups. Modification of this acridone viartho-

functionalization either through lithiwalogen exchange or transitiometalcatalyzed
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coupling reactions leads to a variety of acridone atritiine frameworksvith varying

degree of steric hindrance around the nitrogen donor.atom

2.4 Experimental

2.4.1 General Considerations

All reactions, unless otherwise stated, were carried out in an MBraun inert
atmosplere (nitrogen) glovebox, or mesealablglassware on a Schlenk line under argon
atmosphere. Glassware and magnetic stir bars erezd in a ventilatedven at 160°C
and wee allowed to cool under vacuurilolecular sievegAlfa Aesar)and Celite (EMD

545) were dried under vacuum for at leastltve hours at 160C.

H NMR spectra were obtained using a Varian Vx 400 Mid¥/arian Mercury
300(300.323 MHz fortH) spectrometeand*C NMR spectra were obtained usiaiher
Avance IIIHD 500 spectrometer, or Bruker Avance IIIHD 700 spectromtteand'*C
NMR chemical shifts are referenced with respect to sobigntilsand are reported relative
to tetramethylsilané® Elemental analyses were performed by Atlantic Microlab, Inc. in
Norcross, GAlnfrared spectra were collected from neat and liquid samples using a Bruker
Alpha-P FT-IR spectrometer equipped with an attenuated total refleGdR) platinum
diamond reflector accessorgir and moisture sensitive samples were exposed to air as

briefly as possible prior to data coltem.
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2.4.2 Materials and Mthods

TetrahydrofuranEMD Millipore Omnisolv), hexanes (EMD Millipore Omnisolv),
diethyl ether (EMD Millipore Omnisolv) and toluene (EMD Millipore Omnisolv) were
sparged with ultrdnigh purity argon (NexAir) for 30 min prior first use, and dried using
an MBraun solvent purification systefhese solvents were further dried over sodium
benzghenone ketyl, degassed by successive fraéguemg thaw cycles and then
transferred under vacuum to an outied resealable flask. Dichloromethane (EMD
Millipore Omnisolv), acetonitrile (EMD HPLC) were each stirred over calcium hydride
(Alfa Aesar) in a saled flask for at least twelve hours and degassed by several-freeze
pumpthaw cycles, then vacuuntransferred taesealable Stenk flasks. These solvents
were therstored over 3Anolecularsieves (AlfaAesar) in theglovebox.Methanol (BDH),
acetone (BDH)gthyl acetate (BDHand hexanes used in benchtop work were used as

received.

Dichloromethanal, (Cambridge Isotope Laboratorieahd acetonitrileds were
dried by stirring overnight overatcium hydride for at least twelveotrrs, degassed by
severabkuccessive freezpumg thaw cycles. They were then transferred under vacuum to
an ovendried resealable flasks and stored in the glovebox. Berterend
Tetrahydrofuandsg (Canbridge Isotope Laboratories) weréried over sodium
benzophenone ketyljegassed by successive fraguengd thaw cyclesand transferred
under vacuum to an ovalried resealable flask and stored in the glovebB®xO
(Cambridge Isotope Laboratorieydsumtert-butoxide (TCI America)sodium hydroxide

(EMD), anhydrous MgS® (AlfaAesar), HCI (BDH),NaHCG (BDH), benzophenone
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(Alfa-Aesar), calcium hydride (Alff\esar), acetic acid (AlfaAesar),nitrogen (NexaAir),

and argon (both industrial and uHnggh purity grades, NexAir) were used as received.

Sodium hydrnle (Alfa Aesar), carbon dioxide (NexAir), bistdrt-
butylphenyl)amine (TCl)p-BuLi andt-BuLi (Sigma Aldrich), phenyl chloroformate (Alfa
Aesar), benzophenonanine (CHEMIMPEX), bromine (Alfa Aesg, thionyl chloride
(Sigma Aldrich), dimethylformamideEMD), tetrakis(triphenylphosphine)palladium(0)
(SREM chemicals), tolylboronic acid (Oakwood Chemicals), (CuOgif)sC(Sigma
Aldrich), Pd(OAc) (STREM), raeBINAP (Sigma Aldrich), MeAl (Sigma Aldrich),
morpholine (Fisher Scientific), Pdba (Oxchem), cesim carbonate (Sigma Aldrich), 4ri
tert-butylphosphine (Sigma Aldrich), Co£(Sigma Aldrich), AICt (STREM) were all

used as received.

2.4.3 Experimental Procedures

2.4.3.1 2,7-Di-tert-butylacridin9(10H)-one

Into a 100mL Schlenk flask was addéxis(4-tert-butylphenyl)amine (2.00 g, 71
mmol). This was evacuated and refilled with argon and the cycle repeated two more times.
Under argon, 12 mL of dry and degassed diethyl ether was added to dissolve. The solution
was cooled te70 °C using dry iceacetone miture.A solution ofn-BuLi in hexanesZ.5
M, 3.2 mL, 7.8 mmol) was added dropwise over 10 min to this solution while stirring. The
reaction was further stirred at0 °C for 1 hour then let to warm up to room temperature
for another 1 hour. The solutioresvdegassed in three cycles before being warmed to room
temperature. COwas then bubbled iotthe solution for 10 min. It wastirred at room
temperature for 30 min, before being degassed in three cycles then refilledgan. The

reaction mixture wacooled to-70 °C once more, and while stirringBuLi in pentang1.7
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M, 8.8 mL,15mmol) was added dropse over 20 minThe @oling bath washanged to

-20 °C (ice-salt water) andhe reactionmixture kept at this tempeature for 1 hour. The

reaction wa then cooled te70°C beforeaddition ofpheryl chloroformate (0.89 mL, 7.1

mmol) dropwise. Reaction wdeft to warm up to room temperatureernight. After 12

hours, it wa quenched with 20 mL of distilled water leading to formation ofoyel
suspensin. This was filteredff and dried under vacuum to give 0.235 g of prodiiot

the remaining yellow solution wsaadded 2 mL of distilled water and the mixture heated to

90°C for about 15 mindrming more yellow solid. This vgacollected via filtration and

washed with ~2 mL of chilled water followed by ~2 mL of acetonitrile to give 0.421 g of
product leading to a combined yield of 30 8. NMR ( 400 MHz, DMSO) U
(s, 1H, NH), 8.18 (s, 2H, Afrl), 7.82 (d, 2H, ortheArH), 7.48 (d, 2H, met&rH), 1.35(s,

18H, C(H3)3).¥%C NMR (176 MHz, DMSO) o (ppm) 176.7
131.56 (s), 120.77 (s), 119.79 (s), 117.26 (s), 34.29 (s), 31.1¥8téanpts to scale up the

reaction gave inconsistent yields. Therefoaegéscale synthesis wastdaeved following
FriedelCrafts alkylation method that was published by Yamamoto and Higashibayashi

when this project was underwéfy.
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Figure 2.7. H NMR spectrum of 2:di-tert-butylacridin-9(10H)-one in DMSO-ds

solution.
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Figure 2.8. 1C NMR spectrum of 2:gi-tert-butylacridin9(10H)-one in DMSO-ds

solution.
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2.4.32 27-Di-tert-butyl-N-deuteracridone

To 2,7-di-tert-butylacridin-9(10H)-one(0.015 g, 0.048 mmol) in 80-mL Schlenk
flask was added THR2 mL) followed by sodium hydride (0.006 g, 0.25 mmol) and the
mixture brought to stir at 8C for 6 hours. The greenistellow fluorescent solutiowas
guenched with 1 mL of #D, then extracted witBH>Cl> (2 mL). The or@nic mixture was
dried using anjdrousMgSQs then filtered ovelCelite. The solventvas removed under
vacuum to give a yldw solid quantitatively’'H NMR (400 MHz, DMSQ : & 8012 p m)

(d,J=2.9 Hz, M), 7.41 (d,J = 2.4 Hz, 4H), 1.34 (s, 18.
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Figure 29. H NMR spectrum of2,7-di-tert-butyl-N-deuteracridonein DMSO-ds

solution.
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2433 4,5Dibromo-2,7-di-tert-butylacridin9(10H)-one

In a 108mL Schlenk flask 2,7-di-tert-butylacridin-9(10H)-one (0.120 g, 0.390
mmol) was dissolved imcetic acid12 mL). To this yellow solution was added bromine
(0.07 mL, 1 mmol) forming a brown solution. It was brought to st818C for 24 hours
forming a brightyellow suspension. The suspensiwas cooled inan icebath before
filtering. It was washed with chilled methanol (3 x 5 mL) anedaied to give light yellow
solid (0.177 g, 97%)H NMR (400 MHz,CDCl,) : 4 (pp m) H),B9D® ( s,

2H, ArH), 8.46 (s, 2H, metarH), 1.49 (s, 18H, C(B83)3).

—10.90
—8.94
—8.46

5.32
1.49

| B

T T T
3 3 3 2
LI B T T T L B L e L L B | T 1 T T LI L L B R B B |
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Figure 2.10. H NMR spectrum of 4Slibromo-2,7-di-tert-butylacridin-9(10H)-onein

CD.Cl2 solution.
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2434 45Di-bromao2,7-di-tert-butyl-9-chloroacridine

To a 500 mL Schlenk flask was added (0.525.§2 mmo) of 4,5-dibromo-2,7-
di-tert-butylacridin9(10H)-one To ths, 100 mL of thionyl chloride was added. This
yellow solution was brought to stir at 7@ for 12 hours after which the solvent was
removed undevacuum. The yellow crude solid w#aken up in 75 mL of
dichloromethane after which it was sequentially washed with 5%alcesodium
hydroxide (3 x 20 mL) followed by 20 mL of water. Tb@mbined aqueous layers were
extracted one more time with L of CH.Cl>. The combined organghagsweredried
using anhydrous MgS(and filtered oveCelite. The solvent was removed under
vacuum leavingayellow solid. This was washed with cold methanol and the solid
filtered and dried under vacuuim give a &int yellow solid (0.536 g, 99%)H NMR
(400 MHz,CDC$) U ( pp m)=75,22 Bz, 4H), #.48 (s, 18Hnal. Calcd for

C21H22Br2CIN: C,52.15; H, 4.58N, 2.9Q Found: C, 51.33; H, 4.46; N, 2.91
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Figure 2.11. H NMR spectrumof 45-dibromo-2,7-di-tert-butyl-9-chloroacridine in

CDCl3 solution.

2.4.3.5 2,7-Di-tert-butyl-4,5-dicarboxaldehyd®-chloroacridine

In a 250mL Schlenk flask was added (0.§20.66 mmol) of 4 5libromo2,7-di-
tert-butyl-9-chloroacridine followed by 18 mL of dry and degassed THF. This solution
was cooled t® °C andn-BuLi (2.5M, 0.5 mL, 1.32mmol) was added dropwise while
stirring. After complete addition, the brown solution was kept at this temperature for 1
hour. It was then cooled t&/0 °C, after which (0.4 mL, 4 equiv.) of dry DMF was added
with stirring. It was left to warm up to room tenmpture overnight. The reactionixture
was then cooled to 8C, then hydrolyzed using (5mL) of 1M HCTIhe light brown
sdution wasdiluted with 40mL of ethyl acetate. It wasashed with 2 x 25 mL of 1M

NaOH followed by 2 x 25 mL of 1M NaHCGOThe combined aqueous layers were
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extractedagainwith 10 mL of ethyl acette. The combined organic layeas dried using
anhydrous MgSQ filtered overCelite and solvent removed under vacuum to give a
yellowish orange crude product. This was washed with hot hexanes to give an orange

solid (0.0921 g, 36%fH NMR (300 MHz,CDCJ) & (ppm) 11(s,@&H), ( s,

1.53 (s, 18H).
E g & g
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Figure 2.12 'H NMR spectrum of 2,7-di-tert-butyl-4,5-dicarboxaldehyd®-

chloroacridindn CDCls solution.
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2.43.6 4,5Di-p-tolyl-2,7-di-tert-butylacridinr9(10H)-one

To a 250mL Schlenk flaskwere added 4,5ibromo2,7-di-tert-butylacridin
9(10H)-one(0.860 g, 1.85 mmolandtetrakis(triphenylphosphine)palladium(0) (0.426 g,
0.369 mmol). The flask was evacuated and refilled with argon and the cycle repeated 2
more times. To thestirred mixture was added toluen@00 mL). A solution of p-
tolylboronic acid (3.78y, 27.8 mmol) m 22 mL of ethanol was added to the mixture
followed by 28 mL ofl M aqueoussodium carbonatsolution The mixture was then
degassed in several cycles before refilling with argon. It was then set to sthiGta8@18
hours. The purple solution wék ered hot, and the filtrate washed with 1M NaOH (2 x 72
mL) followed by 2 x 72 mL of water. The organic layesdried using anhydrous MgS0©
filtered overCelite and the volatiles removemhder vacuum. The crude solid waashed
with 10 mL of hot ethanofjltered and dried to give greenisfellow solid (0.620 g, 68%).
'HNMR (400 MHz, GDg) : U ( pp m) 19,.8BD(s, (HI M), 264 (d, 2Ar
metaArH), 6.95 (d, 4H, tolArH), 6.84 (d, 4H, telArH), 2.14 (s, tolCHs, 6H), 1.28 (s,
18H, C((Ha)3). ®°C{*H} NMR (176 MHz, C6 D6s)C=0)i1439p 8)m) 17 ¢
136.97 (s), 135.98 (s134.30(s), 131.01(s), 129.66(s), 129.05(s), 127.98(s), 127.94(),
127.62(s), 122.79(s), 121.54(s), 34.37(s), 31.12(s), 20.74(s). Anal. Calcd for GsHsz7NO:

C,86.20; H, 7.65; N, 37. Found: C83.94 H, 7.63 N, 280.
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Figure 2.13. H NMR spectrum of 4 4li-p-tolyl-2,7-di-tert-butylacridin-9(10H)-onein

CesDs solution
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Figure 2.14. 13C NMR spectrum of 48li-p-tolyl-2,7-di-tert-butylacridin-9(10H)-onein

CsDs solution.
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Deprotonation  of  4/li-p-tolyl-2,7-di-tert-butylacridin9(10H)-one  and
subsequent quenching with® gave the following datdH NMR (400 MHz, GDs) :
(ppm)9.10 (d, 2H, AH), 7.64 (d, 2H, metarH), 6.95 (d, 4H, tclArH), 6.83(d, 4H, to}

ArH), 2.14 (s, tolCHs, 6H), 1.28 (s, 18H, C(83)3).
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Figure 2.15. H NMR spectrum of 4 &li-p-tolyl-2,7-di-tert-butylacridin-9(10-deuterg-

one in GDg solution.

2.4.37 4,5Di-p-tolyl-2,7-di-tert-butyl-9-chloroacridine

To a 20mL vial was added4,5-di-p-tolyl-2,7-di-tert-butylacridin-9(10H)-one
(0.059, 0.10 mmo). To this was added 3 mL chloroform, 0.2 DMF and 0.24 mL

thionyl chlorice. This yellow ®lution was brought to stir a&C for 5hours after which
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the solvent was removed under vacuum. Thewetirude solid wataken up in 2.5nL of
dichloromethane after which it was sequentially washed with 5%cale sodium
hydraxide (2 x 2 mL) followed by 2.5nL of water. Thecombined aqueous layers were
extractel one more time with 2 mL of Gil.. The combined organic phases wdred
using anhydrous MgSf£and filtered ovecCelite. The solvent was removed under vacuum
leaving behinda yellow-brown solid. This was washed with cold methanol and the solid
filtered anddried under vacuum to give praztuas a light yellowbrown solid. (0.049 g,
96%) H NMR (300 MHz,CD:Cl») (ppm)8.36 (d,J = 2.2 Hz, M), 7.91 (dJ = 2.2 Hz,

2H), 7.57(d, J = 8.0 Hz, #), 7.19 (d,J = 8.4 Hz, 4H), 2.44 (s, 6H), 1.52 (s,H)B
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Figure 2.16. H NMR spectrumof 4,5-di-p-tolyl-2,7-di-tert-butyl-9-chloroacridinein

CD.Cl2 solution.

48



2.4.3.8 4,5Dimorpholinog2,7-di-tert-butylacridin9(10H)-one

To a 100mL Schlenkflask under argon was added 4ibromo2,7-di-tert-
butylacridin-9(10H)-one (0.926 g, 1.99 mmol), morpholin@.4 mL, 16 mmol), C&LO3
(1.578g, 4.8 mmol), Pdba; (0.282g, 15 mol%), and Bu)s (75 L, 15 mol%). To this
flask was added 20 mL of dry and degassed toluene after which the mixture was brought
to stir at 110°C for 24 h. After cooling down to room t@@rature, the mixture was washed
with 2 x 10 mL of water followed by 10 mL of NaCl solution. The layers were separated
and the aqueous layer was extrastéth 15 mL of CHCl», which wascombinedwith the
organic layer The combined organic layers werdedr using anhydrous MgSCand
filtered overCelite. The solvent was removed under vacuum. To the crude product was
added 2 mL of hot methanaindthe resulting mixture waset to standtaoom temperature
overnight to recrystallizeThe white solid formed was filtered and dried under vacuum to
give product as an offhite solid (0.531 g, 56%}H NMR (400 MHz, CDCY) : ad (ppm)
9.78 (s, 1H, M), 8.27 (d,J = 2.1 Hz, 2H, AH), 7.57 (d,J = 2.1 Hz, 2H, AH), 4.04 (s,
8H, morpholineCHy), 3.05 (s, 8H, morpholin€Hy), 1.41 (s, 18H, C(Bs)3). 3C{H}
NMR (176 MHz, CDCly) : ad (ppm) 17 8(53180.38(€,183)83(s), 144 . 03
122.49(s), 121.27(s), 118.42(s), 67.91(s), 53.09(s), 34.87(s), 31.20(s). Anal. Calcd for
C2oH39N30s: C, 72.92; H, 8.23; N, 8.80Found: C, 71.58; H, 8.00; 8,26 ESFMS (+):

478.3 [M+HT.
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Figure 2.17. *H NMR spectrum of 4 Slimorpholino-2,7-di-tert-butylacridin-9(10H)-one

in CDCl solution.
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Figure 2.18. 3C NMR spectrum of 4&limorpholina2,7-di-tert-butylacridin-9(10H)-

onein CDCl, solution.
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2.4.39 2 7-Di-tert-butyl-4,5-bis(diphenylmethyleneamino)acridd{10H)-one

To a 256mL Schlenk flask under argowas added 4;8ibromo2,7-di-tert-
butylacridin9(10H)-one(1.20g, 2.58 mmol), benzophencimaine (0.95 mL, 5.67 mmol),
Pckdbas (0.709 g, 30 mol%Yac-BINAP (0.482 g, 30 mol%) arldaCBu (0.992 g, 10.32
mmol). To this flask was added 50 mL of dry and dsgd toluene, anthhe resulting
mixture was stirreét 105°C for 24 h. It waghen cooled down to oon temperaturand
washed with 2 x 10 mL of watéFhecombinedaqueous laysrwereextracted with 10 mL
of diethyl ether. The combined organweredried using anhydrous MgSQhen filtered
overCelite togive a greenishbrown solutionThe solvent was removed under vacuum to
give an oilybrown crude product. To this waslded ho methanol then cooled down,
filtered off and dried under vacuum to give thiequct as orange solid (1.388 g, 81%).
NMR (400 MHz,CDRClo) : U ( p p m) H)98.08 (3, 2H, acridodaHH), 7.80 (d,
J=7.6 Hz, 2H, bamine-ArH), 7.43 (t,J = 7.6 Hz, 2H, bamine-ArH), 7.35 (d,J = 4.0
Hz, 6H, bzimine-ArH), 7.231 7.18 (m, &), 6.73 (s, 2H, acridorArH), 1.08 (s, 18H,
C(CH3)s). 13C{*H} NMR (176 MHz, CDxXCl)) : U ( ®% (@30), 16B.91 (C=N),
143.12 (3, 138.90(s), 137.08(s), 136.05(s), 133.52(s), 131.00(s), 129.10(s), 129.02(s),
128.82(s), 128.54(s), 128.31(s), 121.90(s), 121.06(s), 117.90(s), 34.31(s), 30.81(s).
Anal. Calcd for G7H43N30: C,84.78; H, 6.51; N, 6.3Found: C, 83.58; H, 6.67; 18,07.

ESKMS (+): 666.3 [M+H].

51



LO8

—532

8.00 A
173 =
18.00-1

T T T T T T T T T
12.5 11.5 10.5 95 90 85 80 75 70 65 6.0 55

Figure 2.19. 'H NMR spectrumof 4,5bis(diphenylmethyleneamined, 7-di-tert-

butylacridin9(10H)-onein CD2Cl2 solution.
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Figure 2.20. 13C NMR spectrum of4,5-bis(diphenylmethyleneamine), 7-di-tert-

butylacridin9(10H)-onein CD2Cl2 solution.
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2.4.3.10 [4,5-Bis(diphenylmethyleneamind, 7-di-tert-butylacridonato]palladium(ll)

acetate

To a 56mL Schlenk flask under argon was added,5
bis(diphenylmethyleneamine, 7-di-tert-butylacridin9(10H)-one (0.02 g, 0.03 mmol)
together with Pd(OAg)(0.007 g, 0.033 mmol) followed by 2 mL of dry toluene. The
mixture was brought to stir at reflux for 12 hours leading to a gre&ncshn solution. The
solvent is removed under vacuum and the product analyzeti ByMR (400 MHz,
CD.Cly) (ppm)10.14 (s, H), 8.17 (d,J = 2.0 Hz, M), 7.65(d, J = 8 Hz, 2H), 7.55 (t,J
= 4Hz, H), 7.37 (t, J= 7.6, 1.2Hz, H), 7.236.98 (m, 16H), 6.62(d, J = 8 Hz, 2H), 2.31

(s, 3H), 1.95 (s, 3H), 1.11 (s, 4B
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Figure 2.21. H NMR spectrum of4,5-bis(diphenylmethyleneamine), 7-di-tert-butyl-

acridonato]palladium(ll) acetammplex in CRCI; solution.
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2.4.3.11 [4,5Bis(diphenylmethyleneamind, 7-di-tert-butylacridoratd

dimethylaluminum

To a solution of 4,5bis(diphenylmethylenaaino)-2,7-di-tert-butylacridin
9(10H)-one(10 mg, 0.015 mmol) in toluene afO was added Mg (8 pL, 0.02 mmol)
dropwise while stirringThe resulting mixturevas stirred at this temperature for 1 hour
then allowedto warm to room tmperature for 20 min. Solvent was removed under
vacuum leaving behind a red solidH NMR (400 MHz, CRCl,) (pjpm)8.33 (d,J=1.9
Hz, 2H), 7.60i 7.55 (m, &), 7.46 (d,J = 7.3 Hz, 2H), 7.42 7.37 (m, &), 7.23 (d,J =

1.9 Hz, 2H), 7.21d, J = 6.9 Hz, 4H), 1.08 (s, 18, -0.93 (s, 61), -0.94 (s, 10H)
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Figure 2.22. H NMR spectrum of4,5-bis(diphenylmethyleneamine), 7-di-tert-butyl-

acridorato]dimethylaluminum complex in CiZI, solution.
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2.4.4 X-ray Diffraction Studies

A suitable crystabf complex10from a DCM solution layered with ED and kept
at -35 °C was selected and mounted on a loop on Bruker ARESCD diffractometer
using paratone oil. The crystal was kept at 100(2) K during dd&ctoh. Using OlexZ!
the structure was solved with Xlstructure solution program using Insia Phasing and

refined with XL'® refinement package using Least Squares minimisation.

Crystal Data for Cs7H43N30 (M =665.84 g/mol) (10): monoclinic, space group
P2/n (no. 14)a=12.8604(14R, b =18.361(2)A, ¢ =15.7943(17A, b = 106.9562(14)°,
V=3567.5(7A% Z=4,T= 100K, & ( MR )mm, Dcalc= 1.240g/cn?,
62939 reflectiomRsU nme &ébsluroedd ) RI=DOBBRBmE Ni qu e
0.0497) which were used in all calculations. The fRawas 0. 0622 Wk > 210(

was 0.1774 (all data).

A suitablesingle yellow prismshaped crystalsf complex11 was selecteérom a
THF solution layered with hexasat-35°C. Thecrystalwith dimension®.25x%0.10x0.10
mm?® wasmounted on a loop on a SaRiysAlisPreabstract goniometer imported SAXI
imagesdiffractometer using paratone oil. The crystal was ket steadyl= 100(2) K

during data collection.

Data were measured usimgscans using MoKradiation. The total number of runs
and images was based on the strategy calculation from the program CrysAli$Reo.
maximum resolution that was achieved v@as 24.713 (0.85A). Data reduction, scaling
and absorption corrections were performed using CrysAlisPro (Rigaku, V1.171.38.41,

2015). The final completeness wiad30.00 % out to 24.7181 Q. The absorption coefficient
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m of this material is 0.07@mm™* at this wavelagth ( = 0.711A) and the minimum and

maximum transmissions are 0.873 and 1.000.

The structure was solved in the space gie2iic (# 14) by the XTusing Olex2as
the graphical interfag€ the structure was solved with XeTstructure solution program
using Intrinsic Phasingolution methodand refined with XI’° refinementpackage using
Least Squares minimisatiorAll non-hydrogen atoms were refined anisotropically.

Hydrogen atom positions were calculaggbmetrically and refined using the riding model.

Crystal Data. CpoHszoN3Os3, My = 477.63, monoclinic,P2:;/c (No. 14), a=
8.1922(9)A, b= 22.935(3)&, c= 14.2034(16Q, b= 94.712(10) a= g= 90, V=
2659.6(5)A% T = 100(2)K, Z= 4, Z'= 1, m(MoKj) = 0.077 mm, 14008 reflections
measured, 4540 uniquBi{ = 0.1711) which were used in all calculations. The fingi

was 0.1717 (alldata)aRlwas 0. 0966 (I > 20(1)).
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CHAPTER 3. NEW SYNTHESIS OF ACRIDINE -BASED
LIGANDS, COMPLEX F ORMATION, CHARACTERI ZATION

AND REACTIVITY STUDI ES

3.1 Background

Many coordinatively unsaturated transition metal complexes display high
reactivity! A number of them have ba applied in homogenus catalysis to achieve novel
transformationsas well as in activation of inert small molecules like CO.Q®, Ny,
etc3 These highly reactive congtes require a suitable ligand framework teaeisistant
to rearrangements or degradation during reaction. Pincer liyhads found widspread

applications in this aspet?.

Tridentate pncer ligands bind at the flanking and coplanar sites to the metal center
to form stable complexé¢sHomogemous catalysts of pincer complexes tend to be
chemically and thermally stablhereby minimizing leaching of the metal during caialy
transformatios.® The stability, reactivityand selectivity of these complexes can be tuned
by ligand or meal modifications. In light of these capabilities, pincer ligands have
especially attracted much attention since they were first used by’ SlawKoten ad
Noltes® Complexes of PNP pincer ligands were first reported in the late 1960s amino

based PNP pincer compl&sdnd early 1970s (pyridireased PNP pincer compleX).
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3.1.1 PNP pincerdigandsdesign, modification and coordinatiggeometry

X

Xn Mn Xn-l
PR, PR, RZP—I\I/I—PRZ R2P/ \PR2 RZP—I\I/I PR, PR, PR,
N\ N\ N N A N\
_ P ® - P
S
1 2 3 4 5

Figure 3.1. Pyridinebased ligands and their coordination geometry

Neutral tridentate pyridinrbased PNP pincer ligands form transition metal
complexes that not only possess high reactivity but also offer great flexibility for
modification!! Some of the examples in this category include - 2,6
bis(diphenylphosphinomethyl)pyriding(Figure 3.1)*1” However the methylene groups
connecting the phosphorus atoms to the pyridine ring rhaddéss rigid and may at times
undergo unwanted sideactions. Binding modes of this ligand include tridentate
coordi nat ischra pweidtoh pd aZndadbidengte coerdinatipd® Under
basic conditions, compleR reacts throgh elimination of benzylic hydrogen to form a
delocalized phosphinomethanide structu#e}’ The phosphorus in these types of
complexes are more prone to oxidation than those that do not have a methylene linker.
Unlikel, # a c B, podsess arigid backbone with no benzylic hydrsgamimizing

these possible sideactions.

A ligand with a rigid backbone should behave differently from those that have
flexible backbones. A cobalt complex bearing bidiiopropylph@phino}4-
methylphenylamine (PNB)?° ligand rearranges from a terminal chelating mode to a

bridging male, forming a [CeN2] diamond core resting state. However, it behaves as a
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threecoordinate Co(l) synthon, which on treatment with && CO forms bridging
dinitrogen complexes and monand dicarbonyl complexes respectivelgee Scheme
3.1)2! Cobalt carbonyl complexes were the fipgecatalystaised in hydroformylation.

One advantage of cobalt is its resistance to poisgifigSince thel998 independent
discovery of catalytic application of cobalérived pincer complexes based on
bis(imino)pyridine by Brookart, Bennett and Gibsom olefin polymerizatiorf*?® a
number of cobalt pincer complexes have found wide application in homogenous catalysis

including formation of forrit acid from CQ and H.2"%°

. i Q Q

t-BuLi | .
N-Co—Cl ™ N-C\O ~2rgon, CO—\CQ/ —CO .  'N-Co—(CO),

. 4 N,
QP’P@ “+Bu Q PPra ’Przpi >/ i QP’PQ
- B n =1, if 1 equiv. of CO used;

Co(I) synthon s .
: and, n = 2, if 2 equiv. of CO
[C02N2(]:(§:1rl:mond or 1 atm of CO is used

PPr,

Scheme3.1. Reorganization of the PNP pincer ligand from a terminal chelating mode to

a bridging mode and its reactiontkviCO.

Many classical examples in homogeus catalysis involve transformations that
occur solely at the metal center while the ligands remain unchanged during the process.
However, reactivity in many enzymes involve finmed systems in vith the ligandand
the metal copeaate to achieve bond activaticdBometimes this metdigand coopeation
(MLC) leads to chemical modification of both the ligand and the metal. An example is the
activation of H by [FeFe] or [NiFe] hydrogenases whergisiheterolyticlly split across

the metalligand bond without change in mewmtidation staté>° Also, in a MLCthrough
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outa-sphere mechanism like aromatization/dearoratibn® the overall oxidatiorstate
of the meal remains unchanged. Many complexes of the general frameworkwké a
methylene linker show this type of mechanism. An example is an iridium complex with

RPNP (R #Pr,t-Bu) that activates fHand GH bonds3™4°

Metalloenzymes have also showed many reactions that involve {@mardred
redox processe€$:*’ These observations in turn led to a great interest isttidy of the
behavior of such redox neannocent (redoxactive) ligands and contributed to the
development of many effective binspired catalytic transformatio$>* Many of the
cheaper firstow transition metal are capable of undergoing eslectron transformations
that could be very valuable in mediating raditygde reactions. Thiefore, ligands that
behave aslectron reservoirs (reactive or roractivej>° have a great potential to expand

the applicatios of these firstrow transitionmetals in organometallic cataly$fs6%62

There are rany examples of firstow transition metal complexes based on redox
acive ligandghathave showed great catalytic activi@Harry B. Gray and Jonas C. Peters
and ceworkers developed a highly active cobalt water reduction catalyst based on
tetradentate bis(iminopyridine) framework (Figure 3.2 struc#y)&® Jonas C. Peters and
co-workers also showed that ligaBdon reduction preferentiallseduces C@to CO even
in presence of proton dondtsThe DFT studies on the ligand revealed that it stores
reducing equivalents in its structifeAnother example by Wieghardt and-aorkers isa
nickel bis(iminopyriding pincer (Figure 3.2 structuf@)®>%® that was applied by Luca and
co-workers in aqueous electrocatalytie production (Figure 3.3’ A computational
proposal for this process suggests an energetic accessibility of a PCET step devoid of any

redox changes at the'Ntenter*?
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Figure 3.3. A proposed catalytic cycle based on formatiol-hydride intermediate.

Another earlier examp)ehat was presented by Soper andworkers where the
metal overall oxidation state remained unchangethat of metacarbon bond formation
through oxidative addition on a cobalt(lll) center supported by two radbtixe
amidophenolate ligand§.Instead, the two electrons needed for this bond formation is

provided through one electron idation of each of the redeactive ligand$® The
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structuresA, B andC are just a few of the many examples that exisigahdframeworks
that support redoactive systems. In general, many conjugatet Ggands like U-
diimines, iminepyridines, bypiridines, terpyridines and -Ry@idinediimines are

consi derredod@ondo since their °~ systeéms can

62

Ligand-centered reactivity of transitiemetal complexes that benefit from either
cooperative or redeactive ligands continue to attract much attention in homamgen
catalysis We were therefore interested in development of a mixed donor ligand built on
the pyridinebased sixmembered central ring, and studying its ability to act as a one
electronreducible ligand. Also of interest is thepdipation of complexes of this redox
nor-innocentigand in small molecules coordination and activation. The potential of tuning
the electronic and steric properties of these pyrithmsed ligands without altering their
ability to bind to the metal center coupled with haaodt donor charaetistics of the
binding atoms, malsghese ligands capable of coordinating to a large number of transition
metals with varied oxidation states. This in turn extends considerably the importance and
applications of these bidentate or polydentate phosphgand&® in homogeeous

catalysis
3.2 Results and Discussion
3.2.1 PNP acridineligand synthesiscomplexformation and charactezation

The dacr i pbRsgheényl)lwasgratiallg synthesized by Haenel and co
workers from prdunctionalized substrates -@dnino3-fluorobenzoic acid and -2

fluoroiodobenzeneXScheme 328 This ligand has a rigid tridenta@NP pocket that

69



prevents thetwisting and folding commonly observed with other PMRrived
complexes® However, it requires a cumbersome synthetic procedure as well as pre
functionalized su$trates. Since its synthesis, the moexifile bis(phosphino)methyl

variant has been synthesized by Gunanathan and Mil&éinHaenel usedsodium
diphenylphosphidéo install the phosphorus moieties. Milstein on the other hand installed
bromomethyl groups at-4nd 5positions of the acridine backbone followed byCross
coupling reaction to make a more flexible
synthesis is not straightforward, their complexes display great catalytic activities
synthesis of primary amines from alcohols and ammonia as well as in hydroformylation,

carbonylation, carboxylation ef&/?

F F g F F
NH, | u powder N
" | };CO | o O ) —
cyclohexano reflux =
COOH
reflux CO,H 3.5h
12h cl

1. TolISO,NHNH, - PPh2 PPh2
CHCl,, 50 °C, 30min PhaP K
2. NaOH(aq), ethylene egcoI dioxane/THF, 5: 1
reflux, 2h reflux, 1h

Scheme32. Synt hesi s of Afanctionaliped substratéB.r om pr e

In order b develop a alternativenew synthetic route to the PNP acridine
( A acr iligahddrend dhe one provided by Haenel and-workers an applicable
substrate would be 4d&ibromao2,7-di-tert-butyl-9-chloroacridine whichas been shown
to undergo a clean dilithiatian the previous Chapt¢cheme 2.6)This substrate is easily
obtained fom the reaction of4,5dibromo2,7-di-tert-butylacridin9(10H)-one with

thionyl chloride under refluxinstead of the fluoro substituents atashd 5positions, this
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substrate is bromsubstituted and therefore is expectedrdact differentlyfrom 4,5
difluoro-9-chloroacridineunder directed metdian to give a metalated intermedidbeat
can interact with electrophili@lkyl or aryl chlorophosphines to givthe desired

phosphorussubstitutegproducts.

3.2.1.1 Synthesis of PNfehloroaciidine

For halogenmetal exchange reactions, 4,5dibromo2,7-di-tert-butyl-9-
chloroacridine was treated withBuLi to give the metalated intermediatkis was then
guenched with chlorodiphenylphosphine to affoi2l7-di-tert-butyl-9-chloro-4,5
bis(diphenylphosphinoyaidine (6, "9PNP) in 44% vyield (Scheme 3)3This synthetic
route makes use of CIPPhAnd circumvents potential issues with unstable phosphide

intermediates.
Br PPh, PPh,

Br 1. n-BuLi, THF/Et,0
O N\ 35°Ctort, 2h O N\
t-Bu Z tBu 2. CIPPhy, Et,O t-Bu Z t-Bu
cl Cl

-35°C to rt, 24h
44% 6

Scheme3.3. Synthesis of 2/di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine

3.2.1.2 Synthesis of omplexes of,7-di-tert-butyl-9-chloro- 4,5

bis(diphenylphosphino)acridirend their baracterization

The efficacy ob as a ligand was tested in making complexfeSo, Ni, Pd and Ag.
The reaction o6 with (PPh).CoChk in THF at room temperature overnight gives the

corresponding®"PNP)CoC} complex in 96%yield as green solid (Scheme 3.4
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cl. ClI

PPh PPh
A 2 Ph,Pp—C0—pPh,
S (PPh3)2COC|2 N
LG peee
t-Bu t-Bu THF, 12h =
Cl 96% t-Bu t-Bu
Cl
6 7
Scheme  34. Synthesis of [2,-di-tert-butyl-9-chloro-4,5-bis

(diphenylphosphino)acridine]cobalt(ll) chloride

The solidstate analysis of the complex surprisingly revealké@oordination mode with
the nitrogen unbound (Figure 3.4Although the CoN distance of 2.488] A is well
within the s umvander Wahlsradii, the cotdilks ®.849% above the
acridine plane, and the Cid41i C9 angleis 155.4(7j suggesting minimal donation of

electron density from nitrogen to cobalt.
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Figure 3.4. Solid-state structure of shown as 50% probability ellipsoids.
Selected interatomic distances (A) and angfesN1-Col, 2.488; CoP1, 2.391(y Col-
P2, 2.411(9); CP1, 1.815(3) C4-P2, 1.830(3); PLol-P2, 120.5(2); ClACo1-CI2,

108.4(9).

When the ligand is treated with (CECN).PdCk in dichloromethane, it forms a
brown solid in 92% yield. Mass spectrometry gives a molecular ion mass that is consistent
with the presence of one inrgphere chloride as depicted ®pelow (Scheme 3)5The

product crystallizes as the tetrachloropaltad#® salt shown in Fjure 3.5
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- ?| .
PPhy — PPhy Ph,P—Pd—PPh,
(CHsCN),PdCl, ! PG,
_ Z ) CH,Cly, 12h O \
tBu & tBu 92% t-Bu = t-Bu
Cl
6 i . |2

Scheme 3.5. Synthesis of [2,-di-tert-butyl-9-chloro-4,5

bis(diphenylphosphino)acridine]palladium(ll) tetrachloropalladate.

Figure 3.5. Solid-state structurefd. (It was not possible to obtain reliable bond metrics

due to disorder).

The reaction of6 with (PPR)2NiCl> in dichloromethane for 12 houeg room

temperature (Scheme 3.tollowed by workup leads to the corresponding comfglex
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83% yield as a regurple solid. This crystallizes as a fieeordinate £"®PNP)NiCL as

shown in Figure 3.6

CI\ /CI
PPhe PPN Ph,P—Ni—PPh;
=
t-Bu t-Bu CHxClp, 12h O /
6 9

Scheme 3.6. Synthesis of [2,-i-tert-butyl-9-chloro-4,5-bis(diphenylphosphine)

acridine]nickel(Il) chloride.

oA C3

Figure 3.6. Solid-state structure & shown as 50% probability ellipgls.
Selected interatomic distances (A) and ang®sN1-Ni1, 1.923; NitP1, 2.178(0); Nid

P2, 2.190(0); CP1, 1.811(2); C#2, 1.815(2); P-Nil-P2, 159.5(5).
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Reactivity studies of“"“PNPNICl>

Reactions of fivecoordinate nickel complexes habeen studied for different
pincer complexes. Hu and coworkers showed eyl Kumadatype coupling of a
preformed nickel(ll) pincer complex, ([eN)Ni-CI)].”® Vicic and coworkers also used
terpyridine ligand in making five coordinate nickel complexes to enable detexdtion
Ni(lll) intermediateformed during crossoupling reaction$? Complex9 reacts with one
equivalent of isopropylmagnesium chloride solution to give a mixture of products.
However, when two equivalents of the Grignae used, it reacts cleanly to forthe
dialkyl nickel mmplex (0) as shown in Scheme 3.7 below. Attempts to oxidi2¢o
induce CGC reductive elimination were unsuccesséigwereattemptednsertion reactions

of COz or CO.

o, L

—Ni— .
PhaoP = [m=PPh, Ph,P—Ni—pPh,

MgCl _aE O
N\ + 2 toluene, -35 C= N
> v OO
t-Bu L t-Bu = -Bu
Cl

82%  tBu

9 10

Scheme3.7. Reaction of {"“PNP)NiCk with Grignard

3.2.2 Modification of PNP-chloroacridine ligand, complexes formation and

characterization

Nickel under reducing conditions can activate aryl chloride bonds for-cross
coupling reations’> Low-valent cobalt on the other hand enabledd/€lectrophile
coupling reactions of aryl chlorides alkyl chlorides’®’” Therefore, anticipating that the

chloride at position would be vulnerable to attack by levalent species during
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reduction experiments, we decided to modify the ligand framewoavaa these side
reactionsOne method would be to convert th€Bposition in6 (Scheme 3.3t0 9-H, then

use the resulting ligan@ makecomplexes of cobalt and nickel.

3.2.2.1 Synthesis of PNRcridineligands

The chloride at the © position activates it and makes the C9 prone to nucleophilic
attack. Therefore, treatmentith nucleophilic substrates likgtoluenesulfonyl hydrazice
leadsto conversion of &I to 9-H in two step& as shown in Scheme 3b@low in good
yields; 83% (first step) and 87% (second step). With attempts to expand the class of ligands
and alter the donor ability of the ancillary phosphorus groups, we chose to introduce alkyl

phosphorus miety.

©

Br Br

Br o Br+H Cl
N I N
SO o
o
t-Bu 7 t-Bu //I:::T/O 50°C, 48h 7 t-Bu
Cl 83% p-tosylhydrazide

NaOH
ethylene glycol
100 °C, 2h
87%
Br

Br
U
t-Bu = t-Bu
H

11

Scheme3.8. Synthesis of 4 4libromo-2,7-di-tert-butylacridine.

The reaction ofL1 with two equivalents of-BuLi followed by quenching with

chlorodiisopropylphosphine led to formation of mixtufg&sand13 as shown in Scheme
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3.9. Acridine has been known to be reactive towards nucleophilic addition atdts C

position. With reagents like BRH or PhPLI, acridne reacts as shown in Scheme 3d.0

form the corresponding produdd and15, respectively:® @

id 1. n-BuLi, Et,0 Prop PiPr, PP, PPr

Br
SOOUET- ORI OG0
P 2. CIPPr,, Et,O
t-Bu t-Bu f2: B2 t-Bu 7 t-Bu t-Bu t-Bu
H H

-35°Ctort, 48h ) Bu
11 12 13
minor major
3P NMR = -6 ppm 3P NMR = -16 ppm
[M+H]* =524 [M+H]* = 580
Scheme 3.9. Synthesis of 2/di-tert-butyl-4,5-bis(diisopropylphosphined-

hydroacridine.

X 4 X X X Xy X
N N N
O Q ~—PhPH + O ‘+ LiPPhy — O
4
H PPh, H PPhy
X=F L X=H

Scheme3.10. Reactions of Shydroacridine at the © position!® 8

However 4,5di-bromo2,7-di-tert-butyl-9-chloroacridne reacts as skwn in Scheme 3.11

below to form16in 34% vyield.

Br 1. n-BuLi, Et,0 Pr,P PPr,

Br
O, 7osms- | 0T
= i
t-Bu 2.CIP Prz, Etzo £Bu = £Bu
Cl Cl

t-Bu
-35°C tort, 48h
34% 16
Scheme 3.11 Synthesis of 27di-tert-butyl-4,5-bis(diisopropylphosphine3-

chloroacridine.
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3.2.2.2 Synthesis of PNP-(alkoxy oraryloxy)acridine ligands

Alternatively, the reaction of 25@i-tert-butyl-9-chloro-4,5
bis(diphenylphosphino)acridine with oxygen reaphiles as shown in Scheme 3bEkow
would lead to a less reactive®position. With sodium methoxide, the jiftert-butyl-

4,5 bis(diphenylphosphined-methoxyacridine X7, (MeO)PNRacridine) is obtained in
77% vyield. With 2.4 @&rimethylphenol, a 58% vyield of 2di-tert-butyl-4,5
bis(diphenylphosphine®-(2,4,6trimethylphenoxy)acridine 18, (ArO)PNRacridine) is
obtaned. These two forms of G&ubstituted acridines offer different degrees of hindrance

about the & position.

PPh,  PPh,
NaOMe O N\
THF/MeOH - By = L BU
60 °C, 6h o
~
PPh,  PPh, 77%
\ 17
=
t-Bu t-Bu
& K,CO3, DMF PPh,  PPh,
60°C,72h O Ns
t-Bu 7 t-Bu
OH o
58%
18

Scheme3.12. Installation of alkoxy and aryloxy groups the G9 position of PNF9-

chloroacridine.
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3.2.2.3 Synthesis and reactivity studies of nickel complexes of (MeO)&didine and

(ArO)PNPR-acridine ligands

i. Reactivity of[(MeO)PNRacridine]NiCb with CO,

Reaction betweeh7 and (PPk)2NiClzleads to a slightlynexpected product. The
starting ligand17) shows a distinctive singlet resonance in'thé&MR spectrum aii 3.76
ppm from the methoxy protons (réchce, spectrum,IFigure 3.7. There is however no
discernible resonance in the compfék NMR spectrum Iflack trace, spectrum 2) that
results from the methoxy protons when this ligand is treated withs)[Ri€t, (Figure 3.7.
The3P NMR spectrum shows a shifts framl2.49 ppm (free ligand) ©19.73 ppm after
the complexation reaction. There are distinetdifferences in thé3C NMR spectrum
before and after complexation reaction as shmvithe Figure 3.®&elow. A resonance dt
175.96 ppm in thé’C NMR spectrum of complefblack trace) and lack of a sigrialthe
60 ppm region for the methoxy carbos @bserved with free ligand (red trace) could be

indicators of lack of a methoxy group in the complex.
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Figure 3.7. Comparison ofH NMR spectra of ligandl7 (red trace) in CDGlsolution

and that of L7]NiCl> complex (black trace) in CICI» solution.
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Figure 3.8. Comparison ofC NMR spectra of ligandl7 (red trace) in €Ds solution

and that of L7]NiCl> complex (black trace).
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The mass spectra indicdtee presence of the expected product with a molecular
ion mass of 782.19 amu [M+CI]. The spectrum however shows a major peak=at M
767.17 amu. This iowould correspond to a complex formed when the central ring changes
to an acridone framework. For GQ@eduction, a lowvalent metal center is needed.
Therefore[17]NiCl2 was treated with two equivalents of KI© reduce it to the respective
Ni(0) complex.On exposure to C£and analysis by infrared spectroscopy, the infrared
spectrum shows two absorptions of equal intensities at 162500h 1590 cm (Figure

3.9.

100%

95% W

90%

85%

80%

75%

70%

% Transmittance

65%

60%
3950 3450 2950 2450 1950 1450 950 450

Wavenumbers (cr)

Figure 3.9. IR spectrum of [17]NiGl after reduction followed by treatment with €0

With the data we have, we cannot fully understand what is going on in the reaction
of 17 with (PPh)2NiCl> and therefore its application in G@ctivation would not be
informative. Reasoning that with a bullappendage, access to this position would be

minimized, we resorted to synthesis of nickel complex fi@&n
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i [(ArO)PNP-acridine]NiChk and its reaction with CO
In dichloromethanel 8reacts with (PPH)2NICl; to give the corresponding complex
19 (Scheme 3.3) in 90% vyield with [M+CI] = 886 amu in the mass spectromgigure
3.10. This complex when reduced with KGorms a paramagnetic species. On exposure
to CO, the spectra are indistinct, as expected for a paramagnetic species. The spectra
obtained aker exposure remain so, suggesting that diamagnetic products do not form as

observed in théH and*!P NMR spectra.

PPhZ PPh2 PhZP—Nl—PPhZ
| | svs
t-Bu t-Bu  (PPh,),NiCl, Z {-Bu KC no visible
CH,Cl,, 12h O, change
90%
18 19

Scheme3.13. Synthesis of [(ArO)PNRcridine]NiCh, its subsequent reductipand

exposure to C®
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Figure 3.10. Mass spectrum of [(ArO)PNBcridine]NiCb.

The infrared spectrum of the complex obtained after ther€4ation shows a broad
absorption in the region of 16a8195 cm!. Reaction of the reduced speciesléfwith
13CO;, does not show any coupling between the carbon and the phosphoru$ dinel
3P NMR spectra. However, there is a broad singlet pe#keit®C NMR spectrum ai

160.81 ppm that could correspond to carbonate cafbgure3.11).
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Figure 3.11. 3C NMR of the product of reaction between £Md reduce@ArO)PNP-

acridine]NiCb.

3.2.2.4 Synthesisand reactivity studies of cobalt complexes of (MeO)RMRdine and

(ArO)PNPR-acridine ligands

i. [(MeO)PNRacridine] CoC} and its reaction with CO

Cobalt complex is formed in 94% yield whéw reacts with (PP$2CoChk in THF
overnight as shown in Scheme 3.T#e product is paramagnetic but its mass spectrometry
data gives the mass of expected molecular ion to be 818.21 amu [M+2ClI] while [§1+Cl]

783.23 amul.
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cl, Cl
PPh,  PPh, Ph,P—Co—pph,

(PPh;),CoCl, Ny
=
t-Bu t-Bu THF, 12h O /
O\ t-Bu t-Bu
O\

94%
17 20

Scheme3.14. Synthesis of [(MeO)PNfcridine]CoC}.
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Figure 3.12. Mass spectrum of [(MeO)PN&cridine] CoCi.

Reaction oROwith KCg under nitrogen leads to a product which show absorptions
atA= 2025 cm', 2081 cnt in its infrared spectrunfcould be a mixture of products hence
the two stretchesWhen Mindiola and cevorkers reduced their anionic [(PNP)CoCl] in
the presence oflinitrogen, they formed a bridging nitrogen complex whth = 2024 cm
1211t is very likely that one or both of the absorptions might be stretches from bound
nitrogen. The resulting reduced species reacts with CO to give a product that has an
absorptionat 1985 crit and 1904 cin the infraredspectrum as shown in Figure 3.13

These values compare closely to the other [(PNR¥Ebonyl] complexes which were
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synthesized by Mindiola and coworkefgd¢= 1957 cmt, 1893 cmt)?! and Caulton and

coworkers fco= 1885 cmt).”

Cl. ClI 0C_ CO
Ph,P—C0—pph, Ph,P—C0—pph,
O N\ KCS%E [{(MeO)PNP-acridine)Co},(tip-N5)] —CC » N\

_— 2 _—
t-Bu t-Bu t-Bu t-Bu
O\ O\

20 21

Scheme3.15. Reduction of [(MeO)PNRcridine]CoClunder N followed by exposure

to CO.
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Figure 3.13. Infrared spectrum of [(MeO)PN&cridine]CoCi after reduction and
exposure to CO.

il. [(ArO)PNP-acridine] CoC} and its reaction with CO

Reaction ofLl8 with (PPh)>CoCk in THF overnight as giwn in Scheme 3.1&ads

to formation of the product as an-gffeen solid in 98% yield. The product is paramagnetic
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but its mass spectrometry dataggwthe mass of molecular ion to be 887.26 dMuCl]

and 922.34 amu, [M+2C(Figure 3.14.

cl, |
PPh2 PPh,

Ph, P/CO\PPh
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98% \@/
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Scheme3.16. Synthesis of [(ArO)PNRcridine]CoCj.
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Figure 3.14. Mass spectrum of [(ArO)PNRcridine]CoCj.
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Scheme3.17. Reduction of [(ArO)PNRacridine]CoCt followed by exposure to CO.
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Figure 3.15. Infrared spectrum of [(ArO)PNRBcridine]CoC} after reduction and

exposure to CO.
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Figure 3.16. UV-visible absorbance of the ligandl8f and of [(ArOPNR

acridine]Co(COy.

Reaction of22 with KCg followed by CO leaddo a product which gives IR
absorption at 1911 ctrand 1968 cm as shown in Figure 3.1Fhe absorbance of the free
ligand features a strong absorption at 270 nm in the UV region @oteritiy due t o
transition (Figure 3.16, blue trace/When compared to the carbonyl complexange
trace) there are more transitions resulting from the complex as can be seen by the presence
of peaks at 262 nm, 257 nm and a shoulder one at 25hsat). It is therefore possible
that some of these transitions might result from ligand to metal charge trdndfem)

processes.
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3.2.3 Electrochemical studies of (ArO)PNderidine and EPR studies its radical anion

Treatmentof (ArO)PNP-acridine dissolvel in dry THF, with one equivalent of
KCsg leads to an instant color change from yellow to green. The product of this reaction is
indeed paramagnetic as confirmed by the broadened resondit&MR and lack of a
signal in3P NMR. Analysis of the sample gPR further confirma the presence of
unpairecelectrorsin the ligand. Thexperimeral EPR pattermatches ery well with the

simulated on€Figure 3.17 and 3.)&nd gives a-valueof 2.004.

i
A

348.5 349 349.5 350 350.5 351 351.5 352 352.5 353 353.5
Field (mT)

—

Figure 3.17. Stacked EPR spectia the ligand (ArO)PNRacridine) radical anion;

experimenta(blue trace) and simulated (orartgece).
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Figure 3.18. Overlaid EPR spectraf theligand (ArO)PNRacridine)radical anion;

experimenta(blue trace) and simulated (orartgece).

For comparison, a sample @01 g of[(ArO)PNP-acridine]Co(COyin 0.7 mL of
dry THF was analyzed by EPR. The EPR pattern obtained is more complicated than the
one for the ligand butlearly shows presence afnew paramagnetic speci@sgure 3.19.
The experimentahnd the simulategatterndo not match very welhowever the spectra
shows species with isotropic bestdivalue of 2.008 andhyperfine couphg constants
shownin Table3.1 below.This g-value is almost identicab that obtained fothe ligand

radical anion
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Figure 3.19. Overlaid EPR spectraof [(ArO)PNP-acridine]Co(CO) complex
experimental (blue trace) and simulafecange trace).

Table 3.1. Hyperfine splitting constants for the radical anion ligand and its cobalt

complex
Hyperfine coupling constants (Mjz
Complex AN Ap Ao Ahp Aco
(ArO)PNPR-acridine radical 19.34 2.52 8.97 8.69
[(ArO)PNP-acridine]Co(CO) | 8.36 3.47 14.49 19.77 |6.51

Distinguishing between metalnd ligandcentered radicals requirdgeapplication
of many technique®f which EPR is oné&° Spectroscopic features of radical ligands mirror
those of free organic radicals e.g. wasolved EPR signals that are elgable at room

temperature, andell-resolved ligand (supehyperfine coupling constants close to the
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value offree electronde =2.0023)%! Metalcentered radical complexes on the other hand
generally display much broader spectra as a result of rapid elsgtrorelaxation
effects®®8! Therefore for metatcentered radica)JsEPR data acquisition at lower
temperatures (<70 K) are preferradd normally lead to anisopiw spectr&! Typical but

not always are the much largeteviatiors (g >2.1 or g <1.95pf theg-anisotropies of these
metalloradicas from g. compared to those of radical ligand comple¥eghe g-value and
hyperfine constants alone are not sufficient to assign radicals as eithecemééied or
ligand-centered However, mee often tha not, anobservation of sharp and strong EPR
spectra of metal complexes in solution at room temperauwsuallya strong indication
that the unpaired electron is located in a lighaded orbital with only weak mixing with

metal orbital$?!

Electrochemical studies

The redox pocesses of the ligan@rO)PNRacridine) were examined using cyclic
voltammetry.The voltammogram of a 1M solution ofthe ligand in CHCI> shows a
reversible process with an onset of reductior20 V (relative to CpFe/CpFe") (Figure
3.19. (The values for the plot are corrected to the +pant of the redox wave of

ferrocenium).
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Figure 3.20. Cyclic voltammogram ofArO)PNR-acridine in CHCl>.

Conditions: 10 mM solution ofArO)PNRacridine) h CHCl2, 0.1 M ([n-BusN][PFg)),

1.0 mm Pt electrode, 100 mV/s scan rate. Temperatuf€.25
3.3 Concluding Remarks

We have herein reped a new synthesis of a rigid tridentate P&tiidine starting
from bis(4tert-butylphenyl)amine or parent acridorteat eliminates the requiremeoit
prefunctiomalized substrates. We have showleat it is possible to install nucleophiles at
the G9 after the synthesis #fNRacridine ligand We havealsopresented a roufer the
installation of alkyphosphinemoieties on this backbonéstead of the known aryl ones.
We have applied the liganth synthesize andharacterize different transition metal
complexes. Due to thability of this ligand to support transition meitaldifferent oxidation

states, and having beearlier showed to be applicable in a numbecaiélytic reactions,
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this new synthetic route will open a number of opportunities for elaborations and catalytic

applications.

3.4 Experimental

3.4.1 General Considerations

All reactions, unless otherwise stated, weseried out in an MBraun inert
atmosphere (nitrogen) glovebox, or in a resealable glassware on a Schlenk line under argon
atmosphere. Glassware and magnetic stir bars were dried in a ventilated oven at 160 °C
and were allowed to cool under vacuum. Molecsiaves (Alfa Aesar) and Celite (EMD

545) were dried under vacuum fatrleast twelve hours at 16Q.

1H, 3P spectra were obtained using a Varian Vx 400 Mid¥ arian Mercury 300
(300.323 MHz for'H) spectrometeand 13C, NMR spectra were obtained usiegher
Avance IIIHD 500 spectrometer, or Bruker Avance IIIHD 700 spectromtteand'*C
NMR chemical shifts are referenced with respect to sobigntilsand are reported relative
to tetramethylsilan&” 3P NMR chemical shifts were referenced to 85%&: as an
external standardJV-Vis samples wer prepared in the glovebox and transferred into
resealable cuvettes and the data acquired usin@40 PC recording spectrophotometer.
Cyclic voltammetry experiments were performed inside afilldd glovebox in CHCI»
with 0.1 M ([n-BuwsN][PFe]) as thesupporting electrolyte. The voltammograms were
recorded with a CH instrument 620C potentiostat using a 2.5 mm (outer diameter), 1.0 mm
(inner diameter) Pt disk working electrode, Ag wire quagérence electrode, and a Pt
wire auxiliary electrode, at aa rate of 0.1 V& Reported potentials are referenced to

the ferrocenium/ferrocene (HEc) redox couple added as an internal standard at the
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conclusion of each experimeiilemental analyses were performed by Atlantic Microlab,
Inc. in Norcross, GA. linared spectra were collected from neat and liquid samples using a
Bruker AlphaP infrared spectrometer equipped with an attenuated total reflection (ATR)
attachmentSince the instrument is inside glovebox, data acquisitionif@ma moisture

sensitivesamples werall carried out in the glovebox

3.4.2 Materials and Methods

Dichloromethane (BDH), diethyl ether (EMD Millipore Omnisolv), hexafieVD
Millipore Omnisolv), tetrahydrofuran (THF, EMD Millipore Omnisolv), and toluene
(EMD Millipore Omnisolv) were sprged with ultrahigh purity argon (NexAir) for 30
minutes prior to first use, dried using an MBnasolvent purification systenThese
solvents were further driemver sodium benzophenone ketyinsferred under vacuum to
an ovendried sealable flaskand degassed by successiveezé pumgd thaw cycles
Anhydrous benzene (EMD Millipore Drisolv) and anhydrous pentane (BMDpore
Drisolv), both sealed under a nitrogen atmosphere, were used as receigtoratdn a
glovebox.Acetic acid (AlfaAesar),methanol (BDH), acetone (BDH), dichloromethane
(BDH) hydrochloric acid (EMDxhloroform (BDH), ethylene glycol (BDHpr benchtop
work was used as receivekhp water was purified in a Barnstead International automated

still prior to use.

Dichloromethanal, (Cambridge Isotope Labs) and acetonitdie(Cambridge
Isotope Labs) were dried over excess calcium hydride overnight, vacansferred t@n
ovendried sealable flask, and degassed by successive -peezethaw cycles.

Tetrahydrofurards (Cambridgdsotope Labs) was dried over sodium benzophekety,
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vacuumtransferred to an ovedried sealable flask, and degassed by succefseee
pumpthaw cycles. Deuterium oxide (Cambridge Isotope Labs), chlorefoi@ambridge
Isotope Labs),methanolds (Cambridge Istope Labs)and methanetl, (Cambridge

Isotope Labs) were used i@seived.

Sodiumtert-butoxide (TCIl America), potassiutart-butoxide (AlfaAesar), silver
trifluoromethanesulfonate (STRBMopper (I) chloride (AlfaAesar),i-Pr.MgClI (Sigma
Aldrich), i-PrPCI (TCI), CIPPh (TCI), (CsHsCN).PdCk (STREM), p-tosylhydrazide
(BTC), (CHCH)PdChH (Sigma Aldrich), (PPhk).CoChk (Sigma Aldrich), 2, 4, 6
trimethylphenol (Alfa Aesar)nagnesium stéte (Alfa-Aesar),alumina (EMD) sodium
metal (Alfa-Aesar), potassium (Sigmaldrich), benzophenone (Alfdesar), calcium
hydride (AlfaAesar), 3CO, (Cambridge Isotope Lahbshydrogen (Sigma Aldrich),
nitrogen (NexAir) carbon monoxide (GT&S Incand agon (both industrial and ultiaigh
purity grades,NexAir) were used as receive@€arbon dioxide (NexAirwas passed
through phosphorus pentoxide (SigrA&drich) to ensure drynesBiethylzinc (Acros, 1M
in hexanes) methylmagnesium brome (Strem, 3M in diethyl ethenvere used as

received

3.4.3 Experimental Procedures

343.1 2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridir{é)

To a 106mL Schlenk flask was added (0.42 g, 0.88 mmol) ofddbsomo 2, 7-di-
tert-butyl-9-chloroacridine followed by 40 mL of dry and degassed THF to dissolve. This
solution was cooled down t85°C. A solution ofn-BuLi in hexanes (2.5 M, 0.74 mL, 1.8

mmol) was added dropwise over 10 min while stirring. This mixture was then stirred at
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room temperature for 2 hours after which it was cooled back-3 °C.
Chlorodiptenylphosphine (0.32 mL, 1.8 mmol) was added all at once. The cooling bath
was removed, and the dark brown solution set to stir at room temperature for 24 hours. The
solvent was removed under vacuum to give an oily crude product. To this was added 40
mL of dried and degassed dichloromethane then filtered over basic alumina and Celite to
give a light brown solution. After solvent removal, the crude product was taken up in 1.5
mL of CH.CI> followed by addition of 4 mL of chilled ethanol to precipitate the pobd

The precipitate was filtered and dried to give the product as a light yellow solid (0.126 g,
21%).'H NMR (400 MHz, CDClL) U ( p p m)=2®,.05 #z, ZH), @.30.20 (m,

22H), 1.23 (s, 18H)*C{*H} NMR (176 MHz, CD:Clz) : U ( p p@a), 148.899 . 8 5
(Car), 147.98 Car), 140.66 (tCar), 140.01 (dCar), 138.56 (dCar), 135.77 Car), 134.57

(d, Car), 134.50 (dCar), 128.72 Car), 128.55 Car), 128.53 (dCar), 128.51 Car), 124.32

(Car), 119.63 Car), 35.71 C(CHg)), 30.72 (CCH3)). **P{*H} NMR (161 MHz, CDCls,

85% HPQy) : U -13.83 Ampl. Calcd for £sH42CINP.: C, 77.85; H, 6.10; N, 2.02.

Found: C, 77.66; H, 6.02; N, 1.99.
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bis(diphenylphosphino)acridine in GOl solution
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Figure 3.23. 13 NMR spectrum of 2/di-tert-butyl-9-chloro-4,5

bis(diphenylphosphino)acridine in GOI, solution

3.4.3.2 2,7-Di-tert-butyl-9-methoxy4,5bis(diphenylphosphino)acridiné7)

To a 106mL Schlenk flask was add¢d.00 mg, 0.174 mmol) of sodium followed
by 1 mL of dry and degassed methanol. This was stirred till all the sodium is consumed. A
solution of 2, di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine
(0.014 g, 0.020 mmol) in 1.BL of dry and degassed THF was added to the sodium
methoxide solution. This mixture was brought to stir at@®@or 6 hours. The solvent was
removed under vacuum leaving behind a yellow crude solid product. The solid was taken
up in 2 mL of dichloromethamn to this solution was added 2 mL ofHand shaken to
form layers then separated. The aqueous layer was extracted two more times with 1.5 mL

each of dichloromethane. The combined organic layers were dried using anhydrous MgSO
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and then filtered over Cédi. Solvent was removed under vacuum to give a yellow solid.

This was washed with 1 mL of cold methanol, filtered off and dried under vacuum to give

pure product as a yellow solid (0.0104 g, 77%)NMR (400 MHz, GDs) U 8J=20 ( d,
2.1 Hz, 2H), 7.54 (td) = 7.4, 1.7 Hz, 8H), 7.43 (dd,= 3.5, 2.2 Hz, 2H), 7.08.13 (m,

12H), 3.76 (s, 3H), 1.18 (s, 18H}C NMR (176 MHz, GDe) & 161 . 61 J%t ), 1<
18.2 Hz), 147.80 (s), 141.18 (@= 17.4 Hz), 139.30 (d] = 14.6 Hz), 135.02 (s), 134.83
(d,J=20.9 Hz), 128.44 128.35 (m), 128.31 (s), 120.23 (s), 116.93 (s), 63.19 (s), 35.29

(s), 30.82 (s)*'P{*H} NMR (161 MHz, GsDe, 85% HPQs) : U -1Q2.p% Angl. Calcd

for C4eHasNOP2: C, 80.09; H, 6.58; N, 2.03. Found: C, 79.82; H, 6.75; N, 1.96.

5
7.54
5
752
| 7.44
743
1743
742
7.16
713
711
708
376
118

e ———

|
L

=

L.._Ju
o
o

i
5

18.00=

304 -

1.92 < ——
12.11=

.
]

— T T T T T T T T T T T T T T T

R . o . - . o
12.5 11.5 10.5 95 90 85 80 7. 70 65 6.0 55 50 45 40 35 30 25 20 15 10 05 00

4 (ppm)

Figure 3.24. 1H NMR spectrum of 2,7-di-tert-butyl-9-methoxy4,5

bis(diphenylphosphino)acridine CeDe solution
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3.4.3.3 2,7-Di-tert-butyl-9-(2,4 6-trimethylphemxy)-4,5-bis(diphenylphosphino)

acridine(18)

To a 100mL Schlenk flask was placed 2dr-tert-butyl-9-chloro4,5
bis(diphenylphosphino)acridine, (0.018 g, 0.026 mmopC®&: (0.110 g,0.080 mmol),
and 2,46-trimethylphenol (011 g, 0.081 mmol) followed by 2.5 mL of DMF. The mixture
was set to stir at 61 for 72 hours. The solvent was removed under vacuum, and the crude
solid taken up in dichloromethane. It was washed with water and the layers separated, the
agueous layer wasxtracted two more times with 1.5 mL of water each. The combined
organic layers were dried using anhydrous Mg&@ filtered over Celite. The solvent
was removed under vacuum to give a-oednge solid. This was washed with methanol,
filtered off and dred under vacuum to give the product as an orange solid (0.012 g, 58%).
'H NMR (400 MHz, GD¢) U 8 J=2201, O(8dHz, 2H), 7.53 (td,= 7.2, 1.7 Hz, 10H),
7.39 (ddJ = 3.5, 2.1 Hz, 2H), 7.1B 7.05 (m, 14H), 6.67 (s, 2H), 2.09 (s, 3H), 2.01 (s,
6H), 1.06 (s, 18H)!C NMR (176 MHz, GDs) U 1 5Ca), P58.75((sEar), 149.15
(d, Car), 146.95 (SCar), 140.56 (dCar), 139.15 (dCar), 134.53 (SCar), 134.46 (dCa),
128.70 (s,Car), 128.08 (sCar), 127.98 (t,Car), 117.56 (SCar), 116.94 (SCa:), 34.97
(C(CHs)), 30.41 (CCHz3)), 20.21 (phenoxytHs)), 16.80 (phenoxyHs)). 3P{*H} NMR
(161 MHz, GDe, 85% HPQy) : U -1Q.p7pAnal. Calcd for GHssNOP: C, 81.69; H,

6.73; N, 1.76 Found: C, 81.79; H, 6.90; N, 1.78.
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Figure 3.27. H NMR spectrum of2,7-di-tert-butyl-9-(2,4,6trimethylphenoxyj4,5-

bis(diphenylphosphino)acridine CeDe solution
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Figure 3.29. 3P NMR spectrum oP,7-di-tert-butyl-9-(2, 4, 6trimethylphenoxy}4,5

bis(diphenylphospho)acridinein CsDe.

3.4.3.4 4 5Dibromo-2,7-di-tert-butylacridine(11)

In a 250mL Schlenk flask was placeguitosylhydrazide (0.164 g, 0.883 mmol).
This was evacuated and then refilled with argon. To the flask was added 4 mL of
chloroform to dissolve then placéd oil bath at 5°C. 4,5dibromao2,7-di-tert-butyl-9-
chloroacridine (0.388 g, 0.803 mmol) was dissolved in 5 mL chloroform and this solution
was added to the one in the flask at®60 The mixture was stirred at this temperature for
15 min before settintp stir at room temperature for 12 hours. The solvent was removed
under vacuum to give an oily crude, to which was added 2 mL of hexaneoduce

product as a yellow precipitate. The precipitate was filtered off, washed with 1.5 mL of

cold hexanes and dried under vacuum to give the product as a yellow solid (0.446 g, 83%).

TheH NMR (400 MHz, CDCJ) spectrum of the product showed broaced pe ak s
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(ppm) 10.16, 8.23, 7.81.76, 7.387.32, 2.45 and 1.42. This(p-tosylhydrazide®,5
dibromoacridinium chloride salt was suspended in 16 mL of ethylene glycol. To this
suspension was added 8 mL of 3.4 M NaOH solution and the mixture stirt@8°C for

2 hours forming a retrown precipitate. It was cooled down to room temperature then
poured into a beaker containing 5 mL-m@d water. The red precipitate was collected via
vacuum filtration and washed with water then dried for some fiime.resulting solid was
washed with cold methanol to give product as a white solid with some pink taint (0.261 g,

87%). H NMR (400 MHz,CRCl) U 8. 73 ( 852.0HHPH), 780 (@9 ( d,

2.0 Hz, 2H), 1.46 (s, 18H)C NMR (101 MHz,CRCl)ti 149. 95 (s), 144,

(s), 133.99 (s), 128.02 (s), 125.20 (s), 122.74 (s), 35.43 (s), 30.95 (s). Anal. Calcd for

Co1H23Br2N: C, 56.15; H, 5.16; Br, 35.57; N, 3.12. Found: C, 56.35; H, 5.24; Br, 35.32; N,

3.07.
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Figure 3.30. H NMR spectrum of 4Slibromo2,7-di-tert-butylacridine in CRClz

solution
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Figure 3.31. 3C NMR spectrum of 48libromo2,7-di-tert-butylacridine in CRCl

solution

3.4.3.5 2,7-Di-tert-butyl-4,5bis(diisopropylphosphino)acridine

Into a 100mL Schlenk flask was placed 4gtbromao2,7-di-tert-butylacridine
(0.374 g, 0.832 mmol) followed by 25 mL of diethyl ether to dissolve. This solution was
cooled down ta35 °C. A solution & n-BuLi in hexanes (2.5 M, 0.7 mL, 1.7 mmol) was
added dropwise while stirring. The reaction mixture was let to warm up to room
temperature for 2 hours after complete addition. It was then cooled ba®k 4G, then
(0.26 mL, 1.66 mmol) of chlorodiisoppglphosphine was added all at once. The reaction
mixture was stirred at room temperature for 24 hours. An aliquot from this reaction showed

only about 30% conversion to the desired product. The reaction was left to stir for another
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12 hours after which ceersion to the desired product improved to 50%. The solvent was

removed under vacuum and the crude product taken up in degassed dichloromethane. It

was filtered through a column containing 50:50 silica gel and basic alumina and the yellow
second eluent clglcted. This eluent was evaporated to dryness. The product was
precipitated using 1 mL of cold ethanol. This reaction however leads to formation of a
mixture of products: 2;di-tert-butyl-4,5-bis(diisopropylphosphino)acridinéq) and 2,7

di-tert-butyl-9-(n-butyl)-4,5-bis(diisopropylphosphined,10-dihydrcacridne (@3). Data

for 12H NMR (400 MHz,CDCl;) U (ppm) 8. 6 9=4.424HzR2N), 8.

7.84 (d,J=2.0 Hz, 2H), 2.80 (m, 4H), 1.47 (s, 18H), 1.17 @d,13.2, 7.2 Hz, 14H), 0.93
(dd,J=13.2, 6.8 Hz, 14H}'P{*H} NMR (161 MHz, CDxCl2, 85% HPQy) : U -6(0p p m)
(The spectrum however has a very poorly resolved baseline). HRMS (ESI): m/z 524.36

[M+H] (Calcd for GsHs1INP2: 523.35).
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Figure 3.32 4 NMR spectrum of 2 di-tert-butyl-4,5

bis(diisopropylphosphino)acridine in GO, solution

Data for13H NMR (400 MHz, CRCl)) U ( p p @3 8.88Hz,41), 724 ,
7.20 (m, 2H), 7.15 (d) = 2.4 Hz, 2H), 2.2@.17 (m, 4H), 1.33 (s, 18H), 1.2212 (m,
18H), 1.010.91 (m, 17H), 0.80 (1] = 6.8 Hz, 3H)3P{*H} NMR (161 MHz, CD:Cl2, 85%

HsPQy) : U -16.p2p HIRMS (ESI): m/z 580.41 [M]Calcd for GHeNP2: 581.42).
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Figure 3.34. 3P NMR spectrum of 2;di-tert-butyl-9-(n-butyl)-4,5

bis(diisopropylphosphined,10-dihydraacridne in CDCl, solution
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3.4.3.6 [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine]silver triflate

To a 20mL scintillation vial, (0.015 g, 0.021 mmol) of 2d¢i-tert-butyl-9-chloro-
4,5 bis(diphenylphosphino)acridine was dissolved using 0.5 mL ofOG3olution. This
solution was added dropwise to another vial containing silver triflate (0.006 g, 0.021 mmol)
in 0.5 mL of CRCl.solution and stirred for 3 hourdd NMR (400 MHz,CDRCl;) U ( p p m)
8.56 (d,J= 2.0 Hz, 2H), 7.75 (td] = 5.6, 2.0 Hz, 4H), 7.63 (td,= 6.0, 1.6 Hz, 8H), 7.46

7.40 (m, 8H), 7.17 (dd] = 10.4, 2.0 Hz, 2H), 1.22 (s, 18H}P{*H} NMR (161 MHz,

CD.Cly, 85% HPQ) : & -61p.p m)

8.56
8.56
75
73
65
64
63
62
61
60
46
40
18
e
1.22

4
il | i
1 LY :I
12| ] 11I.- 1(; o Dii 9|0 815 8'0 ‘ T‘i ’ 7’10‘ ﬁiS I 610 ’ 5.5 ‘ Sil:l I 4:5 ' 4?0 . Z!iS ‘ 3:0 ' 2?5 . ZEG ‘ liS I 110 ' 0.‘5 ‘ Otﬂ
4 (ppm)
Figure  3.35. 4 NMR spectrum of [20i-tert-butyl-9-chloro-4,5

bis(diphenylphosphino)acridine]silver triflate in @), solution
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Figure 3.36. 3P NMR spectrum of [2,7-di-tert-butyl-9-chloro-4,5-

bis(diphenylphosphino)acridine]silver triflate in &L}, solution

3.4.3.7 [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphinacridine]palladium(ll)

tetrachloropalladatés)

To a 20mL scintillation vial (0.012 g, 0.014mmol) d?,7-di-tert-butyl-9-chloro-
4,5 bis(diphenylphosphino)acridine and (0.006 g, 0.014 mmol) of
bis(benzonitrile)palladium(ll) chloride were plac&ichloromethangl mL) was added,
and the mixturset to stir overnight. The solvent sveemoved under vacuum to dryness to
give a browrred solid. It was washed with 1 mL of cold methanol give the product as a
brown solid (0.011 g, 92% vyielddH NMR (400 MHz, CRCl) U (ppmF18. 86 ( «

Hz, 2H), 8.38 (tdJ = 5.8, 1.9 Hz, 2H), 7.85 (J = 13.8, 7.2 Hz, 8H), 7.63 (1,= 7.4 Hz,
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4H), 7.55 (tJ= 7.5 Hz, 8H), 1.50 (s, 18H'P{*H} NMR (161 MHz, GDs, 85% HPQy):

ad (ppm) 32.11.
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Figure 3.37. IH NMR spectrum of [23i-tert-butyl-9-chloro-4,5

bis(diphenylphosphino)acridine]palladium(tétrachloropalladate CD.Cl. solution
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Figure 3.38. 3P NMR spectrum of [2;di-tert-butyl-9-chloro-4,5

bis(diphenylphosphino)acridine]iedium(ll) tetrachloropalladate CD-Cl. solution

3.43.8 [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine]cobalt(11)

chloride(7)

Into a 20mL scintillation vial fitted with a stirbar (0.016 g, 0.024 mmol) of
dichlorobis(triphenylphosphine)cobalt(ll) was dissolved using 1 mL of THF. To this was
added solution o2,7-di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridin®.015 g,

0.022 mmol) in 2 mL of THF dpwise while stirring. The reaction was set to stir at room
temperature overnight after which solvent was evaporated to dryness. To this crude solid
was added cold diethyl ether (2 mL) and then filtered off to give green solid which was
further washed witih.5 mL of cold diethyl ether. The solid was dried under vacuum to
give a paramagnetic product (0.017 g, 96%) characterized by mass spectrometry ESI: m/z

787.15 [M+CIJ (calcd for GsHa2Cl,CoNOPR: 787.15, and §H42ClsCoNPs: 822.12).
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3.4.3.9 [2,7-Di-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)acridine]nickel(ll)

chloride(9)

Into a 20mL scintillation vial, (0.024 g, 0.036 mmol) of
dichlorobis(triphenylphosphine)nickel(ll) was dissolved using 2 mL of dichloromethane.
To this was added solution of 2,7-di-tert-butyl-9-chloro-4,5
bis(diphenylphosphino)acridin€d.025 g, 0.036 mmol) in 2 mL of dichloromethane
dropwise while stirring. The reaction was set to stir for 12 hours at room temperature.
Solvent was evaporated to dryness leaving behind a red solid. Tolithwa® added cold
EtO (2 mL), filtered off and dried under vacuum to give apadple solid (0.025 g, 84%).
IH NMR (400 MHz, CRCl) U ( p p nd) 2.8Hz5281), §.28 (d] = 2.0 Hz, 2H),
8.03 (dt,J = 6.8, 1.6 Hz, 8H), 7.57 (t8,= 7.6, 1.2 Hz, 4H), 7.49 (tf,= 7.2, 1.2 Hz, 8H),
1.44 (s, 18H):®C NMR (176 MHz, CRCl) 4 (ppm) 152.79 (s), 15
139.91 (s), 134.94 (s), 133.59 (s), 132.16 (s), 129.37 (s), 129.01 (s), 127.46 (s), 124.43 (s),
36.05 (s), 30.85 (s}'P{*H} NMR (161 MHz, GDs, 85% HPQy) : U (ppma) 24 . 6

Calcd for G7H27CI2NNiP: C, 65.61H, 5.14; N, 1.70Found:C, 66.10; H, 5.39; N, 1.70
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Figure  3.39. 4 NMR spectrum of [20i-tert-butyl-9-chloro-4,5
bis(diphenylphosphino)acridine]nickel(ll) chloride in &I} solution
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Figure  3.40. 3P NMR spectrum of [2;di-tert-butyl-9-chloro-4,5

bis(diphenylphosphino)acridine]nickel(ll) chlde in CDC4 solution
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Figure 3.41 13C NMR spectrum of [2/i-tert-butyl-9-chloro-4,5

bis(diphenylphosphino)acridine]nickel(ll) chloride in &I} solution

3.4.3.10 [2,7-Di-tert-butyl-9-chloro-4,5bis(diphenylphosphino)acridine]

diisopropylnickel(1N(10)

To a scintillation vial was placed (0.059 g, 0.072 mmol) of-f#;#ert-butyl-9-
chloro-4,5-bis(diphenylphosphino)acridine]nickel(ll) chloride and dissolved using 2 mL
of toluere. Isopropylmagnesium chloride (76 pL, 0.15 mmol) was added to the solution at
-35°C while stirring. The reaction mixture was set to stir at room temperature for 12 hours
after which the solvent was evaporated to dryness. Géldioxane (1 mL) was addeuhd
the resulting suspension filtered off. The filtrate was evaporated to dryness to give product
as a purple solid (0.0493 g, 82% yief.NMR (400 MHz, GDs) U ( ppmJ= 8. 02

12.2, 6.6 Hz, 8H), 7.57 (d,= 1.9 Hz, 2H), 7.30 (ddl = 7.0, 5.0 Hz2H), 6.97 (d,J = 6.7
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Hz, 12H), 2.58 (septed, = 6.8 Hz 2H), 1.22 (s, 18H), 1.07 @= 6.4 Hz, 6H)3P{1H}

NMR (161 MHz, GDs, 85% HPQy) : U (ppm) 23. 24.
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T T ' T 7 6 5 3 > 1 o
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Figure 3.42 4 NMR spectrum of [20i-tert-butyl-9-chloro-4,5

bis(diphenylphosphino)acridine]diisopropylnickel(ll) ir% solution
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Figure 3.43. 31p NMR of [2,Zdi-tert-butyl-9-chloro-4,5-bis(diphenylphosphino)

acridine]diisopropylnickel(ll) irCeDs solution

3.4.3.11 [2,7-Di-tert-butyl-9-methoxy4,5bis(diphenylphosphino)acridine]

cobalt(l) chloride(20)

To a 20mL scintillation vial was placed,7-di-tert-butyl-9-methoxy4,5-bis
(diphenylphosphino)acridine (0.045 g, 0.068 mmol) 845 g, 0.068mmol) of
dichlorobis(triphenylphosphine)cobalt(ll). To this mixture was added 5 mL of THF and set
to stir for 12 hours. The solvent was removed under vacuum to give -greefi solid.

Cold EtO (2 mL) was added to wash the solid and then it was filtefedtre solid was
dried under vacuum to give (0.047 g, 94% vyield). It was analyzed by mass spectrum using

HRMS (MALDI): m/z 818.21 [M+C4]* (calcd for GeHasCl2CONOP: 818.17).
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3.43.12 [2,7-Di-tert-butyl-9-(2,4 ,6trimethylpheoxy)-4,5

bis(diphenylphosphinakridine]cobalt(ll) chloridg22)

Into a 20mL scintillation vial was placed 2,7-di-tert-butyl-9-(2,4,6
trimethylphenoxy},5-bis(diphenylphosphino)acridin(0.067 g, 0.084 mmol) and (0.055
g, 0.084 mmol) of dichlorobis(triphenylphosphine)cobalt(ll). To theswadded 7.5 mL of
THF and set to stir for 12 hours. The solvent was removed under vacuum to give a light
green solid. Cold EO (3 mL) was added to wash the solid and then it was filtered off. The
solid was dried under vacuum to give (0.076 g, 97% yidldg. product was analyzed by
mass spectrum using HRMS (MALDI): m/z 887.36 [M+QRalcd for G4HszCICONOR::

887.26 and €Hs3:Cl2.CoNOR:922.23).

3.4.3.13 [2,7-Di-tert-butyl-9-(2,4 ,6trimethylphenoxy¥4,5

bis(diphenylphosphino)acridine]nickel(ll) chlorid&9)

Into a 20mL scintillation wvial, (0.012 g, 0.015 mmol) of
dichlorobis(triphenylphosphine)nickel(ll) and 2, 7-di-tert-butyl-9-(2,4,6
trimethylphenoxy)4,5-bis(diphenylphosphino)acridir(®.012 g, 0.015 mmol) were added
then dissolved using 2 mL of dichlenethane. The reaction mixture was set to stir for 12
hours at room temperature. Solvent was evaporated to dryness leaving behind a reddish
purple solid. To this was added cold®@&t1 mL) and the filtered off to give red solid. This
was dried under vacuugiving the product (0.014 g, 99%H NMR (400 MHz, THFds)
ad (ppm) 8.80 (s, 2HY4Hzg8H)/753{)s 7.2 HzH8H),7.18 . 98
(t, J= 7.4 Hz, 4H), 7.03 (s, 2H), 2.31 (s, 3H), 2.11 (s, 6H), 1.25 (s, B&PHH} NMR

(161 MHz, GDs, 85% HPQ)) : & (ppm) 23.77.
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Figure 3.44. H NMR spectrum of 2, 7-di-tert-butyl-9-(2,4,6trimethylphenoxy}4,5

bis(diphenylphosphino)acridifr@ckel(ll) chloride in THFdg solution
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Figure 3.45. 3P NMR spectrumof [2,7-di-tert-butyl-9-(2,4,6trimethylphenoxy}4,5

bis(diphenylphosphino)acridiifr@ckel(ll) chloride in THFds solution
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3.4.3.14 Reduction Experiments

A given mass of the complex was wegghinto a scintillation vial in the glovebox.
To this was added dry and degassed THF to dissolve. Two equivalents syriKesized
according to literatufé were dissolve in a given volume of dry and degassed THF. This
KCsg solution was added to the complex solution dropwise while stirring at room
temperature. The mixture was left to stir for 12 hours in the glovebox. The mixture was
then filtered off over Celite, and the solvent remove under vacuum to get the reduced

specis as a solid.

34.3.15 Reactivity of reduced species with €éand CO

A given mass of the reduced complex species was dissolved in dry and degassed
THF-dg solution. The solution was theransferred into a-¥oung NMR tube. This was
then degassed several times through frgemapthaw cyclesThenl atm of the respective
gaswas introduced into theYoung tube. The sample was agitated for about 30 min and
in some cases (reaction of €@ith nickel complexes) wernight. The products were

analyzed using spectroscopic methods.

3.4.4 X-ray Diffraction Studies

A suitable crystal of compleX from a DCM solution layered with ED and kept
at -35 °C was selected and mounted on a loop on Bruker ARECCD diffractometer
using paratone oil. The crystal was kept at 100(2) K during data collection. Using ®lex2,
the structure was solved with Shel®Btructure solution program usimyual Space and

refined with the ShelX® refinement package using Least Squares minimisation.
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Crystal Data for CseH44ClsCoNP> (M =908.94 g/mol), 7): monoclinic, space
group P2n (no. 14),a= 9.6819(5A, b= 30.4563(14Q, c= 15.0708(9Q, b=
93.805(2)°,V = 4434.2(4)A%, Z= 4, T= 100(2)K, ¢ ( Mo K 0.y93 mm, Dcalc=
1.362g/cn®, 77780 reflections measured Rn&d. 424A
0.0458, Rgma= 0.0340) which were used in all calculations. The ffalvas 0.0592 (I >

20 (| )WRwasr9.d358 (all data).

A suitable crystal of comple® from a slow evaporation benzene and toluene
solution was selected and mounted on a loop on Bruker APERD diffractometer using
paratone oil. The crystal was kept at 100(2) K during data collection. Using B2,
structure was solved with Shel®structure solution program using Intrinsic Phasing and

refined with ShelXE’ refinement package using Least Squares minimisation.

Crystal Data for CssHszCIsNNiP2 (M =954.96 g/mol),9): triclinic, space group+
1 (no. 2),a= 11.4684(5A, b= 15.3120(7R, c= 15.4461(7R, U= 65.826(2°, b=
83.663(2)°,0= 74.927(2)°V = 2389.38(19A3%, Z=2, T= 100K, ¢ ( M®KA)
mm?, Dcalc= 1.327g/cm®, 33460 reflections measured (4
unique Rint = 0.0470, Bgma= 0.0715) which were used in all calculations. The flRal

was 0.0490 \WRwas0.1D76(all datp). and
3.4.5 EPR Experiments

Samples for EPR measurements were prepared ungleatmbsphere in the
glovebox. The radical anion gArO)PNRacridinewas gnerated by reducing 0.01 g of
the ligand using 1 equivalent of K@.002 g) in 1 mL of THF. The mixture was filtered

over Celite and dried under vacuum. Into a vial, 0.005 g of this product was dissolved in
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300 uL of dry THF and transferred to an EPRetaind sealed in the glovebox. Into another
vial, 0.01 g of[(ArO)PNP-acridine]Co(CO) was dissolved in 0.7 mbf dry THF and
transferred to an EPR tube then sealed. ThbaXd continuous wave (CW) EPR
measurements were performed on a Bruker EMX spectrométe9.839 GHz at 298 K
for both samples.Simulation data were obtained using EasySpin (available at

www.easyspin.org) package for Matlab 2018a using the garlic méthod.
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CHAPTER 4. NICKEL COMPLEXES OF CY-XANTPHOS,

CHARACTERIZATION, AN D APPLICATION IN CO 2 FIXATION

4.1 Background

4.1.1 Industrial applications of C@and its catalytic transformations using transition

metal complexes

CQO; exists in abundant quantity as a byproduct of energy genetdt®mse as
renewable, notoxic C; building block is a very attractive goal for synthetic chemistry on
a laboratory and industrial scaté.Currently, CQ is used in the chemical industry for
production of urea, salicyclic acid, cyclic carbonates, and polypropylene carbbitates.
reduction to C&° methane omethanot! are still far less implemented due to the energy
barriers that need to be overcom&his has led to increased interest in designing catalytic
processes that use @ C-C bond formation, which when achieved could have positive
ramifications on efforts towards carbon managen&ittBut that process has to be able
to overcome the kinetic and thermodynamic stability of>@® providing reactive
intermediates that can attack the femergy C@molecule while achieving high selectivity

for the desired produét.

CQOe reacts with different transition metals through either its electrophilic carbon,
its two equivalent @ °~ bonds or it $?Assuch ieiogqapgabld of c
forming a vari¢y of coordination complexes$,?>2” with the most common biling modes

beingl and2.'?
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Figure 4.1. Possible coordination modes of £ transitionmetal complexes

4.1.2 Biological activation of C@at a nickelcenterand the role of a Lewiacid in the

process

Biological reduction of C@to CO (a primary industrial Csource) takes place
efficiently at a square planar nickel centé?;?° where nickel(0) has been proposed to be
responsible for the CQuptake3® X-ray crystallography revealed the active site to contain
a [NiFesSq] core® 2***where CQis proposed to bind forming NMEOO-Fe and subsequent
protonation cleaves O bond leaving behth a Ni(l)-CO fragmen#® As such the
coordination of CQand CO at nickel centers supported by pincer ligands to enforce a
square planar geometry is of interest, and has édaly explored>*® even though the

exact mechanistic details remain debat4bfé.

Lee and ceworkers recenyl showed that addition of GQ@o nickel(0) supported by
4,5-bis(diisopropylphosphine?,7,9,9tetramethyl9H-acridin-10-ide  E"PNPY® in the
presence of Ndeads to formaon of LNi-COONa. As in NiCOO-Fe, the addition of two
equivalents of Hleads to formation of LNCO complex, 'PNRNi(I)CO) (see Scheme

4.1)%
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Schemed.1. Activation of CQ at a nickel center and subsequent reaction with H
4.1.3 Ligand architecture anéffecs on CQ binding modes

The groups of Aresta, and later Hduse, demonstratetf-CO; binding modes at
low-valent nickel species when two phosphorus donors were present in their complexes
(PCys)2Ni(d>-COy) (1)*° and(dtbpe)N(d?-COy) (11)*° respectively(see Figure 4.2Many
four-coordinate Ni(0) species tend to foxCO, complexes in which the -© bonds
possess a greater degree of single bond chafaéfefhe bonds are thus elongated and
readily interacts with Lewis acids, making them easier to cleave during reduction processes
and favoring the formation of carbonyl compleXésVe were however interested in
reducing the metal center in LNi(GQn and?-binding mode followed by insertion of GO
or CO without cleavage of the-G bond in LNi(CQ). We envisbned that use of a ligand

framework such as that based on Xantphos would enable synthd$8©f complexes.

tBUZ
CysP o) P
N \ O
/Ni/ [ /Ni/
NS
CysP ~ P ©
O BU2
I n

Figure 4.2. d?-CQ, binding modes at lowalent nickel species.
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PPh,  PPhy Ph. o i _p-Ph Ph\P_Qi‘P,Ph
o . alkene or Ph” “Ph Ph” “Ph
O O + Ni(cop), _2lkeneor _ 0 o)
TalisesiElve s
i R = Ph or CO,Me R = Ph or CH,OH

Scheme4.2.  Xantpho$¥®? Ni -complexes obtained from reaction of Ni(CQD)

Xantphos ad 2 equiv. of alkenes or alkyn&'s.

Xantphos ligandgstructurelll , Scheme 4.2)*°? are phosphorubased chelates
with a semirigid backbone, and normally bind to metals via the two phosphorus donors.
These ligands have a wide bite angle and have been used in a number aefaiallgeéd
reactions including hydrocyanatié#® alkylcyanatiors’ cross coupling® conversion of
ethylene into dbutené&® and cycloadditiot® With the evidence for Xantphdsased Ni’
complexegsee Scheme 4.2 aboyéwe hoped that (Gxantphos)Ni(0) would fornaf*-
CO, complexes that are stable enough as to enable transformation a@3ourceTo
investigate this possibilitjow-valent Cyxantphosnickel complexes were synthesized

and theireactivity with CQ under different conditions tested.
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4.2 Results and Discussions
4.2.1 Synhesis and characterization @€y-xantphonickelcomplexes

cob (solv)n
Cy,P—Ni—pcy,  THF Cy P~r\'1i—PCy
H,, 24h 772 2

0
O O + Ni(cop), — F o) Hp, 2% 0
S S I 06 &
n=1or2
4 5

PCy2 PCy2

Scheme4.3. Synthesis of (CyantphosiNi(0) using Ni(COD)}.

Route 1 Cy-xantphos reacts with Ni(CORJwhere COD is 1/&yclooctadiene)
to form (Cyxantphos)Ni(COD) complexf with liberation of free COD as seen from the
'H NMR with resonances at U0 5.58 and 2.22 p
shows a decrease in the intensity of free COD resonances'i HiédR spectrum, to form

what is presumed to be a solwoiund (Cyxantphos)Ni(0) complexs) (Scheme 4.8

Route 2 Treatment of Cyantphos with (PPNICl. leads to formation of a
purple solid identified as (Gyantphos)NiC, (6) through spectroscopic as well as solid
state analysis. Reduction of this nickel(Il) complex using gi@duces the lowalent

complexb.



Cl. CI (slolv) n

PCy PCy  Ni— .
o 2 chcn S Ni—pcy, ‘e cy,p—Ni—pcy,
+ (PPhg),NiCl, —222 o _KCsq , THF o
rt, 12h O O rt, 24h O O
93%
6 5 n=1or2

Schemed.4. Synthesis of (Cykantphos)Ni(0) via reduction of (&yantphos)Ni(ll).
Crystal structure obtained from a dichloromethane solutidh(Bfgure 4.3)ayered with
diethyl ether and kept aB5 °C reveals a foucoordinate (Cyxantphos)NiCl with P-Ni

bond of about 2.351 A. The bonds are long enough that the Ni ish&®d82 A above

oxygen at an angle of 1187)°.

Figure 4.3. Solid-state structure @ shown as 50% probability ellipsoids.

H atoms omitted for clarity with selected interatomic distances (A) and afjgledNi1,
2.982; NitP1, 2.345(6); NidP2, 2.356(1); C2%1, 1.828(3); C3P2,1.826(2); PINil-
P2, 118.7(7); PNi1-Cl1, 98.1(4); PANi1-CI2, 103.1(4); PAil-Cl1, 101.6(3); Pi1l-

Cl2, 100.5(8).
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4.2.2 Application of G-xantphos nickel complexes in g€&xtivation

( sI:oIv)n Oj

/N|\ S
Cy2P PCY2  co, THE  Cy,P—Ni—Pcy,
CLC Cro0
7

Scheme4.5. Synthesiof (Cy-xantphos)Ni(CQ).

Reaction of5 with CO; led to an immediate color change from either dark brown
(route 1) or redbrown (oute 2) to brownishyellow. Analysis of this product by FTIR
shows an absorptiort 4742 cmt in the infrared spectrum which could be resulting from
the C=0 stretch of the (&antphos)Ni(CQ) complex (Figure 4)Y This absorption is
close to that observed by Aresta andwarkers for their sid®n bound CQ in
(PCys)2Ni(d?-CO,)*°and that of Hillhouse and eworkers in(dtbpe)Nig2-CO,)*° at 1741
cmit and 1724 cm respectively. These values are slightly higher compared to those
observed for tridentate ligands that normally participate!ibinding modes (Tabld.1

below).
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Figure 4.4. IR of (Cy-xantphos)NICQ) (film).

There is another stretch in the IR at 1896 dfigure 4.4 from the reaction of COwith
the (Cyxantphos)Ni(0) obtained through reduction of {&antphos)NiCl by KCg which
is suspected to be that of CO. This could result from further reduction pinC@y-

xantphos)Ni(CQ).

Table4.1. Comparison of selected physical parameters between PNP and POP nigkel CO

complexes.

Complex Acoz(cm'l) C-O (A)
(PCy)2Ni(COy) (1)*° 1741 1.22,1.17
(dtbpe)N{CO2) (2)°° 1724 1.200(3), 1.266(3)
(PP'P)Ni(CO) (3)* 1682 1.218(2), 1,252(2)
(PP**P)Ni(COOB(GFs)3) (4)** | 1631 1.223(4), 1.340(4)
(Cy-xantpho3Ni(CO,) (5) 1742

Table 2 also shows how spectroscopic data and bond lengths relatdegrine of

CQO; activation. Bothl, 2 and5 have fairly high absorption frequencies in the infrared

14C



spectrum compared and4. The two GO bond lengths for each complex3iare fairly
close, but the effect of a Lewis acid in elongating tHé Bond isvident ind. The presence
of borane in4 causes the bond lengths to differ by ~0&,2 clear indication that one of

the C=0 bonds has developed more of a single bond character.
4.2.3 Confirmatory test for NCO, complex formation usinfCO; experiment

Underreaction conditions similar to those used with natural abundaneg(C®
xantphos)Ni(0) was treated withCO,. The data obtained from this experiment points to
a successful synthesis of (@gntphos)Nit’CO,). In the3C NMR spectrum, there is a
tripletr esonance at U 157.26 ppm with3¥RaNMRoupl!l in
spectrum, a single doubl et resonance i s o06b
of 9.6 Hz as well. The FTIR data shows a shift in absorption from 1742@&a697cm
in the infrared spectrumFigure 4.5. Studies on (PGy:Ni (*CO,) showed infrared
absorption shifts from 1741 chto 1696 crt and a resonance &tL59.28 ppm in thé’C
NMR.1>5263This datastronglysuggests formation of nickel G@dducts fronthereaction

of CO. with low-valent Cyxantphos nickel species.
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Figure 4.5. IR of (Cy-XantphosNi(**CQ) (film).

The results could not prove whether there was formation of NiCO adducts in the
course of the reactiorlowever, literature precedents show that the interaction of transition
metal complexes with COleads to disproportionation into rt@nato and carbonyl
complexe$+%° In the reaction of Ni(dcpejicpe = 1,2bis(dicyclohexylphosphino)ethane)
with CO;, Mastrorilli and ceworkers observed formation a strong teat 1741 c
together with a weak band at 1898 "tPA After further studies, ey assigned the
absorption atl898 cmt' to the carbonyl carbostretchin (dcpe)NiCO.In our case, it is

very likely that the band at 1896 chresults from (CyXantphosNi(CO).
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4.2.4 Synthesis of &xantphos nickel dicarbonyl via G@isplacement

0
/ oc O
S‘WL cv.p—N—pc
Cy,P PCy, CO, THF y2 Y2
0 0
O O rt, 1h O O
8

Schemed.6. Synthesis of (Cyxantphos)Ni(COy.

The reaction of (CyXantphosNi(CO) with CO at room temperature leads to
formation of (CyXantphosNi(CO) complex (Scheme 4)6The obtained complex shows
two strong absorptiorst 1981cm* and 1913min the infrared spectrunvhich must be
originatingfrom the two inequivalent carbonylgFigure 4.7. The complex also gives a
triplet r e s @ ppmwithea cauplinglicongtahtiof @5 Hz in the€ NMR
spectrum The sdid state structure reveals-@ bond of length of 1.1@) A on aveage,
compared tq1.128A for C-O triple bond in CQand (1.162A for C-O double bond in
C).5” The nickel is held 0.96& above the cyantphos plane at a Ni@1-C3 angle of
146.0(4). These observations compare well with other previously reported nickel carbonyl

complexes of terdentagencer ligandgTable 4.2.

Table 4.2. Comparison of selected physical parameters between PNP and POP nickel

carbonyl complexes.

Complex Aco(cm?) C-0 (A) Ni-C (A)
{(**"PNP)Ni(CO)} (1)*° 1828 1.18(1) 1.77()
(*“PNP)Ni(CO) P)* 1931 1.14(9) 1.76(5)
(Cy-xantphogNi(CO)2 (3) | 1981,1913 | 1.18(1), 1.18(4) | 1.75(9), 1.73(5)
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Data fromthis independently synthesizeg-&antphos nickel carbonyl complex will be an

important point of reference fonereduction productsf (Cy-xantphos)NiCO,).

Figure 4.6. Solid-state structure ofCy-xantphosiNi(CO). shown as 50% probability
ellipsoids.H atomsareomitted for clarity Selected interatomic distances (A) and angles
(°): O1:Ni1, 3.175; NitP1, 2.259(7); NidP2, 2.258(2); C14P1, 1.837(6); C62,
1.841(2); C4002, 1.181(4); C413, 1.184(4); PANi1-P2, 118.6(3); PNil1-C40,

106.2(9); PANi1-C41, 99.5(4); PNi1-C40, 107.3(6); PAi1-C41, 98.4(0).
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Figure 4.7. IR of (Cy-XantphosNi(CO)2 (film).

4.2.5 Manipulation of (Cyxantphos)NiCO,) adduct

Selectivity remains a key issue in €fdnctionalization to higher value products.
As such, the products obtained from £®duction range from oxalic acid-glectron),
carbon monoxide or formic acid-@ectron), formaldehyde {dlectron), and methanol«6
electron) all the way to hydrocarbohBartial reduction of C&produces CO, an attractive

target as it remains the primary kuilding block.

The presence of internal dipoles along the C=0 bonds pgwes it the ambiphilic
character.This character enables bifunctional activation of C@nd naturetakes
advantage of thisn which the lowvalent (nucleophilic) nickel sites attacks the
electrophilic carbon of C@Owhile the oxygen is stabilized by a Lewaisid, FeX°* % In trying
to mimic nature, the past 30 years has seen development of trans#tiaihcomplexes for

CO; activation and catalytic reduction based on tlibservatior?®* Our interest in
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investigating whether a Lewis acid stabilized {xantphos)Ni(CQ) would undergo
further reduction at the nickel center and allow CO or ©®ertion led to the following

studies.

4.2.5.1 Reduction of (Cyxantphos)Nit3CO,) with KCg in presence of magnesium

triflate
( solv)n O,

0
O O 13C0O,, THF 0 1. Mg(OTH), 0
eote. (YO0 B o
n=1,2

Scheme4.7. Reduction of (Cyxantphos)Nit*CQ,) in presence of Mg(OT4)

There is no change in t#&P and**C NMR spectra whemagnesium triflate is
addedto the (Cyxantphos)Nit3CO,) complex. But oraddition of one equivalent of KC
to this complexa newproduct that has a triplet resonamté 199.84 ppnwith a coupling
of 29.9 Hz in the®C NMR spectrum was formed (Figure %.8Compared to the
independently synthesized (@mntphos)Ni(COy, this peak would correspond to a
carbonylcarbon. It is therefore within reason to expect that the one equivalent of reducing
agent intended to reduce the nickel center instead was consumed in the reduction of some
ofthe boundCO.. The triplet resonance atlyfroml57. 97
the carbon of (Cyxantphos)Nit3’CQy) but it is significantly reduced in intensity (see Figure
4.16). Reduction of (Gxantphos)Nit*CO,) using sodium naphthalenide solution leads to

the same observation.
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Figure 4.8. A portion of *C NMR spectrunof the produtformed from the reduction of

(Cy-xantphos)Nit’CQ,) in presence of Mg(OT4)

4.2.5.2 Reaction of (Cyxantphos)Nit3CO,) with amidinium salt followed by reduction

i. Preparation of amidinsalt’

Reaction betweer\,N-dicyclohexytarbodiimide and phenyllithium forms a
lithium amidinaé complex,which an hydrdysis with a weakly acidisolution,leads to
formation of9 (Scheme 4.8 The complex reacts wittthereal tetrafluoroboric acid give
the amidinium tetrafluoroborate sald (amidiniumBF). This is expected to be a possible

hydrogenbord donor compoundapable of interacting with the (€santphos)NICO,).



Ph

NS\ | THE, + HBFE0 20,
Cy-N""N-Cy + PhLi — Cy—NJ\H-Cy T T O N/ N- C_\BF4
A

68% 10
Schemed.8. Synthesis of amidiniurBF4 salt

il. Reduction of(Cy-xantphos)Nit3CO,) in the presence ofimidiniumBF4

salt
( solv) /O
/Nl\
Cy,P PCy, Cy, P/N'\PCyz

8co, . 1. KCg
+ C N N Cy| BF4 ———— carbonyl, carbonate
‘%‘ L ‘%‘ Nyl B 2

Scheme4.9. Reduction of (Cyxantphos)Nit’CQ,) in presence of amidiniwBFs

followed by CQ addition.

On treatment of (Gyxantphos)Nit’CO,) with the amidinium salt(Scheme 4.9
followed by reduction with Kgthen exposure to GQthe 3P NMR spectrum shows a
singlet resonancat ti 15.92 pprinstead of the initial doubletbtained foNi*3CO, adduct
The®C NMR spectrumgives amajor broadsingletresonancat ti 171.35 ppminstead of
the earlier recordetiplet atii 159.21 ppnfor (Cy-xantphos)Nit*CO,) as showrin Figure
4.9below.On standing for 24 hours, tteplet resonancat i 200.24ppm intensifiesand
the *P NMR spectrumshowsmultiple peaks.The IR spectrumof the resulting product

shows no NH stretch as seen in IR spectruntled amidiniumBF4 salt before the reaction.
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Figure 49. C NMR spectrum of(Cy-xantphos)Nit?CQ,) before (1) and after(2)

reduction in presence of amidiniuBf; salt

Previously, complexesf CO; in d?-binding modesimilar to those obtained by
Arestd® and Hillhousé” were shown to ail another molecule of GOn a heaeo-tail
fashion to forma dimer of CQ (Figure 4.10 prior toreductivedispropationation to give

CO and C@ .59 7375

O
Y/
/O—C/
(PM63)3(C|) Ir\
c—o0O
7
O/

Figure 4.10. An iridium CQ dimer.
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Besides disproportionation, thep@ication of amidiniumBF4 in this reaction could
provide abifunctonal system that works to initiatbe attack of the bound Gy H*

followed by reduction to give monocarbonyl complex and water as a bypfSdfct.

The 3C NMR can ofterbe used to identify th€0O, complexes especially when
isotopically labeled C®is employedn their synthesis[Ni(dcpe)][CCs] and [Ni(dcpp)(
d>-CO2)] (depp = 1,3bis(dicyclohexylphosphino)propanegxhibit nearly identical
chemical shifts for the central carbon at
carbonate appesas a singlevhile the CQ complexexhibits coughg.?® In the reaction
of low-valent Ni(dcpe) with'3CO,, Mastrorilli and ceworkers observed formation of a
triplet resonance at u 204 .1 ppm whi ch
Ni(dcpe)f*CO)and t he singl et r eNgdopedQDE*eComaparably, 16 6 . 2
in the reaction of (Cyxantphos)Nit’CO,) with KCs in presence of amidiniuBFs, the
newly f or med br oa dncanibe astrieet to a tarbanatelcarhon.3rbe p p
triplet resonance ataNMR6adbe2ssignpditecarhdnd er v e d
carbon of (Cyxantphos)Nit3CO). Thisresonance is nearly identical ttiat obtainedor

the independently synthesize@lytxantphos)Nit*CO) at ii 201.92 ppm.
4.3 Concluding Remarks

We have hereisynthesized and characterized {<antphos)Nill) complex. We
have showed that when reduced, this complex binds both the CO amdalules. The

carbonyl compx shows two strongpequivalent absorptions in the infrared at fairly high

CO vibrational frequenciei\eoz 1981, 1913 cm). Coupled with the fairly short<© bond
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length for a transition metal bound D183 A), there seems to bensakbackdonation

from NicentertoCO * or bi t al s.

The interactiorbetweena transition metal bound G®vith a Lewis acid seems to
have an overakffect ofC-O bond elongation as shown4 Table4.1. Thismakeit easier
to cleave theC-O bond duing the subsequent reduction stepféom the respective
carbonyl complexeslt is possible thata similar effect is experienced when (Cy
xantphos)NICQO,) is treated with Lewis acid€RReduction of (Cyxantphos)NICOy) in
presence of Mg ionsforms mainly acarbonyl product as seen in tH€ NMR spectrum
The same observations are madadbeit not cleanly when the reduction of (Cy

xantphos)Ni(CQ) is carried out in presence bfdrogen bond donor, amidiniuBF; salt.

4.4 Experimental

4.4.1 General Considerations

All reactions, unless otherwise stated,revecarried out in an MBraun inert
atmosphere (nitrogen) glovebox, or in a resealable glassware on a Schlenk line under argon
atmosphere. Glassware and magnetic stir bars were dried in a ventilated oven at 160 °C
and were allowed to cool under vacuum. Malec sieves (Alfa Aesar) and Celite (EMD

545) were dried under vacuum fatrleast twelve hours at 160°C.

1H, 3P spectra were obtained using a Varian Vx 400 Mid¥ arian Mercury 300
(300.323 MHz for'H) spectrometeand 1*C, NMR spectra were obtained ogieither
Avance IIIHD 500 spectrometer, or Bruker Avance IIIHD 700 spectromtteand'*C

NMR chemical shifts are referenced with respect to sobignailsand are reported relative
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to tetramethylsilané’ 3P NMR chemical shifts were referenced to 85%&: as an
external standard. Elemental analysesre performed by Atlantic Microlab, Inc. in
Norcross, GA. Infrared spectra were collected from neat and liquid samples using a Bruker
AlphaP infrared spectrometer equipped with an attenuated total reflection (ATR)
attachmentSince the instrument is il glovebox, data acquisition foir and moisture

sensitive samples weadl carried out in the glovebox

4.4.2 Materials and Methods

Dichloromethane (BDH), diethyl ether (EMD Millipore Omnisolv), hexa(iMD
Millipore Omnisolv), tetrahydrofuran (THF, EMD Mipore Omnisolv), and toluene
(EMD Millipore Omnisolv) were sparged with ulttsigh purity argon (NexAir) for 30
minutes prior to first use, dried using an MBnasolvent purification systenThese
solvents were further driemver sodium benzophenone ketyansferred under vacuum to
an ovendried sealable flask, and degassed by succed$srezé pumgd thaw cycles
Anhydrous benzene (EMD Millipore Drisolv) and anhydrous pentane (BMDpore
Drisolv), both sealed under a nitrogen atmosphere, were usedeaged andtored in a
glovebox. Methanol (BDH), acetone (BDH), dichloromethane (BDH) hydrochloric acid
(EMD) for benchtop work weresed as received.ap water was purified in a Barnstead

International automated stpkior to use.

Dichloromethanal, (Cambridge Isotope Labs) and acetonitdie(Cambridge
Isotope Labs) were dried over excess calcium hydride overnight, vacansferred t@n
ovendried sealable flask, and degassed by successive -peezethaw cycles.

Tetrahydrofurards (Cambridge sotope Labs), benzemg were dried over sodium
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benzophenonketyl, vacuuratransferred to an ovedried sealable flask, and degassed by
successivefreezepumpthaw cycles. Deuterium oxide (Cambridge Isotope Labs),
chloroformd (Cambridge Isotope Labsjmehanotds (Cambridge Istope Labs)and

methanold; (Cambridge Isotope Labs) were usedexzived.

Sodium tert-butoxide (TCl America), potassiuntert-butoxide (AlfaAesar)
magnesium sthte (AlfaAesar), alumina (EMD) sodium metal (Alfa-Aesar),
benzophenoe (Alfa-Aesar), calcium hydride (Alfé\esar),*CO, (Cambridge Isotope
Labs) hydrogen (SigmaAldrich), nitrogen (NexAir),carbon monoxide (GT&S Incgnd
argon (both industrial and ultdaigh purity graded\exAir) were used as receivedatural
abundance arbon dioxide (NexAirwas passed thrgh phosphorus pentoxide (Sigma
Aldrich) to ensure dryness Ni(COD) (Strem), magnesium triflate (Strem),
dicyclohexylcarbodiimide (Sigma Aldrichphenyllithium (Sigma Aldrich), trifluoroboric
acid ether conplex (Sigma Aldrich), @-xantphos (Matrix Scientific) were all used as

received.

4.4.3 Experimental Proceduee

4.43.1 45-Bis(dicyclohexylphosphine® . 9-dimethylxanthene nick@l) dichloride or

(Cy-xantphosNiCl2 (6)

To a 20-mL scintillation vial was added &;bis(dicyclohexylphosphine,9-
dimethykanthene (Cy-xantphos) (0.02 g, 0.066 mmol) and dichlorobis(triphenyl
phosphine)nickel(ll) (0.043 g, 0.066 mmol). To this was added 5 mL of dry and degassed
dichloromethane to dissolve, giving a blue solution. It was stirred for 12 hours after which

solvent was removed under vacuum to give pinkigfe solid. To this crude as added 2
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mL of cold diethyl ether and filtered off, rinsed with 1.5 mL of cold diethyl ether and the
resulting pink solid dried under vacuum to gi{@®045 g, 93%)'H NMR (300 MHz,
CD-Cl2) (ppm)10.62 (spr, 4H), 8.50 (s, br,H), 5.41 (shr, 4H), 3107 0.95 (m, 561).

3P NMR (161 MHz, THFds, 85% HPQy) : U (ior,psp 1@)04.Anal. Calcd for

CaoHs6CI2NiOP2: C, 63.96; H, 7.71Found: C, 63.70; H, 7.71.

10.62

—8.50
541
532

——
fﬁ
F.;-'
S
C;

440
1 468
354 3

o (ppm)

Figure 4.11. 'H NMR spectrum of (CyantphosiNiClz in CD.Clz solution.

4.4.3.2 [4,5Bis(dicyclohexylphosphined,9-dimethylxanthenalickel(0)(5)

Method A. To 45-bis(dicyclohexylphosphine®,9-dimethykanthene(0.024 g,
0.041 mmol) in a 2émL scintillationvial was adde@® mL of dy and degassed THi6
dissolve. To another vial fitted with a shar was added Ni(COBRJ0.014 g, 0.05 mmd)

followed by 1.5 mL of THRo dissolve. This ligand solution was added dropwise over 5
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min to the nickel solution while stirrindeading to fomation of brown solution. Stirring
was continued at room temperature 2dnours. The solution was concentrated to about 1
mL thentransferred to a-young NMR tube. This was degassed by fregzepthaw
cycles and then 1 atm of hydrogen added. The mixtasagitated for 24 hours at room

temperature leading to a decreas the intensity of free COD.

Method B. To [4,5-bis(dicyclohexylphosphined,9-dimethylxanthenimickel(ll)
chloride (0.02 g, 0.027 mmol) in a @mL scintillation vial fitted with astir-bar in a
glovebox was added 2 mL of dry and degassed THF to dissoteearinther vial was
added K@ (0.007 g, 0.055 mmol) followed by 1 mL of THF. This solution ofgkias
added dropwise to the THF solution of the complex over 5 min while stifrirgreaction
was left to stir at room temperature for 18 houtsrafvhich it was filtered over élite to
give dark red solution. The solvent was removed under vacuum to give thet@asdured
solid. *H NMR (300 MHz, GDe) (ppm) 7.27(d, J = 7.5 Hz, M), 7.05(d, J = 6.8 Hz,
2H), 6.96 (t,J = 7.5 Hz, 2H), 2.22 (s, 6H), 1.901.28 (m, 44H)13C NMR (176 MHz,
CéDe) (ppm)157.82 (tJ = 6.0 Hz), 135.07 (s), 129.34 (s), 128.22 (s), 127.98 (s), 124.14
(s), 123.33 (tJ = 6.3 Hz), 122.73 (s), 36.75 (= 9.8Hz), 36.03 (s), 35.41 (s), 29.19,(s
29.09 (s)27.96 (s), 27.57 (S), 27.18 (S), 26.56 (s), 23.5P'@NMR (161 MHz, THFds,

85% HPQ) : U (ppm) 7.52.
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Figure 4.12. 'H NMR spectrum of Cy-xantphosiNi(0) in CsDs solution.
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Figure 4.13. 3P NMR spectrunof (Cy-xantphosiNi(0) complex in THFds solution.
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Figure 4.14. 13C NMR spectrum of Cy-xantphosiNi(0) in CsDs Solution.

4433 (Cy-xantphos)NICOy) (7)

The (CyxantphosiNi(0) complex wagaken up in THFds solutionandtransferred
to a 3Young tube and degassed sever&l§. was then introduced into this tube and the
sample taken for NMR after one hotid NMR (400 MHz, THFdg) : &G ( ppm) 7. 51
d), 7.41 (2H, br d), 7.18 (t, 2H), 2.38 (10H, pselpl.161.69 (51H, m):3C NMR (176
MHz,CsDe) U 159 o 8332 7.4,Hk), IBDI6 (tJ=5.9 Hz), 134.85 (s), 130.46 (s),
128.22 (s), 126.04 (s), 124.88, 123.27 (s), 119.00 = 9.5Hz), 35.92 (s), 33.35 (§,=
10.9 Hz), 29.88 (s), 28.665), 27.95 (s), 27.37 (s), 27.09t= 6.7Hz), 26.89 (tJ = 4.2
Hz), 26.28 (s)>'PNMR (161 MHz, THFds, 85% HPQ) : U (ppm) 14. 70. |

3067, 2921, 2849, 2234, 2079, 1900, 1742, 1446, 1400, 1219, 1098, 1047, 744, 495.
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Figure 4.15. 'H NMR spectrumof (Cy-xantphos)NiCQy) in THRdg solution.
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Figure 4.16. 3P NMR spectrunof (Cy-xantphos)NiCQO,) in THF-ds solution.
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Figure 4.17. 3C NMR spectrunmof (Cy-xantphos)NiCO,) in CsDe solution.

4.4.3.4 (Cy-xantphos)Nit’COy)

(Cy-xantphosNi(0) was dissolved in THis solutionand transferred to aYloung
tube. This was degassed by fre@zenpthaw cycles after which 1 atm 5O, was added
into the tube leading to an immediate color change from red to brown. The sample was
analyzed byR andNMR. *C{*H} NMR (176 MHz, THRds) : U 1%9(1®(td)F 5.6
Hz), 158.05 (Ni3CO,, t, J = 9.6 Hz) 136.48 Ca), 131.14 Ca/), 128.84 Ca), 126.80
(Car), 125.68 £3COy), 123.96Ca), 118.62 Car), 68.03 Cchz), 37.12 Ccry), 33.83
(t, Ccro), 30.56 Cera), 29.35 Ceho), 27.83 (t,Cchy), 27.15 Ccra), 26.19 Cero). 3P{IH}
NMR (161 MHz, THFds, 85% HPQy) : G ( p p,nd)= 9.8 M2. IR Tfilm) cir:

3065, 2921, 2847, 2234, 2079, 1697, 1616, 1446, 1398, 1047, 711, 495.
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Figure 4.18. 3C NMR spectrunof (Cy-xantphos)Nit*CO,) in THF-dg solution.
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Figure 4.19. 3P NMR spectrunof (Cy-xantphos)Nit?CQy) in THF-ds solution.
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4.4.3.5 [45-Bis(dicyclohexylfhosphino)9.9-dimethylxanthenaiickel carbonyl(8)

(Cy-xantphosiNi(0) was taken up il mL of CsDe and transferred to aYloung
tube. Thiswas degassed severally using frepeenpthaw cycles. CQ1 atm)was then
introduced into this tube andetsample analyzed by IR ahNdMR after 2hours. *H NMR
(700 MHz, GDs) (ppm)7.28 (d,J = 7.0 Hz, ), 7.11 (dJ = 7.7 Hz, M), 7.00 (t,J =
7.7 Hz, H), 2.25 (tJ = 11.8 Hz, #), 2.15 (d J = 11.9 Hz, #), 2.07 (dJ = 12.6 Hz,
4H), 1.76 (ddJ = 23.1, 10.5 Hz, 18), 1.61 (dJ = 12.6 Hz, 4H), 1.27 (prl8H), 1.17 (t,
J=12.6 Hz, #). ®C NMR (176 MHz, GDs) (ppm)201.92 (tJ = 6.5 Hz), 156.14 (1)
= 5.1 Hz),145.48 (s)134.20 (s), 128.99 (s), 128.24 (s), 127.98)(d,7.3 Hz), 125.04
(s), 122.60 (s)36.60 (t,J = 8.8 Hz),35.77 (s), 220 (s), 28.16 (s), 27.69 (A= 2.5 Hz),

27.59 (tJ = 5.1 Hz), 27.40 (tJ = 5.1 Hz), 26.45 (s), 23.67 (S}P{*H} NMR (161

MHz, THRds, 85% HPQy) : U ( pp m) 1 5:.3@3, 2923, 7849( 2236, m)

2081, 1981, 1913, 1446, 1400, 1230, 1047, 750, 491.
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Figure 4.20. 'H NMR spectrumof (Cy-xantphosiNi-(CO)zin CsDs solution.
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Figure 4.22. 3P NMR spectrunof (Cy-xantphosiNi-(CO)zin CeDs solution.

4.4.3.6 Synthesis of amidiniurBF4 salt(10)

Into a 250mL Sdlenk flask was added dicyclohggarbodiimide (2.00 g, 9.69
mmol). To this was added 30 mL of diethyl ether to dissolve. The solution was cooled
using icewater bath thephenyllithiumin di-n-butylether .8 M, 27 mL, 0.0%nol) added
dropwise over 20 minutes while stirring. After complete addition, the cooling bath was
removed and the mixture stirred at room temperature for 16 hours. It was thedwlitht
50 mL of cold 0.1 M HCl(aq)and therextracted 3 x 100 mL with ED. The ether extracts
were washed with 50 mL of watefThe combined organic extracts were dried using
anhydrous MgSO4, and filtered oveellte. The solvent was evaporateddryness under
vacuum for several hours to give a light brown oily product. Into a Strauss flask was added

(2.00g, 3.52 mmolpf this productand dissolved using 10 mL &tO. It was thertooled

16¢&



in icewater bath.To this cold solution was add€0.85 mL, 3.52 mma)l of ethereal
tetrafluoroboric acid The cooling bath was removed and the mixture stirred for 2 hours at
room temperature. The resulting white precipitate was filtered off and dried undanvac

It was dissolved in 1.5 mL of dichloromethahen layered witl2 mL of Et:O and set to
recrystallize at35°C overnight. The resulting clear crystailgre filtered off and dried
undervacuum to givea white solid 0.683 g,68%).'H NMR ( 700 Mppm), THF)
8.40(d, J = 55.3 Hz, 2H), 7.747.58 (m, &), 409-4.04 (m, 1H), 3.08.03 (m, 1H), 2.11

(d, J = 11.2 Hz, 2H), 1.88 1.82 (m, 2H), 1.76 (d] = 11.2 Hz, 2H), 1.711.66 (m, &),
1.47-1.42 (m, 2H), 1.311.26 (m, M), 1.21-1.12 (m, 2H), 1.09.95 (m, M). 3C NMR
(176 MH z (ppmy1B20% (s)1132.54 (s), 130.43 {c 6.8 Hz), 129.96 (s), 128.39
(s), 127.94 (s), 57.24 (s), 52.04 (s), 32.69 @253 (s), 26.06 (s), 25.80 (s).

IR (film) cm®: 3301 (NH), 3036, 2931, 2859, 1631 (C=N), 1577, 1057, 703.
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Figure 4.23. 'H NMR spectrunmof amidiniumBFa saltin THF-dg solution.

164



= u = o o
mmmmmm

162.94
2
0
0
9
8
7
—57.24
—52.04
32,69
3153
26.06
25.80

dEaaag

{
<

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 o -10  -20
& (ppm)

Figure 4.24. 13C NMR spectrunof amidiniumBF, saltin THF-ds solution

4.4.3.7 Reduction of(Cy-xantphos)Nit3CO,)]amidiniumcomplex

(Cy-xantphosiNi(0) (0.021 g, 0.032 mmol) was dissolved in Or6L of CeDs
solutionand transferred to aybung tube. This was degassed by fregaepthaw cycles
after which 1 atm of*CO, was added into the tube leading to amiediate color change.
In a20-mL scintillationvial, amidiniumBF; salt (0.010 g, 0.032 mmol) was dissolved in
0.4mL of THFds and transferred into the tube. This waslgred after 1 h, 24 &nd 48
h. *H NMR spectum showedslightly broadene peaks*C NMR (176 MHz, GDs)
(ppm) 200.24NiCO, t,J = 29.4 Hz), 171.35 (s)]156.04 (s).133.18 (s), 132.29 (s), 129.26
(s), 128.54 (dJ = 6.9 Hz), 125.2%s), 35.54 (s), 30.66 (s), 29.89, 28.94 (s), 27.70 (s),
27.70(s), 27.48 (s), 26.80)s26.07 (s)3'P{*H} NMR (161 MHz, THRds, 85% HPQy):

a (ppm) 15.92.
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Figure 4.25. 3P NMR spectrum of [(Cyxantphos)Nit*CO)]amidinium
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Figure 4.27. IR spectrumof amidiniumBF4 before reaction (blue trace) af(Cy-

xantphos)Nit*CO)Jamidiniummixture after reductiofred trace)

4.43.8 Procedure for the reduction of (@antphos)Nit’COy) in presence of Mg(OT#)

(Cy-xantphos)Nit’CO,) was prepared asadier described. To a solutiorf this
complex in THFRwas added a solution of 1 equivalent of Mg(QTif) THF. It was stirred
for 1 hour. A solution of 1 equivalent of K@h THF was added to this mixture while
stirring at room temperate. After complete addition, the mixtusas set to stir overnight.
The mixture was filtered throughe@ite, and solvenevaporated to dryness to give the

product.
4.4.4 X-ray Diffraction Studies

A suitable crystal of comple® from a THF solution at35 °C wasselected and
mountedon Bruker APEXII CCD dffractometer The crystal was kept at 100(2) K during

data collection. Using Olex?2 the structure was solved with Shel®Etructure solution



program using Intrinsic Phasing and refined with Sh&Xxfinement package using Least

Squares minimisation.

Crystal Data for Cas8He4Clo.sNiOzsP. (M =793.33 g/mol) (8): orthorhombic,
space group Pbca (no. 6&)= 12.5369(16Q, b= 16.5870(194, c = 40.334(54, V =
8387.4(18A%,72=8,T=1002K, ¢ ( MO.&0nnt, Dcalc=1.257g/cn?, 122505
reflections measured (4.54&RA=01182 RO 61. 01
0.0605) which were used in all calculations. The fRawas 0. 0474 wkR > 210(

was 0.1147 (all data).

Crystals o6 grown from a DCM solution layered with X and kept at35°C was

selected and analyzed in the same way a8 &wove.

Crystal Data for C3gHseCI2NIOP> (M =732.38 g/mol), §): tetragonal, space group
I-4 (no. 82),a= 22.820(3, c= 14.415(2, V= 7507(2)A3, z= 8, T= 100.01K,
g ( Mo K Q)74 mnt, Dcalc=1.296g/cn?, 37446 reflecti o@®s meas
60.99°), 11401 uniqudR(t = 0.0508, Bgma= 0.0566) which were used in all calculations.

ThefinalRkwas 0. 0358 \WRwas0.ZB(alldatp). and
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CHAPTER 5. CONCLUSIONS AND FUTURE OUTLOOK

This thesis presents the design, synthesis, modification aractér@atiorof new
ligand frameworks. These ligandhave been applied in compléermation and
coordination studies with CO and @OFrom a commercily available bis(4tert-
butylphenyl)amine, substituted acridone can be synthesizes obtained acridone can

then be converted ia functionalized acridoner acridinebased ligand frameworks.

Presented herein is tegnthesis of acridone from bis{drt-butylphenyl)amine via
directed metalation usinip-situ-formed carbamate as a removable directimgup?
followed by closing of the central sixmembered ring using phenyl chloroformate. This
method leads to formation of sufisted acridones bearing atkyl side chairthatwould
undergo dealkylatiomnder the strong acid conditions used in sevemalent available
synthetic method$.When converted toortho-dibrominated substrate, the resulting
dibromoacridone, is a versatilgynthon that can be converted to numerous ligand
frameworks via crossoupling reactions or directedrtho-metalation reactions. Also
included in this chapter is the synthesis of differ@miho-substituted acridones and their
applications in complex forntian reactions. Evenhough the data obtained poitd
possible interactiagof the ligands with the transition metals in these synthesis, attempts

to isolate and characterize any resulting complexes were not successful.

The dibromoacridone can be easibnverted taibromoacridinevhich provides a
new route to synthesis of a rigid tridentate P&Aidine that eliminates the requirement of
prefunctionalized substrateShe activated € position of this ligand makes it possible to

replace the chloride wi nucleophiles such as alkoxy and aryloxy growupsgive
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(MeO)PNRacridine and (ArO)PNfcridine respectivelyOneelectron reduction of
(ArO)PNRacridine leads to formation of a radical anion as confirmed by EPR
spectroscopy Cyclic voltammetry of (ArO)PNRacridine shows that it undergoes a
reversible redox procesd8oth the (MeO)PNFRacridine and (ArO)PNHRcridine react with
Ni(ll) and Cdll) chlorides to form the corresponding complexes. Reduction of
[(ArO)PNP-acridine]Ni'Cl, and subsequent expasuo CQ leads to possible formation

of a carbonate as judged BJC NMR spectroscopyReduction of cobalt complexes

followed by exposure to CO leads to formatajrdicarbonyl complexes.

For comparison, as well as pursuit of developing a catalytic $¢m that can
transform CQ as a @ building unit in GC bondformation, also presented hereirthe
synthesis and application of (&antphosiNi complexes in C@activation.The treatment
of (Cy-xantphos)Ni(CQ@) complex with different Lewis acids followleby reduction and
subsequent exposure to &Qproduces whaton comparison to the independently
synthesized (Gxantphos)Ni(CO) complex,appears to be (Cyantphoshickel carbonyl

complexes instead of the insertion products.

Future Outlook

In light of the observations made from the ligand synthesis as wetheas
applicatiors of their complexes in coordination and activation of CO and, GOew
variations could offeinformative comparisa We have showed that it is possible to
install dialkylphosphno groupsat the 4 and 5positiors of theacridine ring. We have also
showedthat the C9 position could be functionalized lbgaction of the 9l component

with nucleophiles. Also showed is the ease with which acridone can be converted to



acridine, induding those thatlready have functional gups installed at thertho positions

to the nitrogerlike 4,5-di-p-tolyl-2,7-di-tert-butyl-9-chloroacridine. Thereforetrsictural
modifications like functionalizatioof 2,7-di-tert-butyl-4,5-bis(diisopropylphosphined-
chloroacridinewith a methoxy or aryloxygroup at its G9 position then comparing the
reactivity of CO and CQ with its low~valent complexe$o those discussed in this thesis
could be important in structure and bonding congaerilt would be especially interesting

to see how changen donor abilityof the phosphinesffect thestructure andbonding in

the cobalt omplexes formedOther variations could include changing the appendage at

the G9 positionand monitoring how thaiffects the reactiy at the nitrogen donor atom.

More interestingwill be to find out whethethis ligandcanbe converted into one
that is applicable imomogenouglectrocatalysis.t$ ability to undergo a reversible redox
processif coupledwith a functional groupthat could possibly participate in hydrogen
bonding like morpholine groups in tlZ7-di-tert-butyl-4,5-dimorpholinoacridongecould
lead to a suitable framework for alectrocatalyst ligand. A ligand with such a framework
might be able to upport the PCET processes that are necessary to convertoCO

hydrocarbons oeven toalcohok.®

Before diverting to acridinbased ligands and applications of their complexes in
small molecules activation, we had set out to synthesize and study the reactivity of
complexes based on acridone ligands. We suftdgssynthesized different variations of
functionalized acridone ligand frameworks, however attempts o omplexes were not
fruitful. However, in 2017 Lee and aworkers showed the functionalization and
complexes of a ligand with as similar framewadnstrain as the acridone framework

(Scheme 5.14.
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0 c
Br 4 Br "PrzP—Li—P'Prz "ProP—Ni—P'Pr,
N N
COO e I e 0
2.2 ’PrzCI “ha

THF

Schemeb.1. Synthesis of 4 bis(diisopropylphosphine2,7,9,9tetramethy9H-acridin

10-ide and its nickel complex forrtian.

Installation of thephosphinosubstituents at the-4nd 5positions enabhkk the
ligand to interact with transition metals and bring the metal within a bonding distance to
the nitrogen leading to a successful formation of the respective compl&iaslarly,
Grubbs and cevorkers showed that treatment of-bi8(diisopropylphosphino)anthracene
with ((chlorobis(cyclooctene)iridium dimerjlrCI(COE).]. in toluene at reflux leads to
formation of the iridium compleXlt is therefore possible that installation gifosphino
substituents at the-4&nd 5positions on acridone would lead to successful formation of
complexes. An alternative to solving the difficulty in complexes formation would be to
install a linkerat the4- and 5positions so that the bond lengths of the ligand pendant arms
could be extended in order to hold the incoming transition metal at a suitable bonding
distance to the nitrogen. For examgacing a protecting group on the nitrogen, followed
by hdogenmetal exchange then treatmte with DMF should provide a 4.5
dicarboxaldehyde substituted intermediate. A condensation reactiors afitdrmedate

with primaryamines followed by deprotectioshouldprovide a neutral ligand.



1. protecting group

_NR
Br H Br N
O N O 2. n-BulLi _ O O
3. DMF
£-Bu t-Bu
O

4. Imine formation

5. Deprotection
R = alkyl or aryl group

Schemeb.2. Acridone modification through installation of@H linker.

It is also possible to install €CH. linker via bromomethylation. The obtained
intermediate can then undergo nucleoph#iactions especially with chlorophosphines to

form the coresponding anionic PNP ligands.

PR,
BrH,C ; CH,Br

n-BulLi

NG
.H+

t-Bu

N_\
(,)l\)(.o

t-Bu

t-Bu t-Bu

R = alkyl or aryI group

Schemeb.3. Acridone modification through installation ofi&€H. linker followed by

phosphine substituents.

Successful synthesis of these ligand frameworks and their respective complexes should
providea point of compason for reactivity studies tthose observed with acritk- and
Cy-xantphosbhasedccomplexes. It would be especially interesting to determine whether the
flexibility in the pendant arms will lead to different €®inding modes and how that
affects the reactivity of the Gdducts formed. An equally interesting study will be to
determire whether the formed complexes undergo tautomerization and interconvert
between the acridone and hydroxyacridwaneworksand how that affects the reactivity

of the complexes.
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APPENDIX A. SYNTHESIS AND REACTIVITY STUDI ES OF

ANIONIC PNP COMPLEXES

A.1 Background
Pincertype PNP ligands based on ligbo-phosphinoaryl)amine ssbructure of
the form NH [PN(H)P, 1] or N-R [PN(Me)R 2] contains botthard amido donor as well
as soft phosphine donatd Since the pioneering work by FryZuk these types of ligand
frameworks, a variety of related ligands have been synthesizgands of this framework
prefertridentate, anionicinerPNP binding mode to late transition metals, and normally
form complexes through4M or N-C bondcleavagée’. 1 and2 form complexesvith group

10 metalghroughoxidative additionto the zerovalenimetal centers.

Ligand 1 does not have as rigid a framework as that of fabiRline. But dud¢o
the uninegative nature of the nitrogen donor atonPM(H)P! it is cgpable of forming
robust complexes. We were thereforerested in investigating theactivityof its Ni, Cu,
Pd and main group metal complexéth N, CO, CQ etc.After the first report on catalytic
conversion of Nto NHs at ambient temperature 2003 by Schrock and Yandulasing
a Mo-N2 complex of a triamidoamine ligaitd a number of emplexes bearing the PNP
type pincerligand framework have been shown to be effectialystsn conversion of
N2 to NHs.%!! Peters and coworkers reported the conversiorpod NIHs catalyzed by Fe
pincer complexes at a very low temperattffé.Many effective N fixation complexes are
based on Mo and Fe even though [CobJ(RPh)s] was the first reported transition metal
dinitrogen complex directly derived fromx&2° Cobalt is not only abundant and cheap,

but it has been shown to bind dinitrogen and in some cases afford the transformation of N
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under mild conilions2%2° In light of these observations, we were interested in part in the

study of N transformatiorusing cobalt amido pincer complexes.

A.2 Results and Discussion
Ligand1 was obtained via stepwise reaction starting with bromination of-bs(4
butylphenyl)amine followed by haloganetal exchange and finally phosphination using
CIPPh.2"28 Ligand 2 was prepared as a neutraiddnor ligand for comparison starting
with N-methylationof bis(4-tert-butylphenyl)aminé’ then following similar procedure as
with 1. Cobalt and palladium complexes bfvere then prepared in good yields from the

respective metal precursors (Scheme Al).

cl
Ph,P—Co—PPh,

b N
—
t-Bu t-Bu

§ Ph.P | PPh,

N a
AT O = O —
-bu -bu
t-Bu t-Bu F3C CFs3
1
L]

c N +
—>  Ph,P—Pd—PPh,| BF,

jone!
t-Bu t-Bu

Conditions: a. (i) NBS, DMF (ii) #n-BulLi (iii) CIPPh, b. n-BuLi then CoCl, or CoCl, then KO'Bu

App SchemeA.l. Synthesis of PN(H)P1) and its cobalt and palladium complexes

18¢



H | b Ph,P |  PPh,
oo - OO0 =, O'CL
—_— —_—
t-Bu t-Bu t-Bu t-Bu t-Bu t-Bu

Conditions: a. (i) Mel, K,COj5 b. (i) Bry, AcOH (ii) »-BulLi (iii) CIPPh,

App SchemeA.2. Synthesis of PN(Me)P ligan@).

The reduction of the cobalt complex using sodium naphthalenide puKder
nitrogen at room temperature does lead to a dinitrogen complex. However, reaction of
the cobalt complex with diethylzinc or triethylaluminum show conversion of a
paramagnetic complex into one with more diamagnetic properties as reflected by a better

resolved'H NMR spectrum.

A.2.1 Reactivitystudiesof (PNP)NiH

1-hexene or NFSI

1-octene PNP-Ni-alkyl

Fluorination

(PNP)NiH unsuccesful

phenylacetylene or

_Ni- Fluoropyridinium BF,
4-ethynylbiphenyl PNP-Ni-alkene

App SchemeA.3. Reactivity of (PNP)NiH with alkenes and subsequent fluorination

studies

Insertion of Ni(COD) into the NH bond isfastand takegplacewith liberation of
free CODto form (PNPNiH.2° The hydride resonan@ppears as a triplet &t18.5 ppm
in theH NMR spectrum This reaction however leads to formation of pvoducts as can
be seerfrom the &istence of two phosphorus signaisthe P NMR spectrumat Ui 27.4
and32.7 ppmAt the beginning, the products are in a nearlyratio, but as time goes by
there isan 8fold increase in the intensity of the product with a resonahde32.7 ppm.

This couldbe as a result of the addition of the liberated G@Ehe NiH bond to form a
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(PNPNi-cyclooctene complexSimilar reactivity wasobserved befordy Liang and

coworkers in formation of [RPNP]Ni(d!-CsH13).2°

(PNPNIiH reacts with linear alkenebBke 1-hexene orl-octene to form the
respective (PNP)Nalkyls2%3° The reaction with -hexene produsea major product with
aresonance &it26.8 ppm in thé'P NMR spectrumThis chemical shift valués very close
tothe one observed by Liang and coworkers for their amido (PNP)NiH reactioalkatie
to form [PRPNP]Ni(n-hexyl).2° The'H NMR shows the disappearance offpeak while
the nickel bound Chappears as a triplet @tl.13 ppm and the GHas a triplet ati 0.76
ppm. Attempts to synthesize fluoro alkyls from these substrates howevestdige any
positive resultsFor comparison, fluorination of styrene using the cationic palladium

complex [(PNP)PYBF4+ was attempted which nevertheless gave negative results.

Due to these unpleasant observations, our interest drifted towards synthesis of
nuclearity copper(l) complex. The reactivity of this complex with CO os @@uld be of
greatinterest due to the exceptiormale of copperas the only metal that can reducexCO
to either CO or hydrocarboria the electrocatlytic reduction of G Insights into
structure, bonding and reactivity of €&O or CuCO, complexes could be usefulpats
to molecularlevel mechanistic understanding of the active sites ofcthgperbased
complexes and contributewards design of anore selectivecoppe catalyst?36 The
copper complex is obtained from the reactiorilafith mesitylcopper in benzenégp
SchemeA4). However,solid-state analysis reveals a dicopper diamond core;Nzu

stucture (Ap Figure Al), that is incapable of acting as a catalyst towards CO or CO2.
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A relatedsolid-state structure wasbtained from analysis of the resulting product
of reaction between mesitylcopper afBug-PNP)H3” As expected, thé'P NMR shows
phosphorus in very different chemical environments with phosphorus resonaBce of
coming up ati-11.2 ppm compared ®-33.9 ppn in [(Bu>-PNP)Cu}. The CuldA,
distances in both casealmost identical with 2.67& in 3and 2.624 in the solidstate
structure of [Bux-PNP)Cu}. The PCu-P bond angles are 132%93and 137.69 as

compared to 127.7%nd 131.3%in 3.%7

§olv

Ph,P |, PPhy Cu Ph,P—Cu—PPh,
/©/N\©\ CeHe /©/N\©\ CO n.r.
+ —_—
t-Bu t-Bu t-Bu t-Bu
3

App SchemeA 4. Synthesis of (PNP)Cu complex and exposure to CO.
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App Figure A.1. Solid-state structure of (PNP)Cu.

H atoms omitted for clarityith selected interatomic distances (A) and angRs (

CulAAAACuU -CulP2,427§9; PTUZP2, 131.39.

A.3 Concluding Remarks
Observations of dimer formation in synthesis of (PNP)Cu complex synthesis is a
reiteration of the role that ligand backbone strand steric hindranceplay in
rearrangements around metal cen@ranging from alkyl phosphorus to aryl phosphorus
substituents do not alter much the type of copper complexes obtained in the reaction of
PN(H)P with mesitylcopper. In keeping with the currditérature evidence®® for a
successful synthesis of PMFb(N2) complexesthe substituents on the phosphorus might

need to be alkyl groups.




















































































