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Chapter 1: Introduction to phosphasalen

ligands

1. Redox non-innocent ligands

1.1 Definition

Redox noninnocent ligands have ,t 1+ tie.."<,31 [ e-withZméef erfergetically

fo .. feec, 2t 21717 -Sf— fZ2Z2'™ "3t1'§ "1 f..—dlFhistoncépfofbot —Stc”
non-innocence was first introduced by Jorgensen in 19! in order to accountfor the

difficulties in assigring oxidation states to metals bearing certain ligands.Gray and ce

workers determined that the oxidation state in square planamickel and cobalt complexes

featuring two dithiol ene ligands (L2) were better described as Ni' and Cd complexes,

despite the regular electron counting points to an oxidation state +IVfor the metal

centersl3 Since these ligands do not necessarily possess a closdall configuration, it is

important to make a differencebetween theformal and the spectroscopi®@xidation state of

a metal. The former arises fronthe Z<%o fet "<3Zt —St*"> fet ...fe 3 T3 ceft feo ¢
left on the metal after all ligands have been removed in their mmal, closedshell
configuration, thatis ™ «—S —St<¢” fZ# Hewever thistornal oxidation state can

either match or not with the spectroscopidor physica) oxidation state, which is the one

obtained after measuraments by various spectroscopic technique®l This spectroscopic

oxidation state better define the electronic configuration of the metal when featuring a
redox-active ligand. The presence of redox nofinnocent ligands may render the

assignment of the oxidationstate of the metalvery difficult, and therefore a combination

of spectroscopic, magnetic and computational studies must be used to give a response as

accurate as possible.

Depending on the nature of the redoyactive orbitals of the complex, ligand or metal
based, the redox process occurs on the ligand (redox némnocent ligand) or on the metal

(innocent ligand). In the latter caseformal and spectroscopi®oxidation states match.

15



Aminophenol and phenylenediamine ligands are good exagmes of such redox nomn

innocence (Scheme 1).61 Complexes displaying these ligands can undergo successive

oxidations in which only the ligand is involved, and the metal center preserves its

oxidation state.

Schemel. Oxidation levels of the deprotonated aminophenol and phenylenediamine ligands and
related nomenclature.[6]

Scheme 1| illustrates the oxidation levels of the deprotonated aminophenol and

phenylenediamine ligands and the concomitant geometrical modifications experienced
upon oxidation. These ligands can display three different oxidation levels: the initial
dianionic forms LPAand LPPA (PA = phenolamine; PDA = phenyldiamine), a first oxidized
form in which the ligands adopt a semiquinonate (89 and iminosemiquinonate pattern
(L's9, and a doubly oxidized form which exhibits a benzoquinone (B9 and

diiminobenzoquinone (L'BQ) patterns.

1.2 Role of redox non -innocent ligands in catalysis

Catalysts are present in most industrial chemical reactions and allow the production of
molecules and materials essentials for the society. Thus, the development of more efficient

and selective catalgts remains an intense field of research.

Bas de Buin and Volodymyr Lyaskovskyy highlightel in 2012 the importance of redox
non-innocent ligands in catalysis?! which can either act as spectators or bevolved in the
catalytic cycle. Theylisted four different strategies that can be followed when utilizing
these ligands?l The approaches proposed, as well as related illustrative examples, will be

commented in this section.

They established four different strategies depending on the role played by thedigands
during the catalytic reaction: I) The first one concerns the oxidation/reduction of the
ligand in order to modify the electronic properties of the metal center €.g.Lewis acidity).

II) The second one implies the use of the ligand as an electrogservoir, since they can be

successively oxidized or reduced, accepting or delivering electron density to the metal

16



center while this maintains its oxidation state, as illustrategiSchemel| Ill) The third one

corresponds to the participation of the ligand in bond breaking/forming reactions during
the catalytic process; the ligand helps the metal in the substrate activatiar formation of
the product. 1V) The last onearises in cases where the substrate itself can act as a redox
non-innocent ligand, thus activation and modification of its properties can be performed.
These four strategies can be classified in two different groups depending on the role
played by the ligand: A) when the ligand is accepting or releasing electrons (strategies |
and 1), and B) when the ligand interferes in the cleavage or formation of chemical bonds
(strategies Il and IV)[7

Strategy | concerns the modification of the electronic propertieof the metal, usually
achieved by modification of the substituents (electrorwithdrawing or electron -donating

groups) of the ligands,via redox changes of the nofinnocent ligands. An illustrating

exampleis the case of the cobaltoceniurnhodium complex depicted in[Scheme2[@l This

complex is used as a catalyst in hydrogenation reactions of olefines. The rate determining
step in this reaction is the oxidative additon of a molecule of H, normally facilitated by
electron-rich metals. The catalytic activity of complexl, bearing a redox-active
metallocene motiv, can be enhanced by reducintpe ligand (cobaltocene moiety)resulting

in species2, which reactssixteentimes faster thanl .8l

Scheme2. Rhodium complexes studied by Wrightoand coworkers.[8]

Strategy |l represents one of the most important applications of redox nemnocent
ligands: their use aselectron reservoirsl”] Reductive activation or oxidative elimination
are elemental two-electron transfer steps in homogenous catalysis, normally performed
by complexes based on noble metals (Pd, Pt, Rh, etc). Thanks to the ability to store (or
release) dectrons of redoxactive ligands, these can assist the metal during a catalytic
reaction allowing non-noble transition metals (Fe, Co, Cu, etc.) to perform these
transformations. Therefore, it is said that redox norinnocent ligands confer nobility to
first-row transition metals. A good example for this strategy was illustrated by Chirik and

co-workers in the study of the [2,2kycloaddition reaction of dienes catalyzed by the

iron(Il) complex 3 {Scheme3).[
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Scheme3. Iron complex bearing a redoxactive ligand acting as an electron reservoifl

Complex3 was established as a tw«electron reducedbis(imino)pyridine Fe!' complex by

computational spectroscopic and structural studies$to In presence of a diene this complex

"tf..—e —* "‘speckgd (cheme3d| A). Complexd was found to be in equilibrium

with complex 5 (Scheme3| B), which has undergone the oxidative addition ahe diene.

This addition requires the transker of two electrons from the complex to the substrate
which have been delivered by the ligand. Hence, the ligand is present in its oxidized form
in complex 5, while the metal keeps its oxidation state +Il. To complete the cycle, the

substrate is releasedvia a reductive elimination reaction and the ligand is doubly reduced,

leading to the starting species3 {Scheme3| C). Over the whole catalytic reaction the ligand

hasacted as an electron reservoir allowing the metal to keep its oxidation stagel) @

The cooperative substrate activation proposed as strategy Il entails the participation of
—St Z<%ofet <o =ST . f—fZ>r—<.. "Ff..—ced 1. foqeY%. [ [Of 04[O «owe—:
strategies | and II7] This is the case of redoactive ligands present in the metalloenzymes
which mediate in the catalytic processes. An illustrating examplis the Galactose Oxidase
(GO), a copperbased enzyme which catalyzes the xidation of D-galactose (primary

alcohol) in D-galactohexodialdose (aldehyde) in presence of oxygen and has been largely

investigated in recent years|Schemed).[11]

The inactive species of the active site of GO consists in a'@oemplex bound to two
histidine and two tyrosine residues and a molecule of water. This species is activated by
the oxidation of one tyrosine residue from the basal plane and consequent formati of a
Cu(I)-tyrosyl complex. After coordination of the substrate to the metal center, the
oxidation occursvia a proton-coupled electrontransfer (PCET) reactionand release of the

formed aldehyde leads to the reduced form of the enzyme (Gu
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Schemed. Catalyic cycle of galactose oxidase enzyn@.

After reaction with dioxygen and a second protorcoupled electrontransfer reaction, the
active site is recovered after the release of hydrogen peroxide. For this system, the redox
active role of the ligand is essential for the functioning of the catalytisystem. The
electronic structure of GO and the use of salen complexes as biomimetic models will be

further discussed in section 2.2.2 of this chapter.

Another interesting example, where a redoxactive ligand is exploited with another

purpose than catalyss, was published by Wang and Stiefel in 200%)

Schemeb. Ethene purification by a dithiolene nickel complexMCS = multicomponent streant2

In this example mediation of a redoxactive ligand allows the purification of light gases

such as ethene. Neutral comple& reacts with ethene to form complex7 (Scheme5). The

addition of ethene to the complex occws through the sulfur ligand instead of the metal.
The impurities commonly present in olefin streams such as hydrogen gas, carbon

monoxide or acetylene, do not react with the complex, thus separating from the ethene.
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The gas can be released from the compldsy electrochemical reductionforming the

anionic species8, which can be electrochemically oxidize to genera12]

The last strategy (V) arises from the use of the redoyactive properties of the substrate
itself.l’l Activation of the substrate by abdraction or donation of electron density,

generates substratebased radical species which possess a different reactivity and

selectivity compared to their initial forms.|Scheme6[shows the example of the catalytic

cycle of nitrene insertion into the GH bond of the tolueng?3l The catalytic species is a non

heme complex of Fé& (Scheme6| 9). The loss of one molecule of solvent yield$0, and

allows the coordination ofan organic azide to form complexi1. The loss of a molecule of
N2 generates a radical on the nitrene moietyThis reactive species abstracts a hydrogen
from a toluene molecule leading to the formation 013 and a benzyl radical which binds to
the nitrogen and leaves themetal, recovering the catalystlO and releasing the insertion

product.[t3l

Scheme6. Catalytic cycle of niteneinsertion in the GH bond of toluenel!3!

The strategies presented in this section show how the use of redox némocent ligands
can enhance the catalytic activity in variougsnanners; teir applications in catalysis have
therefore opened new opportunities for chemists However, they play also an important

role in the chemistry of life.

1.3 Redox non-innocent ligands in bio -inorganic chemistry

Redox noninnocent ligands are foundto participate as celigands in the active site of
certain metallo-enzymesl4l as well as substrates (@ NO, quinonesk® The number of

possible examples present in this area is very large and cannot be comprised in this

20



introduction. However, some ilustrating examples will be briefly explained here in order

to highlight the importance of these ligands in biologial systems.

The nonrinnocent behavior of the @ molecule has been recognize duw its ability to bind
under different oxidation states: dioxygen (Q), which possesses a triplet ground state (S =
1), superoxide (Q-) as a doublet (S = 1/2), and peroxide () which is diamagnetic (S =
0). Due to this redox variety, the coordination mode of the oxygen molecule in certain
enzymes is still a topc of debate. Tis is case of the oxymyoglobinthe oxygenated form of
myoglobin, a protein in charge of oxygen storage in muscle tissues. Since the
determination of the Xray structure of the oxymyoglobinin 195816 different models

concerning the coordnation and oxidation state of the oxygen molecule have been

proposed[i”] the most relevants by Pauling!7a and Weisgt7el (Scheme7). The first one

described the okymyoglobin as a valence bond structurevhere the oxygen molecule is
coordinated to the metal in an endon way and both units are diamagnetic, as well as the
whole molecule in agreement with the spectroscopic dataHowever, Weiss proposed an
electron transfer from the metal center to the oxygen molecule with consequent formation
of a Fé' center and a superoxide radical, which couple antiferromagnetically to lead to a

diamagnetic moleculdie]

Scheme7. Models for oxyheme bindings.[t7a.17e]

Both possibilities have been considered as valid, but recent theoretical investigations
show a preference for the Weiss formulation, evidencing the neimnocent behavior of the

oxygen molecule 18]

Other redox active ligands widely present in nature are the quinones. These ligands
participates in numerous biological systemg519 notably in respirationi20 and
photosynthesis|?ll conferring them a high relevance. The design of redeactive ligands
mimicking o-quinones or catechol systems has been comprehensively studiéd.

Phenyldithio, diamine and dioxolene ligands comaup as the best candidates tanimic the

electronic properties of these systemg$%chemel).
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Catechol dioxygenases are neheme iron(lll) enzymes which catalyzes intradiol CG-C

bond cleavagereactions (SchemeB).i23 The binding of catechol to the iron centef$cheme

18) and consequent electron transfer from the metal to the substrate generates the
intermediate 19 where the substrate is activated and the iron center has been reduced to
oxidation state +II. This intermediate is able to activate a dioxygen molecul2@) which

inserts into the aromatic ring of the substrate 21) and promotes the bond cleavage.

SchemeB. Catalytic cycle of th@rotocatechuate 3,4dioxygenasel23]

Tetrapyrrolic macrocycles, such as pghyrins or corroles, are among the most important
examples of redoxactive ligands present in biologial systems, able both to accept or
donate electronsi?4l Porphyrins are dianionic ligands possessing four coordinating
nitrogen atoms and a conjugated flabackbone (Po#). Oneelectron oxidation leads to the
formation of the anionic radical Por, while oneelectron reduction generates the
trianionic form Por-3-. One of the most wetknown and studied examples of biological
systems bearing porphyrin ligards is the cytochrome P450. R450 monoxygenases are
heme-iron(Il) enzymes which catalyze the oxidation of substratesia oxygen activation in

a two-electron two-proton coupled reduction process (Equation 1)251 One of the

electronic structures proposed fa the catalytic species involves arron(IV) -oxo complex

featuring one-electron oxidized phorphirinyl ligand (Por--).[25¢]
[Fel(Porz)]++ O + 2e + 2H A£H:0 + [F&/O(Por-)]-+ (Equation 1)i25c]

These examples give a general idea about the importance of redox Aanocent ligands in
the field of catalysisfor biological and industrial applications. The study and modification
of the different mechanisms by which they work can allow u$o control their reactivity,

and thus © developmore selective and effective catalysts.
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2. Salen ligands

The wellkknown salen ligands are very good example of redox neinnocent ligands and
their properties have been largely investigatedsince their first synthesisizél Pfeiffer

reported the synthesis of salen ligands (a -Ethylenebis(salicylimine)) in 1933 by

condensation of two salicylaldehydes with a diamine in mild conditiong§cheme9).[27]

Salen ligands contain two Schiff bases and two phenols that can act as coordinating

groups, allowing the coordination of exogenous ligands in the axial positions.

Scheme9. Synthetic procedure for salen ligands.

Their convenient synthesis and the simplicity of the starting materials allow a large
variety of structures for this ligand,i.e. a fine tuning of its electronic properties.The
oxidation products of salen complexe lead in some cases to the formation of phenoxyl

radical species, which has attracted the interest of numerous research groups.

2.1 Relevance of salen ligands in catalysis

Salen are NNOO moderate electron donor ligands. Their easy preparation allows the
synthesis of a large number of ligands with wide structural and electronic diversity. The
introduction of stereogenic centers is possible by introducinga chiral N,N linker. The
conformation adopted by the complex and the different phenol substitutioscan moduate
the trajectory of the substrate approach and thus influence the diastereoselectivity. The
presence of axial ligands also modifies the conformation of the complex. Theoretical
calculations have shown that coordination of an axial donor ligand approackehe metal

to the substrate in rate determining stereoselective processdhl

Schiftbased complexes of early transition metalsieh as zirconium or titanium havebeen
shown to be active in polymerization catalysi®sl Recently the group of Wang has
reported the use of a titanium(lll) chloride salen complex as catalyst in the

copolymerization of CQ and cyclohexene oxide.
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SchemelO. [Ti(salen)C] complex (left) and copolymerization reaction(ri ght).

Titanium salen complexes can also catalyze pinacol coupling of aromatic aldehydes
following the protocol developed by Firstner withthe Tiv complex [Ti(salen)C4].[291 Using

a chiral linker, this coupling reaction can be made in an enantioselectivenanner with

excellent enantiomeric yields|Schemel1).[30]

Schemell. [Ti(salen)Ck] complex (left) and erantioselective pinacol coupling reaction(right) .30

Iron salen complexes have been also investigatedue to the similarity of salen ligands to
porphyrins, which are widely present in biologi@al systems. Fe(ll}salen complexes are
unstable and get oxidizd in presence of air and moisture, hindering their use in catalysis.
However, Fe(lll)-salen complexes preparedn situ promote the oxidation of sulfides in
sulfoxidesBll Dimeric chiral Fe(salen <bxo species prepared by Nguyerare useful

precursors for the formation of iron carbenes further used for the cyclopropanation of

olefins [Scheme 12| left).32 Complexes of ruthenium displaying chloride and nitrosyl

groupsin axial positions described by Katsuki, catalyzeisand trans epoxidation of olefins

mediated by visible light [Scheme 12| right). Visible light irradiation promotes the

dissociation of the nitrosyl ligand and thughe activation of the complex3]

Schemel2. Fe(salen -<bxo species (left) andRu(NO)(CI) derivative (right). [32-33]
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A stabilized ruthenium salen complex was synthesized by Nguyen using pyridine as axial
ligands. This complex is a very efficient catalyst for the cyclopropanatioof olefins
Schemel3).i34

Schemel3. [Ru(salen)(py)] complex (left) and diasteroselectivecyclopropanation reaction 34

Cobalt salen complexes have been found to be active in various catalytic reactions! Co
complexesdisplaying a square pyramidal geometry are abléo bind O,. Thus,[Co(salen]
has been used for the oxidation of phenols, indoles, flavonols and aminga coordination
of the substrate to the metal centefssl [Co(salen] can be reduced to form Cospecies
which are highly reactive and can activate small and inert molecules such as Gfa

oxidative addition.[36]

Aluminum salen complexes are involved in the polymerization of propylene oxide,
ethylene3” and lactide[38 Aluminum salen derivatives have ben also useful in oher
reactions such as MeerweirPonndorf-Verley reductions[?9 Diels-Alder reactions or

dipolar cycloadditions37]

Maybe one of the most known examples of salepfett ...f—fZ>e—e <o —SF f..', efeie
In 1985 Kochi and ceworkers reported the catalytic activity of manganese and chromium

salen complexes in the epoxidation of alkenes by using PhlO as oxid@fitSome years

later, Jacobsen and Katsuki independently reported the asymmetric epoxidation of alkenes

using iodosylarenes astoichiometric oxidants.

Schemel4. Firstmanganese salen complexes used in cataiggleft) fet f...',oteie (rightyfZ>e—
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First results obtained using complexe25 and 26 (Schemel4| left) included 1-8 mol %

catalyst loadings and gooeto-excellent enantiomeric yields (5793 %) for the epoxidation
of monosubstituted terminal, trisubstituted and cis-alkenesl4ll Some years laterJacobsen
introduced the used of bleach instead of iodosylarene as source of oxygen, making the
reaction more operable St f .. ‘ efeie .. f—f Fert=butyl subidtftuents in the

phenolate ring and a chiral diamine linker{S&chemel4| right), andwas shown to catalyze

the asymmetric epoxidation of a wide range of substrates such asis-alkenesf43l

heterocyclic enaminesi#*4 or cinnamate estersi4s! The poor conversion of some substrates,

such as terminal alkenes (styrene) was enhanced by using-CPBA as oxidant. The
fo. ' aefeio L f=fZse— <o ——<Zc@FT <o cof—o="> fof <o . teef” |

2.2 Salen complexes as biomimetic model s of galactose oxidase

Due to the electronic properties and the coordination environment of salen ligandsalen
complexeshave beenused to build biomimetic models of Galaase Oxidase (GO) enzyme.
Copperand, in another approach, nickel salen complexes have been proged as mimics
for the catalytic activity of GO. Before discussing the different complexes synthesized for
this purpose, it is important to remind some aspects about the electronic configuration of

copper and nickel centers, as well as that of the GO.

2.2.1 Electronic structure of Cu and Ni complexe s displaying redox non -innocent

ligands

Cu' centers possess a 3d electronic configuration, thus leading to mownuclear
paramagnetic complexes when featuring closedshell ligands. They usually prefer
octahedral gemetries, but because of the important Jahiieller distortion present in
these complexed4él square planar geometries are also very common. When bourd
redox nonrinnocent ligands, the assignment of the oxidation state of the copper center
becomes convalted upon oxidation. Dependingon the relative energy of boththe metal
and ligand orbitals (redoxactive orbitals), the oxidation can take place either on the

ligand or on the metal center. If the oxidation takes place on the metal center, a highlent

metal complex is generated/$chemel5| left). Cu' complexes possesses a 8electronic

configuration, and in squareplanar environments this are diamagnetic (S = 0)lt is the so

called 0...2:e$H 727 ece%Z1—0 .OntheBiher'hand, if the frontier orbitals of the
ligand possess higher energy than those of the metal, a ligandntered oxidation occur
leading to the formation of Cu(ll}radical species.In this case, where two unpaired

electrons arepresent in the molecule, two configurations are possible.
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Schemel5. Representation of the different electronic configurations foioxidized copper complexes
in a squareplanar environment.

If the unpaired spins couple antiferromagnetically, the total spin of the molecule is zero (S

~

= 0), and the complex behaves as diamagnetic. Fhi... ‘¢ <%0 —" f —<‘s <eofefishell. fZZt1 0o

* ¢ * %0 Z donfiguration (Scheme 15| center). Contrarily, if these electrons couple

ferromagnetically leading to a triplet state (S = 1), the molecule is paramagneliScheme

right).

The similarity on the magnetic properties between the clos#-shell and openshell singlet

configurations can lead to wrong or ambiguous oxidation state assignmentsin
illustrating example is found in the family of corrole complexesCorroles are trianionic
ligands and coordinated to Cli centers can give neutral complexes, so that in some cases
these complexeshave beendescribed as Cli speciesi4’l This assumption led to the
unfortunate formulation of CuV species upon oneelectron oxidation of the neutral
corroles. However, structurak®l and computational studie$9! suggest an
antiferromagnetically coupled radical complex as the best descriptiofor the ground state
of neutral copper corroles. Nocera and cavorkers illustrated this with the study of the

electronic configuration of the oneelectron oxidation and reduction products of a copper

corrole (Schemel6).50

The neutral species21 t«<e’Zfs>e [ e<ZFo— ot . —"—e foet fo OffHf"fe—-0 t<f
spectrum. When recording the NMR spectrum at different temperatures an important shift

of certain signals wasobserved This peculiar shift suggests a spin equilibrium between

singlet and triplet species.Thanks to data obtained from VINMR and susceptibility
measurements,an openshell ground state with a triplet state laying at 1236 + 40 crhwas

established.

The oxidized and reduced products both display EPR signals typical of 'Coenters,

demonstrating that both redox processes are liganthased leading to closedhell
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configurations of the corrole macrocycle, this being tranionic in 21- (Schemel6| left) and

mono-anionic in 21+ (Schemel6| right).

Schemel6. Structures of the oxidized, neutral and reduced copper corrole investigated by Nocera
and coworkers. 50l

The ferromagnetic or antiferromagnetic coupling between the metal center and the radical

ligand seems to be governed by the geometry of the complex, which determines the
EZf L f-™1te St ef—fZ " «—fZe fot-sySen. For exanfiple, the - S+ N
semiquinone copper complexes presented i@ present the same coordination

environment but different electronic configurations/51 The Xray structure of
[Cu(DBDE)} (Schemel7| left) shows a twist angle between the NCu+N and the GCu-O
planes of 51°, while this angle was only of 14 ° for [Cu(TMCB‘iSchemel? right). The

ferromagnetic configuration is favored in planar complexes due to the orthogonality of the

copper and semiquinone orbitald®2l When the distortion from the planar geometry
increases, the overlap between the basaopper ‘" ,<—fZe fet —SF efec“—ce'e: N eo>0—1

increases, favoring an antiferromagnetic coupling?l

Schemel?. Structures of semiquinone [Cu(DBDE)jand [Cu(TMCD]* complexes1]

Examples of Cll complexes displaying redoxnon innocent ligands are rare in the
literature. 520 These complexes are usually stabilized in square planar geometries by the

use of carboxylateds3l thiolates,[54 or oxamatessd! as ligards.
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Concerning the electronic structure of oneelectron oxidized Ni complexes displaying
redox nonrinnocent ligands, the assignment of the oxidation state of the metal becomes

easier. Ni' complexes possess a 3dconfiguration and are diamagnetic in a squ& planar

environment. Upon oxidation, both highvalent metal (Ni'"" 3d7,|Sdheme 18| left) and

radical complexes (NiL+*,|Sdeme 18| right) are paramagnetic (S = 1/2).Contrary to

copper complexesEPR techniques allovithe assignment of the oxidation state of the metal

relatively easy.

Sceme18. Representation of the differentelectronic configurations for Nioxidized complexesn a
square-planar environment.

Few examples of Ni complexes exist in the literature. Octahedral environments favor the
stabilization of these highvalent metal centersi®¢ In a square planargeometry, these
centers are stabilzed by strong donating ligandssuch as amidate$” oxamidates(s8 and
recently Mirica and coworkers reported the characterization of an organometallic N

complexis9l

Oxidized products of nickel salen complexes are usually characterized as NKifdical
complexes. A valence tautomerisimnwhere ligand radical species are favored at high
temperatures and Ni' species are stabilized at low temperatures, habeen reported in
some case#0 This was explained by the presence of exogenous ligands, whose
coordination to the metal center was reinforced at low temperatures, favoring the
stabilization of the Ni' complex/s6.611 Another explanation related to the difference
between the relaxation times of metal and organic radicals was proposext well by JL.
Pierre and coworkers. Since the change on the EPR signal was observed at temperatures
close to the melting point of the solvent, only the organic radical otribution, which
relaxes slower than the metal, was observed in solution (high temperature), while the
metal contribution, which relaxes faster, was observed for the frozen solutions (low

temperature).l62l
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2.2.2 Galactose oxidase enzyme

GO is an extracellular mzyme foundin several fungal speciel&3 that belongs to the family
of oxidoreductases. This copper enzyme catalyzes the two electron oxidation of primary
alcohols to form the corresponding aldehydes with release of hydrogen peroxide. This two
electron oxidation is effective thanks to the synergy between the copper center and a
tyrosyl radical residue. The Xray structure of GO, resolved in 199F¥4 shows that the
copper center displays a squardased pyramidal coordination environment in the active
site with two histidines, one tyrosine and an exogenous ligand (water or acetate molecule)
in the equatorial positions, and another tyrosine residue occupying the apical position.
The second coordination sphere is highly important in enzymesherefore other structural
factors have been showro have an influence on the catalytic activity of the GO. A cysteine
residue was found to be linked through a thioether bond to the carbon iartho position to
the oxygen in Tyr272. This binding reduces the flexibility ofhe tyrosine residue and is
believed to lower the redox potential of the tyrosine, making its oxidation easié#! The

catalytic cycle, already explained in section 1.2, is not discussed in this section.

Schemel9. Oxidation forms of the G@5a

As mentioned above, the enzyme can be presenttimee different oxidation forms. In the

inactive form {Schemel19| A) all the amino acid residues bound to the Cucenter are

present in their closed-shell configuration. In the active form |Schemel9| B), the Tyr272

has been oxidized and is bound to the @uwenter as a tyrosyl radical. Finally, he reduced

form (Schemel9| C) consists in a Cu center bound to the protonated Tyr272 resulting

from the release of the oxidized substratésal

These three species have been characterized by spectroscopic techniques and the active

form (Schemel9| B) turned out to possess a diamagnetic ground state due to a strong

antiferromagnetic coupling between the unpaired electron of the copper center and the
free radical of the tyrosyl moiety. From TBDFT calalations the coupling constant has

been calculated at 752 cna.i68]
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2.2.3 Examples

Several small molecules have been synthesized in an attempt to mimic the electronic
and/or the geometrical properties of GO¢7 These ligands incorporate phenol groups
bearing bulky substituents at theortho and para positions which stabilize the formed

radical and prevent dimerization through the phenoxyl ring.

In 1998, Stack and ceworkers reported the electronic structure of four salentype
complexes, establishing the bases of the use of salen complexes as biomimetic models of
the GO enzymé8l These complexes presented a saleype ligand with disubstituted
phenol rings (SPh, tBu, SiPr or Br) and a binaphtyl as bridging moiety. Theray
structures of the neutral complexes displayed a nosquare planar coordination geometry

around the metal center.

Scheme20. Copper salentype complexes reported by Stack and eworkers.[68]

The oneelectron oxidation of these complexes occuw on the phenol moieties leading to

the formation of EPRsilent species, in agreement with the electronic structure of the

active form of G |Scheme19| B). These complexes demonstrated catalytic activity

towards benzyl and allylic alcohols in presence of a small amount of base at 1 atm ef O

and room temperature.

From these first examples a wide variety of salen complexes have been studied in an
attempt to establish new GO models, as well as tuning the oxidatidocus; few of these

examples will be discussed here.

One of the most relevant examples is thcase of the salen complex [CuSag¢heme21).[69

This complex presents tertbutyl substituents in the ortho and para positions of the phenol
and a cyclohexyl linler. The importance of this complex does not reside on its catalytic
activity, which was found to be rather low, but on its electronic structure. [CuSaljas
described as a Cii complex in the solid statethanks to Xray diffraction, magnetic
susceptibility, K-edge XAS, fedge XAS and XP8easurementsi®d [CuSal}Sks is the first

example of a CU complex featuring a salen ligand, whileCu" centers are normally
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stabilized in square planar environments by polyaniorg or strong polarizable ligandgs5.70

Interestingly, this closedshell configuration was reported to be involved in a temperature

dependent equilibrium with nearly isoenergetic triplet state radical species (S =|Bcheme

169

Scheme21. [CuSal] complex (left) and spin equilibrium of [CuSaljn solution.[59]

This equilibrium was established by variable temperature absgtion spectroscopy, NMR
and magneic susceptibility measurements;the high-valent metal form being favored at
low temperature. The presence of both species in solution was explained by a greater
flexibility of the ligand in solution. The generated radicalis coupling ferromagnetically
with the electron of the copper, and displaysan EPRsilent spectrum due to a large zero
field splitting. [CuSal} displays weak catalytic activityin the oxidation of benzyl alcoholin

which the rate determining stepis the f,e—"f...—<'e ‘"~ —S% S>t"‘%te -f—‘e ~"'e _§

position of the benzyl alcohol®

Reduced salen derivatives, displaying amines instead of imines (labelled salan), have been

studied as well |Scheme22). Their copper complexes possess lower oxidation potentials
t—1% —* —S1t -ddnatioh’ofBhe amine functions: E;» = 0.08 and 0.11 Ws.Fct/Fc for
[CuSald] and [CuSalersd] respectively, while B, = 0.45 V for [CuS3l1]

Scheme22. [CuSatd] (left), [CuSalered] (middle) and [Cu(Salophen)] (right) complexes.

The oxidized products of [CuS&d] and [CuSalertd] give temperature-invariant phenoxyl
radical camplexes which display silent EPR spectf& due to either an antiferromagnetic
coupling between the spins, or a ferromagnetic coupling witla large zerofield splitting

parameter. At low substrate concentrations [CuSat]+ was found to catalyzethe oxidation
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of benzyl alcohol 12 times faster than [CuSallexplained by disfavoed axial substrate
coordination to the Cu'" complex[72 [CuSalered]* was shown to oxidize primary alcohols
such as methanol, ethanol or n-butanol in their respective aldehydes in presence of

catalytic amounts of base.

In order to increase the rigidity of the ligand, a phenyl ring was introduced in the ligand
backbone asN,N linker. This does not modify only the geometry of the complex, but also
the electronic properties because of conjugation of the phenolates and the aromatic linker
via the imine functions. Despite the redoactive properties of the phenylene linker,

oxidation of [Cu(Salophen)] leads also to the formation of Cu(Hphenoxyl species.

However, an equilibrium was established between the partially localized phenoxyl species
in one side of the molecule and the fully delocalized structure present in solution and at

room temperature.l’s]

Due to their close electronic structure, nickel salen complexes have beemsalstudied as
biomimetic models of the Galactose Oxidase. The easier characterization of the -one
electron oxidized products compared to the opper analogues, notably by EPR, helps for
the better understanding of the electronic configuration of the oxidizedproducts. Ni

centers possess also a biological relevance as they are present in several enzyies.

In most of the casessimilar electronic structures have been described for nickel and
copper salen complexes when displaying the same ligand. For examp[NiSaPMq+ and

[CuSaPvd+ complexes, which display methoxy substituents in the phenolate rings, were

both characterized as phenoxyl radical complexe$Scheme23). The Xray structure of

both oxidized species show a quinoid pattern of the phenoxyl ringg!

Scheme23. [NiSaPVMq+and [CuSaPVd+ complexesl’s]

However, somne differences have been found ithe description of the nickel and copper
oxidized species. While [CuSallwvas characterized as a Gucomplexin the solid state the
radical form is favored in its nickel analogue, which remains a Ni(Hjadical complexfrom
5 to 295 KI[’6l The EPR signabbtained at g, = 2.045, intermediate between those of
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phenoxyl coordinated species and Ni complex (gv = 2.132.17)[77 indicates a non

negligible contribution of the metal orbitals to the SOMO.

Another example of different electronicbehavior was recently reported by Storr and ce
workers.[78 A salen ligand displaying electronwithdrawing groups in the phenolate rings
(CR) was shown to stabilize the highvalent metal form at low temperature for the copper

derivative, while the nickel species arepresent in the radical form in the temperature

range studied |[Scheme24).

Scheme24. Oxidized forms of [NiSEF3+ and [CuS&tFd+[78l

3. Phosphasalen ligands

Scheme25. Structures of phosphasalen and salen ligands.

Phosphasalen ligands have beenegteloped in our laboratory and can be described ahe
phosphorus counterparts of the salen ligand8?! Despite the different modifications
introduced in the salen backbone, few examples including heteroatoms are present in the
literature. Iminophosphorane functions possess completely different electromi and
geometrical properties than imines. Therefore, this small variatiorin the salen structure
entails a change bthe electronic and geometric properties of the ligand, makg them
more electron-donating and more flexible. Their synthesis was first repdged in 2011
together with the first coordination complexesi® Since then, phosphasalen ligands and
their coordination chemistry have been developed, including their application in

catalysis|[8l
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3.1 The iminophosphorane function

Iminophosphorane functions often depicted with a double bond between a phosphorus
and a nitrogen atom. They were first synthesized in 1919 by Jules Meyer and Herman
Staudingeri82 Iminophosphoranes are the conjugated bases of the aminophosphonium

groups, where the nitrogen atom igprotonated.

Scheme26. Iminophosphoraneand aminophosphonium functions.

3.1.1 Synthesis

The main methods concerning the synthesis of iminophosphorane functions are those
developed by Staudinger (1919%21 and Kirsanov (1950)[83 including the modification
introduced by Horner and Oedinger (1959.84

The Staudinger reaction consist <+ —S$ ¢— ... Z1'S<Z«c... fttc—c's “Na)fto ‘" %o foc... [
a phosphine (PR) leading to the formation of the iminophosphwane function and
releasing of nitrogen |[Scheme27).82 —f —tce%of” """ et t —St "“ef_cte T f Qec—"
"¢..S .tet—et0d f 'S'sPlficck Tt —"<*% —Si Isbiopic. stutkes

determined that the nitrogen atom incorporated to the phosphine corresponds to the
N ggel

Scheme27. Staudinger reaction and possible intermediatege!

Kinetic studies done by J.E. Leffler and R. D. Temple hypothesized that the formation of the
iminophosphorane function occursvia a cis intermediate. Other possibilities, such drans
or gamma intermediates, or a concerted process were considered as wellheoretical

calculations done by the group of Wang using the reaction between Pahd NH; as model,
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pointed to the cis intermediate as the most stable and possessing the lowest activation
barrier.861 One of the advantages of this reaction is the formatioof N, as side product,

which is easily removed of the reaction medium. Furthermore, the reaction can be applied
to a wide range of phosphines. The only drawback of this reaction is the use of organic

azides that carnbe explosive, the use of this method biag unwise for large scale synthesis.

The second method derives from a reaction of PQVith phenylsulfonamide described by

Kirsanov in 1950I83! During this reaction an aminophosphonium is formed which in

presence of a Grignard reagent generates the cegponding iminophosphorane|Scheme

:

Scheme28. Kirsanov reaction described in 195@83I

A modification of this reaction was done by Horner and Oedinger in 1959. They used &n

situ generated bromophosphonium salt{fScheme29| A), obtained by the bromination of a

tertiary phosphine, instead of PGl The nucleophilic substitution of the aromatic amine

leads to the formation of the aminophosphonium sal{$cheme29| B), which in presence of

a tertiary sacrificial amine forms the iminophosphorane compound$cheme29| C)i4l

Scheme29. Horner-Oedinger variation of Kirsanov reactiorié4]

In 1963, H. Zimmer applied this method using alkyl amines but the isolated product
turned out to be the aminophosphonium salt8] The triethylamine was not strong enough

to deprotonate the aminophosphoiium and stronger bases, such as KHMDS, were
necessary to form the iminophosphorane. This can be seen as an advantage since the ionic
form is more stable towards humidity and air than iminophosphoranes. Thus, they can be
stored under their stable aminophosgonium form and be generatedin situ by using a

strong base.

A great variety of amines can be used with this method, contrary to the Staudinger

reaction which is limited by the hazards of the azides. The use of chiral amines is
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especially interesting for gplicationsin catalysis(es] This reaction has been largely used in

our laboratory, and is applied for the synthesis of phosphasalen ligandi§l

3.1.2 Electronics and geometrical parameters

Iminophosphorane functions are usually describedwith a double bond béween the

nitrogen and phosphorus atoms{Scheme30| B). However, due to the differenceén the

electronegativity of both atoms, thezwitterionic form, where the charges are separated, is
valid as well (Scheme30( A).

Scheme30. Limiting resonant forms of the iminophsphorane function.

Based on literature data in the solid state, the average bond length for an
iminophosphorane is 1.58 A. This distance is intermediate between the average bond
length of aminophosphines (1.71 A) and that of iminophosphanes (1.55 &l thus the

double bond treatment of the iminophosphorane bond is acceptable.

Scheme31. Aminophosphine, iminophosphorane and iminophosphane structures and
corresponding bond lengths average®?c!

Moreover, according to the Valence Shell Electron Pair Repulsitdreory (VSEPR), the M-

R angle in case of a double bond must be around 120 °, while this must be around 109 ° in
case of a simple bond. In the solid state, an average of 123 ° has been fotod
iminophosphorane functions suggesting a strong double bond character in the solid

State /89l

However, these experimental observations seem to be icontracdiction with ab-initio
calculations concerning the rotation barrier of the PN bond on the moleale HN=PH,

which was found rather low, 2.1 kcal/mol, pointing to a simple character of the bond.

To get further information of this system, calculations of the molecule HNRHas well as

the imine (HNCH) and the ylure (HLCPH) analogues have been performed using B3LYP
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functional and 6-31+G* basis set. The following results have been publishéd the thesis
of A. Buchard and T.P.A. C&b.

NBO (Natural Bond Orbitals) analysis tends to localize the electrons for a given wave
function, leading to a picture which is close to the Lewis structure. NBO analysis of HNPH
shows a localization of the lone pairs in the nitrogen atom, with a very small contribution
of the phosphorus orbitalsl@. The first pair (L1) is localized in a hybrid sporbital
(47 % s, 53 % p, occupancy 1.88), and the second one (L2) is localized in a pubital

(occupancy 1.75). Thesdocalized forms suggestthat the zwitterionic form would better
describe this bond. However, the occupancy in both orbitals is lower than 2 entailing a

certain delocalization of the lone pairdn the phosphorus orbitals

Figure 1. Lone pairs of the nitrogerfor the molecule HNP H;.[89]

etfFta oot FZF..—"'ec... tTheec—> <o tIZ'.. fZc<EDdantibondingt —e'......
orbitals, reinforcing the PN bond. This interaction (delocalization) is hamed negative
hypercongugation, and is stabizesthe lone pair L1 by17 kcal/mol and L2 by 33 kcal/mol

Figure 2[andFigure 3).18°]

Figure2a4 —f,<Z<ec<e%o <o—1"f..—< oo ™) antibendingforbitalsiey P
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Figure 3. Stabilizing interactions betwees t f e+t — ™ “Hyantibonding orbitals.[8]

As said before, this analysis tends to localize the electrons and miniza delocalization,
then these cannot be taken ashe real molecular orbitals. It is necessary to check the

orbitals obtained by DFTcalcuations.

Figure 4. DFT calculated orbitals for HNPHI89]

HOMO and HOMQ of the molecule HNPKE are depicted inFigure 4{ The shape of these

orbitals is not very different than that obtained for the localized pairs L1 and L2,
teo.f Tco% —St '*eegystémfor the AN Kond.

This is also supported by e Wiberg index obtained by NBO analysis, which estimates the
bond order. Thus, the Wiberg index is 2.03 for the imine (bC=NH), while this is 1.34 for
the iminophosphorane (HN=PH) and 1.37 for the ylure (HP-CH).[8

From these analyses we can concludbat the P-N bond does not possess a double bond
character and could be seen as a simple bond where a charge separation exists. However
the negative hyperconjugationbetween the lone pairs of the nitrogen and the phosphorus
orbitals reinforces the RN interaction. This will be determining on the reactivity of the

iminophosphorane compounds.

Even though the P=N representation of bond is not strictly correct, it will be used in this

manuscript as this is done irthe literature.
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3.1.3 Basicity and hydrolysis

Due  the presence of the localized lone pairsrothe nitrogen, iminophosphoranesare
strong bases. The first iminophosphorane base was synthesizéy Schwesingerand co
workers in 1987 (Scheme 32) and is one of the strongesixisting basesi?d Since then, the
design of iminophosphorane bases has been persecuted and a great variety of these
superbases have been developed by Schwesinger and-workers.°l1 The basicity is

increased by the introduction of electron-donating substituents. Some exampes are

present ifScheme32

Scheme32. Example of iminophosphorane basg&2-91]

Because of theelectrophilic character of the phosphorus iminophosphorane functions
usually decompose in water. It can be either by protonation of the nitrogen atoms in acid

medium, or attack of hydroxides groups to the phosphorus in basic madii.

Scheme33. Hydrolysis ofthe iminophosphorane function.
3.2 Electronic properties of phosphasalen ligands

Phosphasalen are dianionic ligands displaying two nitrogen and two charged oxygen

coordinating atoms.

Due to the presence of two lone pairs in the nitrogen atoms iminophosphorane functions
act as strong bases and their coordination properties differ markedly from those of imines.
oo 'S e’S " fet fUf e—"'e% P fet N t'e'”ed t..f—sydtemintBet f,ete.. T °

P=N bond, there is not backbondingfrom —S3% et —fZ&a ..'e="f"> —' cocoke ™S S f

te'”e fetacheptors. The phosphorus atom does not participate in the coordination.
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However, the phosphorus substituents create a steric hindrance in the second

coordination sphere.

Iminophosphoranes are hard bases according to the HSAB thed¥},thus they prefer to
coordinate electron-poor metals, such as early transition metals or metals in high

oxidation states.

Upon mordination, an elongation of the P=N bond occurs due to the shift of tledectron
density towards the metal leading to aveaker negative hyperconjugation. Consequently, a
contraction of the PR bonds must theoretically occur, becausef the partial depopuation
of =St fe—<, T sRoorbBitals. This suggests that the zwitterionic form is reinforced

upon coordination.

As in salen ligands, phenolate moieties are redeactive conferring them redox norn-
innocent properties. The electronics of the phenolateings are easily modified by the
substituents. Better electrordonating groups increase the electron densityon the ring
favoring its oxidation and stabilizingthe generated radical?3! On the other hand, electron
withdrawing groups decreasethe energy of the phenolate orbitals, favoring a metal

centered oxidation[7@

The phosphorus and nitrogen substituents determine the extent of the negative
hyperconjugation, which influences the electronic properties and consequently, the

coordination to the metal.

Because all of this, phosphasalen ligands are more electralonating and more flexible
than the salen analogues,and should favor the stabilization of high-valent metal

complexes (discussed belowly?!

The tuning of the donating ability of iminophosphoranefunctions, as well as that of the

phenolate rings, will be discussed in this manuscript.

3.3 Synthesis of phosphasalen ligands

The synthesis of phosphasalen ligands was first published in 201489 by the groups of
P.Diaconescu and our groupThe former followed the Staudinger reaction to synthesize
the phosphorus analogues of salphen ligands, which include a ferrocene unit in the ligand
backbone. In our case, wehe Kirsanov reaction modified by Horner and Oedinger (see

section 3.1.1)84 Phosphasalen ligads are usually obtainedas their aminophosphonium

salt form. The retrosynthesis of the ligand is depicted cheme34| A general synthetic
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optimized procedure is hee explained, a more detailed discussion concerning the

synthesis of the different ligands used in this work will be foundin each chapter.

Scheme34. Retrosynthesis of phosphasalen ligands.

Firstly, the phosphine is readily achievedrom the corresponding phenol The presence of
a tert-butyl group in the ortho position provides a better solubility to the complex and

avoids possible dimerization.

Scheme35. General synthetic procedure for the phosphine starting materials.

The corresponding phenol is treated with N-bromosuccinimide to obtain the ortho
brominated product B which reacts with two equivalents of nrBuLi to give the ortho
lithiated product C which is then reduced with a chlorophosphine, leading tdD. After

agueous workup, the phosphines are obtained as powders in good yields.

Following the Horner-Oedinger modification of the Kirsanov reaction, the phosphe is

brominated to obtain the phosphonium bromide intermediate E {Scheme 36). This

intermediate reacts with the diamine bridge in presence of a nomucleophilic base to

form the desired product F, which ispurified by precipitation.

The nature of the diamine linker and the solubility of the ammonium and
aminophosphonium salts formed determine the choice of the sacrificial bas€or example,
tributylamine is used when the linker is ethylenaiamine, while DABCO 1,4

Diazabicyclo[2.2.2]octang is used when the ligand displays an aromatic linkegbl
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Scheme36. General synthetic procedure for phosphasalen ligands.

Different variations can be introduced on these ligands by changing the phenolate
substituents, the phosphorus substituents or the linker between the two nitroges)

allowing the creation of a great library of ligands.

Somealready published phosphasalen ligands are shown ifscheme37| These ligands

were obtained as white powders in yields ranging from 69 to 78 %]

Scheme37. Examples of phosphasalen ligand§sgb!

3.4 Previous work

3.4.1 First complexes

Scheme38. [Ni(Psalen)] and [Pd(Psalen)] complexeg?l

First coordination studies were made with nickel and palladium using unsubstituted
ligands. These complexes were studied from a geometrical and theoretical point of
view.[’9] The Xray structures of these complexes display nearly square planar geometries
and the MN and MO bond lengths were longer in average compared tcheir salen
counterparts. A significant difference with respect to the salen analogues was observed in

the redox potentials of these complres, which are more easily oxidableThis is due to the
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presence of the better electrondonating iminophosphoranes indead of imines. These

complexes were found to be essentially diamagnetic, but a small paramagnetic
Le=T,——cte ™M fe i _f  —Ft 7" —St ec.. ek tsHW] fOhiSWasce o Z ——«<'o

studied by DFT calculationswhich confirmed a small singlettriplet energy gap, resulting

in the presence of triplet species in solutior®!

3.4.2 Catalytic applications

Scheme39. Some of the posphasalen complexes studied for ratactide polymerization.[8lal

A series of phosphasalen ligands differing by the aminbinker and the phenolate
substituents were studied towardsRing Opening Polymerization (ROP) of lactide (LAt
ROP initiators are highly desirable because of the numerousf polylactid.?4 Yttrium,
lutetium and indium phosphasalen complexes were found to be good initiators and exhibit
high rates of ROP forrac-lactide, good selectivity and high stereaontrol, even atlow
loadings.Depending on the ligand backbone and the metdigteroselectiveor isosdective
polymerization takes place They present, in some caseshigher activity and rates than
their salen analoguesdespite the reduced Lewis acidity of the metalvhich was explained
by a more labil M-alkoxide bond allowing an easier migration and thus, a rapid

propagation.8b]

3.4.3 Ni' phosphasalen complex

Schemed0. [Ni(Psalerigu)] complex.[93]

In 2014 the synthesis and characterization of the [Ni(Psale#)] complex and its one

electron oxidized species was reported Scheme40).1%! This complex displaystert-butyl

substituents in the ortho and para positions of the phenolate rings, an ethylenediamine

bridge and phenyl substituents on the phosphorus atoms.
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[Ni(PsalenBu)]+Sbks- turned out to be a highvalent Nil' complex, stable in solution and in

the solid state at room temperature. This was estalshed by EPR spectroscopy, which
shows for both solution and solid state samples a rhombic signal with g values typical for
Ni'' centers[®! Magnetic measurements confirmed this hypothesis for the solid state. This

complex was characterized as well by-xay diffraction and U\tvisible spectroscopy.

This is the first example of a square planar Nicomplex stabilized by a saleftype ligand at
room temperature. This situation contrasts with those okained for the salen analogues
whose oxidation takes placeon the ligand, leading to phenoxyl radical specig®! Ni'l
salen complexes have been only stabilized at low temperatuseor using additional ligands

generatingan octahedralenvironment.[56.62]

4. Objectives

The objective of this work is to study the eleiwonic structure of oxidized phosphasalen
complexes in order to determine how the phosphorus atoms and the different substituents
influence the oxidation locus. For this purpose, differenphosphasalen ligands have been
synthesized and their coordinationto nickel and coppercenters studied This work has

been divided according to the modificationf the ligand in three chapters.

The first chapter concerns the modifications itroduced on the phenolate ring. The
electronic properties of complexes featuring two different phosphasalen ligands are
studied: PsalerBu, which displays tertbutyl substituents in the para positions of the
phenolate rings, and PsalePMe, whose electrondonating ability is increased by the
presence of methoxy groups in thepara positions. A shift of the oxidation locus from the

metal to the ligand is expected by this substitution.

In the second chapter we study the influence of the phosphorus groups. The aryl
phosphorus substituents of the Psalefu ligand have been substituted i alkyl groups. The
electronic properties of the new ligand featuring isopropyl substituentsiPrPsalen, will be

discussed in this chapter.

In the third chapter, the modification is introduced in the linker between the two
nitrogens. Complexes featuring @henylenediamine linker, Psalophen complexes, as well

assomemono and disubstituted derivatives are studied in Chapted.
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Scheme4l. Phosphasalen ligands studied in this work.

The generated complexes have been studied by cyclic voltammetry,-bay diffraction,
various spectroscopic techniques (EPR, NMR, WAs), magnetic measurements and

theoretical calculations.

An additional study concerning tre stabilization of manganese phosphasaletomplexesin

different oxidation statesand their use in catalysisis present in Chapters.
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Chapter 2: Influence of the phenolate
substituents in Ni and Cu phospha salen

complexes

1. Introduction

As it was presented inChapter 1, this study concerning the oxidation of phosphasalen
complexes started some years ago with the synthesis and characterization of a stable
tetracoordinated Ni' phosphasalen compleX! This was ascribed to the better electron
donating properties of the phosphasalen ligands compared to their salen counterparts. To
get further insight into the stereo-electronic effects of the ligands on the structure of the
one-electron oxidized complexeswe targeted the synthesis of thecopper analogue
derivative. The study of the electronic structure of copper saletype complexes has
become a hot topic since these complexes weastablished as biomimetic models of the
metallo-enzyme Galactose Oxidase €e Chapterl, section 2.2.2.21 The control of the
oxidation locus,i.e.electronic structure, in these complexe$ias been well pursued in those
studies. Few examplesof high-valent Cu' salen complexes have been reported in the

literature B the most relevant being the one published ¥ Stack and ceworkers in

20083 [CuSal}SbRs complex (Scheme4?2) was characterized as a Qucomplex in the

solid state using Xray structure and magnetic measurements (among other
characterizations). A different situation was found in solution where thé Cu' turned out
to be in equilibrium with the triplet state corresponding to the ferromagnetic coupled
radical cation complex. VINMR and UWis spectroscopies were crucial to draw this
conclusion. Since Psalée# ligand has been demonstrated to be ablto stabilize a NIt

center, the stabilization of the analogue Cucomplexseemsto be likely.
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Scheme42. Structure of [CuSali (left) and phosphasalen complexes studieidel

To modulate the electronic properties of the ligand and to study the influence of #
different substitutions on the electronic structure of the complexes, wéirst focused on the
phenolate substituents. In order to favor the formation and stabilization of a radical ligah

in the complex, methoxy substituents were introduced in thepara positions of the

phenolate rings [Scheme42] right).

This strategy turned out to be very efficientin the case of salen complexes, whergckel
and copper oxidized derivatives (CuSaPvq+Sbk- and [NiSaPVg+Sbk-) were isolated as

phenoxyl radical complexes |$cheme 43).141 In particular, the Xray structure of

[CuSabPvd+Sbks- derivative evidenced differences inthe bond lengths in one of the
phenolate rings whichpoints to the localization of the radicalon one side of the molecule.

The phenoxyl ring presents a quinoid pattern as the-©O and the central &C bonds shorten

while the others lengthen [Scheme43).l4-51 An interaction between this ring and the

counter anion was also observed. The other aromatic ring only experiencedight

variations and preserves itsphenolate character.

Scheme43. Structure of[CuSaPMg+Sbks- and experimental bond distances for the phenoxyl ring
(normal police) and the phenolate ring in [CuS&Mq (italic). 4

The EPR spectrum ofCuSabPVd+Sbks- turned out to be silent. This was explainedy the
presence of a triplet ground state Wit a large zerofield splitting. This was supported by

DFT calculations which predicted orthogonal metal and ligand molecular orbital#
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The Xray structure of [NiSalPMg+Sbks- indicates that the radical is locdized in one part of
the molecule, but the EPRmeasurements and DFT calculations pointed to a greater

involvement of the metal orbitals in the SOMGllowing radical delocalization4!

As explained in the introduction chapter, in the casef the copper complex, three different
electronic configurations can be obtained upon oxidation, thus render the determination
of the oxidation state of the metal ambiguous(see Chapter 1, section 2.2.1)For
phosphasalen complexes, the electredonating ability of the iminophosphorane functions

may render the metal oxidation competitive with phenolate aidation

For a better comparison and understanding of the influence of the methoxy groups, both
Ni and Cu derivatives have been studied. NBd8 complexes being isoeleronic with Cu'!
complexes can help in the characterization of the latter. Additionally, nickel oxidized
complexes, featuring a sole unpaired electron, will be easier to characterize using EPR

spectroscopy.

The synthesis and characterization of the neutila[Cu(Psalertu)], [Ni(Psaler®Md] and
[Cu(Psaler?M9] complexes and their oneelectron oxidized products, as well as the

determination of the electronic structure, will be discussed in this chapter.

2. Synthesis of the ligand and neutral complexes

The ligands were obtained by oxidation of the corresponding phosphine with bromine at
low temperature, leading to the formation of the phosphonium bromide intermediate. It
was then trapped by adding of the ethylenediamine in presence of a nonucleophilic
amine, tributyl amine. After precipitation with THF the ligandswere isolated as their bis-
aminophosphonium salt (HsPsalerBv)Br, and (HsPsalerPMéBr,, as white powders in god

yields.le]

Schemed4: Complexation reaction and the corresponding'P chemical shiftan THF.

53



The complexation of the ligand takes place in two steps: first the deprotonation of the

ligand is carried out in THF using either 4 equivalents of KHMDS or an excess of KH

Scheme44). The reaction can be easily followed by!P NMR, the deprotonation is

completed once the signal of the protonated ligand disappears, 40 ppm for
(HsPsalerteu)Br, and 42 ppm for(HsPsalerPMe)Br,, and the one corresponding to the anion
appears at 154 ppm for PsalerBv and 18.0 ppm for Psaler?™e, Then, removal of the
insoluble potassium salts followed by addition of the metallic precursor, [NiBXDME)] or
CuBr, induces a color change of the solution from pale yellow to purple and green,
respectively. The complexation is finished for [NiPsalerPMé)] once a sole singlet is present
at 34.5 ppm in the 31P{tH} NMR spectrum. In the case of the copper complex¢he total
disappearance of the ligand signal indicates the end of the complexation (no signal
corresponding to the copper neutral complexes was seen because itsf paramagnefsm.
The solvent was evaporated from the mixtures and the residues dissolved in
dichloromethane and centrifuged. The solutions were concentrated and a precipitate
appeared by addition of petroleum ether. The solids were washed with more petroleum
ether and dried under reduced pressure to lead [Ni(Psalen9d] as purple solid in 85 %
yield, and [Cu(Psaletsv)] and [Cu(Psale®9] as green solids in 66 and 82 % vyield,
respectively.

3. Characterization of neutral complexes [Ni(Psalen ©Me)],

[Cu(Psalent®u)] and [ Cu(Psalen©Me)]

3.1 NMR spectroscopy

[Ni(PsalerPMe)], [Cu(Psalereu)], and [Cu(PsalerPM9] complexes and their oxidized

products were characterized by multinuclear NMR spectroscopy.

[Ni(PsalerPM9], being a 3@ square planarcomplex, displays a diamagnetiéH NMR and a
31P{1H} resonance at 35.2 ppm in CDEIAIl the signals observed werassigned: the phenyl
phosphine protons are present between 7.5 and 8.5 ppm as multiplets, the phenolate
protons are present at 6.88 ppm as doublet (4} x= 3.0 Hz) and at 5.68pm as a doublet
of doublets 3k 1= 15.5 Hz2J 1= 3.0 Hz)
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Figure 5.2H NMR spectrum of [Ni(PsalerPV9] in CDC4 at room temperature.

The methoxy protons are seen at 3.42 ppm as a singlet, the ethylene bridge protons are
observed at 2.06 as driplet (33,x= 3.8 Hz)and the tert-butyl protons at 1.34 ppm as a
singlet.

The CuU' complexes displayparamagnetictH NMR spectra with broadsignals between 0

and 10 ppm where the protons could only be tentatively assigned by considering their

relative areas |Q:igure 6|and|Figure 7). Two different types of aromatic signals could be

identified: the phenyl phosphine protons around 9 ppm andhe phenolate protonsaround
7 ppm. The methoxy protons of Cu(Psaler?™é)] are observed at 3.69 ppmwhile the tert-
butyl group is observed at 1.50 ppm. The terbutyl protons of [Cu(Psalertv)] are seen at
1.56 and 0.99 ppm. The ethylene bridge protons of both of them are present around 3.40

ppm. No phosphorus resonance ws observed forthese complexes
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Figure 6.*H NMR spectrum of [Cu(Psale®r)] in CDC} at room temperature.

Figure 7.1H NMR spectrum of [Cu(Psaleée)] in CDC} at room temperature. Signals at 5.30, 1.50,
1.26, 0.88 ppm correspond to dichloromethane, water and pentane.

3.2 EPR spectroscopy

To get further information into the electronic structure of [Cu(Psaleft)] and

[Cu(Psaler?M9] complexes, EPR studies were caed out at room temperature for

dichloromethane solutions. [Figure 8| and |Figure 9| show the experimental spectia of

[Cu(Psalerev)] and [Cu(Psale®Me)] with their simulated spectra Copper centers have a
nuclear spin of 3/2 so the signal possesses a foline split pattern. These spectra are in

good agreement with a 3d Cu' center in a rhombic environment. Even if the ligand
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imposes a square planar geometry to the metal center its flexibility authorizes a strong
distortion in solution which made us run the simulation underrhombic conditions. These

spectra are very similar to those recorded by X.R. Bu for a series of bulky substituted
copper salen complexe#)

2.25 2.15 2.05 1.95
g value

Figure 8. Comparison of experimental (black) and simulated (dashed grey) EPR spectraaof
dichloromethane solution of [Cu(Psalefv)] at room temperature. Conditions: Frequency: 9.356
GHz; Power: 1.003 mW; modulation frequency: 100 kHz; amplitude: 0.2 mT.

2.25 2.05 1.95

Figure 9. Comparison of experimental (black) and simulated @shed grey) EPR spectra of a
dichloromethane solution of [Cu(PsaleAM¢)] at room temperature. Conditions: Frequency: 9.363
GHz; Power: 1.003 mW; modulation frequency: 100 kHz; amplitude: 0.2 mT.

The g values obtained from the simulation for both complexesre g = 2.124, ¢ = 2.107, g
= 2.051. The hyperfine coupling constants obtained for the Cu atom are 251, 210 and 90
MHz for [Cu(Psalet#v)] and 251, 210 and 75 MHz for [Cu(Psaléied]. A superhyperfine
coupling with the 14N atoms is only seenin gs with a value of A; = 28 MHz for both
complexes. Similar couplings with N atoms have been also observed in other salen or

corrole copper complexes? All the parameters concerning the simulation of thesspectra
are summarized infTable1
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[Cu(Psalentu)]  [Cu(Psalen©Me)]

ol 2.124 2.122
g values o2 2.107 2.105
03 2.051 2.051
X 251 251
|A] Cu (MHz) y 210 210
z 90 75
X 28 28
[A] N1 (MHz) y 28 28
z 28 28
X 28 28
[A] N2 (MHz) y 28 28
z 28 28

Tablel. EPR simulation parameters for Cucomplexes.

3.3 UV-visible spectroscopy
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Figure 10. UV-vis spectra of [Ni(Psale®v9] (purple line), [ CuPsalery)] (blue line) and
[CuPsalerPM9] (red line) in CH;CkL at 298 K.

The absorption spectrum of[Ni(PsalenoMe)] exhibits two weak transitions centered at 664

ee B % yZirem!l fet wxr e B zlgmmtr fet fo <o—Feet fef f— uyr oo B
8800 M1 cnrl). The frst two bands can be assignedo MLCT transitions asestablishedfor

[Ni(Psalen®u)] [l

[Cu(Psalerty)] complex exhibits a weak dt —"feec—<'e f— Xxtw e 1BmM#), {Xr
characteristic of a Clid® complex[ fet feo <o—Feet fet f— usr eelcBrl}t svrrr
This assignment was done according to the absorption spectrum observed for the
analogous salen comple{CuSal]igal which exhibits bands at 384 and 568 nm with similar

intensities. In addition, another weak transition is observedfor [Cu(Psalereu)] at 430 nm
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B + svr# cm?), which was tentatively assigned to a transfer involving the

iminophosphorane functions.

[Cu(PsalerPM9] displays an analogous absorption spectrunwith a weak transition at 620

nm B + zr¥cm?l),also attributed to a dd transition 71 and an intense transition (CT)

f— uvr eo B * slgmi)x

TMif. _”fo-(_(‘u Ce fz.‘ ‘”-:l:"~¢T f_-lvvr o0

cml), may correspond to a transfer involving the iminophosphorane functions, as

presumedfor [Cu(Psaler#v)].

3.4 X-Raydiffraction

Suitable crystals offNi(PsalenoM)] for X-ray diffraction were obtained via petroleum ether

diffusion into a saturateddichloromethae solution.

Figure 11. ORTEP ofNi(Psalen®™é)] with thermal ellipsoids at 50 % probability. Hydrogen atoms
have been omitted for clarity.

[Ni(PsaleroMd)] displays a distorted square planar geometry around the metal center

Figure 11). The plane defined by the two oxygens and the two nitrogens atonfslOON

plane) presents a torsion of 11.96 °, larger than the one found in [Ni(PsaléH)] (6.15 °).

The metal center experiments detrahedral distortion where N1 and O2 are placed above

the NOON plane, and N2 and O1 are below it, as observed in [Ni(Ps&®h Ni-O and NiN

bond distances are similar to those in [Ni(PsalePt)] and shorter than in the salen

analogues. PN bonds distinces are slightly shorter compared to [Ni(PsalePr)], 1.605 A in

average versus 1.619 A

Table 2

gathers selected bondlengths and angles for

[Ni( Psalengu)], previously published, and for[Ni(Psalenome)] [l
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[Ni(Psalen tBu)] [Ni(Psalen oMe)]

Ni-O1 1.878(1) 1.880(2)
Ni-O2 1.878(1) 1.885(2)
Ni-N1 1.888(2) 1.877(2)
Ni-N2 1.888(2) 1.884(2)
P1-N1 1.619(2) 1.603(2)
P2-N2 1.619(2) 1.606(2)
Torsion angle a 6.15 11.96

Table2. Selectedbond distances (A) andangles (°) for [Ni(Psalerv)] and [Ni(Psaler8u)] i1
Torsion of the NOON plane.

Green single crystals ofCu(Psalereuv)] and [Cu(Psale®V9] were obtained by evaporation

of a CDClsolution andvia pentane diffusion into a saturatedCHCL solution, respectively.

Figure 12. ORTEP of [Cu(Psalén)] with thermal ellipsoids at 50 % probability. Hydrogen atoms
have been omitted forclarity.

Both copper complexes display square planar geometries with comparable Guand CuO

bond distances |d:igure 12|and|Figure 13). Similar to the nickel complexes, they present a

tetrahedral distortion which is more pronounced in the methoxy derivative.

Figure 13. ORTEP of [Cu(Psalét9)] with thermal ellipsoids at 50 % probability. Hydrogen atoms
have been omitted for clarity.
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The torsion of the main NOON plane is 13.02 ° for [Cu(Psaleps)] and 19.40 ° for
[Cu(PsalerPM9)]. For both complexes the CGtO bond distance range between 1.9172) and
1.922(2) A, and CuN between 1.9412) and 1.951(2) A. These values are slightly higher
than those observed in their corresponding salen analogues, probably due to the better
flexibility of the phosphasalen ligand. The W bond lengths are also equivant with
values rangingbetween 1.5932) and 1.6032) A, and are very similar to these observed
for [Ni(PsalerpMe)].

— ofZ%~ — ofZ 1%
— s 1.917(2) 1.923(2)
—t 1.917(2) 1.919(2)
—'s 1.951(2) 1.948(2)
—t 1.951(2) 1.941(2)
S-S 1.603(2) 1.597(2)
t- t 1.602(2) 1.593(2)
‘Tecte fob. 13.02 19.40

Table 3. Selectedbond distances(A) and angles (°) for [CuPsaler8u)] and [CuPsalerPM9] .2 Torsion
of the NOON plane.

3.5 Magnetic measurements

SQUID measurements were carriedut for the neutral copper complexegCu(Psalerpve)]

and [Cu(Psalettv)]. Their magnetic temperaturedependent curves areshown in|Figure

14Figure 15| Both complexes follow the CuriéNeiss law with a C constant of @29 cm3 K

moll fet f fcee E *° vawyv 8] and aCfcodstant of 0.41&m3 K molt and
f Fceo E 7 sanjQu(Psaler?Md], in agreement with Cui 3d® centers. The magnetic

moment calculated for both complexes at room temperature is 1.93%u

. J 2.0
~—~ 0.06 {® L 1.5
_— [ —
2 00 |° g
S 004e - 1.0 2
5 s =
&F 0.02 - L 0.5

0.00 ‘ L 0.0

0 100 200 300

Temperature (K)

Figure 14. Plot of magnetic susceptibility (blue circles) and effective magnetic moment (red circles)
vs temperature for [Cu(Psaler#u)].
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Figure 15. Plot of magnetic susceptibility (blue circles) and effective magnetic moment (red cies)
vs temperature for [Cu(Psaler®V9)].

3.6 Electrochemical studies

The electrochemical properties of the ligands and the complexes were studied by cyclic
voltammetry in dichloromethane. All the redox potentials reported and discussed in this
manuscript are expressed versus the FéFc reference couple which was used as internal

reference.

3.6.1 Cyclic voltammetry of the ligands

9_
2]
* 3
_1-

-0.5 -0.3 -0.1 0.1 0.3
E (V vsFc'/Fc)

Figure 16. Cyclic voltammetry curves of the potassium salts of the ligands Psaker(blue) and
PsalerPMe(red) in CH.CkL (containing 0.12 M of TBAPE) at carbon electrode.The curve ofPsalerPMe
has been normalized.

The voltammograms of the ligands Psaléie and Psaletfy, depicted inFigure 16| show

two irreversible oxidations for both ligands. These oxidations are attributed to the
successive oxidation of both phenolate rings, and the low stability of the products formed
may be the reason of thision-reversibility. For the PsalerBu ligand these oxidations take

place at E;.=-0.15 V and B, .= 0.15 V, whilethey occur at B, ,=-0.33 V and E,,=-0.07
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V for the Psale®Me ligand. Asexpected the introduction of the methoxy groups in the
phenolate moieties facilitates the oxidation of the ligand. The difference between the first
and the second oxidation is 0.30 and 0.26 V for Psal&nand Psale®Ve, respectively. This
difference is similar for both adducts demonstrating that the methoxy subsitution is not
significantly changing the electronic structure of the oxidized products but only favoring

the oxidations with respect to the Psalefiu ligand.

3.6.2 Cyclic voltammetry of the complexes
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Figure 17. Cyclic voltammetrycurves of [Cu(Psalei#v)] (blue), [Cu(Psaler®Meé)] (green) and
[Ni(PsalertM9)] (red). Conditions: 3 mM of complex in dichloromethane at 0.1 V/§ he intensity of
the curve of [Cu(Psalef#v)] has been normalized.

The g/clic voltammogram of [Ni(PsalerPMe)] displays two reversible oxidations at B, = -
0.06 V and B> = 0.47 V, and an irreversible one at¥%.= 1.00 V|Figure 17). Thesewaves

may correspond to the oxidation of the metal center and both phenoxide rings andke
place at lower potentials compared to [Ni(Psalefv)] complex, B, = 0.01 V, B, =0.82 V
and By .= 1.24 VI evidencing again the influence of the methoxy groupsn the oxidation
process. The important point to note in these values is the difference between the first and
—St ef.. ‘et ‘Sctifo=<033 and 0.81 V for [Ni(Psale?9)] and [Ni(Psalertsu)],
respectively. This gap is related to the electronic structe of the monooxidized products
and provides information of the species formed. If the generated radical is localized and no
interaction exists with the second redox unit, the gap between the two oxidations would
be small (around 0036 V)I10 On the othe hand, if the radical is delocalized in the rest of
the molecule or in the metal center, this gap would become larger. For the salen derivative
[Ni(salentBu)], the two first oxidations differ by 0.46 V and were attributed to the oxidation
of both phenolate ringsii9 For [Ni(PsalerPMd], the gap is slightly larger (0.53 V)

suggesting agreater contribution of the metal center in themagnetic orbitals of the mone
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oxidized product, while for [Ni(Psaleru)] this gap is larger (0.81 V) and the mono

oxidized product was established as a Nicomplex/!!

Compound El1 E212 12 ESpa
[Ni(Psalen tBu)] 0.01 0.82 0.81 1.24
[Ni(Psalen oMe)] -0.06 0.47 0.53 1.00
[Cu(Psalentu)] 0.10 0.95 0.85 -
[Cu(PsalenoWe)] 0.04 0.54 0.50 -

Table4. Redox potentials for nickel and copper complexes expressed in V versus/Fc in CHCh (3
mM of complex, 0.12 M of TBARFscan rate 0.1 V/s).

Copper complexes display two reversible oxidations at4g, = 0.04 and 0.10 V and &, =
0.54 and 0.95 V for [Cu(Psalemé] and [Cu(Psalertu)], respectively. These waves may
correspond to the oxidation of the metal center or the oxidation of both phenoxide rings.
No wave corresponding to a third oxidation proces was observed.The potentials
obtained are slightly anodically shifted compared to the analogues nickel complexe$he

methoxy derivative exhibits once more lower valuescompared to [Cu(Psalergv)]. The

difference in the gap between the first and the s€éct ‘Sc<t f—<‘e <o fU%ofce egfooec ...

is 0.85 V for the tbutyl derivative while only 0.50 V for the methoxy one, which may
suggest a stronger metal character in the case of [Cu(Psake)+ and a greater ligand

participation for [Cu(PsalerP™e)] -+,

The «<e<Z f "1, found in the two copper and nickel seriessuggess that the oxidized
complexes present similar electronic structure when featuring the same ligand. The
greater 1 values obtained in the Psalen series compared to salen one, points to ajkr
involvement of the metal in the oxidation process.The redox potential values obtained for
the Psalen complexesre lower than the salen one&210 in agreement with the stronger

electron-donating properties of theiminophosphorane functions.
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4. Oxidation of neutral complexes

Schemed5. Chemical oxidation off M(Psaleriev)] and [M(PsalerPMe)] complexes M = Cu, Ni

[Ni(PsaleroMe)], [Cu(Psalery)] and [Cu(Psale®™e)] were oxidized using oneequivalent of
AgSbk in dichloromethane under inert conditions. Addition of the silver salt into a
dichloromethane solution of [Ni(Psaler?M9] induces an immediate color change from blue
to dark brown, while the solutions of [Cu(Psalerev)] and [Cu(Psale®™¢)] change from
green to deep purple. The suspensions were filtered and the solutions concentrated. In the
case of[Cu(Psalerv)], dichloromethane was completely removed under reduced pressure
and the residue dissolved in a small amount of diethyl etheAddition of petroleum ether
to the solutionsinduces the precipitation of the products. The powders were washed with
petroleum ether anddried under vacuum to give[Ni(Psaler®Me]+Sbhk- as a brown solid in
82 % yield and[Cu(PsaleriBv)]*Sbk-, and[CuPsalerPM9]+Sbk- as purple solids in 85 and
84 % yield, respectively.

5. Characterization of the oxidized complexes

5.1 NMR spectroscopy

IH NMR spectra of all four oxidized products turned out to be very informative.

[Ni(PsalenoM9]+ showed at room temperature atH NMR spectrum in CBCb similar to that

observed for [Ni(Psalereu)] +, with large signals between3 and 35 ppm|Eigure 18).
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Figure 18.1H NMR spectrum of [Ni(Psalefv9]+ at room temperature in CRCh. Inset shows a zom
of the signals at low field.

Thanks to their integrated areas some signals codilbe assigned: the methoxy groups
resonate at 33.98 ppm, the wtons of the phenoxide ring correspond to the signals
present at 25.99 and-2.84 ppm, and the tbutyl groups are shown at 2.88 ppm. The signals
corresponding to the phenyl phosphine substituents appear between 7-8.5 ppm and do
not experience a significat variation with respect to chemical shifts observed on the
neutral complex. For [Ni(Psaleftv)]+ the phenoxide protons appear at 19.10 and 15.30
ppm, while the tbutyl substituents are observed at 8.31 and 3.17 ppii#l. The difference
between the chemicalshifts observed for the paramagnetic oxidized complex and the
Tefef%oet—c... of——"fZ "etd& ofeft "f7fef oot I&- Ao)eisHdrgerin «S<"— A
—St ...fef " —St ++-S'5> Paoftfie-phdnaxids profons are 19.1 and 9.71
ppm in [Ni(PsalerPMd)]+, while in [Ni(PsalerBv)]+ are 12.2 and 8.43 ppnit! The phenoxide
substituents also experience Z f " %P2 inANi(PsaleroMd)]+: 30.6 and 1.91 ppm for the
methoxy and the tbutyl group, respectively, while in [Ni(Psaleru)]+ are 1.14 and 1.81
ppm for the t-butyl substituents.tl This reflects a difference in the electronic structure of
these complexes which points to a larger contribution of the phenoxide ring in the SOMO
for [Ni(Psalenove)]+,

The 'H NMR spectrum of [Ni(PsaleoM9]+was recorded at different temperatures between

20 and -90 °C |Figure 19) and the variation of the chemical shifts were linear with the

temperature, as expected for a paramagnetic compound following the Curie Iaﬁigure

:
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Figure 19. Variable temperature!H NMRspectra of [Ni(Psale®V¢)]+Sbks in CDCb.

The signals that expemnced the largest variations were those present at very low and

high fields: the resonance of the methoxy group shifts from 36.0 ppm at 20 °C to 52.0 ppm

at-{r 1 A+ sx e d 'eFSTelEH T i —tee oS<T—e TV tx —' uw e A %
ppm), while the other shifts from-2to-z "'« A + x '’ & sHiffseare larger than

those found for [Ni(Psaleru)]+ where the aromatic protons shifted by 12.2 and 8.43

ppm,t and suggest a greateparticipation of the phenoxide ring in the delocaliation of

the unpaired electron. The signals between 0 and 10 ppm do not experience strong

variations. No phosphorus signal was detected over the temperature range studied.

50 4|y = 8056.1x + 5.9813
R2=0.9999

£ 40 -
=

30 - /

y = 4421.4x + 10.55p
R2 = 0.9998
20 T T T T
0.0035 0004 00045 0005 0.0055

UT (K

Figure 20. Plot of the chemical shifts of the phenoxid@rotons (red squares) and the methoxy
protons (blue diamonds) with the inverse of the temperature, and corresponding linear fits.

Few 'H NMR spectra have been reported focopper oxidized salen complexessince the
formation of a radical ligand precludes the possibility of obtaining an informative

spectrum. The *H NMR spectrum recorded fofCu(Psaleru)]+ in dichloromethane turned
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out to be diamagnetic. It displayssignals between 0 and 8 ppm, and &P sgnal was

observed at 41.70 ppm.

Figure 21.1H NMR spectrum of CuPsaleriBy)]+ at room temperature in CRCh. Inset shows a zom
of the ethylene protons signal.

The signals can be easily assigned: the phenyl phosphia@d one phenoxide protons
resonate between 7.58.0 ppm, the other phenoxide proton at 6.56 ppm, the ethylene
bridge protons are seenat 2.75 ppm as a very broad signal, and thebutyl protons at 1.40

and 1.14 ppm.

To ensure the absence of paramagnetic sgies, this spectrum wasalso recorded between

20 and-90 °C|Figure 22) and no significant variation was noticed.

Figure 22. Variable temperature!H NMR spectra of [Cu(Psalé?)]+in CDxCk. Signals at 7.2 and
2.3 ppm correspond to toluene.
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The most remarkable changes are the resolution of the signal at6.ppm (which turns as
a doublet), and the decoalescence of the signaf the ethylene bridge at 25 ppm, as a
result of a more rigid structure at low temperature. The diamagnetic behavior is
maintained in the temperature range studied, suggesting the presence GLI" species in

solution.

[Cu(PsalerPM9]+ also displaysan apparent!H diamagnetic spectrum in dichloromethane
with signals between 0 and 8 ppm: the-butyl substituents are present at1.42 ppm, the
methoxy protons at 4.55 ppm,one of the phenoxideprotons at 5.65 ppm, andat 7.75 ppm

the rest of the aromatc protons [Figure 23). This time, the ethylene protons are not

observed, which may be caused by high fluxionality of the bridge at room temperaturen A
important difference from [Cu(Psalergv)]+ is the absence of any signal in th&!P NMR
spectrum. Some resonances are also notably shifted with respect to their diamagnetic
chemical shifts. Thusthe methoxygroup resonates at 4.55 ppm while it is normalf is seen

around 3.5 ppm, and the phenoxide proton at 5.65 ppm which is dield shifted.

Figure 23.*H NMR spectrum of [Cu(Psalei9]+ at room temperaturein CLxCh.

Assuming the formation of a Cii 3d8 complex, the difference between these values and
those corresponding to the isoelectronic 38 [Ni(PsalercMd]+ complex, the secalled
<ot ="t e ., ®Sis"2:23ppm for the methoxy group, and 0.04 ppm if the aromatic proton
is the one at theortho position of the phosphorus atom, or 1.24 ppm if the aromatic proton

is on thepara position. Forthe t , ——>Z7 %o " * isais erflyi0.@6 ppm.

To rule out the presence of paramagnetic species, th8? and!H spectra were recorded at

different temperatures in THF-d8, which allows studying alarger temperature range than

dichloromethane. The stacked spectra arehown in|Figure 24|and|Figure 25| A31P signal
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appearsat 47.0 ppm when decreasing the temperatureat similar chemical shiftto that of

[Cu(Psalerpu)]+.

Figure 24. Variable temperature3lP NMR spectra of [Cu(Psalée)]+in thf-ds.

Contrary to [Cu(Psalereu)]+, an important shift of the signals mentioned above is
observed: the methoxy protons shift from 6.64 ppm at 55 °C to 3.58 ppm a0 °C, and the
phenoxide proton from 4.65 ppm to 6.36 ppm. At90 °C the isotropic shift of the methoxy
group is only of 0.12 ppm. All the signals, except the one of the methoxy, become larger
while decreasing the temperature which could not be explained The most important

feature of this variation is the non-linear evolution of the chemical shifts with the

temperature (Figure 26).

Figure 25. Variable temperature!H NMR spectra of [Cu(Psalé¥9]+in THFds.

5.1.1 Fit of the VT-NMR data of [Cu(PsalenoVe)] +.

This particular behavior corresponds to a singlet ground state configuration with a triplet

state which is partially populated at high temperatures. This behavior was also observed
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by Nocera and ceworkers in the study of copper corroles, where an antifeomagnetically
coupled Cui radical complex was established as the ground state configuratio(see
Chapter 1, section 2.2 )19 To get further insight we used the equatiorproposed by Le
Guennicet al., which derives from the Fermi contact contribution ofthe paramagnetic
isotropic shift, (Equation 2).1111 A fit of the chemical shift variations with this equation

allows to calculate the energy gap between thigiplet and the singlet statel®

. -s
AT xALLgdsr o L= disrs—ph  (Equation 2

Where:

g, gu = electronic and nuclear gvalues respectively
> an/= Bohr and nuclear magnetons respectively
a = isotropic hyperfine coupling constant

S = spin of the systems

k = Boltzmann constant

R = gas constant

This equation can be simplified to:

Ae s+ 8 - RIZEE@ A&:S (Equation 3)

Where # L gieped L —t L2 06 —

%0>

A plot of the chemical shift variations of the phenoxide and the methoxy protons with the

inverse of the temperature, andheir corresponding fits, are shown ipFigure 26

/ (ppm)

0.0025 0.0035 0.0045 0.0055
UT (K

Figure26a Z‘— ‘~ ...Stec...fZ +S< —e« -protons (gr&eh cirtles aid the aromatic
proton (red circles) vs1/T for [Cu(PsalerPMe)] + (se. Methoxy protons shiftfrom 6.63
ppm at 55 °C to 3.59pm at-90 °C; the aromatic protonshifts from 4.65 ppm at 55 °C to 6.35 ppm
at-90 °C and best fit of the data (see following).
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From this fit we obtained the following parameters: Anglet = 3.55 ppm and a =1.63 G for
—St +1-S'3> %" singkt of 88 jopm and a = 2.87 G for the aromatic protohe
Fet %> t< "F"te.f ,i-™1te sB16:99KI Mol kel <1420 cmt and 0.176
eV. This value is close to thatported by Nocera and ceworkers,[®l and is indicative of a
large energy gap between the singlet and the triplet state. Despite knowing the multiplicity
of the ground state, the actual electronic configuration still needs to be determined since
two possibilities agree with the singlet multiplicity: a high valent metal complex with a
Cu" 3de center or a Cul radical cation complex with a strong antiferromagnetic coupling
between the two unpaired electrons A clue concerning this question may be found in the
difference ,t—™tfe+ —S1t .. fde (obtathpd frdm Equation 2) for the methoxy and
'SterSctt Ui—tee fot St .. ‘dflon thd kMiRsalertMd]+. This may indicate
that another contribution <« ~Z — 1 einglettpoiAting towards an antiferromagnetic coupled
radical complex.

After these results, and even if the \VW\NMR studies did not show significant changes in the
chemical shifts for[Cu(Psaler®v)]+, we must also consider for this complex the possibility
of an gen-shell singlet ground state A triplet state, lying at higher energy compared to
[Cu(PsalerPM9]+, would not be populated enoughto show significant NMR changes in

temperature range studied.

5.2 EPR spectroscopy

The EPR spectrum of [Ni(Psalef)]+ obtained by T.P.ACao in a previous study is shown

in[Figure 2711 It exhibited a rhombic signal at low temperature that corresponds to a Ni

center with g values of g = 2.290, g = 2.215 and g = 2.061. No signal was observed at

high temperatures dueto the fast relaxation of the nickel center.

Figure 27. Experimental and simulated EPR spectrum @Ni(PsalenBu)]+in dichloromethane at
5K [
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To get more information about the electronic structure of [Ni(PsalePv9]+, EPR studies
were carried out at different temperatures for dichloromethane solutions andn the solid
state. Contrary to what observed for [Ni(Psalertu)]+, a complicated isotropic signal was
present at room temperature at g, = 2.005, indicative of or@nic radical specie$'2 This

signal consists in a doublet split 9 or 10 times (some lines are superimposed) with a

coupling constant of about 10 G|Kigure 28| blue line). Assuming the presence of a

phenoxyl radical, the simulation of ths spectrum was made by taking in account the two
protons of the phenoxyl ring and the 9 protons of the-butyl group. The methoxy protons
were not included in this simulation. This contrasts with the response observed in the VT
NMR where the chemical shift of these protons experiensen important variation with
the temperature. The coupling constants obtained forite aromatic protons are A = 25.83
MHz and A = 2.01 MHz. The assignment of these coupling constants with the related
aromatic protons was not possible. The superhyperfine couplingonstant with the 9 t-
butyl protons is a4 = 3.08 MHz. While decreasing théemperature, the resolution of this
signal diminishes and at 140 K only a doubleis observed I@ orange line). This

loss of resolution is caged by a broadening of the spectrum when the temperature is

decreased, which is a typical feature of organic radical$al The signal continues to
broaden until becoming a singlet at 10 K. On the other hand, at 80 K a new sigreaitered

at g value 2.14appears;this was assigned to a 3dNi'' center. The spectrum at 10 K was
registered under saturated conditions for the radical signal in order to obtain a better
defined metallic signal, so spin quantification was not possible in this case. This spectrum
was also simulated and the values obtained werasg= 2.005 for the organic radical, and g

= 2.216, ¢ = 2.136 and g = 2.067 for the Ni"' signal (gw = 2.14). A summary of all the

parameters obtained by simulation is present ifTable 5

2.014 2.011 2.008 2.005 2.002 1.999
g value
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b)

2.35 2.25 2.15 2.05 1.95
g value

Figure 28. Xband EPR spectra of [Ni(Psaléi9]+in CHCkL at (a) 220 K (blue line), 180 K (red line)
and 140 K (orange line) (b) 10 K (red line), 40 K (green line) and 80 K (blue line).

In the case of [Ni(Psalef#v)]* no organic radical signal was present at any temperature.
The gy value for [Ni(Psalerigv)]+is 2.19[1 slightly higher compared to the 2.14 obtained

for the methoxy derivative, which implies a minoed metal character of the SOM0n

[Ni(PsaleroM9]+. The simulation of the spectrum recorded at 10 K is present|Figure 29

The presence of these two signals in the EPR spectrum is not ustdat this kind of
systems. For nickelsalentype complexes the radical species generated normally display
signals with g values above 2.006, depending on the contribution of metal orbitals into the
SOMO of the complei3] Equilibrium between the two oxidized forms, ligand radical and
high valent metal complex, has also been observed in nickel salen derivatives due to a
valence tautomerism, or associated to a phase transition in the solvelft14 In some cases
this equilibrium is due to the coordination of exogenous ligandse.g.the solvent, which
strongly binds to the metal at low temperatures stabilizing Ni octahedrd speciesi!4 In
our case, the observation of the two signals may bexplained by either an incomplete
equilibrium between the radical form and the metaloxidized form close in energy, making
both signals visible at low temperature, or a multiconfiguratimal ground staie, where
metal-based and ligandbased configurations coexist (which possesses the same

multiplicity), and thus both signals were observed.
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24 2.3 2.2 2.1 2 1.9
g value

Figure 29. X-band EPR spectra of [Ni(Psalé¥9]+in a dichloromethanesolution at 10 K(solid line)
and simulation (dashed line) Conditions:9.383 GHz; Power: 0.1003 mW; modulation frequency:
100 kHz; amplitude: 0.2 mT

Ni center radical T
O1 2.2157
g values o2 2.1362 2.0052 10K
O3 2.0668
g value 2.0058
|Al H (MHz) 25.8367
290 K
|Al H (MHZ) 2.00714
la] H(9) (MHz) 3.08318

Table5. EPR simulation parameters for the [Ni(Psalée]+at 10 and 290 K.

The EPR spectrunof [Ni(PsalenoMd]+SbFs- was also recorded in the solid statgFigure 30

shows a rhombic signal centered at g 2.14 which was assigned taa Ni'' center, however
the organic radical signal was not observed. This difference in the electronic structure
between the solid state and the solution was also observed byaSk and ceworkers for
the [CuSal}SbFs- derivative.Bal The g values obtainedby simulation are g, = 2.2081, ¢ =
2.1406 and g = 2.06830 (gav = 2.14), very similar to those obtained for the frozen solution
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2.35 2.25 2.15 2.05 1.95
g value

Figure 30. Xband EPR spectra of [Ni(Psalé9]+*SbF- in the solid state at 20 K(solid line) and
simulation (dashed line). Conditions: Frequency: 9.386 GHz; Power: 0.006 mW; modulation
frequency: 100 kHz; amplitude0.6 mT.

The EPR spectra of both copper oxidized complexes were recorded from 77 K to room
temperature and were silentthroughout this temperature range. This is in agreement with
the singlet ground states establishedby the NMR studies.

5.3 UV-vis spectroscopy

300 500 700 900
(nm)

Figure 31. UV-vis spectra of [Ni(Psaleitfv)] (blue line) and [Ni(PsalerBv)]+ (red line) in CH:Ch at
298 K.

Figure 31|shows the UMvis spectra obtained for[Ni(Psalen®u)] and [Ni(Psalergu)]+Sbks:,

made by T.P.A. Cd8.The spectrum of the neutral complex is characterized by two weak
transitions at 565 nm (B %70 M1 cm?) and 63r <« B 480 M1 cml) which were
assigned to metal to ligand charge transfers (MLCT) typical fromiNsquare planar
complexesiisl ‘" f coe—Feet —"feec—cte ™fo f7e' ' o}t"A800 MFlcnuvr s B *
St o't .—"—e 7 St ‘Sctcoett ...'07ZF8 F83Sc,c—e —T™' coe_fesf 7 foeeg
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