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Abstract:

The work described in the following was inspired fiaglical copper enzymes such as
Galactose Oxidase (GO). GO catalyses the two-elecixidation of terminal alcohols to the
corresponding aldehydes using air oxygen. Transffdwo electrons is possible, since GO
contains two magnetically coupled one-electron xedentres: a tyrosylate ligand from the
apo-protein, which exists either in the tyrosylatehe tyrosyl radical form and is bound to a
copper ion possessing two stable oxidation statear(d +II). The catalytic activity of GO
can be assigned to the Cu-OTyr (Tyr = Tyrosinenore general Cu—Oaryl) motive, which
is also found in all complexes synthesised andaciarised in this thesis.

The ligands specifically designed for this studgntain substituted, non-substituted or
aromatically enlarged phenoxy moieties and belangarious compound classes: O,N,O
pincer ligands, O,0’,N donor ligands, salen tymgmids, phenol-substituted triazole ligands,
phenalenone ligands, benzoquinone ligands undiaericgands. All of them were used to
synthesise Clicomplexes, selected ligands (e.g. O,0’,N, donganids) were additionally
coordinated to Nfi zn", Fd', Fé" and C4.

All compounds were fully characterised using NMRER®R spectroscopy, UV/vis/NIR-
absorption spectroscopy, emission spectroscoplicoyatammetry, spectroelectrochemistry,
elemental analysis and XRD. These studies focu@pthe electrochemical properties of the
two one-electron redox couples'@au und [PhO')/[PhO], (b) the influence of ligand- and
complex structure on both redox pairs and (c) Htalgtic activity of the complexes resulting
from their electrochemical properties. The latteaswinvestigated by test reactions using
benzyl alcohol as substrate andimsitu generated catalyst.

Furthermore, detailed investigations on reactiording the active radical species
Cu'-[OPH*] under catalysis conditions were performed usinghanol-substituted triazole
ligand system. Two methods were compared, oneirgjaftom a Cu precursor, which is
oxidised by air oxygen to yield the copper radicainplex and the second starting from''Cu
complexes which undergo a disproportionation readtrming the active radical species and

a Cu byproduct.



Kurzzusammenfassung:

Die im Folgenden beschriebenen Arbeiten wurden iiiesp von Radikal-Kupfer
Enzymen wie der Galactose Oxidase (GO). GO kattysiie Zwei-Elektronen-Oxidation
von terminalen Alkoholen zu den korrespondierenéddtehyden unter Verwendung von
Luftsauerstoff. Die Elektronenibertragung wird dummagnetische Kopplung zweier Ein-
Elektronen-Redoxzentren ermdoglicht: ein Tyrosylaand aus dem Apo-Protein, der
entweder als Tyrosylat oder als Tyrosyl-Radikalliegt, koordiniert dazu an das Kupferion,
das in zwei stabilen Oxidationsstufen (+I und +wibyliegen kann. Die katalytische Aktivitat
von GO kann auf das Strukturmotiv Cu—-OTyr (odereugiacht Cu—OPh) reduziert werden.
Alle Verbindungen, die im Rahmen dieser Arbeit btisiert und charakterisiert wurden
weisen ein solches Strukturmotiv auf.

Durch gezieltes Ligandendesign wurden Systeme terhal die substituierte,
unsubstituierte, oder aromatisch erweiterte Pheamwdgen enthalten. Die verwendeten
Liganden gehoéren zu den Klassen der O,N,O-Pinagariden, O,0‘,N-Donor-Liganden,
salen-typ-Liganden,  Phenol-substituierten  Triazglabhden,  Phenalenon-Liganden,
Benzochinon-Liganden und Acridin-Liganden. Die ligan wurden vorrangig zur Synthese
von Cu' Komplexen verwendet, mit ausgesuchten Liganden evumiisatzlich auch Nizn',
Fe', Fd" und Cd Komplexe hergestellt (v.a. mit den O,0*,N-Donoganden).

Alle Verbindungen wurden vollstandig charakterisignter Verwendung von NMR- oder
ESR-Spektroskopie, UV/vis/NIR-Absorptionspektrosieop  Emissionsspektroskopie,
Cyclovoltammetrie, Spektroelektrochemie, Elememtalgse und RoOntgenbeugung am
Einkristall. Im Mittelpunkt der Untersuchungen sian dabei (a) die elektrochemischen
Eigenschaften der beiden Ein-Elektronen-Redoxzer@d/Cu und [PhO/[PhO] bzw. (b)
der Einfluss struktureller Veranderungen der Ligandnd Komplexe auf die Eigenschaften
der beiden Redoxpaare und schlie3lich (c) der &ssflder elektrochemischen Eigenschaften
auf das katalytische Potential der Komplexe. Le¢égevurde in Testreaktionen untersucht,
bei denen Benzylalkohol als Substrat verwendetdardKatalysatoin situ generiert wurde.

An einem ausgewahlten Komplexsystem (mit Pheno$tsuitertem Triazol-Ligand)
wurden ferner detailierte Untersuchungen zur Genamig der aktiven Species 'GiOPH "]
vorgenommen. Hier wurden zwei Methoden verglichetie Verwendung von Cu
Prekursoren, die mittels Luftsauerstoff zur'@Redikal-Spezies oxidiert werden, und die
Disproportionierung von CuKomplexen in die radikalische Komplex-Spezies @il Cu
Nebenprodukt.
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Katharina Butsch 1. Introduction

1.0 Introduction

1.1 Metal functions in biological systems

Approximately one third of all enzymes and proteieguire metal ions for their biological
function!”! Redox inactive metal ions such as #gC&" and Zri* are mainly important for
enzyme structure and/or configuration. Since fuamctind structure are inseparable in biological
systems these metals are crucial. Redox activelsregamanganese, iron, cobalt and copper are
important for electron transfer (uptake, release storage), dioxygen binding or oxygenation /
oxidation catalysis (substrate binding and actorati! Scheme 1 shows an overview over metal

containing biomolecules with selected examples.

metallo biomolecul es

metalloproteins non-proteins
| I |
transport & storage photoredox- metal storage
systems & transport
I
| | | 1 1
0O, metal € carriers
management management chlorophyll Mg siderophores Fe
l l photosystem Il  Mn  skeletal Ca, Si
myoglobin Fe  ferritin Fe cytochrome}Fe Na. K - transfer
Fe-S ’
haemoglobin  Fe transferritin Fe
blue copper cu enzvmes
haemerythrin Fe  ceruloplasmin Cu _Zyl__
haemocyanin Cu | | |
hydrolases oxido-reductases isomerases & synthetases
phosphatases Mg, Zn, Cu  oxidases Fe, Cu vitamin By, co-enzyme Co
aminopeptidases Mg, Zn reductases Fe, Cu, Mo
carbopeptidases Mg nitrogenases Fe, Mo, V

hydroxylases Fe, Cu, Mo
hydrogenases Fe, Ni

superoxide Fe, Cu, Mn
dismutase

Scheme 1: Classification of metal dependent biooubéss in living organisntd
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In a simple bioinorganic approach, the inner cdrex anetalloprotein (Scheme 1) can be
described as a metal complex and the physical pgrepend reactivity is then discussed in terms
of “established” parameters for the descriptiortrahsition metal complexes: oxidation state of
the metal, coordination number, coordination potifoe and the specific role ligands can play
(o-donator,acceptor etc.). The inner core is also referredaenzyme and together with the
apoenzyme it forms the holoenzyme, which is thenmairking metalloproteif’

Ligands for the coordination of metals in biolodgisystems can be proteins (part of the
apoenzyme), with amido-, amino-, amidato-, carbonylcarboxylate-functions located at the N
or C termini of the peptide backbone; with amiramido-, imidazolyl-, imidazolate-, guanidine-,
carbamate-, carboxylate-, carbonyl-, phenol-, pteag hydroxyl-, hydroxylate-, thioether-,
thiol-, thiolate- or disulfide functions located ihe amino acid-side chains, or exogenic ligands.
The latter group contains specifically designedtidehtate (multifunctional) ligands as chlorins,
corrins, porphyrins, pterins or ubiquitous smatis@r molecules as,ICI", CN', H,0, PQ>", O,,

N,, NO, a-ketoglutarate, et¢! Some metal / ligand combinations are superiotters, as can be
predicted by the HSAB (hard and soft acids and $)apdanciple. This concept distinguishes
between hard and sdfiewis acids and_ewis bases, while “hard” means small, highly charged
and not polarisable ions or molecules, the ternft“siescribes big and well polarisable ions and
molecules with low chard®. Thermodynamically the combinations of soft acidsl ®ases as
well as hard acids with hard bases are stablddrcontext of coordination chemistry the HSAB
principle ascribes the preference of ligands wift donor functions to soft metal ions and hard
metal ions to ligands with hard donor functionsg.BEn metalloenzymes tyrosinate strongly
favours F&, histidine coordinates to ZnCu', Cu and F&, methionine often coordinates to"fFe
Fe", cd and CU, while glutamate and aspartate prefel' Fein"', Fd', zn'", Mg" or Cd' and
finally cysteinate bonds relatively unselectivezid', Cu', Cu, Fé", Fé', MoV and NI™™" B!
Scheme 2 presents binding constants of divalenalnmts with biological relevance to typical
ligands providing different donor sets: oxalate@p,glycine (N,O); ethylenediamine (N,N) and
cysteine (N,S). Remarkably, all these ligands fdiva strongest bonds to €uions. The
differences in binding strength increase with iasieg softness of the ligands (soft ligands are
expected to fit best to Gliions). As a result copper complexes are the miaftes divalent

complexes found in bio-systems.
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*)

14
12
10 ©
cysteine
8
6 /D/ \\ ethylendiamine
4 glycine
oxalate
2 A

Mn2t Fe&* Co®t  Ni#* Ccwt oz

Scheme 2: Binding constants (log K) for some (ljadal) ligands with the divalent ions M
F&*, Cd, Ni?*, Cu* and ZR*P!

The role ligands play in metalloproteins is, of ks®y not limited to binding. Additionally,
ligands can provide cooperative and allosteric ragons, they organise reactive sites in
multicentre enzymes and realise electron transiersuperexchange pathways, they provide a
hydrophobic environment with surface recognitiotesi binding pockets for substrate binding
and activation, they possess specific charge addobggn bonding sides and therefore assist in
catalysis, they stabilise reactive (exogenous)nliigaand finally induce a ra€kor entati€™
state around the metal i6h.The latter aspect is highly important for bioinaniz coordination
chemistry. Entatic catalysis enables enzymes tivadetsmall, symmetric molecules with high
binding energy e.g. during,Mixation, during reductive ClHsynthesis from C®and B and in
%0, metabolism at very moderate conditions (~298 Katth, pH~7). Especially the oxygen
metabolism plays an important role for living syste One aspect in this respect is the utilisation
of energy included in dioxygen, another aspectatxfication by removing superoxide and
peroxides, which are strongly oxidising agents.¢sof 3 illustrates the step by step reduction of
%0, molecules. In the course of the oxygen metaboltem involved metal ions need to
coordinate reliably to various different intermediaxygen species.

Dioxygen binding to low valent metal ions such &'fnd Cii leads to activation of the
kinetically inert Q molecule. Cii is a m-donor and therefore the Cu-dioxygen binding is
stabilised® Furthermore, oxygen activating metals need a rquimiential similar to the redox

potential of dioxygen. The redox potential of oxyge water is —0.33 V vs. NHE at pH'* for
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the sake of comparability the values are transfietce FeCp/FeCp® (Ferrocen/Ferrocenium)

where the potential lies at about (O, 7) = -0.07 V- which is realised very well by copper
compounds. Therefore, copper containing enzymesideal suited for oxygen dependent
reactions andO, metabolisn{**~3"

-160 mvV +940 mV
3 *— e i o — 2—
O, e<_ @) -— 022_ e<— O+ 0
H+lTpK:4.8 H"”pK>l4 TpK:ll.Q T
HO, HO, H* H*
HiTpK:ll.S
4e” = \ _
H,0, —=—"OH + HO
+460 mV " TpK:14
\
+860 mV
= a— 0

€ —
(oH—==HO)
+1770 mV
Scheme 3: Summary of reactions important for thexydien reduction, electrochemical
potentials are given vs. NHg
Although iron and copper containing proteins bo#talyse oxidation and oxygenation
reactions due to similarities in their redox bebavj there are important differences between the

two metald?!

(1) The CWCU' redox potentials generally lie higher than thos&@™" : implying that
the oxidised copper species are more stable tharoxidised iron species. Copper
proteins, e.g. caeruloplasmin, catalyse the irdf{"Fexidation and therefore helps in
regulation of the iron metabolism.

(2) In water (neutral pH or sea water) the oxidisedpespspecies (Cl) is well soluble,
while materials containing Care nearly insolubl€? In case of iron, the solubility of
the reduced species (Fés higher.

(3) During evolution copper became relevant lately (oared to iron}>233¥ thus iron is
mainly found in intracellular media, while copperabundant in extracellular media.
(The displacement of iron and manganese in oxigisimeymes by copper presumably
is due to the high binding strength of copper itmdiological ligands (Scheme 2),

which minimises the danger of losing the metaldaring the catalytic reactioft))
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1.2 Copper containing enzymes

Copper enzymes are involved in oxygen transpotivaton as well as degradation of toxic

side products deriving from the use of oxygen, saxide and peroxides (Scheme 4).

RCHO + HO, + NH,"

RCH,NH3" + O, + H,0 _/

Oxidase

HO  +H,0 °
RCHO + HO, + NH, J%
Lysyl Oxidase] Efﬁi?;?a{i—e -0oc” N s
RCH,NH, + O, DpH HO jJL
Amine Peptidea- o N ¥
! ! ptideer ooc” N
Oxidase ! hydroxylating OH
RCHO + HO, ’.’ 2 CU monooxigenase
/ PHM /. OH
/ uncoupled~__#
Galactose 1Cu+ / )

RCH,OH + O, organic radical

CH30H

Nitrite
reductase

4 n Cu? Cu+0,
CH; + O,

2Cu

coupled — Vo

+0,
OH
Ascorbate

N,O-reductasé GOH

Oxidase CU, Fe Cu.Z 2 N0
H,0 u1 n +H,0

Cytochrom-C

Oxidase

0. Superoxid N, + H,0
dismutase
Vs

0,

07+ 0, 20"
Scheme 4: Most important copper containing enzyaneistheir reactiof$="®!

Most copper enzymes belong to the classes of ceddasd oxigenases (Scheme 5). Oxidases
reduce dioxygen to superoxide, peroxide or watérleroxygenases mediate the incorporation of
dioxygen into organic substrates, either both oryggoms in one organic substrate
(intramolecular dioxygenases) or into a substratd an organic cofactor (intermolecular
dioxygenases). Alternatively, one oxygen atom amdferred to the substrate while the second
atom is reduced to water (monooxygenases). If aditiadal reductant is necessary, the
monooxygenases are called external, if the subsitaelf is the reductant they are called

internall®®
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: + H,O,
0,—&—> o027 H oxidases
H,0
0, Substrate g pstrate-O + 4@ mono-oxygenase (internal)
0, substrate ¢ pstrate-O  + JO mono-oxygenase (external)
reductant
0, substrate - g pstrate-@ di-oxygenase (internal)

O, substrate g psirate-O+ cofactor-0  di-oxygenase (external)
cofactor

Scheme 5: Classification of oxidases and oxygenases

Internal oxygenation reactions require transfesrégie and controlled release) of more than
one electron. Since only a single electron is dadpper copper atom, a higher number of
electrons has to be achieved by combination ofraévedox centres (Scheme 4).

Single electron transfer is the only reaction whigim be catalysed by simple mononuclear
copper enzymes. Examples of mononuclear enzymeass(dl + II) are blue copper proteins
(class 1) such as azul#l or plastocyanii®. Their name is derived from their intense blue
colour, which is a result of ligand to metal chatgmsfer (LMCT) from the cysteinate ligand (a
thiolate, Scheme 6) to ¢if] The cysteinate ligand, as a typical non-innocigaind*?, transfers
electron density to the metal site. This causesaerdinary magnetic properties of the?Cion
with small hyperfine splitting constanta,&,) in the EPR spectt&l Furthermore, the geometry
of the copper atom is highly distorted tetrahednalh angle deviations up to 22° from the ideal
109°1*Y This geometry results in a destabilisation of @' state, which favours a square
pyramidal geometry. From the electrochemical poinview this all leads to highly interesting
enzyme properties, since the reduction potentiaCdf in blue copper proteins lies between
0.28 V vs. FeCgFeCp (rusticyanin) and -0.22 V vs. FegpeCp" (stellacyanin}®!

Ly
H |
N ! H
1
\ \ N., | F
[VaVaV N His ///Cu"“u\n-N / ,
His "Lz,)

1
!
|
S 1
! N
!
Lo

N

Scheme 6: Essential components of the coppemsitgtie” copper proteir!
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For the transfer of more than one electron, copjtes are coupled to one or more additional
electron transfer sites. Such redox centres candgnetically coupled via covalent metal-metal
bonds (not present in biological systems) or bgding ligands, e.g. dioxygen itself (class IlI). If
several non-coupled copper ions are found, suclnagopamineB-hydroxylase ([BH) and
peptideea-hydroxylating monooxigenase (PHM) (Scheme 4), thegy be considered as “one
copper atom specie§”! The uncoupled metal sites are not bridged by dcganlecules and the
distance between two metal ions is larger than @siverified by crystal structure analy4ps'®’
Nevertheless, the separated metal ions [t 2nd PHM cooperate during the catalytic cycle.
One copper ion, coordinating to a methionine residQu,), binds to the substrate while a
hydrogen atom is eliminated from the substratejritermediate complex species is then reduced
to a hydroperoxide speci&s by a single electron transfer from the second eppgn, which
only bonds to histidine residues (Qult was postulated that either substrate molecalese the

gap between the two i0f8 or that a superoxide channelling occurs insteagrofelectron

transfer*®
o
7
Cu*
N
cu?* cu?* cu?
| o l
Nhis ng\l\ / His
Cys TCyS
Cu® Cu*
-H,0
2+ 2+
Cu
/

? /?U -2 /?u2+ or C,Zu \(,:u2+
N N, ,. N N
His \H His HisN \H/ His \ e His
?Cys SCYS ?Cys
Cu® Cu2+ Cu®

Scheme 7: General mechanism of a four electron ctedu found in multi-centre copper
oxidases, Q = substr&td
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The highest number of coupled copper sites canobadf in so called “blue oxidases” in
which a three atom cluster (class Il + class Itdhrected to a fourth single copper ion (class I)
exists. Such copper cluster can be found in lagédseeruloplasmifi® and ascorbat-oxidasE.

In general, they all use the four electron reductad O, to 2 HO for substrate specific
oxidation®®® The separated copper ion (d > 13 A) is respondileé simple electron transfer
from the substrate to the copper cluster, whilettliee copper ions in the cluster (separated by
3.4 A to 5.1 A) mediate the @eduction®? Scheme 7 visualises different states of oxidatioah

the coordination of the copper ions during thistiee.

Enzymes such as the “particular methane-monooxygEng§pMMO), phenoxazinone-
synthase (PHS) or dihydrogeodin/sulochrin-oxidad@HGO/SO) have not been fully
characterised yet, but they are supposed to bétotig three-copper-atom cluster enzyfigs.

Alternatively to coupling of several copper siteslmeach other, a copper ion can be coupled
with other metal ion (a rare combination). Thisasnd e.g. in cytochrors-oxidase, in which an
iron ion is coupled to the copper ion. Cytochromoxidase is located in the mitochondria
membrane and catalyses, as part of the respirakaiy, the final (four electron) reduction of O
to two HO.**** The very complex enzyme contains thirteen subumitsthree copper ions, two
iron ions, one zinc ion and one magnesiumidrOne of the crucial sites of the cytochrem-

oxidase main unit is the copper-iron centre. ltststis of a cytochrom heme iron part (in its high

spin state) and a copper part with three histitlijgnds (Cu). In the oxidised state, fg(S =§)

and CU (S :g) ions are anti-ferromagnetically coupled (totahsp = 2), in the reduced state a

diamagnetic Cliion exists in combination with a E&igh spin species (S = 0). Due to the even

number of unpaired spins, the enzyme is predesforeal dioxygen bindin§’

AOZ/ Fe'l: CLi\e_
Fe'': 0,27: cu' Eelll - cy!
e‘l 2H" -
FeO" : Ccu''(OH,) Fe': cu'

e . 2 Hzo

Fe"OH : Cu"OH 5 4

Scheme 8: Assumed catalytic cycle for the reaatforytochrome-oxidasé!
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Both metal ions are separated by 418" &! and it is likely that the dioxygen molecule binds
to both metal ions. During the catalytic cycle (Scte 8) a hydroperoxo-copPespecieS? is
formed (not shown) and transformed to an oxoférigpecie$” upon protonation.

Another copper containing bimetallic active sitealsundant in the copper-zinc dependent
superoxide-dismutase (Zn,Cu-SAB§Y catalysing the dismutation (that is disproportiaorg
of the superoxide anion 0 (2 O’ ~ & O, + 0,).°Y This reaction is part of the cell
detoxification. Besides the copper-zinc SOD, irad mmanganese containing SODs are known as
well. 96182 pye to the fact that the superoxide radical angohighly reactive (and therefore
toxic), an enzymatic activation of the substratenas necessary, instead the challenge lies in
stabilising the enzyme towards aggressive spétfésand to guarantee a fast substrate transport
to the active site. The latter is realised by ancleain the protein scaffold containing hydrogen
bridges®® The active centre contains the non-redox activé &md a copper ion bridged by
histidine side chains, which are necessary for dhlestrate orientatidfi>®® The copper ion
mediates two redox reactions via a covalent sutestrand, an oxidation is performed,{Oto
0,) if the copper ion is in its Custate, or a reduction g0 to HO,) if the ion is in its Cl
state!*:5¢!

Another possible combination is a copper site cedigb an organic radic&! Scheme 4
lists three important examples belonging to thessclaf radical copper enzymes, Scheme 9
depicts the organic “cofactors”: amine oxid&8en which the copper ion is coupled to a so
called TOPAquinone (TOPA = trioxyphenylalanine =,3;trihydroxyphenylalanine) radical,
lysyl oxidas€® which containes a quinine derived ligand radiaad &alactose Oxidald in
which a tyrosyl radical is part of the reactive tter{Scheme 9).

v‘\“NH

0%

O
OH

TOPA-Quinone Tyr-Cys-Trp cofactor

Scheme 9: Internal cofactors of amine oxidase syl loxidase (left) and galactose oxidase
(right) carrying a radical during the catalytic cgan
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From the viewpoint of inorganic or coordination ofistry, the combination of a redox
active metal ion with a non-innocent organic ligamdts radical state is highly interesting. In the
following the properties of the enzyme Galactosed@se, the best understood copper radical
enzyme with regard to biology (enzyme structure amathanism) and bioinorganic chemistry

(applicable model systems), are described in detail

1.3 The enzyme Galactose Oxidase

Galactose Oxidase (GO, EC 1.1.3.9) is an extrdeellnonomeric enzyme (68 kDa) which
was isolated first in 1959 from the funguwolyporus circinatus(later re-determined as
Cladobotrium (Dactylium) dendroidg€® Due to the fact that this fungus is (parasitically
associated with plants, it was suggested that @@&sen occurs in order to decompose galactose
containing (hemi)cellulos€® GO catalyses the oxidation of terminal alcoholalttehydes with
H,0, as a side produét’* The main biological function and with it the ena/sisubstrate could
not be determined yet, because GO is highly nomispeE.g. GO convertd-galactose,D-
raffinose, dihydroxyacetorl&) benzyl alcohol and several of iteeta and para-substituted
derivatives to the corresponding aldehyddsSubstrate diversity is untypical for enzyme
catalysis. Normally enzymes are highly specialisedl consequently committed to a single
substrate. As a possible explanation it was sugdestat the function of GO is rather the
production of hydrogen peroxide than the oxidatbsubstrate¥* However, GO exhibits high
stereoselectivity (>95%) for abstraction of tpeo-S hydrogen of oxidisable substrates, the
substrate’s @ apparently serves as a stereo selectivity deteriifth

The catalytic cycle consists of two different réaws: the substrate oxidation (Equation 1)
and the oxygen reduction (Equation 2), the lagerganises the ground state of the enz?ﬁ'@.
These catalytic reactions require a two electrandfer and therefore the mononuclear copper
site in GO needs to be supported by a second reetxe. In the case of GO this is a tyrosyl
radical cation [TyrT (Scheme 4). The two electrons released from thetsate are transferred to
the metal (ClYCu redox couple) as well as to the organic tyrosyiaald
RCH,OH - RCHO + 26+ 2 H' Eqg. 1
O, +2€ + 2H — H,0O; Eq. 2

10
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The three dimensional structure of GO is knownesih891 when Itet al. crystallised the
protein with HO in the assumed position of the substrate. Theejratructure consists of three
big B-structure domains and onehelix, which leads to high protein stability, @t GO remains
active even in 6 M urea. The copper ion is locatedhe surface of the second largest domain, an
antiparallel sheef’® The oxidised form contains a €ton, which is coordinated in a square
pyramidal fashion. The amino acids Tyr 272 (O—CL%4 A), His 496 (N-Cu = 2.11 A) and His
581 (N-Cu = 2.15 A) form the pyramid’s base, whitethe axial position a weakly bound
(2.69 A) tyrosinate residue (Tyr 495) is locatech &xogenic ligand is incorporated into the
coordination sphere and occupies the substratangrsitein vivo. This exogenous ligand is a
water molecule at pH = 7 (O—-Cu = 2.8 A), while etate buffer solution (pH = 4.5) an acetato
ligand (O-Cu = 2.3 A) is coordinating to the copper ion. To®rdination polyhedron is nearly
perfect square pyramidal when bearing an acetgamdi, while the square base of the pyramid is
distorted when the aqua complex is formed (Figyr€®1This distortion is part of the entatic

state of GH® and the highest activity of GO is observed aropidd:= 7.

Figure 1: Stereo view of the active centre of Galse Oxidase (GO) from ref. [72]

The tyrosyl radical cation [Tyr] is located in the first coordination sphere anthchised
(via a thioether bond) into the second coordinasiphere, thus it is called a secondary ,built-in*
cofactor. The two tyrosyl ligands which are parttbé copper coordination sphere are not
chemically equivalent and the radical is exclugivetated at the equatorial Tyr 272.

A probable mechanism (Scheme 10) can be drawn basedumerous spectroscopic,
catalytic and theoretical studi&.

11
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Scheme 10: Enzyme structlifeand energetic profile during the catalytic reatfi®

Scheme 10 shows that the overall catalytic cyclexisthermic by 11 kcal mal The first
reaction step is a proton transfer (PT) betweensthigstrate and Tyr 495 (that serves as an
internal bas€®®), which proceeds isothermally and very f&8tThe Tyr 495 dissociates from
the copper ion and forms a hydrogen bond with thiestsate-oxygen. This reaction step is
exothermic by 3.2 kcal mal’® The decrease of the coordination number from fivdour
might facilitate the reduction of Guo CU and stabilise the reduced copper Stat&!

The second step, a hydrogen atom transfer (HATMytd272, occurs simultaneously with an
electron transfer to the equatorial tyros[i7r?bDue to the fact that the active site of GO is EPR
silent’? the formation of the GO radical state cannot bseoked by EPR measurements (EPR
measurements might help to distinguish betweenxal ar an equatorial tyrosyl radical). The
hydrogen atom transfer is closely linked or evencested (in an gk mechanism) to a single

electron transfer (SET). In case of a step by staption, the intermediate is a substrate derived
ketyl radical, which has a remarkable potentialedénce to the enzyme site. This might be the

12
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driving force for the complete oxidation procesadiag to the aldehyde product and d €ite.
Isotopic exchange reactions indicate that the hyemoatom transfer is the rate-limiting step.
Finally a very exothermic electron transfer betweeistrate and cooper ion occurs and the
aldehyde molecule is released from the enzythe.

After dissociation of Tyr 495 and product, 'Gsi coordinated by three ligands with trigonal
planar symmetry (a T-shaped form is discussed raitimely)*”"27°# | ater on, this species
takes part in the regeneration reaction. The reaiian of the copper atom might be supported
by the coordination polyhedron: the square-pyraiaéametry is generally favoured for the'Cu
state® The radical is more stable in the axial positidnbbth tyrosine residues are
deprotonate*°!

Over the whole catalytic reaction three differeiatess of the GO enzyme can be defined by
their different spectroscopic properties. Schemeafad Table 1 summarise the spectroscopic

properties of the different GO states.

alcohol aldehyde
. +e +e
[Cu” - Tyr—] - [Cu” -Tyr-] - [CUI - Tyr—]
green active (x -e blue inactive  -e colourless
H202 02

Scheme 11: Mechanistic scheme of the catalytidicraand the regeneration reaction of &G0

Table 1: Analytical properties of the three redtatess of natural GO

Properties Cu(INTyr Cu(l)Tyr Cu()Tyr
Colour green blue colourless
absorption bands 445 nm (6436 mes_fcm—_ )[11; 314 nm, 365 nm, 422 nm, ]

810 nm (4133 Lmatcnm P! 510 nm, 625 nm, 785 nm
Activity active inactive inactivé
oxidation potentidf’ - +0.01 P87 - 0.24 /188
EPR silent (S = Gl gggf_gf;& silent (S = 0)

[a] Assigned to LMCT, 1T transition) with the radical Tyr 272’

[b] Assigned to LMCT due to charge resonance (kiween Tyr 495 and Tyr 24
[c] Before regeneration; therefore sometimes deedras active in }D, synthesis
[d] Potentials vs. FeGfFeCp*

[e] [Tyr]"* in apo-GOg, = 2.0073g; = 2.001 Y

13
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The radical which appears at Tyr 272 during thalgat reaction is linked to the Trp 290 by
a sulfur bridge formed by the Cys 228. This cystesidue binds covalently to tloetho-C-atom
of Tyr 272! The sulfur bridge is formed via a posttranslatla®f processing (splitting of the
17 amino acid-prosequence located at the N-termamasformation of the sulfur bridge). The

active enzyme configuration is automatically proetlicpon addition of Cu(Scheme 12§

\S) .
A S
r~ / .
O -5/ +2H* d}'
+0, Q "o o, Yis
5 5 cu' (O\Cu“ 5
NV o ' L
-Oseut .O\C_' o 02 oy I
u ) + Cu
+0,+H
y ﬁ) 7
[ qL_:S/ I H S
O\ I SN
Cu cu'
S s 'S S
© ‘9’ 02+2HH;;-[Cu] @_‘\7’ OH @\j\, +[Cu'l-H? @\ j“
HS e s s s
0 o L, (o NN

Scheme 12: Possible formation reactions for theethier bond in G&%%

A number of studies have been performed to exathieghioether bond’s influence on the
radical stabilit}?* > 1®put this still remains a controversial point. #sfihypothesis (1997/1998)
claimed that the sulfur bridge enlarges the aramatstem of Tyr 272 and therefore supports the
generation and stabilisation of the free radicalodel systems showed that the thioether
substituted tyrosyl radical is stabilised by appmately 540 mV in relation to an unsubstituted
tyrosyl radicaf®*'%? while EPR measurements show high electron dewsitthe sulfur atom
but not in ther-system of the ligani® These findings were in line with studies on model
compounds bearing an enlargeesystem which does not have any influence on thicaa
stabilisation*°**%! The sulfur bridge also induces a conjugative eéffebich stabilises the
negative charge of the tyrosinate ligand and leéads lowerpK, value!® Because of these and

14
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other reasons, a mutation of Trp 290 destabilides énzyme (1993/1994%1%81 Other
experimental trails on model compoulit and simulation of the catalytic activity (2000) did

not confirm any influence of the thioether bond.iSwmas been assumed that the stabilising effect
of the thioether bond primarily is shielding of thee radical from the solveft! Furthermore, it

has been suggested that the true reason for therence ofremt interactions mediated by the
sulfur bridge is to maintain the cofactor orierdas and to guarantee a diamagnetic ground state
of the enzymé&'? Investigations of Doolet al. (2007) have shown that the sulfur bridge
influences the radical stability as well as theekin parameters and the binding affinity of some
substrates e.dd-galactosé™'* Recent investigations of Pedudit al. (2008) showed that there
are two different configurations of the thioethesnd, an “in-plane” and an “out-of-plane”

configuration (Scheme 13).

(0]
\ ACH3 SACH3
86 6 kcal/mol
<>/ <>/ out-of-plane

2.6 kcal/mol -3.3 kcal/mol

©/ 81.7 keal/mol <>/ in-plane

Scheme 13: Different thioether configurations cldted for ortho-(Methylthio)tyrosine, R =
CH,CH(NH,)COOH!*?

Both configurations can be transformed into eat¢teoby rotation of theSR group. The “out-
of-plane” configuration promotes the oxidation teat by supporting the proton transfer from
the substrate to the Tyr 272, while the coplanatestiestabilises the phenolic OH-bond. Pedulli
et al even assign the 10000 times lowered catalytiieffcy of model compounds to this
conformation depending proton transfer propertiethe wild type enzyme and propose that the

switching of the-SR bond might not be reproducible in model systétfs.
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1.4 Model systems for Galactose Oxidase

Generally, models for metalloenzymes can be suddédviinto two groups: the structural
models, which shall depict the enzyme structureesactly as possible, and the functional
models, which possess the same catalytic propersiese enzyme. Since the 1990s great efforts
have been made to synthesise model systems forT&B®.well disclosed but extraordinary
structure of GO and the urge to understand itslytetamechanismin vivo has been the
motivation for the synthesis and investigation ohwamber of structural modéefe®*'® The
intention to find the catalytically relevant struat elements of native GO and the motivation to
improve the model compounds applicability in orgasynthesis (in line with the criteria of
“green chemistry”) resulted in a larger number widtional models. Functional GO models are
highly interesting regarding the catalysed reactitme selective oxidation of alcohols to
aldehydes at the same time preventing the formatia@arboxylic acids as side products.

In synthetic organic chemistry various strategiasehbeen developed to achieve selective
alcohol oxidation. Oxidising agents like sodium Hhdimmate in sulphuric acid are used in
stoichiometricamounts JonesReactionj.ma] But as a downside, the reactions performed in
agueous medium lead to the formation of the cooeding acids via formation of the hydrates as
reaction intermediates. A variation of thenesReagent is pyridine chlorochromate (PCC, called
Corey's Reagentj*™® which is used in CbCl, solution. A different reaction strategy is to
perform aSwernOxidation with DMSO (&) and oxalylchloridé*®. Oxidising agents that can
be used in substoichiometric amounts are rutherdgampounds e.g. theey-Griffith Reagent
(tetrapropylammonium perruthenate (TRAP) and N-yletbrpholine N-oxide (NMG§°.
Within this reaction the Rl species is oxidised to Kuas the active species) or thess-Martin
periodinane (the active species contaif}s'f” None of these reactions can be called “green”.
Green (or sustainable) chemistry means a minimalofignergy and minimal production or use
of hazardous compounds, which shall be realiseddbyeving maximal efficiency of reactions
with few or no side product¥t! A GO comparable reaction strategy is an oxidatisimg air
oxygen and catalytic amounts of Pd(OAEPMSO*?? but this is a quite expensive method. So a
copper catalysed (copper enzyme mimicking) oxicesimategy using air oxygen as the oxidising
agent is still sought for. Furthermore, selectiteolaol oxidation is not only important to
laboratory chemists, but also concerns industhehastry, which is proven by the high number

of patents in this fiel**!
16
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Plenty of studies on functional GO model systemdutting diverse ligand types are
provided in literature. In the following the fiveaim groups of ligands are described (Scheme 14)

which differ essentially in number and nature af ttonor atoms and the resulting coordination

geometry.
N
N R /§ OH N
N RN ]@
HO OH N N
=N, S
1 4 5

Scheme 14: Ligands used for GO model systems:ifdgdal N-donor-ligand&***" 2) 1,4,7-
triacacyclononan (TACN) based ligaffd$™*72%¢! 3) salen type liganff&**""**" 4) thio- /
iminosemiquinone liganf§'~%*!5) o-iminobenzosemiquinone ligarftf§ 4!

As expected, the use of tripodal and TACN-basednlity leads ta)> (distorted) square
pyramidal coordination, while the salen type ligaraden® coordinated and form square planar or
tetrahedral copper complexes. The semiquinonedigamwhich coordinate® or n? respectively,
are not able to predetermine the coordination pedya and the coordination sphere depends on
the coligands.

Due to the fact that copper complexes containingl l@nor sites (like oxygen atoms) are
often binuclear (e.g. bridging by anionic oxido dtions like deprotonated acid or alcohol
groups), synthetic strategies (ligand design) havee developed to protect the metal ions from
dimerisationt’**42147)| jgand types like tripodal ligands or (semi)quieeigands are usually not
as bulky as salen type ligands or TACN-based ligasd that the former undergo dimerisation
more often than the latt€r!

Several GO model systems were successfully apphedatalytic oxidation reactions.

Table 2 summarises some important catalysts ance#wtion conditions.

17
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Table 2: Different GO model systems and their efficy in catalytic test reactions

solvent/ T(K)/ yield /

catalyst® substrate external base atmosphere t(h) TON Ref.
tripo?la;l ligand benzyl alcohol NaOH MeCN /0 232/ c32/ZI2es 131b
|%ﬂﬁ3b§)£g)e benzyl alcohol - CHLCl, / air 293/1 20-75% 137
tﬂ%y;iré‘ci]”e benzyl alcohol KOH MeCN/©  293/3  14% 114
T”'Sg"nza' alcohols K?\;:lg‘;'m 2 Me(/:z';'i:rl HO 21?54/ 0-100 % 143,150,151
serri;;jsm_onate be”gr::r']‘;?ho" NEts THF / air 228 I s59 141
sequEJLil;\onate alcohols NEs CH,Cl, / Ar zzg / > 95% 139
N,O, 52 [P] benzyl alcohol "Bu,NOMe CHCl, / air 298 /- 70% 138

[a] Catalysts can be isolated before applicatigrof*can be formeth situ; for identifying the different ligand types
(Scheme 14)

[b] The complex was previously isolated as radégecies

[c] 2-(2-tosylaminoethylimino)methyl)-4,6-8ibutylphenol fixed on Merrifield resin

[d] TEMPO = 2,2,6,6-tetramethylpiperidinyl-1-oxy

From these examples some general conclusions eongehe requirements of a GO model
system can be drawn: the great diversity of appligands implicates that neither the exact
coordination geometry nor the donor set is limititige pool of catalysts. Furthermore, all
catalysts need an external base for substrate teatamn (the salen type copper complex of

137 precisely is not a catalyst, since it is appliedtoichiometric amounts), finally it

Stacket a
can be concluded that all reported catalysts arelefss effective than the natural enzyme
(especially regarding lifetime and TON).

Nevertheless the catalytic systems are not equitzaligands which possess a® donor
set recently turned out to be favourable becaustheif superior properties for the phenoxyl
radical generation. Two main strategies can beddon the radical generation. A widely used
method is to start the catalytic cycle using & €@mpound and generating the active species by
exposure of the Cucompound to @ Another way is to take advantage of a disproporti

reaction described as a coligand effect that fadl@guation 320153
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2cd-oscd'-o0 +cd Eq. 3

This effect was previously observed for the triddamnd N-(2-pyridylmethyl)-N-(2”-hydroxy-
3,5'-di"*"putylbenzyl)N-(2"-hydroxy-3"-methylthio-5"-methylbenzyl)amine  which  was
dissolved in MeCN and reacted with Cu(GQi$3°® or Cu(OTf), in the presence of NEE. In
case the ligand system has aOW donor set the disproportionation reaction equiior was
found to be on the phenoxyl radical (right). lfigahd with a NO donor set is used, only a very
small amount of the copper phenoxyl radical specas be detectéd**! An explanation for
this difference in phenolate ligand reactivity tods copper could not be given yet. If a radical
generating disproportion reaction is impossiblendgi there are no phenolate moieties) the
formation of Cll' complex species is obser/é!

When the phenoxyl radical is finally generatednéeds to be stabilised by the ligand
scaffold of a model complex. Since bioinorganicratgtry is highly focussed on that aspect of

ligand design, the radical stabilisation will bedissed detailed in the following chapter.

1.5 Phenoxyl radicals and their stabilisation

Tyrosyl radicals can be found in different stablee.( detectable) cofactors of
metalloenzyme&”! in ribonucleotide reductase B2 in photo system I*® in prostaglandin
synthase®” and cytochromec peroxidasé:®® In other metalloenzymes the radical bearing
tyrosyl residue is covalently modified as, for exden in amine oxida® which includes a
TOPA-quinone (TOPA = trioxyphenylalanine = 2,4 ,Bydroxyphenylalanine) involved in
catalysis and finally GO (Chapter 1.3).

Scheme 15: Copper complex containirig-ar stabilised phenoxyl radid4{®1%9:19
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The tyrosylate/tyrosyl analogue found in nearly &O model complexes is the
phenolate/phenoxyl redox couple. The problem obiksing the phenoxyl part of the redox
couple was in the focus of a number of studies @hrdelling. Some approaches were made
for mimicking the Temt interactions found in GO (Scheme 18519515910 n this model
compounds theremt interactions did not seem to influence the chemreactivity of the
phenolate / phenoxyl oxidation potential. Anothpp@ach was to mimic the covalent thioether
modification™*2¢2"%%4\While a model complex published in 1998 by Wieghaat al. shows
catalytic activity in oxidation cataly$t8® a detailed study on thioether derivatives of tnisl
other established functional GO model compoundeaied no catalytic activity of the thioether
complexeg!62164

The vast majority of functional GO model compleyessesortho (C3) andpara (C5)
substituted phenoxyl moieties, in most ca¥8sutyl groups (1.4). Such (bulky) groups are
known to stabilise aromatic radicals thermodynathyicand kineticallyt*®®*%® Some less
frequent alternatives for stabilising substitueats —Me, 5opr —NQ, -OMe, -SMe, —SPh,
-SPr, and - Nevertheless, in some studies on tripodal ligawit mixed substituents
(*"butyl- combined with a methylthioether-grétis*®® or “"butyl with nitro- and methoxy-
group$®®) the compounds reveal reactivities similar to tBed-di‘*"butyl-substituted
derivatives®®”]

Only a few investigations have been carried outfaofocussing on the influence of
substituent variation: One comparative study, edrrout on tripodal ligands, revealed that
oxidation potentials and chemical stability of #egpper phenoxyl complexes strongly correlate
to the Hammet-parameter of the substituent locetgzhra position to the hydroxyl function in
the phenol ring (the higher the electron-donatiagacity of the substituent the more stable the
resulting phenoxyl radicali*® Another important study was performed by Statkal. who
compared different salen type ligands bearing —®Ph-SPr groups as well as partly
unprotected (either C3 or C5 bear protons) or fulhprotected (C3 and C5 bear protons)
phenolate ligand€®! The resulting copper complexes show high phenoxjdation potentials
(0.8 V-1.0V), EPR active copper phenoxyl speeied low catalytic capacity (turn over number
between 0 and 9). Importantly, these findings doimply that non-stabilised phenoxyl radicals
are useless as GO mimicking oxidation catalystsa\&xample, a well working non stabilised

[170

copper phenoxyl complex was presented in 2006 b@iddyet all'™ These results reflect the

dilemma between radical stabilisation and reagtivita well stabilised radical contains less
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energy and is therefore less reactive as a simmtestabilised one. On the other hand a non-
stabilised radical possesses a very short life tamd is therefore difficult to detect. In the

following some important aspects on radical stabtlon are summarised:

- The most common and most effective way is to ugesystem for resonance stabilisation by
delocalisation of the unpaired spin (SchemeA6,The stabilisation occurs by a three centre
three electron interaction, for which the allyl i is the simplest example. Further
substitution of thetesystem by heteroatom-groups has a destabilisifigctefon the
radicall*™

- The radical stabilisation by alkyl substitution (Bme 16,B) is based on a similar
mechanism, overlapping orbitals are composed by bawation of two C-H bonds.
Interestingly, an increasing size of the attachikgl agroup does not necessarily lead to
enhanced stabilisatidh’

- Avradical stabilising effect can also be achievgdliwo centre three electron interaction of
a radical with an adjacent lone pair (Scheme@),In this case the interaction becomes

more effective if the lone pair orbitals are higmp.*™

Scheme 16: Orbital interaction diagrams for théedét radical stabilisation methédd!

- Substitution inB-position of the radical is mainly inductive an@&lronegative substituents
uniformly destabilise the radic&l™

- Furthermore the stabilisation of a radical is a alative effect if several substituents were
precent, sometimes also described as a “saturafiect”*"? which is valid for simple alkyl

radicals as well as for resonance stabilised risdicd

21



Katharina Butsch 1. Introduction

- A special case are the so called “captodative”ilstald radicals, which contain one electron
donating and one electron withdrawing substitl€At’**"IThe most prominent examples
for this type of radicals are derived from aminada&nd peptides such as the glycine-2-yl

radical[l74,l78,l79]

All these aspects of radical stabilisation havedaconsidered as requirements of a catalytic
oxidation. A “dogmatic” attitude towards designe® Gnimicking model systems is that the
radical species need to provide the following skillhe phenoxyl radical has to be generated
from a deprotonated phenol moiety, which shouldtaanstabilising groups in ortho and para
position to the hydroxy function, most favourabie 'd'butyl groups. Furthermore the ligand has
to contain strongly binding donor functions whidhalslise the copper-ligand bond during the
reaction and provide a distorted coordination getmparound the copper ion to destabilise the
Cu' state. At last the phenolate / phenoxyl part & ligand has to be positioned within a
Cu—-0O-C bond angle of about 130° and a dihedral angf about 90° to guarantee the coupling

of the unpaired copper centred electron with timgka electron from the phenoxyl part.

1.6 Motivation of this thesis

The general aim of this thesis is the fundamemtadstigation of the structural requirements
enabling phenoxyl copper complexes to perform a Qe of electrochemistry and thus
catalysis. The challenge is rather to understared dhgin of oxidative properties than to
synthesise new “second generation” catalysts biynigation of known copper complex systems.
To this end copper complexes of various phenoxgnlits have been synthesised, analysed and
thoroughly characterised, focussing on the complexctures, their electrochemical properties
and their catalytic behaviour in alcohol oxidaticactions. Since the crucial species in the
assumed catalytic oxidation reactions are phenecadicals, special emphasis was put on the
detection of such radicals and to analyse the impécstructural motives (variation of the
phenoxyl ligands and the coligands) on their siigbilSpectroelectrochemistry (thin-layer
electrolysis coupled to detection of spectroscagiange’$®®), which allows to generate and
study copper phenoxyl speciessity, is extremely well suited for this purpose. Frdma various

spectroscopic methods which can be used for smettoochemistry UV/vis/NIR absorption
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spectroscopy is ideal to analyse phenoxyl radicals.

Concerning the design of the (new) ligands we Hmaen presuming the following lines:

OR RO

R=H, CH3
_ Rl—H R2—H R3=H
R=H,1I H OMe  H
H H Py

B-1
Rl = CH3, R3+R4 = tBU
Rl = H, R3+R4 =H
Ra OH HO Ri Rj=H  Ry=Ph

R2 = Ph, R3+R4 =H

R2 = CH3, R3+R4 =F

R3 =Ph

C
F —N

R | E HO ’/\I 3\
XN N
?* N
OH * R=H,CH,, Ph D

O—CH3 i

Scheme 17: Overview over the ligands designed dpper phenoxyl complexes; ligandscf.
Chapter 2B cf. Chapter 3C cf. Chapter 4D cf. Chapter 5 an& cf. Chapter 6.

—  Variation of the donor set from two (N,O and O], B-2, B-3, D) to three (O,N,O and
0,0',N; A-1, A-2, E) and four (NO; C) donor atoms

- Varying stabilisation of the phenoxyl units: asedrfrom non-stabilised phenols (all H
atoms;A-1, A-2, C, E) to partly stabilised phenolsitho-l; metaOMe; para-"*°Pr; A-1, A-
2, ortho-Ph C) and fully stabilised phenols (substitueattho andpara: F, Ph:*"Bu; C, D)
and aromatically stabilised (phend; A-1, A-2; phenalenoneB-1; benzo-quinolineB-2
acridine:B-3)
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- Contribution of the N-donor to the redox chemisiging aromatic (e.g. pyridine, acridine;
A-1, A-2, B-2, B-3, E), heterocyclic (e.g. triazolD), imine (), tert-amine(C), sec
amine(C) functions

- Influence of (de)protonation abilities of the ligln possessing proton transfer skills
(phenol-ligandsA-2, B-1, B-2, B-3, C, D, E) and lacking proton transfer skills (phenol-
esters A-1) or phenol-ethersA:-2, B-3, C))

The starting point of the investigation is the sla$ tridentate ligands of the so called pincer
type @A). Following the more general definition, pincegdnds possess a central (heterocyclic)
arene system and additional donor groupsrtho position providing a tridentate and “pincer”
like coordinationt’®” Copper complexes of pincer type ligands (Schemp Ha/e been
synthesised recently and showed effective bindingopper to the central pyridine N atom and
variable structural motives including square pyieahiand octahedral distorted coordination
geometrie$8184 Related oxido-pincer complexes of early transitioetals have been used in

oxygenation catalysgf?o,lsg,]

N X
| HaG ] CHa H3C
NZ HaC N CHs
OH OH OH OH

Hs

pydimH » pydipH , pydotH ,

Scheme 18: Overview on the developed and analysdd-pincer ligand$®*84

Transformation of the donor set, such as rearraegef©,O’,N; E instead of O,N,OA),
addition of a fourth donor function ¢R, ligands;C) or diminishing the number of donor atoms
in combination with altering the arene type (O,M#ole;D) is the motivation for most of the
new ligands. Furthermore, ligands with extendednatac scaffolds (phenalerg 1, phenanthren
B-2 and anthracer-3) will be used. They have been chosen with regardheir different
anellation state.

From all ligands homo- and heteroleptic copper dewgs were prepared and characterised.
Selected ligands were further coordinated to oBtetransition metal ions such as*keFe™,
Co?*, Ni** and Zif*. These complexes were synthesised and analysédthetobjective of a
better understanding of the copper analogues.
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2.0 O,N,Opincer complexes

2.1 Derivatives of Pyridine-2,6-dicarboxylic acid gydicH,) as O,N,O-pincer

ligands and their CU' complexes

2.1.1 Introduction

Pyridine-2,6-dicarboxylic esters are interestingdoxpincer ligands with an O,N,O donor
set. They are structurally related to the O,N,Qeirfigands based on pyridine-2,6-dimethanol as
well as to 2,6-dicarboxylic acid (pydigHas shown in Scheme £8%184

MY@Y:W@YY@Y

R, R =H pydimH, pydicH, pydicOMe
R, R'= CH, pydipH, R =H pyd'coph
R =o-tolyl R'=CH; pydotH, R=1 pydicOIPh

Scheme 19: General structure of the pyridine-2¢g@uthioxylic ester ligands used in this study

Deprotonated pydfc normally coordinates in a tridentate mode, usivggN donor atom and
the two O donor functions (Scheme 20, 1). Complexes are kndor hard metal ions like
lanthanide'$®®*8% early transition metals such ad"*°” and \** 192192yt also for (medium)
soft metal ions such as q-_l-a93] Fe’3+[194 u2+[195 197] C02+[198] N|2+[198 199] Cuz+[198 200] an+[198]
P28 and Pt2°12%3 |n Mn?* containing polymeric networks a tetradentate cioatibn with
one bridging carboxylate function (Scheme 20, W) tbeen observéd? a similar structure
motive has been found for €é'%! Structures with a p-oxido bridge between two metaitres

(Scheme 20, 111) are known as wgf®

~ ]
o \T o
o o}
M M ~ /!
O/ | \O O/ | \O M\ \M
~
OWO OWO—M o | Yo
P2 P2 OWO
z
| Il 1
n3-0,N n3-O,N-n'o n3-O,N-pu-0

Scheme 20: Binding modes of pydic
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Various pydic complexes have been utilised in gatal Especially ruthenium complexes,
bearing terpyridine coligands are used in catalydiidation processes such as alkene

2921 or selective alcohol oxidati§h®?'® (the latter performed with benzyl

epoxidatio
alcohal). In contrast to Galactose Oxidase (GO)jclwhperforms alcohol oxidation via a
phenoxyl radical species (Chapter 1), the rutherpydic catalysts are used in combination with
H.0O, as external oxidising agent, applied in stoichigioetmounts or excess. Thus, this catalyst
just mediates the 10, depending alcohol oxidation and the reactioneaidy GO unlike.

Alkyl- or arylester derivatives of pydigthave been used as ligands as well (Scheme 19) e.g.
dimethyl ester (pydicOM&}*, diethyl ester (pydicOEf}>**%'8l the df°propyl ester
(pydicOPry?® the dibutyl ester (pydic®Bu)?'® and the diphenyl ester (pydicOBHY and
several asymmetric estBf§%1722022! |n contrast to the pydic ligand which contains four
equivalent, negatively charged oxygen atoms forrdioation, the pydic carboxylic esters
provide two sets of different oxygen atoms. Thdgvalthe formation of three different isomers
OcarbonyrM—Ocarbonyl (CC isomer), QarbonyrM—Oaikoxy (CA isomer) and Gkoxy~M—Oaioxy (AA
isomer). The three isomers have already been aben/ metal complexd§® 1% CA: 215, AA:
222223 The AA isomers are strongly disfavoured, due to sterid aefectronic effects. The
carbonyl oxygen donor offersorbitals for metal ion coordination and forms sger bonds than
the alkoxy or aryloxy oxygen donor. The two kno#A isomeric complexes are organometallic
species, a Rfi complex and a & complex??>?#I With regard to copper, there are only a few
examples for the formation &A isomer§**>?*peside the normally forme®C isomers.

In this thesis some copper complexes containing glidic carboxylic ester ligands
pydicOMe, pydicOPh and pydicOIPh should be syn#eeki These complexes are expected to
exist in theCC isomeric forms, hence generation of phenoxyl r@diin the ligand should not
lead to spin coupling between radical site and eopgm. Thus pydic aryloxyester complexes are
suitable to investigate physical and catalytic prtips of systems containing two independent

redox centres.

2.1.2 Synthesis of pydicklester ligands and their copper complexes

Two different reaction strategies were used to lsgise copper complexes (Scheme 21).

The first route is known in the literatl@®' and consists of two subsequent steps, a ligand
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synthesis and isolation followed by a complex faiorareaction (1). The second route is a one-
pot synthesis using pyridine-2,6-dicarboxylic adidhloride (pydicC)) a copper source and the
corresponding alcohol (methanol or phenol) to fenligand in the presence of the coordinating

metal ion (2). This route has been worked out éxfthme of this thesis.

Cl Cl OH
N |
oI o +
G
(1) cat. NEtg (2)
Et,O
cat. DMAP 2 cl cl
(@] (6] N
N [CuL,]+ O | 7o
@ = @ L=Cl , OAc
\\\ I’I cat. NEt3
N cat. DMAP
Cu
CuCl; or o~ | ~o0 methanol
Cu(OAc), | N | or phenol
Z

Scheme 21: Two reaction strategies to synthesigperaomplexes of pydic ester ligands

The ligand synthesisl) was performed usingrtho-iodo phenol and pydicglin a DMAP
(dimethyl 4-aminopyridine) catalysed ester condgosaising catalytic amounts of NEt

The resulting pydicOIPh ligand (obtained in 82%Igiand characterised byC and'H
NMR and elemental analysis) was crystallised fraat@ne by slow evaporation to give single
crystals suitable for XRD. The structure was resdlin the orthorhombic space graeipca. The
molecular structure depicted in Figure 2 shows litpend providing a binding pocket for the
formation of CC isomeric complexes. The planes of both phenolsriaug tilted away from the
pyridine ring (61° and 64°) one iodo substituenkisated above the pyridine ring plane, while
the other resides beneath this plane. The two ogtbioinctions are slightly tilted from the
pyridine plane, each pointing in the same direcasrthe iodo substituent of the corresponding
phenol ring. The ligand’s conformation might re$tdim packing effects in the crystal leading to
the formation ofrert* stacked dimers (Figure 2). Additionally, the iodabstituents of the
molecules forming a dimer are pointing towards eaitter with an 1 distance of 4.350(1) A,

while relevant H bridges are missing in the crystalicture.
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Figure 2: ORTEP representation (50% probabilityeliwf the molecular structure of pydicOIPh
(bis(2-iodophenyl) pyridine-2,6-dicarboxylate) ()efpacking along the axis of pydicOIPh in
the crystal (right); H atoms were omitted for dari

Complex formation using pydicOIPh was performedniethanol at 298 K using anhydrous
CuCh. The obtained product was a brown powder (67%dyjelvhich was analysed to be
[(pydicOIPh)CuC)]. The complex was characterised by elemental aigl¥EPR spectroscopy,

absorption spectroscopy, electrochemical and speettrochemical measurements.

The alternative reaction strategy is a concerteditu formation of ligand and complex
(Scheme 21, synthesB). Starting materials of the ligand (DMAP, NEpydicCb and the
corresponding alcohol) were mixed with Cu(OAcj CuC} respectively and reacted for 16 h at
298 K. First experiments were performed using talitsng materials as purchased (and therefore
containing small amounts of water). Both reactistsrting from Cu(OAg) and from CuG),
lead to the formation of blue-green crystals, heboth compounds were clearly analysed by
XRD as well as by elemental analysis. The prodfithe reaction using Cu(OAgcyas found to
be [(pydic)Cu(OH),],, while the reaction using CuClielded [Cu(OH)g][(Cu(pydic)u-Cly].
Both compounds result from the hydrolysis of pydia® pydic¢” in the presence of water while
no ester was formed. The reaction yields were rdtive (12 and 24%).

Figure 3 shows the polymeric chain and the monaauclunit of the complex
[(pydic)Cu(OH),]n; the crystal structure (monoclinl2,/c) has been reported befl6f& thus

will not be described here.
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Figure 3: ORTEP-representation (50% probabilityelewf the crystal structure of [(pydic)Cu(QH.
(left) and representation of a monomeric unit ieside polymeric chain (right), H atoms are omitted

clarityf?*®!

When using CuGland pydicCl in a 1:1 stoichiometry, a complex salt of the gahformula
[Cu(OHy)g][(Cu(pydic)u-Clyp] was formed and crystallised from methanol soluticKRD
revealed a crystal structure, which was solved rafided in the triclinic space groupl. The
structure as shown in Figure 4 (data in Table 3) lv@ briefly discussed. The complex cation
[Cu(OH,)e]** is a Jahn-Teller elongated octahedron (Cu2-0O5 $86[1) A; Cu2-06 =
1.964(1) A and Cu2-011 = 2.561(1) A), in line wjttevious reports on related compouffé8.
The H atoms of [Cu(OB¢** were not found during the crystal structure refieat.
Nevertheless, due to the observed counter ion [BWF", the deprotonation of pydicHn the
complex is obvious.

The complex anion, a binuclear p-chlorido bridgexdnplex, shows a distorted square
pyramidal geometry around each copper atom. With short equatorial bond
Cu—Clq=2.212(1) A and a long axial bond CuzCk 2.695(1) A, while the Cu-N bond is
rather short (1.927(4) A). Both pydicligands are completely coplanar which is obviosrf
the symmetry in the binuclear complex cation. (feother angles and distances see Appendix.)

The formation of the compound [Cu(Qkl[(Cu(pydic)u-Cly] was unexpected, due to the
different stoichiometries of starting materialgéind to copper ratio 1:1 and copper to chloride
ratio 1:2) and product (ligand to copper ratio @2l copper to chloride ratio 3:2). The formation
of the p-Cl-bridged dimer might be due to the choseaction conditions (polar, aqueous
methanol solution) favouring the formation of ti@u[OH)s]?* counter ion, or charged species in
general, while the chloride ligands might be reéebas HCI, which is removed from the reaction
mixture either by acid base chemistry (reaction iomadvas basic) or by evaporation of gaseous
HCI.
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Figure 4: ORTEP representation (50% probability elgvof molecular structure of
[Cu(OHy)e][(Cu(pydic)u-Cly], H atoms were omitted for clarity

In a second attempt, the one-pot synthesis wasnoeetl using freshly distilled starting
materials and anhydrous CyCThe reaction using methanol as solvent was peddrat 298 K
and yielded a green-yellow crystalline powder aftérh reaction time, which was isolated by
evaporation of the solvent. The reaction using phas solvent had to be performed at 339 K to
melt the phenol. The excess phenol was removed fin@mmeaction mixture by stirring at 358 K
for 96 h. During this time the phenol solidified time upper part of the round bottom flask and
left behind a brownish oil. The oil was transferrem another flask and cooled to room
temperature on which it solidified as microcrystedlgreen-brown powder.

The compound obtained from the reaction with methamas analysed by elemental
analysis, recrystallysed from methanol yieldingggncrystals suitable for XRD and showed to
be (HNEg)[(pydicOMe)CuC{]. The compound isolated from the reaction with mileevealed
(HNE)[(pydicOPh)Cudd]. This proves that under water free conditiamsitu formation of a
pydic alkyloxy or aryloxy ligand and coordinatioma copper ion (one-pot) is possible. Yields of
both reactions are moderate (32% and 54%) andasitoilthe overall yield of reaction strateby
(Scheme 21) which was 55% for [(pydicOIPh)C4Cl

Crystal structure solution and refinement of (HNEpydicOMe)CuC}] were carried out in
the triclinic space groupl, the molecular structure is depicted in Figurd@&hle 3 summarises
the refinement parameters. In the crystal struobfif@iNEL)[(pydicOMe)CuC}] the copper ion
is coordinated in distorted octahedral shape, skadly carbonyl oxygen atoms of the O,N,O-
ester ligand bind to the copper i08C isomer). The axial Cu—Cl bonds are 2.305(1) A and
2.306(1) A long (with ClI1-Cu—CI3 = 172.87(2)°), Whithe equatorial Cu—CI2 bond is shorter
(2.255(1) A). The two Cu-O bonds Cu-02 = 2.552(1pAd Cu-04 = 2.504(1) A are non-

equivalent and rather long, the Cu-N bond lies iwitihe typical range (2.065(1) AF*! Two
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hydrogen bridges are formed between the triethyhamum ion and two chlorido ligands of the
complex anion (H22CI1 = 2.702(1) A and H2Z12 = 2.474(1) A CITH22CI2 = 78.64(1)°).

Figure 5: ORTEP representation (50% probability elevof the molecular structure of
(HNEt;)[(pydicOMe)CuC}], H atoms are omitted for clarity.

Table 3. Crystal structure and refinement dataopper complexes and the ligand pydicOIPh

[Cu(OH)e][(Cu(pydic)u-Cly] (HNEt)[(pydicOMe&)CuCl] pydicOIPh
formula C14H180|2CU3,N2014 C15H25N204C|3CU GigH111,NO,
f. w. /gmol™ 671.73 467.26 571.09
crystale shape needle plate block
colour turquoise green-brown colourless
crystal system triclinic triclinic orthorhombic
space group P1 (No. 2) P1 (No. 2) Pbca (No. 61)
alA 8.185(3) 7.706(5) 13.520(5)
b /A 9.500(3) 10.274(5) 14.455(5)
c/A 9.682(2) 13.666(5) 19.496(5)
al° 69.01(3) 93.846(5) 90
Bre 66.97(3) 92.271(5) 90
y/° 89.04(4) 107.216(5) 90
volume /&, Z 640.2(3), 1 1029(9), 2 3810(2), 8
F(000) 329 482 2160
density / g crit 1.742 1.508 1.991
abs. coeff / mit 2.737 1.471 3.325
refl. coll. 7673 12430 34795
data / restr. / param. 2846 /0/ 160 4602 / 6/ 23 4654 /0 /235
h, k, |, -10<h<10 -9<h<10 -17<h<17
-12<k<12 -13<k <13 -19<k<19
-12<I<12 -18<1<18 -25<1<25
goof on E 0.902 0.675 0.856
Rint 0.0594 0.1262 0.0939
final R indices R1 =0.0533 R1 =0.0397 R1 =0.0338
[1>20()] wR2 =0.1322 wR2 = 0.0544 wR2 =0.0431
R indices (all data) R1 =0.0937 R1=0.1468 R11284
wR2 =0.1499 wR2 = 0.0720 wR2 = 0.0514
largest diff. 1.710 and -1.147 0.361 and -0.313 7Dé&nd -0.568
p.a. h. /&3
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All copper complexes were further characterisedEBYR spectroscopy, cyclic voltammetry,

absorption spectroscopy and with spectroelectrocia@methods.

2.1.3 EPR spectroscopy

EPR spectroscopy is a very specific and perfectlijed method to investigate tu
complexes in the solid state and in solution. Thidue to the high abundance of the two copper
nuclei®*Cu (69.17%) an&°Cu (30.83%), both having a nuclear spirl ef 3/2*”! The coupling
of the spin of the unpaired electron in the" G system to the nuclear spin of 'Cand other
atoms is an excellent measure for the electronityedsstribution between the metal and the
ligand(s)*?"**® The shape (symmetry) of the anisotropic spectgstalline, amorphous, glassy
frozen solution, protein samples) gives additianébrmation on the local geometry around the
copper ion (coordination polyhedron). Therefore tlemplexes [(pydic)Cu(Ohk],,
[Cu(OH)el[(Cu(pydic)u-Cly],  [(pydicOIPh)CuC)],  (HNEt)[(pydicOMe)CuCk]  and
(HNEt)[(pydicOPh)CuC] were analysed by EPR spectroscopy in the solidtest
(HNEt;)[(pydicOMe)CuCt] and (HNEg)[(pydicOPh)CuCi] were additionally measured in

acetone solution. Table 4 summarises the EPR ddtaaected spectra are shown in Figure 6.

Table 4: X-band EPR data of the phenoxido-pincepeo complexdd

compound Oav (of ao 49 state
[(pydic)Cu(OH)2]n 2.151 2.217 2.118 0.099 solid
[Cu(OHY)g)[(Cu(pydic)u-Cly] 2.150 2.291 2.080 0.211 solid
[(pydicOIPh)CuC}] 2.150 2.260 2.095 0.165 solid
[(pydicOIPh)CuC}] 2.114 2177 2.082 0.095 acetone

(HNE)[(pydicOMe)CuC}] 2.102 2189 2.059 0.130 solid
(HNE)[(pydicOMe)CuC}] 2.124 2188 2.092 0.096 acetone
(HNEt)[(pydicOPh)Cud] 2159 2260 2.109 0.151 solid
(HNEt)[(pydicOPh)Cud] 2150 2229 2.111 0.118 acetone

[a] Samples measured at 298d4; = averaged value = @ + 29n)/3; 49 = g — 9o

All spectra recorded from solid and dissolved sam@xhibit axial symmetry withi > go
which is typical for octahedral elongated or squanamidal Cli complexed2>2%8231a|though
the g anisotropy fg) varies strongly (from 0.096 to 0.211) the avethgevalues are quite

similar.
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9 Bl
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Figure 6: X-band EPR spectra of (HNHpydicOPh)CuCi] (left) and
(HNEt;)[(pydicOMe)CuC}] (right) measured at 298 K in acetone solution

From XRD the geometries of the complexes (HiHiydicOMe)CuCf] and
[(pydic)Cu(OH),], are known to be distorted octahedral or squareamital, while
[Cu(OHy)e][(Cu(pydic)u-Cly] contains two different copper ions, one with betdral elongated
surrounding and two ions with square pyramidal getoyn The EPR spectra of the two copper
species containing compound cannot be resolved [EafOH,)s)** the EPR parameters have
been reported tg = 2.309 andy; = 2.0657%°! Since the EPR data of all complexes are quite
similar, it is verified that the geometries of (HHpydicOPh)Cud] and [(pydicOIPh)CuCl,
which have not been crystallised so far, are alstoded octahedral or square pyramidal.
Furthermore, the spectra recorded on dissolved Isangpe also quite similar to those of solid
samples. Therefore the geometry of the complexemsdo be conserved upon dissolving in
acetone.

2.1.4 Electrochemical measurements

The electrochemical properties of the new complexese studied by cyclic voltammetry.
Measurements were carried out at room temperatareMeCN/'BusNPFs solution. A
representative plot is shown in Figure 7, Tablemmarises the observed potentials.

The redox properties of the isolated ligand pydRi®ivere analysed and compared to the
corresponding copper complex to distinguisktween ligand centred and copper centred
reduction. [(pydicOIPh)CuG] shows one reversible, metal centred reductidh&t V (CU/Cu)
and two irreversible processes, a ligand centrddateon and a ligand centred oxidation. The

ligand centred processes of free and coordinagahdi occur at almost the same potentials
33



Katharina Butsch 2. O,N,O Pincer Complexes

supporting the assignment of [(pydicOIPh)CsGb be aCC isomer. In aCC isomer both
phenol moieties are not affected by the copperdination, while inAC or AA isomers the bond
between the copper ion and the phenol oxygen atwmld influence the phenoxyl oxidation

potential.

Table 5: Electrochemical data of pydicOIPh anddkielo-pincer Cli complexe¥!

compounds Epaox/ligand  E,, CU/CU'  Eycred/ligand
pydicOIPh 0.72 - -1.42
[(pydicOIPh)CuCj] 0.72 0.11 -1.33
(HNEt)[(pydicOMe)CuCt] 0.84 0.14 -1.33
(HNEt)[(pydicOPh)Cud{] 1.13 0.10 -1.45
K5[CuCly] 1.12 0.08 -1.07,-1.48

[a] From cyclic voltammetry in MeCRBu,NPF; solutions; potentials in V vs. Fe@peCp"

2 pA

1.0 0.5 0.0 -0.5
E (V) vs. FeCp,/FeCp,’

Figure 7: Cyclic voltammogramm of [(pydicOIPh)Culdheasured in MeCNBu;NPF; at 298 K
with 100 mV/s scan rate

The complexes (HNE)Y(pydicOMe)CuC}] and (HNE%)[(pydicOPh)CuC]] are investigated
in comparison to the dissolved[KuCly]. The complexes show similar redox propertieshvait
copper centred reversible reduction process ocmum@t about 0.1 V. Further reduction occurs
irreversibly and might be associated to a €léavage, since very similar behaviour is found fo
[CuCl]* (Eq. 6).

[L-M-Hal] + e S [L-M-Hal] " S [L-M] " + Hal' Eq. 6

Irreversible oxidations were observed for (HYEpydicOMe)CuCt,
(HNEt)[(pydicOPh)Cudd] and K[CuCls]. Neither (HNE$)[(pydicOMe)CuC}] nor, of course,
[CuCl)]*” posses a [OPHJ[OPh] redox couple, but show oxidation in a simitange as

(HNEt)[(pydicOPh)CuCd]. So the oxidised species needs to be furtherysedlto allow an
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unequivocal assignment. This was done by spectiwethemical characterisation presented

below.

2.1.5 Absorption spectroscopy and spectroelectrocimecal measurements

Absorption measurements (1000 — 200 nm) were paddrin MeCN solution. The data are
summarised in Table 6. Extinction coefficiesthelp to distinguish between absorption bands of
ligand centredert* transitions (sharp absorption bands with largkies for &) charge transfer
(broad absorption bands with lower valuesdpand d-d transitions (very broad absorption bands
and small values fos).

The complexes all show an absorption band at 462umhich is assigned to be a LMCT
between copper ion and chlorido ligands. The U\bgttson bands, which are ligand centmed
T transitions, vary significantlyith the different substituents at the ester fuorcti

While the complexes [(pydicOIPh)Cuf;l (HNEt)[(pydicOMe)CuCf] and
(HNEt)[(pydicOPh)Cudd] show d-d absorption bands in the range of 8080 nm, K[CuCl]
shows a d-d band at 1074 nm indicating the diffeesnin the ligand field strength, chlorido

ligands are weak ligands to €u

Table 6: Absorption maxima for the copper compl&kes

compound Al nm(g/ Lmolem™)
[(pydicOIPh)CuCy] 289 (2747), 462 (425), 847 (72)
Ko[CuCly]™ 312, 346sh, 462, 1074

(HNEt)[(pydicOMe)CuC}] 261 (4826), 462 (357), 823 (64)
(HNEt)[(pydicOPh)CuCJ] 261 (4134), 307 (2255), 462 (714), 900 (55)

[a] Measured in MeCN

[b] Due to a KCI impurity in the CuCl,] salt the extinction coefficientsare not determined

Spectroelectrochemistry is a helpful method to ys®lthe spectroscopic properties of
(potentially labile) oxidised or reduced speciesl aneans that electrochemistry (thin layer
electrolysis performed at suitable potentials) aupled to a second spectroscopic detection
method. In general this method might be NMR, ERR, Raman, absorption spectroscopy or
else. The type of method should be chosen withrdetgathe system which is analysed: e.g. EPR

can be used for compounds becoming paramagnetio @bectrochemical processes, IR
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spectroscopy can be used for compounds showingatide vibrations (e.g. complexes
containing CO or NO ligands). For copper complealesorption spectroscopy is a very helpful
detection method. For the metal centred redox psEsa decent change of the d-d transition
and/or metal involved charge transfer is expeatgule ligand centred processes lead to a change
of TeTt* transition. Furthermore, electrochemically inddcprocesses such as (de)protonation
reactions, halogenide cleavage or dimerisation lshimad to typical changes of the aborption
spectra and thus can be identified by this meti@®heration of phenoxyl radicals also leads to
indicative absorption bands at the same time atigvdonclusion on the radical stability (by the
absorption energy of the CT absorption band) ardlateng interactions between radical and

copper ion or between two radicals of one complex.

Oxidative spectroelectrochemical measurements (a6 #) in MeCN/BusNPF; using
(HNEt)[(pydicOPh)Cudd] and [(pydicOIPh)CuG] were carried out to determine whether

electrochemical oxidation generates phenoxyl rdsli¢gagure 8).

l

rel. absorption / a. u.

rel. absorption/ a. u
rel. absorption/ a. u

460 480 500 520
wavelength / nm

300 400 500 200 300 400 500

wavelength / nm wavelength / nm

Figure 8: Absorption spectra recorded upon oxidatspectroelectrochemistry (+1.5 V) of
(HNEt)[(pydicOPh)Cud{] (left) and [(pydicOIPh)CuG] (right) in MeCN/'BusNPFs solution

During the electrochemical oxidation of (HNH(pydicOPh)Cu(d] a decreasing intensity
for the ligand centred absorption band at 261 rmseigaed tatwTt* transition) is observed, while
the absorption bands at 306 nm and 462 nm vanisis. i not typical for the formation of
phenoxyl radicals but presumably indicates the ogusition of (HNE$)[(pydicOPh)Cud]
upon oxidation.

Oxidation of [(pydicOIPh)Cu(] leads to a new absorption band rising at 466while the
absorption maximum at 203 nmet* transition) is shifted to 226 nm. The band at 466 is
assigned to be a charge transfer betweehabd a partly stabilisedftho-1) phenoxyl radical
generated upon oxidation.
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2.1.6 Conclusions on the suitability of pydichlester complexes as GO model systems

The complexes [(pydicOIPh)Cufland (HNEg)[(pydicOPh)Cudd] both contain phenol
moieties, which generally might allow the formatigghenoxyl radicals. Electrochemical
investigations showed that the potentials of thd/Cu redox couple lie in the typical range,
while the ligand centred oxidation occurs at ratmgh potentials. The latter is not desirable for
GO mimicking activity. Furthermore, spectroelectremistry showed that oxidation of
(HNE)[(pydicOPh)CuCd] does not lead to a phenoxyl radical species, evbikidation of
[(pydicOIPh)CuC}] leads to a phenoxyl radical. Therefore (HYEpydicOPh)CuC{] is surely
not suitable as GO model complex, while the suitgbof [(pydicOIPh)CuC}] should be
examined in a catalytic test reaction (ChapteModification of the O,N,O pincer ligands might
improve their suitability, ligands which lack contipee donor functions (such as the carbonyl
oxygen) guarantee a coordination of the phenoxy phathe ligand. A promising alternative

would thus be the use of bis-phenoxyl pincer ligamndhich is described in the following.

2.2 Bis-phenoxido-pincer ligands and their copperamplexes

2.2.1 Introduction

The class of bis-phenoxido pincer ligands (Scheg)e2derived from the pydic-ester ligand
type (Chapter 2.1). In contrast to the latter treepgienoxido pincer ligands solely possess three

donor atoms (GhenorNpyridine=Opheno), SO @ copper-phenoxido coordination is guaranteed

Rz = Ry’
N
Ry OR RO R,
R=CH;  Ry,R,'RyR, =H LOMe,
Ry Ry = OMe, Ry Ry = H LOMe,
Rl,Rl' =H, R2'R2l ='pr LOMez'PI’
R=H RuR1R2R, = H LOH,
Rl= OMe, Rll = OH, R2'R2l =H LOMeOH3
Rl,Rl' =H, RZVRZI ='pr LOH2'Pr

Scheme 22: General structure of bis-phenoxido pilgands with various substituents
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The synthesis of 2,6-bis-(2-hydroxyphenyl)pyridifigand (LOH) from 2,6-bis-(2-
hydroxyphenyl)pyridine (LOMg has already been reportéif! Also a similar ligand system, the
asymmetric 2-(2-hydroxy-5-methylpheny1)-6-(2-hydypkenyl)pyridine (LOHMe), which was
synthesised via &rohnke pyridine synthesis is knowff®! Further substituted derivatives of
LOH, such as 2-(2-methoxynaphtyl)-6-(2-methoxyphenyijpge, 2,6-bis-(2-methoxynaphtyl)

pyridine and the hydroxy-derivatiVé¥! as well as fluorinated derivatives are kndfiH.

Complexes of the latter have not been described bydgt LOH, and LOHMe were used to
236]

synthesise copper complexes (Figur&9)

Figure 9: Molecular structure of [Cu(l0py)]'>*® (left), and [Cu(LQMe)(py)]'>*¥ (right); H
atoms omitted for clarity

Cu' complexes including the deprotonated LO&hd LOHMe are normally isolated as
multinuclear species, while mononuclear complexes abtained upon treating multinuclear
species with excess pyridine. This does not worany case as the formation of [(Cu(py)b
shows (Figure 93¢

Interestingly, the phenoxido-pincer ligands showsteongly distorted geometry upon
coordination to large transition metal ions. Thisdue to the small binding pocket provided by
these ligands. In the complex [(bBe(OH,)]'**"), where the small B&ion is located above the
O,N,O plane, the planar ligand offers a bindingkabovith O1'N1 and O2N1 = 2.62 A and
0102 = 2.59 A. This means that in a planar ligandngetoy the O donor atoms lie markedly
closer than the approximate length of an O-Cu-Qlibim motive (approximately 3.66 A as
inferred from the sum of covalence radii). As aufedoth phenoxido moieties are twisted upon

coordination to copper.
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The aim of the present study was to synthesise manear copper complexes with the
known phenoxido-pincer ligands (LQHnd LOMe) and with some new derivatives (LOMe
LOHsOMe, LOMe'Pr and LOHPr). The electrochemical and optical properties ewer
investigated with regard to the compound’s abiityform phenoxyl radicals of the resulting

complexes.

2.2.2 Synthesis and characterisation of the ligands

While the ligands 2,6-Bis(2-methoxyphenyl)pyridindLOMe;) and 2,6-Bis(2-
hydroxyphenyl)pyridine (LOB) have been described befér&*¢%%* the derivatives (LOMg
LOHs;OMe, LOMe'Pr and LOH'Pr) are new compounds. LOWeas synthesised viakumada
coupling reaction and was isolated as its MgBomplex. This is inferred from NMR
spectroscopy and elemental analysis. The free L{Mand was obtained by extraction of the
organic complex solution with an aqueous solutibargptand. Cheaper methods like acidifying
the dissolved magnesium complex, filtration ovdcaior treatment with crown ether remained
unsuccessful. LO¥OMe was obtained from LOMeby demethoxylation using an excess of
pyridinium hydrochloride. The reason for incompldemethoxylation in the presence of a huge
excess pyridinium hydrochloride is still uncleahelTremaining methoxy group was found to be
in meta position at the phenol core (non-coordinating)ngsappropriate NMR correlation
experiments (H,H-COSY, HMBC, HSQC and NOESY).

The ligand LOMePr was synthesised viaSuzukicoupling reaction in good yield (84%)
and high purity. Demethoxylation using an excesgyoidinium hydrochloride yielded the ligand
LOH,Pr (67%) in high purity. All ligands were fully ctecterised by NMR and elemental
analysis. Additionally LOMgand LOMg could be obtained as single crystals from acet®re.
ray diffraction resulted the structure of LOMgsolved in the monoclinic space groGp) and
LOMe; (solved in the chiral orthorhombic space grd®$a2:2,%*%). Figure 10 shows the two
molecular structures (for details of the crystalasweement and refinement see appendix). The
crystal structure of LOMehas already been reported in the monoclinic sgaoep la!**?
Although la is a non-standard but equivalent settingCof the molecular parameters in both
structures are not identical (Figure 10). Theverlap between the three ring planes is expected

to be crucial for the spectroscopic and electrogbainproperties of the free ligands and their
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metal complexes (Table 7).

Figure 10: Molecular structure of LOM@eft) and LOMgq (right), thermal ellipsoids represent
50% probability; H atoms were omitted for clarity

Table 7: Selected data of the molecular structafé©Me, and LOMe

dihedral angles LOH LOMe; LOMey

planeO1-planeN  ~28' 44.40(6) 35.39(9)

planeO2-planeN  ~38 51.75(8) 40.31(9)

planeO1-plane02 ~3¥ 78.92(8) 38.06(9)
[a] Averaged values from three independent moleciutam ref [232]

In the ligand LOMe both phenol rings are markedly tilted from thetcarpyridine ring. As
a result the two methoxy groups point into différémections one group lying above the pyridine
ring plane and the other one below. Thusttieverlap between the different ring planes in
LOMe; is negligible. In LOMg both tilt angles are smaller and both methoxy gsopoint in the
opposite direction of the binding pocket. One c# thethyl groups in 4-position is disordered
(2:3). The tilt angles of the LOHigand are the smallest found in this series &edwo hydroxy
groups point into the same direction. In summahghake ligands exhibit molecular structures
which result from steric interactions and do ngpresent the geometry presumed for their
tridentate coordination mode. In order to coorddnata bis-chelate manner they have to undergo
conformational changes by rotation of the phenybssituents. The corresponding rotation
energies are probably rather small, while on theerohand, the systems might gain energy from
more efficient Trdelocalisation in the all-planar conformation. Heower, from a study on

2331 jt is evident that one of the phenol

LOH,Me and its copper complex [Cu(LMe)(py)]
substituents is in a coplanar arrangement to tinéradepyridine core (supported by a O=N
hydrogen bond), while in the corresponding' @emplex all three rings are tilted toward each

other, due to the small cavity provided by the @Npnor atoms (the mentioned protons fit into
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the cavity). Thus an all-planar configuration canbe expected for the &wr Ni' complexes.
The geometry of LOMgPr and LOHPr is hardly predictable since tfiropyl group inpara
position is not expected to exhibit a strong stdratfect. In principle, both ligands can be twikte
similar to LOH, LOMe; or LOMe,.

2.2.3 Synthesis of the complexes

The synthesis of copper complexes containing phdooxpincer ligands is mainly
determined by the initial goal to generate monosarctcompounds. For LOHNd its derivatives
the formation of oligonuclear copper complexes withpper atoms bridged by negatively
charged oxido ligand functions (phenolates) wasnten?3%®! The already known strategy to
form mononuclear complexes by adding suitable higadike pyridine to multinuclear
complexe&®! turned out to be insufficiently controllable: dteethe unknown nuclearity of the
starting materials (stoichiometry) the reactionidéel by-products as [Cu(p@l.], which could
be crystallised from the reaction mixture. Therefarore reliable strategies for the synthesis of
mononuclear complexes had to be applied. The lgandre used in their protonated or
methoxylated state, which prohibits the formatidroligonuclear species through oxido ligand
bridging. Nevertheless the complex forming readiovith CuC} in methanol yielded brown
compounds, indicating the formation of binucleamptexes (or compounds with even higher
nuclearity). Multinuclear compounds have been deedrto exhibit a brownish colour, while
mononuclear derivatives are grdehl Most likely the obtained compounds are binuclear
chlorido bridged complexes: [(LOMEUCh],, [(LOH2)CuChl,, [(LOMey)CuCh],,
[(LOMe,Pr)CuC}], and [(LOH'Pr)CuCh,. This assumption could be verified by EPR
spectroscopy (see below). The copper atoms in théeseric products are assumed to be
octahedrally coordinated, bridged by two of theodido ligands (Scheme 23). The solids can be
dissolved in DMF resulting reliably in octahedrallgonfigured mononuclear species
[(O,N,O)CuCh(DMF)] (Scheme 23) as indicated by their absorptispectra and EPR
spectroscopy (see below). In other donating sotvemich as MeCN, DMF or DMSO the
cleavage of the chlorido bridge can also be obskfsee below).

41



Katharina Butsch 2. O,N,O Pincer Complexes
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Scheme 23: Proposed structure for the binuclearptaxas [(O,N,0)CuG], and monomers
obtained in DMF solution

But the mononuclear species obtained in MeCN swiutapidly disproportionate (Eq. 7).
This is in line with recent reports on related citlo bridged copper complexX&s’ and with the
previously reported pentacoordinated compleBfR’'pydimH,)CuCl] (RR’pydimH, = oxido
pincer ligands based on 2,6-bis(hydroxymethyl) ¢tiie) 8!

2 [(O,N,0)CuCl] S [(O,N,0pCul** + [CuCk]* Eq. 7

An alternative synthesis is to perform ligand exde reactions in MeCN starting from
[Cu(MeCN)](TFA), (TFA = trifluoroacetic acid) as precursor. In tteese of LOMe no reaction
took place, while for LOMgthe complex [(LOMgCu(TFA),] was obtained as a light green
solid. Additionally the complexes [(LOJOMe)Cu(TFA)] and [(LOMQiPr)Cu(TFA)g] were
obtained, while the reaction of LQ!Rr and [Cu(MeCN)J(TFA), (in 1:1 stoichiometry) yielded
[(LOH'Pr)Cu] in some way. The pincer ligand in [(L¥EuCL], is completely protonated, but
can easily be deprotonated in methanol solutiormdding an excess of K®Bu or NEt. The
deprotonated species [(LOH)CuCl] precipitates imiaietly and can be isolated by filtration.

In addition to Cli complexes, which were the main focus of this stsdyne Ni derivatives
were synthesised for comparison of the coordinaieometry (detectable by UV/is/NIR-,
NMR- or EPR spectroscopy) and electrochemistryh@igotentials for the metal centred redox
processes). The nickel compounds were synthesised) ligand exchange reactions starting
from [(PPh).NiBry]. The obtained dimeric compounds [(LONNIBr;],, [(LOH2)NIBry],,
[(LOMe4)NiBr2]2, [(LOMe; Pr)NiBrs], and [(LOH'Pr)NiBr:], were rapidly formed in methanol.
Obtained yields are low when using LQH OMe, and LOMgq (45-79%). This is due to the
formation of triphenylphosphane oxide (detectabje NMR spectroscopy) which had to be

removed by repeated washing using non-polar sadveSbmehow this side reaction was
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observed in negligible amounts for LOM& and LOHPr and as a result the vyields of
[(LOMe,'Pr)NiBr,], and [(LOH'Pr)NiBr,], were good (74% and 93%).

2.2.4 NMR spectroscopy

Due to their paramagnetism, no NMR spectra couldhiained for the Cucomplexes. Ni
compounds are not necessarily diamagnetic, if themmetry is square planar or distorted
octahedral they are suitable for NMR analyses, eM@itranedral complexes are paramagnetic and
NMR spectroscopy is strongly hampered. Due to thallsbinding pocket of the bis-phenoxido
pincer ligands the nickel complexes need to bengtyodistorted. For some binuclear complexes
[(O,N,0)NiBr;],, *H NMR spectra were obtained and can be comparespéotra of the free
ligands.®®*C NMR spectra were recorded for the free liganddenlow solubility of the nickel

complexes did not allow such measurements.

Table 8: SelectetH NMR data for the free ligands and their 'Mand NI' complexe¥’

compound Py Py35 Ph6 Ph4 Ph5 Ph3 OMe/OH
LOMe; 784 784 797 739 7.15 7.07 3.92
[(LOMe)NiBr3]2 852 830 804 759 735 7.22 4.10
LOH, 800 772 769 735 7.05 7.00 9.88
[(LOH)NIBr3], 800 800 786 7.32 7.00 7.00 11.67
LOMe, 769 778 8.01 - 6.68 6.68 3.91/3.87
[((LOMe,)MgBr3] 863 829 6.87 - 6.93 8.01 4.19/3.98
[(LOMey)NIBr3]2 894 855 7.00 - 7.04 8.18 4.40/4.05
LOMe, Pr 773 773 773 7.25 - 6.98 3.86
[(LOMe,'Pr)NiBr,] ;! - - - - ] - i
LOH,'Pr 803 803 775 721 - 6.98 -
[(LOH,'Pr)NiBr;]; 854 825 789 7.25 - 6.91 -

[a] Chemical shift)in ppm, measured in gPacetone
[b] The Ni' coordination the compound is paramagnetic and NidiRelation experiments could
not be performedH signals arey= 14.65; 9.44; 8.15; 7.93; 7.41; 3.88; 3.56; Jppih.

From Table 8 it is evident that thid signals of the ligands show remarkable low fighifts

upon coordination. Especially the shift differenoéshe pyridine ring protons indicate the metal
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ion coordination, while the shift differences ofgpiol ring protons are not so huge. The observed
shift differences of the methoxy and hydroxy prosignals indicate that both oxido donors are
coordinated in any case. The spectra were foutha tanchanged after days, proving the stability
of the formed complexes in acetone solution.

[(LOH2)NIBr;], shows proton signals for two OH protons, revealthgt the complex
formation is not inducing a deprotonation of themnated OH groups. However tldevalue
has shifted from 9.88 to 11.67 ppm indicating tha&t protons are far more acidic. For the ligand
LOH,Pr and its nickel complex no hydroxy proton wasnibin the NMR spectra, in line with
the expected increased acidity of this proton &alyewithout metal ion coordination). At least,
for the nickel complex of LOMPr no interpretable NMR spectrum was recorded'Hasignals
are strongly broadened and correlation experimenéssign the signals could not be performed.
This is clearly due to paramagnetism, which coutldege be caused by a strong distortion of this
complex, or by paramagnetic “impurities” such asmanonuclear penta-coordinated complex
species.

2.2.5 EPR spectroscopy

EPR spectra of all copper compounds were measaredlid state and in DMF solutions at
298 K and at 110 K (DMF was glassy frozen undes tlanditions), data are listed in Table 9.
The free ligands and most nickel complexes werendoto be diamagnetic, but also the
paramagnetic nickel complex [(LOMBr)NiBrs], did not show an EPR signal under the
conditions described above. All obsengdalues lie in the range expected for' @omplexes,
while a close look reveals decent differences & glgnal symmetry and subtle variationsgin
values andy anisotropy Ag). The signal form of Cliis a direct hint to the complex geoméefiy!

The binuclear complexes [(O,N,O)Cufzl from the preparation in methanol exhibit ill-
resolved axial spectra (no hyperfine splitting) aadindication of a half-field signal (Figure 11).
Such spectra are typical for chloride bridged blearc species with octahedral configuration
(OD),2*522% or square pyramidal geometry (88)?*Y indicating a marginal influence of the

sixth ligand!?°!
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Table 9: X-band EPR data of the phenoxido-pincepeo complexéd

Compound Qav gy o Ajcu Ag symmetry S?I_l\fﬁ? v
[(LOH,)CuCh], 2178 2327 2.104 - 0223 oD solid / 298
[(LOMe,)CuChl, 2170 2230 2.140 - 0.090 oD solid / 298
[(LOMe,)CuCl], 2.158 2.333 2.070 - 0.263 oD solid / 298
[(LOMe, Pr)CuCHl, 2140 2254 2.083 - 0.171 oD solid / 298
[(LOH,'Pr)CuCl), 2.124 2.220 2.076 - 0.145 oD solid / 298
[(LOH)CuCI], 2.181 2.346 2.099 - 0.351 oD solid/ 110
[(LOH,)CuCL(DMF)]  2.164 2331 2081 139G 0250 OEorSP  DMHOQ
[(LOMe,)CUuCL(DMF)]  2.166 2.336 2.081 129G 0255 OEorSP  DMEO
[(LOMe)CUCKL(DMF)]  2.163 2.296 2.097 123G 0199 OEorSP  DMHOQ
[(LOH)CuCI(DMF),] 2.156 2.313 2.078 170 G 0.235 OE or SP DMF /110
[(LOMe,)Cu(TFA)] 2146 2326 2056 165G 0270 OEorSP  solidy 11
[(LOH:OMe)Cu(TFA)] 2121 2229  2.067 - 0162 OEorSP  solid/ 110
[(LOMe,'Pr)Cu(TFA)] 2.152 2.315 2.070 - 0.245 OE or SP solid / 298
Compound av 0 9 0 49 symmetr{! S_OI_I\[IET i
[(LOHPr,Cu] 2176 2323 2153  2.053 0270 OM solid / 298
[(LOH'Pr,Cu] 2097 2110 2097 2084  0.026 oM DMF / 298

[a] 0.y = averaged value = @ + 291)/3; 49 = g~ 9o
[b] Symmetry assignment based on EPR spectroscepy {ext), OD = octahedral dimeric, OE = octahedral
elongated, SP = square pyramidal; OM = octahedoalameric

9
Al

400 G

Figure 11: X-band EPR spectra of [(LON@uUCL], (left, solid line), [(LOH)CuUChL], (left,
dashed line) and [(LOMgCu(TFA)] measured in solid state at 298 K

9, i

200G g,

9, 9,

Figure 12: X-band EPR spectra of [(L{F),Cu] in the solid state (left) and dissolved in DMF
(right), spectra measured at 298 K
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The species observed in (glassy frozen) DMF saistall exhibit axial spectra with coupling
constants 4c,) about 140 G for thg; component, which are typical for square-basedmigtal
(SP), tetragonally elongated octahedral (OE) bso atigonal bipyramidally (TBP) configured
CUu' complexed??®2412%4lowever, the three cases can be winnowed by gheitue range. TBP
compounds usually havg, values around 2.0 ang; around 2.2, while for the other two
configurationsg > go with g5 > 2.04 can be expectga?] Following this classification the
complexes [(O,N,O)Cu@DMF)] are mononuclear octahedral or square pyramedmplexes
(Scheme 23). Thg anisotropy 4g) is quite similar for all complexes.

The complex [(LOH)CuC}] exhibits a spectrum which is very similar to thadehe p-Cl
bridged complexes. Thus the presence of a dimireiisolid state can be concluded. This implies
that the deprotonated oxido function bridges twppsy ions. In DMF solution this complex is
mononuclear as inferred from the EPR spectrum. Wewet cannot be determined if this species
contains one or two DMF ligands, since their presan axial position will not have significant
influence (assuming a square planar arrangemehedd,N,O and the CI coligand).

For the solid complex [(LOMgCu(TFA),] an axial spectrum (Figure 11) was found, which
is very similar to those of the mononuclear comptegontaining chlorido ligands, hence they are
assumed to have similar geometries, while a hyperfistructure as found for
[(LOMe4)Cu(TFA),] was not observed for [(LOM®r)Cu(TFA)] and [(LOH;OMe)Cu(TFA)Y].
The complex [(LOFPr),CU] is the only compound that exhibits rhombic sge¢Figure 12); in
DMF solution the signal is highly symmetriga{=02), thus it might be considered to be
isotropic. The complex is clearly octahedrally ¢gafed and due to the shape of the O,N,O
binding pocket, the geometry is assumed to be glyordistorted. The complexes
[(LOH,'Pr)CuC}], and [(LOMe'Pr)CuCh], measured in DMF contain more than one copper
species. The spectra show strong half field sigaatsin case of [(LOFPr)CuCh], the signal
seems to contain that observed for [(LOBLCU]. This points to a coordinative disproportion of
the complex following Eq. 8.

2 [(LOR,Pr)CuC}] & [(LOR,'Pr),Cu][CuCL] Eq. 8

Similar reactions were previously observed for giyre dimethanol pincer complexes and in

case of Cli species it was found that these reactions maitMg place if the complexes are well

soluble!®! This explains, why disproportion is exclusivelysebved for this two bis-phenoxido

pincer complexes. Th&°propyl residues obviously lead to an increase garid and complex
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solubility.

2.2.6 Electrochemical measurements

Cyclic voltammetry performed on the copper dicldoricomplexes was carried out using
DMF as solvent anBu;NPFs as electrolyte. Representative plots are showfignre 13 and
data are summarised in Table 10. Solely the conmgpd@bOMe;)Cu(MeCN)](TFA)Y was
measured in MeCN to ensure comparability to moghefliterature work on related GO model
compounds. The nickel complexes were includediggtudy for comparison, but they had to be
measured in THF solution since they are not staboMeCN or DMF. The assignment of redox

processes is based on the assumption thataNd CU might exhibit similar ligand centred

oxidation or reductions, while the metal based tedebemistry differs largely (Cumight be
1l

easily reduced (CUCU couple), whereas for Nioxidation (NI'/Ni") should be observed at

comparable low potentials).

2 uA
10 pA

1.0 0.5 0.0 0.5 0.9 06 03 0.0 0.3 0.6
E (V) vs FeCp,/FeCp,’ E(V) vs. FeCp,/FeCp,” E (V) vs. FeCp,/FeCp,’

Figure 13: Cyclic voltammogramms of [(LOMEUCL(DMF)] (left), [(LOMe, Pr)CuCh(DMF)]
(middle) and [(LOH)CuCk(DMF)] (right) measured in DMPFBUs;NPFs at 298 K with 100 mV/s
scan rate; * marks an oxidation wave correspontbrte deprotonated species

The copper complexes show reversible reductionpoé¢ntials around 0V, while the
corresponding Ni complexes are irreversibly oxidised at around 0.4The (irreversible)
ligand centred oxidation is strongly depending lo@ $ubstitution pattern at the phenolate cores.
For unsubstituted ligands the potentials of theHOHOPh] redox couple are quite similar, lying
around 0.7-1.0V (Table 10). The complex [(LOHEIWMF),;] which contains the
deprotonated LOHligand, shows a far lower ligand oxidation potahtiThe [OPh]/[OPh]
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redox couple of LOKPr and its copper complexes show irreversible diidaat potentials
around 0.3-0.7V, in contrast LOMRr and its complexes exhibit reversible ligand weht
oxidation at markedly lower oxidation potenti&l,(= 0.54 V and 0.36 V).

Table 10: Electrochemical data of free oxido-piragands and their Cuand NI' complexe¥!

Ligands Epaox/ligand  E, Cu/Cu'  solvent
LOH> 0.93 - DMF
LOMe; 0.80 - DMF
LOMey 0.98 - DMF
LOHsOMe 0.76 - DMF
LOMez'Pr 0.54 - DMF
LOH,'Pr 0.63 - DMF
Cu chlorido complexes Ey,ox/ligand  E, Cu/Cu'  solvent
LOH, 1.01 -0.11 DMF
LOH™ 0.28 -0.03 DMF
LOMe, 0.90 -0.04 DMF
LOMey 0.72 -0.01 DMF
LOMe,'Pr 0.54 -0.01 DMF
LOH,'Pr 0.78 -0.03 DMF
Cu TFA complexes EpaOx/ligand  E, CU/CU'  solvent
LOMey 1.54 0.21 MeCN
LOH3;OMe 0.35 (245] MeCN
LOMe,Pr 0.36" -0.09 DMF
[(LOHPr,CU] 0.35 ~0.09  DMF
Ni complexed? Epaox/ligand  Ep Ni'/Ni"  solvent
LOH> 0.82 0.41 THF
LOMe, >1.04 0.56 THF
LOMey 0.96 0.52 THF
LOMez'Pr 0.78 0.53 THF
LOH,'Pr 0.94 0.60 THF

[a] From cyclic voltammetry in solveABu;NPF; solutions; potentials in V vs. FegpeCp"
[b] Redox waves are reversible, potentialsEasevalues
[c] Assumed to be dimeric in THF solution

Irreversible reduction waves were observed on chithgcans, which were assigned to ligand
centred processes. The complex [(LYEUCKL(DMF)] shows waves corresponding to the
deprotonated complex [(LOH)CuCIl(DM#fat its reversed scan after reduction, which goiota
deprotonation of the complex upon reduction. ThEsvery uncommon, since deprotonation

normally occurs after oxidation to remove the reésglpositive charge, while reduction normally
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is balanced by protonation.

2.2.7 Absorption spectroscopy and spectroelectrochegcal measurement

The complexes [(O,N,O0)CugDMF)] show typical weak ligand field (d-d) trarisis
around 1000 nm&(< 100 Lmof'cni™) indicative for a Jahn-Teller distorted squareapyidal or
octahedral complé¥® (Figure 14 and Table 11). The energy of the ligheld absorptions for
the Cu-OMe containing compounds lies at somewhat lowerggn¢9116 cm’; 9681 cm®;
10277 cm?) compared to the G®H containing derivatives (10764 ¢m 10917 cm’). This
reflects the weaker ligand field imposed by thetlmagy donor functions compared to hydroxy
donor functions. The ligands exhibit strong abdorpbands in the UV range of the spectrum.
The two absorption bands discernible at around &% 310 nm are assigned to ligand centred
T-Tt* transitions and do not shift markedly upon cooadion (Table 11).

An obstacle for analysing the dissolved copper dergs is complex disproportionation,
which depends on the solvent’s polarity and is su@a by MeCN (Eqg. 8}% Detection and
quantification of this side reaction is carried dyt examination of [CuGJ*~ which exhibits
typical absorption bands (in MeCN a charge tranabsorption band is observed at 462f.
Time dependent measurements of [(LPEUCL], dissolved in MeCN show an absorption band
at 462 nm, which, starting from an intensity of@& u., in one hour increases to an intensity of
2.09 a. u.; the formation of [Cufff” in MeCN is faster (logK = 3.7) than in water (logK
0.01}**"). In DMF solution an absorption band at 438 nmrisspnt for all complexes thus it is
expected to be originated by [CYET in DMF solution. In the case of [(LOH)Cugit's starting
intensity is 0.17 a. u., 0.19 a. u. after one hand after 16 h the band has an intensity of
0.40 a. u. indicating a slow formation of [CYET.

For [(LOMe&,)CuCl], the disproportionation product is also detectabld, in contrast to
[(LOH2)CuCl), the corresponding absorption band decreases daringour from 2.08 a. @
0.80 a. u. in MeCN solution and from 0.85 a. Wb a. u. in DMF. Therefore DMF seems to be
the best solvent for absorption spectroscopy. Theell wsoluble complexes
[(LOMeziPr)Cqu(DMF)] and [(LOHziPr)Cqu(DMF)] exhibit strong absorption in the range of

438 nm in DMF solution, which is assigned to [C4€l This indicates coordinative
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disproportionation of the complexes and is in kmiéh findings of EPR spectroscopy. Table 11

gives an overview of the essential absorption bafidse copper and nickel compounds.

Table 11: Absorption maxima for free ligands and @nd NI' complexe¥!

A1/ nm Ao/ nm A3/ nm
compound (e/ Lmol'em™)  (&/ Lmorem™) (¢/ Lmolem™)
LOMe, 316 (10000) - -

LOH, 318 (10300) . ;

LOMes 316 (10010) 371 (3610) i

LOMe,'Pr 306 (2696) - -

LOH,Pr 322 (1797) . ;
[(LOMe,)CUCL(DMF)] 304 (9) 375 (740) 1097 (86)
[(LOMe))CUCL(DMF)] 312 (14860) 369 (2320) 1033 (100)
[(LOMe,Pr)CUCKDMF)] 316 (7832) 433 (630) 966 (127)
[(LOH,)CUCL(DMF)] 316 (-) i 929 (66)
[(LOH,Pr)CUCKDMF)] 327 (10836) 436 (550), 480 (364) 916 (67)
[(LOMe)NiBr], 328 (5351) 612sh (123), 643 (131) 714 (88)
[(LOH)NIBr3], 350 (10892) 617sh (160), 648 (185) 720 (92)
[(LOMe,)NIBr4], 378 (12056) 627 (55) 673sh (49)
[(LOMe, Pr)NIBr,]; 362 (6107) 637 (245) 673sh (229)
[(LOH,'PrNiBr]» 336 (10003) 612sh (119), 640 (134) 676 (123)

[a] Free ligands and copper complexes measured/ii &nd nickel complexes measured in THF

Depending on the solvent’s donor strength the tesuimononuclear complexes showed
different absorption spectra (Figure 14). The shifthe d-d absorption band proves that solvent
molecules are incorporated as ligands and the gradrthe absorption bands in Table 12 reflect
NBtMeCN >DMF in the assumed

the expected ligand

[(LOH,)CuCh(solv)].

strength  of species

Table 12: Long-wavelength absorption of [(L&BuClL], in various solvents

solvent Al nm g/ Lmol*em™
NEt; 810 204
MeCN 909 44
DMF 941 67
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— [(LOH,)CuCl.(DMF)]
200- — [(LOMe,)CuCI,(DMF)]
[(LOMe,)CuCL(DMF)]
150- — [(LOH,Pr)CuCI(DMF)]

~— [(LOMe, Pr)CuCl,(DMF)]
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Figure 14: NIR-absorption spectra of [(O,N,O)CgDMF)] complexes

Absorption properties of the nickel complexes wsitgdied in THF solution. As shown in
Figure 15, the absorption maxima assigned to ch@megesfer and d-d transition in the range of

400 to 700 nm are very similar and in line with abedral complex geometry. However, the
intensity of the absorption bands varies strongly.

— [(LOH,)NiBr],
400 — [(LOMe)NiBr,],
[(LOMe)NiBr ],
[(LOMe, Pr)NiBr],
[(LOH,Pr)NIBr,],

200 e
y \
//

&/ Lmol*cm™

500 600 700 800
wavelength / nm

Figure 15: Vis-absorption of the [(O,N,O)Nipr complexes measured in THF solution

The LOH ligand had already been analysed regarding ithlzase properties. This has been

done using absorption spectroscopy of the differgl®)protonated species combined with
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calculationd?®¥! From this study it is already know that an abdorpband at 318 nm belongs to
the fully protonated LOLlligand (the absorption is assignedrtart* transition). An absorption
maximum at 349 nm indicates the singly deprotonatgdnd LOH,, while an absorption band at
408 nm denotes the completely deprotonated” Liand. The absorption spectrum of the
complex [(LOR)CuUCkL(DMF)] thus confirms that the ligand remains prated upon
coordination.

The first spectroelectrochemical experiments (usarg optical transparent thin-layer
electrode “OTTLE” cell) were devoted to the questib the ligands tolerate the change in
oxidation state of the copper atom from'Ga CU. From these experiments it is obvious that the
ligand centred absorption bands slightly decreasitensity (10 to 30%). While the complex
[(LOH)CuCI(DMF),] (containing a singly deprotonated ligand) exlsibia shift of the
corresponding long-wavelength absorption to lowesrgy (from 343 nm to 358 nm), the other
complexes do not show a significant shift of thegavavelength absorption bands (Table 13 and

Figure 16).

Table 13: Data of absorption-titration experimeants spectroelectrochemical measurem@nts

titration Alnm equivalents

with CuCl, 278, 318, 439 0-5

with CuCh ("BusN as bast 278, 36! 0-3

spectroelectrochemistry oxidation parentICu  CU'-Cu reduction
[(LOH'Pr),Cu] 254, 32! 254, 284, 36 254, 36: -
[(LOH)CuCI(DMF),] 278, 322, 410¢ 278, 34 277,35¢ 278, 351sh, 4(
[(LOH2)CuClL(DMF)] 278,316,43  278,316,43" 278,31t 278, 310, 429
[(LOH,'Pr)CuC,(DMF)] 286, 376, 447< 253, 32 253, 32 -
[(LOMe,)CuChL(DMF)] 258, 324, 342¢ 258, 30 258, 30! -
[(LOMe,;)CuClL(DMF)] 264, 321, 37 264, 31. 264, 31 -
[(LOMe,Pr)CuC,(DMF)] 253, 296,34 253309, 43" 253, 31( -
[(LOMe, Pr)Cu(TFA] 253, 34: 253, 30! 253, 30! -

[a] Measured in DMF, all absorption bands in nm
[b] Assigned to [CuG]*
[c] Further reduction leads to absorption band&7&nm, 350sh nm, 408 nm and 353 nm
It can be conclude that coordination is retainednugeduction to Cuand the ligand easily
follows the subsequent change of the coordinateongetry, the latter might be simplified by a

strong distorted complex geometry.
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Figure 16: Absorption spectra of [(LOMEUCL(DMF)] (left) and [(LOH)CuCI(DMF)] (right)
measured upon electrochemical reduction' (@uCd) in DMF/"Bu;NPF; at 298 K

The ligand centred oxidation of the complexes cedureversibly as shown by cyclic
voltammetry. Nevertheless the spectroscopic regpammon oxidation was studied. For all
complexes a long-wavelength absorption band lymthe range of 325 - 440 nm increases, the
precise absorption wavelength depends on the ligamastitution (Figure 17). The new
absorption band can be assigned to the phenoxytatagpecie$*® Interestingly, these
absorption bands are shifted bathochromic withne¢ia the long-wavelength absorption bands
of the parent species. Only [(LOH)CuCI(DMF)and [(LOHPr),Cu], which contain partly
deprotonated ligands, show a phenoxyl radical ehargnsfer, which is shifted hypsochromic.
Absorption bands in the range of 400 to 600 nm gtaibe observed for the radical complexes.
Comparison of the oxidation behaviour of [(LOME)CuCLDMF)] and [(LOMe'Pr)Cu(TFA)]
proves that phenoxyl radical generation during tedebemical oxidation (indicated by the

accessory absorption band) is not influenced byttigand of the complexes.

o

rel. absorption / a.u.

rel. absorption / a. u.

300 350 400 450
wavelength / nm wavelength / nm

Figure 17: Absorption spectra recorded upon elebgmical oxidation (+1.0 V) of
[(LOH)CuUCI(DMF),] (left) and [(LOMe&'Pr)CuCh(DMF)] (right) in DMF/"BusNPF; solution
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Additionally some titration experiments were cadrieut to investigate the acid base
properties of the metal complexes (Figure 18, [&/°%0.3 mL"BusN (1.3 mmol) were added
to 3 mL of a LOH solution (0.6 mmol). Since no spectral changesewaserved it can be
concluded that the free ligand is not deprotonaieder these conditions. To this mixture small
portions (10 pL) of CuGlin DMF were added. The corresponding absorptiecsa showed a
decreasing absorption at 318 nm (correspondindpe@oligand LOH), while a new absorption
band at 360 nm appeared (Figure 18, left). Fromsgietral fingerprint the proceeding reaction
can be assign to be the deprotonation of the coateli ligand (formation of LOBL Further
addition of base did not change the recorded spetttus a fully deprotonated complex species,
containing LG~ is not accessible usifusN (pKa= 10.9). Titration of the ligand LOHunder
the same conditions without base leads to the foomaf [(LOH,)CuChk(DMF)], as indicated by

comparison of the resulting spectrum with thathef tsolated complex (Table 13).

rel. absorption / a.u.

300 350 400 450 500 550

rel. absorption / a.u.
rel. absorption / a.u.

wavelength / nm

A
T T T T T T T T T 1
300 400 500 300 400 500 600 700 800 900
wavelength / nm wavelength / nm

Figure 18: Absorption spectra recorded upon tarabf a LOH/NBu; solution with CuCl in
DMF (left); spectroelectrochemical reduction (-2/y of [(LOH2)CuCL(DMF)] (right), inset
shows reduction at —2.9 V presumably leading t®)CuCIf~ in DMF/"BusNPF; solution

Since a deprotonation upon reduction is a very onmson process (nevertheless this has to
be inferred by the CV experiments) optical spedtéeochemistry of the reduction processes of
[(LOH2)CuCL(DMF)] and [(LOH)CuCI(DMF)] was performed. Under reducing conditions
(-2.7 V) the absorption band of the complex [(LAPELICKL(DMF)] at 318 nm vanishes while a
new absorption band appears at 425 nm (Figureidi®).r Further reduction (-3.0 V) finally led
to a strong absorption band at 408 nm, which isquivecally indicative for the doubly
deprotonated ligand. The origin of the absorpticaximum at 425 nm remains unclear. When
studying the complex containing the deprotonateghnd [(LOH)CuCI(DMF)] only the

absorption band at 408 nm evolved immediately umdductive electrolysis. A coupling of
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deprotonation and reduction of [(LQCUCL(DMF)] is further supported by the reductive
spectroelectrochemistry  of the complexes with meflated ligands (e.g.
[(LOMe,)CuCh(DMF)] and [(LOM&)CuChk(DMF)]). A general overview of titration

experiments and spectroelectrochemical measurensgotssented in Table 13.

To quantify the acidity of the complex [(LQMCuCL(DMF)] and with it the basicity of the
deprotonated system, pH titration experiments weaeried out. These experiments were
performed in methanol since the complex systenoistable in water or the alternative medium
DMSO/H,0O. HoweverpK, values obtained in methanol should be handledudrsince the pH
scale is solvent depending and does not alterrln&&” The pH titration in methanol gave a
pKa(1) value of 3.70 for the first deprotonation si@yg. 9). In comparison to theK, value
obtained for the free ligand (105! the acidity of the ligand has increased by a facfa@bout
10" by coordination to Cl A second deprotonation could not be induced ukiddi as a base
reflecting that the pH scale in water and methaarel not well comparable. Furthermore this
shows that the fully deprotonated complex specés e considered to be a very strong base.

The correspondingKa(2) value of the free ligand has been determineabtmut 143!

[(LOH,)CUCL(DMF)] + OH™ S [(LOH)CUCI(DMF),] + H,O + CI Eq. 9a
[(LOH)CUCI(DMF),] + OH™ S [(LO2)CUCI(DMF),]” + H,0 Eq. 9b

2.2.8 Luminescence properties

The ligands geometry (e.g. coplanarity of the anmnengs) is assumed to be largely
influenced by the coordinating metal as well as dapstitution of the phenol core. These
influence was established by emission spectroscopMF solution. The ligand LOMgand its
complexes indeed show blue luminescence upon atiadiinto the long-wavelength absorption
band ger* transition), while unfortunately for LOHor LOMe, ligands and their complexes no
emission could be observed at 298 K in DMF soluti@amparable emission has been reported
for the Zi' complex [(LOM(pYy)sZny] in the solid stat&*® The corresponding emission for the
ligands LOH and LOMe and their complexes is assumed to be quenchedVii Bolution

(radiation less decay). The emission maxima (arodind nm) and the Stokes shifts (around
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5400 cm*) are more or less the same for all compounds,enthi¢ intensities of the emissions
and the quantum yields vary markedly (Table 14 kigdire 19). The emissions can be assigned
to evolve from &mTt excited state. The quantum yield for the magnesiompound is higher
than for the nickel and copper derivative, probatdflecting that the ion fits better into the
narrow binding pocket of the ligand (see discussinrthe molecular structures) thus providing a

rigid system (bettepthan the free ligand).
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Figure 19: left: Absorption (solid line), excitatiodem = 464 nm, dotted line) and emission
spectra fexc = 390 nm, dashed line) of [(LOM@IgBr,] in DMF solution at 298 K; right:
Absorption (solid line), excitation A{m= 475 nm, dotted line) and emission spectra
(Aexc= 390 nm, dashed line) of [(LOMCuCL(DMF)] in DMF solution at 298 K

Table 14: Absorption, excitation and emission adthOMe, and its metal complexes

em Stokes
compound abs. Apa® EXC. Ay ) g shift/ P!
Amax Cm—l
LOMe, 270 (21260); 2Ssr 361; 392 46€ 5137 0.2110°
(16150); 307sh (17110);
313 (18160); 367 (1110)
[(LOMe,)MgBr,] 316 (1530);371 (550 344sh; 40: 464 544¢ 357107
[(LOMe)NIBr,(DMF)] 318 (6600)372 3860)  307st; 380st 467 546¢  0.1210°
395
[(LOMe,)CUCL(DMF)] 316 (14820):371sh 346; 40¢ 475 5901  0.5310°

(2290); 439sh (330)

[a] Absorption, excitation and emission maxima in nmtinetion coefficientse in Lmolcm™ as
measured in DMF solution

[b] Excitation spectra obtained for the maximum &siun wavelength

[c] Maximum emission recorded with excitationdat. = 390 nm

[d] Quantum yield
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2.2.9 Conclusions on the suitability of bis-phenodb pincer complexes as GO model systems

The O,N,O-phenoxido-pincer systems posses a fiexigand scaffold and various residues
can be introduced to the phenol cores. The substituinfluence different parameters of the free
ligands and complexes. An important aspect is thebdity, which can be increased by using
substituents such &8propyl groups. Increasing solubility, although desifor homogeneous
catalysts, in this case leads to a side reactienso called coordinative disproportionation. The
primarily formed complex systems are binucleardart be transferred reliably into mononuclear
complexes by dissolving in DMF.

Furthermore, the different substituents influenbe telectrochemical properties of the
complexes. The potentials of the [OPHDPh] redox couples and the reversibility of the
corresponding oxidation processes vary markedle ligand centred oxidation of unsubstituted
or metasubstituted complexes processes mainly irreverséden at high scan rates. This largely
limits comparison of different measurements buticatks that the formed radicals are highly
reactive. Ligands and complexes containpega-*’propyl residues at the phenoxido moieties
show reversible oxidation processes. Although thtentials of the [OPR]/[OPh] redox couple
in corresponding complexes are far higher than@®&yr]"*/[OTyr] redox couple found in GO
(0.01 V), the bis-phenoxido-pincer complexes seitide well among other known GO model
systems. For salen type complexes a potential rémgéhe ligand oxidation of 0.83% to
0.08 \W372%3lj5 observed, potentials for TACN-containing comete lie between 0.44%72 and
-0.10 V**¥ while tripodal complexes show potentials with > 0.80 V and-0.16 V!**°)

The potentials for the reversible copper reductérall phenoxido-pincer complexes are
quite similar but higher than the BGU potential found in wild type GO-0.24 V). This shows
that the Clistate is more favoured for the phenoxido-pincengiexes.

The ligands LOH, LOH:OMe and LOHPr as well as their complexes exhibit acid base
properties, which seem to be coupled to reductieet®chemistry. Hence copper complexes of
bis-phenoxido pincer ligands might be able to actrdernal bases in alcohol oxidation. The
physical properties of some phenoxido pincer cowgde are promising although the
corresponding phenoxyl radical species are nolyffstabilised. Quantification of the catalytic

abilities has to be made under reaction conditiortsitalytic test reactions (Chapter 7).
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3.0 Radicals delocalised in aromatic systems

3.1 Introduction

As outlined in Chapter 2, substituents in varyingsipons of the phenoxyl ligand
influence the stability of the formed radicals. &ten donating substituents generally
stabilise phenoxyl radicals, while withdrawing stifoents are destabilising if they are not
located inipso-position, the position of highest electron den&ft} Alternatively, radicals
can be delocalised in extended aromatic systems. dlko leads to high stability of the
generated radical®*2*® Aromatic delocalisation seems to reduce the radeactivity by
“diluting” the amount of spin density per atétf! Some aromatic systems which have been
successfully applied for phenoxyl radical stabtliiza are the phenalene syst&m?*d
phenoxazine systems and derivati7e8, flavenoides?®” fluorenyl system&®¥ or quinoide
system¥2262

In this thesis, three aromatic scaffolds (each isting of three anellated six-membered
rings) were chosen to investigate the influencarofmatic radical stabilisation on Galactose
Oxidase (GO) like phenoxyl radicals (Scheme 24hy8roxyphenalenone, a phenalene
derivative (cf. 3.2), benzo-[h]-quinoline-10-ol ataro-phenanthrene (cf. 3.3) and 4-alkoxy-9-
chloro acridine, a hetero aromatic anthracen anao(gf. 3.4).

Scheme 24: Aromatic phenoxy type ligands used is dtudy 9-hydroxyphenalenone (left),
benzo-[h]-quinoline-10-ol (middle) and 4-alkoxy-Blaro acridine (right)

3.2 9-Hydroxyphenalenone (opoH) ligand and complege

3.2.1 Introduction

9-Hydroxyphenalenone (opoH) (Scheme 24, left) west Synthesised by Koelsaobt

al.”® It is a very interesting system for studying protmutomeristi®¥! and tunnelling
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effect®®®. Complexes of the deprotonated opigand can be easily reduced (Scheme 25)

and have been investigated towards their conduetiilgies 2%~
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Scheme 25: Resonance structure of agpal its reduced and oxidised species

16 e

From the coordination chemical point of view, opatdn be considered as an
acetylacetonate (acacH) analogue (Scheme 26). iBaadrequently used ligand in transition
metal chemistry and homoleptic, mononuclear congdexf all transition metals (despite of
Ag and Hg) as well as for most lanthanides and rgesap metals have been synthesised and
analysed by XRD. Opo complexes are expected toebe similar to the corresponding acac
complexes, however, only a few have been reportedas Most known opo complexes
contain main group metals likg"g266:267.2700gjV [271] GdVI27ll o BdI2701  Additionally, there
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are a few op@omplexes of the f-elements 'Eff"? EFM 273 Nd" 273 and YB"?"¥, while
complexes with d-block metals are known for Kl Co?" N;j, 2™ Fel2™ cyl2™ zn 274
Rh2™ pd?™ and P£’. The transition metal complexes have been invasstifjin view of
their photophysical properties but not with regaadd their electrochemical properties,
complexes of Rh, Pd and Pt have been synthesisddanmalysed with regard to their
cytotoxicity, which has been found to be similaithat of Cisplatin, although the originating

mechanism is different (phenalenone compoundséeecialating system&)™

OH O

OH O

AN

Scheme 269-Hydroxyphenalenon@poH) (left), a derivative of acetylacetone (d¢p(right)
Haddonet al. synthesised a boron complex containing opo ligdolitsving Eq. 10.
2 opoH + BC} S [B(opo)]Cl + 2 HCI Eq. 10

The electrochemical properties of the resultingoborcomplex and other complexes
containing main group metals have been characterisgng cyclic voltammetry and
spectroelectrochemical EPR spectroscfiy?’®!

Reduction of such complexes led to ligand centeglicals. If more than one opo ligand was
present, the reductive radical generation occustepl by step and each ligand has been found
to stabilise one unpaired electron (Table 15). @ah processes of opo complexes have not

been reported.

Table 15: Electrochemical potentials of main grougtal complexdd

compound E,1 E.,.2 E..3 Lit.

[(opo)kBe] -0.73 -1.03 - 270
[(opo)B]* -0.70 -0.99 - 270
[(opo)Ge] -0.94 -1.06 -1.44 271
[(op0)Si]” -0.95 -1.19 -1.51 271

[a] All potentials in V vs. FeGgFeCp"
60



Katharina Butsch 3. Aromatic stabilised radicals

3.2.2 Synthesis and structure analysis of the opomplexes

Complex synthesis was performed by ligand exchamgactions using the
corresponding acac complexes as precursors (Schémerhe acac complexes were
synthesised as published @melins Handbuch der anorganischen Chefiié The driving
force of the exchange reactions probably is theldaser solubility of the opo complexes
which is due torestacking effects of opo in the solid state. Commgnthesis using Cu

Fe', Ni'" and z compounds were attempted.

W
O\ /O + 2 opoH . O\ O
/M\ - 2 acacH J

N\

@) @)

AL ]
9
9

[Cu(opo}], [Zn(opo)], and [Fe(opa) could be obtained as intensely coloured solids in

Scheme 27: Synthesis of opo complexes

high yields (78-98%). They were characterised leynental analysis, NMR spectroscopy (or
EPR spectroscopy respectively), cyclic voltammetsy//vis absorption spectroscopy and
spectroelectrochemical methods. Single crystalh®fcomplex [Fe(opg), which is soluble

in THF, were obtained by slow evaporation and stii@ehito a XRD study. Unfortunately, the
obtained crystals were of low quality and lackirglexes in the range of higho2angles.
Nevertheless, the crystal structure could be soaretirefined in the triclinic space groBﬁz.
The refinement parameters - R values and GooF r@rgood enough to allow a discussion
of the crystal structure (for full data see Appendihe quality of the molecular structure of
[Fe(opo}], which is expressed by thermal ellipsoids andidaad deviations, is good enough
to discuss bond distances and angles, the molestriacture of [Fe(opg) is depicted in

Figure 20.
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Figure 20: Molecular structure (thermal ellipsoats50% probability level) of [Fe(opg) H atoms
omitted for clarity

The iron atom in the complex [Fe(ogpls octahedrally coordinated, the Fe—O distances
vary from 1.9737(7) A to 2.0073(5) A. The anglesnmen twatrans-located O atoms deviate
from the ideal 180° (172.93(3)°, 176.18(2)° and.X7@2)°). The other O—Fe—-0O angles vary
between 85.88(2)° and 95.06(2)°. The bond distamcesangles are very similar to those
reported for [Fe(acag])*’®, proving the high similarity of the two ligands.

[Cu(opo}] is expected to be a square planar complex, sintoldCu(acac). Since no
single crystals of [Cu(opg]) could be obtained, the complex geometry was iegriby EPR
spectroscopy. Indeed, very similar spectra weraiobtl for the opo and acac complex
(Figure 21). The complexes exhibit isotropic EPRnais with g values of 2.124 for
[Cu(acac)] and 2.127 for [Cu(opg). The hyperfine splitting is also slightly differewith
Aicu =76 G for [Cu(opa) andAjc, = 67 G for [Cu(acag).

Figure 21: X-band EPR spectra of [Cu(opdpolid line) and of [Cu(acag) (dashed line)
both measured in DMF at 298 K
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High similarity of the EPR signals was also obsdrier the two F& complexes, but
both spectra are very broad and have isotropic dimegpe, thus the similarity of the tvgo
values is not very indicative for similar complexognetries. [Fe(acag)exhibits ag value of
2.060, while [Fe(opg) exhibits ag value of 2.013 (both complexes were measured &t29
in THF solution).

The diamagnetic [Zn(opg])complex was analysed by NMR spectroscopy to éstathe
opo coordination (Figure 22). Besides a high fighdft of all*H signals upon coordination the
hydroxy proton is missing in the complex. The sHifferences of free opoH and [Zn(op)
(all ~ 0.2 ppm) are high for the protons locatedrne coordinating functions (H2,H8) and
for the proton lying opposite of the oxo-functidiftd).
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Figure 22: 300 MHZH NMR spectra of opoH (top) and [Zn(opp)bottom) measured in
[Dg]-acetone

The [Ni(opo}] complex could not be obtained by the method Usedhe syntheses of
iron, copper and zinc complexes (Scheme 27). Reectising [Ni(acag), as metal source
resulted in opo compounds with unclear stoichiogneilemental analysis of the yellow
product revealed 61.12% carbon and 3.73% hydrogetent. This lies in between the values
expected for [Ni(opg] (69.54% C and 3.14% H) and [Ni(acdg)(45.56% C and 5.35% H)
and does not fit to the stoichiometry of [Ni(acapy)] (61.07% C and 4.27% H) as well. So
it has to be concluded that the product is a cmnmiddure. The problems with [Ni(opsg)
synthesis might arise from the structure of thecyrgor complex. [Ni(acag) is known to
exist in mononuclear forf’ as binuclear compour@” in polymeric chainé® or even as
cluster compound€?. Such multinuclear complexes contain terminal &midiging acac
ligands. Since the main driving force for the exa@reaction is assumed to be the virtual

insolubility of the opo complexes and not decenhalpy differences, bridging acac ligands
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might not be replaced and reaction might thus $@ipway, leaving materials with partly
exchanged ligands.

In course of this studies single crystals of thekel precursor from methanol solutions
used for the opo complex synthesis could be ohdaifi@e polygonal green crystals were
suitable for XRD; structure solution and refinemémtthe monoclinic space group2/c
revealed the structure of a tetranuclear complex ahe formula
[Ni4(OCHg)s(acac)(CHz;OH),). This compound was already reported by Reibesspenl

The molecular structure of the cubane like clusteshown in Figure 23.

Figure 23: ORTEP-representation (50% probabilityele of the Ni—O hetero-cubane cluster; left:
view on the complete cluster molecule, H atoms weenéted for clarity??®® right: hetero-cubane with
detailed view on two Ni-edges atoms

[Ni4(OCHg)4(acac)(CHz;OH),] is a derivative of [Ni(OCHg)s(dbm)y(CH30OH),)2ELO
(dbm = dibenzoylmethane) published by Gattesthil. (Table 16)2%*

Table 16: Selected distances and angles of thelwster type compounds

[Nio(OCHg)s(acac)  [Nis(OCH)4(dbm), [Nio(OCHg)s(acac)  [Nis(OCHg)4(dbm),
(CH30H),] (CH30H)4] 2 ELO (CH30H),] (CH30OH)4]ELO
Ni-Ni-1 3.0645(8) 3.048(3) Ni-Qorome? 2.0620(9) 2.072(9)
Ni-Ni-3 3.1146(8) 3.111(3) Ni-Quasl  2.0047(9) 1.975(9)
Ni-Opgtrangl ~ 2.1137(6) 2.127(9) Ni-Quue2  2.0265(7) 2.033(9)
Ni-Operang?  2.1452(8) 2.16(1) Ni-O-Ni-1  80.77(1) 95.8(4)
Ni-Opatnodgsl  2.0404(6) 2.02(1) Ni-O-Ni-2  98.99(2) 100.3(4)

In contrast to [Ni(OCHg)s(dbm)(CHzOH)42Et,O, [Nig(OCHg)s(acac)(CHzOH)4] is
highly air stable. Freshly prepared crystals of kugger compound were analysed by far
infrared spectroscopy as well as crystals storedrsnths exposed to air (crystals became
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amorphous powders after three to four months) yigldo differences of IR frequencies

(Table 17)?%!

Table 17: FIR vibration frequencies for the nic&lister and [Ni(acag)

cluster /cm’ [Ni(acac)] / cm™* assignmenit>?
677 666 6ringdef0rmati0\ + V(M_O)
657 - -
573 579 v(M-0)
564 563 v(M-0)
449 452 8 (C-CHO) +v(M-0)
420 427 5 (0-M-0)
337 - -
290 - -
250 - -

3.2.3 Electrochemical properties

Figure 24 shows cyclic voltammogramms of opoH messun DMF/'BusNPFs at

different temperatures, Table 18 collects the sdetiemical data of all compounds.

20 pA -
W 25 A

r T T T T T T T T T T
-0.5 -1.0 -1.5 -2.0 -2.5 -3.0 -1.0 -15 -2.0 -2.5 -3.0

E (V) vs. FeCp,/FeCp,” E (V) vs. FeCp,/FeCp,

Figure 24: Cyclic voltammogramms of opoH measure®MF/"BusNPFs at 298 K (left) and at
273 K (right)

Table 18: Electrochemical properties of opo andrits and copper complex8s
compound Ey(M™/M") Ew(Ligan) Ex(2iganc)

opoH - -1.5 -2.5
[Fe(opo}] -1.19 -1.3 -1.6
[Fe(acac)] -1.13 -1.4 -
[Cu(opoy] -1.14" -1.6 -1.9
[Cu(acac) -1.197 -2.5 -
[Zn(opo)] - -1.4 -2.5
[Zn(acac)] - -1.3 -

[a] From cyclic voltammetry measured in DMB{;NPFs at 298 K with 100 mV/s scan rate;
potentials in V vs. FeGfFeCp"
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The free ligands and complexes can be reduced ,twitde oxidation was not observed
in the range of 0.0 to 3.0 V. The first reductiamgess observed for free opoH is clearly
reversible, while the second reduction occurs paeersible at 298 K and fully reversible at
273 K (Figure 24).

For the complex [Zn(ope)) no metal centred reduction is expected'(Znd'%), thus all
observed reduction processes are ligand centrede \Wkidation was impossible (0.0 V to
3.0 V) two reduction processes were found. The feduction process occurs reversible, the
second is irreversible, both potentials are simdahose measured for opoH.

For [Cu(opo)] three reductive processes were found (Figure ®Bjle oxidation of the
complex could not be observed (0.0 to 3.0 V). Tiret £lectrochemical reduction reveals an
extremely broad peak-to-peak separation and igmedito the ClUCU redox couple. The
redox potentiaEy, of about —1.14 V is very low for ¢(Cu, but similar to the corresponding
redox couple in [Cu(acad)”®® Such a potential is indicative for a strongly sitabd CU'
state (or strongly disfavoured Cstate) as expected for ligands solely providingt@ms for
coordination (following the HSAB-principle). Furtimore, two ligand centred reduction
waves were observed at —1.6 V and at —1.9 V, beduction waves are reversible at 298 K

and probably due to single reduction of each ligand

1pA

0.0 -0.5 -1.0 -1.5 -2.0
E(V) vs. FeCp,/FeCp,’

Figure 25: Cyclic voltammogramms of crystalline [Gpo)] dissolved in DMFIBusNPF; at
298 K, * marks an adsorption process on the eldetro

For [Fe(opoj] again no oxidation was observed, while three céda waves were found.
The first reduction occurred fully reversible ardassigned to the & €' redox couple,
since an equivalent reduction is observed for theresponding acac complex. Further
reductions occur irreversibly and ligand centrediello the oxidation state of 'Fethe
potentials of ligand centred reduction are lessatieg as those for opoH or opon
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complexes of M. Interestingly, the twofold reduced 'Fepecies [Fe(opel®~ cannot be
reduced further, although three opo ligands shalllwiv a fourth reduction (one reduction
process per ligand).

3.2.4 Absorption spectroscopy and spectroelectrochmstry

The absorption spectra of the opo compounds sh@icaly absorptions for aromatic
systems. The free ligand opoH exhibits absorptinrise range of 300 to 450 nm attributed to
TETT transitions (Table 19). For the zinc complex, vahitbes not exhibit charge transfer or d-
d absorption bands, most of the absorption maxireeevalmost identical to those of opoH.
This proves that the chromophore is theystem of opoH (or opl For CU most absorption
bands are similar to those of opoH, while an aldsmrpband at 481 nm is additionally
observed. The absorption band is presumably dwedoarge transfer. Furthermore, a very
broad and weak long-wavelength absorption is oleseat 655 nm, which is a typical €d-d
transition band. This ligand field absorption isigar to that found for [Cu(acad)

The spectrum of [Fe(opg)is also dominated by the-1¢* transitions of the opo ligand,
however the absorption bands are markedly shiftech those of the free ligand opoH and
additional bands at 484 nm and 568 nm were obsewieidh could both not be found for the
corresponding acac complex.

The measured extinction coefficiendsfor opo compounds all seem to be very small,
which might be due to incomplete dissolution siatéhe compounds exhibit extremely poor

solubility.

Table 19: Absorption data of opo compounds

compound  A/nm ¢/ Lmol'cm ™) solvent

opoH 350 (1231), 393 (331), 413 (607), 428 (5038 &/19), 451 (131) DMF

[Cu(opo)] 294 (5907), 354 (1236), 393 (331), 414 (494), 4856), 439 (569), 453 DMF
(198), 481 (56), 655 (7)

[Cu(acac))  376sh (274), 639 (56), 655 (13) DMF

opoH 235 (950), 257 (607), 265 (567), 350 (1228)3 8296), 414 (538), 430THF
(397), 439 (607)

[Fe(opo)]  263sh (1155), 331 (590), 375 (907), 428 (3241 4350), 455 (363), 484 THF
(372), 568 (31)

[Fe(acac) 273 (28449), 353 (4154), 435 (4193) THF
opoH 350 (1230), 393 (333), 413 (606), 428 (508p @17), 451 (133) CIOH
[Zn(opo}] 351 (1012), 393 (239), 414 (440), 429 (348), £&B1), 453 (67) CHOH
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To allow further assignment of absorption bands ancharacterise the complex species
obtained by electrochemical reduction, spectroedebemical measurements were carried
out. Upon the first reduction (¢ACu) the spectrum is almost identical to the parestspm
(Figure 26).

rel. absorption / a. u.

300 400 500 600 700
wavelength / nm

Figure 26: Absorption spectra of [Cu(ogoyecorded during reduction at -2.0 V in
DMF/"BusNPF; solution

Upon further reduction (at —2.0 V), ther* bands are largely modified. The structured
absorption band at about 350 nm is blue-shifted3@ nm), the strong band at 295 nm is
more than doubled in intensity and the structurbslogption band in the visible range is
broadened and red-shifted showing the long-wavétengaximum now at 480 nm
(Figure 26). Very probably these changes indicae formation of a [Ciopd )(opo)]
complex. The offset of the spectra in the low-egeend (700 nm) might be due to
precipitation of generated species in DMF solutiby, deposition of side products at the
platinum electrode or might be a very broad andkiend caused by dimerisation of radical

specied?®”]

rel. absortpion/ a. u.
rel. absortpion / a. u.

300 400 500 600 300 400 500 600
wavelength / nm
wavelength / nm

Figure 27: Absorption spectra of [Fe(oglaecorded during reduction at —1.3 V (left) and at
-2.5 V (right) in THF/BusNPFs solution
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The absorption spectra of [Fe(oglajetected upon reduction cannot be interpreteiyeas
At -1.3 V the compound still exhibits the typicabsarption bands for opo complexes,
spectral changes are found for the long-wavelemgpdorption band, which becomes less
intense as well as the absorption band at 370 rimie & new absorption band at 294 nm
rises. Upon reduction at —2.5 V these processetinc@, only the band at 472 nm again
increases in intensity as well as a new UV absonpband at 260 nm. After reduction to
—2.5V the absorption bands of [Fe(ofjd)ave largely changed without showing any new
absorption in the visible range. It has to be abergd that the main consequence from
electrochemical reduction is complex degradatioené&dation of a radical species should
have been accompanied by a similar long-wavelebgiid as found for [Cu(opg)) This
conclusion is further supported by electrochemmabhsurements, which showed at least one
reversible ligand centred reduction for the copgamplex, but no reversible ligand centred

reduction for the iron complex.
3.3 Benzo-[h]-quinoline-10-ol (bqOH) complexes
3.3.1 Introduction
Benzo-[h]-quinoline-10-ol (bqOH) is a derivative bénzo-[h]-quinone and generally
speaking, a phenanthrene (Scheme 28). BqQOH ancspamding complexes [M(bgf)

should be able to form phenoxy radicals upon oxdatwhile the aromatic scaffold might

contribute to its stabilisation.

phenanthrene benzo-[h]-quinoline benzo-[h]-quinoline-10-ol

Scheme 28: Aromatic systems with phenanthreneddaff

So far reports on the bqOH ligand and its complexesscarce. Its BecompleX®® and
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its Zn' compleX?®® have been used as light emitting diodes and theiinescence properties
have been analysé&d®?®° Furthermore, an Al complex [Au(bqO)CI]*®? and a cli
complex [Cu(bgO) Y are reported.

In the present study the bqOH copper complexesQgeu], [(bqOH)CuCj] and
[(bqOH)CuBg] were synthesised and their electrochemical ptegsemwere analysed. The
bgO ligand system is expected to be able to fordicads through oxidation or reduction,

stabilised by aromatic delocalisation (Scheme 29).

° L]

SO - -~ (0
13e~ N, 0l N, 10l o~~~/ IOl ~N/ 10l

-l . o
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Scheme 29: Redox states of bqO

3.3.2 Synthesis of bgOH complexes

Synthesis of complexes containing bqOH (or bg& a ligand is quite simple. A suitable
metal source (Cu@l CuBr or Cu(OAc) respectively) and bgOH, both dissolved in
methanol, are mixed without additional base. Thadpcts [Cu(bqOH)G], [Cu(bqOH)Bg]
and [Cu(bqOj are obtained as brown precipitates in moderagddyi (50-70%) and show
extremely poor solubility in most solvents (evenefy polar solvents such as MeCN or DMF
are used). Thus crystallisation of the bqOH comgrefailed. Instead, the three complexes
were analysed by elemental analysis, EPR specpgsaryclic voltammetry, absorption
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spectroscopy and spectroelectrochemical methods.

3.3.3 EPR spectroscopy

EPR spectra of the copper compounds were measurexblml samples at 298 K. All
complexes exhibit axial spectra wit} > go and only marginal variations ig values andy
anisotropy 4g). The observedy values lie in the range expected for"Coomplexes
(Table 20). The signal shape indicates the comgéometries to be either square planar or
octahedral elongated in the solid state.

Table 20: X-band EPR data for the three bqOH coresfé
compound g™ gi o 499 symmetr}f!
[Cu(bqO}] 2.113 2233 2.053 0.180 SQ (or OE)
[Cu(bqOH)C}L 2.112 2.229 2.053 0.176 SQ (or OE)
[Cu(bqOH)Bp] 2.104 2.220 2.056 0.164 SQ (or OE)

[a] Spectra were measured on solid samples at 298 K

[b] gay = averaged value = ¢ + 2g0) / 3;

[c] 49=0~ 9o

[d] SQ = square planar, OE = octahedral elongated

3.3.4 Electrochemical properties

Electrochemical properties were analysed by cyaitammetry, data are summarised in
Table 21 and a representative plot is shown inrei@8. For the copper complexes the first
reduction occurs reversibly around 0.2 V and caragsigned to the GICU redox couple.
The potentials increase along the series of thgamdls Br < CI' < RO and show very high
potentials which lie close to the oxidation wavéshe complexes. Therefore the '0ou
couple is detected best upon starting from theestzie (Figure 28).

Table 21: Summary of the electrochemical data Gith@nd the three bqOH copper compléXes

compound Ey1, oxidation Ei» CU'/CU  E, reduction
bqOH 0.63(irr¥! : -1.50
[Cu(bqO)] 0.62 0.36 ~1.13
[Cu(bgOH)CH] 0.55 0.23 ~1.49
[Cu(bqOH)B#] 0.74 0.16 ~1.10

[a] From cyclic voltammetry in MeCRBusNPFs solutions; potentials in V vs. Fe@BeCp"
[b] Epa
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Further reduction of the complexes occurs irrebdysat less negative potentials as
observed for the free ligand. The two complexes(fgOH)CL] and [Cu(bqOH)Bj] show
further irreversible reduction at more negative eptils. The decomposition is surely
induced by halogenide abstraction upon electroctemmeduction and followed by typical
subsequent reactioff$2 2! The copper complexes can be oxidised reversiblg similar

range as the free ligand.

2 pA

0.8 0.6 0.4 0.2 0.0 0.2
E (V) vs. FeCp,/FeCp,’

Figure 28: Cyclic voltammogramm of [Cu(bgOH)[dh MeCN/BusNPF; at 298 K measured
with 100 mV/s scan rate

3.3.5 UV/vis absorption spectroscopy

Characterisation of the copper complexes and bg@sicarried out in MeCN solution at
298 K in the range of 200 to 1000 nm, Table 22 sansas the absorption maxima.

Table 22: Absorption data of the bqOH compolfhds

compound Al nm €/ Lmol ™ cm™)

bqOH 304 (3754), 357 (5667), 369 (6382)
[Cu(bqO)y] 352 (4710), 371 (4603), 413 (4602)
[Cu(bqOH)CE 354 (1868), 370 (1907), 410 (1390)
[Cu(bqOH)BE] 312sh (2502), 382 (2530), 439sh (1422)

[a] Measured in MeCN at 298 K

The absorption bands for the free bqOH liganddiéhe range of 300 to 370 nm and are
assigned taeTr* transition. In the copper complexes simifart* transition is observed, but
complex absorption bands are shifted relative ¢obidnds of the free ligand. Additional, there
are absorption bands at 410 to 440 nm found focdpper complexes, which are assigned to
be CT absorption bands. Due to the very low salylilf the complexes no long-wavelength

bands (d-d absorption bands) could be detected d&temined extinction coefficientsare
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small, presumably due to the low solubility of thgO compounds, which might have been

dissolved incompletely.
To characterise the oxidised and reduced specidggegiarent complexes [Cu(bqOH)ICAnd
[Cu(bgOH)BE] spectroelectrochemical measurements in MEBWNPF; solution were

performed (Table 23 and Figure 29).

Table 23: Absorption data of spectroelectrochenmivahsuremenits

compound oxidation parent (Su cd'-cu

[Cu(bgOH)CY] 240, 389, 525 211, 238, 370 214, 240, 271sh

208, 244, 273, 312sh, 206, 239, 269sh, 309,
[Cu(bgqOH)Bs] 236, 294, 325, 623 26 370,

[a] Spectra were recorded using MeCBU;NPFs solutions at 298 K

rel. absorption / a. u.

200 400 600
wavelength / nm

Figure 29: Absorption spectra of [Cu(bgOH)Brecorded upon electrochemical oxidation
(+1.5 V) in MeCN/BusNPF; solution

For both complexes absorption bands in the longelesngth range, emerging upon
oxidation can be assigned to copper radical LMCJd ae indicative for ligand oxidation. For
[Cu(bqOH)Ch] a band at 525 nm (19050 cth is detected, while the [Cu(bqOHMBr
complex exhibits a band at 623 nm (16050%9mThe difference of 3000 crh in the
absorption maxima of both species is due to th&eréift coligands, which influence the
charge transfer energy of the ligand centred radidae energy for the LMCT absorption
band reflects the energy gap between orbitals ikexhlat the metal ion and those localised at
the ligand site. Interactions of soft acids and &afses (following the HSAB principle) are
ideal, since their orbitals lie closer than thodesoft acids and hard bases. The softer
halogenide (the softdrewisbase) is the bromido coligand and as a consequbedeontier
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orbitals in this complex lie closer and the eneofiyhe charge transfer absorption is smaller

than for the chlorido coligands. The absorptiondoinus is markedly red-shifted.

3.4 Acridine complexes

3.4.1 Introduction

A third ligand type providing an aromatic scaffoldr radical delocalisation is the

anthracen derivative acridine (Scheme 30).

@ @ { o
{ ) & a—
L W

anthracene acridine 9-chloro-4-alcoxy acridine

Scheme 30: Aromatic systems with phenanthreneddaff

Complexes containing this type of ligand are exgeédo form radical species upon
oxidation (and reduction), with the unpaired elextdelocalised in the aromatic scaffold and

therefore stabilised. An overview on the differspécies is shown in Scheme 31.

Scheme 31: Redox states of acrO
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There are reports on some symmetric acridine diérespossessing an O,N,O donor set
which were used as ligands in transition metal dioation using C& Ni", zn" and CUl.***
The asymmetric acridine derivative 9-chloro-4-methacridine (acrOMe) has already been

synthesise&®® but not used as ligand, yet.

3.4.2 Synthesis and structure of ligands and comples

9-chloro-4-methoxy acridine (acrOH) and 9-chloroaéthoxy acridine (acrOMe) were
synthesised by &aourdan-Ullmanncoupling reaction followed by a cyclisation reaati
(Scheme 32¥%¢2%l For the Jourdan-Ullmann coupling reaction two different types of
starting materials can be used. Due to the chas®ation method, which is a pH dependent
precipitation the ligands were obtained in highigyubut low yields (25%). The second
reaction step of the synthesis is a cyclisatiorugedl by POG]| leading to the 9-chloro-4-
methoxy-acridine (acrOMe). AcrOMe can be transfatmato the 9-chloro-4-hydroxy
acridine (acrOH) by a demethoxylation using pyridim hydrochloride.

| /CH3
OH + HO 0] OH
Cu/Cu 20 POC|3 Py-HCI

or _uruy. O HN cl N
HaCsg c o KiCO @ \
O
©/ ' ©/U\OH HsC

Scheme 32: Overview on the different steps of trelime ligand synthesis

The resulting ligands acrOMe and acrOH were reaatigidl CuCh in 1:1 stoichiometry
and also in 2:1 ratio with Cu(OAc) The resulting copper complexes were found to be
[Cu(acrOMe)CY]2, [Cu(acrOH)CY], [Cu(acrO)] and [Cu(acrOMe)(OAc),. The complexes
are sparingly soluble and exhibit black ([Cu(aci))brown ([Cu(acrOMe)Gl. and
[Cu(acrOH)C}],) or green ([Cu(acrOMg](OAc),) colour. The complexes were analysed by
elemental analysis and EPR spectroscopy, detalldr@chemical, spectroelectrochemical
and absorption measurements were carried out &s wel

In Scheme 33 the presumed coordination geometfidlseomononuclear complexes or
complex fragments are depicted. While the complecagaining chlorido coligands were

found to be binuclear compounds, the complexesatuing two acridine ligands arg’
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coordinated. Assuming a coordination geometry simito those of reported copper
phenoxazine complex&® the compounds should be square planar with tedrahe
distortion. The complexes [Cu(acrOMEDAC), and [Cu(acrGQ) shown in Scheme 33 are
represented ads isomers, although this geometrical informationldawt be obtained by the
measurements performed. Regarding the high stetesabnd of the acridine scaffold, it can

also be assumed that both compounds possiblyargisomers.

O O
NERA N
/\cu/’\‘ cl \éd/N/ Vi
RS OIS

O o]

/ /

HsC H

[Cu(MeOacr)Cl 5], [Cu(HOacr)Cl 5], [Cu(MeOacr) 5](OAc) » [Cu(Oacr) 5]

Scheme 33: Mononuclear complex units of acridinemounds with bridging ligands (dotted
bonds)

3.4.3 EPR spectroscopy

EPR spectra of the copper complexes were measuradlim samples at 298 K and on
glassy frozen MeCN solutions at 110 K. All complsexexhibit axial spectra wity; > g and
no indication of a half field signal. All observegvalues lie in the range expected for'Cu
complexes (Table 24), a closer look reveals smi#fitrdnces ing values andy anisotropy
(Ag).

The complexes [Cu(acrOMe}Jd and [Cu(acrOH)C]. in the solid state exhibit ill
resolved spectra, which are presumably due to iduddsridged dimers of square pyramidal
geometry?%231240 The solid sample of [Cu(acrOM&)OAC), exhibits a resolvedy,
component with a coupling constary,) of 148 G (Figure 30), which is typical for
mononuclear copper complexes. The correspondin@ acomplex [Cu(acrQ), does not
exhibit a spectrum with hyperfine splitting, whiaidicates a binuclear compound. Thus, a

coordination with bridging deprotonated oxido fuans might be present.
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9

200G

Figure 30: X-band EPR spectrum of [Cu(acrOMIEAC); in the solid state at 298 K

Table 24: X-band EPR data of copper compl&kes

compound Jav g g0 Ajlcu 49 state/ T

[(acrOMe)CuCli], 2188 2.301 2.131 - 0.170 solid / 298 K
[(acrOH)CuC}]. 2.083 2.240 2.005 - 0.235 solid / 298 K
[Cu(acrOMe)](OAc), 2.139 2.261 2.078 148 0.183 solid / 298 K
[Cu(acrO}), 2212 2355 2141 - 0.214 solid / 298 K

[(acrOMe)CuCyMeCN),] 2.139 2.323 2.047 141 0276 MeCN/110K
[(acrOH)CuChMeCN),]  2.133 2.316 2.042 147 0.274 MeCN/110K
[Cu(acrOMe)](OAC), 2134 2305 2049 150 0.256 MeCN/110K
[Cu(acrOy(MeCN)] 2115 2.272  2.036 - 0.236 MeCN /110K

[a] gav = averaged value = ¢+ 29-) / 3;490=0; - I

When dissolving the solids in MeCN and measurirgglassy frozen solutions at 110 K,
axial EPR signals were observed. This indicatesgmree of mononuclear species, which
presumably are solvent complexes [(acrO)G(MECN)].?26%41724] Eor the complex
[Cu(acrOMe)](OAc),, which is already mononuclear in the solid stateprporation of
MeCN is possible and would explain the differenbetween spectra measured on solid
samples and on MeCN solutions. The resolved coglonstantsAjc,) lie at about 150 G
for the g, component and are typical for square-based py@n(@P), tetragonally elongated

octahedral (OE) or trigonal bipyramidal (TBP) capfied Cll complexed?26-241-244]

3.4.4 Electrochemical properties

The free ligands and copper complexes were chaiseteby cyclic voltammetry (Table
25). The copper complexes all show a reversibleatoh wave around 0.15 V attributed to
the CU/Cu redox couple. Markedly lower, at —0.31 V, lies ttmresponding potential of
[Cu(acrO})] (Figure 31). The difference from the potential[Gu(acrOMe)](OAc), can be
explained by the neutral charge of [Cu(aci@)eprotonated ligands). Further reduction of all

complexes as well as first reduction of the frgarids occurs irreversibly around -1.4 V.
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1pA
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Figure 31: Cyclic voltammogramms of [Cu(acs®)eCN),], measured at 298 K with 100 mV/s scan
rate inMeCN/"BusNPF; solution

Table 25: Summary of electrochemical ata

compound Eps E,. CU'/CU Epc
acrOMe 1.04 - -1.44
[Cu(acrOMe)Ci(MeCN),] 1.01 0.18 -1.46
[Cu(acrOMe)](OAC), 0.76,0.94 0.14 -1.30
acrOH 0.78, 1.30 - -1.15
[Cu(acrOH)Ch(MeCN),] 0.54° 0.98 0.13 -1.40
[Cu(acrO}(MeCN),)] 0.17° -0.31 -1.40

[a] From cyclic voltammetry in MeCRBuU;NPFs solutions; potentials in V vs. FegpeCp"
[b] Reversible oxidation potential is givenag

The oxidation properties of the different systenasyv For the complexes oxidation
occurs between 0.17 V ([Cu(aceNeCN),]) and 1.01 V ([Cu(acrOMe)@MeCN),]). Since
a copper centred oxidation is not expected"'(Cu") this electron transfer is assigned to a
ligand centred oxidation. For the free ligands &deDand protonated acrOH these waves
were observed at markedly higher potentials, whde [Cu(acrOH)C}(MeCN),] and
[Cu(acrO}(MeCN)] these waves were reversible and at rather lowmals, the oxidation
occurs irreversibly for the free ligands and compke [Cu(acrOMe)G(MeCN),] and
[Cu(acrOMe)](OAc),. Thus the binding situation in [Cu(acrOH)@NeCN)] and
[Cu(acrO}(MeCN),] strongly stabilises the generation of phenoxyiaad. This is further

substantiated by UV/vis and spectroelectrochen@gperiments.

3.4.5 UV/vis absorption spectroscopy and spectroeteochemistry

Absorption measurements on all compounds were peeid in MeCN solution. Due to
the large aromatic scaffold of the acridine systéms, absorption spectra of all compounds
show very intense and characteristic absorptiondbaflable 26) attributed toert*

transitions. The bands recorded for the two ligadhtfer slightly (red-shifted for acrOH) and
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also the copper complexes reveal similar absorptitaxima, but different absorption
intensities, compared to their free ligands. Thecgpm of [Cu(OacgMeCN),] deviates

markedly from the spectrum of acrOH, thus undarinthat the ligand is deprotonated in
contrast to the spectrum of [Cu(Oacp(@®eCN),] which resembles strongly that of acrOH.
For the copper complexes additional absorption amere observed in the visible range.

Their intensities are indicative for LMCT transit®

Table 26: Absorption data of acridine ligands aothplexe&’

compound A/ nm e/ Lmolcm™)

acrOMe 297 (12842), 300 (19817), 341sh (5042), B§TI2186), 372 (20807),
392 (21627)

acrOH 299 (53240), 312 (79816), 362sh (49122),(82216), 395 (84147)

[Cu(acrOMe)CI(MeCN),] 297 (8075), 309 (10587), 344sh (5428), 360 (9388} (12564), 392
(13803), 406sh (4724)

[Cu(acrOH)CHMeCN),] 300 (14121), 310 (15852), 358 (9755), 375 (L0F99} (9884), 460
(4776), 534 (2975)

[Cu(acrOMe)](OAC), 297 (7566), 309 (9094), 342sh (2593), 360sh (41313 (6867), 391
(7256), 407sh (290),
[Cu(acrO}MeCN)] 272 (15179), 391 (4761), 444 (4590), 474 (5068), (5506), 572

(3978), 631 (3842)

[a] Measured at 298 K in MeCN solution

Since the parent species of all complexes wereessgtdly characterised by absorption
spectroscopy, oxidised and reduced species wehgsadaby absorption spectroscopy as well.
Therefore spectroelectrochemical measurements wamed out on samples dissolved in

MeCN/Bu,NPF; solution. The obtained data are summarised ineT2p!

Table 27: Absorption data of oxidised and reducedplexe!

compound oxidation parent (Qu cd'-Cu reduction
acrOMe 223, 242, 269, 219, 252, - 224, 263, 338, 353,
322, 429sh, 531 298, 310, 380sh, 400, 421, 444
372, 392,
[Cu(acrOMe) 218, 253, 297, 218, 253, 219, 253, 297, 224, 262, 324sh, 338,
Clx(MeCNY)] 310, 340sh, 376, 297, 310, 310, 341sh, 354, 378sh, 400sh,
393, 464 373, 393 359sh, 376, 394 420, 445
[Cu(acrOH) 228, 254, 308, 254, 297, 254, 297, 310, 223, 266, 337, 355,
Clx(MeCN)] 377,394, 461, 310, 359sh, 359sh, 377,394 372,421, 445, 477sh
544sh 377,394
[Cu(acrOMe)] 235, 270, 328sh, 218, 256, 218, 255, 298, 224, 263, 342, 355,
(OAC), 344, 362, 439 297, 309, 310, 361sh, 376, 400sh, 420, 443
360sh, 378, 393,
393
[Cu(acrO) 272, 484sh, 507, 227, 378, 260, 353, 415, 260, 353, 415, 441sh
(MeCN), 548sh 603 441sh

[a] Spectra were recorded using MeCBILNPFR; solutions at 298 K
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During the reduction of Cuto Cu only slight changes (mainly in absorption inteyjsitf
the absorption bands assigned ttat* transition can be observed. The main difference
between parent and reduced species is found ineeet®40 nm and 400 nm. The absorption
bands in this region (three maxima and one shoyulcleinge their intensity and two new
absorption bands (400-450 nm) appear in line Wwithassignment of LMCT transitions. The
red shift of the long-wavelength absorption mightdxplained by chloride abstraction upon

reduction, followed by ligand dimerisation (Fig.82).

rel. absorption / a. u.

200 300 400
wavelength / nm

Figure 32: Absorption spectra recorded upon redectpectroelectrochemistry (-2.0 V) of
acrOMe in MeCNIBuNPF;

Oxidation of the complexes also leads to an addtitong-wavelength absorption band
at about 450 to 500 nm, which is a broad (unresh)lband (Figure 33). The absorption band
can be assigned to ligand centred oxidation geingrad phenoxyl radical, which is
delocalised in the aromatic scaffold of the acedsystem. Therefore, the charge transfer
between radical and copper ion occurs at longereleagths as found for charge transfer

between copper and unsubstituted phenoxyl radicals.

rel. absorption / a.u.
rel. absorption / a. u.

300 400 500 400 600
wavelength / nm wavelength / nm

Figure 33: Absorption spectra recorded upon oxigasipectroelectrochemistry (+1.0 V) of
[Cu(acrOMe)C}(MeCN),] (left) and [Cu(acrOH)G(MeCNY),] (right) in MeCN/'BusNPFs
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3.5 Radicals in aromatic ligands - conclusions

While reduction of opo complexes is possible andsgalong with radical formation as
shown in detail for [Cu(opeg], oxidation of the opo complexes and opoH is raistble up to
very high potentials (> 3.0 V vs. FeglpeCp"). [Cu(opo}] therefore does not exhibit the
desired physical properties for application of [Qug)] in catalytic oxidation reactions and is
not suitable as GO model system.

Investigations on bqOH revealed that the compl¢kegbqOH)C}], [Cu(bgOH)Bg] and
[Cu(bgO}] can be oxidised. These ligand centred oxidatmrsur on potentials, which are
typical for GO model systems and result in phenorstlical species as shown by
spectroelectrochemical measurements. The radiegiesp seem to be stabilised by aromatic
delocalisation, as can be inferred from the energfecharge transfer absorption. While the
applied coligands do not influence the electroclvaimoxidation, reduction processes are
strongly affected. Reduction occurs irreversiblyd athe coligands can be considered to
influence the complex stability. E.g. the corresgiog bromido complex is far less stable as
can be inferred from spectroelectrochemical ingasiton. For the use of bqOH complexes in
oxidation catalysis this instability is meaninglessice the reaction medium is not reductive.
Thus bgOH and bgCcomplexes seem to be potential GO model systechshair suitability
as oxidation catalysts have to be determined uredtion conditions. Therefore catalytic test
reactions were performed, results are presentediandssed in Chapter 7.

Complexes of the acridine ligands acrOMe and acr€dfgposedly posses strongly
distorted geometries. As a result, the copper ednteduction (CUCU) is facilitated. The
compounds [Cu(acrOMe)&MeCNY)], [Cu(acrOMe)](OAc), and [Cu(acrOH)G(MeCN)]
have a copper potential lying around 0.1 V (thé €ute is disfavoured, eventually due to a
nearly tetrahedral ligand field), while in casg@ti(acrO}(MeCN),] the copper potential lies
at -0.3V, which clearly indicates a disfavoured' Gtate (presumably due to the two
negatively charged acridine ligands). Neverthelefiscopper potentials lie in the relevant
range for GO model systems. A ligand centred oiodaprocess can be observed for all
complexes at rather low potential (below 1.0 V).akgthe [Cu(acrQ(MeCN),] complex
earns special focus, since it exhibits the lowestdayl generation potential (below 0.2 V).
Therefore [Cu(acrQjMeCN),] settles among highly efficient GO model catalystdditional
spectroelectrochemical investigations revealed tivatradical, generated upon oxidation, is
delocalised in the aromatic scaffold. This showdduft in a remarkable stabilisation of the
radical species. The acridine complexes thus @smdo be potential GO model systems and
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their suitability as oxidation catalysts has toilneestigated under catalytic conditions. Test
reactions using acrOMe and acrOH were performed tiedresults are presented and
discussed in Chapter 7.

The results on bgOH and acrOMe as well as acrOHyvérat aromatic stabilisation of
phenoxyl radicals in copper complexes is possifilee results suggest that aromatic
delocalisation (studied for systems containingehasomatic six-membered rings) has almost
the same influence on the physical properties @nphkyl radicals as the establishedho
and para substituted systems. Interestingly, not all aracnataffolds exhibit the same
stabilisation effect. This has to be inferred frtme electrochemical potentials of the ligand
oxidation as well as from the reversibility of tlo&idation processes. The most efficient
aromatic system seems to be the linear acridingosdafollowed by the benzo-[h]-quinoline,
while the phenalenon system exhibits almost notpeseffect.

First of all, this means that the state of annatatietermines the stabilising effect. High
annulated systems (phenalene) are less effec@rerttedium (phenanthren) or low annulated
(acridine) systems. To find a reason for this astong fact, one might meet with the
differing ionisation potentials of the aromatic ®yss. The ionisation potential of anthracene
is the lowest at 7.43 é¥°, while the ionisation potentials of phenanthrend phenalenone
are pretty similar (8.19 %% vs. 8.20 e¥?°%). Hence, it has to be concluded that the
ionisation potential does not explain the extrawady electrochemical behaviour of opoH and
its complexes. Electrochemical studies on phenadersystems (e.g. 1,2-bis-(phenalen-1-
ylidene)ethene) show that these close derivativaes lme oxidised in the same range as
phenanthrenes (0.51 V), which makes the lackinglaiion of opo systems even more

puzzling®*!
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4.0 Copper complexes with salen type
ligands (N,O, donor set)

4.1 Introduction

Salen (2,2'-Ethylenebis(nitrilomethylidene)diphgn@cheme 34) and salen type ligands
are known to be highly suitable for the synthe$igansition metal complexes. Many of them
have been studied with regard to their catalytmpprties, especially in oxidation catalysis.
Therefore it is not surprising that copper comptekearing salen type ligands have already
been used in oxidation catalysis similar to Galset®xidase (GO§*+13"~1403%2l5ome general

conclusions have been drawn from these investigsitio

linker
—N N=—7

OH HO

phenol

Scheme 34: Salen (2,2'-Ethylenebis(nitrilomethyig)eiphenol

1. The coordination geometry provided by salen typarlds varies from square planar to
tetrahedral, depending on the flexibility of thekier (Scheme 34).

2. Salen type complexes form phenoxyl radicals upadation. In principle, most copper
salen type complexes are able to form even two @hdrradicals. The monoradical
species is EPR silent (coupling of the unpairedteda of the radical site to’@Cu')
while the biradical species exhibits a signal cgponding to an organic radidél’?%

3. Salen type ligands bearing amine instead of imimections (sometimes referred to as
“reduced” salen ligands or “salan” ligands) are eneasily oxidised, but the radical
species show less intense charge transfer absoiiods’”!

4. Some copper salen type complexes have been fourzk tbighly active (turn over
number of1300 at 295 K in 20 Kf*°?in catalytic alcohol oxidation, even oxidation of

non activated alcohotsuch as methart®**?is possible.
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The salen type complexes reported so far contéino- and para-substituted phenol
moieties and thus stabilise the generated phen@ditals. Non-stabilised radical species
have been examined in benzyl alcohol oxidation &asge been reported to lack any
activity® The influence of different linkers and their vami flexibility has not been
considered in this context, although it is knowattthe linker affects the complex geometry.
Hence it influences the coupling between the umpaglectrons of the copper ion and the
radical and therefore the catalytic propertiehefc¢complexes.

In this work copper complexes of chiral salen tyjgands (allR,R) were examined
(Scheme 35). They differ concerning tbeho and para positioned substituents and the
character of the N-atom (imine; sec. amine; terting) while in each case cyclohexane is the
linking group. The spcarbon atom of the imine function is furthermoredified by

substituents with varying sterical demand: an Hrata methyl group or a phenyl group.

QOH Hop OH HO
NH HN =

(NH),sal Phssal

Chro Hop QOH Hop
NH HN

(NH),salPh » salPh,

QOH HO:Q» QOH Hop»
H3C “CHs

tert
(NMe),sal *""'Bu 4 Me,salF 4

Scheme 35: Applied salen type ligahitf$

The phenol cores are substituted with either phenglips, fluorine atoms df"butyl
groups. Fluorine atoms and alkyl groups are expettiecause stabilisation by their electron
donating ability (fluorine possesses a +M and afféct), while the stabilising ability of
phenyl groups is unequivocal, since a +l and a fisteis attributed to this group. The salen
type ligands applied in this thesis (Scheme 35k¢hasen synthesised by Thomas Gilnther
working in the group of Prof. Dr. A. Berkessel (itige of Organic Chemistry, University of

Cologne)3%4
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4.2 Synthesis and structure of the copper complexes

Complex synthesis was carried out using the stainglarcedure reported for copper salen
complexes using Cu(OAc)as metal source (1:1 stoichiometry) in methandlitem. The
complexes [((NMepal*'Bus)Cu] (green), [((NH)sal)Cu] (brown), [((NH)salPh)Cu]
(green), [(MesalF;)Cu] (green), [(Pfsal)Cu] (brown) and [(salB)Cu] (off-white) were
synthesised in high to moderate yields (79% to 33%g in high purity as inferred from
elemental analyses. All complexes were further yaeal by EPR spectroscopy, absorption
spectroscopy, cyclic voltammetry and spectroeletimical methods.

The complex [(MesalR)Cu] could be crystallised from methanol and singtgstals
suitable for XRD were obtained. The crystal stroetwas solved and refined in the
monoclinic space grou@2 (Figure 34, Figure 35 and Table 28). In the @alydte copper
complexes are stacked along thaxis with Cu'Cu distances of 3.820(1) A and 3.865(1) A.
These distances are markedly longer than a cov@len€u bond as inferred from the sum of
covalent radii (2.556 A). No intermolecular inteian such as hydrogen bridges were found
in the crystal structure. The stacks leave tunimelse structure along theaxis, each of them
has an ellipsoid cross-section and is coated \ittrihe atoms. The residual electron density
found in these tunnels is due to small amount®lviest molecules and the solvent correction
tool of platon (SWAT) was used. Assignment andnesfient of the solvent molecules were

impossible due to statistic distribution of the ewlles.

Figure 34: Packing of [(MsalF;)Cu] in the crystal structure, H atoms are omiftadclarity
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Figure 35: ORTEP representation (50% probabilityele of the molecular structure of
[(MezsalR;)Cu], H atoms are omitted for clarity

Table 28: Crystal structure and refinement dafghé,salR)Cu]

formula G,Ho0N>O,F,Cu Flack x _002(2)

f. w. /gmol 483.94 refl. coll. 23671

crystal system monoclinic data / restr. / param. 217P1 / 425
space group C2 (No. 5) h, k, | -24<h<24
crystal shape needle -21<k<21
colour green -13<1<14
alA 19.090(3) goof on¥F 0.610

b /A 16.624(3) Re 0.0945

c/A 11.362(2) final R indices R1 =0.1387
Br° 101.06(1) [I>20(1)] wR2 =0.0477
volume /&, Z 3539(1) /6 R indices (all data) R1=0.1474
F(000) 1482 wR2 = 0.1588
density / g critt 1.362 largest diff. p. a. h. A& 0.298 and —-0.103
abs. coeff / mmt 0.976

It has been reported that spin-spin coupling (amimagnetic) between the unpaired
electrons of the radical site and the copper iomasl if the Cu—-O-C angle is found to be
about 130° and the plane angle of the copper coatidn plane and the phenol ring plane is
about 90° (Scheme 3B} In [(MessalR)Cu] the Cu2-03-C33 angle is found to be
127.02(1)°, while the angle between coordinati@npland phenol ring is only 7.61(1)°. Thus
only the first geometrical requirement for an effict antiferromagnetic coupling is observed.

Additional bond distances and angles of [¢(b&F,)Cu] are shown in Table 29.

x X
y%pg@ %9%\9
Cu-O-C ~ 130° xy-OPh=0° Cu-O-C ~130° xyOPh=90° CuO-C=180° xyOPh=0-90°

S=1 S=0 S=1
ferromagnetic antiferromagnetic ferromagnetic

Scheme 36: Orbital overlap between phenoxy moietiyapper ion for different Cu—O-C angles and
xy-plane/phenol-ring dihedral angﬁ@%
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Table 29: Selected distances and angles in théatstsucture of [(MesalR)Cu]

distances / A angles / °

Cu2-N2 1.9572(4)  N2-Cu2-N3  87.432(8)

Cu2-N3 1.9505(3)  02-Cu2-O3 84.870(8)

Cu2-02 1.8552(3)  02-Cu2-N2  93.738(8)

Cu2-03 1.8316(3)  O3-Cu2-N3  94.064(8)
Cu2-03-C33 127.02(1)

4.3 EPR spectroscopy

All complexes were analysed by EPR spectrosco®08tK, using solid samples and
MeCN solutions. Figure 36 shows a representatieetspm and Table 30 lists the obtained
data. For the complexes [(NMsal*"Bus)Cu], [((NH)sal)Cu], [(NH}salPh)Cu],
[(MegsalR;)Cu], [(Phsal)Cu] and [(salPHCu] the geometry of the first copper coordination
sphere is square planar. The slight tetrahedrébrtiisn of the complex can be estimated by
EPR spectroscopy. Generally it is assumed thatgh Hegree of tetrahedral distortion is
accompanied with a smal\cy, coupling constant. Thus, regular complexes withalbm
distortion exhibitAyc, values of about 150 G, while copper enzymes (eithiatic state
distortion) have)c, values of about 60 G or even smalfér.

All compounds exhibit axial spectra with > go. Consequently, the "isotropic” signal for
[((NH).sal)Cu] is assigned to a non-resolved axial gegmetth a smallAg value. All g
values are very similar to each other and lie ia tipical range for Cucompounds.
Compounds measured at solid state do not show aerfiryg structure, while all spectra
recorded on MeCN solutions show signals wAija, values of about 90 G. This is a small
copper coupling constant and a hint for tetrahedisdbrtion in solution. Interestingly does
not differ markedly upon varying the linker groupdathe substituents.

Samples containing MeCN dissolved complexes shamedwyperfine structure, which is
not due to®®Cu coupling. This additional hyperfine structure swhest resolved for
[(Physal)Cu] in MeCN solution. Hence, simulatii! of the EPR signal was exemplarily
performed on this spectrum, the result is presemdegure 36. To simulate the spectrum,
Ajcu = 86 G and an additionafN-hyperfine structurelt*™ = 1) with two slightly different
coupling constantéy 4y = 11.4 and 13.8 were used. This is in line witHieainvestigations
on copper complexes containing N donor ligands,revkige spin density at the nitrogen atoms

was determined to be 1488°!
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Figure 36: EPR spectrum f{Ph,sal)Cu] in MeCN and simulation of the hyperfinausture

Table 30: X-band EPR data of the salen type congslexeasured at 298 K

compound Jav o] Oisc OF O Ag Alcu state

[((NMe),sal*"Busj)Cu]  2.143 2.186 2.056 0.130 - solid
[((NMe),sal*"Bus)Cu]  2.135 2.020 2.097 0.115 90 G MeCN
[((NH)zsal)Cu] 2.068 - 2.068 - - solid
[((NH),sal)Cu] 2.137 2.021 2.098 0.116 87 G MeCN
[((NH),salPh)Cu] 2.080 2.127 2.057 0.070 - solid
[((NH)zsalPh)Cu] 2.039 2.130 2.053 0.077 92 G MeCN
[(MessalFR;)Cul] 2.108 2.185 2.070 0.115 - solid
[(MezsalR)Cu] 2.056 2.122 2.023 0.099 83G MeCN
[(Phssal)Cu] 2.112 2.211 2.063 0.148 - solid
[(Phsal)Cul] 2.053 2.130 2.015 0.115 86 G MeCN
[(salPh)Cu] 2.080 2.139 2.050 0.089 - solid
[(salPh)Cu] 2.049 2.114 2.017 0.097 86 G MeCN

Qav = averageq value = ¢ + 290) / 3;49 =g - 9o

4.4 Electrochemical properties

Electrochemical investigations were carried outtoa free ligands as well as on the

copper complexes. Figure 37 shows representativplsa and Table 31 lists the collected

data.
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compound EpaOF Ey, Ey. CU'/CU (AE,™) EpcOrEy
(NMe),sal*"Buy, 0.27 (p.redf’ - -1.27 (rev)
(NH).sal 0.40 (irr) - -1.51 (irr)
(NH).salPh 0.31 (irr) - -1.46 (irr)
MeysalF, 0.99 (irr), 0.79 (irr) - -1.40 (irr)
Physal 1.10 (irr), 0.84 (irr) - -1.37 (irr)
salPh 0.93 (irr), 0.67 (irr) - -1.46 (p.ref)
[((NMe)zsal*"Bug)Cu] 0.35 (rev) 0.15 (100) -1.31 (p.fév)
[((NH)zsal)Cu] 0.91 (irr); 0.38 (irr) 0.05 (140) -1.44Y)
[((NH)2salPh)Cu] 0.26 (irr) -0.03 (190) -1.43 (p.ré)
[(MezsalR)Cu] 0.89 (rev), 0.61 (rev) -0.26 (890) -1.44dp)
[(Physal)Cu] 0.98 (rev), 0.44 (p.reld -0.12 (730) -1.43 (p.ré¥)
[(salPh)Cu] 0.81 (irr), 0.55 (irr) 0.28 (110) -1.32¢)

[a] From cyclic voltammetry measured in MeCBU3NPFR; at 298 K at 100 mV/s scan rate;
potentials in V vs. FeGfFeCp"

[b] Peak-to-peak separatidiy.—Epa in mV

[c] Partly reversible, 0.2 < peak current ratio.@ 1

The free ligands exhibit irreversible reductionsward —1.4 V except for (NMgdal*"Buy,
(reversible) and for salRHpartly reversible, with a peak current ratio bedw 0.2 and 1.0)
and an irreversible oxidation in the range of +02f +0.84 V except for (NMe3al*"Bu,
(partly reversible). The ligands MsalF, Phsal and salPhshow a second irreversible
oxidation around 0.9 - 1.1 V.

The complexes exhibit redox processes at poterstiadsar to those observed for the free
ligands, but all reductions and most of the oxwmiadi reveal at least partial reversibility.
Additional reversible reduction waves were founduzaid O V and are unequivocally assigned
to the CU/CU redox couple (the previously discussed redox m®Ee were presumably
ligand centred). A marked separation of Epgand theE,, wave of the reduction process for
[(Me,salR)Cu] (Figure 37, right) was observed for many caempb. The Clioxidation state
favours square planar complex geometry while thedRidation state favours a tetrahedral
surrounding and thus metal centred reduction affdot coordination geometry. Salen type
ligands, which provide a comparably rigid ligandaféold, hamper the geometric
rearrangement and as a redggt andEy, of the reduction wave are largely separated (huge
reorganisation energy). The largest separationbeanbserved for ligands containing imine
functions, while tertiary amines or reduced salgretligands are less rigid and giving rise to

a smaller peak-to-peak separation (Figure 37, left)
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E (V) vs. FeCp, / FeCp,” E(V) vs. FeCp,/FeCp,”

Figure 37: Cyclic voltammogramms of((NMe)ssal®"Bu,)Cu] and [(MesalR)Cu] in
MeCN/"BusNPF; solution at 298 K at 100 mV/s scan rate

Since this thesis puts special focus on the infteeof phenoxyl radical stabilisation, a
detailed look on the effects of different substitiseon the electrochemistry is worthwhile.
[((NMe,)sal*"Bus)Cu] and [(MesalR)Cu] possess the highest degree of substitutiortteeid
ligand centred oxidation (presumably the [PHQPhO] couple) occurs reversible at low
potential. The complexes [(salPGu] and [((NH)}salPh)Cu] which solely possessrtho-
phenyl substituents at the phenol moieties areerstbly oxidised but also at low potential,
while [(Phsal)Cu], lacking substituents on the phenol maseiie oxidised partly reversible at
slightly higher potential. Thus it seems tloatho- andpara-substitution facilitates oxidation,
while less substitution is accompanied with dedrgpsgeversibility of the oxidation process
and increases the oxidation potential.

The metal centred reduction also varies with tharld substitution and increases in the
series [(MesalR)Cu] < [(Phsal)Cu] < [((NH}salPhR)Cu] < [((NH)sal)Cu] <
[((NMe),sal*"Bus)Cu] < [(salPh)Cu]. This series nicely reflects the influencetud different
substituents: F atoms on the phenol moieties watlvdelectron density, the same effect
(although less intense) is found fartho-Ph substitution. In contrast, Ph substitution loa t
imine C atom leads to increased electron densityo f"butyl groups on each phenol core
lead to a high CUCU' potential.

However, the assignment of the ligand centred dixidato a [PhOT/[PhQ] couple
remains preliminary without further evidence fropestroelectrochemical experiments which

will be described in the next paragraph.

4.5 Absorption spectroscopy and spectroelectrochestry

The complexes were dissolved in MeCN solution adosbgption spectra were recorded

from 200 nm to 800 nm (Table 32). Apart from tweeimse absorption bands in the UV range
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of the spectra (assigned tert* transition) there are charge transfer absorptiamds at
350 nm to 450 nm and d-d absorption bands arourtd 0. This is in agreement with
previous report?.m] Interestingly, the complexes containing ligandshwimine functions
generally show larger extinction coefficients thitve complexes containing reduced salen

type ligands or tertiary amines.

Table 32: Absorption data of the salen type copperplexe¥!

complexes Al nm €/ Lmol *cm ™)

[((NMe),sal*"Bus)Cu] 255 (9695), 297 (6569) 434 (824) 623 (509)
[((NH),sal)Cu] 246 (8941), 278 (7032) 385 (680) 595 §189
[((NH),salPh)Cu] 254 (8322), 313 (9330) 394 (907) 611 (454)
[(Me,salR)Cu] 264 (50771), 269 (45061) 362 (6268) 613 J135
[(Phpsal)Cul] 264 (37739) 352 (1969), 469sh (192) 61®)12

[(salPh)Cu] 262 (26908) 363 (14019) 572 (971)

[a] Measured in MeCN

Spectroelectrochemical measurements were carriecbrowall samples to support the
assignment of the redox processes as well as signasent of the electronic absorptions. The
results are collected in Table 33.

Table 33: Spectroelectrochemical dfita

compound oxidation parent (tu cd'-»cd reduction
[((NMe),sal*"Bu,)Cu] 297, 414 255, 297, 434, 623 252, 296, 422 338, 422
[((NH),sal)Cu] 271, 444 246, 278, 385, 595 247,278 223, 364
[((NH),salPh)Cu] 328, 469, 575 254,313,394, 611 ™ (el
[(Me,salR;)Cu] 305, 313, 337, 542 226, 264, 362, 613 226, 362 226, 264, 362
[(Physal)Cu] 303, 313, 449 264, 352, 469, 616 254, 366 56, 831sh
[(salPh)Cu] 266, 520, 620sh 228, 262, 363, 572 228,262,3 236,421

[a] Measurements in MeCNBU,NPF; solution at 298 K, all absorption bands in nm
[b] Due to the bad solubility all bands in the lewgvelength range are extremely weak

As already known from other copper complexes (Givapi2) the reduction of the salen
complexes (Clito CU) leads to a loss of the long-wavelength d-d bamtiamarked shift of
charge transfer bands, while trtat absorption bands are far less affected. Oxidabibthe
complexes lead to one or more new absorption bantise long-wavelength region, which
can be assigned to charge transfer transitiondiencopper phenoxyl radical species. The
absorption energy of these bands are assumed riespond to the radical stabilisation, thus
the fully stabilised systems have been expecteshtov a radical dependent absorption band
lying in between 400 nm and 500 nm, the non- amtlypstabilised complexes were expected
to show charge transfer bands, shifted to highergn
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rel. absorption / a. u.
relative absorption / a.u.

300 400 500
wavelength / nm wavelength / nm

Figure 38: Absorption spectra of [((Nd$al)Cu] (left) and [(P¥sal)Cu] (right) measured
during electrochemical oxidation at 2.0 V in MeCBU;NPF; at 298 K

Figure 38 shows absorption spectra of the oxidsmeties of [((NHsal)Cu] (left) and
[(Phpsal)Cu] (right). Although both complexes are noleaio stabilise phenoxyl radicals, an
intense absorption band around 450 nm (undoubtedlysed by phenoxyl radicals) is
observed. In the case of [(sa}jRu], the formation of two phenoxyl radicals in aletule is
indicated by an absorption shoulder at 620 nm, Wwli@assigned to a charge transfer between

two radical siteg’!

4.6 Conclusion on the suitability of the salen typeomplexes as GO model systems

All complexes show oxidation at comparably smaltegptials, the smallest values lie
around 0.3V. The oxidation of [(NMgal®*"Bu,)Cu], [(MesalR)Cu] as well as
[(Physal)Cu] occurs fully reversible. In addition to tirst reversible oxidation the complexes
[((NH).sal)Cu], [(Phsal)Cu], [(salPHCu] and [((NMe)sal*'Bus)Cu] exhibit a second
oxidation process at slightly higher potential. @peelectrochemical investigations revealed
that all oxidation processes lead to phenoxyl @dspecies and (from their charge transfer
absorption energy) these species seem to be st@btediscovery is surprising for systems
such as [(Psal)Cu], [(salPRCu], [((NH);sal)Cu] and [((NHsalPR)Cu], which are,
according to the current opinion, non- or partlghbdised due to lacking substituents on the
phenol core.

Considering their physical properties, all compkxaight be suitable as GO model
systems and therefore applicable in oxidation gaisl On a first view, neither the lacking
substitution nor rigidity of the linker group seetosbe a limiting factor. Thus, activities of all
complexes should be determined under catalytictimaconditions. This was done using
benzyl alcohol as a substrate, experiments andtsese described in Chapter 7.
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5.0 An O,N chelating triazol ligand (triazH)
and its copper complex [Cu(triaz)]

5.1 Introduction

The ligand  2,4-di"outyl-6-(5-chloro-2H-benzo[d][1,2,3]triazol-2-yl)ghol  (triazH)
(Scheme 37) contairl€'butyl groups inortho- andpara-position and offers §*O,N donor set.
Copper complexes of this ligand have not been tegpmwith the exception of the binuclear,

organometallic complex [Cu(triaz)u-RR = norbornadiene) which contains two'Gonso?!

Cl
OH

N ~
N

Scheme 37: 2,4-8butyl-6-(5-chloro-2H-benzo[d][1,2,3]triazol-2-yl)ehol (triazH)

The target complex for the following study was [tiag),], which should be easily obtained
from the reaction of deprotonated ligand (2 eq) andappropriate copper source (1 eq). This
complex is expected to be similar to salen type pleres (Chapter 4) since two triallgands
exhibit the same donor set{B) as a salen type ligand. In contrast to coordmatif salen type
ligands, two triaz ligands result in a more flexible complex geome®glen type ligands are
relatively rigid (depending on the applied linkiggoup) and form square planar complexes with
slight distortion, while the complex [Cu(triak)s expected to be able to obtain also tetrahedral
geometry e.g. upon reduction of 'Cto CU. This might be of advantage for electrochemical
processes and simplifies substrate coordinatioratalytic reactions. Therefore [Cu(triglzgan
be expected to posses even better catalytic akilihan salen type complexes. On the other hand
stereoisomers for [Cu(triag)might occur, which is impossible for salen typemplexes. In the
following, synthesis of [Cu(triag) as well as it's characterisation are describexheeially
regarding the electrochemical and spectroelectroats properties.
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5.2 Synthesis and Structure of [Cu(triaz)]

The triazH ligand was commercially purchased anddus complex forming reactions
without further purification. Since triazH is spagly soluble in nearly all solvents despite
toluene, which is an unfavourable solvent for dghbd copper sources (such as Guai
Cu(OAc)), complex formation was carried out in a solvemttare using MeCN/toluene (5:3).
The reaction was carried out at 298 K and yieldegreen powder, which was purified by
recrystallisation and [Cu(triag)was thus isolated in relatively low yield (43%he completely
dry solid was observed to be stable over severaksyewhile remaining solvent leads to
decomposition upon storage within three to foursdaSingle crystals of [Cu(triag) were
obtained from MeCN/toluene solution and analysed XRD. [Cu(triaz}] was further
characterised by absorption spectroscopy, cyclittanonetry and spectroelectrochemical
methods.

The crystal structure of [Cu(triaZ)was solved and refined in the triclinic spacetggr@i
(for solution and refinement parameters see Tab)e Hgure 39 shows a view on the structure
along thea axis. In the crystal structure no hydrogen bridgesfound, while channels located on
the cell edges along tleeaxis are formed by-stacking of neighbouring triaz-ligands (distan€e o
the ligand planes = 3.4260(8) A). Each channelrathed with®"butyl groups, half of them
posses large thermal ellipsoids, proving that tlggeeips strongly librate. This libration is made
possible by the lack of hindering contacts in thestal packing and by the temperature applied

for the measurement (298 K).

Figure 39: Crystal structure of [Cu(trigk)view along thea axis, thermal ellipsoids shown on
50% probability level, H atoms omitted for clarity
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Table 34: Solution and refinement data of [Cu(dhz

5. O,N donor set in triazH

formula CoHisCUNO,Cl,  abs. coeff / mmat 0.731

f. w. /gmol™ 777.27 refl. coll. 24040

crystal system triclinic data / restr. / param. 8886 /490
crystal shape needle h, k, | -l4<h<14
colour green -17 <k< 17
space group P1 (No. 2) -18<I<18
alA 11.238(2) goof on¥F 0.589

b /A 13.151(2) Rt 0.1691

c/A 13.648(2) final R indices 0.0522

al° 85.54(2) [1>20()] 0.1257

B/° 82.78(2) R indices (all data) 0.2273

y/° 80.88(2) 0.2093
volume /1R, Z 1972.2(5), 2 largest diff. 0.264 and -0.402
F(000) 814 p. a. he A=

density /g et 1.309

Additionally, a disorder is found in the crystatustture, which is concerning the chlorine
atom position (atoms are disordered by 20%). Therder results from co-crystallisation of three
[Cu(triaz)] isomers (Scheme 38) which are formed during thaplex synthesis. Isomerisation
occurs, since the C-N bond between triazol and @hsubunit of the triaz ligand is freely

rotatable (rotation energy seems to be low) and tiwo ligand conformations are possible,
leading to three different isomers.

cl
/ P \ P N |y o
N NN NN~
Cu Cu Cu
/ N\ / N\ SN
/ / o N

Cl

Scheme 38: Isomers of [Cu(trigi)left: isomer 1; middle isomer 2; right: isomer 3

Interestingly, the crystal mainly contains isomer(ahly 20% of all molecules are not
isomer 1 and thus are isomers 2 and isomer 3 irurdmown ratio). Two reasons can be
considered for this: either isomer 1 is thermodyicalty favoured and thus the main product of

the complex formation, or isomer 1 is favoureddoystallisation.
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Figur 40: Molecular structure of [Cu(trigk}hermal ellipsoids on 50% probability level, Hbats
omitted for clarity; left: complete complex moleeutight: coordination polyhedron

The coordination polyhedron of [Cu(triak)is strongly distorted from square planar
geometry (expected for uand thus nearly tetrahedral (Figure 40). Thisodi®n is indicated
by the angles around the copper ion (Table 35):vtiiees of O1-Cu-N1 and O2-Cu-N4 lie
close to 90° (expected for a square planar geoinettyile O1-Cu—-N4 and O2-Cul-N1 are
markedly larger. The angle sum (for an ideal squalemar geometry 360°) is 376° for
[Cu(triaz)].

Table 35: Selected distances and angles of [Ca)ffia

distances / A angles/° angles/°

Cul-0O1 1.8606(3) O1-Cul-02 157.06(2) Zc @ 376.09(2)

Cul-02 1.8541(4) N1-Cul-N4 138.59(2) phenoll-phenol2 62.29(1)

Cul-N1 1.9588(3) 01-Cul-N1  90.92(2) phenol-triaz 16.45(1)/15.51(1)

Cul-N4 1.9862(3) 02-Cul-N4  91.11(1) (O1-N4-Cu)- 46.84(1)
(N1-0O2-Cu)

O1-Cul-N4  98.49(2)
02-Cul-N1  95.57(2)

[a] Zcu = (N1-Cu—-02) + (O2—-Cu—N4) + (N4—Cu-01) + (O1-Cu3N1

5.3 EPR spectroscopy

The EPR spectrum of [Cu(trigk)was recorded at 298 K in the solid state (Figite The

signal shape cannot be classified unambiguouslya st glance, the signal seems to be axial
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with g, > go (g = 2.339,g0 = 2.074,Ag = 0.265g., = 2.162) and &°Cu coupling constarfcy

of 135 G. Closer examination reveales ¢hdine to be split and therefore the signal miglsoal
be rhombic @; = 2.339;9, = 2.088;g; = 2.048;Ag = 0.291,g,, = 2.158). EPR spectra which have
been measured on square planar [GliClcompounds with varying tetrahedral distortion
revealed that increasing distortion correspondmeeeasing rhombicity of the EPR spectfdl
Thus the EPR signal recorded on solid [Cu(telamatches very well with the coordination

polyhedron found in its crystal structure.

9

Figure 41: X-band EPR spectrum of [Cu(trig£¥olid sample) recorded at 298 K

5.4 Cyclic voltammetry

Cyclic voltammetry was carried out on triazH andif@iaz)] in MeCN/'Bus;NPF; solution
at 298 K (Figure 42).

/
‘25 WA
1pA
15 10 05 0.0 05 0.4 0.2 0.0 02 04 06
E (V) vs. FeCp,/FeCp,’ E (V) vs. FeCp,/FeCp,’

Figure 42: Cyclic voltammogramms of triazH (leffjda[Cu(triaz)] (right) in MeCN/'"Bus;NPF;
at 298 K at 100 mV/s scan rate; potentials in VReCp/FeCp*
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The measurements showed that free triazH is oxidiseversibly atEp,, = 1.2 V, while the
first reduction of the ligand occurs reversiblygEat= —1.26 V. [Cu(triaz)] can be reduced twice,
at Ey, = —0.33 V andEy, = —1.26 V, the first reduction can be assignedh® CU{/Cu redox
couple, the second reduction is ligand centred. ithadhlly, [Cu(triazp] can be oxidised
reversibly atE,, = 0.15 V. This oxidation is ligand centred as watld supposed to lead to a
phenoxyl radical species. Inferred from the eledteomical potentials the phenoxyl radical state
seems to be easily accessible, while thestate of the complex is clearly disfavoured. Tkakp
separatiom\E (Epc — Epg) for the copper centred reduction of [Cu(trigz$ small AE = 0.10 V)
in comparison to thAE of salen type complexes. This indicates high Baity of [Cu(triaz)] in

forming different coordination polyhedra.

5.5 Absorption spectroscopy and spectroelectrochestry

Absorption spectra were recorded in MeCN/toluenet&m (Table 36) and revealed two
UV absorption bands for the free triazH ligand, ethican be assigned te1t* transition as
indicated by their high extinction coefficients.éde absorption bands can also be found in the
[Cu(triaz)] complex (with slightly decreased intensity) acgamied by a long-wavelength band
at 647 nm. This absorption is assigned to a d+usitian and corresponds to a relatively strong
ligand field with a 1,/ e separation of 15385 cMh(1.91 eV).

Table 36: Absorption bands of triazH and [Cu(trif%)

compound Al nm €/ Lmol*cm ™)
triazH 312 (41674), 348 (47659)
[Cu(triazy] 307 (19362), 346 (19747), 647 (241)

[Cu(triazy]’* 321, 404

[a] Absorption spectra measured in MeCN/toluene3)(%¢olution, spectroelectrochemistry
performed in MeCNBuUsNPF;

Spectroelectrochemical characterisation of [Cu{}sjawas performed in MeCRBusNPF;
solution. Therefore absorption maxima of the paspeicies are slightly blue-shifted if compared
to those recorded in MeCN/toluene solution. Upoectebchemical oxidation a new band at
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404 nm appears, which is typical for charge tranafesorption of copper phenoxyl species and
thus assigned to the formation of [Cu(trigZ) The wavelength of the absorption band is typical

for alkyl stabilised phenoxyl radicafé®

5.6 Summary on the suitability of [Cu(triaz)] as a GO model system

Similar to other copper complex possessinffolityl substituted phenol moieties, the
complex [Cu(triaz)] was expected to form [Cu(trig})” upon oxidation. This was confirmed by
cyclic voltammetry and spectroelectrochemistry. Ttvenation of the radical species proceeds
reversibly at 0.15 V. Furthermore, the reversibi#/Cu reduction was detected at —0.33 V with
small peak-to-peak separation. This is due to gttetrahedral distortion of [Cu(triaf)which
simplifies the geometry change upon"@Iu reduction. Hence [Cu(triad)is a promising
candidate for catalytic alcohol oxidation. Botha@gdtouples (phenoxyl radical and copper redox
couple) are slightly disfavoured compared to theresponding redox couples in natural GO
(0.01 V for the tyrosyl radical and —0.24 V for tbepper redox couple). Due to its spectroscopic
properties, [Cu(triaz) seems to be the ideal system for a close exammat catalytic test

reactions. A detailed study on [Cu(trigzs oxidation catalyst is presented in Chapter 7.
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6.0 Highly flexible O,O’,N Ligands and their
Co, Fe, Ni, Cu and Zn complexes

6.1 Introduction

As outlined in Chapter 2, oxido-pincer ligands dgulaear an aromatic central core and two
ortho substituents carrying various oxygen functionsstproviding aridentate O,E,O donor set
where E = C, N, P or else. Most important are ligawith a central pyridine ring, whidmave
found a number of applications e.g. in catal{§is'8>853%Typical okido donor functions can
be carboxylatd¥®%*31% carbonyP™ or alcohol functiond®®3* The latter are interesting,
sincethey provide the opportunityf stepwise deprotonation upon coordination ansl fémds to
a huge diversity of complexes and structures. Acreiasing tendency to deprotonation is
expected with increasing hardness (HSAB) of theaimen. Consequently, complexes of early
transition metals exclusively contain the fully defonated ligand dianiofi*>*'® Intermediate
cases (partly deprotonated) were found in polyrarcteanganese compleXé$32! while the
ligand usually coordinates fully protonated to latnsition metals (Ce Zn, 4d and 5d metals)
[200.322-327] However, there are also exceptions from thisetation, e.g. found in [Giin?p-
pydimH)(n*-pydimH,),] > B2*328land in [Cu(pydimH)(pydimH)[1324,

In agreement with the HSAB concBpt® weak bonds are observed between the O-donor
functions and late transition metals like'Cali", CU' and Zr, while the metals Pdand Pt are
exclusively bound via the pyridine nitrogef**°** As a result,oxido-pincer ligands show a
wealth of structural motifs including square pla@t, Pd), trigonal bipyramidal (Co, Ni, Zn),

square pyramidal (Cu) and octahedral (Co, Ni, G),ordinatiorf!8184:332]

[ hard soft - X hard

N soft
\\ / &\

Scheme 39: Schematic binding situation of O,N,Cdospincer ligands compared to O,0’,N
ligands to soft transition metal ions
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Most of the so far reported studies focus on symimekido-pincer ligands with an O,N,O
donor set. The modification of the donor atom seqaefrom O,N,O to O,0,N or O,0O’,N
(Scheme 39) bears some interesting possibilitigh@atrinsic non-symmetry and the option to
built up hemilabile systems resulting from thenseffect of the (presumably) strong N-M
interaction weakening the peripheral M—O bond

If the outer O donor is designed to be a phenoxyetypothis allows generating weakly
coordinated phenoxyl moieties. Copper complexeshis type would close the gap between
lacking interaction between copper ion and phenaoayical as found for pydic-ester ligands
(Chapter 2.1) and strong interaction as found fespiienoxido pincers, benzoquinone-, acridine-

and salen type ligands (Chapters 2.2, 3 and 4).

H ~ H,C Z ~
\ ~ | 3\ Q | ~ |
C% N
|

cx N cx N
| |
OH OH OH
o) o) o)
/ / /
HsC ~ OON1 HsC ~ OON2 HsC ~ OON3

Scheme 40: Three new chiral O,0,N pincer ligandeft: 2-(hydroxy(pyridin-2-
yl)methyl)methoxyphenol (OON1), middle: 2-(1-hydyek-(pyridin-2-yl)ethyl)phenol (OON2),
right: 2-(hydroxy(phenyl)(pyridin-2-yl)methyl)phehOON3)

In this contribution three new chiral O,0’,N pindagands were synthesised (Scheme 40).
The new ligands were designed focussing on foumnaaipects. i) In comparison with the
frequently used oxido-pincer ligands with a cenpralidine core and two pendant carboxylate or
methanol functions, the new ligands provide a ckanglonor atom sequence O,N,O0O,0’,N
and an altered sequence of (expected) binding®tréByeak Nstrong Oweak - Oweak O’ weak Nstrong
as indicated in Scheme 39. ii) The ligands prowlte possibility of tris-chelate binding, upon
forming two five-membered chelate rings. In corttasligands containing rigid aromatic cores
such as pyridine the central binding position heriar more flexible and might open the option
of a n*facial binding, while pyridine centred ligands allow oniy-meridional binding. The
steric bulk at the central C atom increases withenseries OON1 < OON2 < OON3, while the
acidity of the hydroxy function is expected to dsage along the series OON3 > OON1 > OON2.

iii) Only one of the two oxido donor functions cba deprotonated upon coordination, since the
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second is a methoxy group. The methoxy and hydrhxctions are expected to exert
approximately the same binding strength but depeadton of the central hydroxy group will
greatly enhance its coordination capacity over tbétthe methoxy group (creating a
OweakO’strongNstrong DiNding  situation). iv) The new ligands are chidile to four different
substituents at the central C atom. Thus the cheatre is very close to the metal atom, which
might be important for the transfer of chiral infation to a substrate bound at the central metal
atom.

The three ligands were reactedR@', Fd', Cd', Ni", CU' and zf. The chosen metal ions,
are expected to increase in “hardness” along tHess€! < Ni"' < Cd' < Fé' < Fé" and also
provide different preferences for feasible coortdorapolyhedra. The resulting metal complexes
were characterised by their elemental analysistiwis absorption spectroscopy, in case of the
diamagnetic Zh and potentially diamagnetic Ncompounds additionally b{H and**C NMR
spectroscopy. The paramagnetic"Ce&€u' and F& complexes were investigated by EPR
spectroscopy, EPR measurements of thé €omplexes were complemented by magnetic
SQUID measurements. Structural characterisatiosormpleted by XRD on obtained single

crystals. Electrochemical experiments (cyclic voitaetry) were performed as well.

6.2 Ligand preparation

The ligands were synthesised by Grignard coupliegction of 2-iodo-anisole with 2-
formylpyridine (OON1), 2-acetylpyridine (OON2), @benzoylpyridine (OON3) respectively.
The resulting ligands were obtained as racematescharacterised by NMR and elemental
analysis. Since for a first view on the coordinatahemistry of the ligands the chirality is not of
importance, all ligands were used as racematesdimplex synthesis and characterisation. The
ligands exhibit a good solubility in organic solt®mand were purified by recrystallisation from
acetone, upon which single crystals of OON2 and @@ére obtained and analysed by XRD.
The ligands OON2 and OON3 were found to crystaliséhe triclinic space grouﬁi, crystal
data can be found in the appendix. In the crydt@@N2 three intermolecular hydrogen bridges
were found (O*H100°'N1 with a DA distance of 2.976(2) A, C13-H1®1 with a D'A
distance of 2.710(2) A and C7-H®2 with a D"A distance of 2.985(2) A). These interaction
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can be considered to be weak electrostiitH bonds involving the phenol substituent of
OONS3 were not found in the crystal structure. Aidially, a rather short intramolecular
O1-H~02 hydrogen bridge ((GH = 1.86(4) A, D'A distance of 2.644(3) A, CH-O =
138(4)°) is found. Figure 44 displays the molecstanctures of OON2 and OON3 including the
intramolecular O1-HO2 hydrogen bridge in OONS3.

T\\/ ~ \(}7{? 1 Eﬁ)o
\N SIS
(D= “n// 5 o1
) &
&7\/ = (i/
V( \ NN
((\N 1\? H101
\ -
\ g}j/ c13

Figure 44: ORTEP representations of molecular sires of OON2 (left) and OON3 (right),
50% probability level, H atoms omitted for claritiespite those involved in the H bridge in
OONS3 and the disordered (50%) proton on O1 of OON2

In the molecular structures of the free ligands@@’,N binding pocket is not available. E.qg.
torsion angles O1-C—C-N1 of 98.9(2)° in OON2 anfl.a@)° in OON3 show that the pyridine
rind has to rotate about the C-C axis by approxipa®8° or 150° respectively to allow an
effective five-ring chelate coordination of the jpiyne N and the hydroxo donor function. The
methoxy function is also largely bent away from Hyelroxy oxygen atom for OON2, while for
OONS the intramolecular hydrogen bridge bringstthe oxygen atoms in perfect position for a
potential chelate binding. On the other hand therptanar angle of anisol and pyridine ring is
about 39.7(1)° for OON3 and 83.31(1)° for OON2.

Summarising, the potentially coordinating sites@Ql\) in both ligand are arranged around
the central chiral C atom in a rather flexible wayd the conformational changes necessary to

allow tridentate coordination are probably very Bma

6.3 Complex synthesis

The complexes were obtained by stirring the metédrade salts with the ligands in a 1:1
ratio at 298 K in methanol for 16 h and without tiiee of external base. Strongly coloured
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products of the general formulae [{@,0’,N)Cl;] (M = Fe, Ni, Cu, Zn) or [F&(O,0’,N)Cl]
(except OON2) were obtained in high yields. Usiraj &s metal the complexes undergo a fast so
called coordinative disproportionation following .ELfL, thus the formed complexes possess the
general formula [Co(O,O’,N)(u-CICoChL]. A similar type of reaction was already observed
several pyridine-dimethanol pincer complexes primgichn O,N,O donor coordination (Eq. 12).
The disproportionation of compounds containing @Npincer ligands, which provide a
tridentate binding mode, leads to the formatiomoafc complexes. This is due to the saturation
of the cobalt ion by two O,N,O donor ligands ane fbrmation of the very stable [CofT ion.

The O,0’,N ligands obviously do not prefer a tritlka binding mode (see below), hence a
fusion of the resulting ions to a neutral binucleamplex seems to be thermodynamically

favoured although this lowers the entropy of thetem.

[Co(*OON3)(1-Cl),CoCh] Eq. 11
[Co(*O,N,O)][CoCl4] Eq. 12

2 [Co@*OON3)Ch]
2 [Co@m>-O,N,0)Ch]

i

Using O,0’,N donor ligands a coordinative disprdjmoration is only observed for cobalt
complexes (using O,N,O donor ligands also Ni, Cd Zn show disproportionation). On the one
hand this is due to a large stabilising effect eetdl for a @ high spin system (C9 upon
formation of a [MCJ]* ion, on the other hand this is due to the statiiti;m of pentacoordinated
complexes (square pyramidal or trigonal bipyramidatomplexes of iron, copper and zinc.

While the Co, Ni, Cu and Zn compounds show goodlslily in polar organic solvents such
as acetone, methanol, ethanol, THF, DMF or MeCBIR# and F& compounds are less soluble
and despite [Fe(OONS3)¢land [Fe(OON1)G] they precipitated from the methanol reaction
mixture. The iron complexes therefore require ghpmpolar solvents such as MeCN or DMF to
be redissolved. Several attempts to obtain tHe é@mplex [Fe(OON2)G] failed. In any case
virtually insoluble orange material was obtainedicihgave elemental analyses far from a

reasonable stoichiometry.

6.4 NMR spectroscopy

From the ZHi compounds (f diamagnetic) NMR spectra could be obtained, T&®ldists

selected data. Special attention was paid to teencdal shifts of the OH, OGHand HGy atoms
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which best indicate coordination of the metal te #iajacent donor atoms. Since this coordination
might be depending on the solvent polarity andderdolvent’s ability to act as a ligand, spectra
were recorded in CDgl(unpolar, non-coordinating), Hpacetone (polar, presumably non-
coordinating), [Q]-methanol (highly polar, potentially coordinatindPs]-pyridine and [B]-
DMF (both polar, presumably coordinating).

Table 37:Selected NMR data for free OON ligands and Zomplexe’

in CDCl, dH6,, A3 SOH A6  JOOMe Ao
OON1 8.5¢ 5.2( 3.8¢
[Zn(OONLCl] 871 0.7 7.3 21C 3.7¢ 0.11
OON:Z 8.4¢ 5.12 3.5¢
[Zn(OON2Cl,]  8.7¢  0.2¢ 658  14: 3.71 0.1t
OON: 8.5¢ 5.71 3.5¢

[Zn(OONSCly] 8.7¢ 0.1¢ 7.7z 201 3.81 0.2¢
in [Dg]-aceton O0H6,, AJ 00OH AJ 0OMe Ad

OONI1 8.5( 5.3¢ 3.8¢
[Zn(OON1CIl;]  8.7¢ 0.2¢ 877 3.4/ 3.8 0.01
OONZ 8.4: 5.1( 3.5¢
[Zn(OON2CI;]  8.7¢ 0.2¢ 7.9¢ 2.8/ 3.4¢ 0.0€
OONZ 8.4¢ 5.67 3.4¢
[Zn(OON3Cl;]  8.7¢ 0.27 8.1¢ 251 3.6¢ 0.17
in [D4]-methanc  JHG6,, AD OOH AJ o0OMe Ao
OONZ 8.1F 5.5¢ Il -
[Zn(OON3'Cl] 8.3t 0.2 7.06 147 M -

in [D7]-DMF OHB,, AJ OOH AS 00OMe AJ
OONZ 8.5¢€ 6.07 3.5€
[Zn(OON3Cl;]  8.5¢ 0.0z 6.1€ 0.1¢  3.57 0.01
in [Dsg]-pyridine OH6,, A0 OOH Ao oOMe AJ
OONZ 8.5¢€ 5.07 3.3t
[Zn(OON3Cl;]  8.5¢ 0 571 0.68 3.3 0

[a] Chemical shift®din ppm vs. TMS; change of the chemical shiftupon coordination in ppm
[b] Obscured by solvent signal

Upon coordination théH signals of protons adjacent to donor atoms ugesdhibit a low-
field shift. In CDC} these shifts are relatively small for thejtitom and the OMe groupd=
0.1 - 0.28 ppm) but large for the OH group (1.4%[@m). In [R]-acetone thé&Jd values for the
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H6,y, and OH protons point to coordination, while thduea for the OMe group for the
complexes with OON1 and OON2 drop to zero (indi@athon-coordination). Qualitatively the
same holds for [Zn(OON3)gllin [D4]-methanol, but the OMe proton signal overlaps viita
signal of the solvent protons and thus cannot bdiet. Importantly, the OH proton of the
ligands can be unequivocally detected, thus trentlg remain protonated upon coordination. In
the coordinating solvents DMF and pyridine thé values strongly indicate that the O,0’,N
ligands were replaced by solvent molecules, th# shserved for the OH proton might also be
due to H bridge formation with solvent molecules.

For the NI complexes the'H NMR spectra show paramagnetic broadening, so 2D
experiments failed and no assignments of the ssignale made. As a consequence comparison
of the shifts of free ligands and complexes fdilst the NI complexes tetrahedral or (distorted)
octahedral configurations can be assumed fromhélsviour. This is in contrast to recently
reported Ni complexes of oxido-pincer ligands withhenolate groups [2,6-bis(2-
methoxyphenyl)pyridine (LOMg, 2,6-bis(2-hydroxyphenyl)pyridine (LG} 2,6-bis-(2,4-
dimethoxyphenyl)pyridine (LOMg] which were diamagnetic, bromido bridged dimé&f&.For
the Fé complex [Fe(OON1)G] bad solubility and paramagnetic impurities preeenany NMR
measurements. Thus a high spin configuration canobeluded which wouldead to systems

with S= 2 for both, octahedral or tetrahedral complesngetries.

6.5 Crystal and molecular structures from XRD

From the compounds [Co(OONR8)-CI),CoCh]-C3HsO, [Fe(OON1) ]2, [Cu(OON1)CH],
and [Cu(OONB3)CJ; single crystals were obtained and could be andlipggeXRD. Details of the
structures were shown in Figures 45-48 and Talear®l 40 summarise essential crystal and
structural data.

The crystal structure of [Co(OONG)-CI)CoChL]-CsHsO was solved and refined in the
triclinic space grougPl. In the crystal structure no packing effects sashH bridges ore
stacking can be observed. This is mirrored by they Vow density in the crystal structure, the

lowest in the whole series (Table 38)
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Figure 45: ORTEP representation (50% probabilityelp of the molecular structure of
[Co(OON3)(u-Cl),CoCh], H atoms and solvent molecule are omitted foritgla

The complex molecule consists of two fused cobalttres, an octahedral (OONGp
fragment and a tetrahedral Ce@agment. Both fragments are covalently bondedway p-Cl
bridges (Figure 45). The two coordination polyhedra slightly distorted and share edges. The
Col-(u-Cl) bonds are slightly longer (2.441(2) Adah494(2) A) than the Co2-(u-Cl) bonds
(2.305(2) A and 2.321(2) A) but they are still metrange of covalent bonds. The two OON3
ligands coordinate in a bidentate mode and the emgtgroups lie far away from the cobalt ions.
The complex molecule contains OON3 ligands viRtland S chirality, the resulting complex is

achiral.

Figure 46: ORTEP representation (50% probabilityelp of the molecular structure of
[Fe(OON1)C4],, H atoms are omitted for clarity

When recrystallising the complex [Fe(OONZLJCfrom acetone, single crystals of the
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dimeric complex [Fe(OON1)glk were obtained (Figure 46). The compound has ols\ydoeen
formed through elimination of HCI (Eg. 13)

2 [Fe(OON1H)C{] S 2 HCI + [Fe(OON1)GI) Eq. 13

The crystal structure was solved and refined intticinic space groufPl (Tables 38,40). In the
crystal structure the two iron atoms are bridgedhgycentral deprotonated oxido function of the
OONL1 ligand, forming a polyhedron of two edge-sharfdistorted) trigonal bipyramides with a
nearly planar F£, core (with a dihedral angle FeQ1-Fe2-02 of-9.8(2)° and small O—Fe-O
angles of about 73.31(2)° and 73.12(2)°). The trigglanes around Eeare formed by the two
chlorido ligands and one of the bridging O atombe Taxial positions are occupied by the
pyridine N atoms and the second bridging O atom,ahgles N1-Fel-03 (147.0(2)°) and N2—
Fe2—-01 (150.1(2)°) deviate markedly from the idaagle of 180°. The methoxy function
remains uncoordinated. Interestingly, the dimerfosned by two mononuclear units which
contain ligands of the same chirality; one of th@lenules in the unit cell possesses ligandR of
configuration, this is depicted in Figure 46, thtbes molecule possesses ligandsSafhirality,

thus in the crystal structure both types of stex@wmiers occur.

Figure 47: ORTEP representation (30% probabilitieleof - left: view on the polymeric chain
structure of [Cu(OON1)GJy; right: the asymmetric unit in the chain structwiéh the disordered
anisol ring (right); H atoms are omitted for clgrit

The CU compound [Cu(OON1)G], was crystallised from acetone and the structure was
solved and refined in the monoclinic space grBdgc (Table 38). Essential binding parameters
are summarised in Table 40, while Figure 47 givesea on one of the polymer strands along

the ¢ axis and a mononuclear unit. The structure showsedimensional polymer, in which
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square planar coordination units consisting of,@hen®N,O bound ligand OON1 and two Cl
ligands, were interconnected along the crystallpigiac axis by rather long axial €Cu bonds
(using one of the CI ligands). While the Cu—Cl bdndahe apical position is 2.848(2) A, the
Cu-Cl distance opposite is 3.144(4) A (Figure 4Mhough this is a very long Cu—Cl distance,
similar bond lengtH&* 3 or even longer distances (about 3.3°®&) have been found. The
overall geometry around the Cu atom is thus sqpgramidal (or asymmetrically elongated
octahedral). Similar to the Becomplex, OON1 coordinates in a bidentate modenéoGuCh
fragment and a 50% disorder of the methoxy grouas feund. The OONL1 ligands alternate in

the chain structure so that all ligands on one sfdbe chain possess the same chirality.

level); H atoms are omitted for clarity

The CUd compound [Cu(OON3)G), was crystallised from acetone and the structure was
solved and refined in the monoclinic space gr&2p/c (Tables 38,39). The structure shows a
binuclear u-Gtbridged complex entity. The crystal structure esea short intramolecular H
bridge between O2 and H1 with a distance of 1.9A(3Furthermore, intermolecular stacking
along the crystallographe axis is observed for the anisol rings of neighbapmolecules. Both
rings are coplanar (0.00(3)°) and exhibit a ratbleort distance (3.53(2) A). In the binuclear
[Cu(OON3)C}h], molecules Cli (Figure 48) is coordinated by the N and O atomthefOON3
ligand, one peripheral chlorido ligand and two bind)y chlorido ligands. The resulting
coordination polyhedra can be ascribed as distag@dre pyramidal with the pu-Cl (CI1) atom in
the axial positions or as distorted trigonal bipyidal with N1 and CI1' as axial ligands
(Table 39). The two OON3 ligands which are parttteé binuclear molecule reveal opposite
chirality, in contrast to the iron complex but dinito the cobalt complex [Co(OONg)-
Cl)2CoClb]. Again, the methoxy group is non-coordinating (@QMe = 4.121(2) A).
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Table 38: Crystal

structure and

[Fe(OON1)CH,, [Cu(OON1)C}], and [Cu(OON3)G,

6. O,0’,N donor ligands

refinement dataf [Co(OON3)(u-Cl)CoCh]-CsHeO,

Compound [Co(OONZjju- [FeCL(OON1)L [CuCL(OON1)}, [CuCL(OON3)L
Cl)zCOClz]CsHGO

formula G1HaoCl4CoN20s Cu6H24CliF&N20, [C1aH1:ClL,CUNG], CzgH34Cl.CN0,4

f. w. /gmol™ 900.41 681.98 348.68 851.59

crystal system triclinic triclinic monoclinic monlaac

crystal shape block block fraction block

colour blue red green green

space group P1 (No. 2) P1 (No. 2) P2./c (No. 14) P2,/c (No. 14)

alA 8.983(2) 9.882(5) 14.674(2) 9.073(2)

b /A 12.107(3) 11.354(5) 14.407(2) 11.196(2)

c/A 19.539(5) 14.259(5) 7.0563(9) 18.518(3)

alf° 92.74(2) 79.901(5) 90 90

Br° 97.43(2) 87.670(5) 103.84(2) 100.18(2)

y/° 94.01(2) 65.751(5) 90 90

volume /&, Z 2098.7(8), 2 1435.2(4), 2 1448.5(3), 4 1851),527

F(000) 924 692 704 868

density / g cri* 1.425 1.58 1.60 1.53

abs. coeff / mit 1.089 1.418 1.872 1.480

refl. coll. 20126 17398 13633 17774

data / restr. / param. 9100/0/ 493 6418/ 6/ 34 3342 /36/193 4478 /0 /228

indices -11<h<10 -13<h<13 -19<h<19 <I<11
-15<k<15 -13<k<13 -19<k<19 -14<k& 1
24 <1< 25 -18<1<18 -8<1<8 -24<|<24

goof on E 0.653 0.666 0.845 0.655

Rint 0.0982 0.1593 0.1464 0.2427

final R indices R1 =0.0477 R1 = 0.0464 R1 =0.0467 R1 = 0.0452

[1>20(1)]
wWR2 = 0.0931 wWR2 =0.0692 WR2 = 0.1452 WR2 = 0.0542

R indices (all data) R1 =0.2007 R1=0.1911 R10880 R1 =0.2433
wR2 =0.1211 wR2 = 0.0692 wR2 = 0.0749 WR2 = 04082

largest diff. p. a. h.
leA®

0.937 and -0.397

0.391 and -0.484

0.421 and —0.494 0.298 and —0.340

Table 39: Angles found for [Cu(OON3}Jd compared to angles of ideal coordination polyhedra

angles found TBP - ideal TPy - ideal

01-Cul-CI2 171.23(1)° 120° 180°
N1-Cul-Cl1’ 159.28(1)° 180° 180°
01-Cul-Cl1 85.42(1)° 120° 90°
Cl1'-Cul-Cl1 97.014(9)° 90° 90°
Cl2-Cul-Cl1 102.07(1)° 120° 90°
N1-Cul-Cl1 95.29(1)° 90° 90°
Cl1-Cul-CI2 96.82(2)° 90° 90°
Cl1'-Cul-01 86.668(9)° 90° 90°
N1-Cul-O1 77.76(1)° 90° 90°
N1-Cul-Cl2 96.829(9)° 90° 90°
Yol 358.06(2)° - 360°

>hl°! 358.72(1)° 360° -

[a] Za = (N1-Cul-0O1) + (N1I-Cul-CI2) + (Cl1-Cul-O1) + {ECul-01)
[b] =b = (O1-Cul-ClI2) + (O1-Cul-CI1) + (Cl2-Cul-Cl1)
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6. O,0’,N donor ligands

Table 40: Selected distances and angles of [Co(QQNEI),CoChL]-OCsHe, [Fe(OON1)CY],
and [Cu(OON1)Cll,

[Fe(OONL)CH]

distances / A distances / A angles/°

Fel-O1 1.951(4 Fel-ClI2 2.212(2 O1-Fe1-03 73.5(2)

Fe2-0O1 1.981(3 Fe2-Cl4 2.176(2 O1-Fe2-03 73.2(1)

Fel-Cl1 2.173(2 FeZ-N2 2.088(4 Cl1-Fel-CI2 111.45(9

Fe2-CI3 2.223(2 0103 2.350(1 CI3-Fe2-Cl4 112.79(9

Fel-N1 2.109(5 FelFe2 3.147(1 N1-Fel-0O3 147.0(2)

Fel-O3 1.986(3 Fel"OMe  4.994(2 N2-Fe201  150.1()

Fe2-03 1.965(4 Fez"OMe  4.931(2 N1-Fel:-Cl1  99.%(1)
N2-Fe2CI3  95.%(1)

[Cu(OON1)CH],

distances / A angles /°

N1-Cul 2.002(4 O1-Cul-N1 79.964(4

Ol1-Cul 1.986(3 O1-Cul-CI2 87.685(4

Cul-Ci1 2.249(2 O1-Cul-Cl1 173.163(5

Cul-CI2 2.255(2 N1-Cul-Cl1 96.78(1

Cul-(u-Cl1) 2.848(2 N1-Cul-Cl2 162.4()

Cul-(u-Cl2) 3.144(4 (u-Cl1)-Cul-(u-Cl2)  172.7(1

Cul-OMe 4.089(4

Co(OON3)(i-Cl),CoChL-OCsHs

distances / A distances / A angles / °

Col-Cl1 2.441(2) Col-N2 2.086(5) 04-Col-0.  93.2(1

Col-ClI2 2.494(2) CoTo2  3.252(8) N2-Col-O:  75.7(1

Co2-Cl1 2.305(2) CoD3Me 4.362(9 Cl2-Co1-O.  93.9(2

Co2-CI2 2.321(2) CoD2Me  4.035(9) Cl1-Col1-Nc: 98.4(1

Co2-CI3 2.240(2) Co22Me 4.252(9) Cl1-Co1-N1 164.8(1

Co2-Cl4 2.213(2) Cl1-Co2-Cl2  93.87(7)

Col-01 2.134(5) Cl1-Co2-CI3  107.93(7)

Col-04 2.116(5) Cl2-Co2-Cl4  117.49(7)

Col-N1 2.109(5) CI3-Co2-Cl4  113.98(9)

6.6 EPR spectroscopy of C Cu" and Fé" compounds

EPR spectroscopy has been shown to be a well sm&tdod to analyse the coordination

geometry around the paramagnetic metal iofi" @af)?** as well as the spin states of'Qa’)

and F&' (d°). In contrast to XRD, EPR can be applied on ciljsgand amorphous solids as

well as on species in solution, thus allowing debecof the coordination geometry for various

physical states. From all obtained'Cand F&' compounds EPR measurements were carried out

at 298 K (data collection in Table 41). The'Gmmplexes have to be measured at 4 K to freeze
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spin flipping, which prevents Cocomplexes from exhibiting EPR signals at 298 Kgufé 49
shows three rather different EPR spectra, recofaiethe amorphous material obtained from the
preparation procedure [Cu(OONL1)Cl(parent material), the recrystallised and strradty
characterised binuclear complex [Cu(OONZ%)Chlnd an acetone/THF solution of the parent
material. While the spectra of the parent maté@allOON21)C}] and its solution show rhombic

symmetry, the polymeric material exhibits an aliRR signal withg; > g (Table 41).

9 oy 9,

100 G

500 G 9,
100G

Figure 49: X-band EPR spectra of an amorphous powafe [Cu(OON1)C}] (left),
polycrystalline powder of [Cu(OON1)g} (middle) and [Cu(OON1)G] in a 1:1 acetone/THF
mixture (right); all samples measured at 298 K

The latter signal shape is in line with the eloedatsquare pyramidal (octahedral)
coordination revealed by XRD. The rhombic symmebfythe other two spectra indicates
distorted square pyramidal coordination as found tie recently described complex
[(pydimH,)CUCh] (Gay= 2.149,q; = 2.311,g, =2.094,0; = 2.041Ag = 0.270%%4 From the
similarity of the averaged value and theg anisotropyAg of the parent compound and
[(pydimH,)CuChL] we conclude that in both compounds the ligandi®im a tridentate fashion.
From the markedly deviating values for the paremb@e in solution it can be concluded that a
square pyramidal coordination sphere with a N,Cemidte binding mode is formed. A solvent
molecule therefore is incorporated into the coatlon sphere, in line with the findings from
NMR spectroscopy of the correspondind' Zomplexes.

The spectra of the iron complexes [Fe(OON3)@barent material) and [Fe(OON21I
(recrystallised) are also not identical as FigudesGows. While the parent material exhibits an
EPR signal with ag value ofg,, = 2.130 the binuclear species revegls = 2.063 but an
anisotropic signal shape. Dissolving thé' Feompounds in an aceton/THF mixture leads in any
case to identical isotropic, narrodH ~ 60 G) EPR spectra with g value of 2.014. So far
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assignment of this species is impossible.

Figure 50: X-band EPR powder spectra of [Fe(OONs])@#ft), [Fe(OON1)C}], (middle) and
[Fe(OONB3)C}] (right) recorded at 298 K

The cobalt compounds exhibit axial EPR signals fég51) with g; < gn, which are
extremely broadened due to the temperature of gesorement (4 K). Thgvalues are all very

£373%) EpR spectra in

high, but in line with EPR studies on other higlinsgd' complexe
solution were measured in acetone (blue solutiod)ia methanol (red solution). Signal shape of

the blue and the red species differ, especialthéy, range of the spectra (Table 41).

1000 G 1000 G

9
9, Il

Figure 51: X-band EPR spectra of [Co(OONR)}CI),CoClL] recorded at 4 K, left: solid sample,
middle: acetone solution and right: methanol soluti

By trend, the smallesiy values are observed in the solid state and thieebtgvalues are
found for methanol solutions. Furthermore, thesignal part becomes more intense and sharper
in methanol solution. As a result tig values are small in methanol, while tg values are
increased. Reference measurements of a pentacatadiicomplex [(pydot)CoCh]™*# showed
a signal with axial shape but highgrvalues and decreased signal widiH. In a reference
compound (pydipk)-[CoCL]™® containing solely the tetrahedral anion [CAE] the signal is
as well very small, but thg values are similar to those observed for the ®Qi@gmplexes. Thus

some general conclusions can be drawn: the steioddirall three O,0’,N complexes is
113



Katharina Butsch 6. O,0’,N donor ligands

magnetically (and therefore structurally) identicdhe three OON complexes are not
pentacoordinated in the different states and ttiespecies cannot be assigned to an undissociated
complexes of the formula [(O,0’,N)Co4fl

Table 41: X-band EPR data of &€u' and F& complexe¥

sample state Oav g10rg; g.0orgy  Gs Ag geometry!
[Cu(OON1)C}] amorphous 2.148 2.267 2.128 2.048 0.219 OE or SPy
[CU(OON1)CH], polycryst. 2.148  2.286 2.079 - 0.207  OE or SPy
[Cu(OON1)C}] dissolve  2.128  2.207 2.128 2050 0157 OE
[Cu(OON2)C}] amorphous ~ 2.145  2.247 2.134 2.053 0.194 OE or SPy
[Cu(OON2)CH] dissolved?  2.128  2.210 2.127 2.048 0.162 OE
[Cu(OONB3)C}] amorphous 2.145 2.283 2.076 - 0.207 OE or SPy
[Cu(OON3)C}] dissolve  2.131  2.209 2.130 2054 0155 OE
[Fe(OON1)CH] amorphous 2.130 2.871 2.024 1.495 1.376  TBPor OE
[Fe(OON1)CY] dissolved’  2.014 - 2.014 - 0 TBP or OE
[Fe(OON1)C}], polycryst. 2.063 2.723 2.052 1.414 1309 TBP
[Fe(OON1)C}], dissolve  2.014 - 2.014 - 0 TBP or OE
[Fe(OONB3)CH] amorphous 2.212 3.081 2.048 1.508 1.573 TBPor OE
[Fe(OON3)CY] dissolved’  2.014 - 2.014 - 0 TBP or OE
[Co(OON1)}(u-ClLCoCh]  amorphous 3.605 4.355 2.104 2.251  Oh+Td
[Co(OON1)}(u-ClI),CoCL]  methanol 3.642 4.356 2.215 2.141 On
[Co(OON1)}(u-Cl),CoClL]  acetone 3.636 4.362 2.185 2.178  Oh+Td
[Co(OON2)}(u-Cl,CoCL]  amorphous 3.628 4.349 2.185 2.163  Oh+Td
[Co(OON2)(u-ClI),CoCL]  methanol 3.667 4.359 2.283 2.076  Oh
[Co(OON2)(u-Cl),CoCL]  acetone 3.653 4.358 2.242 2.116  Oh+Td
[Co(OON3)}(u-Cl,CoCL]  amorphous 3.640 4.358 2.202 2.156  Oh+Td
[Co(OON3)}(u-ClLCoCh]  methanol 3.666 4.359 2.278 2.082 Oh
[Co(OON3)}(u-Cl,CoClL]  acetone 3.633 4.355 2.190 2.165 Oh+Td
[(pydotH,)CoCl) amorphous 4.466 5.787 3.805 1.981 TBP
(pydipHs),[CoCly] amorphous 3.753 4.357 2.546 1.811 Td

[a] CU' and F&' measured at 298 K, Eaneasured at 4 K; averaggdaluega, = (g + 29) / 3 0rgay = (01 + 02 +

gs) / 3; g anisotropyAg = g — g, 0r Ag = g — gs;

[b] Symmetry assigned by EPR spectroscopy or XRBy S square pyramidal, TBP = trigonal bipyramidak =
octahedral elongated, Oh = octahedral, Td = tethathe

[c] Dissolved in an acetone/THF (1:1) mixture

6.7 Magnetic measurements

Magnetic measurements (SQUID) were performed orahalt complexes to ensure that the

EPR signals of the high spin Eoomplexes are not influenced by spin-orbit intécas (which
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might be inferred from such higlg values). Figure 52 shows the over T plots for
[Co(OON1Y(u-Cl)CoCh] and (pydipH),[CoCl,].
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Figure 52:y over T plots of magnetic measurements (SQUID) performedalid samples of
[Co(OON1Y(u-Cl)CoCl] (left) and (pydipH),[CoCl,] (right), H=0.1T

The measurements reveal no extraordinary magnetiawour. The temperature dependence
of the magnetic susceptibility clearly shows Curie-Weiss behaviour of the analysaterials
but with different Curie-Weiss temperatures (—5.60K [Co(OON1)}(u-Cl,CoCkL] and -2.4 K
for (pydipHs),[COCls]) as well as different magnetic moments (M = 4glfpr [Co(OON2L)(j-
CI)2,CoCh] and 4.9 14 for (pydipHs)2[CoCly]), verifying that the cobalt compounds are higinsp
complexes with marginal spin-orbit interactions.

6.8 UV/vis/NIR absorption spectroscopy

UV/vis absorption spectra were recorded in the ea2@) to 1000 nm (Table 42). Due to the
differences in complex solubility and stability, aseirements of the Zn complexes were carried
out in CHC} and THF, the copper complexes were measured toragewhile iron complexes
were measured in MeCN and Ni complexes in THF. dbgorption of Cobalt complexes was
measured in acetone (blue solution) and in methdgresl solution). Due to the different
absorption properties and complex geometries catmtiplexes are discussed separately (see
below).

The absorption spectra of the Zn complexes shognga absorption bands in the UV range
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(A1), which can be assigned tirt* transitions within the ligands.

Table 42: Absorption data of zinc, copper, nicked &#ron complexéd

comple» Al nm; €/ Lmolcm™) solven
Al Az A3
[Zn(OON1)C,] 264 (5179), 281 (313 CHCl;
[Zn(OON2)C;] 262 (5798), 279 (304 CHCl;
[ZNn(OON3)C,] 263 (6328), 270 (554 CHCl;
[Zn(OON1)C,] 271 (12099 THF
[ZNn(OON2)C,] 262 (6404), 294sh (14¢€ THF
[ZNn(OON3)C,] 271 12689 THF
[Fe(OON1)C,], 242 (10737), 25! 311 (5593), 35 MeCN
(10214) (4155)
[Fe(OON1)C;] 244 (16509), 26 310 (3197), 35 MeCN
(14954) (6635)
[Fe(OON3)C;] 239 (9088), 26 311 (4385), 36! MeCN
(8432) (4155)
[Cu(OON1)C,] -™ 379 (284)¢ 735 (25 aceton
[Cu(OON2)C,] - 379 (236)¢ 732 (19 aceton
[Cu(OON3)C,] - 385 (243)¢ 730 (24 aceton
[Ni(OON1)CL], 228 (6660 264 (4960 453 (62), 545sh (24 THF
852 (18)
[Ni(OON2)Cl], 229 (10539 263 (8961 461 (61), 544sh (18 THF
866 (17)
[Ni(OON3)Cl,], 223 (12291 264 (1344¢ 456 (70), 561sh (21 THF
861 (22)

[a] Absorption maximal / nm and extinction coefficients/ Lmol*cmi* (in parentheses)
[b] Obscured by solvent absorptions
[c] Minor bands were found around 460 nm indicafivetraces of [CuG]*

All three iron complexes exhibit quite similar alystion spectra in line with the EPR
experiments. Interestingly, further long-wavelengthsorption bands apart from thert
transitions of the ligand were observed, which éaths that F& is still coordinated. The
absorption bands below 300 nm arer* absorption bands, as can be seen from their eidim
coefficient and from comparison with the zinc coexas. Furthermore, absorption bands around
310 nm and around 360 nm can be observed whiclassigned to charge transfer transitions.
The binuclear complex [Fe(OON1}J and the mononuclear [Fe(OONL1)Ckhow nearly
identical absorption properties, the deprotonatbrthe hydroxy function and the loss of one
chlorido ligand thus seem to have no influencehenspectra.

The spectra of the copper complexes were charsetehy intense absorption bands around
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380 nm {,, assigned to ligand to metal charge transfer LM@1J very broad absorption bands
around 730 nmJ, d-d absorption bands of typical Jahn-Teller ediad d systems).

To asses if the structure of the complexes chanmggeruthe influence of the solvent
molecules (de-coordination of the individual doradoms of O,0’,N ligands) the absorption
properties of [Cu(OON3)G] in various solvents were studied. Table 43 ligte absorption

maxima of the LMCT- and the d-d absorption bandsawenumbers.

Table 43: Long-wavelength absorption maxima of [ON3)CL] in various solvents

solven LMCT/ecm™?  d-d® e E;/kcal mo™
MeOH 2873¢ 1248¢ 55t
EtOH 22779 12240 51.9
MeCN 2604 1282: 46.C
DMF 25907 1160( 43.¢
aceton 2551( 1298: 42.2
CHCl; 25510 15974 39.1

THF 2506: 1310¢ 37.

[a] Dimroth-Reichardt parameter for the appliedssats from ref. [340]

The solvent depending Dimroth-Reichardt paramelg) €Correlates with the absorption
energies of the LMCT absorption band, only the &sltor the protic solvents MeOH and EtOH
do not match the series. The LMCT absorption banshifted to longer wavelength upon using
solvents with decreasirg, a plot of the relationship between LMCT dagdis shown in Figure

53. The values of the d-d absorption bands do owelate withEr.

56
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40
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CHCl,

] THF
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38

LMCT absorption energy / cm™

Figure 53: Plot of the Dimroth-Reichardt param&gover the observed LMCT absorption energy
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DMF, which is clearly the best ligand of all applisolvents, does not fit into the series of d-
d absorption band changes, which seem to increétbedecreasing=r. It might therefore be
stated that DMF coordinates and eventually pagplaces the O,0’,N ligands, which would be
in line with results of the NMR experiments perfeahon the zinc complexes.

Spectra of the different O,0’,N cobalt complexekibi nearly identical absorption spectra

(Figure 54, Table 44) and show solvatochromism.

1504

actone
CHCl,

——DCM
—— DMF

100+ b MeCN
200 ﬁ \/ \

50 /\J \

, , ; ; T T T
500 600 700 400 500 600 700 400 500 600 700
wavelength / nm wavelength / nm wavelength / nm

400+

€/10 (Lmolcm™
€/Lmol*cm™
e/Lmol cm

Figure 54: Absorption spectra recorded at 298 Kit: lspectra recorded in acetone,
[Co(OON1Y(u-Cl),CoCh] (solid), [Co(OON2)(u-Cl),CoCkL] (dashed) and [Co(OONgZu-
Cl),CoClL] (dotted); middle: [Co(OONZLju-Cl)CoCkL] in methanol solution; right: solvent
dependence of the d-d absorption bands of [Co(O&iN01),CoCh]

In methanol solution the complexes exhibit a wea#t colour, while solutions in DMF,
MeCN, acetone, THF, CHghnd CHCI, are blue, Figure 54 shows spectra on variousisakit
of [CO(OON21)(u-Cl),CoCk]. The blue colour is due to absorption bands enringe of 550 nm
to 750 nm, which are assigned to d-d transitionswéhedral Cbcomplexed*** The absorption
spectra of the complexes dissolved in methanol $adtions) show maxima around 530 nm,
which are very weak and typical for octahedral' @omplexe$**? Interestingly, all absorption
spectra recorded on blue solutions also contaireakvehoulder in the range of 530 nm, which
indicates that the spectra contain both, an octaheshd a tetrahedral cobalt ion. So it can be
assumed that the binding motive of the neutral dergs is not destroyed upon dissolving
[Co(O,0’,N)(u-Cl)1CoCk]. These shoulders are not found in the absorpattra recorded on
(pydipHs)2[CoCly], which solely contains a tetrahedral cobalt fregimand absorbs only in the
550 to 750 nm range with maxima at 584 nm and 685 n
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Table 44: d-d absorption bands of the 0,0’,N €omplexes

compoun geometr. Alnm €/ Lmol'cm™) solven
[CO(OON1,(u-Cl),CoCl,] Oh-Oh  52E (24) MeOH
[CO(OON2,(u-Cl),CoCl,] Oh-Oh 527 (26) MeOH
[Co(OON3;(u-Cl),CoCl]  Oh-Oh 52 (3() MeOH
[CO(OON1,(u-Cl),CoCl,] Oh-Td  540st (204), 591(622), 634sl (45€), 68 (97C) aceton:
[Co(OON2,(u-C),CoCl,] Oh-Td  532st(32), 582 (70), 66 (90) aceton:
[Co(OONZ,(u-Cl),CoCl;]  Oh-Td  532sl(36), 581(74), 667 (80) acetont
(pydipHs);[CoCly] Td 589, 685+ MeCN

The absorption bands recorded for the O,0’,N €amplexes in methanol are similar to the
absorption band observed for [Ce@H,)4] in water (Figure 55). [Co0GIOH,)4] which is known
to be octahedrally coordinatétf exhibits an absorption band at 510 nm accompabiec
shoulder at 480 nm. Thus, methanol solutions of'®,@0" complexes presumably contain
exclusively octahedral coordinated 'Cimns. Unfortunately these species cannot be tlat
(solidifying the compounds from methanol soluti@sults in blue complexes, c.f. synthesis of

the Cd complexes).

rel. absorption / a. u.

400 500 600
wavelength / nm

Figure 55: Absorption spectra of [CoCl,0),] (dotted) in water and [Co(OONzu-Cl),CoCl]
dissolved in methanol (solid)

To further analyse the red complex species somatitih experiments using THF and
methanol as solvents were performed. Starting Witb(OON3)(u-Cl),CoCh] in methanol
solution, THF was added slowly and spectra wererted simultaneously. The red solution
turned blue upon adding THF, a retitration perfainom the complex in THF/MeOH mixture
adding methanol resulted in a red solution agaiguré 56 shows both titration steps upon

adding THF and methanol.
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retitration
1:3-11

rel. absorption / a. u.

rel. absorption / a. u.

400 500 600 700 500 600 700 800
wavelength / nm wavelength / nm

Figure 56: Absorption spectra recorded duringtidgraof [Co(OON3)(u-Cl),CoCl] dissolved in
methanol using THF (solvent ratio 1:3, left); dgrire-titration of the obtained solution using
methanol (right)

The reversibility of the titration experiments allgashows that the colour change is not
caused by a decomposition reaction. The low interddi the absorption band at 530 nm after
retitration (Figure 56, right) is due to the ditricaused by increasing volume of solvent. As a
result of the described experiments the followiegation is assumed to occur in methanol
solution (Eq. 14):

[Co(0,0",N)(1-Cl),CoCh] + 2 MeOH S [Co(O,0’,Nh(i-Cl)CoCh(MeOH),] Eq. 14

6.9 Electrochemical investigations

Electrochemical investigations were carried outlmnfree O,0’,N ligands as well as on Cu,
Fe and Ni complexes (Table 45). Surprisingly, in& feduction of OON2 and OON3 was found
to be fully reversible. The O,0’,N ligands were mapected to form stable radical anions. This
stabilisation might be due to a similar effect whis found for triphenyl-methyl radicals and
derivatives®** Comparison of the redox potentials shows thatréisidue’s variation (H, Ck
Ph) highly influences the electrochemical propertef the O,0’,N ligands, although the
functional groups remain identical (Table 45).

For the copper complexes reversible reductions ¥aened around 0 V which were assigned
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to the CU/CU redox couple. The three ligands do not influertee redox potentials markedly.
This is in line with the EPR experiments, whichealily revealed that the €ions in the three
complexes are magnetically (and thus structurathgntical in solution (Table 41). Further
reductions (ligand centred) and oxidations ocawversibly which is a bit surprising in view of
the reversible reduction of the free ligands OOR@ @ON3.

The iron complexes [Fe(OON1){LI and [Fe(OON3)G] show reduction waves
corresponding to the Fére' couple, while for the binuclear complex [Fe(OONIL)Eno metal
centred reduction was detected. The oxidation wavehe F& complex [Fe(OON3)G] was
found at the same potential than the reduction wafvéhe F&' derivative proving the full
reversibility of the redox process.

The nickel complexes cannot be oxidised in a raoggveen 0.0 and 2.0 V, while fully
irreversible reduction was observed around —1.8R\fs reduction is assumed to be originated by
a Ni' to Ni' reduction followed by a splitting of the termirghilorido ligand (see above) resulting
in CI" and a NI complex fragment.

Table 45: Redox potentials of the free OON ligaadd the Cli, Fe', Fé" and NI' complexe®

compoun En/V  E./V  Ex/V solven
OON1 0.4¢ - -3.2¢ MeCN
OON2 0.5t -1.24 MeCN
OON:z 1.3C -1.35 MeCN
[Cu(OON1)C,] -0.17 THF
[Cu(OON2)C,] -0.1¢ THF
[Cu(OON3)C,] -0.1C THF
[Fe(OON1)C4] -0.3¢ MeCN
[Fe(OON3)C4] -0.3( MeCN
[Fe(OON3)C] -0.32 MeCN
[Ni(OON1)Cl,], -1.7¢ THF
[Ni(OON2)Cl,]» -1.9¢ THF
[Ni(OON3)Cl,], -1.87 THF

[a] from cyclic voltammetry in solveiBusNPFRs mixtures; potentials in V vs. FegpeCp*

The electrochemical measurements of thé €omplexes revealed irreversible reductions
(Figure 57), while no oxidation processes were ofegk The reductions take place at -1.5 V and

were found (at identical potential) for all thre@ofO,O’,Ny(u-Cl),CoChk] complexes as well as
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for (pydipHs)2[CoCly].

10 pA

0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0
E (V) vs. FeCp,/FeCp,’

Figure 57: Cyclic voltammogramm of [Co(OON@)-Cl).CoCk] measured in THFBu;NPF; at
298 K at 100 mV ¢ scan rate; potentials in V vs. FeffeCp*

The irreversible reduction is assigned to a complegradation by loss of halogenido ligands
(Figure 58, right) and is thus assumed to highljuence the absorption properties of the
resulting complex. Therefore spectroelectrochemioa¢asurements were carried out in
THF/"BusNPF; solution at 298 K. Spectra of the reduction prece shown in Figure 58, left.

<
. g [CoCly*
S g7
= B
g _
g 600 - Cl
B wavelength / nm
©

1 [CoClL]>” —*€ » [CoCly]

300 400 500 600 700
wavelength / nm

Figure 58: Absorption spectra recorded during edetiemical reduction of [CoO(OONgu-
Cl),CoCh] at —2.0 V in THF/BusNPF; solution at 298 K (left); schematic drawing of posed
reductive complex degradation

Absorption spectra measured at —2.0 V reveal thatd-d absorption bands which were
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assigned to the tetrahedral Ce@hgment (see above) vanish, while an intenserpbea band
at 474 nm rises. It can be concluded, that thahetiral complex fragment is destroyed upon
reduction probably due to Ctleavage. The new absorption band cannot be @&skigra specific
fragment, since it even remains unclear, whethisratcharge transfer band (more likely) or a d-d

band of a new octahedral €ocomplex and further investigations have to beiedmout.
6.10 Conclusion on the suitability of O,0’,N donorcomplexes as GO models
Since the O,0’,N donor ligands were found to bindai bidentate mode, leaving in most

cases the methoxy function uncoordinated, the cexesl lack a well accessible [OPHOPh]

redox couple. Thus the copper complexes are ntatdaias GO model compounds.
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7.0 Catalytic test reactions

7.1 Introduction

The three established catalyst states of the ¢atalycle of oxidation catalysis performed by

copper phenoxyl complexes is depicted in Scheme 41.

alcohol aldehyde
. +e_ +e_
[Cu'-OPh] <= [Cu"-OPh] = _ [Cu'-OPh]
<\ -e -e
H202 02

Scheme 41: Catalytic states of copper phenoxyl éexep

An important aspect is the generation of the actprecies Cl-[OPh]* and several methods

have been described in literature:

1. The catalytic cycle can be started using a @ecursor, the active species is generated by

oxidation using air oxygét{? as described by Eq. 15:
CU-[OPh] + Q@ + 2 H' 5 CU'-[OPh[* + H,0, Eq. 15

2. Another possibility is to synthesise Coomplexes and use an oxidising agent as e.grsilve
hexafluoroantimonate, tris(4-bromophenyl)amonium xaohloroantimonate or acetyl

ferricenium hexafluoroantimonate to generate cdppatical complexd¥-**"see Eq. 16:
Cu'-[OPh] + OX" 5 CU'-[OPh]* + Ox™* Eq. 16

3. A third way is to take advantage of a dispropowiton reaction of copper complexes

following Eq. 17:
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2 Cd' -[OPh] s CU'-[OPh]* + CU-[OPh] Eq. 17

Method 1 is a standard method, which works reliabig was also applied to generate the
active enzyme from isolated apo Galactose Oxid@®) (n vitro.*** For method 2 it has to be
ensured that the external oxidant does not oxiisesubstrate, e.g. by previously isolating the
radical complex. Isolation of copper phenoxyl ratc has been reported for complexes
containing stabilising groups iortho- and para-position at the ligands’ phenol cdfé&!*" but
isolation is impossible if stabilising substitueare missing. Method 3 is an uncommon strategy
to generate copper phenoxyl radicals. Only fewisgitiave been carried out to investigate the
requirements of such reactions and until now, shigtegy has not been reported as initial step in
catalytic test reactions.

Copper disproportionation reactions were previowslgerved for tripodal ligands as (shown
in Scheme 14) dissolved in MeCN and treated witf{GBD,),**® or Cu(OTf} in presence of
NEt*%", In these studies the reaction was describedgerdkon the applied coligands (OTér
ClO4~ respectively). The generated 'Gpecies cannot be characterised easily, becaageath
d'® systems and therefore EPR silent. They do not stiwavacteristic d-d absorption bands.
Furthermore, the reaction mixture also contain$ & conclusive NMR experiments could not
be performed. In an earlier study Yamauehal were able to isolated the Czomplex in their
disproportionation system, they found that the' Gpecies was the solvent complex
[Cu'(MeCN),]*. 1253

In cases which exclude a radical generation upsprdportion (e.g. by applying a ligand
which does not stabilise organic radicals) d Gisproportionation reaction leads to the formation
of CU" complex specie$> This has been reported by Statkal. who performed the reaction at
298 K under oxygen free conditions using triazameyxlic ligands (N,N,N,C-donor set) and
Cu(OTf), or Cu(CIQ), as metal sources (Eg. 18).

2 [Cu'L] - [Cu"L]* + [CU(L)]” Eq. 18

In this thesis several strategies for the generatiocopper phenoxyl radicals ought to be
compared using the [Cu(triak)complex (Chapter 5) as a test system. The gestenatdical
species may then be applied in catalytic alcohadlation using the well established substrate
benzyl alcohol. After optimising the conditions fike radical formation, the catalytic activity of
copper complexes described in Chapters 2, 3, Hand to be investigated in detail.
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7.2 Phenoxyl radical generation by a copper dispragtion reaction

For the chemical generation of a radical copper gexna MeCN/toluene (5:3) mixture
containing the ligand triazH was prepared. To 1 ahlthis solution (1 eq triazH) 1 eq NEwvas
added and the mixture was stirred for five minui@sthe resulting solution varying amounts of
Cu(OTf), dissolved in MeCN were added. The reaction miguramediately turned brown
(charge transfer absorption bandaix = 410 nm), indicating a radical formation as vigel in
Scheme 42. The resulting radical species does ot ®£xactly the same radical dependent
charge transfer absorption band as observed féatésb [Cu(triaz)]”™ (Amax = 404 nm). This
indicates, that the radical complex formed uponprigortionation might contain further
coligands (L = MeCN, OTf, NEt etc.). The radical species is therefore referread a
[Cu(triazk(L)]"*" in the following. At the same time, disproportitioa leads to a reduced
copper complex. The destinct composition of thisigound is still unknown, so the complex is
described by the general formula [@,]"".

MeCNftoluene_ 0~ —2CUOT: _ (cu(triaz (triaz)(L* + [Cu'(L)JP*
HNEY S=112

EPR-silent EPR-silent

2 triazH + NEt;

radical degradation

L = e.g. MeCN, NE{, triaz™ etc.
[Cu(triaz),(L) ] ™
S=1/2

Scheme 42: Proposed disproportionation reaction

First disproportionation experiments were carried at 273 K because reports on similar
experiments have revealed that the radical spesiesore stable at lower temperattré:>?
Furthermore, the reactions were carried out intelilisolutions (0.00025 molt) using varying
amounts of Cu(OT$) spectra are shown in Figure 59 on the left. Alimas radical formation
was observed (by UV/vis absorption spectroscopyjeurthese conditions (even if excess
Cu(OTf), was used). If the same reaction was performe®&tin rather concentrated solution
(0.025 molL?, Figure 59, right), radical formation was obsent®dan increasing absorption
band at 410 nm.
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rel. absorption / a. u.
rel. absorption / a. u.

T

300 400 500 600
wavelength / nm wavelength / nm

Figure 59: Absorption spectra recorded upon tiratf triaz solutions (MeCN/toluene 5:3) with
varying amounts of Cu(OT#)left: ¢ = 0.00025 moll}, T = 273 K; right: ¢ = 0.025 molL,
T=298K

7.3 Phenoxyl radical stability

To analyse the stability of thie situ generated [Cu(triaz)L),]’*" species, time resolved
measurements were carried out. Absorption spedpysavas used to detect the radical
degradation at low concentration (0.00025 mdlL The absorption intensity of the charge
transfer band located at 410 nm should linearlyatate, according to theambert-Beerrule,
with the concentration of the radical species (gltsm = &c-d with £ = extinction coefficient,
¢ = concentration, d = cuvette diameter = opti@hp Thus decreasing absorption intensity is a
measure for decreasing [Cu(trigt),]’*" concentration. As time dependent measurements
showed, the concentration of the radical complegrefeses with time and after 42 h the

degradation is more or less completed (Figure 60).

rel. absorption / a. u.

rel. absorption / a. u.

T T T T T T
0 500 1000 1500 2000 2500

300 400 500

wavelength / nm time / min

Figure 60: Absorption spectra recorded on a salutiontaining 2 eq triaz 2 eq NE4, 1 eq
Cu(OTf) in 5:3 MeCN/toluene, measured during 42 h at 298ight: plot of relative intensity
(Amax= 410 nm) over time
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A plot of the absorption intensity detected for tteglical dependent charge transfer at
410 nm over time is given in Figure 60. It showattthe degradation proceeds fast during the
first 60 minutes and follows a (pseudo) first ordeaction kinetic. First order kinetic means that
the decay (thus the stability) only depends onctirecentration of the starting material, which is
the radical. Upon plotting In(rel. abs/rel. gbsver time (in seconds) the reaction conskawas
determined to be —-6.107° s,

Degradation might proceed by chemical reactionditen to several unknown ¢u
complexes, or by reduction leading to the corredpan[Cu(triaz)(L),] complex as shown in
Scheme 42. The product of degradation is EPR a¢8we1/2), in contrast to the €% and
the [Cu(triaz)(L),]"** complexes. Additionally, the copper precursor stigive an EPR signal if
not completely consumed by coordination or disprbpoation reaction leading either to
[Cu(triazk(L)m] or to [Cu(triaz)(L)n] . Under the present conditions it can be assumecktie
copper sources are coordinated rapidly and thug&€B# signal is not due to the precursor. The
stability of the radical can be determined upon sudag the concentration of degradation
products by EPR. The time dependent EPR measurenféigure 61) were performed during
180 min at 298 K using concentrated solutions ®@®IL™), which were prepared as described

above.

rel. intensity / a. u.

0 60 120 180
time /min

Figure 61: Left: EPR spectra recorded on a sampiaming 2 eq triazand 1 eq Cu(OT$)in
5:3 MeCN/toluene at 298 K (0-60 min); right: timepgndence of the signal intensity during (O-
180 min)

The recorded spectra revealed increasing sigresity with a fast signal growth during the
first 20 minutes. The EPR signal clearly belongs atocopper centred unpaired electron
(AH =300 G) and thus is assigned to a [Cu(ts@l),] complex. In general, the EPR signal

intensity linearly correlates with the number ofpamed spins in the sample (one unpaired
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electron per [Cu(triaz]L)m] complex). A plot of the signal intensity over #nshows a (pseudo)
first order reaction kinetic. Upon plotting IAg) over time (in seconds) the reaction constant
was determined to be 549 s*. The reaction therefore proceeds aproximatelyiteas faster
at ¢ = 0.025 moll* compared to diluted solution (¢ = 0.000025 ML This is another

indication of a first order kinetic.

7.4 Variation of the copper source

Another question which was addressed using the siyatem is the influence of the applied
copper source. Previous reports discuss the impmetaof the Cli salt anion for the
disproportionation and stated that the radical firom depends on application of counter ions
such as OTF and ClQ.}30153

More likely, the radical formation relates to tleelox potentials of the applied copper source
(which is expected to differ only marginally) arftet{OPh]*/[OPh] redox couple of the copper
complex. To investigate the influence of the coppsource, the afore mentioned
disproportionation reaction was carried out (pa@€) Lising CuGl CuBp, Cwi(POy)2, Cu(GO,),
Cu(OAc), Cu(OTfp, Cu(OTs), Cu(NG),, Cu(ClQy),, Cu(SCN) and [Cu(MeCNj(TFA)-.
Furthermore, perchlorate salts containing otheiooat(Ni(CIQy), and NHCIO,) were used to
perform a radical generation reaction. Again, thenfation of the radical species was observed
by absorption spectroscopy (absorption band With = 410 nm) and the resulting products of
the decay were examined by EPR spectroscopy, spaeipresented in Figure 62.

— [Cu(MeCN),)(TFA), — Cu(OAc),

Cu(OTs), — Cu(OTf),
B —— Cu(SCN), Ccu(cloy),
; —— CuBr, ——Cucl,
5 Cu(NOy),
s \ Cu(C,0,) Cu,(PO,).
=~ \\ T 204 — Cuy(POy),
s ‘ NI(CI0,), —— NH,CIO, [Cu(MeCN),)(TFA),
i —— Cu(oTh),
o
% Cu(OTs),
. —— Cu(CIO,
3 (ClOy),
Cu(NOy),
—— Cu(SCN),
= CuBr, I\ //
300 400 500 —— CuCly W

wavelength / nm

Figure 62: Absorption spectra (left) and X-band Es$fiectra (right) recorded on mixtures of
various CU salts and triazin MeCN/toluene 5:3 at 298 K
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The absorption spectra (Figure 62, left) were réedrafter 5 min of reaction time and show
that most of the copper salts lead to the formatiba radical species. Absorption spectroscopy
showed that this is not the case fors@@y), and Cu(GO,), which might be due to the low
solubility of these salts in the applied solventximie. Furthermore, the perchlorate salts
NH,4CIO4 and Ni(CIQ), did not lead to a radical formation. Thus, in experimental setup, it
seems that the disproportion reaction is not deipgnah the applied copper source.

EPR spectra recorded on the degradation produci@rig@z)(L)] (Figure 62, right) exhibit
axial signal shape witly, > gy, which are nearly identical no matter which coppeurce was
used. Solely the, part of the spectrum varies. These variations tiglicate incorporation of
(some of) the anions as ligands into the coordimagphere of the Gwcomplexes.

7.5 Influences of the base

For a better understanding of the course of therdrtionation reaction (Scheme 42) also
the influence of the applied base was examinedteftie the type (a) and the amount (b) of base
were modified.

The disproportionation reaction fails in the abseatbase (indicated by green colour of the
reaction mixture and a lacking charge transfer gdtgm band atdnax = 410 nm). Therefore
comparative experiments using different bases ugrin base strength, type (primary, secondary
and tertiary amines, alcoholates, acetates), atedemand and donor abilities (coordination
strength towards copper) were carried out. Reagtioere performed following the already
described instructions, characterisation was pewadr by absorption spectroscopy and spectra

are shown in Figure 63.

——DBU

—— Hunig-base
di*pramine

—— pyridine
“buamine
tribenzylamine

rel. absorption / a. u.
rel. absorption / a. u.

300 400 500
wavelength / nm

300 400 500
wavelength / nm

Figure 63: Absorption spectra recorded on mixtwe® eq triazH, 1 eq Cu(OTfand 0.1 eq of
amine bases (left) and 0.1 eq of RBu and NaOAc (right) at 298 K in MeCN/toluene 5:3
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While solutions containing amine bases mostly sloeharge transfer absorption band at
410 nm (with varying intensities), the absorptiopectra recorded on solutions containing
KO™"Bu or Na(OAc) show a blue shift of the UV absorptiband from 311 nm to 294 nm
combined with a decrease of the band around 35®ummo radical specific absorption band
around 410 nm. Thus, not any base is appropriate dpplication in this type of
disproportionation reaction. Also, Tutylamine, tribenzylamine, ‘&propylamine, Hunig-base
(ethyl-di*propylamine) do not lead to marked amounts of mldapecies, while the bases
pyridine, DBU (1,8-diazabicylco[5.4.0Jundec-7-ere)d *"butylamine can be applied with more
success than NE(Table 47). Hence, the ideal base seems to begs{oi,) and should possess
good donor abilities towards copper (qualitativllyatoms with small sterical hindrance seem to

be favoured).

Table 47: Variation of the applied base

rel. abs
base pKa | atAmax=410 nm
(c=2.5107%

NaOAc 0.leq 4.78 0.4
pyridine 0.1eq| 5.2%9 1.1
tribenzylamine| 0.1eq 6.5¢¢ 0.1
tri"butylamine | 0.1eq 9.49¢ 0.4
NEts 0.1eq| 10.63* 0.50
®Mhutylamine | 0.1eq 10.68Y 1.0
di*°propylamine| 0.1 eq| 10.76* 0.3
Hiinig-base 0.leq 10.¢ 0.2
DBU 0.1eq| 13.28* 1.5
KO™"Bu 0.1eq| 18.06" 0.4

NEt; 0.5eq 0.45
NEt, 0.75 eq 0.41

NEt; 1.0 eq 0.39

NEt; 2.0eq 0.15

NEt; 5.0 eq 0.13
NEt; 10.0 eq 0.02

[a] pKa of acidic acid

This implies that the used base does not only athgste functionality” during the reaction,
but also stabilises a copper species during thetioga (e.g. by coordination or by weak

interactions). This might either be the "Cphenoxy complexes [Cu(tria#)),]"*" or the Cl
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disproportionation product [(L),]** or both. For the well working bases the absorption
wavelength of the copper d-d absorption band wasmed to increase along the sergs =
640 nm (pyridine) < 732 nm (DBU) < 750 nfi"futylamine) < 758 nm (NEt These bands
suggest that a Cuspecies (oxidised or parent species) is stabilisethe bases, with pyridine
inducing the strongest ligand field and KlEtducing the weakest ligand field.

Besides the type of base also the amount mighienfie the radical generation. Therefore,
the four best suited bases NEDBU, pyridine and®'butylamine were chosen to perform
experiments on varying the base concentrationsir€i§4 shows all four experiments, using base

in substoichiometric (0.1 eq) to excess (2-10 @)unts.

rel. absortpion / a. u.

10.0eq

400 420 440
wavelength / nm

@ N

300 400 500
wavelength / nm

rel. absortpion / a. u.
rel. absorption / a. u.

wavelength / nm

0.1leq

05eq O.leq
1.0eq 0.5eq
2.0eq 5.0eq

300 400 500 300 400 500
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rel. absorption/ a. u.
rel. absorption / a. u.

Figure 64: Absorption spectra of reaction mixtutestaining 2 eq triazH and 1 eq Cu(Q:Tif)
MeCN/toluene 5:3 using different amounts of basgEfzNtop, left), pyridine (top, right), DBU
(bottom, left) and®"butylamine (bottom, right) at 298 K

The radical is formed reliably upon adding 0.1 6 &g base, while excess of NE2.0 eq —

10.0 eq) yields almost no radical species in sotutiAt the same time, it is observed that
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increasing amounts of base lead to the formatioprefipitates. In case of Nf&this is a dark
green, insoluble material, from the pyridine salatia dark blue precipitate was isolated. The
EPR spectrum of the green powder formed upon uNialg as base shows several overlapping
Cu' signals, which are assigned to different" Gons. Presumably the green solid is an
inhomogeneous polymer.

The blue material formed upon using pyridine alE®ws an axial EPR signal & gn)
with typical shape ang values for mononuclear &womplexes of (elongated) octahedral or
square planar geomety>??42*IThe g value of the compound ig; = 2.126 andyy = 2.048
(Figure 65, left). An absorption spectrum recordadhe blue substance was measured in MeCN
solution (Figure 65, right). Two absorption bandsrevfound, one at 254 nm and another at
610 nm. The latter is a typical d-d transition b&mdCu' complexes, possessing a strong ligand
field.

rel. absorption / a. u.

400 500 600 700 800
wavelength / nm

rel. absorption / a. u.

100 G

200 400 600 800
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Figure 65: X-band EPR spectrum and absorption spacbdf the blue precipitate isolated from a
mixture of 2 eq triazH, 1 eq Cu(O%fand excess pyridine in MeCN/toluene 5:3 at 298 K

The blue species could be crystallised from a métf 2 eq triazH, 1 eq Cu(OEfand
excess (~10 eq) pyridine in MeCN/toluene 5:3 at K7 Bingle crystals were suitable for XRD
and structure solution and refinements in the mimocspace grouf2;/c was carried out with
the results collected in Table 48. In the crystaucdure (Figure 66, left) the complex
[Cu(pyu(OTH),] is co-crystallised to two pyridine molecules pait cell. Figure 66, right shows
the molecular structure of [Cu(pyPTf),], which is a Jahn-Teller elongated octahedral derp
A crystal structure of this complex has alreadynbeeporte#*® (orthorhombic space group

Pbcn), but without further pyridine content in theystal. Nevertheless the molecules in both
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structures are similar and the molecular structfréCu(pyu(OTf),] is therefore not further

discussed.
To ensure that the blue powder obtained from thactren mixture only contains

[Cu(pyu(OTH),] further investigations have to be carried out. gggwder XRD or XAS.
Nevertheless it seems obvious that applicationxckgs base removes copper ions from the
solvent mixture and therefore decreases the anwfunitaiz complexes (and thus active species)

in solution.

Figure 66: ORTEP representation of [Cu@é)Tf),] left: unit cell content, right: molecular
structure of (50% probability level), H atoms omidttfor clarity

Table 48: Solution and refinement data of [Cug(®)f),]-2 py

formula GoHz:oCURSNsOs  abs. coeff / mmit 0.767

f. w. /gmol™ 836.28 refl. coll. 47563

crystal system monoclinic data / restr. / param. 25840 / 558
crystal shape block h, k, | -25<h<25
colour blue -10<k<11
space group P2,/c (No. 14) -27<1<26
alA 19.545(5) goof on’F 0.702

b /A 9.326(5) Rt 0.1010

c/A 20.958(5) final R indices R1=10.0388
al° 90.0 [1>20(D)] wR2 =0.0643
B/° 97.841(5) R indices (all data) R1=0.1332
y/° 90.0 wR2 =0.0786
volume /&, Z 3784.0(2), 4 largest diff. 0.320 and -0.487
F(000) 1708 p. a. heh=

density/ g crt 1.468
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Another reaction parameter which is expected tceecaffthe radical stability is the
composition of the solvent mixture. Again disprdpmration reactions at 298 K were performed
using Cu(OTf) and NEt as base. The applied solvent mixtures were vafiech 0:1
(toluene/MeCN) to 1:0 (toluene/MeCN), absorptiordcpa of each mixture were recorded and
are presented in Figure 67. This variation leadstensity changes of the radical indicating
absorption band at 410 nm. This band only occusolwent mixtures with at least 50% MeCN.
The reason might be that solvent mixtures with Jewy polarity quench the radical species (such
mixtures support radical degradation) and that MeGtdbilise the radical species by

coordination.

rel. absorption / a. u.

300 350 400 450 500
wavelength / nm

Figure 67: Absorption spectra of [Cu(trigt)),] " in variouse mixtures of toluene/MeCN, *
markes the 5:3 solvent mixture used according timéo describtions

To examine whether the polarity or the donor cagaof MeCN is important for radical
stabilisation, polar solvents which are weakerdidg (for Cll coordination) than MeCN were
used. Reactions were carried out in acetone, THFCEVME (1,2-dimethoxy ethane), the radical
formation was determined by absorption spectros@spglready described. In all three cases an
intense absorption band at 410 nm was still obsenerifying that the polarity of the solvent is

of importance.

7.6 Catalytic oxidation using the phenoxy radical emplex [Cu(triaz),(L) ]«

A series of catalytic test reactions using benzgbleol and yielding benzaldehyde was
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carried out to allow a comparison of two differeadical generating methods (Eq. 19 and 20).

[(CU(OTH))o(-CHg)] + 2 m L + 4 triaz S 2 [CU(triaz)y(L) m]™ Eq. 19a
[Cu(triaz)y(L) m]™ + O, 5 [Cu'(triaz)y(L) ] ™" + O,° Eq. 19b
2 triaz + Cu(OTfy 5 [Cu(triazk(L)q] " " + [CU(L)]"" Eqg. 20

with L = MeCN, NEg or OTf~

The catalytic active species is the'Qadical complex [Cu(triazglL),]’*". This radical is
either generated as outlined in the previous papgy by mixing 2 eq triazH with 0.1 eq NEt
and 2 eq Cu(OT$)in MeCN/toluene 5:3 (Eg. 20) or by mixing 2 eq#id, 0.1 eq NEtand 0.5
eq [(Cu(OTHp(u-CHsg)] in MeCN/toluene 5:3 (Eqg. 19). After 3 minutesnkgl alcohol and
NaOH (solid) were added to the mixtures (2:%%0 Furthermore, a reference reaction was
carried out using benzyl alcohol and NaOH (solidhaut any catalyst. The reaction mixtures
were stirred under normal atmosphere in oxygernratad solution (solvent mixture was bubbled
with pure oxygen for 5 minutes before starting thactions). During two hours reaction time
samples were taken from the reaction mixture aradyaad by NMR spectroscopy. The intensity
(integral) of the benzaldehyde proton was used eassuore to quantify the product content of the
samples. While the reaction mixture without catalgaly showed benzyl alcohol, the other
mixtures were found to contain benzaldehyde. Inufgg68 a typical plot of the product
concentration over the reaction time is shown.

204

15 /

101

/ |
e

20 30 40 50 60
reaction time / min

I

% product

Figure 68: Plot of the benzaldehyde vyield; usingCa precatalyst (square) or the
[Cu(triazk(L)]"" species generated in disproportionation reactitangle)
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At a first glance the Cumethod is superior to the Eumethod. 2.5% catalyst is a
comparably small amoufif® nevertheless the oxidation yields 15% productraB@ min
reaction time. Thus final product concentratiorfais higher (four times higher after 60 minutes
reaction time). The reaction conditions seem tmbiideal for the Cumethod as can be seen
from the short life time of this species, whichingerred from the product concentration. After
30 min reaction time the product concentration does increase anymore, thus the catalyst
presumably was destroyed. A further indication &atalyst destruction is a green brown
precipitate formed upon carrying out the reaction.

The low catalytic activity found for the &unethod (Eq. 20) might be explained best by a
low concentration of active molecules. Right frohe tbeginning the product concentration
increases very slowly but constantly during the Mhoeasurement. Thus it has to be assumed
that the disproportionation reaction does not pedoguantitatively, so that the amount of active
species is far lower than 2.5% The life time of the radical species in this $ol is higher
than life time of the radical in solution formed bye Cl method. Generation of the active
species is assumed to proceed quantitatively foCith method as shown in Eq. 19, therefore the
number of catalytic cycles of the triaz catalystswdetermined from this method and was
calculated to be 6.8 per 30 minutes (meaning tha¢ oatalytic cycle takes 4 minutes).

Presumably, a too low catalyst concentration actsofan this long period.

7.7 Catalytic activity of copper complexes from Chaters 2, 3 and 4

For catalytic test reactions performed on the systg@resented in Chapters 2 to 4 the
reaction described in the previous paragraph wad.uSince the radical generation by using a
CU precatalyst was superior to the method using pralmrtionation to form the active species
(Chapter 7.6) further catalytic test reactions waaried out using the Cmethod. Accordingly
not the isolated copper complexes (which were ctanged and described in former chapters)
were used for catalysis but the free ligands miwitth the complex [(Cu(OTf)Yu-C/Hg)]. The
substrate used in these reactions was again beteghol and catalyst concentration was
enlarged (10%,), details of the reaction parameters can be fmmgage 163. The product was

detected byH NMR spectroscopy using the aldehyde proton aasnre for the reaction rate.
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Samples were taken after 1 h and 17 h reaction. firable 49 summarises the results of the
catalytic test reactions.

Table 49: Overview on catalytic test reactions @aenked with catalysts synthesised and
characterised in this study

applied ligand from Chapter% product after 1 h % product after 17 h

pydicOIPh 2.1 - -
LOMe, 2.2 - -
LOH; 2.2 2.9% 21.18
LOMey 2.2 2.6 18.3
LOH;OMe 2.2 -1al _la
LOMe,'Pr 2.2 - -
LOH,'Pr 2.2 - -
bqOH 3.2 1.6% 53.6%
acrOMe 3.3 0.3% 0.42
acrOH 3.3 6.3% 6.3%
(NH),salPh 4 25.6 67.6
Me,salF; 4 9.1 81.5
Phsal 4 4.8 70.0
salPh 4 _al _lal
(NH).sal 4 - -
(NMe)sal*"Bus 4 3.3" 38.8"

[a] Catalyst precipitated at the beginning or dgtiine reaction
[b] The reaction was performed with 3%pinstead of 10%,

Table 49 summarises the amount of benzaldehyd redatain catalytic test reactions.
Obviously there are large differences in catalgativity of the systems as inferred from the
different yields ranging from 0% to 81.5%. High Igie (above 50%) are only found for salen
type ligands and bqOH, validating that most of¢atalysts possess rather low efficiency.

Complexes containing methoxy functions generallyfquen catalytic oxidation similar to
systems containing hydroxy functions although nbtCiMe systems are catalytically active.
Aromatic stabilisation is a working strategy foridetion catalysts, as the systems bgOH and
acrOH show. Complexes containing these ligands ¥eened to possess very poor solubility and
even formed precipitates during the catalytic tesiction; nevertheless they were found to be
active (due to remaining catalyst molecules in tsotuor due to heterogeneous catalysis).

The systems containing pydicOIPh, LOMend (NH)sal are not substituted on the phenol
cores and thus their inactivity is not surprisir@atalytic reactions performed with partly
substituted systems such as L§O#e, LOMe'Pr, LOH,Pr and salPhdid not reveal any

product formation as well. An explanation can harde found since other partly stabilised
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systems such as (N}$plPh produced high amounts of benzaldehyde and eversubstituted
systems such as LQHshow catalytic activity. Furthermore, some padlybstituted systems
revealed very promising electrochemical propemigsn spectroscopic characterisation.
Interestingly, some catalysts are nearly inactiiéeral h (no increasing product
concentration after 1 h reaction time) such as Bte@nd acrOH, while other systems showed
low product concentration after 1 h and very highdoict concentration after 17 h reaction time
(e.g. MesalR,). These results lack helpful tendencies to furttherw general conclusions. At
least it might be very helpful to perform detaileatalytic test reactions in a more standardised

way e.g. using a reaction automat.
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8.0 Summary

This thesis gives an account on the preparation @matacterisation of new ¢u
complexes bearing bis-phenoxido pincer ligands,nplemone-, benzoquinone-, acridine-,
salen type-, O,0’,N donor ligands (derivatives ®infethoxyphenyl)(pyridin-2-yl)methanol),
triazol- and pydic-ester (pydic = pyridine-2,6-digaxylic acid) ligands. Detailed studies
using XRD, EPR and absorption spectroscopy as aslelemental analysis, allowed to
identify the compositions and geometries of all pteres in the solid state and in solution.
All of the ligands contain one or two phenoxy mmst which take part in copper
coordination in most cases. Solely for O,0’,N dotigands and pydic-ester ligands the
phenoxy donor function were not coordinated.

The new complexes were studied in detail focusinghvee aspects important for their
suitability to perform oxidation catalysis espelyiatonversion of alcohols to aldehydes
(Eq. 21).

R-CH-OH S R-CH=0+2e+2H Eq. 21
Since this reaction requires two electrons, a Blateatalyst should transfer two electrons and
thus needs two (more or less coupled) redox cenlinesopper phenoxyl complexes these
centres correspond to the redox couples'/Cu and [PhOT/[PhO] (Scheme 43), a

combination which is inspired by naturally occugiroxidation catalysts such as the

metalloenzyme Galactose Oxidase (GO).

L
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N +e” & L -e” // \ & LU
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Scheme 43: General drawing of a copper phenoxy Bgnd its phenoxyl species with two
mesomeric forms

The two redox couples of each complex were stubdjeelectrochemical methods (cyclic
voltammetry and spectroelectrochemistry) focussiomg three important aspects: (i) the
potential and the reversibility (or rather the péadpeak separation) of the BGU redox
process, which is closely linked to the flexibility the copper coordination sphere; (ii) the
potential and reversibility of the [PhOJPhO] redox couple which largely depends on the
structure of the phenoxyl-ligands and (jii) the myyeof the metal (C)-to-ligand ([PhOT")
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charge transfer (LMCT) absorption band of the raldaomplexes, which were examined by
spectroelectrochemical measurements using absorgpectroscopy as detection method.
The emergence of the LMCT band (in the range 4060@ nm) indication for the radical

generation or decay and the energy of the tramsiican excellent quantitative measure for
the stability of the formed radicals. Besides dateation of physical properties, all

complexes have been applied in catalytic test i@atusing benzyl alcohol as the substrate
to determine the catalytic potential of the compkexIn Figure 69 the obtained data are

summarised to depict existing tendencies.
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Figure 69: Plot ofE(PhOJ*/[PhQ]) (square)E.(Cu'/CU) (circle), ELwcr (triangle) and
catalytic activity (bares) of selected copper carpk

The electrochemical potential for the 00U redox couple varies from 0.23V for
[Cu(bgOH)C}] to —0.33 V for [Cu(triaz)] and is reversible for all complexes. The potdstia
of ligand centred oxidation ([OPKI[OPh]) differ stronger from those of the @Gu' redox
couple, they range from 1.01 V ([Cu(acrOMe)hand 0.15 V ([Cu(triaz)). No correlation
was found between both redox couples, hextegis low for some complexes (e.g. 0.32 V for
[Cu(bgOH)C})) and high for others (e.g. 0.87 V for [(MmlF)Cu]. In general, the stability
of the electrochemically formed radicals is influaed by the potential of the [PRQ]PhO]
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redox couple (the lower the more stable) and bysglie density (the higher the spin dilution
or the larger the area of delocalisation, the nstable the unpaired electron). Consequently,
there are two ways to stabilise the copper phen@ditals, which both have been used in the
present study. On one hand, substitution of thengheore can increase the electron density
and therefore lower the [PhOJPhO] potential. Suitable are substituents witheffect, e.g.
alkyl groups, with —I and +M effect e.g. halogemsl avith a +M effect, e.g. methoxy groups.
On the other hand, using ligands with enlarged atmnscaffolds leads to spin dilution by
delocalisation of the unpaired electron (mesomfenims) (e.g. in benzoquinone or acridine).

Figure 69 also shows the energy of the absorptaomé assigned to the copper phenoxyl
radical MLCT, which range from 371 nm (for [(LOMEUCL]) to 542 nm (for
[(MezsalR)Cu)). Interestingly, the tendencies found Eg[PhOT */[PhO]) andE_vcr are not
identical, thus the stability of the phenoxyl ras inferred from spectroelectrochemical
measurements and inferred from electrochemical uneasents are not identical.

Generally, the absorption bands of the complexedagung larger aromatic scaffolds
(fused aromatic rings, e.g. phenanthrenes) liergdr wavelengths than absorptions observed
for systems containing six membered rings. Thigcetgs that the radical is stabilised by
delocalisation in the aromatim-system. An unexpected long absorption wavelengds w
found for [(MesalR)Cu], that presumably may be ascribed to the infbeeofortho andpara
substitution at the phenol core or to the formataina second phenoxyl radical in the
complex. Such biradical complexes show a long-vength absorption assigned to an inter-
ligand CT between both radicals. Inter-ligand cleargnsfer absorption bands normally lie in
the range of 500 to 650 nm and thus the absorpband at 542 nm observed for

[(MezsalR;)Cu] might also be assigned to an inter-ligand gaaransfer absorption.

’ HO-aryl + CU + base + O, == [Cu”@*aryﬂ>

/

’ [cu'-0-aryl ——‘QCU”*Q*ar@+ [Cu'*(i)*aryl]i‘
/

product concentration

T T T T T
0 10 20 30 40 50 60
reaction time / min

Figure 70: Catalytic benzyl alcohol oxidation usittte triaz catalyst generated by two
alternative methods
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A study on catalytic activity was performed usingnbyl alcohol as substrate and the
product formation was monitored B4 NMR spectroscopy. Detailed investigations were
carried out using the triazH system (Figure 69)stFiexperiments focused on radical
generation (= generation of the catalytic activecsgs) under reaction conditions. Two
alternative strategies were compared: (1) apptinadif a Cliprecursor in the presence of;O
(2) application of a Cliprecursor inducing a disproportionation reaction.

As shown in Figure 70, the reaction starting frorSw precursor was more successful
and yielded higher amounts of benzaldehyde tharrehetion starting from Cu It can be
concluded that the disproportionation reaction $eéal very low concentration of active
species, whereas the use of @recursors results in higher concentration ofaadspecies
and therefore works more reliably. So catalyticayémalcohol oxidation was performed using
the ligands analysed in this thesis iforsitu generation of radical complex species by thé Cu
method, Figure 69 presents results of the catatigticreactions (bares).

At first glance, the catalytic activity of the dffent systems does not correlate to their
physical properties (e.g. electrochemical potesitifébr radical generation or copper
reduction). From the systems with extended aromafand scaffold only the bqO complex
exhibits reasonable catalytic activity. The moswiobs reason for the lacking catalytic
activity of systems with extended aromatic ligaedffold (although they show high radical
stability) is the poor solubility of such complexd$herefore, the activity found for the bqO
system is surprising, since bgO even precipitat@ihg the catalytic test reaction. Systems
containing methoxy donor ligands turned out to be suitable for application in catalysis.
Complexes containing Cu—OMe bonds posses highexrpdtentials for both redox couples
[PhOT*/[PhO] and Cl/CU, than the corresponding complexes with hydroxyoddanctions
and the resulting catalytic activity is low. Howeyeeasonable activity was found for the
tetra-methoxylated (LOMg ligand. Salen type ligands, which have previolmgn shown to
be suitable as oxidation catalysts, are the mdgtiazit systems in this series. Nevertheless,
none of the analysed systems are as active adigiséabcopper phenoxyl complexes.

Generally, the present investigations confirm tatems containing substituted phenol
cores are more suitable for of phenoxyl radicalegation as well as for application in
catalysis. Nevertheless, some surprising exceptwa® found such as the high catalytic
activity of the non-stabilised system [@B&l)Cu] or the fluorine-stabilised system
[(MezsalR;)Cu]. Thus, further investigation on partly or nstabilised systems are useful and
might lead to highly active catalysts.
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9.0 Experimental

9.1 Instrumentation

NMR spectra were recorded on a Bruker Avance Il Bz spectrometer, using a triple
resonance'H, "BB inverse probe head. The unambiguous assignnfettiec'H and **C
resonances was obtained frdst NOESY,'H COSY, gradient selectelt, **C HSQC and
HMBC experiments. All 2D NMR experiments were pemied using standard pulse

sequences from the Bruker pulse program librargndibal shifts were relative to TMS.

UV/Nis/NIR absorption spectra were measured onara@ary50 Scan or Shimadzu UV-3600

photo spectrometers.
UV/Vis emission spectra were recorded with a SpexrieMax-3.
Elemental analyses were carried out using a HEKA@AENS EuroEA 3000 Analyzer.

EPR spectra were recorded in the X-band on a Brakstem ELEXSYS 500E equipped with
a Bruker Variable Temperature Unit ER 4131VT (560100 K or an Oxford Instruments
helium-cryostat (300 to 4 K); theevalues were calibrated using a dpph sample. Stioolaf
the EPR spectra were performed using the PEST Wissftware®®®

Electrochemical experiments were carried out in M.1'Bus;NPF; solutions using a three-
electrode configuration (glassy carbon working etete, Pt counter electrode, Ag/AgCI
pseudo reference) and an Autolab PGSTAT30 potdaticand function generator. The

ferrocene/ferrocenium couple (FeffeCp") served as internal reference.

UV/Vis spectroelectrochemical measurements weréopeed with an optical transparent
thin-layer electrochemical (OTTLE) cé&ff”

Magnetic Susceptibilities were measured with a SQlagnetometer (MPMS-5S, Quantum
Design) in a temperature range of 2 to 300 K abgmatic field of H=0.1T.

Crystal structure determinations were performe@38(2) K (despite for [Cu(pyjOTf,)],
which was measured at 273(2) K) using graphite-rabramatised Mo-K radiation
(A=0.71073 A) on IPDS Il (STOE and Cie.). The stmoes were solved by direct methods
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using SHELX-97 and WinGX (SHELXS-9%Y and refined by full-matrix least-squares
techniques againsE® (SHELXL-97Y*%. The numerical absorption corrections (X-RED
V1.22; Stoe & Cie, 2001) were performed after opding the crystal shapes using X-SHAPE
V1.06 (Stoe & Cie, 199853, The non-hydrogen atoms were refined with anigitro

displacement parameters. H atoms were includediogappropriate riding models.

Water free reactions were carried out under in@st@pnditions and performed using Schlenk

techniques. Solvents were dried using a MBRAUN MESSB00 solvent purification system.

9.2 Synthesis

Starting materials: The nickel complexes [(BEMIBr],**¥ [(dppe)NiCP* and
[Ni(acac)]*® were synthesised by procedures described intiteraas well as the organic
components 4-lodo-1,3-dimethoxybenz&f8 2-(2-methoxyphenylamino)benzoic acid (from
anthranilic acid and 2-iodo-anis6ff! and 1-hydroxidophenalenone-9 (op6&fH.
Catalytically applied Clwas activated as described previod&i}.

The ligands 10-hydroxybenzo-[h]-quinoline was pasdd from Across Organics and 2,4-
di**"outyl-6-(5-chloro-2H-benzo[d][1,2,3]triazol-2-yl)ehol was purchased from ABCR.

[Cu(MeCN)4(TFA)2: 2.0 g (15 mmol) CuGl(anhydrous) was dissolved in 100 mL MeCN
and 20 mL trifluoroacetic acid and refluxed oveghti The remaining solution was
evaporated to 50 mL and the product was precipithtecooling to 273 K as a blue powder.
Yield: 4.30 g (9.5 mmol 63%). Elemental analysesdc ¢for GH;,FsN4sO4Cu; M = 453.78

g mol'Y) N 12.35; C 31.76; H 2.67; found: N 12.33; C 31.H4.66.

Cu(OTs)2: 1.0 g (5.5 mmol, 1 eq) Cu(OAcyas dissolved in 50 mL MeCN. 3.0 g (excgss)
toluenesulfonic acid were dissolved in 50 mL MeQidl avas added in small portions to the
Cu(OAc), solution. 150 mL diethyl ether were added uponcivla pale blue precipitate was
formed. After 1 h the precipitate was filtered affd washed with diethyl ether and dried at
ambient temperature. Yield: 0.69 g (1.7 mmol, 31%Jemental analyses: calc (for
C14H14506Cu; M = 405.93 g mot) C 41.42; H 3.48; 15.80; found: C 41.71; H 3.4:4583.
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Pyridine-2,6-dicarbonyl dichloride: 2.0 g pyridine-2,6-dicarboxylic acid (12 mmol, 1)eq
was suspended in 100 mL SQCThe mixture was refluxed for 72 h at 366 K. Theuiting
yellow solution was evaporated under reduced presguyield a colourless oil. 350 mL
cyclohexane were added and the mixture was coaezi’8 K. After 4 h the precipitated
product was collected by filtration and dried undacuum to yield colourless needles. Yield:
2.24 g (11 mmol, 88%). mp: 335 K. NMR (300 MHz,¢[Rcetone)H: 8.55-8.41 (m, 3H,
Haspy). °C: 170 (2C, Gabony), 150 (2C, Gepy, 142 (1C, Gpy), 131 (2C, Gspy ppm.
Elemental analyses: calc (for#zNO,Cl,;; M = 204.01 g mol) N 6.87; C 41.21; H 1.48;
found: N 6.83; C 41.13; H 1.30.

Bis(2-iodophenyl) pyridine-2,6-dicarboxylic ester gydicOIPh): 1.0 g (5 mmol, 1 eq)
pyridine-2,6-dicarbonyl dichloride was dissolved2@ mL dry diethyl ether. 2.3 g (10 mmol,
2eq) of 2-iodo-phenol were dissolved in 30 mL ddyethyl ether. 10 mg 4-
dimethylaminopyridine (5%.) and 0.7 mL NEt were added to the alcohol mixture, which
was then cooled using an ice bath. The acid cldosimlution was dropped slowly into the
alcohol mixture and precipitation of the produetrstd immediately. After stirring for 1 h at
273 K, 0.7 mL NEf were added at 298 K and the mixture was stirred.éoh. The formed
colourless precipitate was filtered off and waskath 5 mL diethyl ether. The remaining
powder was dried on air to yield 2.35 g (4.1 mn83%). NMR (300 MHz, [B]-dmf): *H:
8.64 (d, 2H, Hapy, 8.47(t, 1H, Hpy), 7.94 (d, 2H, ey, 7.51 (t, 2H, Hpy), 7.47 (d, 2H, ke,
7.11 (t, 2H Hpp) ppm. Elemental analyses: calc (forggiNOulo; M = 571.10 g mof) N
2.45; C 39.96; H 1.94; found: N 2.43; C 39.89; B3L.

[(pydicOIPh)CuCl,]: 100 mg (0.18 mmol, 1 eq) pydicOIPh were dissolwedl5 mL
methanol. 24 mg (0.18 mmol, 1 eq) CaEnhydrous) were dissolved in 10 mL methanol and
both solutions were mixed and stirred at 298 K1ieh. The solvent was evaporated to yield a
brown powder, 85 mg (0.12 mmol, 67%). Elementalys®s: calc (for GH1;CUChNO4l2; M
=705.56 g mol) N 1.99; C 32.34; H 1.57; found: N 2.02; C 32.501..62.

[(pydic)Cu(OH>)2]n: 100 mg (0.5 mmol, 1 eq) pyridine-2,6-dicarbonyl hliaccide were
dissolved in 15 mL methanol. 67 mg (0.5 mmol, 1 @9k (anhydrous) and 1 mL (excess)
NEt; were added and the whole mixture was stirred 8 KR3or 16 h. The resulting green
solution was evaporated to dryness to yield 33 hd2( mmol, 24%) turquoise crystals.
Elemental analyses: calc (forl&;CuNOs; M = 264.68 g mof) N 5.29; C 31.76; H 2.67;
found: N 5.14; C 32.09; H 2.72.
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[Cu(OH )e][(Cu(pydic)u-Cl) 5]: 100 mg (0.5 mmol, 1 eq) pyridine-2,6-dicarbonylrdaride
were dissolved in 15 mL methanol. 81 mg (0.6 mmd?, eq) CuGl (anhydrous) and 1 mL
(excess) NEtwere added and the whole mixture was stirred 8tKR%r 16 h. The resulting
green solution was slowly evaporated to drynesgetol 21 mg (0.03 mmol, 12%) blue-green
crystals. Elemental analyses: calc (fortGsCusCloNoOws; M = 699.84 g mot) N 3.62; C
21.74; H 1.82; found: N 3.58; C 22.00; H 1.79.

(HNEt3)[(pydicOMe)CuClg]: 100 mg (0.5 mmol, 1 eq) pyridine-2,6-dicarbonythdoride
were dissolved in 15 mL methanol (anhydrous). 67(@§ mmol, 1 eq) Cugl(anhydrous)
were added and 1 mL (excess) NE&nhydrous) was added and the whole mixture wasdt

at 298 K for 16 h. The resulting green solution weaaporated to dryness to yield 75 mg (0.16
mmol, 32%) green-brown crystals. Elemental anatysafc (for GsHxsCuCkN2Oy4; M =
467.27 g mot') N 6.00; C 38.56; H 5.39; found: N 6.02; C 38.4135.34.

(HNEt3)[(pydicOPh)CuCl3]: 200 mg (1 mmol, 1 eq) pyridine-2,6-dicarbonyl dicfde were
mixed with 15 g phenol. 132 mg (1 mmol, 1 eq) Gu@hhydrous) were added as solid and 1
mL (excess) NEktwas added in one portion. The whole mixture waswea up to 323 K and
stirred in a big round bottom flask for 96 h. Duithat time the excess phenol solidified in
the upper part of the flask and the product complained as brown oil. The oil was
transferred to a new flask and cooled down to 298upon which the oil solidified as
brownish powder. The crude product was dissolve@ddatone and slowly evaporated to
dryness to yield 319 mg (0.54 mmol, 54%) of a grgellow microcrystalline powder.
Elemental analyses: calc (for.48,eCuUCkEN,Os; M = 591.41 gmol) N 4.74; C 50.77;

H 4.94; found: N 4.66; C 51.12; H 5.02.

4-lodo-1,3-dimethoxybenzenel.38 g (10 mmol, 1 eq) 1,3-dimethoxybenzene wenreedi
with 1.27 g (5 mmol, 0.5 eq} (finely powdered) and 0.56 g (6 mmol, 0.6 eq) U¢fRely
powdered). After exposing to ultrasound for 10 He tixture was extracted with 100 mL
methyl®"butyl ether (MTBE). The organic phase was washet agueous N&,0; solution
(10%) and water. After drying the organic phasengidigSQ, the solvent was removed
under reduced pressure to yield 2.62 g (9.9 mm@#p)9of a brown oil. NMR (300 MHz,
CDCly): *H: 6= 7.60 (d, 1H, Kby, 6.42 (d, 1H, Hey, 6.31 (dd, 1H, &by, 3.84 (s, 3H,
Haome), 3.78 (S, 3H, hbma). 13C: 0= 161 (1C, Gep), 159 (1C, Gep), 139 (1C, Gep), 107 (1C,
Cesrn), 99 (1C, Gpp), 75 (1C, Gp), 56 (1C, Gowme), 55 (1C, Gowme ppm. Elemental analyses:
calc (for GHgOl; M = 264.06 g mol') C 36.39; H 3.44; found: C 36.30; H 3.45.
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2,6-Bis(2-methoxyphenyl)pyridine (LOMe):?*? Mp = 403 K. NMR (300 MHz, CDG}:
'H: = 7.93 (dd, 2H, kb, 7.76 (M, 3H, Hasp), 7.36 (t, 2H, Hey, 7.14 (d, 2H, bery), 7.07
(t, 2H, Hspry), 3.88 (S, 6H, Ive). °C: 0= 158 (2C, Gpr), 155 (2C, Gepy, 135 (1C, Gpy), 132
(2C, Gpp), 130 (2C, Gpy, 123 (2C, Gspy, 121 (4C, Gspp, 112 (2C, Gpp), 55 (2C, Gwme)
ppm. Elemental analyses: calc (forgg:7NO,; M = 291.34 g mal') N 4.81; C 78.33; H 5.88;
found: N 4.82; C 78.33; H 5.85.

2,6-Bis(2-hydroxyphenyl)pyridine (LOH,):'%*% Mp = 412 K. NMR (300 MHz, CDG): 'H:

0= 9.88 (s(br), 2H, bh), 8.00 (t, 1H, Hpy), 7.72 (d, 2H, Hspy, 7.69 (d, 2H, Kby, 7.35 (t,
2H, Hapr), 7.05 (d, 2HHzpr), 7.00 (t, 2H, Hpp). °C: 0= 156 (2C, Gpr), 151 (2C, Gepy, 140
(1C, Gipy), 132 (2C, Grr), 128 (2C, Gpy), 121 (2C, Ger), 120 (4C, Gspysed, 118 (2C, Gen

ppm. Elemental analyses: calc (foi/8:3NO,; M = 263.30 g mof): N 5.32; C 77.55; H
4.98; found N 5.31; C 77.54; H 4.99.

[(LOMe 4)MgBr,]: A Grignard reagent was prepared from 12.5 g (47 mgheq) 4-iodo-1,3-
dimethoxybenzene and 2.00 g (excess) magnesiurflin The Grignard-solution was added
slowly to a solution of 5.57 g (23.5 mmol, 1 eqg®-Ajbromo-pyridine and 0.97 g (8%)
[(dppe)NICL] in dry THF at 273 K. The reaction mixture wasrreiil for 16 h, 150 mL
HCl/water (1:1) were added and the reaction proekas precipitated by adding 400 mL of
CH.Cl,. The bright yellow solid was filtered off and washwith small portions of cold
acetone. The product was dried on air and stored brown glass vessel. Yield: 8.03 g
(15 mmol, 63%). NMR (300 MHz, [f-acetone):*H: J = 8.63 (t, 1H, Hpy), 8.29 (d, 2H,
Haspy, 8.01 (d, 2H, ey, 6.93 (d, 2H, ey, 6.87 (dd, 2H, kb, 4.19 (s, 6H, bbwve), 3.88 (s,
6H, Haome). *3C: 0= 167 (2C, Gep), 161 (2C, Gy, 151 (2C, Gepy, 146 (1C, Gry), 133 (2C,
Cspp), 123 (2C, Gspy, 108 (2C, Gep), 101 (2C, Gpr), 100 (2C, Gpp), 57 (4C, Gaomd ppm.
Elemental analyses: calc (for#,:NOsMgBry; M =535.52 g maf): N 2.62; C 47.10; H
3.95; found: N 2.61; C 47.13; H 4.02.

2,6-Bis(2,4-dimethoxyphenyl)pyridine (LOMe): 3.0 g (5.2 mmol, 1 eq) of
[(LOMes)MgBr;] were suspended in ethyl acetate and an aqueowsiosoof 1.0 g
Kryptofix® (2.2.2) is added until all starting matd has dissolved. Then the phases were
separated and the organic phase was subsequenslyedvawith two small portions of
Kryptofix solution. After final phase separatioretbrganic phase was dried over anhydrous
Na(OAc). After filtration the solvent was removedder vacuum leaving a yellow-orange
solid. Yield: 1.57 g (4.5 mmol, 87%). NMR (300 MHDg]-acetone):*H: J = 8.01 (d, 2H,
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Hepr), 7.79 (d, 2H, Hspy, 7.69 (t, 1H, Hpy), 6.68 (M, 4H, Hepn, 3.91 (S, 6H, bbme), 3.87 (S,
6H, Haome). *3C: 0= 163 (2C, Gep), 160 (2C, Gpy), 156 (2C, Gepy, 135 (1C, Gry), 132 (2C,
Cepny), 135 (2C, Gspy, 105 (2C, Gpp), 102 (2C, Gpr), 98 (2C, Gpp), 55 (4C, Gaomd ppm.
Elemental analyses: calc (fon®21NOs;; M = 351.41 g mof): N 3.99; C 71.78; H 6.02;
found: N 4.00; C 71.63; H 6.05.

2,6-(2,2’,4-tri-hydroxy-4’-methoxyphenyl)pyridine (LOH3;OMe): 300 mg (0.85 mmol,

1 eq) LOMeq were mixed with 6.00 g (excess) pyridinium hydidocle and heated up to
463 K for 1 h. After cooling the mixture to 298 KQO mL aqua dest. were added and the
suspension was exposed to ultrasound for 2 h. @imaining suspension was extracted three
times with CHCI,. The organic phase was neutralised with aqueoy€®asolution and
washed with water. (During this process the orgphiase turns from brown to yellow.) The
aqueous phases were re-extracted with@Hand the combined organic phases were dried
over MgSQ. The solvent was removed under vacuum to yieldri§@0.52 mmol, 61%) of a
brownish solid. NMR (300 MHz, [E}acetone):'H: J = 7.91 (t, 1H, Hep), 7.83 (d, 2H,
Haspy, 7.78 (d, 1H, Ber), 7.70 (d, 1H, kbr), 6.55 (s, 1H, Kpr), 6.51 (M, 2H, Hspy, 3.83 (S,
3H, Hyome). Elemental analyses: calc (foig81sNO4; M = 309.32 g mot): N 4.53; C 69.89;

H 4.89; found: N 4.48; C 69.07; H 4.99.

2,6-bis(5propyl-2-methoxyphenyl)pyridine (LOMe'Pr): 300 mg (1.29 mmol, 1 eq) 2,6-
dibromo pyridine were dissolved in 15 mL degass®&EDTo this mixture 225 mg (15%)
[Pd(PPh)4] were added and the suspension was warmed onea lath until a clear solution
was formed. 500 mg (2.58 mmol, 2 eqf%Bropyl-2-methoxyphenylboronic acid and 300 mg
(2.58 mmol, 2 eq) K&'Bu were added. The reaction mixture was heateeéftoxrfor 1 h,
after cooling to 298 K the mixture was filtered oeelite and the filter cake was washed with
50 mL CHClI,. A fine colourless solid precipitated and aftétefing again the solution was
evaporated to dryness to yield a yellow oil, whweas purified by column chromatography
(eluent: cyclohexane/ethylacetate 6:%,-R0.725). Yield: 408 mg (1.1 mmol, 84%). NMR
(300 MHz, CDBCly): H: 0=7.73 (m, 5H, Haspyse), 7.25 (d, 2H, By, 6.98 (d, 2H, Hpy),
3.86 (s, 6H, ke, 2.95 (0, 2H, Bhropy), 1.27 (d, 12H, Hapropy)- °C: 9= 155 (4C, Gepy.1ph,
141 (2C, Gpn, 135 (1C, Gpy), 130 (2C, Gpy, 128 (2C, Gpn, 124 (2C, Gspy, 123 (2C,
Cepn, 112 (2C, Gpp, 56 (2C, Gme), 33 (2C, Gpropy), 24 (4C, Gzpropy) PpmM. Elemental
analyses: calc (for £&H2gNO,; 375.50 g mof): N 3.73; C 79.96; H 7.78; found: C 80.25; H
7.77; N 3.65.
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2,6-bis(5 propyl-2-hydroxyphenyl)pyridine (LOH ;'Pr): 700 mg (1.86 mmol, 1 eq) 2,6-
bis(5-propyl-2-methoxyphenyl)pyridine were mixed with @2g (excess) pyridinium
hydrochloride and the mixture was heated up to K@8r 1.5 h. The solidified pyridinium
hydrochloride was dissolved in 200 mL aqua destulbsa sonic treatment. The resulting
suspension was extracted three times with 50 mkGTHeach. The collected organic phases
were dried over MgSPand the solvent was removed under vacuum to resuléellow
powder. Yield: 430 mg (1.24 mmol, 67%). NMR (300 ¥HDs]-acetone)™H: = 8.03 (m,
3H, Haaspy, 7.75 (d, 2H, by, 7.21 (d, 2H, by, 6.98 (d, 2H, By, 2.95 (g, 2H, Bhropy),
1.28 (d, 12H, H3propy). ~°C: 0= 156 (2C, Gepy1r, 140 (2C, Gpr), 138 (1C, Gry), 129 (2C,
Csp), 126 (2C, Gpr), 122 (2C Gpy), 120 (2C, Gspy, 117 (2C, Gpy), 33 (2C, Gpropy), 24 (4C,
Ci3propy) PPM. Elemental analyses: calc (fogszsNO,; M = 347.45 ¢ mof): N 4.03; C
79.51; H 7.25; found: N 4.09; C 78.63; H 7.16.

[(LOMe 2)CuCly],: 200 mg (0.69 mmol, 1 eq) LOMeand 92 mg (0.69 mmol, 1 eq) CuCl
(anhydrous) were dissolved in 5 mL methanol eacth Isolutions were combined and the
mixture was stirred at 298 K for 16 h. The solvers removed under vacuum and the
remaining orange-brown solid was washed with a lspmation cold acetone and dried on air.
Yield: 210 mg (0.49 mmol, 71%). Elemental analysesic (for GoH1;NO,CuCh; M =
425.80 g mol"): N 3.29; C 53.60; H 4.02; found: N 3.30; C 53.574.00.

[(LOH 2)CuCly]2: 0.20 g (0.76 mmol, 1 eq) LQHand 0.10 g (0.76 mmol, 1 eq) CuCl
(anhydrous) were dissolved in 5 mL methanol eadth Bolutions were combined and stirred
at 298 K for 12 h. After removing the solvent undacuum a black solid was obtained.
Yield: 211 mg (53 mmol, 70%). Elemental analysedc ¢for G;H13NO,CuCh; M = 397.75

g molY): N 3.52; C 51.34; H 3.29; found: N 3.51; C 51.P83.29.

[(LOH)CuCI] 2: 50 mg (0.13 mmol, 1 eq) of [(LOMCuChL] were dissolved in 7 mL
methanol and 0.5 mL (excess) MEwere added. A green-brown solid immediately
precipitated and was filtered off. Yield: 35 mg719.75%). Elemental analyses: calc (for
C1/H12NO,CuCl; M = 361.29 g mof): N 3.88; C 56.52; H 3.35; found: N 3.89; C 56.50;
3.38.

[(LOMe »Pr)CuCl,]: 100 mg (0.27 mmol, 1 eq) LOMETr were dissolved in 5 mL methanol.
36 mg (0.27 mmol, 1 eq) anhydrous Cu®kre separately dissolved in 5 mL methanol. Both
solutions were combined and stirred at 298 K oveghtn Evaporation of the solvent yielded

104 mg (0.20 mmol, 74%) of an orange powder. Eldgaieranalyses: calc (for
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CosH2oNO,CuCh; M =509.96 g mot): N 2.75; C 58.88; H 5.73; found: N 2.81; C 58.63;
H 5.66.

[(LOMe 2 Pr)Cu(TFA)]: 100 mg (0.27 mmol, 1 eq) LOM®Er were dissolved in 5 mL
methanol. 167 mg (0.27 mmol, 1 eq) [Cu(MeGK)FA), were dissolved in 10 mL methanol
each. Both solutions were combined and stirred®8tR for 12 h. Evaporation of the solvent
yielded 185 mg (0.25 mmol, 93%) of an orange powd#emental analyses: calc (for
CagH2oNOsCURCly; M = 735.99 g mol): N 1.90; C 47.33; H 3.97; found: N 1.87; C 47.89;
H 3.82.

[(LOH 5'Pr)CuCl,],: 50 mg (0.14 mmol, 1 eq) LOHPr and 19 mg (0.14 mmol, 1 eq) CuCl
(anhydrous) were dissolved separately in 5 mL nmethd&oth solutions were combined and
stirred at 298 K for 2 d. Evaporation of the solvgielded a brown solid, which was washed
with a small amount of cold acetone and dried an “ield: 53 mg (0.06 mmol, 43%).
Elemental analyses: calc (fordBsoN204Cuw,Cls; M = 963.80 g mot): N 2.91; C 57.32;
H 5.23; found N 2.94; C 57.61; H 5.19.

[(LOH 'Pr),Cu]: 50 mg (0.14 mmol, 2 eq) LOH#r and 89 mg (0.14 mmol, 2 eq)
[Cu(MeCN)](TFA), were dissolved in 5 mL methanol each. Both sohgivere combined
and stirred at 298 K. After a few minutes an olgreen precipitate was formed, which was
filtered off after 10 h and was washed with furt®hemL methanol and dried on air. Yield:
55 mg (0.07 mmol, 99%). Elemental analyses: calic sHssN,0.Cu; M = 756.43 g mof):

N 3.70; C 73.04; H 6.40; found: N 3.71; C 70.776.M0.

[(LOMe 4)CuCl;]2: 0.20 g (0.58 mmol, 1 eq) LOMand 78 mg (0.58 mmol, 1 eq) CuCl
(anhydrous) were dissolved in 5 mL methanol eacth Bolutions were combined and stirred
at 298 K for 2 d. Evaporation of the solvent yielde brown solid, which was washed with
small portions of cold acetone and dried on aiel®i 190 mg (0.39 mmol, 78%). Elemental
analyses: calc (for GH-:NO,CuCh; M = 485.86 g mot'): N 2.88; C 51.91; H 4.36; found: N
2.88; C 51.89; H 4.33.

[(LOMe »)Cu(TFA)2]: 179 mg (0.29 mmol, 1.5 eq) [Cu(MeCINIFA), and 100 mg
(0.19 mmol, 1 eq) [(LOMgMgBTr,] were mixed as solids and dissolved in 15 mL MeCThe
green solution was stirred for 6 h at 298 K and dbkvent was removed under vacuum to
yield a dark green solid. Yield: 103 mg (84%). E&tal analyses: calc (for£H2:NOgCuk;

M = 641.00 g mat): N 2.19; C 46.84; H 3.30; found: N 2.20; C 46.823.33.
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[(LOH 30Me)Cu(TFA),]: 130 mg (0.42 mmol, 1 eq) LQBMe were dissolved in 5 mL
methanol. In additional 5 mL methanol 258 mg [Cu(\W)4](TFA). were dissolved and both
solutions were mixed and stirred 6 h at 298 K. Tasulting solution was evaporated to
dryness and the remaining solid was washed wittl aoktone to yield 60 mg (0.13 mmaol,
31%) of a green-brown solid. Elemental analysesc ¢or C,,H,1NO,Cu; M =474.95
g mol): N 2.95; C 55.63; H 4.46; found: N 2.92; C 55.24.39.

[(LOMe 2)NIBr;],: 85 mg (0.29 mmol, 1 eq) of LOMeavere dissolved in 7 mL methanol. A
methanol solution of 215 mg (0.29 mmol, 1 eq) [(BMBr,] (7 mL) was added in one
portion and the resulting mixture was stirred fdr &t 298 K. The solvent was removed under
vacuum and the remaining turquoise solid was washid several portions of heptane,
pentane and cold acetone, the remaining solid wiasl @n air. Yield: 66 mg (0.13 mmol,
45%). NMR (300 MHz, [@]-acetone)H: o= 8.52 (t, 1H, kry), 8.30 (d, 2H, Hspy), 8.04 (d,
2H, Hepr), 7.59 (t, 2H, Hpy), 7.35 (t, 2H, Hpy), 7.22 (d, 2HH3spy), 4.10 (s(br), 6H, bue)
ppm. Elemental analyses: calc (forg8,NO,NiBr,; M = 509.86 g mot): N 2.75; C 44.76;

H 3.36; found: N 2.74; C 44.75; H 3.35.

[(LOH 2)NIBr]»: 75 mg (0.30 mmol, 1 eq) of LOHwvere dissolved in 7 mL methanol. A
methanol solution of 223 mg (0.30 mmol, 1 eq) [(§Br,] (7 mL) was added in one
portion and the resulting mixture was stirred fdr &t 298 K. The solvent was removed under
vacuum and the remaining green solid was washdu seieral portions of heptane, pentane
and cold acetone, the remaining solid was driedionYield: 67 mg (0.14, 47%). NMR (300
MHz, [De¢]-acetone):*H: d = 11.67 (s(br), 2H, bk), 8.00 (m, 3H, Haspy), 7.86 (dd, 2H,
Hepr), 7.32 (t, 2H, Hpy, 7.00 (m, 2H, Hsp) ppm. Elemental analyses: calc (for
C1/H1aNO,NIBry; M = 481.81 g mol): N 2.91; C 42.38; H 2.72; found: N 2.88; C 42.85;
2.75.

[(LOMe 4)NIBr;],: 100 mg (0.19 mmol, 1 eq) of [(LOM@IgBr,] were dissolved in 7 mL
methanol. A methanol solution of 215 mg (0.29 mnioh eq) [(PP¥).NiBr;] (7 mL) was
added in one portion and the resulting mixture stased for 6 h at 298 K. The solvent was
removed under vacuum and the remaining green sai& washed with several portions of
heptane, pentane and cold acetone, the remainlitgvgas dried on air. Yield: 83 mg (0.15,
79%). NMR (300 MHz, [§]-acetone)H: J= 8.94 (t, 1H, Hpy), 8.55 (d, 2H, Hspy, 8.18 (d,
2H, Hepr), 7.04 (d, 2H, er), 7.00 (d, 2H, ker), 4.40 (s, 6H, bbwe), 4.05 (S, 6H, Hbme ppm.
Elemental analyses: calc (for#2:NOsNiBry; M = 569.92 g mol): N 2.46; C 44.26; H

152



Katharina Butsch 9. Experimental

3.71; found N 2.48; C 44.26; H 3.70.

[(LOMe 2 Pr)NiBr,],: 100 mg (0.27 mmol, 1 eq) of LOMR were dissolved in 7 mL
methanol. A methanol solution of 215 mg (0.29 mniol, eq) [(PP¥).NiBr;] (7 mL) was
added in one portion and the resulting mixture stased for 6 h at 298 K. The solvent was
removed under vacuum and the remaining green sl washed with a small portion of
heptane, pentane and cold acetone, the remainiingvéas dried on air. Yield: 143 mg (0.12
mmol, 88%). NMR (300 MHz, [g]-acetone):'H: J = 14.65; 9.44; 8.15; 7.93; 7.41; 3.88;
3.56; 1.57 ppm. Elemental analyses: calc (fgsHgsN-OsNi-Brs; M = 1188.01 g mol):

C 50.55, H 4.92, N 2.36; found C 51.29, H 4.80,.802

[(LOH 2 Pr)NiBr 5]: 100 mg (0.29 mmol, 1 eq) of LOPF were dissolved in 7 mL methanol.
A methanol solution of 215 mg (0.29 mmol, 1 eq)HB).NiBr;] (7 mL) was added in one
portion and the resulting mixture was stirred fdr &t 298 K. The solvent was removed under
vacuum and the remaining green solid was washedd avgmall portion of heptane, pentane
and cold acetone, the remaining solid was driediionYield: 130 mg (0.12 mmol, 79%).
NMR (300 MHz, [D]-acetone):H: J= 8.54 (t, 1H, Hpy), 8.25 (d, 2H, Hspy, 7.89 (d, 2H,
Hepn), 7.25 (d, 2H, Bep), 6.91 (d, 2H, Hey); 3.03 (9, 2H, kby); 1.35 (d, 12H, H3propy) ppm.
Elemental analyses: calc (fordBlsoN,OsNiBrs; M = 1131.90 g mof): C 48.81, H 4.45,

N 2.47; found C 47.63, H 4.61, N 2.38.

[Cu(opo),]: 0.50 g (1.9 mmol, 1 eq) [Cu(acacyvere dissolved in methanol and a suspension
of 0.65 g (3.8 mmol, 2 eq) opoH in methanol werdeatl The mixture was stirred at 298 K
for 16 h and the formed precipitate was filteretlasfd washed with acetone to yield 0.82 mg
(2.8 mmol, 98%) of a brown solid. Elemental anatysealc (for GgH140,Cu; M = 453.93

g mol'Y) C 68.79; H 3.11; found: C 68.32; H 3.03.

[Fe(opo)): 200 mg (0.57 mmol, 1 eq) [Fe(acgcwere dissolved in methanol and a
suspension of 294 mg (1.71 mmol, 3 eq) opoH in arahwere added. The mixture was
stirred at 298 K for 16 h and the formed precigitaias filtered off and washed with acetone
to yield 288 mg (0.45 mmol, 78%) of a dark red a&olElemental analyses: calc (for
CaoH2106Fe; M = 641.43 g mot) C 73.03; H 3.30; found: C 72.39; H 3.33.

[Zn(opo)2]: 200 mg (0.76 mmol, 1 eq) [Zn(acgdcwere suspended in methanol and a
suspension of 261 mg (1.52 mmol, 2 eq) opoH in arahwere added. The mixture was

stirred at 298 K for 4 h and the formed voluminguscipitate was filtered off and washed
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with acetone to yield 283 mg (0.62 mmol, 81%) ofedlow solid. NMR (300 MHz, [BI-
dmf): *H: = 8.13 (d, 2H, Hg), 8.07 (d, 2H, Hy), 7.52 (t, 1H, H), 7.09 (d, 2H, K¢ ppm.
Elemental analyses: calc (ford8140.Zn; M = 455.78 g mol) C 68.52; H 3.10; found: C
69.07; H 3.15.

Reaction of opoH with “[Ni(acacy]: 200 mg (0.68 mmol, 1 eq) “[Ni(acaf) were
dissolved in methanol and a suspension of 234 n3$ (hmol, 2 eq) opoH in methanol were
added. The mixture was stirred over night and trenéd precipitate was filtered off and
washed with acetone to yield 305 mg of a yellowwbrcsolid. Elemental analyses found: C
61.12; H 3.73.

[Cu(bgOH)CI]: 100 mg (0.51 mmol, 1 eq) bgOH dissolved in 5 mL hmaatl and 69 mg
(0.51 mmol, 1 eq) Cugkanhydrous) dissolved in 10 mL methanol were miaed stirred at
298 K for 10 h. The formed brown precipitate wdgefed off and washed with acetone to
yield 90 mg (0.27 mmol, 53%). Elemental analysedc ¢for G3sHoCl,CuON; M = 329.67

g mol) N 4.25; C 47.36; H 2.75; found: N 4.09; C 49.H52.87.

[Cu(bgOH)Br ;]: 100 mg (0.51 mmol, 1 eq) bgOH dissolved in 5 mLhaabl and 115 mg
(0.51 mmol, 1 eq) CuBranhydrous) dissolved in 10 mL methanol were miaed stirred at
298 K for 10 h. The formed brown precipitate wdgefed off and washed with acetone to
yield 130 mg (0.31 mmol, 61%). Elemental analyseslc (for GsHgBro,CuON; M =
418.57 g mat') N 3.35; C 37.30; H 2.17; found: N 3.45; C 35.502.21.

[Cu(bgO),]: 100 mg (0.51 mmol, 1 eq) bqOH dissolved in 5 mLhaabl and 48 mg (0.26
mmol, 0.5 eq) Cu(OAg)dissolved in 10 mL methanol were mixed and stiae#98 K for 10
h. The formed brown precipitate was filtered ofdamashed with acetone to yield 87 mg
(0.19 mmol, 73%). Elemental analyses: calc (fadHzcO,N,Cu; M = 451.96 g mot) N 6.20;

C 69.09; H 3.57; found: N 6.38; C 67.19; H 3.41.

9-Chloro-4-methoxy-acridine (acrOMe): 4.16 g (20 mmol, 1 eq) 2-(2-methoxyphenyl-
amino)benzoic acid were mixed with 40 mL P@(xcess). The mixture was heated up to
398 K for 3 h and cooled down to 298 K again. TR was removed under vacuum and
the remaining oil was mixed with concentrated amia@olution. 200 mL chloroform was
added and the aqueous phase was extracted threg flihe collected organic phases were
dried over MgS@ and the solvent was removed under vacuum. 3.23 gnfmol, 65 %) The
product was obtained as a yellow solid. NMR (3002/IfDg]-acetone)H: = 8.44 (d, 1H,
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Hg), 8.27 (d, 1H, K); 7.98 (d, 1H, H), 7.91 (t, 1H, H), 7.78 (t, 1H, H), 7.66 (t, 1H, H), 7.25
(d, 1H, H) 4.11 (s, 3H, Kue). °C: 0= 158 (1C, @), 144 (1C, @), 129 (1C, &), 132 (1C,
Css), 132 (1C, Go), 131 (1C, @), 131 (1C, §), 128 (1C, G), 128 (1C, G), 127 (1C, Gy, 125
(1C, G), 116 (1C, @), 109 (1C, G), 56 (1C, Gme ppm. Elemental analyses: calc (for
Cr4H100NCI; M = 243.05 g maf) N 5.75; C 69.00; H 4.14; found: N 5.80; C 70.784.29.

9-Chloro-4-hydroxy-acridine (acrOH): 0.50 g (2.0 mmol, 1 eq) 9-Chloro-4-methoxy-
acridine were mixed with 10.0 g (excess) pyridinibgdrochloride and heated up to 423 K
for 1 h. The resulting black liquid was cooled @82 and 150 mL aqua dest. were added.
The mixture was given to the ultra sonic bath fdr 4nd the resulting yellow suspension was
filtered. The collected precipitate was washed wtiittee portions (20 mL) of hot water to
remove the remaining pyridine and with a small iportof acetone (5 mL). The solid was
dried in vacuum to yield 0.40 g (1.7 mmol, 85%)yofellow powder. NMR (300 MHz, [§)
acetone)’H: = 9.55 (s, 1H, OH), 9.34 (d, 1HsH 7.86 (t, 2H, Hg): 7.69 (t, 1H, H), 7.25

(t, 1H, Hy), 7.20 (d, 1H, H), 7.06 (t, 1H, H). °C: 5= 177 (1C, @), 145 (1C, G), 141 (1C,
Csa), 137 (1C, Gy, 134 (1C, @), 132 (1C, Gy, 127 (1C, @), 125 (1C, Gy, 122 (1C, G),
121 (1C, @), 120 (1C, @), 117 (1C, @), 116 (1C, @) ppm. Elemental analyses: calc (for
C13HsONCI; M = 229.66 g maf) N 6.10; C 67.99; H 3.51; found: N 6.13; C 68.R03.58.

[(acrOMe)CuCl;],: 106 mg (0.43 mmol, 1 eq) acrOMe and 58 mg (0.43mineq) CuCl
(anhydrous) were dissolved in 10 mL methanol eaxchkeoth solutions were mixed together.
After stirring at 298 K for 14 h and the solventsn@moved under vacuum to yield 120 mg
(0.32 mmol, 74%) of a brown solid. Elemental anatyscalc (for GgH200:N.ClsCuy;

M = 756.28 g mot) N 3.70; C 44.47; H 2.67; found: N 3.87; C 43.A52.55.

[(acrOH)CuCl;]2: 100 mg (0.41 mmol, 1 eq) acrOH and 55 mg (0.41 miheq) CuCl
(anhydrous) were dissolved in 10 mL methanol eachketh solutions were mixed together.
The reaction mixture was stirred for 14 h at 298TKe solvent was removed under vacuum
and the remaining powder was washed several timiés @&acetone to yield 142 mg
(0.39 mmol, 95%) of a red brown solid. Elementaalgses: calc (for &H16ClsO.N.Cup;

M = 728.22 g mal)) N 3.85; C 42.88; H 2.21; found: N 3.72; C 43.502.24.

[Cu(acrOMe),](OAC)2: 101 mg (0.41 mmol, 2 eq) of the acrOMe ligand waissolved in
10 mL methanol and mixed with a solution of 34 ntig2{ mmol, 1 eq) Cu(OAg)in
methanol. After stirring at 298 K for 14 h the saiw was removed under vacuum to yield

104 mg (0.16 mmol, 76%) of a brown solid. Elemeatalyses: calc (for £H26Cl,CuG;Ny;
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M = 653.01 g mat') N 4.29; C 58.86; H 4.01; found: N 4.18; C 58.524.05.

[Cu(acrO),]: 100 mg (0.41 mmol, 2 eq) acrOH were dissolved inmmlOmethanol. 75 mg
(0.21 mmol, 1 eq) Cu(OAg)were dissolved in 10 mL methanol each, both swhgtiwere
combined and stirred for 14 h at 298 K. The solweas removed under vacuum until a
suspension was formed (~5 m&émaining) and the black solid was filtered off amdshed
with acetone to yield 52 mg (0.1 mmol, 48%) of adil solid which exhibits red-violet colour
in solution. Elemental analyses: calc (fort€.Cl,CuO:N»; M = 520.85 g mof') C 59.96; H
2.71; N 5.38; found: C 59.92; H 2.82; N 5.38.

General Procedure for the synthesis of salen typeomplex: 1 eq Ligand and 1 eq
Cu(OAc), were dissolved in methanol and both solutions weireed at 298 K. The mixture
was stirred at 298 K for 16 h. While [((N}3alPh)Cu] and [(salPCu] precipitated and
were filtered off and washed with small portions roéthanol, all other complexes were

isolated by removing the solvent under vacuum awdystallisation from acetone solution.

[((NMey)sal®'Bus)Cu]: 58 mg (0.1 mmol, 1 eq) (NM}sal®*"Bu, and 18 mg (0.1 mmol, | eq)
Cu(OAc), were reacted. Yield: 24 mg (0.04 mmol, 40%) okdgreen needle shaped crystals.
Elemental analyses: calc (fogBlsCUON,; M = 640.44 g mot) N 4.37; C 71.26; H 9.44;
found:N 4.24; C 72.23; H 9.57.

[((NH)2sal)Cu]: 30 mg (0.1 mmol, 1 eq) (NEhal and 18 mg (0.1 mmol, 1 eq) Cu(OAc)
were reacted. Yield: 25 mg (0.07 mmol, 70%) reddistwn crystalline needles. Elemental
analyses: calc (for §HCuON»; M = 359.91 g mof) N 7.78; C 60.07; H 5.60; found\
7.99; C 62.02; H 5.64.

[((NH)salPh)Cu]: 100 mg (0.2 mmol, 1 eq) (NhsalPh and 38 mg (0.2 mmol, 1 eq)
Cu(OAc), were reacted. Yield: 45 mg (0.08 mmol, 40%) blueeg powder. Elemental
analyses: calc (for £H3,CuONy; M = 540.15 g mof) N 5.19; C 71.15; H 5.97; found\
5.22; C 71.32; H 5.89.

[(MegsalFs)Cu]: 40 mg (0.1 mmol, 1 eq) MsalR and 17 mg (0.1 mmol, 1 eq) Cu(OAc)
were reacted. Yield: 36 mg (0.075 mmol, 75%) dakeg crystals. Elemental analyses: calc
(for CasHooCUONLF4 M = 483.94 g mat) C 54.60; H 4.17; N 5.79; foun@: 54.62; H 4.14;

N 5.77.

[(Phssal)Cu]: 55 mg (0.12 mmol, 1 eq) Bal and 21 mg (0.12 mmol, 1 eq) Cu(OAakre
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reacted. Yield: 20 mg (0.04 mmol, 33%) brown amorghpowder. Elemental analyses: calc
(for CaoHasCUON,; M = 536.12 g mot) N 5.23; C 71.69; H 5.26; foundl 5.34; C 72.01;
H 5.20.

[(salPhy)Cu]: 100 mg (0.21 mmol, 1 eq) salPénd 38 mg (0.21 mmol, 1 eq) Cu(OAgjere
reacted. Yield: 86 mg (0.16 mmol, 79%) light bropowder. Elemental analyses: calc (for
CaoH2sCUON,; M = 536.12 g mol) N 5.23; C 71.69; H 5.26; foundd 5.30; C 71.52;
H 5.28;.

2-(methoxy(pyridin-2-yl)methyl)phenol (OON1) 0.41 g (17.02 mmol, 2 eq) magnesium
were suspended in 20 mL dry diethyl ether. 1.67 (8l0 g, 12.77 mmol, 1.5 eq) 2-
iodomethoxybenzene in 20 mL dry diethyl ether wadded slowly. The reaction mixture was
warmed to 348 K until it was brown and turbid (~#k). 0.91 g (8.5 mmol, 1 eq) pyridin-2-
carboxaldehyde were added drop by drop and theuneixiecame orange. After stirring for
16 h, the reaction was quenched with 50 mL watke phases were separated, the aqueous
phase was extracted with diethyl ether and driegr Na&SO,. The solvent was removed
under vacuum and the remaining solid was washeld agetone to yield 0.95 g (4.4 mmol,
52%) of an off-white powder. NMR (300 MHz, §Pacetone)H: 8.50 (d, 1H, ey, 7.69 (t,
1H, Hapy), 7.40 (t, 2H, Hepy, 7.22 (M, 2H, Hspy, 6.98 (d, 1H, Bey), 6.92 (t, 1H, Hpy), 6.20
(s, 1H, Hhethang), 5.33 (S, 1H, ) 3.83 (s, 3H, Idwe). °C: 162 (1C, Gpy), 157 (1C, Gpy),
148 (1C, Gpy), 137 (1C, Gpy), 132 (1C, Gpp), 128 (1C, Gpy), 127 (1C, Gpp), 122 (1C, Gpy),
121 (1C, Gpp, 120 (1C, Gpp, 110 (1C, Gpp, 69 (1C, Guethang, 55 (1C, Gwme) ppm.
Elemental Analysis: calc (for §H130.N; M = 215.25 g mol') C 72.54; H 6.09; N 6.51.
found: C 73.45; H 6.04; N 6.46.

2-(methoxy(pyridin-2-yl)ethyl)phenol (OON2): 2.8 mL 2-iodo methoxybenzene (5.00 g,
21 mmol, 1 eq) and 0.61 g (25 mmol, 1.2 eq) magmesvere reacted in dry THF to give the
Grignard compound. 2.8 mL (2.54 g 21 mmol, 1 e@c8tlypyridine were dropped into the

mixture and the reaction mixture was stirred forhlat 298 K. 100 mL water were added and
the resulting phases were separated. The aqueass plas extracted with diethyl ether, the
combined organic solutions were dried over,3@, and the solvent was removed under
vacuum to yield a brown oil. During 3 d colourlesg/stals were formed which were

separated by filtration. Yield: 3.0 g (13 mmol, 64BMR (300 MHz, [Q]-acetone)H: 8.42

(d, 1H, Hpy), 7.71 (t, 1H, Hpy), 7.65 (d, 1H, Bby), 7.53 (d, 1H, k), 7.23 (t, 1H, Hpy), 7.18

(t, 1H, Hspy), 6.96 (t, 1H, Hpp), 6.90 (d, 1H, Hep), 5.09 (s, 1H, Fw), 3.55 (S, 3H, KHwve), 1.86
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(s, 3H, Hue). 3c: 168 (1C, @pp, 158 (1C, Gpy), 148 (1C, Gpy, 147 (1C, Gpy), 136 (1C,
Capy), 128 (1C, Gy, 127 (1C, Gpy), 121 (1C, Gpy), 120 (2C, Gepy), 112 (1C, Gpy), 76 (1C,
Con), 55 (1C, Gwme), 28 (1C, Gi) ppm. Elemental Analysis: calc (for 14E:50:N;
M =229.27¢g mdll) N 6.11; C 73.34; H 6.59; found: N 6.06; C 73.B35.54.

2-(methoxy(pyridin-2-yl)benzyl)phenol (OON3) 2.78 mL 2-iodo methoxybenzene (5.0 g,
21 mmol, 1 eq) and 612 mg (25 mmol, 1.2 eq) magnesvere reacted in dry THF to yield
the Grignard component. To the stirred reactiontunexa THF solution of 3.84 g (21 mmol,
1 eq) benzoylpyridine was added slowly. The reactioxture was stirred for 14 h at 298 K.
Water was added and the resulting phases wereasegailhe aqueous phase was washed
with diethyl ether, the collected organic phasesewlied over Ng5O, and the solvent was
removed under vacuum. The crude product, a colssidelid, was recrystalised from acetone
to yield 5.4 g (15 mmol, 72%) of colourless cryst&IMR (300 MHz, [R]-acetone)’H: 8.46

(d, 1H, Hpy), 7.76 (t, 1H, Hpy), 7.59 (d, 1H, Hpy), 7.39 (d, 2H, Hegn), 7.27 (M, 5H,
H3 4 58nz.4ph58y 6.85 (t, 1H, Hpp), 6.99 (d, 1H, Bery), 6.95 (d, 1H, ke, 5.67 (s, 1H, dy),
3.49 (s, 3H, Kue). °C: 167 (1C, Gy), 159 (1C, Gpp), 147 (1C, Gany), 148 (1C, Gpy), 137
(1C, Gpy), 130 (1C, Grn), 128 (3C, Gernz, 4p), 127 (3C, Gasn), 123 (2C, Gspy, 121 (1C,
Cspn), 121 (1C, Gpy), 113 (1C, Gpp), 82 (1C, Gn), 56 (1C, Gume) ppm. Elemental Analysis:
calc (for GgH170,N; M = 365.57 g mol') N 4.81; C 78.33; H 5.88; found: N 5.01; C 78.14;
H 6.01.

General procedure for complex formation reactions:1 eq O,0’,N-ligand was dissolved in
methanol and 1 eq metal precursor dissolved in MaCGé¢ione (1:1) were added. The mixture
was stirred at 298 K for 14 h. The solvent was nrezdounder reduced pressure and the

remaining solids were washed with cold acetone.

[ZnCl(OON1)]: 100 mg (0.46 mmol, 1 eq) of OON1 were reacted wlhmg (0.46 mmaol,

1 eq) ZnC} (anhydrous) to yield 160 mg (0.45 mmol, 97%) of éoudess powder. NMR
(300 MHz, [Ds]-acetone)H: 8.77 (s, 1H, Ky), 8.76 (d, 1H, kb)), 8.12 (t, 1H, Hpy), 7.71 (t,
1H, Hspy), 7.48 (d, 1H, ey, 7.48 (d, 1H, kby), 7.39 (t, 1H, Hpy), 7.11 (d, 1H, Hey), 6.97 (t,
1H, Hspp), 6.75 (S, 1H, Hethano, 3.84 (S, 3H, we). Elemental Analysis: calc (for
C13H130:NClZn; M = 351.54 g mol) N 3.98; C 44.42; H 3.73; found: N 3.81; C 43.20;
H3.71.

[ZnCl,(OON2)]: 100 mg (0.44 mmol, 1) eq OON2 and 59 mg (0.44 imrhceq) ZnC}

(anhydrous) were reacted to yield 101 mg (0.28 mieédfp) of a colourless powder. NMR
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(300 MHz, [Dy]-acetone):*H: 8.70 (d, 1H, ey, 8.02 (t, 1H, Hpy), 7.94 (s(br), 1H, bBw),
7.76 (d, 1H, Hep, 7.63 (t, 1H, Hpy), 7.23 (d, 1H, Hey), 7.43 (t, 1H, Hpp, 7.08 (t, 1H, Hpp,
6.99 (d, 1H, Hpy, 3.49 (s, 3H, Bwe), 2.08 (s, 3H, IHe). Elemental Analysis: calc (for
C14H150:NCl2Zn; M = 365.57 ¢ m6|1) N 3.83; C 46.00; H 4.14; found: N 3.90; C 44.91;
H 4.23.

[ZnCl 2(OON3)]: 100 mg (0.34 mmol, 1 eq) OON3 and 46 mg (0.34 mtheq) ZnC} (anh.)
were reacted to yield 104 mg (0.24 mmol, 71%) afokourless powder. NMR (300 MHz,
[De]-acetone)H: 8.73 (d, 1H, ey, 8.07 (t, 1H, Hpy), 7.65 (t, 1H, Hpy), 7.43 (t, 1H, Hpy),
7.34 (m, 6H, Hz4568n), 7.14 (M, 2H, Hepy, 6.91 (d, 1H, By, 6.72 (s, 1H, Idy), 3.66 (S,
3H, Home). Elemental Analysis: calc (forigH:70,NCl,Zn; M = 427.64 g mof) N 3.28; C
53.36; H 4.01; found: N 3.15; C 52.09; H 4.04.

[CuClx(OON1)]: 220 mg (1.00 mmol, 1 eq) OON1 were reacted wBB fing (1.00 mmaol,
1 eq) CuC] (anhydrous) to yield 283 mg (0.81 mmol, 81%) ofjr@en solid. Elemental
Analysis: calc (for GH130,NCLCu; M = 349.70 g mof) N 4.01; C 44.65; H 3.75; found:
N 3.88; C 45.21; H 3.89.

[CuCl»(OON2)]: 100 mg (0.44 mmol, 1 eq) OON2 were reacted withmsp(0. 44 mmol,

1 eq) CuC] (anhydrous) to yield 107 m{).29 mmol, 66%) of a green solid. Elemental
Analysis: calc (for GH1s0.NCl,Cu; M = 363.73 g maf) N 3.85; C 46.23; H 4.16; found:
N 3.97; C 47.92; H 4.26.

[CuClx(OON3)]: 100 mg (0.34 mmol, 1 eq) OON3 were reacted wdhmg (34 mmol, 1 eq)

CuCk (anhydrous) to yield 103 mg (0.24 mmol, 71%) ajraen solid. Elemental Analysis:
calc (for GgH16O-NCLCu; M = 424.79 g mof) N 3.30; C 53.72; H 3.80; found: N 3.27;
C 52.99; H 3.73.

[Co(OON1),(u-Cl).CoCl;]: 0.33 mg (1.5 mmol, 1 eq) OON1 were reacted wih g (1.5
mg, 1 eq) CoGIB H,O to yield 510 mg (1.48 mmol, 99%) of a blue soliElemental
Analysis: calc (for GsH2604N2ClsCoy; M = 690.18 g mott) N 4.06; C 45.25; H 3.80; found:
N 3.97; C 44.32; H 3.94.

[Co(OON2),(u-Cl)2CoCly): 100 mg (0.44 mmol, 1 eq) OON2 were reacted with @y
(0.44 mmol, 1 eq) Co@b H,O to yield 111 mg (0.31 mmol, 70%]j a blue solid. Elemental
Analysis: calc (for GsH3g04N2ClsCoy; M = 718.22 g mal’) N 3.90; C 46.82; H 4.21; found:

N 3.89; C 45.71; H 4.37.
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[CO(OON3)2(u-Cl)2.CoCl,]: 100 mg (0.34 mmol, 1 eq) OON3 were reacted with®y (34
mmol, 1 eq) CoGIB H,O to yield 133 mg (0.32, 94%) of a blue soltlemental Analysis:
calc (for GgH3404N,CliCoy; M = 842.36 g mot') N 3.33; C 54.18; H 4.07; found: N 3.24; C
52.26; H 4.18.

[FeCI3(OON1)]: 100 mg (0.46 mmol, 1 eq) OON1 were reacted wizhngy (0.46 mmol,
1 eq) Fed® H,0 to yield 157 mg (0.42 mmol, 91%) of a dark retidsdclemental Analysis:
calc (for GsH130-NClsFe; M = 377.45 g mot) N 3.71; C 41.37; H 3.47; found: N 3.84; C
42.67; H 3.56.

[FeCI;(OON1)]2: 50 mg (0.13 mmol, 2 edFeCk(OON1)] were dissolved in acetone and
stirred for 60 h. A dark red precipitate was formedd filtered off. After washing with
acetone 37 mg (0.05 mmol, 92%) were obtained. Amlycalc (for GgH2404N.ClsFe;

M = 681.98 g mat)) N 3.55; C 45.79; H 4.11; found: N 4.06; C 44.683.46.

[FeCl,(OON2)]y: 170 mg (0.74 mmol, 1 eq) OON2 were reacted wiB ing (0.74 mmol,
1 eq) FeGdB H,O to yield 253 mg of a bride orange solid. The pds an asymmetric
polymer with more than one Eespecies, the exact stoichiometry of this compozomdd not

be determined. Elemental Analysis found: N 3.0493%6; H 3.75.

[FeCIly,(OON3)]: 97 mg (0.33 mmol, 1 eq) OON3 and 66 mg (0.33 mraq) FeGI2 H,O
were dissolved in 5 mL methanol each. Both solgtisere combined and stirred for 6 h at
298 K. The solvent of the resulting orange-browfutson was removed under vacuum to
yield 83 mg (0.20 mmol, 61%) of a brown powder. ridmtal Analysis: calc (for
CioH170:NClLFe; M = 418.09 g mol) N 3.35; C 54.58; H 4.10; found: N 3.45; C 53.88;
H 3.92.

[FeCI3(OON3)]: 100 mg (0.34 mmol, 1 eq) OON3 were reacted wihntg (0.34 mmol,
1eq) FedB H,O to yield 124 mg (0.27 mmol, 79%) of a brown-regics Elemental
Analysis: calc (for GH170,NClsFe; M = 453.55 g mot) N 3.09; C 50.32; H 3.78; found: N
3.07; C 49.66; H 3.75.

[NiCl2(OON1)]: 100 mg (0.46 mmol, 1 eq) OON1 were reacted with fing (0.46 mmaol,
1 eq) NIChB H,O to yield 60 mg (0.17 mmol, 37%) of a green sdNdIR (300 MHz, [}]-
acetone):'H: 11.46; 7.70; 7.46; 7.20; 6.94; 6.80; 5.38; 4.8(®8; 3.83 ppm. Elemental
Analysis: calc (for GH130,NCLNi: M = 344.85 g mot') N 4.06; C 45.28; H 3.80; found: N
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3.88; C 43.72; H 3.98.

[NICl2(OONZ2)]: 100 mg (0.43 mmol, 1 eq) OON2 were reacted wil@ fing (0.43 mmaol,

1 eq) NiChB H,O to yield 74 mg (0.21 mmol, 49%) of a green saNdIR (300 MHz, [&¥]-
acetone)’H: 15.49; 13.27; 8.42; 7.51; 6.95; 5.52; 4.49; 2opn. Elemental Analysis: calc
(for C14H150,NCILNi; M = 356.98 g mot) N 3.90; C 46.85; H 4.21; found: N 4.09; C 44.52;
H 4.05.

[NIiCl2(OON3)]: 100 mg (0.34 mmol, 1 eq) OON3 were reacted wizhngy (0.34 mmol,
1 eq) NiChB H,O to yield 84 mg (0.20 mmol, 59%) of a green saNdIR (300 MHz, [&¥]-
acetone):'H: 14.10; 8.12; 7.47; 6.93; 4.60; 3.54 ppm. ElemkrAnalysis: calc (for
Ci1oH170,NCLNi; M = 420.94 g mol') N 3.33; C 54.21; H 4.07; found: N 3.39; C 52.85;
4.24.

[Cu(triaz) 2: 90 mg (0.25 mmol, 2 eq) triazH dissolved in 10 mL a0 5:3 solution
MeCN/toluene were mixed with 0.350 mL (0.25 mmol,e8) NEs. After stirring for

5 minutes a solution of 480 mg (0.13 mmol, 1 eq{@), in 1 mL MeCN were added in
one portion and the resulting dark brown solutiaaswslowly evaporated to dryness at 298 K
to yield 47 mg (0.06 mmol, 43%) of green-brown tals Elemental analyses: calc (for
CaoH46N6O-Cl,.Cu; M = 777.27 g mof) N 10.81; C 61.81; H 5.97; found: N 10.69; C 60.74
H 5.88.

[Cu(py)4(OTH)2]: 100 mg (0.27 mmol, 1 eq) Cu(OTfjvere mixed in 2 mL MeCN. 79 mg
(2.1 mmol, 4 eq) pyridine were added in one pordod the solution was stirred 10 minutes.
The solvent was removed by evaporation to yield mg80.27 mmol, 100%) dark blue
crystals. Elemental analyses: calc (fanptGoFsN4OsS,Cu; M = 662.08 g mof) N 8.46; C
39.91; H 3.04; S 9.69; found: N 8.56; C 39.95; Big3.S 9.42.

9.3 Disproportionation Experiments

A solution of 358 mg (1 mmol) free ligand in 40 mta 5:3 solution of MeCN/toluene was

prepared.

Different metal salts: 1 mL of the ligand solution (containing 0.025 mniigland) were

mixed with 1 eq (0.025 mmol) NEtThe mixture was stirred for five minutes at 29&kd
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then the MeCN dissolved metal salt was added inpamgon (in case of copper oxalate and
copper phosphate a suspension was used). Specteameasured immediately after the

solution turned red-brown or at latest five minuaéer mixing all components.

Different amounts of Cu(OTf), - 298 K, dilute: 1 mL of the ligand solution (containing
0.025 mmol ligand) were mixed with 1 eq (0.025 m¥Et;. The mixture was stirred for
five minutes at 298 K. The solution was dilutedd@@25 mmol) and the first spectrum was
measured. The MeCN-dissolved Cu(QTWere added in several small portions directly into
the cuvette followed by vigorously shaking. Speeteae measured immediately after adding
the Cu(OTf) solutions.

Different amounts of Cu(OTf), — 273 K, concentrated:1 mL of the ligand solution
(containing 0.025 mmol ligand) were mixed with G08mol (1.0 eq) NEt The mixture was
cooled to 273 K on an water/ice bath. 0.0125 mrad €q) Cu(OTH dissolved in 0.2 mL
MeCN were as well cooled to 273 K, both solutioresevcombined. The solvent for dilution
(to achieve the appropriate concentration for giigmr spectroscopy) was either 273 K cold.
The spectra were measured immediately after diudilod with rapid scan velocity, since no

temperature controlling device for the absorptipactrometer was available.

Different bases:1 mL of the ligand solution (containing 0.025 mntigand) were mixed
with 0.025 mmol (1.0 eq) of the chosen base (soldse dissolved in small portions of
MeCN previously). The mixture was stirred for firenutes at 298 K and then 0.0125 mmol
Cu(OTf) dissolved in 0.2 mL MeCN were added in one portionthe ligand solution.

Spectra were recorded after three minutes reatition

Different amounts of base:1 mL of the ligand solution (containing 0.025 mrtigand) were
mixed with varying amounts of base (0.1-10 eq). firifveture was stirred for five minutes at
298 K and then 0.0125 mmol (0.5 eq) Cu(QTdissolved in 0.2 mL MeCN were added in

one portion to the ligand solution. Spectra wemarded after three minutes reaction time.

Varying solvent polarity: 1 mL of the ligand solution (containing 0.025 mrlighnd) were
mixed with 0.025 mmol (1.0 eq) NEthe mixture was stirred for five minutes at 298Thke
different mixtures of MeCN/toluene (0:1-1:0) wenemared separately. Then 0.0125 mmol
(0.5 eq) Cu(OTH were dissolved in 0.2 mL MeCN and added in ondigorto the ligand

solution. 15 pL radical containing solution (indiea by its dark brown colour) were mixed
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with 3 mL of the prepared solvent (mixture) and #tsorption spectra were recorded after 3

minutes.

Catalytic test reactions on the triaz system: Ref@nce: 1.0 g benzyl alcohol were mixed
with 1 eq powdered NaOH and was stirred vigorously-method: 1.0 g benzyl alcohol was
mixed with 1 eq powdered NaOH. A solution of 0.5[€Qu(OTf))(u-CHg)] with 2.0 eq
triazH and 0.1 eq NEtin O, saturated MeCN/toluene (5:3) was prepared. Thalysit
mixture was added to the benzyl alcohol/NaOH mixt(.5%:. catalyst).Cu"-method: A
mixture of 2 eq triazH with 0.1 eq NE&and 2 eq Cu(OTj)in MeCN/toluene 5:3 (©
saturated) was prepared. 1.0 mg benzyl alcoholmiased with 1 eq powdered NaOH and
was stirred vigorously. The freshly prepared catalymixture (after 3 to 5 minutes) was
added to the benzyl alcohol mixture (2.2% Detection: While all reaction mixtures were
stirred at 298 K, samples of the reaction mixtuezemaken, mixed with CIZl, upon which

a green-brown precipitate was formed. The remaiswigtion was isolated and submitted to
NMR spectroscopic analysidd spectra (300 MHz) were recorded and product giedre
determined by integration of the aldehyde proton.

Catalytic test reactions on various systemsA solution of 0.5 eq [(Cu(OTfHju-C;Hg)] with

2.0 eq ligand in pure MeCN was prepared. 1.0 g yeakcohol was mixed with 1 eq
powdered NaOH. Both mixtures were combined andreigsly stirred at 298 K. Samples of
the reaction mixtures were taken, mixed with,CD upon which a green-brown precipitate
was formed. The remaining solution was isolated andmitted to NMR spectroscopic
analysis.'H spectra (300 MHz) were recorded and product gieltere determined by

integration of the aldehyde proton.
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11.0 Appendix

Table Al: Crystal data and structure refinemenpiaticOIPh

11. Appendix

empirical formula
formula weight
temperature
wavelengtt

crystal systen
space grouy

unit cell dimension

volume

z

density (calculatet
absorption coefficier

F(000

crystal siz

theta range for darcollectior
index range

reflections collecte
independent reflectio
data / restraints / paramet

Goodness—of-fit on &
final Rindices [I>2sigma(l}
R indices (all dat:

largest diff. peak and hc

CieH11loNO,

571.0¢

293(2) k

0.71073 /

orthorhombi

Pbca (No. 61

a=13.520(5) , a=90°
b = 14.455(5) / B= 90°
c = 19.496(5) s y=90°
3810(2) B

8

1.991 g cnt

3.325 mnvl
216(

0.5x0.6 x 1.0 m™
2.31t028.21
-17<h< 17,
-19<k<19,
-25<|<25

3479¢

4654 [R(int) = 0.093¢
4654/0/23

0.85¢

R1 =0.0338, wR2 = 0.04
R1 =0.1284, wR2 = 0.05

0.577 and -0.568 e B

Table A2: Atomic coordinates ( x #pand equivalent isotropic displacement parame(‘n&?sx 103) for

pydicOIPh. U(eq) is defined as one third of thedraf the orthogonalizediUensor.

X y z U(eq,
I(1) 5812(1 3443(1 -1589(1 80(1
1(2) 4140(1 -890(1 2769(1 82(1
0(1) 5614(2 3615(2 22(1) 46(1
0(2) 7049(2 2898(2 236(2 50(1
0(3) 5517(2 -786(2 1460(1 48(1
O(4) 6804(2 139(2 1689(2 68(1
N(1) 5991(2 1449(2 802(2 36(1
c(1) 6141(3 4385(3 -222(2 40(1
c(2) 6294(3 4461(3 -929(3 48(1
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C(3) 6776(3 5256(3 -1164(3 58(1
C(4) 7095(3 5916(4 -705(3 67(2
C(5) 6940(3 5817(4 -19(3 63(1
C(6) 6457(3 5057(3 226(3 54(1
C(7) 6168(3 2880(3 222(2 37(1;
C(8) 5535(3 2079(3 413(2 33(1;
C(9) 4566(3 1983(3 192(2 42(1
C(10; 4048(3 1198(3 377(2 49(1
C(11 4512(3 542(3 774(2 44(1
C(12 5475(3 689(3 975(2 34(1
C(13 6034(3 12(3 1419(2 41(1
C(14; 5884(3 -1479(3 1890(2 40(1;
C(15 6658(3 -2011(3 1684(3 52(1
C(16; 6967(4 -2751(4 2086(3 65(2,
C(17; 6489(4 -2932(4 2695(3 73(2
C(18 5707(4 -2399(3 2889(2 66(2
C(19 5372(3 -1652(3 2496(2 50(1

Table A3: Bond lengths [A] and angles [°] for Py@i®h

1(1)-C(2) 2.059(5 C(7)-C(8) 1.488(5
1(2)-C(19; 2.066(5 C(8)-C(9) 1.386(5
O(1)-C(7) 1.356(5 C(9)-C(10 1.382(5
O(1)-C(1) 1.405(5 C(9)-H(9) 0.930(
O(2)-C(7) 1.192(4 C(10-C(11, 1.376(5
O(3)-C(13 1.352(5 C(10-H(10) 0.930(
O(3)-C(14 1.396(4 C(11-C(12 1.375(5
O(4)-C(13 1.181(5 C(11-H(11) 0.930(
N(1)-C(8) 1.337(5 C(12-C(13 1.509(5
N(1)-C(12; 1.345(5 C(14-C(19 1.392(5
C(1-C(2) 1.398(6 C(14-C(15 1.359(6
C(1)-C(6) 1.375(6 C(15-C(16, 1.389(6
C(2-C(3) 1.399(6 C(15-H(15) 0.930(
C(3-C(4) 1.378(7 C(16-C(17 1.377(7
C(3-H(3) 0.930( C(16-H(16) 0.930(
C(4x-C(5) 1.361(7 C(17-C(18 1.362(7
C(4r-H(4) 0.930( C(17-H(17) 0.930(
C(5)-C(6) 1.364(6 C(18-C(19 1.401(6
C(5r-H(5) 0.930( C(18-H(18) 0.930(
C(6)-H(6) 0.930(

C(7r0O(1)-C(1) 116.0(3 C(11-C(10-C(9) 118.8(4
C(13-0(3)-C(14; 117.7(3 C(11-C(10-H(10) 120.¢
C(8)-N(1)-C(12 117.3(3 C(9)-C(10-H(10) 120.€
C(2-C(1)-C(6) 121.7(4 C(10-C(11-Cc(12 119.0(4
C(2-C(1)-0(1) 118.1(4 C(10-C(11-H(11) 120.t
C(6)-C(1)-0(1) 120.2(4 C(12-C(11-H(11) 120.t
C(1)-C(2)-C(3) 117.1(4 N(1)-C(12-C(11, 123.1(4
C(1-C(2)-1(2) 120.8(3 N(1)-C(12-C(13; 114.4(4
C(3-C(2)-1(2) 122.0(4 C(11-C(12-C(13, 122.5(4
C(4-C(3)-C(2) 120.1(5 0O(4)-C(13-0(3) 124.2(4
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C(4)-C(3)-H(3) 119.¢ O(4)-C(13-C(12) 126.6(4
C(2)-C(3)-H(3) 119.¢ O(3)-C(13-C(12) 109.2(4
C(3)-C(4)-C(5) 121.2(5 C(19-C(14-C(15 122.1(4
C(3)-C(4)-H(4) 119.2 C(19-C(14-0(3) 117.5(4
C(5)-C(4)-H(4) 119.2 C(15-C(14-0(3) 120.1(4
C(4)-C(5)-C(6) 120.1(5 C(14-C(15-C(16 120.1(5
C(4)-C(5)-H(5) 119.¢ C(14-C(15-H(15) 120.(
C(6)-C(5)-H(5) 119.¢ C(16)-C(15-H(15) 120.(
C(5)-C(6)-C(1) 119.7(5 C(17-C(16-C(15) 119.4(5
C(5)-C(6)-H(6) 120.: C(17-C(16-H(16) 120.2
C(1)-C(6)-H(6) 120.: C(15-C(16-H(16) 120.
0(2)-C(7)-O(1) 122.8(4 C(18-C(17-C(16 119.8(5
O(2)-C(7)-C(8) 125.8(4 C(18-C(17-H(17) 120.1
O(1)-C(7)-C(8) 111.3(3 C(16-C(17-H(17) 120.1
N(1)-C(8)-C(9) 123.0(4 C(17-C(18-C(19 122.3(5
N(1)-C(8)-C(7) 114.0(3 C(17-C(18-H(18) 118.¢
C(9)-C(8)-C(7) 122.9(4 C(19-C(18-H(18) 118.¢
C(10-C(9)-C(8) 118.7(4 C(14-C(19-C(18 116.3(4
C(10-C(9)-H(9) 120.7 C(14-C(19-1(2) 121.6(3
C(8)-C(9)-H(9) 120. C(18-C(19-1(2) 122.1(4

Table A4: Anisotropic displacement parameteréxA03)for pydicOIPh. The anisotropic displacement
factor exponent takes the form: @m2ax2Ull+ . + 2 hk a* b* 32]

yll u2? u33 u23 ul3 ul?

I(1) 89(1) 81(1 70(1) -17(1 -3(1) -18(1
1(2) 78(1) 88(1 80(1) -19(1 24(1) 2(1)
o(1) 35(2) 35(2 68(2) 11(2 -1(2) -1(2)
0(2) 32(2) 43(2 74(2) 18(2 2(2) -1(2)
O(3) 47(2) 43(2 54(2) 17(2 -7() -11(2
o(4) 60(2) 44(2 99(3) 24(2 -31(2) -18(2
N(1) 29(2) 37(2 42(2) -1(2) 1(2) 3(2)
c@) 30(3) 32(3 57(3) 6(2) -5(2) 3(2)
C(2 34(3) 38(3 72(4) 17(2 -10(2) -3(2)
C@3 45(3) 52(3 78(4) 23(3 0(3) -9(3)
Cc@4) 46(3) 35(3 120(5) 14(4 -19(3) -7(3)
C(5) 54(3) 41(3 92(4) -2(3) -23(3) -1(3)
C(6) 52(3) 43(3 69(4) 2(3) -9(3) 9(3)
C() 41(3) 35(3 36(3) 2(2) -1(2) 1(2)
C(8) 31(3) 32(2 37(2) -1(2) -2(2) 3(2)
C(9) 42(3) 40(3 44(3) 7(2) -4(2) -2(2)
c@ao 37(3) 49(3 62(3) 10(2 -12(3) -8(3)
c@azy 37(3) 45(3 51(3) 8(2) 3(2) -8(2)
c@az 31(2) 31(3 39(2) 2(2) 5(2) -1(2)
c(@a3 37(3) 41(3 45(3) -1(2) 3(2) -4(2)
c@a4 41(2) 36(2 42(2) 9(2) -1(2) -2(3)
Cc(@5 37(3) 60(3 59(3) 11(3 5(2) -8(3)
c(@e6 52(3) 59(4 84(5) 6(3) -4(3) 8(3)
)

Cc(17) 74(4) 64(4 80(5) 23(3) ~14(4) 0(3
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C(18 80(4) 70(4, 48(3) 18(3 -2(3) -10(4,
C(19; 59(3) 47(3 44(3) -1(2) -1(2) -13(3

Table A5: Crystal data and structure refinemenf@u(OH,)g][(Cu(pydic)(u—Cl}]

empirical formula C14H15Cl,CUsN,O14
formula weight 671.7:
temperature 293(2) K
wavelengtt 0.71073 /
crystal systen triclinic
space group P1 (No. 2)
unit cell dimension a=28.185(3), o= 69.01(3)°
b =9.500(3) / B=66.97(3)°
€ =9.682(2) / y = 89.04(4)°
volume 640.2(3) B
z 1
density (calculate 1.742gcm
absorption coefficier 2737 mntl
F(000 32¢
crystal siz¢ 0.2x0.2x2.0 m&
thetarange for data collectic 2.321t0 28.21
index range -10<h< 10,
-12<k<12,
-12<1<12
reflections collecte 767:
independent reflectio 2846 [R(int) = 0.059¢
data / restraints / paramet 2846/0/16
Goodness—of-fit on 0.90z
final R indices [I>2sigma(l R1 =0.0533, wR2:
0.1322
R indices (all dat: R1 =0.0937, wR2:
0.1499
largest diff. peak and hc 1.710 and -1.147 e /B

Table A6: Atomic coordinates ( x #pand equivalent isotropic displacement parame(‘n&?sx 103) for
[Cu(OHy)e][(Cu(pydic)(u—Cly]. U(eq) is defined as one third of the trace ef tithogonalized Utensor.

X y z U(eq;
Cu(l 6574(1 4379(1 792(1 25(1
Cu(2) 0 0 500( 39(1
Cl(1) 6058(2 3863(2 -1065(2 31(1
0(1) 8602(6 6158(5 -734(4 29(1
0(2) 4956(6 2605(5 2863(5 30(1
0(3) 10536(7 7836(6 ~744(5 48(1
0O(4) 4160(7 1639(6 5560(5 41(1
0O(5) 1401(8 2059(7 3621(6 53(2
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O(6) 8327(7 498(6 3944(5 41(1
N(1) 7315(7 4728(6 2318(5 22(1
C(1) 5108(9 2562(8 4171(6 29(2
C(2) 6481(8 3796(7 3884(6 23(1
C(3) 6894(9 4064(8 5029(7 29(2
C(4) 8138(9 5333(9 4506(7 35(2;
C(5) 9006(9 6291(8 2864(8 32(2
C(6) 8545(8 5918(8 1780(7 25(1
C(7) 9325(8 6761(8 -56(7, 26(1
O(11 2290(40 -497(11 2544(16 177(13
Table A7: Bond lengths [A] and angles [°] for [CiH©s][(Cu(pydic)(u—Cly]
Cu(1)-N(2) 1.928(4 O(4)-C(1) 1.242(7
Cu(1-0(2) 2.047(4 O(6)-Cu(2)#5 1.968(5
Cu(1-0(2) 2.045(5 N(1)-C(6) 1.331(8
Cu(1-CI(1) 2.210(%) N(1)-C(2) 1.341(7
Cu(1-CI(1)#1 2.693(2 C(1C(2) 1.510(9
Cu(2-0O(6)#2 1.968(5 C(2-C(3) 1.381(8
Cu(2-0O(6)#3 1.968(5 C(3-C4) 1.40(7)
Cu(2-0(5) 1.983(6 C(3FH(3) 0.930(
Cu(2-0O(5)#4 1.983(6 C(4x-C(5) 1.401(9
Cl(1)-Cu(1)#1 2.693(2 C(4r-H(4) 0.930(
O(1)-C(7) 1.302(7 C(5)-C(6) 1.396(8
0(2-C(1) 1.307(7 C(5r-H(5) 0.930(
O3)-C(7) 1.224(8 C(6)-C(7) 1.522(8
N(1)-Cu(1-0O(2) 80.£(2) O(4)-C(1)-0(2) 123.8(6
N(1)-Cu(1-0O(1) 79.2(2) O(4)-C(1)-C(2) 121.5(5
0O(2)-Cu(1-0(1) 159.5(?) O(2)-C(1)-C(2) 114.6(5
N(1)-Cu(1-CI(1) 1726(2) N(1)-C(2)-C(3) 119.4(6
O(2)-Cu(1-CI(2) 101.((2) N(1)-C(2)-C(1) 113.0(5
O(1)-Cu(1-CI(2) 98.3(2) C(3-C(2)-C(1) 127.6(5
N(1)-Cu(1-Cl(1)#1 969(2) C(2-C(3)-C(4) 118.1(6
O(2)-Cu(1-Cl(1)#1 92.0(2) C(2-C(3)-H(3) 120.¢
O(1)-Cu(1-Cl(1)#1 94.8(2) C(4)-C(3)-H(3) 120.¢
Cl(1)-Cu(1-Cl(1)#1 90.26(6 C(5-C(4)-C(3) 121.8(6
O(6)#—Cu(2-0O(6)#: 180.( C(5-C(4)-H(4) 119.1
O(6)#—Cu(2)-0O(5) 90.0(2 C(3-C(4)-H(4) 119.1
O(6)#=—Cu(2-0(5) 90.0(2 C(4-C(5)-C(6) 116.4(6
O(6)#—Cu(2-O(5)#¢ 90.0(2 C(4-C(5)-H(5) 121.¢
O(6)#:—Cu(2-O(5)#¢ 90.0(2 C(6)-C(5)-H(5) 121.¢
O(5)-Cu(2-0O(5)#« 180.( N(1)-C(6)-C(5) 120.5(6
Cu(1-CI(1)-Cu(1)#: 89.74(6 N(1)-C(6)-C(7) 113.2(5
C(7)-O(1)-Cu(1 116.6(4 C(5)-C(6)-C(7) 126.2(6
C(1)-O(2)-Cu(1; 114.0(4 O(3)-C(7)-0(1) 126.9(5
C(6)-N(1)-C(2) 123.7(5 O(3)-C(7)-C(6) 121.1(5
C(6)-N(1)-Cu(1 118.6(4 O(1)-C(7)-C(6) 112.0(6
C(2-N(1)-Cu(L 117.6(4

Symmetry transformations used to generate equivatems: #1 —x+1,-y+1,-z #2 —x+1,-y,—z+1 #3
X_l,y,z #4 _X,—y,—Z+1 #5 X+l,y,Z
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Table A8: Anisotropic displacement parameter32>(A103)for [Cu(OHY)el[(Cu(pydic)(u—Cly]. The
anisotropic displacement factor exponent takesdatme: -2 hZ2a*2U1ll+ . + 2 hk a* b* Ug

ull u22 u33 u23 ul3 ul?
Cu(l 26(1) 31(1 15(2) -6(1) -10(1) -6(1)
Cu(2 29(1) 28(1 50(1) 1(1) -19(1) -8(1)
Cl(1) 39(1) 37(1 25(1) -17(1 -18(1) 7(1)
o(1) 31(2) 30(3 17(2) -2(2) -8(2) -9(2)
0(2) 37(3) 31(3 19(2) -3(2) -13(2) -9(2)
O(3) 50(3) 46(4 28(2) 1(2) -10(2) -31(3
o4) 46(3) 46(3 20(2) 2(2) -14(2) -16(3
O(5) 54(3) 53(4 35(3) 9(3) -24(2) -23(3
o(6) 36(3) 41(3 30(2) 3(2) -13(2) -11(3
N(1) 23(3) 24(3 19(2) -6(2) -10(2) -3(2)
Cc@ 32(3) 34(4 14(3) -1(3) -10(2) -3(3)
C(2 24(3) 25(4 17(3) -4(2) -8(2) 0(3)
C@3 31(3) 37(4 19(3) -8(3) -12(3) 2(3)
Cc@4) 39(4) 49(5 26(3) -18(3 -19(3) 1(4)
C(5) 31(4) 37(4 32(3) -16(3 -13(3) -5(3)
C(6) 25(3) 28(4, 24(3) -9(3) -11(2) -1(3)
c 22(3) 33(4 21(3) —6(3) -9(2) 3(3)
o011 530(40) 6(5) 78(9) -13(6 —204(18) 32(12

Table A9: Crystal data and structure refinemen{ftMEL)[(pydicOMe)CuC}]

empirical formula C15H2:ClsCuN,O,

formula weight 467.2¢

temperaturt 293(2) k

wavelengtt 0.71073 /

crystal systen triclinic

space group P1 (No. 2)

unit cell dimension a=7.706(5) s o = 93.846(5)°
b = 10.274(5) / B =92.271(5)°
c = 13.666(5) s y = 107.216(5)°

volume 1029.1(9) B

z 2

density (calculate 1.508gcm*

absorption coefficier 1.471 mntl

F(000 482

crystal siz( 0.3x 0.4 x 0.6 mM

theta range for data collecti 2.46 to 28.16

index range -9<h<1C
-13<k<13
-18<1<18

reflections collecte 1243(

independent reflectio 4602 [R(int) = 0.126:

data / restraints / paramet 4602 /0 /23
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Goodness—of-fit on & 0.67¢
final R indices [I>2sigma(l R1=0.0397, wR2 = 0.05
R indices (all dat: R1 =0.1468, wR2 = 0.07

largest diff. peak and hc 0.361 and —-0.313 e B

Table A10: Atomic coordinates ( x 4pand equivalent isotropic displacement parame(ﬁe?x 103) for
(HNEt3)[(pydicOMe)CuClI3]. U(eq) is defined as ohérd of the trace of the orthogonalized t&nsor.

X y z Uleq,
Cu(l 11512(1 3144(1 2473(1 34(1
Cl(1) 9771(2 885(1 2423(1 50(1
Cl(2) 13549(2 2627(1 1499(1 46(1
CI(3) 13088(2 5441(1 2703(1 50(1
0(1) 12367(4 2834(3 4247(2 44(1
0(2) 9293(5 3792(3 1363(2 62(1
0(3) 10703(5 2311(4 5551(2 66(1
O(4) 7632(4 5202(3 1654(2 54(1
N(1) 9583(5 3558(3 3347(3 33(1
N(2) 13087(5 -550(4 1898(3 36(1
c(1) 11031(6 2770(4 4669(3 38(1
c(2) 9508(6 3262(4 4285(3 34(1
k) 8144(6 3462(4 4868(3 43(1
C(4) 6867(7 3977(5 4470(4 51(1
C(5) 6942(6 4292(4 3500(4 46(1
C(6) 8328(6 4067(4 2965(3 35(1
c(7) 8479(6 4334(4 1904(4 42(1
C(8) 7488(8 5364(5 608(4 75(2)
C(9) 12178(9 1896(7 6030(4 94(2)
C(10) 13157(7 -863(5 2952(3 55(1
c(11) 14478(9 270(6 3587(4 89(2
c(12) 14865(6 -311(4 1434(3 41(1
Cc(13) 15479(7 -1556(5 1271(4 64(2
c(14) 11536(6 -1602(5 1330(3 49(1
C(15) 11290(8 -1243(5 307(4 74(2)

Table A11: Bond lengths [A] and angles [°] for (HtYpydicOMe)CuCi]

Cu(1-N(1) 2.065(4 C(8)-H(8A) 0.960(
Cu(1-CI(2) 2.255(2) C(8)-H(8B) 0.960(
Cu(1-CI(3) 2.305() C(8)-H(8C) 0.960(
cu(1-CI(1) 2.30€2) C(9)-H(9A) 0.960(
O(1)-C(1) 1.187(5 C(9)-H(9B) 0.960(
0(2)-C(7) 1.200(5 C(9)-H(9C) 0.960(
O(3)-C(1) 1.330(5 C(10-C(11) 1.496(7
O(3)-C(9) 1.472(6 C(10-H(10A) 0.970(
O(4)-C(7) 1.306(5 C(10-H(10B) 0.970(
O(4)-C(8) 1.453(5 C(11-H(11A) 0.960(
N(1)-C(6) 1.334(5 C(11-H(11B) 0.960(

N(1)-C(2) 1.336(5 C(11-H(11C) 0.960(



Katharina Butsch

N(2)-C(12)
N(2)-C(10)
N(2)-C(14)
N(2)-H(22)
C(1)-C(2)

C(2)-C(3)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)

N(1)-Cu(1-CI(2)
N(1)-Cu(1-CI(3)
Cl(2)-Cu(1-CI(3)
N(1)-Cu(1-CI(1)
Cl(2)-Cu(1-Cl(1)
CI(3)-Cu(1-CI(1)
C(1)-O(3)-C(9)
C(7)-0(4)-C(8)
C(6)-N(1)-C(2)
C(6)-N(1)-Cu(L
C(2)-N(1)-Cu(L
C(12-N(2)-C(10
C(12-N(2)-C(14
C(10-N(2)-C(14
C(12-N(2)-H(22)
C(10-N(2)-H(22)
C(14-N(2)-H(22)
O(1)-C(1-0(3)
O(1-C(1)-C(2)
O(3-C(1)-C(2)
N(1)-C(2)-C(3)
N(1)-C(2)-C(1)
C(3-C(2)-C(1)

QZZ
I
uvv
OOO
TN N N
QQQ

Q

1.493(5
1.499(5
1.500(6
0.90(4
1.499(6
1.398(5
1.360(7
0.930(
1.385(6
0.930(
1.384(6
0.930(
1.495(6

178.12)
87.5(2)
94.45(6
86.1(J)
92.11(6
172.87(6
115.3(4
115.7(4
118.8(4
119.9(3
121.1(3
113.9(4
113.9(3
110.1(3
109(2
104(2
105(3
125.5(5
123.7(4
110.8(4
121.7(5
115.2(4
123.1(4
119.0(5
120.t
120.t
119.6(4
120.2
120.2
118.4(5
120.¢
120.¢
122.5(4
115.5(4
122.0(5
125.2(5
122.3(5
112.4(4

C(12-C(13)

C(12-H(12A)
C(12-H(12B)
C(13-H(13A)
C(13-H(13B)
C(13-H(13C)
C(14-C(15)

C(14-H(14A)
C(14-H(14B)
C(15-H(15A)
C(15-H(15B)
C(15-H(15C)

H(8B)-C(8)-H(8C)
O(3)-C(9)-H(9A)
O(3)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
O(3)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(11-C(10-N(2)
C(11-C(10-H(10A)
N(2)-C(10-H(10A)
C(11-C(10-H(10B)
N(2)-C(10-H(10B)
H(10A)-C(10)-H(10B)
C(10-C(11-H(11A)
C(10-C(11-H(11B)
H(11A)-C(11-H(11B)
C(10-C(11-H(11C
H(11A)-C(11-H(11C
H(11B)-C(11-H(11C
N(2)-C(12-C(13)
N(2)-C(12-H(12A)
C(13-C(12-H(12A)
N(2)-C(12-H(12B)
C(13-C(12-H(12B)
H(12A)-C(12)-H(12B)
C(12-C(13-H(13A)
C(12-C(13-H(13B)
H(13A)-C(13-H(13B)
C(12-C(13-H(13C
H(13A)-C(13-H(13C
H(13B)-C(13-H(13C
C(15-C(14-N(2)
C(15-C(14-H(14A)
N(2)-C(14-H(14A)
C(15-C(14-H(14B)
N(2)-C(14-H(14B)
H(14A)-C(14-H(14B)
C(14-C(15-H(15A)

11. Appendix

1.497(6
0.970(
0.970(
0.960(
0.960(
0.960(

1.489(6
0.970(
0.970(
0.960(
0.960(
0.960(

109.t
109.t
109.t
109.t
109.t
109.t
109.t
112.4(4
109.1
109.1
109.1
109.1
107.¢
109.t
109.t
109.t
109.t
109.t
109.t
114.7(4
108.¢
108.¢
108.¢
108.¢
107.¢
109.t
109.t
109.t
109.t
109.t
109.t
111.8(4
109.:
109.:
109.:
109.:
107.¢
109.t
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O(4)-C(8)-H(8A) 109.f C(14-C(15-H(15B) 109.:
O(4)-C(8)-H(8B) 109.5 H(15A)-C(15)-H(15B) 109.t
H(8A)-C(8)-H(8B) 109.5 C(14-C(15-H(15C 109.t
O(4)-C(8)-H(8C) 109.5 H(15A)-C(15)-H(15C 109.t
H(8A)-C(8)-H(8C) 109.F H(15B)-C(15-H(15C’ 109.5

Table A12: Anisotropic displacement parameter®x(A103) for (HNEt)[(pydicOMe)CuC}]. The
anisotropic displacement factor exponent takesatme: -2 hZ2a*2Ull+ . + 2 hk a* b* Ug

ull u22 u33 u23 ul3 ul?
Cu(1 35(1) 32(1 37(1) 3(1) 5(1) 15(1
Cl(D) 44(1) 33(1 70(1) 0(1) 10(2) 8(1)
Cl(2) 49(1) 40(1 52(1) 4(1) 19(2) 16(1
CI(3) 47(1) 32(1 74(1) 7(1) 15(2) 14(1
o(1) 37(2) 61(2 41(2) 11(2 5(2) 23(2
0(2) 88(3) 72(2 45(2) 7(2) -4(2) 54(2
0(3) 61(3) 101(3 52(2) 43(2 18(2) 37(2
0o(4) 48(2) 52(2 72(3) 17(2 -7(2) 26(2
N(1) 32(2) 29(2 35(2) 2(2) -1(2) 7(2)
N(2) 49(3) 26(2 35(2) 0(2) 2(2) 14(2
C@) 38(3) 37(3 37(3) 9(2) 2(2) 6(2)
C(2 29(3) 28(2 41(3) 0(2) 0(2) 5(2)
C@3 35(3) 46(3 46(3) -5(2) 9(2) 11(2
Cc@4) 33(3) 45(3 73(4) -12(3 15(3) 13(3
C(®) 31(3) 40(3 67(4) -7(3) -2(3) 14(2
C(6) 32(3) 28(2 43(3) -8(2) -7(2) 11(2
C( 30(3) 30(3 62(4) -6(2) -9(2) 5(2)
C(8) 72(4) 714 85(5) 28(3 -24(3) 26(3
C(9) 91(5) 140(6 76(5) 68(4 10(4) 57(5
c@ao 76(4) 63(3 41(3) 12(3 13(3) 39(3
c@azy 136(6) 104(5 43(4) -16(3 -25(4) 68(5,
c@az 40(3) 40(3 43(3) 5(2) 9(2) 9(2)
c(@a3 54(4) 57(3 82(4) 0(3) 18(3) 19(3
c@a4 45(3) 41(3 56(3) -6(2) 2(3) 10(2
C(15 79(4) 62(4, 68(4) -13(3 -28(3) 10(3

Table A13: Crystal data and structure refinement.fOMe,

empirical formula CigH17NO,

formula weight 582.6°

temperature 293(2) k

wavelengtr 0.71073 /

crystal systen monoclinic

space grouj Cc (No. 9

unit cell dimension a=10.967(2) . o =90°
b = 22.772(6) / B = 120.00(1)°
c=7.16(2) A y=90°

volume 1548.7(6) B

z 2
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density (calculatet
absorption coefficier
F(000

crystalsize

theta range for data collect
index range

reflections collecte
independent reflectio
data / restraints / paramet

Goodness—of-fit on
final R indices [I>2sigma(l
R indices (all dat:
absolute structure parame
extinction coefficien
largest diff. peak and hc

1.250gcm *

0.081 mnrl
61€

0.2x0.2x0.5m™

1.79 to 27.30

-14<h< 14

-29<k<?29

-8<1<9

9221

5783 [R(int) = 0.040:
5783/3/53

0.75:

R1 =0.0297, wR2 = 0.04
R1 =0.0890, wR2 = 0.05
-0.1(9

0.0112(4

0.106 and —0.097 e /3
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Table Al4: Atomic coordinates ( x 4pand equivalent isotropic displacement parameéﬁe?x 103) for

LOMe,. U(eq) is defined as one third of the trace ofdhbogonalized i tensor.

X y z U(eq,
o(1) ~9795(2 3232(1 —3282(3 66(1
0(2) ~4124(2 997(1 ~946(4 81(1
0(3) ~9793(2 2628(1 -8286(3 66(1
O(4) ~4123(2 4865(1 ~5946(4 82(1
N(1) ~7627(2 1870(1 -3473(3 46(1
N(2) ~7624(2 3992(1 -8475(3 46(1
C(007 -8070(2 2236(1 —2467(4 45(1
C(008 ~8076(2 3623(1 ~7475(4 45(1
C(009 ~6233(2 4017(1 ~7764(4 47(1
C(010 ~5822(2 1470(1 ~4065(5 51(1
c(011 ~10463(3 3156(1 -8700(4 51(1
C(012 ~6230(2 1845(1 -2763(4 47(1
C(013 ~5822(2 4390(1 -9071(5 51(1
c(014 ~9619(2 2209(1 -3288(4 49(1
C(015 ~10466(3 2702(1 -3699(4 52(1
C(016 ~10268(3 1660(1 -3713(5 62(1
C(017 ~9621(2 3653(1 -8291(4 48(1
C(018 ~11910(3 3220(2 -9499(5 64(1
C(019 ~4760(3 4816(1 -8135(5 61(1
C(020 ~5260(3 2178(1 ~1024(5 55(1
c(021 ~10270(3 4200(1 -8721(5 61(1
C(022 ~11907(3 2642(2 ~4498(5 65(1
C(023 ~5740(3 3299(1 ~5057(5 59(1
c(024 ~7166(3 2592(1 ~791(5 54(1
C(025 ~4459(4 5160(1 -9479(7 73(1
C(026 ~4451(3 702(1 ~4453(7 72(1
C(027 ~5258(3 3686(1 -6014(5 56(1



Katharina Butsch 11. Appendix

C(028 ~10629(4 2107(2 -8791(7 73(1
C(029 ~7163(3 3266(1 -5787(5 55(1
C(030 ~5741(3 2560(1 ~49(5, 58(1
C(031 ~10616(4 3756(2 -3794(7 75(1
C(032 ~12506(3 37752 -9891(5 71(L
C(033 -6530(3 1543(1 -6298(5 60(L
C(034 ~4758(3 1045(1 -3141(5 63(1
C(035 -6521(3 4319(1 ~11292(5 59(1
C(036 ~11685(3 4266(1 -9485(5 70(1
C(037 ~12498(3 2084(2 -4887(5 74(1
C(038 ~11689(3 1593(1 ~4495(5 70(1
C(039 -6198(3 4654(1 ~12606(6 70(1
C(040 ~6200(3 1207(1 ~7614(6 71(L
C(041 ~5160(4 5074(1 ~11647(7 79(1
C(042 ~5153(4 785(1 ~6646(7 77(1
C(043 ~2966(5 594(2. 143(9! 109(1
C(044 ~2962(6 5267(2 ~4864(10 110(2

Table A15: Bond lengths [A] and angles [] for LOMe

O(1)-C(015) 1.366(3 C(013-C(035) 1.387(4
O(1)-C(031) 1.429(3 C(013-C(019) 1.403(3
O(2)-C(034) 1.368(3 C(014-C(015) 1.392(3
0(2)-C(043) 1.440(4 C(014-C(016) 1.394(3
0(3)-C(011) 1.364(3 C(015-C(022) 1.392(4
O(3)-C(028) 1.431(4 C(016-C(038) 1.376(4
O(4)-C(019) 1.364(3 C(017-C(021) 1.391(3
O(4)-C(044) 1.440(4 C(018-C(032) 1.384(4
N(1)-C(007) 1.342(3 C(019-C(025) 1.402(4
N(1)-C(012) 1.353(3 C(020-C(030) 1.375(4
N(2)-C(009) 1.346(3 C(021-C(036) 1.371(4
N(2)-C(008) 1.348(3 C(022-C(037) 1.390(4
C(007-C(024) 1.376(3 C(023-C(027) 1.374(4
C(007-C(014) 1.496(3 C(023-C(029) 1.378(3
C(008-C(029) 1.384(3 C(024-C(030) 1.378(3
C(008-C(017) 1.493(3 C(025-C(041) 1.359(5
C(009-C(027) 1.393(3 C(026-C(042) 1.373(5
C(009-C(013) 1.490(3 C(026-C(034) 1.388(4
C(010-C(033) 1.395(4 C(032-C(036) 1.372(4
C(010-C(034) 1.401(3 C(033-C(040) 1.396(4
C(010-C(012) 1.488(3 C(035-C(039) 1.388(4
C(011-C(017) 1.396(3 C(037-C(038) 1.367(4
C(011-C(018) 1.399(3 C(039-C(041) 1.380(5
C(012-C(020) 1.390(3 C(040-C(042) 1.386(5
C(015-O(1)-C(031 118.7(3 C(022-C(015-C(014 120.6(3
C(034-0(2)-C(043 118.5(3 C(038-C(016-C(014 122.6(3
C(011-0(3)-C(028 118.0(2 C(021-C(017-C(011 117.9(2
C(019-0(4)-C(044 118.5(3 C(021-C(017-C(008’ 118.9(2
C(007-N(1)-C(012 118.0(2 C(011-C(017-C(008’ 123.2(2

C(009-N(2)-C(008 118.2(2 C(032-C(018-C(011 120.1(3
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N(1)-C(007-C(024 122.6(2 O(4)-C(019-C(025 125.6(3
N(1)-C(007-C(014 114.1(2 O(4)-C(019-C(013 115.5(3
C(024-C(007-C(014 123.3(2 C(025-C(019-C(013’ 118.8(3
N(2)-C(008-C(029 122.2(2 C(030-C(020-C(012 119.0(2
N(2)-C(008-C(017’ 114.2(2 C(036-C(021-C(017’ 122.5(3
C(029-C(008-C(017’ 123.5(2 C(037-C(022-C(015 119.4(3
N(2)-C(009-C(027' 122.2(2 C(027-C(023-C(029 119.4(3
N(2)-C(009-C(013 115.3(2 C(007-C(024-C(030 119.2(3
C(027-C(009-C(013 122.4(2 C(041-C(025-C(019 120.8(3
C(033-C(010-C(034 118.6(3 C(042-C(026-C(034 120.6(3
C(033-C(010-C(012 118.7(2 C(023-C(027-C(009 118.8(2
C(034-C(010-C(012 122.7(3 C(023-C(029-C(008’ 119.1(3
O(3)-C(011-C(017 116.2(2 C(020-C(030-C(024 119.2(3
0(3)-C(011-C(018 124.0(2 C(036-C(032-C(018’ 120.5(3
C(017-C(011-C(018’ 119.8(2 C(010-C(033-C(040 121.6(3
N(1)-C(012-C(020 121.9(2 0(2)-C(034-C(026 125.2(3
N(1)-C(012-C(010 115.3(2 0(2)-C(034-C(010 115.0(2
C(020-C(012-C(010 122.7(2 C(026-C(034-C(010 119.7(3
C(035-C(013-C(019 118.6(3 C(013-C(035-C(039 122.1(3
C(035-C(013-C(009 119.1(2 C(021-C(036-C(032 119.2(3
C(019-C(013-C(009 122.2(3 C(038-C(037-C(022 121.1(3
C(015-C(014-C(016 117.6(2 C(037-C(038-C(016 118.7(3
C(015-C(014-C(007 123.8(2 C(041-C(039-C(035 118.1(4
C(016-C(014-C(007 118.6(2 C(042-C(040-C(033 118.1(4
O(1)-C(015-C(022 123.6(2 C(025-C(041-C(039 121.5(3
0(1)-C(015-C(014 115.9(2 C(026-C(042-C(040 121.3(3

Table A16: Anisotropic displacement parametergx(,&(ﬁ)for LOMe2. The anisotropic displacement
factor exponent takes the form: 2pp2a*2Ull+ | + 2 h k a* b* 32]

yll u22 u33 uy23 yl3 ul?
o(1) 57(1) 49(1 84(2) 1(1) 30(1) 13(1
O(2) 79(1) 74(1 92(2) 12(1 43(1) 37(1
O(3) 58(1) 50(1 83(2) -2(1) 30(1) -12(1
O(4) 77(1) 76(1 92(2) -12(1 43(1) -37(1
N(1) 43(1) 41(1 56(1) 1(1) 26(1) 2(1)
N(2) 41(1) 42(1 60(1) -1(1) 28(1) -2(1)
c(oo7 43(1) 41(1 50(2) 0(1) 24(1) 5(1)
Cc(o08 44(1) 41(1 54(2) -2(1) 27(1) -4(1)
C(009 43(2) 38(1 66(2) 0(1) 31(1) -1(1)
C(010 43(1) 42(2 72(2) -4(1) 33(2) -2(1)
c(011 49(2) 52(2 54(2) -2(1) 26(1) -4(1)
C(012 43(2) 36(1 64(2) 4(1) 29(1) 1(1)
C(013 48(1) 40(1 73(2) 3(1) 36(2) 3(1)
C(014 43(1) 49(2 60(2) -1(1) 30(1) 1(1)
C(015 47(2) 53(2 57(2) 3(1) 25(1) 6(1)
C(016 53(2) 59(2 78(2) 1(2) 36(2) 1(1)
c(17 44(1) 47(2 57(2) -1(1) 28(1) -2(1)
c(018 45(2) 81(2 64(2) -5(2) 25(2) -16(2
C(019 52(2) 57(2 84(3) 2(2) 41(2) -1(1)
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C(020 43(2) 50(2 69(2) 2(1) 26(2) 4(1)
C(021 51(2) 60(2 77(2) 3(2) 36(2) 1(2)
C(022 45(2) 83(2 64(2) 4(2) 26(2) 15(2
C(023 48(2) 51(2 68(2) 11(2 21(2) 1(1)
C(024 52(2) 52(2 56(2) -2(1) 26(2) 7(1)
C(025 65(2) 55(2] 120(3) 7(2) 62(2) -5(2)
C(026 62(2) 57(2 117(3) -7(2) 60(2) 6(2)
c(027 44(2) 49(2) 71(2) 2(1) 25(2) -1(1)
C(028 77(2) 55(2 71(3) 0(2) 25(2) -20(2
C(029 50(2) 54(2 59(2) 5(2) 26(2) -7(1)
C(030 48(2) 47(2) 70(2) -8(1) 22(2) -1(1)
C(031 78(2) 58(2 79(3) 4(2) 32(2) 27(2
C(032 46(2) 96(3] 71(2) -2(2) 28(2) 3(2)
C(033 59(2) 52(2 76(2) -8(2) 40(2) -8(1)
C(034 52(2) 56(2] 88(3) -2(2) 41(2) 4(1)
C(035 63(2) 51(2 74(2) 7(2) 42(2) 7(1)
C(036 50(2) 77(2 83(2) -4(2) 34(2) 9(2)
C(037 47(2) 98(3’ 73(2) 5(2) 28(2) -6(2)
C(038 51(2) 75(2 85(2) -2(2) 34(2) -9(2)
C(039 79(2) 58(2 89(3) 13(2 55(2) 10(2
C(040 80(2) 63(2 88(3) -14(2; 56(2) -10(2;
C(041 89(3) 68(2 108(3) 25(2 70(3) 17(2
C(042 85(2) 63(2 109(3) -24(2 67(2) -14(2;
C(043 99(3) 112(3 110(4) 24(3 48(3) 57(3
C(044 104(3) 113(4 111(4) -29(3 52(3) -60(3
Table A17: Crystal data and structure refinement.foMe,
empirical formula C,1H21NO,
formula weight 351.3¢
temperature 298(2) k
wavelengtr 0.71073 /
crystal systen orthorhombi
space grouj P2,2,2;
unit cell dimension a=7.04(1) A a =90°
b =14.222(3), B =90°
c =18.580(4) / y =90°
Volume 1861.1(6) B
z 4
density (calculate 1.254gcm*
absorption coefficier 0.087 mntl
F(000 744
crystal sizi 0.4x0.5x0.7 m®
theta range for darcollectior 1.80 to 27.00
index range -7<h<38
-18<k< 18
-23<1<23
reflections collecte 2926¢
independent reflectio 2326 [R(int) = 0.124¢
data / restraints / paramet 2326/0/24
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Flack x

Goodness—of-fit on &
final R indices [I>2sigma(l

R indices (all dat:

absolute structure parame
largest diff. peak and hc

~1.644:
0.75¢

R1 = 0.0349, wR2 = 0.05
R1=0.1147, wR2 = 0.07
-1.6(19

0.106 and —0.134 e 8
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Table A18: Atomic coordinates ( x 4pand equivalent isotropic displacement paraméfefg 103) for

LOMe,. U(eq) is defined as one third of the trace ofdhibogonalized i tensor.

X y z U(eq
0O(1) 7589(4 4631(2 2750(1 88(1;
0(2) 1933(4 6271(2 3495(1 90(1
O(3) 7572(4 -341(2 3440(1 83(1]
O(4) 2181(4 -1631(2 4589(1 94(1;
N(1) 5809(4 2298(2 3836(1 61(1
C(1) 5947(5 4704(2 3151(2 65(1
C(2) 4747(5 5472(2 3096(2 68(1;
C(3) 3150(5 5512(2 3514(2 66(1
C(5) 2699(5 4792(2 3988(2 69(1
C(6) 3886(5 4025(2 4019(2 65(1
C(7) 5546(5 3952(2 3610(2 59(1;
C(8) 6768(5 3103(2 3696(2 62(1
C(9) 6795(5 1504(2 3962(2 62(1
C(10; 5630(5 668(2 4132(2 58(1;
C(11 6007(5 -240(2 3873(2 65(1
C(12 7826(6 -1225(2 3076(2 1041
C(13 4816(5 -982(2 4037(2 74(1
C(14; 3239(5 -840(2 4467(2 69(1
C(15 501(6 -1540(3 5007(2 114(2
C(16; 2827(5 35(2 4741(2 65(1;
C(17; 4022(5 7712 4557(2 61(1
C(18; 8768(5 1490(3 3948(2 71(1
C(19; 9734(5 2313(3 3810(2 77(1
C(20; 8736(5 31243 3673(2 72(1
C(21 8154(5 5430(3 2332(2 98(1
C(4) 2248(8 7022(3 3037(3 104(2
C(4A) 490(20 6371(9 3910(8 77(4

Table A19: Bond lengths [A] and angles [°] for LOMe

O(1)-C(1)
O(1)-C(21)
O(2)-C(4A)
O(2)-C(3)

O(2)-C(4)

O(3)-C(11)
O(3)-C(12)
O(4)-C(14)

1.379(4
1.433(3
1.283(1
1.378(4
1.384(5
1.372(4
1.439(3
1.368(4

C(12-H(12A)
C(12-H(12B)
C(12-H(12C)
C(13-C(14)
C(13-H(13)
C(14-C(16)
C(15-H(15A)
C(15-H(15B)

0.960(
0.960(
0.960(
1.384(4
0.930(
1.376(4
0.960(
0.960(
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O(4)-C(15)
N(1)-C(9)
N(1)-C(8)
C(1)-C(2)
C(1)-C(7)
C(2)-C(3)
C(2)-H(2)
C(3)-C(5)
C(5)-C(6)
C(S)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(8)-C(20)
C(9)-C(18)
C(9)-C(10)
C(10-C(17)
C(10-C(11)
C(11-C(13)

C(1)-O(1)-C(21,
C(4A)-0(2)-C(3)
C(4A)-O(2)-C(4)
C(3)-0(2)-C(4)
C(11-0(3)-C(12,
C(14-O(4)-C(15,
C(9)-N(1)-C(8)
O(1)-C(1)-C(2)

O(1)-C(1)-C(7)
C(2-C(1)-C(7)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2-C(3)-0(2)
C(2-C(3)-C(5)
O(2)-C(3)-C(5)
C(6)-C(5)-C(3)
C(6)-C(5)-H(5)
C(3)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(1)-C(7)-C(6)
C(1)-C(7)-C(8)
C(6)-C(7)-C(8)
N(1)-C(8)-C(20;

N(1)-C(8)-C(7)
C(20-C(8)-C(7)
N(1)-C(9)-C(18)
N(1)-C(9)-C(10]
C(18-C(9)-C(10)
C(17-C(10-C(11]

1.421(4
1.347(3
1.354(4
1.386(4
1.398(4
1.368(4

0.930(
1.387(4
1.375(4

0.930(
1.398(4

0.930(
1.491(4
1.387(4
1.390(4
1.479(4
1.389(4
1.403(4
1.381(5

117.8(3
124.3(7
114.2(7
121.4(4
117.8(3
117.9(3
119.1(3
122.1(3
116.2(3
121.7(3
119.5(3

120.

120.
121.9(3
121.2(3
116.8(3
118.2(3

120.¢

120.¢
123.1(3

118.f

118.f
116.3(3
124.6(3
119.1(3
121.5(3
114.6(3
123.8(3
121.6(4
115.2(3
123.2(4
116.5(3

C(15-H(15C)
C(16-C(17)
C(16)-H(16)
C(17-H(17)
C(18-C(19)
C(18-H(18)
C(19)-C(20)
C(19-H(19)
C(20-H(20)
C(21-H(21A)
C(21-H(21B)
C(21-H(21C)
C(4)-H(4A)
C(4)-H(4B)
C(4)-H(4C)
C(4A)-H(4D)
C(4A)-H(4E)
C(4A)-H(4F)

C(11-C(13-H(13)
C(14-C(13-H(13)
O(4)-C(14-C(16,
O(4)-C(14-C(13)
C(16-C(14-C(13
O(4)-C(15-H(15A)
O(4)-C(15-H(15B)
H(15A)-C(15)-H(15B)
O(4)-C(15-H(15C
H(15A)-C(15)-H(15C
H(15B)-C(15-H(15C’
C(14-C(16-C(17,
C(14-C(16-H(16)
C(17-C(16-H(16)
C(16-C(17-C(10
C(16-C(17-H(17)
C(10-C(17-H(17)
C(19-C(18-C(9)
C(19-C(18-H(18)
C(9)-C(18-H(18)
C(20-C(19-C(18
C(20-C(19-H(19)
C(18-C(19-H(19)
C(19-C(20-C(8)
C(19-C(20-H(20)
C(8)-C(20-H(20)
O(1)-C(21-H(21A)
O(1)-C(21-H(21B)
H(21A)-C(21-H(21B)
O(1)-C(21-H(21C
H(21A)-C(21-H(21C
H(21B)-C(21-H(21C

11. Appendix

0.960(
1.385(4
0.930(
0.930(
1.378(5
0.930(
1.374(5
0.930(
0.930(
0.960(
0.960(
0.960(
0.960(
0.960(
0.960(
0.960(
0.960(
0.960(

119.¢
119.¢
124.6(3
114.4(3
121.0(3
109.f
109.f
109.f
109.f
109.5
109.f
117.7(3
121.:
121.
123.8(3
118.1
118.1
119.0(4
120.f
120.f
119.7(3
120.
120.2
119.2(4
120.2
120.2
109.f
109.5
109.5
109.5
109.f
109.5
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C(17-C(10-C(9) 119.3(3 O(2)-C(4)-H(4A) 109.f
C(11-C(10-C(9) 124.2(3 O(2)-C(4)-H(4B) 109.5
O(3)-C(11-C(13 122.5(3 H(4A)-C(4)-H(4B) 109.f
O(3)-C(11-C(10, 116.7(3 O(2)-C(4)-H(4C) 109.f
C(13-C(11-C(10 120.8(3 H(4A)-C(4)-H(4C) 109.5
O(3)-C(12-H(12A) 109.f H(4B)-C(4)-H(4C) 109.5
O(3)-C(12-H(12B) 109.f O(2)-C(4A)-H(4D) 109.f
H(12A)-C(12-H(12B) 109.f O(2)-C(4A)-H(4E) 109.f
0(3)-C(12-H(12C 109.f H(4D)-C(4A)-H(4E) 109.f
H(12A)-C(12-H(12C) 109.f O(2)-C(4A)-H(4F) 109.f
H(12B)-C(12-H(12C 109.f H(4D)-C(4A)-H(4F) 109.f
C(11-C(13-C(14 120.2(3 H(4E)-C(4A)-H(4F) 109.5

Table A20: Anisotropic displacement parametergx(,&@) for LOMe,. The anisotropic displacement
factor exponent takes the form: @m2ax2Ull+ . + 2 hk a* b* 32]

yll u22 u33 uy23 yls ul?
o) 80(2) 94(2 90(2) 21(1 31(2) 7(2)
0(2) 99(2) 712 99(2) 1002 7(2) 9(2)
0(3) 82(2) 74(2 94(2) -6(1) 32(2) 16(2
O(4) 103(2) 66(2 112(2) 7(1) 32(2) -6(2)
N(1) 58(2) 64(2 61(2) -1(1) 0(2) 0(2)
Cc@ 62(2) 66(2 66(2) -2(2) 12(2) -5(2)
C(2 71(3) 64(2 69(2) 5(2) 8(2) -7(2)
C@3 67(2) 59(2 73(2) -4(2) 3(2) -1(2)
C(5) 65(2) 65(2 77(2) 0(2) 10(2) -3(2)
C(6) 64(2) 61(2 68(2) 1(2) 5(2) -12(2
C() 60(2) 55(2 61(2) -1(2) 1(2) -7(2)
C(8) 63(2) 64(2 60(2) -1(2) 0(2) -5(2)
C(9) 61(2) 67(2 57(2) -3(2) -1(2) 10(2
c@ao 56(2) 54(2 62(2) 1(2) -1(2) 8(2)
c@ay 66(2) 67(2 64(2) 5(2) 12(2) 12(2
c@1z2 124(4) 80(3 109(3) -14(2 42(3) 30(3
c(@13 87(3) 55(2 80(2) 4(2) 14(2) 22(2
c@4 78(3) 60(2] 70(2) 1002 13(2) 4(2)
C(15 98(3) 105(3 139(4) 19(3 37(3) -18(3
c@ae 65(2) 67(2 64(2) 1(2) 10(2) 12(2
c@ar, 61(2) 65(2 58(2) -2(2) 2(2) 12(2
c@s8 59(2) 81(3 74(3) -4(2) -4(2) 12(2
c@a9 53(2) 94(3 84(3) -9(2) -7(2) -5(2)
C(20 57(2) 78(3 79(3) -7(2) -4(2) -11(2
C(21 83(3) 119(3 93(3) 35(3 21(2) -7(3)
Cc@4) 120(5) 87(4 104(4) 12(3 -4(4) 9(4)
C(4A) 65(10) 69(9 97(11) 2(8) 23(10) 22(8

Table A21: Crystal data and structure refinemen{Fe(opo}]

empirical formula CyeH, 1 FeCe
formula weight 641.4.
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temperature
wavelengtt

crystal systen
space group

unit cell dimension

volume

z

density (calculatet
absorption coefficier
F(000

crystal siz

theta range for data collect
index range

reflectionscollectec
independent reflectio
data / restraints / paramet

Goodness—of-fit on &
final R indices [I>2sigma(l
R indices (all dat:

largest diff. peak and hc

11. Appendix

293(2) K
0.71073 /
triclinic

P1 (No. 2)
a=13.282(3).
b = 16.451(3) /
Cc = 25.214(4) s
4779(2) B

6

1.337gcm

0.521 mnvd
197¢

0.4x0.4x0.6 M
2.491t0 28.21
-17<h<17
-21<k<21
-32<1<33

46307

21537 [R(int) = 0.360!
21537/0/124

0.63(

R1 =0.0965, wR2 = 0.24
R1 =0.4443, wR2 = 0.37.

1.620 and -0.492 e

o = 98.47(2)°
B = 103.63(2)°
y=112.28(2)°

Table A22: Atomic coordinates ( x ‘i))and equivalent isotropic displacement parameéﬁe?x 103) for

[Fe(opo}]. U(eq) is defined as one third of the trace ef thithogonalized Utensor.

X y z U(eq
Fe(1, 11397(2 -442(2 2714(1 67(1
Fe(2 9081(2 2386(2 1295(1 80(1
Fe(3 6914(2 4629(2 3832(1 80(1
0O(1) 11261(10 195(8 3392(5 86(4,
0(2) 10120(10 -219(7 2272(5 73(3
O(3) 12617(9 660(6 2648(5 69(3’
O(4) 11464(9 -1106(7 2012(5 76(3
O(5) 12618(9 -706(8 3172(5 86(4
O(6) 10302(8 -1622(8 2762(5 69(3’
o(7) 10309(9 2240(8 1839(6 82(4
O(8) 8450(9 2495(8 1930(6 78(3
0(9) 9996(10 3733(8 1520(5 84(4,
O(10 7841(10 2594(9 787(5 87(4
o(11) 9787(9 2268(10 686(6 86(4,
012 8097(10 1069(9 979(6 84(4,
0(13 6358(10 3320(8 3842(5 77(3
014 6721(10 4858(7 4583(5 79(3
O(15 5329(10 4448(8 3494(5 76(4
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O(16
017,
0(18)
c(1)
c(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
c(11)
c(12)
C(13)
c(14)
C(15)
C(16)
C(17)
c(18)
C(19)
C(20)
c(21)
C(22)
C(23)
c(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
c(41)
c(42)
C(43)
c(44)
C(45)
C(46)
C(47)
C(48)
C(49)

6960(10
7441(11
8519(11
9423(16
8543(18
7709(19
7650(20
6730(20
6810(40
7690(30
8610(30
9590(30
10410(20
10436(19
9464(17
8554(17
13236(12
14150(15
14876(17
14722(17
15500(40
15421(14
14500(20
13740(15
12844(16
12120(14
12227(14
13119(12
13823(12
12575(16
13655(15
13703(17
12701(18
12789(18
11830(30
10760(20
10654(17
9598(17
9479(13
10482(14
11543(13
11669(16
10544(17
11530(14
11888(14
11327(19
11761(17
11210(20
10170(20
9730(20
8700(20
8287(16

4306(8
5940(8
4885(9
27(11
50(11
244(15
415(12
557(16
680(20
730(20
632(14
689(17
576(14
311(11
232(10
415(12
733(11
1637(11
1811(13
1142(19
1420(30
900(20
~184(18
~426(13
~1284(15
~1490(12
~825(12
52(10!
213(12
~1524(13
~1520(12
-2299(15
-3102(12
~3893(17
~4691(16
~4708(14
~3886(13
-3872(12
~3139(12
-2282(12
-2313(11
-3092(12
2325(11
2177(11
2343(12
2645(10
2823(13
3089(13
3128(13
2967(12
3003(11
2839(12

3040(6
3863(5
4143(5
2457(10
2019(9
2134(13
2702(15
2861(16
3431(19
3840(16
3733(17
4152(12
4004(13
3459(9
3026(11
3152(12
2334(8
2439(7
2131(10
1703(11
1441(14
1069(16
759(7
1081(8
961(7
1288(9
1745(8
1878(7
1527(8
3215(8
3411(9
3451(9
3362(8
3450(10
3355(10
3184(9
3092(7
2924(8
2791(7
2870(7
3087(7
3180(7
2379(9
2655(8
3225(9
3576(10
4155(8
4471(9
4201(14
3629(10
3365(11
2812(10

11. Appendix

87(4
86(4)
87(4
68(5
85(6
113(8
106(8
134(11
155(15
153(13
118(11
134(11
118(10
65(5
71(5,
89(7)
57(4)
70(5)
84(6
79(7
220(30
169(16
118(9
64(5
81(6
75(5)
64(5
50(4]
57(5
76(5
92(7
100(7
80(6
108(7
108(8
103(7
69(5
82(6
69(5
65(5
57(4)
63(5
76(6)
64(5
83(6
75(6)
85(6
102(7
104(8
79(6
84(6)
77(6
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C(50) 8897(17 2646(11 2477(10 77(5)
C(51) 9959(13 2571(9 2705(7 44(4)
C(52) 10310(15 2727(10 3285(8 58(5
C(53) 9696(13 4334(15 1429(7 67(5
C(54) 10466(17 5297(18 1729(8 95(7.
C(55, 10252(18 6068(18 1690(9 109(8
C(56) 9260(20 5960(15 1297(10 96(7
C(57) 8910(30 6701(15 1219(12 124(9
C(58) 7880(30 6540(20 846(12 140(11
C(59) 7180(20 5700(20 545(10 113(8
C(60) 7400(20 4902(18 593(10 94(7"
C(61) 6566(18 3970(20 252(8 99(7
C(62) 6771(16 3235(17 321(8 96(7
C(63) 7773(15 3308(16 745(8 79(6
C(64) 8627(17 4217(14 1039(8 78(6
C(65) 8410(17 5044(18 1003(8 87(7
C(66) 9525(16 1554(16 274(8 72(5
C(67) 10189(15 1690(18 ~123(10 98(7
C(68) 9960(20 970(20 ~536(9 97(7
C(69) 9125(19 119(17 ~642(10 83(6
C(70) 8990(20 ~560(20 ~1073(9 85(6
C(71) 8130(20 ~1390(20 ~1180(10 111(8
C(72) 7460(17 ~1531(19 -810(12 109(9
C(73) 7710(30 ~800(20 ~372(10 106(10
C(74) 7016(18 ~1040(13 —22(11 96(7,
C(75) 7159(17 ~408(18 420(9 98(7)
C(76) 8007(14 484(13 547(9. 71(5)
C(77) 8659(14 695(14 176(8 62(5
C(78) 8505(17 54(17 ~261(10 77(6
C(79) 5677(14 2935(13 4101(9 70(5)
C(80) 5059(18 1952(15 3906(8 85(6
c(81) 4363(18 1471(14 4180(12 103(7
c(82) 4206(18 1887(18 4640(11 88(6
C(83) 3470(20 1360(20 4878(15 141(11
C(84) 3280(20 1740(20 5359(16 142(12
C(85) 3836(18 2660(20 5549(10 118(8
C(86) 4604(15 3244(15 5302(9 75(5
C(87) 5208(16 4239(14 5541(8 78(5
C(88) 5928(15 4703(12 5305(7 64(5
C(89) 6086(14 4328(12 4804(8 63(5
C(90) 5510(13 3359(12 4564(8 58(4)
C(91) 4754(16 2842(15 4843(9 71(5,
C(92) 4762(15 4333(10 2975(10 67(5
C(93) 3658(15 4300(11 2889(9 71(5)
C(94) 3004(19 4187(12 2358(11 96(7
C(95) 3346(15 4118(12 1889(10 85(6
C(96) 2718(18 3990(15 1310(12 114(8
C(97) 3180(20 3970(19 867(12 150(11
C(98) 4230(20 3986(16 962(10 121(8
C(99) 4884(16 4072(13 1495(10 89(6
C(100 6024(17 4086(13 1578(9 91(6

C(101 6680(15 4147(12 2102(8 75(5
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C(102 6255(15 4247(11 2557(8 66(5
Cc(103 5157(13 4253(10 2512(8 55(4,
C(104 4474(15 4153(12 1950(9 76(5,
C(105 8489(18 6594(15 4015(8 77(5
C(106 8584(17 7476(13 3926(8 79(6
c(107 9607(18 8169(13 4064(8 85(6
C(108 10645(18 8099(15 4287(8 81(6
C(109 11730(20 8822(15 4416(10 116(8
C(110 12690(20 8741(17 4620(10 133(10
C(111 12626(17 7917(17 471009 102(7
C(112 11602(16 7200(15 4606(7 74(5
C(113 11551(19 6325(18 4692(8 96(7,
C(114 10514(19 5586(15 4514(8 88(6
C(115 9414(18 5596(14 4278(7 65(5,
C(116 9504(14 6477(13 4239(7 62(5,
Cc(117 10587(16 7279(13 4389(7 69(5

Table A23: Bond lengths [A] and angles [°] for [Bp0)]

Fe(1-0O(1) 1.95()) C(43-C(52) 1.44(2

Fe(1-O(4) 1.9¢(1) C(44-C(45) 1.33(3

Fe(1-0O(6) 1.98(J) C(45-C(46) 1.43(3

Fe(1-0O(3) 1.9¢(1) C(46-C(47) 1.37(3

Fe(1-0O(5) 1.€9(1) C(47-C(52) 1.39(2

Fe(1-0O(2) 1.99(9) C(47-C(48) 1.40(3

Fe(2-0(12) 1.97(1) C(48-C(49) 1.32(2

Fe(2-0O(7) 1.9¢(1) C(49-C(50) 1.38(2

Fe(2-0O(8) 1.99(9) C(50-C(51) 1.45(2

Fe(2-0(9) 1.9¢(1) C(51-C(52) 1.38(2

Fe(2-0O(11) 2.00(1 C(53-C(64) 1.45(2

Fe(2-0(10) 2.C1(2) C(53-C(54) 1.48(3

Fe(3-0O(18) 1.94()) C(54-C(55) 1.41(3

Fe(3-0O(15) 1.9€(1) C(55-C(56) 1.39(3

Fe(3-0O(14) 1.97(9) C(56-C(65) 1.44(3

Fe(3-0O(17) 1.9¢(1) C(56-C(57) 1.48(3

Fe(3-0O(13) 2.00() C(57-C(58) 1.37(3

Fe(3-0(16) 2.01(2) C(58-C(59) 1.32(3

O(1)-C(11) 1.23(2 C(59-C(60) 1.46(3

0O(2-C(1) 1.2¢2) C(60-C(65) 1.40(3

0O(3)-C(14) 1.26(2) C(60-C(61) 1.48(3

O(4)-C(24) 1.36(%) C(61-C(62) 1.36(3

O(5)-C(27) 1.35(2) C(62-C(63) 1.45(3

O(6)-C(37) 1.25(2) C(63-C(64) 1.44(2

O(7)-C(40) 1.30(2) C(64-C(65) 1.50(3

O(8)-C(50) 1.31(2 C(66-C(77) 1.38(2

0O(9)-C(53) 1.23(2 C(66-C(67) 1.47(2

0(10-C(63) 1.23(2 C(67-C(68) 1.34(3

O(11-C(66) 1.32(2 C(68-C(69) 1.35(3

O(12-C(76) 1.29(2 C(69-C(70) 1.36(3

0(13-C(79) 1.272) C(69-C(78) 1.40(3

0(14-C(89) 1.26(%) C(70-C(71) 1.35(3
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0(15-C(92)
0(16-C(102)
O(17-C(105)
0(18-C(115)
C(1)-C(12)
C(1)-C(2)
C(2-C(3)
C(3)-C(4)
C(4)-C(13)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(10-C(11)
C(11-C(12)
C(12-C(13)
C(14-C(25)
C(14-C(15)
C(15-C(16)
C(16-C(17)
C(17-C(18)
C(17-C(26)
C(18-C(19)
C(19-C(20)
C(20-C(21)
C(21-C(26)
C(21-C(22)
C(22-C(23)
C(23-C(24)
C(24-C(25)
C(25-C(26)
C(27-C(28)
C(27-C(38)
C(28-C(29)
C(29-C(30)
C(30-C(39)
C(30-C(31)
C(31-C(32)
C(32-C(33)
C(33-C(34)
C(34-C(35)
C(34-C(39)
C(35-C(36)
C(36-C(37)
C(37-C(38)
C(38-C(39)
C(40-C(51)
C(40-C(41)
C(41-C(42)

1.29(2
1.312)
1.32(2
1.24(2)
1.41(2
1.42(2
1.34(2
1.44(3
1.44(3
1.46(3
1.40(4
1.33(4
1.37(4
1.43(3
1.43(3
1.31(3
1.39(3
1.43(3
1.44(2
1.42(2
1.46(2
1.35(2
1.34(3
1.33(5
1.46(3
1.13(5
1.67(4
1.42(2
1.37(2
1.39(2
1.39(2
1.41(2
1.40(2
1.41(2)
1.40(2
1.41(2
1.33(2
1.42(2
1.35(2
1.39(2
1.38(3
1.38(3
1.46(2
1.38(2
1.42(2
1.35(2
1.47(2
1.41(2
1.40(2
1.37(2
1.46(2
1.35(2

C(71-C(72)
C(72-C(73)
C(73-C(78)
C(73-C(74)
C(74-C(75)
C(75-C(76)
C(76-C(77)
C(77-C(78)
C(79-C(90)
C(79-C(80)
C(80-C(81)
C(81-C(82)
C(82-C(83)
C(82-C(91)
C(83-C(84)
C(84-C(85)
C(85-C(86)
C(86)-C(91)
C(86)-C(87)
C(87-C(88)
C(88-C(89)
C(89-C(90)
C(90-C(91)
C(92-C(103)
C(92-C(93)
C(93-C(94)
C(94-C(95)
C(95-C(96)
C(95-C(104)
C(96-C(97)
C(97-C(98)
C(98-C(99)
C(99-C(104)
C(99-C(100)
C(100-C(101)
C(101-C(102)
C(102-C(103)
C(103-C(104)
C(105-C(116)
C(105-C(106)
C(106-C(107)
C(107-C(108)
C(108-C(117)
C(108-C(109)
C(109-C(110)
C(110-C(111)
C(111-C(112)
C(112-C(117)
C(112-C(113)
C(113-C(114)
C(114-C(115)
C(115-C(116)

11. Appendix

1.42(3
1.39(3
1.33(3
1.41(3
1.33(3
1.40(2
1.41(2
1.33(2
1.38(2
1.45(2
1.37(3
1.36(3
1.36(3
1.41(3
1.40(4
1.36(3
1.44(3
1.34(2
1.47(2
1.30(2
1.42(2
1.44(2
1.44(2
1.40(2
1.41(2
1.36(2
1.37(2
1.44(3
1.45(2
1.39(3
1.35(3
1.37(3
1.39(2
1.47(2
1.37(2
1.41(2
1.44(2
1.44(2
1.43(2
1.46(2
1.32(2
1.41(2
1.39(2
1.40(2
1.32(3
1.38(3
1.35(2
1.39(2
1.47(2
1.36(2
1.45(2
1.43(2
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C(42)-C(43)
C(43)-C(44)

o1
o(1
o4
o(1
o(4
o(6
o(1
o(4
o(6
03
o(1
o4

-Fe(1-0O(4)
-Fe(1-0O(6)
-Fe(1-0O(6)
-Fe(1-0O(3)
-Fe(1-O(3)
-Fe(1-0O(3)
-Fe(1-O(5)
-Fe(1-O(5)
-Fe(1-O(5)
-Fe(1-O(5)
-Fe(1-0O(2)
-Fe(1-0O(2)
O(6)-Fe(1-0(2)
O(3)-Fe(1-0(2)
O(5)-Fe(1-0(2)

O(12-Fe(2-0O(7)
0O(12-Fe(2-0O(8)
O(7)-Fe(2-0O(8)

O(12-Fe(2-0(9)
O(7)-Fe(2-0(9)

O(8)-Fe(2-0(9)

(e LR b S S L e L P L

O(12-Fe(2-0(11

O(7)-Fe(2-0O(11
O(8)-Fe(2-O(11
O(9)-Fe(2-0O(11)

O(12-Fe(2-0(10

O(7)-Fe(2-0(10
0(8)-Fe(2-0(10
0(9)-Fe(2-0(10

O(11-Fe(2-O(10
O(18-Fe(3-O(15
O(18-Fe(3-0O(14
O(15-Fe(3-0(14
O(18-Fe(3-O(17
O(15-Fe(3-O(17
O(14-Fe(3-O(17
O(18-Fe(3-O(13
O(15-Fe(3-O(13
O(14-Fe(3-0O(13
O(17-Fe(3-0O(13
O(18-Fe(3-O(16)
O(15-Fe(3-0(16)
O(14-Fe(3-O(16
O(17-Fe(3-O(16)
O(13-Fe(3-O(16

C(11)-O(1)-Fe(L
C(1)-O(2)-Fe(L

C(14-0O(3)-Fe(L
C(24-O(4)-Fe(1

1.43(2
1.38(2

177.6(5
90.9(5
87.9(5
94.3(5
87.2(4

172.7(5
91.8(5
90.3(5
86.1(4
88.5(5
87.0(5
90.9(5
91.2(4
94.2(4

177.1(5
95.1(5
94.4(5
86.0(5

172.9(5
91.0(5
89.6(5
85.9(5
90.7(5

176.8(5
90.4(5
87.4(5

176.2(6
90.9(5
86.7(5
92.3(5

175.7(5
93.5(5
88.5(5
87.2(5
88.9(5
90.3(5
93.4(5
90.5(5
86.3(5

176.6(5
90.9(5
87.4(5

174.7(5
92.9(5
90.5(5

129(1)
128(7)
130(1)
129(J)

C(116-C(117)

C(44-C(43-C(52)
C(42-C(43-C(52)
C(45-C(44-C(43
C(44-C(45-C(46
C(47-C(46-C(45'
C(46-C(47-C(52)
C(46-C(47-C(48
C(52-C(47-C(48
C(49-C(48-C(47
C(48-C(49-C(50!
O(8)-C(50-C(49)

O(8)-C(50-C(51,

C(49-C(50-C(51
C(40-C(51-C(52)
C(40-C(51-C(50'
C(52-C(51-C(50
C(51-C(52-C(47
C(51-C(52-C(43
C(47-C(52-C(43
O(9)-C(53-C(64)

0(9)-C(53-C(54)

C(64-C(53-C(54
C(55-C(54-C(53)
C(56-C(55-C(54
C(55-C(56)-C(65
C(55-C(56-C(57,
C(65-C(56-C(57
C(58-C(57-C(56
C(59-C(58-C(57,
C(58-C(59-C(60
C(65-C(60-C(59'
C(65-C(60-C(61
C(59-C(60-C(61
C(62-C(61-C(60'
C(61-C(62-C(63
O(10-C(63-C(64)
O(10-C(63-C(62)
C(64-C(63-C(62)
C(63-C(64-C(53
C(63-C(64-C(65
C(53-C(64-C(65
C(60-C(65-C(56
C(60-C(65-C(64
C(56-C(65-C(64]
O(11-C(66-C(77,
O(11-C(66-C(67
C(77-C(66-C(67
C(68-C(67-C(66
C(67-C(68-C(69

11. Appendix

1.45(2

124.4(18
116.0(18
118(2
119(2
123(2
120(2
123(2
118(2
122.4(18
119(2
117(2
120(2)
123(2
122(2)
124(2)
114()
124(2)
121(2)
115(2)
127(2)
120(2)
1132
128(2
119(2
118(2
125(2
117(2
122(3
119(3
125(2
117(2
120(2
122(2
121(2
123(2
127(2
117(9)
116(2
11€(2)
123(2
119(2)
120(2
116(2
125(2)
12€(2)
1172
117(2
118(2
126(2
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C(27-0(5
C(37-0(6
C(40-O(7)-Fe(2
C(50-O(8)-Fe(2
C(53-0(9)-Fe(2
C(63-O(10-Fe(2
C(66-O(11-Fe(2
C(76-0(12-Fe(2
C(79-O(13-Fe(3
C(89-O(14-Fe(3
C(92-0O(15-Fe(3
C(102-0O(16-Fe(3

-Fe(1l
-Fe(l

P2 R 2 i)

C(105-0(17-Fe(3
C(115-0(18-Fe(3

0(2)-C(1)-C(12
0(2)-C(1)-C(2)
C(12-C(1)-C(2)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(13-C(4)-C(3)
C(13-C(4)-C(5)
C(3)-C(4)-C(5)
C(6)-C(5)-C(4)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)
C(7)-C(8)-C(9)
C(7)-C(8)-C(13)
C(9)-C(8)-C(13)
C(10-C(9)-C(8)
C(9)-C(10-C(11)
O(1)-C(11-C(10
O(1)-C(11-C(12)
C(10-C(11-C(12)
C(1)-C(12-C(11)
C(1)-C(12-C(13]
C(11-C(12-C(13)
C(8)-C(13-C(4)
C(8)-C(13-C(12)
C(4)-C(13-C(12)
O(3)-C(14-C(25)
O(3)-C(14-C(15)
C(25-C(14-C(15)
C(16-C(15-C(14)
C(17-C(16-C(15
C(18-C(17-C(16
C(18-C(17-C(26
C(16-C(17-C(26
C(19-C(18-C(17)
C(18-C(19-C(20)
C(21-C(20-C(19)
C(26-C(21-C(22)
C(26-C(21-C(20

130(1)
129(1)
131(1)
132(J)
130(1)
130(1)
130())
132(1)
125(1)
130(1)
130(1)
130(1)
130(1)
132(J)
12€(2)
113(2
121(2
121(2
122(2
118(2
116(3
125(3
117(3
124(4
122(4
125(4
117(3
118(2
120(3
128(3
120(2
127(2)
114(2
11¢(2)
118(2
122(2
122(2
118(2
120(2
12€(2)
116(2)
117(2)
122(2)
11¢(2)
112(3
122(3
126(2)
116(5
133(3
106(2)
115(2)
121(2)

C(68-C(69-C(70!
C(68-C(69-C(78
C(70-C(69-C(78
C(71-C(70-C(69
C(70-C(71-C(72)
C(73-C(72-C(71
C(78-C(73-C(72)
C(78-C(73-C(74]
C(72-C(73-C(74
C(75-C(74-C(73)
C(74-C(75-C(76
0(12-C(76-C(75,
0(12-C(76-C(77,
C(75-C(76-C(77
C(78-C(77-C(66
C(78-C(77-C(76
C(66-C(77-C(76
C(77-C(78-C(73)
C(77-C(78-C(69
C(73-C(78-C(69
O(13-C(79-C(90,
O(13-C(79-C(80
C(90-C(79-C(80
C(81-C(80-C(79
C(82-C(81-C(80
C(83-C(82-C(81
C(83-C(82-C(91
C(81-C(82-C(91
C(82-C(83-C(84
C(85-C(84-C(83
C(84-C(85-C(86!
C(91-C(86)-C(85
C(91-C(86-C(87,
C(85-C(86-C(87
C(88-C(87-C(86!
C(87-C(88-C(89
0(14-C(89-C(88)
O(14-C(89-C(90,
C(88-C(89-C(90!
C(79-C(90-C(89!
C(79-C(90-C(91
C(89-C(90-C(91
C(86-C(91-C(82)
C(86)-C(91-C(90'
C(82-C(91-C(90'

0(15-C(92-C(103

O(15)-C(92-C(93)
C(103-C(92-C(93)
C(94-C(93-C(92)
C(93-C(94-C(95
C(94-C(95-C(96
C(94-C(95-C(104]
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120(3
112(2
128(2
119(2
118(2
118(2
127(3
121(2
112(3
119(2
121(2)
11&(2)
125(2)
118(2
11€(2)
121(2)
122(2
121(2
128(2
110(2
12€(2)
117(2
117%(2)
121(2
122(2
118(3
122(2
120(2
122(3
115(3
125(3
117(2
121(2)
122(2
11€(2)
124(2)
11¢(2)
12%(2)
119(2)
12%(2)
121(2)
11€(2)
119(2
122(2)
119(2
126(2)
115(2)
11¢(2)
11¢(2)
125(2
129(2
119(2
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C(22-C(21-C(20) 124(2 C(96)-C(95-C(104 112(2)
C(23-C(22-C(21) 122(2) C(97-C(96)-C(95 124(2
C(22-C(23-C(24 121(2) C(98-C(97-C(96 120(2
O(4)-C(24-C(25) 127(2) C(97-C(98-C(99! 121(2
O(4)-C(24-C(23) 115(2) C(98-C(99-C(104 120(2
C(25-C(24-C(23 11€(2) C(98-C(99-C(100 1192
C(24-C(25-C(26 117(2) C(104-C(99-C(100 121(9)
C(24-C(25-C(14) 11¢(2) C(101-C(100-C(99) 120(2)
C(26)-C(25-C(14] 124(2) C(100-C(101-C(102 118@)
C(21-C(26-C(25) 126(2) 0(16-C(102-C(101 113(9)
C(21-C(26-C(17) 122(2) 0(16-C(102-C(103 122(2)
C(25-C(26-C(17 115(2) C(101-C(102-C(103 125(2)
O(5)-C(27-C(28 114(2) C(92-C(103-C(102 125(2)
O(5)-C(27-C(38) 124(2) C(92-C(103-C(104 122(2)
C(28-C(27-C(38, 123(2) C(102-C(103-C(104 115(2)
C(29-C(28-C(27 11€(2) C(99-C(104-C(103 121(2)
C(28-C(29-C(30) 122(2) C(99-C(104-C(95) 125(2)
C(39-C(30-C(31) 121(2) C(103-C(104-C(95) 11€(2)
C(39-C(30-C(29! 119(2) O(17-C(105-C(116 124(2)
C(31-C(30-C(29 120(2 0(17-C(105-C(106 11€(2)
C(32-C(31-C(30) 122(2 C(116-C(105-C(106 120(2)
C(31-C(32-C(33 119(2 C(107-C(106-C(105 12¢(2)
C(32-C(33-C(34) 119(2 C(106-C(107-C(108’ 125(2)
C(35-C(34-C(39 120(2) C(117-C(108-C(109 11€(2)
C(35-C(34-C(33) 121(2) C(117-C(108-C(107 11¢(2)
C(39-C(34-C(33) 11¢(2) C(109-C(108-C(107 123(2
C(36)-C(35-C(34] 122(2) C(110-C(109-C(108 122(2
C(35-C(36-C(37 122(2) C(109-C(110-C(111 119(2
O(6)-C(37-C(38) 128(2) C(112-C(111-C(110 121(2
O(6)-C(37-C(36) 118(2) C(111-C(112-C(117 120(2
C(38-C(37-C(36) 114(2) C(111-C(112-C(113 121(2
C(39-C(38-C(37, 125(2) C(117-C(112-C(113 120(2)
C(39-C(38-C(27 115(2) C(114-C(113-C(112 11¢(2)
C(37-C(38-C(27 112(2) C(113-C(114-C(115 125(2)
C(30-C(39-C(38 123(2) O(18-C(115-C(116 127(2)
C(30-C(39-C(34) 120(2) 0O(18-C(115-C(114 120(2)
C(38-C(39-C(34) 117(2) C(116-C(115-C(114 115(2)
O(7)-C(40-C(51, 125(2) C(115-C(116-C(105 120(2)
O(7)-C(40-C(41) 117(2) C(115-C(116-C(117 124(2)
C(51-C(40-C(41) 11¢(2) C(105-C(116-C(117 11€(2)
C(42-C(41-C(40 11¢(2) C(108-C(117-C(112 11¢(2)
C(41-C(42-C(43) 123(2) C(108-C(117-C(116 122(2)
C(44-C(43-C(42) 120(2 C(112-C(117-C(116 11¢(2)

Table A24: Anisotropic displacement parameterdx(A03)for [Fe(opo)]. The anisotropic displacement
factor exponent takes the form: 2ppZa*2U1l+ | + 2 h k a* b* 32

yll u22 u33 uy23 yl3 ul?
Fe(1 64(2) 59(2 75(2) 15(2 26(1) 23(1
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Fe(2
Fe(3
Oo(1)
0(2)
0(3)
O(4)
O(5)
O(6)
Oo(7)
0(8)
0(9)

o(10
o(11
0o(12
0o(13
0o(14
0O(15
0(16
o(17
0(18

71(2)
88(2)
70(8)
77(8)
77(8)
53(7)
65(8)
55(7)
86(8)
58(7)
69(8)
90(9)
63(8)
92(9)
86(8)
110(9)
84(9)
73(8)
91(9)
80(9)
66(13)
86(14)
83(16)
91(18)
106(18)
210(40)
220(40)
160(30)
140(30)
110(20)
85(16)
84(14)
68(14)
36(9)
81(12)
100(16)
76(14)
340(60)
13(9)
150(20)
60(12)
79(13)
63(12)
59(12)
44(9)
33(9)
65(13)
48(12)
74(14)
87(15)
76(15)
140(20)

99(2)
91(2)
112(10
76(8
47(7,
60(7,
65(8)
62(7)
117(10
97(9!
79(9)
71(9)
123(11
85(9)
79(8
52(7)
92(9!
120(10
75(9)
71(9)
51(11
71(13
118(19
41(12
112(19
100(20
110(20
62(13
110(20
80(16'
51(11
45(10
59(13
58(12
57(12
50(12
116(19
250(50
220(30
250(30
68(13
113(17
59(12
65(13
35(9)
58(11
71(14
47(12
79(15
48(12
101(18
87(18

66(2)
71(2)
92(10)
76(9)
89(9)
93(10)
108(11)
91(10)
88(11)
73(10)
97(11)
82(11)
78(10)
68(10)
67(9)
80(10)
75(10)
69(10)
108(11)
94(11)
96(18)
103(18)
160(30)
200(30)
250(40)
230(50)
180(40)
190(30)
100(20)
190(30)
52(14)
104(19)
160(20)
63(13)
67(14)
83(18)
74(18)
90(30)
280(40)
40(13)
59(14)
39(12)
98(17)
53(13)
67(13)
81(14)
90(15)
160(20)
140(20)
110(18)
150(20)
140(20)

20(2)
26(2)
26(8
28(7
11(7
3(7)
18(8
28(7
48(9)
6(8)
16(8
12(8
37(9)
19(8
9(7)
15(7'
38(8
19(8
42(8)
22(8)
34(12
27(12
60(20.
46(16
90(20'
60(30'
80(20'
22(18
27(18
45(19
18(11
18(12
46(15
2(11)
14(11
16(13
47(16
~50(30
220(30
47(17
~3(11
~18(12
17(13
~5(11)
12(10
34(11
22(12
20(13
9(15
27(12
34(16
43(16

25(2)
20(2)
43(8)
24(7)
43(7)
19(7)
29(7)
19(6)
57(8)
19(7)
9(7)
17(7)
29(7)
36(8)
22(7)
33(8)
33(8)
15(7)
27(8)
A(7)
27(13)
36(14)
32(18)
50(20)
80(20)
160(40)
120(30)
150(30)
20(20)
90(20)
23(13)
65(15)
38(16)
6(9)
30(11)
20(13)
52(13)
~20(30)
44(15)
59(14)
8(10)
8(11)
25(12)
4(10)
21(9)
24(9)
23(11)
20(12)
31(13)
20(12)
26(14)
65(18)

11. Appendix

33(2)
51(2)
46(8,
40(7)
24(6)
9(6)
9(7)
25(6)
68(8
36(7)
35(7)
24(8
39(8
26(8
42(7,
40(7)
52(7)
48(7)
48(8,
30(7)
26(9)
33(11
66(14
37(11
82(16
90(20'
80(30'
62(16
12(19
4114
19(11
28(10'
38(11
17(9’
20(10'
18(11
47014
230(50
4(14)
150(20
34(11
51(13
22(10'
28(11
12(8'
13(9
29(11
10(9’
31(13
39(12
4314
81(18
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C(33)
C(34
C(35,
C(36
C(37
C(38
C(39)
C(40)
c(1
c(42
C(43)
C(44
C(45,
C(46,
C(T7
C(48)
C(49)
C(50)
C(51
C(52)
C(53
C(54)
C(55,
C(56
C(57
C(58)
C(59)
C(60)
c(61
c(62)
C(63)
C(64)
C(65,
C(66
C(67
C(68)
C(69)
C(70,
c(71
c(72
C(73
C(74
C(75,
C(76,
c(77
C(78)
C(79)
C(80)
c(s1
c(82
C(83)
c(84)

150(20)
70(13)
92(16)
46(10)
57(12)

35(9)
69(13)

107(16)
52(10)
45(11)

100(16)

113(16)

150(20)

150(20)
99(17)

101(17)
91(14)
85(15)
51(10)
56(11)

29(9)
69(14)
60(15)
90(16)

180(30)

120(20)

108(19)

104(18)
88(16)
58(13)
58(12)
96(16)
69(13)
74(13)
59(12)
98(18)
67(14)
95(16)

120(20)
73(14)

170(30)

117(17)
80(14)
41(10)
50(11)
65(13)
52(11)
87(15)
79(15)
70(15)
80(18)
79(17)

80(16'
78(14
65(13
74(13
73(13
52(11
59(12
54(11
73(12
76(13
39(10'
98(15,
77(15
64(14
71(14
59(12
93(15
54(11

43(9)

50(10'
102(17
130(20
130(20

61(14

72(16
170(30
180(30
120(20
170(30
140(20

82(15

88(15.
170(20
105(17
160(20
170(30

92(18
130(20
140(20
160(30
170(30

61(13
140(20

63(13

59(12

71(15

60(13'

89(17

62(14
110(20
170(30
100(20

93(18)
70(14)
94(16)
74(14)
79(14)
71(13)
77(14)
55(15)
76(16)
73(16)
94(19)
19(13)
56(16)
150(30)
59(16)
130(20)
74(16)
75(17)
36(11)
67(14)
37(11)
73(16)
87(18)
93(19)
150(30)
90(20)
64(18)
72(17)
51(15)
62(15)
48(13)
72(15)
52(13)
50(14)
66(17)
32(15)
72(19)
55(16)
75(18)
120(20)
49(17)
90(20)
86(18)
76(16)
61(14)
77(19)
83(16)
66(15)
130(20)
89(19)
210(40)
250(40)

23(13
20(11
34(12
24(11
23(11
9(10!
29(11
8(11
27(12
20(12
21(12
~11(12
~14(12
32(16
4(13)
29(14
18(14
~3(12)
9(9)
13(10
13(12
34(16
24(16
~10(14
4317
50(20'
60(20'
59(17
49(18
25(15
5(13]
47(13
66(16
18(13
42(18
6(16
~3(16
18(16
19(18
100(20
11(19
~11(14
38(17
9(12)
10(12
~3(15,
8(12)
~7(13
14(16
717
70(30'
70(20'

57(16)
34(11)
62(13)

16(9)
34(10)
11(8)
29(10)
43(13)
20(10)
~22(10)
60(15)
4(11)
29(16)
90(20)
41(14)
85(16)
47(14)
29(13)
18(9)
41(11)
-2(8)
10(11)
4(13)
35(14)

110(20)

~28(16)
17(14)
31(14)
15(12)
1(11)
13(10)
41(13)
31(11)
24(12)
7(12)
8(13)
-5(13)
31(13)
1(17)
31(16)
41(18)
23(15)
48(13)
5(11)
17(10)
11(13)
16(11)
2(12)
~10(15)
16(14)
50(20)
60(20)

11. Appendix

57(15
36(12
15(11
12(10
35(11
9(9)
36(11
13(11
34(9
-6(9)
17(10
40(12
34(15
62(15
22(12
40(12
55(12
16(10
15(8;
10(9
4(11
35(16
0(14;
~7(14)
39(18'
60(20'
70(20'
46(17
60(19'
28(13
~15(12
4414
67(16
52(14
4414
78(19
40(14
70(16
83(19
57(15,
150(30
4112
44(16
1(10'
9(10'
27(12
17(10
48(13
23(12
56(15.
74(19
26(16
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C(85; 69(14) 180(30 120(20) 50(15) 61(17
C(86; 59(12) 96(17 85(17) 18(12) 49(12
C(87; 94(14) 88(16 69(14) 20(12) 60(13
C(88 88(13) 67(12 47(13) 33(11) 39(10
C(89; 72(12) 53(12 63(14) 11(10) 32(10
C(90; 50(10) 67(13 60(13) 12(10) 37(10
Cc(91 72(13) 72(15 64(15) 8(12) 42(12
C(92 62(12) 47(10 120(20) 47(13) 34(9
C(93 72(13) 67(12 56(14) 16(11) 19(10
C(94 100(17) 71(13 130(20) 89(18) 15(12
C(95 41(11) 82(14 110(19) 6(12) 8(9)
C(96; 73(15) 125(19 120(20) -3(16) 37(13
C(97; 90(20) 200(30 100(20) 4(17) 10(18
C(98 67(15) 160(20 85(19) -7(14) 13(14
C(99; 52(13) 92(15 82(17) -3(13) 0(10
C(100 81(15) 109(16 86(17) 52(13) 23(12
C(101 68(12) 97(14 47(13) 17(11) 23(10
C(102 61(12) 81(13 62(14) 30(11) 24(10
C(103 50(10) 53(10 73(14) 28(10) 24(8
C(104 54(12) 92(14 73(15) 9(11) 21(10
C(105 90(15) 104(17 53(13) 45(12) 43(14
C(106 93(15) 74(13 105(17) 52(13) 50(13
c(1o7 97(15) 70(14 122(18) 49(14) 49(13
C(108 90(16) 89(16 80(15) 22(12) 58(14
C(109 84(16) 78(16 130(20) -10(14) 5(14
C(110 81(17) 120(20 140(20) -26(14) 3(15
C(111 57(13) 121(19 102(18) 6(11) 19(14
C(112 67(13) 110(17 59(13) 23(10) 49(14
C(113 90(17) 150(20 68(15) 19(13) 82(16
C(114 89(15) 121(18 72(15) 13(12) 65(15
C(115 96(15) 69(13 50(13) 18(11) 56(12
C(116 54(11) 92(15 59(12) 26(9) 43(11
C(117 75(14) 84(14 63(13) 14(10) 51(12

Table A25: Crystal data and structure refinemenf(fde,salR)Cu]

empirical formula CaHocCuF4N,0;

formula weight 483.9¢

temperature 293(2) K

wavelengtt 0.7107:A

crystal systen monoclinic

space grouj C2 (No. 5

unit cell dimension a=19.090(3) ., a =90°
b =16.624(3), B =101.06(1)°
c=11.36(2) A y=90°

volume 3539(1) B

z 6

density (calculate 1.362gcmi*

absorption coefficier 0.976 mntl

F(000 148:
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crystal siz

theta range for data collect
index range

reflections collecte
independent reflectio
data / restrain / parametel

Goodness—of-fit on
final R indices [I>2sigma(l
R indices (all dati
absolute structure parame
largest diff. peak and hc

0.1x0.2x0.5 md

1.64 to 27.41
-24<h<24
-21<k<21
-13<I<14
2367

7921 [R(int) = 0.094:

7921/1142
0.61(

R1=0.0477, wR2 =0.13
R1=0.1474, wR2 =0.15

-0.02(2

0.298 and —0.103 e B

11. Appendix

Table A26: Atomic coordinates ( x 4pand equivalent isotropic displacement parame(ﬁe?x 103) for

[(MessalR)Cu]. U(eq) is defined as one third of the trac¢hef orthogonalized Utensor.

X y z
Cu(l 0 7766(1 1000¢ 91(L
cu(2 197(1 7992(1 6733(1 89(1)
o(1) 667(4 6946(3 10056(6 94(2)
0(2) 1161(3 7757(4 7191(5 102(2
0(3) 496(3 9036(4 6661(5 100(2
N(1) 723(4 8626(4 10090(7 89(2)
N(2) ~94(4 6871(5 6765(6 91(2)
N(3) -818(4 8267(4 6314(6 86(2)
F(1) 1473(3 5622(4 10610(5 127(2
F(2) 3583(3 7117(4 11254(6 155(2
F(3) 2574(2 7647(3 7451(5 128(2
F(4) 2530(3 4848(3 7740(6 144(2
F(5) 1154(3 10458(3 7041(5 115(2
F(6) ~1016(3 11854(3 6225(6 144(2
C(1) 374(4 9435(5 9836(7 85(2)
C(2) 765(5 10145(5 10522(8 100(3'
o) 400(4 10896(5 10032(8 107(3
C(4) 1367(5 8509(5 9896(8 89(2)
C(5) 1756(4 9106(5 9257(7 105(2
C(6) 1735(4 7744(5 10241(7 93(2)
C(?) 1357(6 7017(5 10265(7 91(2)
c(8) 1819(5 6359(5 10595(8 101(2
C(9) 2532(6 6365(6 10910(8 112(3
C(10, 2848(5 7073(6 10884(9 109(3
c(11 2494(4 7768(6 10544(7 105(3
c(12 -892(5 6815(6 6622(8 98(3!
C(13) ~1232(5 6063(5 5937(9 109(3
c(14 -2021(5 6023(7 6083(10 135(4
C(15, -2413(5 6811(6 5757(9 117(3
C(16 ~2012(4 7543(5 6321(8 108(3'
c(17 ~1264(5 7555(5 6034(8 95(3
C(18) 302(5 6287(5 7350(8 94(3)
C(19) 13(4° 5616(5 8000(8 108(2
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C(20) 1079(5 6316(5 7406(7 93(2)
c(1 1451(5 7028(6 7373(8 99(3)
c(22 2209(5 6939(6 7476(8 103(2
C(23 2569(5 6240(7 7607(8 118(3
C(24) 2176(6 5545(6 7648(8 114(3
C(25, 1464(5 5563(5 7559(8 105(3
C(26 ~1070(4 8930(6 5836(7 89(2)
c(7 ~1741(4 9036(5 4914(7 105(2
C(28 ~664(4 9713(6 6145(7 94(3)
C(29) -1017(5 10421(6 6038(8 102(3
C(30) -667(5 11138(6 6300(9 114(3
C(31 90(5 11184(5 6634(8 107(3
c(32 428(4 10453(6 6716(7 99(2]
C(33 92(5 9694(6 6508(7 94(2)

Table A27: Bond lengths [A] and angles [°] for [(MelR)Cu]

Cu(1-0(1) 1.859(6 C(6)-C(7) 1.4(1)
Cu(1-O(1)#1 1.859(6 C(6)-C(11) 1.4%(1)
Cu(1-N(1)#1 1.975(8 C(7)-C(8) 1.41(1)
Cu(1-N(1) 1.975(8 C(8)-C(9) 1.34(1)
Cu(2-0(3) 1.834(7 C(9)-C(10) 1.35(1)
Cu(2-0(2) 1.855(5 C(10-C(11) 1.36(1)
Cu(2-N(3) 1.957(7 C(12-C(17) 1.5(1)
Cu(2-N(2) 1.947(8 C(12-C(13) 1.55(1)
O(1)-C(7) 1.30() C(13-C(14) 1.55(1)
0(2)-C(21) 1.35(1) C(14-C(15) 1.5%(1)
0(3)-C(33) 1.35(1) C(15-C(16) 1.51(1)
N(1)-C(4) 1.31(1) C(16)-C(17) 1.5%(1)
N(1)-C(1) 1.5((1) C(18-C(20) 1.47(1)
N(2)-C(18) 1.35(1) C(18-C(19) 1.5((1)
N(2)-C(12) 1.5((1) C(20-C(21) 1.65(1)
N(3)-C(26) 1.2§(1) C(20-C(25) 1.44()
N(3)-C(17) 1.4€(1) C(21-C(22) 1.44(1)
F(1)-C(8) 1.3¢(1) C(22-C(23) 1.34()
F(2)-C(10) 1.3¢(1) C(23-C(24) 1.34(1)
F(3)-C(22) 1.370(9 C(24)-C(25) 1.341)
F(4)-C(24) 1.336(9 C(26)-C(28) 1.52()
F(5)-C(32) 1.363(9 C(26)-C(27) 1.5((1)
F(6)-C(30) 1.36(1) C(28-C(29) 1.35(1)
C(1)-C(2) 1.55(1) C(28-C(33) 1.4%(1)
C(1)-C(1)#1 1.54(2) C(29)-C(30) 1.37(1)
C(2)-C(3) 1.4¢(1) C(30-C(31) 1.4%(1)
C(3)-C(3)#1 1.51(2) C(31-C(32) 1.37(1)
C(4)-C(6) 1.47(1) C(32-C(33) 1.4%(1)
C(4)-C(5) 1.51()

O(1)-Cu(1-O(1)#1 85.6(4 C(10-C(11)-C(6) 118.3(9
O(1)-Cu(1-N(1)#1 178.7(3 C(17-C(12-N(2) 112.3(8
O(L)#1-Cu(L-N(1)#1 93.5(3 C(17-C(12-C(13 108.6(7

O(1)-Cu(1-N(1) 93.5(3 N(2)-C(12-C(13] 115.0(8
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O(1)#1-Cu(1-N(1) 178.7(3 C(14-C(13-C(12) 107.7(8
N(1)#1-Cu(1-N(1) 87.3(4 C(15-C(14-C(13 112.4(8
O(3)-Cu(2-0(2) 84.9(3 C(16-C(15-C(14] 113.9(8
O(3)-Cu(2-N(3) 94.0(3 C(15-C(16-C(17 109.8(8
O(2)-Cu(2-N(3) 177.5(3 N(3)-C(17-C(12) 111.0(6
O(3)-Cu(2-N(2) 177.6(3 N(3)-C(17-C(16 119.8(8
O(2)-Cu(2-N(2) 93.7(3 C(12-C(17-C(16 106.0(7
N(3)-Cu(2-N(2) 87.5(3 N(2)-C(18-C(20) 118.1(8
C(7)-O(1)-Cu(1) 127.1(5 N(2)-C(18-C(19) 124.2(9
C(21-0(2)-Cu(2) 126.6(5 C(20-C(18-C(19) 117.7(8
C(33-0(3)-Cu(2) 127.3(6 C(21-C(20-C(25) 119.5(9
C(4)-N(1)-C(1) 119.8(7 C(21-C(20-C(18 122.9(8
C(4)-N(1)-Cu(l, 123.7(6 C(25-C(20-C(18 117.5(8
C(1)-N(1)-Cu(1] 111.0(5 0(2)-C(21-C(20, 125.6(8
C(18-N(2)-C(12) 118.5(8 0(2)-C(21-C(22) 119.3(8
C(18-N(2)-Cu(2) 124.9(6 C(20-C(21-C(22) 115.0(9
C(12-N(2)-Cu(2) 110.1(6 C(23-C(22-F(3) 119.5(9
C(26-N(3)-C(17) 116.7(7 C(23-C(22-C(21) 125.8(9
C(26-N(3)-Cu(2) 125.3(6 F(3-C(22-C(21 114.7(8
C(17-N(3)-Cu(2) 111.95 C(22-C(23-C(24) 117.1(9
N(1)-C(1)-C(2) 116.0(6 F(4)-C(24-C(25 121(3)
N(1)-C(1)-C(1)#1 110.5(5 F(4)-C(24-C(23 117(1)
C(2)-C(1-C(1)#1 105.1(6 C(25-C(24-C(23, 121.7(9
C(3)-C(2-C(2) 108.1(7 C(24-C(25-C(20' 120.8(9
C(2)-C(3)-C(3)#1 114.4(6 N(3)-C(26-C(28) 120.4(8
N(1)-C(4)-C(6) 120.1(8 N(3)-C(26-C(27 126.7(9
N(1)-C(4)-C(5) 123.4(8 C(28-C(26-C(27 112.9(8
C(6)-C(4)-C(5) 116.4(8 C(29-C(28-C(33) 120.4(9
C(7)-C(6)-C(11] 121.3(8 C(29-C(28-C(26 120.1(8
C(7)-C(6)-C(4) 121.8(7 C(33-C(28-C(26 119.4(9
C(11-C(6)-C(4) 116.9(8 C(28-C(29-C(30! 121.6(9
O(1)-C(7)-C(6) 125.5(8 F(6)-C(30-C(29 122.3(9
O(1)-C(7)-C(8) 122.5(8 F(6)-C(30-C(31 115.5(9
C(6)-C(7)-C(8) 112.0(9 C(29-C(30-C(31) 122.2(8
C(9)-C(8)-F(1) 117.6(9 C(32-C(31-C(30! 114.3(8
C(9)-C(8)-C(7) 128.1(9 F(5)-C(32-C(31 117.0(8
F(1)-C(8)-C(7) 114.3(8 F(5)-C(32-C(33 117.1(8
C(10-C(9)-C(8) 116.4(9 C(31-C(32-C(33 125.9(8
C(9)-C(10-C(11 123.9(8 O(3)-C(33-C(32) 118.6(8
C(9)-C(10-F(2) 118.6(8 O(3)-C(33-C(28) 125.9(8
C(11-C(10-F(2) 117.5(9 C(32-C(33-C(28, 115.5(9

Symmetry transformations used to generate equivatems: #1 —x,y,-z+2

Table A28: Anisotropic displacement parameter%x(,&03) for [(Me,salR)Cu]. The anisotropic
displacement factor exponent takes the form2raga*2Ull+ . + 2 h k ax b* U2]

yll u22 u33 uy23 uyl3 ul?
Cu(1 91(1) 93(2 89(1) 0 15(2) 0
Cu(2 85(1) 97(1 86(1) 0(1) 15(2) 0(1)
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0(1) 98(5) 81(4 102(4) 0(3) 18(4) -5(3)
0(2) 99(4) 93(5, 113(4) 7(3) 22(3) 12(4,
O(3) 89(4) 89(4 120(5) -1(4) 12(3) 12(3;
N(1) 85(5) 86(5, 95(5) -2(4) 16(4) 7(3)
N(2) 85(4) 112(6 77(4) -4(4) 17(3) -13(4,
N(3) 99(5) 71(4 88(4) 8(3) 22(4) 1(4)
F(1) 122(4) 118(4 139(4) 5(3) 20(3) 26(3]
F(2) 102(4) 148(4 212(6) 10(4 26(4) 28(3;
F(3) 93(3) 142(5, 152(4) 20(3 28(3) 5(3)
F(4) 137(4) 122(4 166(5) 5(3) 13(3) 43(3]
F(5) 90(3) 110(4 134(4) -3(3) -4(3) -4(3)
F(6) 131(4) 107(4 188(6) -2(3) 17(4) 26(3;
C(1) 90(5) 89(6 74(5) 0(4) 8(4) 1(4)
C(2) 106(6) 89(6 103(6) -1(5) 12(5) -5(5)
C(3) 133(6) 84(5 109(6) -9(5) 35(6) -8(4)
C(4) 82(6) 94(6 90(6) 1(5) 12(4) 1(4)
C(5) 103(5) 106(6 107(6) 0(5) 20(5) -4(4)
C(6) 94(5) 103(6 82(5) -2(4) 18(4) 14(5,
C(7) 115(7) 85(6 74(5) -1(4) 21(5) 0(5)
C(8) 110(7) 87(6 108(6) 8(5) 26(5) 0(5)
C(9) 112(7) 110(7 117(7) -2(5) 26(5) 30(6,
C(10; 86(6) 116(7 125(8) 8(5) 20(5) 23(5,
C(11 91(5) 122(8 104(5) 2(5) 23(4) 2(5)
C(12 90(6) 112(7 89(6) 0(5) 14(5) -18(5,
C(13; 116(7) 102(6, 104(6) -14(5, 12(5) -9(5)
C(14; 124(8) 167(11 113(8) -26(7, 16(6) -54(7
C(15 102(6) 127(8 122(7) -2(6) 16(5) -17(6
C(16 88(5) 138(8 99(6) 14(5 21(4) -10(5,
C(17; 99(6) 107(7 77(5) -1(4) 12(4) -7(5)
C(18 114(7) 85(6 79(6) -6(5) 5(5) 9(5)
C(19; 119(6) 90(5, 114(7) 15(4 22(5) -2(4)
C(20; 108(7) 91(6 80(5) 3(4) 17(4) 5(5)
C(21, 86(6) 121(8 89(6) -6(5) 13(4) -6(5)
C(22 105(6) 105(7 98(6) 11(5 14(5) -7(6)
C(23 108(7) 141(9 105(7) 13(6; 19(5) 34(7,
C(24, 124(8) 108(7 104(6) 12(5 8(5) 39(6
C(25 115(8) 92(6 102(6) 5(5) 7(5) 16(5,
C(26; 79(5) 111(7 78(5) -12(5, 16(4) 6(5)
C(27, 87(5) 120(6 101(6) 4(5) 4(4) 7(4)
C(28; 77(5) 120(7 84(5) -4(5) 12(4) 2(5)
C(29; 96(6) 103(7 104(6) -12(5, 14(4) 9(6)
C(30; 118(7) 106(7 117(7) 13(5; 20(5) 36(6,
C(31 115(7) 97(6 106(6) 12(5 11(5) 5(5)
C(32 86(6) 108(7 97(6) 1(5) 4(4) 0(5)
C(33 100(6) 100(6 81(5) -7(4) 14(4) -6(5)

Table A29: Crystal data and structure refinemenfQu(triaz))

empirical formula C4oH4cCl,CUN:O;
formula weight 777.2°
temperature 293(2) k
wavelengtt 0.71073 /
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crystal systen triclinic

space group P1 (No. 2)

unit cell dimension a=11.2380) A a = 85.54(2)°
b =13.151(2), B =82.78(2)°
c =13.648(2) y = 80.88(2)°

volume 1972.2(5) B

z 2

density (calculate 1.309gcm*

absorption coefficier 0.731 mntl

F(000 814

crystal siz¢ 0.2x0.2x0.4 md

theta range for data collect 2.52 t0 28.20

index range -14<h<14
-17 <k <17
-18<1<18

reflections collecte 2404(

independent reflectio 8889 [R(int) = 0.169:

data / restraints / paramet 8889/6/49

Goodness—of-fit on 0.59¢

final R indices [I>2sigma(l
R indices (all dat:
largest diff. peak and hc

R1=0.0522, wR2 = 0.12
R1=0.2273, wR2 = 0.20

0.264 and —0.402 e B

Table A30: Atomic coordinates ( x 4pand equivalent isotropic displacement parame(ﬁe?x 103) for
[Cu(triaz)]. U(eq) is defined as one third of the trace @ ¢ithogonalized Utensor.

X y V4 U(eq]
Cu(1 2072(1 2348(1 9089(1 54(1
Cl(1) 276(3 917(3 13271(2 87(1
Cl(2) 4915(3 -1085(2 6631(2 86(1
CI(3) -1841(12 268(10 13171(9 93(4
Cl(4) 6954(15 -1559(14 7345(14 134(6
0(1) 1924(4 2158(4 777503 64(2
0(2) 2077(4 3074(4 10199(4 60(1;
N(1) 512(5 1872(4 9517(4 48(1;
N(2) -273(5 1650(4 8908(4 48(1)
N(3) -1189(5 1191(5 9355(4 56(2;
N(4) 3829(5 1820(5 9082(4 50(2]
N(5) 4526(5 2017(4 9777(4 46(1)
N(6) 5592(5 1403(5 9771(4 54(2
C(1) 5592(6 760(6 9043(5 52(2;
C(2) 6469(7 -57(6, 8712(6 62(2
C(3) 6235(7 -605(7 7963(6 69(2
C(4) 5120(7 -344(6 7539(6 62(2
C(5) 4255(6 456(6 7848(5 57(2
C(6) 4507(6 1011(6 8617(5 49(2
C(7) 2993(5 3297(5 10633(5 46(2
C(8) 2744(6 4078(5 11346(5 49(2
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C(9) 3708(6 4289(5 11791(5 50(2)
C(10) 4910(6 3814(6 11606(5 49(2,
c(11) 5131(6 3061(6 10925(5 49(2,
c(12) 4193(6 2823(5 10448(5 44(2,
C(13) 1473(6 4711(6 11572(5 56(2)
C(14) 1191(8 5417(7 10648(6 80(3
C(15) 481(7 4023(7 11841(7 80(3.
C(16) 1420(7 5390(7 12434(6 76(2
Cc(17) 5892(7 4152(6 12122(6 62(2
C(18) 5491(9 4208(8 13233(6 89(3
C(19) 6110(9 5229(8 11675(8 101(3
C(20) 7075(7 3388(8 11989(8 95(3
c(21) ~996(6 1101(6 10316(5 50(2]
c(22) ~1673(7 663(6. 11147(6 66(2
C(23) ~1266(7 626(6. 12032(6 64(2
C(24) ~186(7 1036(6 12126(5 60(2
C(25) 489(6 1486(6 11351(5 51(2)
C(26) 52(6 1511(5 10427(5 46(2)
c(7 916(6' 2170(6 7356(5 50(2]
C(28) 900(6' 2458(6 6324(5 55(2)
C(29) ~152(6 2426(6 5910(6 61(2
C(30) ~1235(6 2168(6 6427(6 58(2)
C(31) ~1207(6 1908(6 7422(5 54(2)
C(32) ~177(6 1914(5 7867(5 46(2)
C(33) 2015(7 2806(7 5693(5 67(2
C(34) 2300(12 3769(11 6098(9 143(6
C(35) 3107(8 1978(11 5678(8 129(5
C(36) 1784(9 3078(10 4638(6 115(4
C(37) -2374(8 2212(8 5919(6 79(3
C(38) ~2413(14 2931(17 5061(14 259(13
C(39) ~2405(12 1134(13 5601(12 176(7
C(40) -3512(9 2407(13 6640(9 152(6

Table A31: Bond lengths [A] and angles [°] for [@igz),]

Cu(1-0(2) 1.854(5 C(9)-C(10) 1.396(9
Cu(1-0(1) 1.861(5 C(10-C(11) 1.3¢(1)
Cu(1-N(1) 1.959(5 C(10-C(17) 1.520(9
Cu(1-N(4) 1.986(6 C(11-C(12) 1.393(8
CI(1)-C(24) 1.696(8 C(13-C(16) 1.52(1
Cl(2)-C(4) 1.694(8 C(13-C(15) 1.54()
CI(3)-C(23) 1.67(1) C(13-C(14) 1.54(1
Cl(4)-C(3) 1.62(2) C(17-C(18) 1.55(1)
O(1)-C(27) 1.330(8 C(17-C(20) 1.54(1)
0(2)-C(7) 1.331(7 C(17-C(19) 1.54(1)
N(1)-C(26) 1.364(8 C(21)-C(26) 1.399(9
N(1)-N(2) 1.364(7 C(21-C(22) 1.420(9
N(2)-N(3) 1.334(7 C(22-C(23) 1.34(1)
N(2)-C(32) 1.430(8 C(23-C(24) 1.45(1)
N(3)-C(21) 1.350(8 C(24-C(25) 1.374(9

N(4)-C(6) 1.357(9 C(25-C(26) 1.406(9
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N(4)-N(5)
N(5)-N(6)
N(5)-C(12)
N(6)-C(1)
C(1)-C(6)

}_
C(2-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(7)-C(12)
C(7)-C(8)
}_
}_

C(8)-C(13)

o2
o2

~Cu(1-0(1)
~Cu(1-N(1)
O(1)-Cu(1-N(1)
O(2)-Cu(1-N(4)
O(1)-Cu(1-N(4)
N(1)-Cu(1-N(4)
C(27-0(1)-Cu(L;
C(7)-0(2)-Cu(1;
C(26)-N(1)-N(2)
C(26)-N(1)-Cu(l;
N(2)-N(1)-Cu(L,
N(3)-N(2)-N(1)
N(3)-N(2)-C(32,
N(1)-N(2)-C(32,
N(2)-N(3)-C(21,
C(6)-N(4)-N(5)
C(6)-N(4)-Cu(L,
N(5)-N(4)-Cu(L,
N(6)-N(5)-N(4)
N(6)-N(5)-C(12;
N(4)-N(5)-C(12,
N(5)-N(6)-C(1)
N(6)-C(1)-C(6)
N(6)-C(1)-C(2)
C(6)-C(1)-C(2)
C(3)-C(2-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-Cl(4)
C(4)-C(3)-Cl(4)

)_

)_

)_

~

~

C(5 -C(3)
C(5 -Cl(2)
C(3 -Cl(2)
C(4)-C(5)-C(6)
N(4)-C(6)-C(1)
N(4)-C(6)-C(5)
C(1)-C(6)-C(5)
O(2)-C(7)-C(12;

Moo NN N o

N~

1.367(7
1.334(7
1.429(8
1.354(9
1.398(9
1.40(1)
1.37(1)
1.45(1)
1.37(1)
1.405(9
1.394(9
1.44(1)
1.382(9
1.54(1)

157.1(2
95.6(2
90.9(2
91.1(2
98.5(2

138.6(2

128.2(4

130.9(4

103.3(5

130.1(4

125.6(4

115.2(5

120.9(5

123.9(5

103.7(5

103.9(5

129.3(4

124.5(4

114.4(5

121.0(5

124.6(5

104.2(6

109.3(7

129.8(7

120.8(7

118.2(7

120.4(8

135.7(10

103.9(9

122.2(7

121.4(7

116.4(7

116.8(7

108.2(6

130.2(7

121.6(7

124.5(6

C(27-C(32)
C(27-C(28)
C(28-C(29)
C(28-C(33)
C(29-C(30)
C(30-C(31)
C(30-C(37)
C(31-C(32)
C(33-C(36)
C(33-C(35)
C(33-C(34)
C(37-C(38)
C(37-C(40)
C(37-C(39)

C(16-C(13-C(14)
C(15-C(13-C(14)
C(16)-C(13-C(8)

C(15-C(13-C(8)

C(14-C(13-C(8)

C(10-C(17-C(18
C(10-C(17-C(20!
C(18-C(17-C(20!
C(10-C(17-C(19
C(18-C(17-C(19
C(20-C(17-C(19
N(3)-C(21-C(26)

N(3)-C(21-C(22)

C(26-C(21-C(22)
C(23-C(22-C(21)
C(22-C(23-C(24]
C(22-C(23-CI(3)
C(24-C(23-CI(3)
C(25-C(24-C(23)
C(25-C(24-CI(1)
C(23-C(24-CI(1)
C(24-C(25-C(26
N(1)-C(26-C(21

N(1)-C(26-C(25)

C(21-C(26)-C(25
O(1)-C(27-C(32)

O(1)-C(27-C(28

C(32-C(27-C(28
C(29-C(28-C(27
C(29-C(28-C(33)
C(27-C(28-C(33)
C(28-C(29-C(30)
C(31-C(30-C(29!
C(31-C(30-C(37,
C(29-C(30-C(37,
C(32-C(31-C(30
C(31-C(32-C(27

11. Appendix

1.410(9
1.43%(1)
1.380(9
1.539(9
1.405(9
1.3¢(1)
1.5%(1)
1.375(8
1.50())
1.51(1)
1.51(1)
1.45(1)
1.51(1)
1.52(2)

108.1(7
109.5(7
111.6(6
112.4(6
108.1(6
110.4(6
111.2(7
107.8(7
108.1(7
109.4(8
109.9(7
109.8(6
129.5(6
120.7(6
118.4(7
120.0(7
132.8(8
107.0(7
124.0(7
119.8(6
116.3(6
115.2(6
108.0(6
130.2(6
121.7(6
124.0(6
119.8(6
116.1(6
118.0(6
120.8(7
121.2(6
125.3(7
115.8(6
122.6(6
121.6(7
121.2(6
123.6(6
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0(2)-C(7)-C(8)
C(12-C(7)-C(8)
C(9)-C(8)-C(7)
C(9)-C(8)-C(13)
C(7)-C(8)-C(13)
C(8)-C(9)-C(10
C(11-C(10-C(9)
C(11-C(10-C(17)
C(9)-C(10-C(17)
C(10-C(11-C(12)
C(11-C(12-C(7)
C(11-C(12-N(5)
C(7)-C(12-N(5)
C(16-C(13-C(15)

118.6(6
116.9(6
117.5(6
120.2(6
122.3(6
125.6(7
116.2(6
123.8(6
120.0(7
120.6(7
123.2(7
115.5(6
121.2(6
107.0(6

C(31-C(32-N(2)

C(27-C(32-N(2)

C(36)-C(33-C(35)
C(36)-C(33-C(34)
C(35-C(33-C(34)
C(36-C(33-C(28
C(35-C(33-C(28)
C(34-C(33-C(28)
C(38-C(37-C(40)
C(38-C(37-C(39)
C(40-C(37-C(39)
C(38-C(37-C(30)
C(40-C(37-C(30)
C(39-C(37-C(30)

11. Appendix

115.8(6
120.7(5
107.1(8
106.9(9
109.8(9
111.7(6
112.0(7
109.2(7

111(1)

110(1)

103(1)
113.48)
111.7(7
107.5(9

Table A32: Anisotropic displacement parameterdx(A03) for [Cu(triaz)]. The anisotropic displacement
factor exponent takes the form: 2pp2a*2U1l+ . + 2 h k a* b* 32]

ull u22 u33 u23 ul3 ul?
Cu(1 43(1) 68(1 52(1) -13(1 -7(1) -6(1)
Cl(2) 98(2) 112(3 52(2) 0(2) -15(1) -17(2
Cl(2) 90(2) 88(2 83(2) -46(2 -7(2) -2(2)
CI(3) 101(8) 95(10 87(8) -15(7 0(7) -33(8
Cl(4) 127(12) 127(14 139(14) -22(11 -17(10) 16(11
o(1) 44(3) 100(5 49(3) -11(3 -8(2) -10(3
0(2) 42(2) 76(4 64(3) -28(3 -14(2) -2(3)
N(1) 50(3) 51(4 43(3) -2(3) -16(3) -2(3)
N(2) 51(3) 48(4 44(3) —-6(3) -9(3) -1(3)
N(3) 52(3) 62(4, 56(4) -1(3) -4(3) -17(3
N(4) 48(3) 57(4, 46(3) —-6(3) -3(3) -11(3
N(5) 41(3) 49(4 47(3) -5(3) -7(2) -3(3)
N(6) 40(3) 58(4, 61(4) -5(3) -10(3) 4(3)
C@ 42(4) 59(5 57(5) -12(4 -6(3) -3(4)
C(2 48(4) 66(6 71(5) -10(4 -7(4) 1(4)
C@3 68(5) 63(6 72(6) -14(4 9(4) -10(5
C@4) 65(5) 59(6 63(5) -18(4 10(4) -13(5
C(5) 50(4) 68(6 56(5) -17(4 0(3) -15(4
C(6) 49(4) 49(5 50(4) -6(3) -3(3) -10(4
Cc( 35(3) 49(5 54(4) —4(3) -13(3) -1(3)
C(8) 49(4) 44(5 56(4) —4(3) -14(3) -1(4)
C(9) 56(4) 48(5 45(4) -9(3) -17(3) 4(4)
c(10 44(4) 47(5 58(4) —-6(3) -16(3) -2(4)
c(1, 42(4) 50(5; 56(4) 1(4) -13(3) -6(4)
c@1z2 38(3) 46(5 48(4) -8(3) -11(3) 0(3)
c(@13 54(4) 57(5 57(5) -20(4 -10(3) 6(4)
c(4 79(5) 79(7, 78(6) -8(5) =27(5) 17(5
C(15 64(5) 86(7 90(7) -34(5 11(4) -16(5
Cc(16 69(5) 74(6 85(6) -32(5 -18(4) 10(5
c@ar, 59(4) 62(6 72(5) -10(4 -26(4) -11(4
c(18 100(7) 117(8 63(6) -18(5 -37(5) -25(6
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Cc(19 102(7) 100(8 117(8) 12(7 -46(6) -48(7
C(20; 57(5) 102(8 135(9) =27(7, -44(5) -5(5)
C(21, 53(4) 51(5, 45(4) -8(3) -7(3) -3(4)
C(22 60(4) 75(6 62(5) 1(4) 7(4) -20(5,
C(23 73(5) 67(6, 51(5) 0(4) -4(4) -11(5,
C(24, 71(5) 59(5, 45(4) -5(4) -10(4) 9(4)
C(25 54(4) 56(5 38(4) -8(3) -7(3) 4(4)
C(26) 47(4) 37(4 52(4) -6(3) -4(3) -1(3)
c(27 45(4) 50(5' 57(5) -12(3 -7(3) -7(4)
C(28 52(4) 64(5 50(4) -11(4 -5(3) -12(4
C(29 57(4) 75(6 52(4) 2(4) -15(3) -8(4)
C(30; 51(4) 65(5, 62(5) 3(4) -22(4) -13(4,
C(31) 48(4) 59(5, 56(5) -2(4) -17(3) -10(4,
C(32) 46(4) 53(5, 41(4) 0(3) -17(3) -6(4)
C(33; 62(5) 102(7 41(4) -4(4) -6(3) -26(5,
C(34 160(11) 192(14 104(9) -37(9 25(8) -125(11
C(35 71(6) 217(15 79(7) 17(8 18(5) 8(8)
C(36) 102(7) 198(13 55(6) 317 -14(5) -63(8
C(37, 80(6) 99(8 68(6) 15(5, -39(5) -34(6;
C(38 153(12)  390(30 260(19)  240(20 -162(13) -138(16
C(39; 119(10) 221(17 219(16) -90(13 -81(10) -39(11
C(40; 60(6) 274(19 124(10) -22(11 -35(6) -3(9)

Table A33: Crystal data and structure refinement@N2
empirical formula C14H1:NO,
formula weight 229.2]
temperature 293(2) K
wavelengtt 0.71073 /
crystal systen triclinic
space group P1(No. 2)
unit cell dimension a=767(2)A a =108.17(2)°

b = 8.050(1) / B =93.82(2)°
c=11.358(2) / y =113.80(2)°
volume 594.6(2) A3
z 2
density(calculatec 1.281gen™*
absorption coefficier 0.086 mm"
F(000 244
crystal sizi 0.5x0.7x 1.1 m
theta range for data collecti 2.891t0 28.10
index range -10<h<1C
-10<k<10
-15<I1<14
reflections collecte 7187
independerreflection: 2652 [R(int) = 0.033:
data / restraints / paramet 2652/0/21
Goodness-of—fit on & 0.94%

final R indices [I>2sigma(l

R1 =0.0435, wR2 = 0.10
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R indices (all dat:
largest diff. peak and hc

R1=0.0811, wR2 = 0.11
0.171 and -0.147 e 8

11. Appendix

Table A34: Atomic coordinates ( x 4pand equivalent isotropic displacement paraméfefg 103) for

OON2. U(eq) is defined as one third of the tractheforthogonalized iUtensor.

X y z U(eq
o(1) 9628(2 7355(2 9479(1 53(1
0(2) 74742 3188(2 5763(1 52(1
N(1) 7495(2 2675(2 8646(1 51(1
C(1) 7228(2 4057(2 8367(1 39(1
C(2) 5411(3 4053(3 8246(2 55(1
C(3) 3840(3 2585(3 8407(2 63(1
C4) 4113(3 1155(3 8682(2 59(1
C(5) 5933(3 1247(3 8786(2 60(1
C(6) 9029(2 5741(2 8282(1 41(1;
C(7) 10711(3 5243(3 8077(2 49(1)
C(8) 8531(2 6388(2 7228(2 40(1)
C(9) 7822(2 5070(2 5961(2 41(1)
C(10; 7493(3 5676(3 4988(2 52(1
c(11 7847(3 7605(3 5277(2 62(1
Cc(12 8488(3 8901(3 6508(2 62(1
C(13 8825(3 8292(2 7484(2 51(1
C(14, 6933(3 1836(3 4491(2 55(1

Table A35: Bond lengths [A] and angles [°] for OON2

O(1)-C(6)
O(2-C(9)
0O(2)-C(14)
N(1)-C(1)
N(1)-C(5)
C(1)-C(2)
C(1)-C(6)
C(2-C(3)
C(3)-C(4)

C(9)-0(2)-C(14

C(1)-N(1)-C(5
N(1)-C(1)-C(2
N(L-C(1-C(6

O(1)-C(6

6
1
2
3
4
7
8
8

(
(
(
(
(
(
(
(
(

NIDA 2Rt 2D TN Rl AN )

)
r
r
r
r
N(l) C(5)-
)
)
r
)

1

1.4452)
1.368()
1.421(2
1.332(2
1.345(2
1.390(2
1.531(2
1.377(3
1.370(3

118.3()
117.%2)
121.5(2)
117.52)
120.§(1)
1197(2)
118.8()
118.52)
123.9()
108.€2)
108.1(1)
109.5(1)
106.€(1)

C(4)-C(5)
C(6)-C(7)
C(6)-C(8)
C(8)-C(13)
)
C(9)-C(10)
C(10-C(11)
C(11-C(12)
C(12-C(13)

C(7)-C(6)-C(1)
C(8)-C(6)-C(1)
C(13-C(8)-C(9)
C(13)-C(8)-C(6)
C(9)-C(8)-C(6)
0(2)-C(9)-C(10,
O(2)-C(9)-C(8)
C(10:-C(9)-C(8)
C(9)-C(10-C(11;

C(12-C(11-C(10)
C(11)-C(12-C(13)

C(8)-C(13-C(12)

1.363(3
1.510(2
1.530(2
1.385(2
1.404(2
1.385(2
1.386(3
1.368(3
1.392(3

112.§1)
111.1(1)
118.1(1)
121.4()
120.41)
123.2()
116.¢(1)
120.4(1)
119.42)
120.7()
119.€2)
121.¢(2)
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Table A36: Anisotropic displacement parametergx(/il(ﬁ) for OON2. The anisotropic displacement
factor exponent takes the form: @m2ax2Ull+ . + 2 hka* b* 32]

yll u22 u33 u23 yls ul?
o(1) 54(1) 48(1 44(1) 7(1) 3(1) 19(1
0(2) 74(1) 40(1 38(1) 13(1 11(2) 24(1
N(1) 46(1) 48(1 58(1) 23(1 7(1) 16(1
Cc@ 39(1) 42(1 30(1) 9(1) 9(1) 141
C(2 49(1) 56(1 71(1) 31(1 21(1) 24(1
C@3 45(1) 67(1 80(1) 33(1 21(1) 22(1
c@4) 45(1) 57(1 58(1) 25(1 8(1) 5(1)
C(5) 56(1) 52(1 66(1) 30(1 6(1) 141
C(6) 41(1) 38(1 35(1) 9(1) 8(1) 141
C() 45(1) 54(1 44(1) 20(1 15(2) 172
C(8) 33(1) 40(1 46(1) 16(1 14(2) 151
C(9) 41(1) 40(1 45(1) 19(1 15(2) 18(1
c@o 55(1) 60(1 49(1) 27(1 14(2) 29(1
c@azx 64(1) 70(1 75(1) 47(1 21(1) 36(1
c@az 57(1) 47(1 91(2) 33(1 22(1) 27(1
c(@13 44(1) 40(1 67(1) 19(1 16(1) 18(1
c(4 64(1) 50(1 42(1) 8(1) 10(2) 25(1

Table A37: Crystal data and structure refinementf®N3

empirical formula CigH1:NO,

formula weight 291.3¢

temperature 293(2) K

wavelengtt 0.71073 /

crystal systen triclinic

space group P1(No. 2)

unit cell dimension a = 8.205(5) / a =71.752(5)°
b =8.721(5) / B =73.840(5)°
c=12.612(5) / y = 65.829(5)°

volume 770.1(7) B

z 2

density (calculate 1.256gcm *

F(000 30¢

crystal siz( 0.3x0.3x0.6 m

theta range for data collecti 1.731t027.32

index range -1C<h<1C
-11<k<11
-15<1<16

reflections collecte 724t

independent reflectio 3297 [R(int) = 0.041:

data /restraints / paramete 3297/01/25

Goodness—of-fit on & 0.88¢

final R indices [I>2sigma(l R1 =0.0440, wR2 = 0.10

R indices (all dat: R1=0.0947, wR2 =0.12
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extinction coefficien 0.081(8

largest diff. peak and hc 0.147 and -0.152 e B
Table A38: Atomic coordinates ( x 4pand equivalent isotropic displacement paramdikéx 103) for
OONB3. U(eq) is defined as one third of the tractheforthogonalized 'Utensor.

X y z U(eq,
o(1) 436(2 241(2 3828(1 64(1
0(2) 3689(2 ~1072(2 4395(1 77(1
N(1) 281(2 2683(2 1013(1 72(1
C(1) ~796(3 3103(3 237(2 75(1
C(2) ~1876(3 2204(3 327(2 73(1
C@3) ~1874(3 826(3 1223(2 76(1
C(4) ~794(3 382(3 2017(2 65(1
C(5) 262(2 1330(2 1904(1 51(1
C(6) 1467(2 847(2 2777(1 50(1
C(7) 1793(3 2430(2 2824(1 53(1
C(8) 3266(3 2803(3 2174(2 60(1
C(9) 3569(4 4226(3 2184(2 76(1
C(10) 2364(4 5335(3 2850(2 78(1
c(11) 864(4 4996(3 3506(2 83(1
c(12) 564(3 3536(3 3504(2 69(1
C(13) 3284(2 ~594(2 2526(1 51(1
C(14) 4360(3 ~1554(2 3372(2 60(1
C(15) 5981(3 -2883(3 3167(2 75(1
C(16) 6592(3 -3261(3 2110(2 76(1
Cc(17) 5595(3 ~2316(3 1259(2 69(1
C(18) 3959(3 ~1000(2 1474(2 58(1
C(19) 4600(4 ~2083(3 5336(2 103(1

Table A39: Bond lengths [A] and angles [°] for OON3

O(1)-C(6) 1.434(2 C(9)-C(10) 1.371(4
O(1)-H(20) 0.94(3 C(9)-H(9) 1.08(3
0(2)-C(14) 1.378(2 C(10-C(11) 1.366(4
0(2)-C(19) 1.430(2 C(10-H(10) 0.99(3
N(1)-C(5) 1.352(2 C(11-C(12) 1.393(3
N(1)-C(1) 1.366(3 C(11-H(11) 0.99(3
C(1)-C(2) 1.367(3 C(12-H(12) 0.94(2
C(1)-H(1) 1.02(2 C(13-C(18) 1.386(3
C(2)-C(3) 1.368(3 C(13-C(14) 1.406(2
C(2)-H(2) 0.98(3 C(14-C(15) 1.383(3
C(3)-C(4) 1.381(3 C(15-C(16) 1.380(3
C(3)-H(3) 1.02(3 C(15)-H(15) 0.95(2
C(4)-C(5) 1.378(3 C(16)-C(17) 1.372(3
C(4)-H(4) 0.97(2 C(16)-H(16) 0.98(3
C(5)-C(6) 1.531(2 C(17-C(18) 1.386(3
C(6)-C(7) 1.531(3 C(17-H(17) 0.98(2
C(6)-C(13) 1.534(2 C(18)-H(18) 0.97(2
C(7)-C(8) 1.358(3 C(19-H(19A) 0.960(
C(7)-C(12) 1.386(3 C(19)-H(19B) 0.960(
C(8)-C(9) 1.367(3 C(19)-H(19C) 0.960(
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C(8)-H(8) 0.67(2

C(6)-O(1)-H(20) 106(2 C(11)-C(10-C(9) 119.3(2
C(14-0(2)-C(19) 1193(2) C(11-C(10-H(10) 122(2)
C(5)-N(1)-C(1) 118.5(2) C(9)-C(10-H(10) 11¢(2)
N(1)-C(1)-C(2) 122.5(2 C(10-C(11-C(12) 120.4(2
N(1)-C(1)-H(1) 118(1) C(10-C(11-H(11) 122(1)
C(2)-C(1)-H(1) 11¢(1) C(12-C(11-H(11) 118(9)
C(1)-C(2)-C(3) 119.0(2 C(7)-C(12-C(11 119.6(2
C(1)-C(2-H(2) 11¢(1) C(7)-C(12-H(12) 119(2)
C(3)-C(2-H(2) 122(1) C(11-C(12-H(12) 121(1)
C(2)-C(3)-C(4) 119.4(2 C(18-C(13-C(14] 116.42)
C(2)-C(3)-H(3) 121(1) C(18-C(13)-C(6) 122.72)
C(4)-C(3)-H(3) 120(1) C(14-C(13-C(6) 120.52)
C(5)-C(4)-C(3) 1200(2) O(2)-C(14-C(15) 123.42)
C(5)-C(4)-H(4) 11¢(2) 0O(2)-C(14-C(13) 115.52)
C(3)-C(4)-H(4) 120(1) C(15-C(14-C(13) 121.52)
N(1)-C(5)-C(4) 121(2) C(16-C(15-C(14] 120.1(2
N(1)-C(5)-C(6) 118.7(2) C(16)-C(15-H(15) 12(1)
C(4)-C(5)-C(6) 120.42) C(14-C(15-H(15) 120(1)
O(1)-C(6)-C(7) 110.41) C(17-C(16-C(15) 120.1(2
O(1)-C(6)-C(5) 103.42) C(17-C(16-H(16) 122(1)
C(7)-C(6)-C(5) 110.7() C(15-C(16-H(16) 118(J)
O(1)-C(6)-C(13) 109.(1) C(16-C(17-C(18 119.6(2
C(7)-C(6)-C(13 110.1() C(16-C(17-H(17) 12(1)
C(5)-C(6)-C(13 111.%(1) C(18-C(17-H(17) 120(1)
C(8)-C(7)-C(12 118.8(2 C(13-C(18-C(17 122.2()
C(8)-C(7)-C(6) 120.42) C(13-C(18-H(18) 120(1)
C(12-C(7)-C(6) 120.2) C(17-C(18-H(18) 11€(1)
C(7)-C(8)-C(9) 121.6(2 O(2)-C(19-H(19A) 109.E
C(7)-C(8)-H(8) 122(2 O(2)-C(19-H(19B) 109.f
C(9)-C(8)-H(8) 117(2 H(19A)-C(19-H(19B) 109.f
C(8)-C(9)-C(10 120.3(3 O(2)-C(19-H(19C, 109.f
C(8)-C(9)-H(9) 123(2) H(19A)-C(19-H(19C 109.f
C(10-C(9)-H(9) 117(2) H(19B)-C(19-H(19C) 109.5

Table A40: Anisotropic displacement parametergx(ﬁl03) for OON3. The anisotropic displacement
factor exponent takes the form: 2pmZa*2Ull+ . + 2 h k a* b* 32]

yll u22 u33 u23 uyls ul?
o) 63(1) 77(1 46(1) -2(1) -8(1) -29(1
0(2) 79(1) 83(1 58(1) -13(1 -32(1) -8(1)
N(1) 80(1) 79(1 61(1) -1(1) -26(1) -34(1
c@ 85(2) 82(1 61(1) 0(1) -32(1) -31(1
C(2 70(1) 83(1 71(1) -16(1 -32(1) -20(1
C@3 72(1) 82(1 89(2) -18(1 -30(1) -33(1
Cc@4) 66(1) 64(1 70() -7(1) -21(1) =27(1
C(5) 51(1) 54(1 47(1) -9(1) -12(1) -17(1
C(6) 52(1) 55(1 43(1) -7(1) -10(1) -20(1
C() 57(1) 52(1 50(1) -9(1) -22(1) -13(1



final R indices [I>2sigma(l
R indices (all dat:
largest diff. peak and hc

R1=0.0477, wR2 = 0.09
R1=0.2007, wR2 = 0.12

1.011 and -0.489 e /B
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C(8) 62(1) 58(1 60(1) -14(1 -10(1) -23(1
C(9) 87(2) 69(1 82(1) -8(1) -27(1) -34(1
C(10; 91(2) 60(1; 93(2) -11(1 -41(1) -25(1
C(11 92(2) 63(1 94(2) -33(1 -30(1) -8(1)
C(12 64(1) 68(1; 74(1) -24(1 -13(1) -14(1
C(13 53(1) 49(1; 52(1) -8(1) -14(1) -18(1
C(14 63(1) 58(1 59(1) -10(1 -20(1) -17(1
C(15 67(1) 66(1 83(2) -10(1 -29(1) -9(1)
C(16 61(1) 65(1 91(2) -21(1 -11(1) -10(1
c@r7, 68(1) 66(1 71(1) -22(1 -6(1) -21(1
C(18 62(1) 56(1 57(1) -11(1 -11(1) -22(1
C(19 112(2) 111(2 73(1) -7(1) -54(2) -11(2

Table A41: Crystal data and structure refinemenf@m(OON3}(u—CI),CoChL]-CsHsO

empirical formula C41H4Cl4Ca:N,05

formula weight 900.4:

temperature 293(2) k

wavelengtt 0.71073 /

crystal systen triclinic

space group P1 (No. 2)

unit cell dimension a=8.983(2) a =92.74(2)°
b=12.107(3) B =97.43(2)°
¢ =19.539(5) / y =94.01(2)°

volume 2098.7(8) B

z 2

density (calculatet 1.425gcm*

absorption coefficier 1.089 mntl

F(000 924

crystal sizi 0.3x0.4x0.4 mM

theta range for data collect| 1.69to0 27.35

index range -11<h<1C
-15<k<15
-24<1<25

reflections collecte 2012t

independent reflectio 9100 [R(int) = 0.098:

data /restraints / paramete 9100/0/49

Goodness-of—fit on & 0.65¢

Table A42: Atomic coordinates ( x 4pand equivalent isotropic displacement parame(ﬁe?x 103) for

[Co(OON3)}(u—Cl),CoChL]-CsHeO. U(eq) is defined as one third of the trace @& tiithogonalized U
tensor.

X y z
5950(1 3457(1

U(eq,
47(1

Co(1) 2214(1
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Co(2
CI(1)
Cl(2)
CI(3)
Cl(4)
N(1)

N(2)

0(1)

0(2)
O(3)
O(4)
O(5)
C(1)
C(2)
C@3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10
c(11,
c(12)
C(13,
c(14)
C(15)
C(16)
c@r7,
C(18
C(19
C(20
C(21,
c(22)
C(23,
C(24)
C(25)
C(26,
Cc(@27,
C(28
C(29
C(30;
C(31)
C(32)
C(33
C(34)
C(35)
C(36,
C@7,
C(38
C(39
C(40

8628(1
8216(2
6116(2
9965(2
9648(2
4411(5
4361(5
7332(5
6890(7
7788(6
5783(4
7448(10
2916(8
1979(8
2582(7
4087(7
4953(7
6592(6
6667(7
5452(8
5553(10
6958(12
8182(10
8136(9
7369(6
7499(8
8195(8
8729(9
8600(8
7926(7
7056(12
3483(7
2304(7
1967(7
2846(7
4060(7
5135(6
4272(7
3550(8
2696(8
2501(8
3188(9
4084(7
6380(7
7736(8
8880(9
8720(10
7409(11
6273(8
9050(12
6688(15
6799(12

5411(1
4090(1
5335(1
4680(2
7008(1
2800(4
3750(4
2767(3
3807(5
984(4
1986(3
2095(7
2988(5
2673(6
2153(5
1947(5
2261(4
1965(4
837(4
82(5)
-975(6
1247(6
-497(7
606(6.
2016(5
2966(6
3068(7
2122(9
1153(8
1097(6
4898(7
4630(5
4716(6
3903(6
3006(5
2971(5
2042(5
938(5,
314(6,
~648(6
-999(6
-389(6
575(5.
2361(5
1805(6
2090(7
2917(8
3450(7
3168(6
311(9.
-3830(10
~2635(9

2222(1
3002(1
1744(1
1445(1
2730(1
1361(2
2878(2
1518(2
267(3
3569(3
2751(2
4663(4
1242(4
648(4
118(4
217(3
824(3
986(3'
1298(3
1251(3
1506(4
1818(4
1878(4
1621(3
336(3
~11(4
~599(4
-862(4
~557(4
34(3)
~36(5)
2835(3
3211(3
3641(4
3692(3
3309(3
3399(3
3484(3
2911(4
2977(4
3610(4
4192(4
4121(3
4003(3
4062(4
4593(5
5079(5
5045(4
4505(4
3678(5
4225(7
4184(6
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56(1)
62(1)
61(1)
76(1
92(1)
46(1
48(1)
51(1)
109(2
88(2)
49(1)
161(3
64(2)
73(2)
69(2)
58(2)
46(2)
43(1)
48(2)
56(2)
80(2)
88(3
88(2)
87(3)
51(2)
66(2)
81(2)
96(3)
85(2)
63(2)
140(4
60(2]
66(2)
67(2)
61(2)
49(2)
48(2)
50(2)
70(2)
74(2)
80(2)
78(2)
62(2)
53(2)
63(2)
86(2)
95(3)
94(3)
73(2)
180(6
189(6
98(3
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C(41) 6041(17 ~2291(13 3555(7 245(9

Table A43: Bond lengths [A] and angles [°] for [Q@N3)(u—Cl),CoCh]-CsHO

Co(1-N(2) 2.086(5 C(17-C(18) 1.373(9
Co(1-N(1) 2.109(5 C(17-H(17) 0.930(
Co(1-CI(1) 2.441(2 C(18-H(18) 0.930(
Co(1-CI(2) 2.494() C(19-H(19A) 0.960(
Co(2-Cl(4) 2.213(2 C(19)-H(19B) 0.960(
Co(2-CI(3) 2.240(2 C(19)-H(19C) 0.960(
Co(2-CI(1) 2.305() C(20-C(21) 1.372(8
Co(2-CI(2) 2.3212) C(20-H(20) 0.930(
N(1)-C(5) 1.368(7 C(21-C(22) 1.368(8
N(1)-C(1) 1.370(7 C(21)-H(21) 0.930(
N(2)-C(24) 1.331(7 C(22-C(23) 1.387(8
N(2)-C(20) 1.368(7 C(22-H(22) 0.930(
O(1)-C(6) 1.449(6 C(23-C(24) 1.402(8
O(1)-H(1) 0.820( C(23-H(23) 0.930(
0(2)-C(14) 1.316(8 C(24)-C(25) 1.534(7
0(2)-C(19) 1.480(8 C(25)-C(26) 1.524(8
0(3)-C(33) 1.358(8 C(25-C(32) 1.532(8
0(3)-C(38) 1.442(8 C(26)-C(31) 1.367(8
O(4)-C(25) 1.461(6 C(26)-C(27) 1.382(8
O(4)-H(4) 0.820( C(27-C(28) 1.370(8
0(5)-C(40) 1.18()) C(27-H(27) 0.930(
C(1)-C(2) 1.365(8 C(28-C(29) 1.356(9
C(1)-H(1) 0.930( C(28-H(28) 0.930(
C(2)-C(3) 1.375(9 C(29)-C(30) 1.3§(1)
C(2)-H(2) 0.930( C(29-H(29) 0.930(
C(3)-C(4) 1.383(8 C(30-C(31) 1.394(8
C(3)-H(3) 0.930( C(30-H(30) 0.930(
C(4)-C(5) 1.355(8 C(31-H(31) 0.930(
C(4)-H(4) 0.930( C(32-C(37) 1.369(8
C(5)-C(6) 1.536(8 C(32-C(33) 1.427(8
C(6)-C(7) 1.525(7 C(33-C(34) 1.3§(1)
C(6)-C(13) 1.529(8 C(34-C(35) 1.3%(1)
C(7)-C(8) 1.364(8 C(34-H(34) 0.930(
C(7)-C(12) 1.438(9 C(35)-C(36) 1.3¢(1)
C(8)-C(9) 1.399(8 C(35)-H(35) 0.930(
C(8)-H(8) 0.930( C(36)-C(37) 1.3§(1)
C(9)-C(10) 1.40(1) C(36)-H(36) 0.930(
C(9)-H(9) 0.930( C(37-H(37) 0.930(
C(10-C(11) 1.3%(1) C(38-H(38A) 0.960(
C(10-H(10) 0.930( C(38)-H(38B) 0.960(
C(11-C(12) 1.451(9 C(38)-H(38C) 0.960(
C(11-H(11) 0.930( C(39)-C(40) 1.45(1)
C(12-H(12) 0.930( C(39-H(39A) 0.960(
C(13-C(14) 1.368(8 C(39)-H(39B) 0.960(
C(13-C(18) 1.388(8 C(39-H(39C) 0.960(
C(14-C(15) 1.383(9 C(40-C(41) 1.42(1
C(15-C(16) 1.3¢(1) C(41-H(41A) 0.960(

C(15)-H(15) 0.930( C(41-H(41B) 0.960(
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C(16)-C(17)
C(16)-H(16)

N(2)-Co(1-N(1)
N(2)-Co(1-CI(1)
N(1)-Co(1-CI(1)
N(2)-Co(1-CI(2)
N(1)-Co(1-CI(2)
Cl(1)-Co(1-CI(2)
Cl(4)-Co(2-CI(3)
Cl(4)-Co(2-CI(1)
CI(3)-Co(2-CI(1)
Cl(4)-Co(2-CI(2)
CI(3)-Co(2-CI(2)
CI(1)-Co(2-CI(2)
Co(2-CI(1)-Co(1)
Co(2-CI(2)-Co(1)
C(5)-N(1)-C(1)
C(5)-N(1)-Co(L
C(1)-N(1)-Co(L
C(24-N(2)-C(20]
C(24-N(2)-Co(L]
C(20-N(2)-Co(1]
C(6)-O(1)-H(1)
C(14-0(2)-C(19]
C(33-0(3)-C(38)
C(25-0(4)-H(4)
C(2)-C(1-N(1)
C(2)-C(1)-H(1)

]_
N(1)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-N(1)
C(4)-C(5)-C(6)

N(1)-C(5)-C(6)
O(1)-C(6)-C(7)
O(1)-C(6)-C(13]
C(7)-C(6)-C(13,
O(1)-C(6)-C(5)
C(7)-C(6)-C(5)
C(13-C(6)-C(5)
C(8)-C(7)-C(12)
C(8)-C(7)-C(6)
C(12-C(7)-C(6)
C(7)-C(8)-C(9)

1.35(1)
0.930(

96.7(2)
98.41)
164.8()
97.%(1)
92.€(1)
86.44(6
113.98(9
112.63(8
107.93(7
117.49(7
108.94(8
93.87(7
86.45(6
84.87(6
114.9(5
118.7(4
125.7(4
118.2(5
117.9(4
123.4(4
109.5
118.3(7
115.8(7
109.5
125.0(6
117.5
117.5
117.8(6
121.1
121.1
119.0(7
120.f
120.f
120.3(6
119.¢
119.¢
122.9(5
122.6(5
114.4(5
106.1(4
110.5(4
112.0(4
107.1(4
110.9(5
110.1(5
122.3(6
122.8(5
114.9(6
122.3(7

C(41-H(41C)

H(19A)-C(19-H(19B)
0(2)-C(19-H(19C,
H(19A)-C(19-H(19C
H(19B)-C(19-H(19C
N(2)-C(20-C(21)
N(2)-C(20-H(20)
C(21)-C(20-H(20)
C(22-C(21-C(20)
C(22-C(21-H(21)
C(20-C(21-H(21)
C(21-C(22-C(23
C(21)-C(22-H(22)
C(23-C(22-H(22)
C(22-C(23-C(24)
C(22-C(23-H(23)
C(24-C(23-H(23)
N(2)-C(24-C(23)
N(2)-C(24-C(25)
C(23-C(24-C(25
O(4)-C(25-C(26)
O(4)-C(25-C(32)
C(26)-C(25-C(32)
O(4)-C(25-C(24)
C(26)-C(25-C(24)
C(32-C(25-C(24]
C(31-C(26)-C(27
C(31-C(26)-C(25)
C(27-C(26)-C(25)
C(28-C(27-C(26
C(28-C(27-H(27)
C(26)-C(27-H(27)
C(29-C(28-C(27
C(29-C(28-H(28)
C(27-C(28-H(28)
C(28-C(29)-C(30
C(28-C(29-H(29)
C(30-C(29-H(29)
C(29-C(30-C(31)
C(29)-C(30)-H(30)
C(31)-C(30-H(30)
C(26)-C(31-C(30)
C(26)-C(31-H(31)
C(30-C(31-H(31)
C(37-C(32-C(33)
C(37-C(32-C(25)
C(33-C(32-C(25
O(3)-C(33-C(34)
0(3)-C(33-C(32)
C(34-C(33-C(32)

11. Appendix

0.960(

109.f
109.f
109.f
109.f
122.0(6
119.C
119.C
120.0(6
120.¢
120.¢
118.7(6
120.7
120.
119.0(6
120.f
120.5
122.0(5
117.6(5
120.3(5
109.4(5
109.8(5
112.5(5
104.0(4
110.8(5
110.0(5
117.8(6
121.7(6
120.3(6
121.3(7
119.2
119.2
120.7(7
119.¢
119.¢
119.5(7
120.
120.
119.4(7
120.2
120.2
121.3(7
119.2
119.2
116.6(7
123.3(6
120.0(6
123.7(7
115.2(6
121.0(7
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C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10-C(9)-C(8)
C(10-C(9)-H(9)
C(8)-C(9)-H(9)
C(11-C(10-C(9)
C(11-C(10-H(10)
C(9)-C(10-H(10)
C(10-C(11-C(12)
C(10-C(11-H(11)
C(12-C(11-H(11)
C(7)-C(12-C(11
C(7)-C(12-H(12)
C(11-C(12-H(12)
C(14-C(13-C(18
C(14-C(13-C(6)
C(18-C(13-C(6)
0(2)-C(14-C(13
O(2)-C(14-C(15,
C(13-C(14-C(15
C(16-C(15-C(14
C(16)-C(15-H(15)
C(14-C(15-H(15)
C(17-C(16-C(15’
C(17-C(16-H(16)
C(15-C(16-H(16)
C(16-C(17-C(18
C(16-C(17-H(17)
C(18-C(17-H(17)
C(17-C(18-C(13
C(17-C(18-H(18)
C(13-C(18-H(18)
O(2)-C(19-H(19A)
0(2)-C(19-H(19B)

118.¢
118.¢
117.7(7
121.1
121.1
120.7(7
119.¢
119.¢
123.5(8
118.
118.
113.3(8
123.
123.
115.0(6
122.0(6
122.9(5
113.6(6
121.6(7
124.8(7
116.5(7
121.¢
121.¢
121.6(8
119.2
119.2
119.8(8
120.1
120.1
122.2(7
118.¢
118.¢
109.f
109.f

C(35)-C(34-C(33)
C(35-C(34-H(34)
C(33-C(34-H(34)
C(34-C(35-C(36)
C(34-C(35-H(35)
C(36)-C(35)-H(35)
C(35-C(36)-C(37
C(35-C(36)-H(36)
C(37-C(36)-H(36)
C(32-C(37-C(36)
C(32-C(37-H(37)
C(36)-C(37-H(37)
O(3)-C(38-H(38A)
O(3)-C(38-H(38B)
H(38A)-C(38-H(38B)
O(3)-C(38-H(38C
H(38A)-C(38-H(38C
H(38B)-C(38-H(38C]
C(40-C(39)-H(39A)
C(40-C(39)-H(39B)
H(39A)-C(39-H(39B)
C(40-C(39)-H(39C
H(39A)-C(39-H(39C
H(39B)-C(39-H(39C]
O(5)-C(40-C(41)
O(5)-C(40-C(39)
C(41-C(40-C(39)
C(40-C(41-H(41A)
C(40-C(41-H(41B)
H(41A)-C(41-H(41B)
C(40-C(41-H(41C
H(41A)-C(41-H(41C
H(41B)-C(41-H(41C

11. Appendix

119.9(8

120.]
120.]

120.4(9

119.¢
119.¢

119.3(8

120.c
120.c

122.7(7

118.7
118.
109.5
109.5
109.5
109.f
109.f
109.f
109.5
109.5
109.5
109.f
109.f
109.f

12¢(1)

11§(1)

113())
109.t
109.f
109.f
109.f
109.f
109.f

Table A44: Anisotropic displacement parameter8xA03) for [Co(OON3)(u—Cl),CoCh]-CsHeO. The
anisotropic displacement factor exponent takesatme: -2 [h2a*2U1l+ . + 2 h k a* b* U2

yll u22 u33 u23 yls ul?
Co(1 48(1) 47(1 45(1) 0(1) 8(1) 2(1)
Co(2 54(1) 46(1 66(1) -3(1) 10(2) 0(1)
Cl(2) 57(1) 66(1 61(1) 6(1) 4(1) -8(1)
Cl(2) 57(1) 54(1 72(1) 8(1) 6(1) 6(1)
CI(3) 69(1) 82(1 81(1) 1(1) 29(1) 7(1)
Cli(4) 85(1) 50(1 129(2) -12(1 -16(1) -3(1)
N(1) 46(3) 45(3 49(3) 2(2) 12(3) 7(2)
N(2) 51(3) 51(3 40(3) 1(2) 1(3) 1(3)
o(1) 56(3) 50(3 49(3) —-4(2) 13(2) 1(2)
0(2) 147(5) 83(4 100(4) 34(3 25(4) -3(4)
0(3) 79(4) 108(4 81(4) 3(3) 2(3) 39(3
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O(4)
o(5)

56(3)
147(7)
61(5)
52(4)
53(4)
56(4)
48(4)
42(4)
63(4)
73(5)
122(7)
149(9)
96(7)
114(7)
49(4)
67(5)
83(6)
74(6)
67(5)
60(4)
173(10)
55(4)
60(5)
55(4)
56(4)
51(4)
49(4)
56(4)
85(5)
77(5)
75(5)
93(6)
67(4)
54(4)
56(5)
56(5)
82(7)
114(7)
71(5)
154(10)
222(15)
100(8)
265(18)

51(3)
208(9'
73(5
99(6
85(5
65(4]
43(3)
42(3)
37(3)
45(4)
58(5
57(5
81(6
98(6
58(4)
65(5
103(6
140(8
112(7
69(5
100(7
61(4]
72(5
84(5
68(4]
52(4)
50(4]
42(3)
69(5
65(5
72(5
72(5
68(4]
52(4)
75(5
111(7
116(7
93(6!
82(5
246(14
147(11
109(8
380(20

44(2)
124(6)
57(5)
64(5)
62(5)
50(4)
45(4)
43(4)
44(4)
51(4)
61(5)
66(5)
90(6)
56(5)
48(4)
67(5)
59(5)
75(6)
76(6)
61(5)
157(10)
63(5)
66(5)
66(5)
62(5)
45(4)
47(4)
53(4)
53(5)
72(5)
90(6)
66(5)
49(4)
50(4)
58(5)
85(6)
75(6)
65(6)
61(5)
147(10)
209(14)
93(8)
128(11)

15(2)
15(6)
3(4)
~7(4)
-17(4)
—2(4)
5(3)
4(3)
14(3)
14(4)
22(5)
26(6)
9(5)
2(5)
10(3)
11(4)
13(4)
25(5)
21(5)
20(4)
41(8)
2(4)
10(4)
21(4)
17(4)
8(3)
7(3)
11(3)
11(4)
1(4)
13(5)
9(5)
4(4)
7(3)
4(4)
—9(5)
-20(5)
~9(6)
-3(4)
-15(8)
73(12)
33(7)
71(12)

11. Appendix

12(2;
30(6;
11(4,
19(4,
15(4,
11(3;

Table A45: Crystal data and structure refinemenffe(OON1)C}],

empirical formula

formula weight

temperature
wavelengtt
crystal systen

C26H24Cl4FeN0O,

681.9°
293(2) K
0.71073 /
triclinic
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space group P1(No. 2)

unit cell dimension a =9.882(5) . a =79.901(5)
b = 11.354(5) s B = 87.670(5)
c = 14.259(5) s y = 65.751(5)

volume 1435(1) A3

Z 2

density (calculate 1.578gcm

absorption coefficier 1.418 mntl

F(000 692

crystal siz( 0.2x0.3x0.4 m

theta rangdor data collectio 2.26 t0 28.10

index range -13<h<13
-13<k<13
-18<1<18

reflections collecte 1738¢

independent reflectio 6418 [R(int) = 0.159:

data / restraints / paramet 6418/0/ 34

Goodness—of-fit on & 0.66¢

final Rindices [I>2sigma(l}
R indices (all dat:
largest diff. peak and hc

R1 =0.0464, wR2 = 0.06
R1=0.1911, wR2 = 0.09

0.391 and -0.484 e 8

Table A46: Atomic coordinates ( x 4pand equivalent isotropic displacement paramdikéx 103) for
[Fe(OON1)C}],. U(eq) is defined as one third of the trace ofdttogonalized U tensor.

X y z U(eq,
Fe(l 7421(1 4612(1 3415(1 32(1
Fe(2 7493(1 3378(1 1592(1 30(1)
Ccl(1) 5411(2 6076(2 3884(1 54(1)
cl(2) 9364(2 5068(2 3569(1 53(1)
Ccl(3) 9659(2 1667(2 1589(1 55(1)
Cl(4) 5653(2 3070(2 1061(1 55(1)
o(1) 7251(4 3135(4 2989(2 36(1)
0(2) 7106(6 -367(5 3743(3 68(2)
0(3) 7306(4 5002(4 2000(2 33(1)
O(4) 7894(6 8317(5 1170(3 66(1)
N(1) 7972(5 3162(5 4654(3 39(1)
N(2) 7823(5 4469(5 335(3 34(1
C(1) 8410(8 3274(8 5511(4 63(2)
C(2) 8742(8 2301(9 6295(5 70(2)
C@3) 8615(8 1188(8 6215(5 64(2)
C(4) 8176(7 1054(6 5359(4 47(2)
C(5) 7854(6 2052(6 4584(4 34(2)
C(6) 7354(7 2003(6 3637(4 40(2)
C(7) 5866(7 1865(6 3666(4 37(2)
C(8) 4552(7 2983(7 3647(4 53(2)
C(9) 3214(9 2903(9 3638(5 72(2)
C(10) 3155(10 1739(10 3639(5 75(3)
c(11) 4412(10 610(9! 3669(4 69(2)
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c(12) 5766(9 701(7 3688(4 51(2)
C(13) 7104(10 ~1644(7 3809(5 89(3
C(14) 8050(7 4091(6 -529(4 47(2,
C(15) 8413(7 5967(7 ~1231(4 48(2)
C(16 8364(7 4788(7 ~1302(4 51(2)
C(17) 8161(6 6373(6 -388(4 43(2)
C(18) 7848(6 5621(6 393(3 29(1)
C(19) 7525(6 6022(6 1369(3 30(1)
C(20) 6219(7 7341(6 1335(3 33(1)
c(21) 4794(7 7436(6 1405(4 46(2)
c(22) 3588(8 8608(8 1404(4 66(2)
C(23) 3870(10 9711(8 1346(5 72(3)
C(24) 5255(10 9682(7 1259(4 66(2)
C(25) 6460(9 8448(6 1248(4 46(2)
C(26) 8241(9 9424(8 1167(5 82(3

Table A47: Bond lengths [A] and angles [°] for [B&IN1)CH],

Fe(1-0(2) 1.951(4 C(3-C(d) 1.365(9
Fe(1-0(3) 1.986(3 C(4)-C(5) 1.379(7
Fe(1-N(1) 2.109(5 C(5)-C(6) 1.474(7
Fe(1-CI(1) 2.1752) C(6)-C(7) 1.540(8
Fe(1-CI(2) 2.212(2 C(7)-C(12) 1.360(8
Fe(2-0(3) 1.965(4 C(7)-C(8) 1.391(8
Fe(2-0(1) 1.981(3 C(8)-C(9) 1.363(9
Fe(2-N(2) 2.088(4 C(9)-C(10) 1.35())
Fe(2-Cl(4) 2.176(2 C(10-C(11) 1.3%(1)
Fe(2-CI(3) 2.223(2 C(11-C(12) 1.386(9
O(1)-C(6) 1.414(6 C(14-C(16) 1.344(8
0(2)-C(12) 1.373(8 C(15-C(17) 1.339(7
0(2)-C(13) 1.437(8 C(15-C(16) 1.380(9
0(3)-C(19) 1.422(6 C(17-C(18) 1.387(7
O(4)-C(25) 1.364(8 C(18-C(19) 1.520(7
O(4)-C(26) 1.431(8 C(19)-C(20) 1.518(7
N(1)-C(5) 1.333(7 C(20-C(25) 1.358(8
N(1)-C(1) 1.356(7 C(20-C(21) 1.368(8
N(2)-C(18) 1.335(7 C(21-C(22) 1.374(8
N(2)-C(14) 1.355(7 C(22-C(23) 1.38(J)
C(1)-C(2) 1.370(9 C(23-C(24) 1.36())
C(2)-C(3) 1.34(1) C(24-C(25) 1.420(9
O(1)-Fe(1-0(3) 73.51) C(3)-C(4)-C(5) 120.5(7
O(1)-Fe(1-N(1) 76.42) N(1)-C(5)-C(4) 120.7(6
O(3)-Fe(1-N(1) 147.((2) N(1)-C(5)-C(6) 115.0(5
O(1)-Fe(1-CI(1) 117.41) C(4)-C(5)-C(6) 124.3(6
O(3)-Fe(1-CI(1) 106.4(1) O(1)-C(6)-C(5) 109.5(5
N(1)-Fe(1-CI(1) 99.4(1) O(1)-C(6)-C(7) 110.7(5
O(1)-Fe(1-CI(2) 131.51) C(5)-C(6)-C(7) 112.3(4
O(3)-Fe(1-CI(2) 95.€(1) C(12-C(7)-C(8) 117.9(7
N(1)-Fe(1-CI(2) 94.4(2) C(12-C(7)-C(6) 123.2(6

Cl(1)-Fe(1-CI(2) 111.45(9 C(8)-C(7)-C(6) 118.9(6
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o3
o3

~Fe(2-0(1)
~Fe(2-N(2)
O(1)-Fe(2-N(2)
O(3)-Fe(2-Cl(4)
O(1)-Fe(2-Cl(4)
N(2)-Fe(2-Cl(4)
O(3)-Fe(2-CI(3)
O(1)-Fe(2-CI(3)
N(2)-Fe(2-CI(3)
Cl(4)-Fe(2-CI(3)
C(6)-O(1)-Fe(L
C(6)-O(1)-Fe(2
Fe(1-O(1)-Fe(2
C(12-0(2)-C(13]
C(19-O(3)-Fe(2
C(19-O(3)-Fe(1;
Fe(2-O(3)-Fe(1.
C(25-O(4)-C(26,
C(5)-N(1)-C(1)
C(5)-N(1)-Fe(L,
C(1)-N(1)-Fe(L
C(18-N(2)-C(14,
C(18-N(2)-Fe(2
C(14-N(2)-Fe(2
N(1)-C(1)-C(2)
C(3)-C(2)-C(1)
C(2-C(3)-C(4)

o~ NN

73.2(1)
77.3(2)
150.1(2)
124.51)
102.4(1)
97.5(1)
122.%(1)
97.¢(1)
95.20(1
112.79(9
121.7(3
129.8(3
106.52)
118.5(6
122.2(3
129.5(3
105.€(2)
120.2(6
117.8(5
116.6(4
125.6(5
117.4(5
117.2(3
125.4(4
123.1(7
118.6(7
119.4(7

C(9)-C(8)-C(7)
C(10-C(9)-C(8)
C(9)-C(10-C(11
C(10-C(11-C(12)
C(7)-C(12-0(2)
C(7)-C(12-C(11
0(2-C(12-C(11)
C(16-C(14-N(2)
C(17-C(15-C(16
C(14-C(16-C(15)
C(15-C(17-C(18
N(2)-C(18-C(17,
N(2)-C(18-C(19)
C(17-C(18-C(19
O(3)-C(19-C(20,
O(3)-C(19-C(18)
C(20-C(19-C(18
C(25-C(20-C(21)
C(25-C(20-C(19)
C(21-C(20-C(19)
C(20-C(21-C(22)
C(21-C(22-C(23
C(24-C(23-C(22)
C(23-C(24-C(25)
C(20-C(25-0(4)
C(20-C(25-C(24]
O(4)-C(25-C(24)
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120.5(8
120.1(9
121.8(8
117.6(8
114.7(7
122.2(8
123.1(8
123.1(6
118.8(6
119.1(6
120.2(6
121.3(5
115.2(4
123.5(6
112.3(4
108.0(4
112.3(4
119.0(6
119.8(6
121.2(6
122.8(7
116.9(8
123.0(8
117.8(8
117.4(6
120.4(7
122.2(7

..+2hka*b 33

Table A48: Anisotropic displacement parameter@x(AlOg) for [Fe(OON1)C}].. The anisotropic
displacement factor exponent takes the form:2[zh2a*2u11 +

yll u22 u33 u23 yl3 ul?

Fe(1l 34(1) 27(1 35(1) -5(1) 4(1) -13(1
Fe(2 32(1) 24(1 36(1) -5(1) 3(1) -13(1
Cl(2) 49(1) 45(1 60(1) -16(1 19(2) -11(1
Cl(2) 44(1) 64(1 60(1) -12(1 0(1) -30(1
CI(3) 39(1) 35(1 75(1) 0(1) 10(2) -5(1)

Cli(4) 52(1) 64(1 63(1) -10(1 -6(1) -35(1
o(1) 53(3) 22(2 34(2) 2(2) 3(2) -20(2
0(2) 90(4) 36(3 85(4) -14(3 19(3) -32(3
0(3) 48(3) 21(2 36(2) -1(2) 3(2) -20(2
O(4) 84(4) 42(4 84(3) -8(2) 13(3) -41(3
N(1) 47(3) 40(4 34(3) -4(2) -1(2) -21(3
N(2) 39(3) 32(3 31(3) -7(2) 4(2) -14(3
C@) 69(5) 70(6; 51(4) -8(4) -7(4) -30(5
C(2 86(7) 79(7 39(4) 15(4 -20(4) -33(5
C@3 61(6) 68(6; 43(4) 21(4 -11(4) -17(5,
Cc@4) 51(4) 33(4 44(4) 3(3) 7(3) -9(3)

C(5) 29(4) 33(4 30(3) 4(3) 6(3) -9(3)

C(6) 41(4) 21(4 55(4) 1(3) 10(3) -11(3
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C(7) 52(4) 30(4, 31(3) -2(3) 6(3) -21(3
C(8) 48(5) 55(5, 55(4) 0(3) 7(3) -25(4,
C(9) 52(6) 81(7 85(6) 4(5) 10(4) -36(5,
C(10; 63(7) 104(8 73(5) 7(5) -8(5) -57(6,
C(11 92(7) 87(7 60(5) -7(4) 10(5) -71(6,
C(12 72(6) 42(5 46(4) -5(3) 13(4) -32(4,
C(13 157(10) 40(6 92(6) -24(4, 17(6) -58(6
C(14, 61(5) 38(4, 52(4) -15(3 10(3) -29(4
C(15 48(5) 55(5 31(3) 2(3) 2(3) -15(4
C(16 62(5) 59(5 27(4) -6(3) 8(3) -21(4
C(17; 47(4) 27(4 50(4) 1(3) 7(3) -14(3
C(18; 23(3) 30(4; 30(3) -2(3) 2(2) -7(3)
C(19; 36(4) 29(4, 29(3) -2(3) -1(3) -20(3;
C(20; 43(4) 22(4 32(3) -5(2) 0(3) -11(3;
C(21, 41(4) 39(4, 51(4) -5(3) 0(3) -11(4,
C(22 52(5) 60(6 57(5) -3(4) 9(4) 3(5)
C(23 74(7) 45(6 68(5) -7(4) 8(4) 3(5)
C(24, 101(7) 28(5, 59(5) -3(3) 18(5) -19(5
C(25; 65(5) 29(4, 42(4) -5(3) 0(3) -19(4,
C(26; 103(8) 53(6 106(6) -20(5 8(5) -48(5

Table A49: Crystal data and structure refinemenf@u(OON1)C}],

empirical formula C13H1,ClIL,CUNG,

formula weight 348.6¢

temperature 293(2) K

wavelengtt 0.71073 /

crystal systen monoclinic

space grouy P2,/c (No. 14

unit cell dimension a=14.674(2) . o =90°
b =14.407(2) . B =103.84(2)°
c =7.0563(9) / y=90°

volume 1448.5(3) B

z 4

density(calculated 1.599gcm

absorption coefficier 1.872 mntl

F(000 704

crystal sizi 0.2x0.2x0.2 m™

theta range for data collect 2.831t0 28.18

index range -1¢<h<18
-19<k<19
-8<1<8

reflections collecte 1363:

independerreflection:
data / restraints / paramet

Goodness—of-fit on &
final R indices [I>2sigma(l
R indices (all dat:

largest diff. peak and hc

3342 [R(int) = 0.146¢
3342 /36 /19

0.84¢

R1 = 0.0467, wR2 = 0.07.
R1 = 0.1452, wR2 = 0.08

0.407 and -0.512 e B
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Table A50: Atomic coordinates ( x 4pand equivalent isotropic displacement parame(%?ez 103) for
[Cu(OON1)C}],.. U(eq) is defined as one third of the trace ofdhitbogonalized W tensor

X y z U(eq,
Cu(1 2981(1 3003(1 3619(1 42(1)
Cl(1) 4041(1 2148(1 5738(2 46(1)
Cl(2) 2007(1 1825(1 2386(2 50(1
O(01] 21743 3822(2 1644(6 46(1)
0(2) 1251(7 5261(7 3140(20 73(3
O(3) 2376(9 6118(7 -1137(17 80(4,
N(1) 3472(3 4247(3 4649(6 40(1;
C(1) 2564(4 4741(3 1465(9 48(2
C(2) 1097(8 5533(7 1710(20 129(6
C(3) 32103 4962(3 3407(9 44(2
C(4) 4382(4 5289(4 6958(9 61(2
C(5) 3563(4 5844(4 3874(10 68(2
C(6) 2347(17 6800(12 -2500(30 153(9
C(7) 4030(4 4416(4 6388(8 51(2
C(8) 4149(4 5999(4 5652(11 71(2
C(9) 1788(5 5433(4 866(13 75(3
C(10; 577(14 5360(13 4110(30 128(7
C(11 1749(8 5987(6 -750(20 149(6
C(12 985(10 6613(8 -1390(30 223(10
C(13; 338(8 6098(8 1180(20 192(8
C(14; 323(11 6607(7 -270(30 207(10
Table A51: Bond lengths [A] and angles [°] for [@Q@®N1)CL],
Cu(1-N(2) 2.001(4 C(1)C(9) 1.497(8
Cu(1-ClI(1) 2.24¢1) C(2-C(9) 1.30(%)
Cu(1-Cl(2) 2.2551) C(2-C(13) 1.26(1)
O(01)-C(1) 1.461(6 C(3-C(5) 1.382(6
0O(2)-C(2) 1.05(2) C(4x-C(8) 1.365(8
O(2)-C(10) 1.34(2 C(4yC(7) 1.382(7
O(3)-C(11) 1.04(1) C(5-C(8) 1.359(8
O(3)-C(6) 1.37(2) C(9)-C(11) 1.3&(1)
N(1)-C(7) 1.325(6 C(11-C(12) 1.43(%)
N(1)-C(3) 1.348(6 C(12-C(14) 1.39(3
C(1-C(3) 1.502(7 C(13-C(14) 1.26(2
N(1)-Cu(1-CI(1) 96.£(1) N(1)-C(3)-C(1) 116.8(4
N(1)-Cu(1-CI(2) 162.51) C(5-C(3)-C(1) 122.1(5
CI(1)-Cu(1-CI(2) 96.76(5 C(8-C(4)-C(7) 11£.0(6)
C(2-0(2)-C(10; 11€(2) C(8)-C(5)-C(3) 119.3(6
C(11-0O(3)-C(6) 11€(2) N(1)-C(7)-C(4) 122.8(5
C(7-N(1)-C(3) 118.6(4 C(5-C(8)-C(4) 120.15)
C(7-N(1)-Cu(1 126.1(4 C(2-C(9)-C(11 116(1)
C(3)-N(1)-Cu(1 115.3(3 C(2-C(9)-C(1) 124.6(9
O(01)-C(1)-C(3) 106.8(4 C(11-C(9-C(1) 12((1)
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O(01)-C(1)-C(9) 109.9(5 O(3)-C(11-C(9) 117(1)
C(3-C(1)-C(9) 112.8(5 O(3)-C(11-C(12; 119(1)
O(2)-C(2)-C(9) 115(1) C(9-C(11-Cc(12 12((2)
O(2)-C(2)-C(13; 11&(2) C(14-C(12-C(11; 115(2)
C(9)-C(2)-C(13 12¢(2) C(14-C(13-C(2) 115(2)
N(1)-C(3)-C(5) 121.1(5 C(13-C(14-C(12 12€(2)

Table A52: Anisotropic displacement parameter%x(}lo3)for [Cu(OON1)C}],. The anisotropic
displacement factor exponent takes the formZaga*2ull + . + 2 h k a* b* U2

yll u22 u33 u23 uyls ul?
Cu(1 46(1) 32(1 42(1) 0(1) -2(1) -1(1)
Cl(2) 48(1) 46(1 39(1) 5(1) 4(1) 5(1)
Cl(2) 56(1) 38(1 49(1) -1(1) -2(1) -9(1)
o(01 51(2) 29(2 51(3) -11(2 1(2) -2(2)
0(2) 59(7) 80(7 95(10) -17(6 48(7) 24(5
0(3) 111(10) 56(6 91(9) 42(6 60(8) 20(6
N(1) 39(3) 41(2 38(3) -4(2) 1(2) -3(2)
Cc@ 54(3) 33(3 53(4) 6(2) 4(3) 0(2)
C(2) 87(8) 91(7; 165(13) -72(8 -57(9) 43(6)
C@3 37(3) 30(3 57(4) -4(3) -3(3) -2(2)
Cc@4) 69(4) 59(4 47(5) -16(3 -2(3) -17(3
C(5) 67(4) 36(3 89(6) 5(3) -4(4) -11(3
C(6) 230(30) 111(14 150(20) 41(14 113(17) 53(15
C( 57(4) 50(3 40(4) -3(3) 3(3) -10(3
C(8) 68(5) 42(3 92(6) -12(4 -5(4) -13(3
C(9) 62(5) 28(3 106(7) -9(3) -36(4) 11(3
c@ao 125(16) 141(16 140(20) -21(13 73(15) 22(13
c@azy 105(8) 75(6; 210(13) 83(7 -75(8) -33(6
c@az 177(14) 86(7 322(19) 107(10 -108(13) -37(9
c(@a3 97(7) 97(8 316(18) -120(9 -78(10) 49(7
Cc(14 154(12) 33(5 350(20) -46(9 -108(13) 24(7,

Table A53: Crystal data and structure refinemenfGu(OON3)C}]»

empirical formula CigH1,CI,.CUNG,

formula weight 425.7¢

temperature 293(2) K

wavelengtr 0.71073 /

crystal systen monoclinic

space grouj P2)/c (No. 14

unit cell dimension a=9.07(2 A a=90°
b=11.19(2) A b= 100.18(2)
c = 18.518(3) s g=90°

volume 1851.5(5) B

4 4

density (calculatet 1.527gcm*

absorption coefficier

1.480 mntl
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F(000
crystal siz
theta range for data collect

86¢

0.2x0.3x0.4 m™
2.88 1028.15°

index range -11<h<11
-14<k< 14
-24<1<24

reflections collecte 1727(

independent reflectio 4478 [R(int) = 0.2427

data / restraints / paramet 4478/0/ 22

Goodness—of-fit on & 0.65¢

final R indices [I>2sigma(l
R indices (all dat:
largest diff. peak and he

R1 =0.0452, wR2 = 0.05¢
R1 =0.2433, wR2 = 0.08

0.298 and -0.340 e B

11. Appendix

Table A54: Atomic coordinates ( x 4pand equivalent isotropic displacement parame(ﬁe?x 103) for
[Cu(OONB3)C}].. U(eq) is defined as one third of the trace ofdttbogonalized U tensor

X y z U(eq
Cu(1 5985(1 1089(1 4740(1 48(1)
CI(1) 4577(2 1165(2 5638(1 54(1
Cl(2) 8181(2 958(2 5470(1 90(1
0(1) 4131(4 1448(3 4031(2 44(1)
0(2) 1988(4 2912(4 4202(2 57(1
N(1) 6756(5 1531(5 3829(2 50(2
C(1) 8144(6 1308(7 3699(4 72(2
C(2) 8594(8 1602(9 3049(4 100(4
C(3) 7608(8 2147(8 2518(4 85(3
C(4) 6175(7 2376(6 2625(3 61(2
C(5) 5768(6 2050(6 3284(3 46(2)
C(6) 4235(5 2306(5 3456(3 33(1
C(7) 3008(6 2028(6 2798(3 41(2
C(8) 2352(7 2927(7 2341(3 62(2
C(9) 1253(7 2651(9 1738(4 83(3]
C(10; 802(8 1517(10 1616(4 85(3]
C(11 1443(8 625(8 2051(4 78(3
C(12 2569(6 871(7 2656(3 56(2
C(13 4102(6 3539(5 37553 36(2
C(14; 5068(7 4461(7 3657(3 49(2)
C(15 4912(9 5592(8 3908(4 76(2
C(16; 3779(11 5806(7 4263(4 80(3]
C(17, 2773(8 4963(8 4384(4 62(2
C(18; 2956(6 3846(7 4116(3 45(2
C(19; 1053(8 3031(7 4735(4 107(3

Table A55: Bond lengths [A] and angles [°] for [Q@QN3)CL],

Cu(1-N(2) 1.999(4 C(7)-C(8)
Cu(1-CI(2) 2.207() C(8)-C(9)

1.381(8
1.394(8
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Cu(1-CI(1)
Cu(1-CI(1)#1
CI(1)-Cu(1)#1
O(1)-C(6)
O(1)-H(1)
0(2)-C(18)
0(2)-C(19)
N(1)-C(1)
N(1)-C(5)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)

)_
)_
)_
)_
)_
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(6)-C(13)
C(6)-C(7)
C(7)-C(12)
N(1)-Cu(1-CI(2)
N(1)-Cu(1-CI(1)
Cl(2)-Cu(1-CI(1)
N(1)-Cu(1-CI(1)#1
Cl(2)-Cu(1-CI(1)#1
Cl(1)-Cu(1-CI(1)#1
Cu(1-Cl(1)-Cu(1)#!
C(6)-O(1)-H(1)
C(18-0(2)-C(19,
C(1)-N(1)-C(5)
C(1)-N(1)-Cu(1,
C(5)-N(1)-Cu(1,
N(1)-C(1)-C(2)
N(1)-C(1)-H(1)
C(2)-C(1)-H(1)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
]_
C(4)-C(3)-
C(3)-C(4)-
C(3)-C(4)-
C(5)-C(4)-H(4)
N(1)-C(5)-C(4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
O(1)-C(6)-C(13]
O(1)-C(6)-C(5)
C(13-C(6)-C(5)

)_
C(2
C(2
C(3
C(2-C(3
C(3
C(4
C(4
4

2.2712)
2.6442)
2.6442)
1.448(6

0.820(
1.393(7
1.417(6
1.347(6
1.357(6
1.377(8

0.930(

1.35(1)

0.930(
1.374(8

0.930(
1.384(7

0.930(
1.509(7
1.499(7
1.531(7
1.367(9

96.4(1)
159.42)
96.77(7

95.5(1)

102.09(9

97.01(6
82.99(6
109.f
118.5(5
117.6(5
125.6(5
116.7(4
122.9(6
118.¢
118.¢
118.9(6
120.¢
120.¢
120.0(7
120.(
120.C
119.1(6
120.f
120.f
121.6(5
115.9(5
122.4(6
108.7(4
102.2(4
113.0(4

C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10-C(11)
C(10-H(10)
C(11-C(12)
C(11-H(11)
C(12-H(12)
C(13-C(18)
C(13-C(14)
C(14-C(15)
C(14-H(14)
C(15-C(16)
C(15-H(15)
C(16-C(17)
C(16-H(16)
C(17-C(18)
C(17-H(17)
C(19-H(19A)
C(19-H(19B)
C(19-H(19C)

C(9)-C(8)-H(8)
C(10-C(9)-C(8)
C(10-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10-C(11)
C(9)-C(10-H(10)
C(11-C(10-H(10)
C(10-C(11-C(12)
C(10-C(11-H(11)
C(12-C(11-H(11)
C(7)-C(12-C(11)
C(7)-C(12-H(12)
C(11-C(12-H(12)
C(18-C(13-C(14
C(18-C(13-C(6)
C(14-C(13-C(6)
C(15-C(14-C(13
C(15-C(14-H(14)
C(13-C(14-H(14)
C(16-C(15-C(14]
C(16-C(15-H(15)
C(14-C(15-H(15)
C(15-C(16-C(17
C(15-C(16-H(16)
C(17-C(16-H(16)
C(16-C(17-C(18
C(16-C(17-H(17)
C(18-C(17-H(17)
C(17-C(18-C(13
C(17-C(18-0(2)
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0.930(
1.34(1)
0.930(
1.35(1)
0.930(

1.404(8
0.930(
0.930(

1.375(7

1.387(7

1.365(9
0.930(

1.337(9
0.930(

1.358(9
0.930(

1.367(9
0.930(
0.960(
0.960(
0.960(

120.1
120.0(8
120.¢
120.¢
120.9(7
119.f
119.f
120.5(8
119.7
119.7
119.0(7
120.f
120.f
115.3(6
121.7(5
122.9(5
122.7(7
118.7
118.7
118.0(8
121.C
121.C
123.6(8
118.
118.:
116.6(7
121.7
121.7
123.8(7
121.7(6
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O(1)-C(6)-C(7) 108.5(4 C(13-C(18-0(2) 114.5(6
C(13-C(6)-C(7) 112.7(5 O(2)-C(19-H(19A) 109.t
C(5)-C(6)-C(7) 111.1(5 O(2)-C(19-H(19B) 109.t
C(12-C(7-C(8) 119.7(6 H(19A)-C(19-H(19B) 109.t
C(12-C(7)-C(6) 119.5(6 O(2)-C(19-H(19C 109.t
C(8)-C(7)-C(6) 120.9(6 H(19A)-C(19-H(19C) 109.t
C(7)-C(8)-C(9) 119.9(7 H(19B)-C(19-H(19C 109.t
C(7)-C(8)-H(8) 120.]
Symmetry transformations used to generate equivatems: #1 —x+1,-y,—-z+1
Table A56: Anisotropic displacement parameter%)(,&03)for [Cu(OONR3)C}],. The anisotropic
displacement factor exponent takes the formZraga*2Ull + . + 2 h k a* b* U2
ull U2 u33 u23 uls ul2
Cu(1 42(1) 49(1; 49(1) -5(1) 1(1) -6(1)
CI(1) 71(1) 45(1; 47(1) -10(1; 16(1) -1(1)
Cl(2) 48(1) 146(2 67(1) 0(2) -13(1) -13(1
O(1) 33(2) 48(3; 50(3) 7(2) 9(2) 0(2)
0(2) 52(3) 73(4, 51(3) -5(3) 21(2) 6(3)
N(1) 35(3) 65(5, 51(3) -15(3 9(3) -9(3)
C(1) 33(3) 104(7 74(5) -23(5, -1(3) 3(4)
C(2) 42(4) 198(12 68(6) -32(6 29(4) -8(5)
C(3) 52(5) 155(9 53(5) -23(5, 23(4) -29(5
C(4) 48(4) 99(6 36(4) -8(4) 9(3) -16(4
C(5) 38(4) 63(5, 38(4) -8(4) 9(3) -12(3;
C(6) 31(3) 38(4, 29(3) 5(3) 8(3) -11(3;
C(7) 25(3) 59(5 40(4) -10(4, 7(3) -5(3)
C(8) 55(4) 85(6 41(4) -5(4) -6(3) -10(4,
C(9) 55(5) 154(9 36(4) 5(5) -3(4) -16(5,
C(10 46(5) 162(11 46(5) -40(6 8(4) -44(6
C(11 64(5) 96(7 78(6) -48(5, 23(4) -21(5
C(12 43(4) T4(T 51(4) -21(4, 5(3) -11(4,
C(13 36(3) 47(5, 23(3) 0(3) 2(3) -9(3)
C(14 63(4) 51(5 32(4) -2(4) 4(3) -8(4)
C(15; 91(6) 56(7 74(6) 13(5, -8(5) -18(5,
C(16; 113(7) 44(6) 67(6) -4(5) -29(5) 16(6;
ca7, 72(5) 62(6 48(5) -6(4) -2(4) 15(5
C(18 46(3) 50(5, 36(3) -2(4) -3(3) 2(4)
C(19 75(5) 175(9 83(5) -31(7, 47(4) -18(6

Table A57: Crystal data and structure refinemenfGai(py}(OTf),]-2CHsN

empirical formula C3H3cCuFgNgO6S;
formula weight 836.2¢
temperature 293(2) k
wavelengtr 0.71073 /

crystal systen monoclinic

space grouy P2,/c (No. 14)
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unit cell dimension

volume

z

density (calculatel
absorption coefficier
F(000

crystal siz

theta range for data collect
index range

reflections collecte
independent reflectio
data / restraints / paramet

Goodness—of-fit on &
final R indices [I>2sigma(l
R indices (all dat:

largest diff. peak and hc
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a=19.545(5) ,
b = 9.326(5) /
¢ = 20.958(5) /
3784(2) B

4

1.468gcm*

0.767 mnrl
170¢

0.4x0.4x0.6 M
1.96 to 27.34
-25<h< 2
-10<k<11
-27<1<26

4756¢

8425 [R(int) - 0.1010
8425/0/55

0.70:

R1 =0.0388, wR2 = 0.06
R1=0.1332, wR2 = 0.07

0.316 and —0.487 e B

o =90°
B = 97.841(5)
y=90°

o

Table A58: Atomic coordinates ( x 4pand equivalent isotropic displacement parame(ﬁe?x 103) for
[Cu(py)(OTH),]-2CsHsN. U(eq) is defined as one third of the trace efadithogonalized Wtensor

X y z U(eq
Cu(l 7549(1 -134(1 3522(1 49(1
S, 8238(1 2643(1 4773(1 54(1
S(2 6624(1 -2922(1 2443(1 55(1
o(1) 8048(1 1832(3 4190(1 62(1
0(2) 8705(1 1913(3 5249(1 76(1
o3 7675(1 3357(3 5006(1 83(1
o(4) 71511 -2074(3 2816(1 67(1
Oo(5) 6122(1 -3510(3 2810(1 71(1
O(6) 6350(1 -2311(3 1833(1 82(1
F(1) 9300(1 3573(3 4278(1 112(1
F(2) 8401(1 4825(3 4046(1 118(1
F(3) 8979(2 4941(3 4978(1 147(1
F(4) 7423(1 -5109(3 27511 101(1
F(5) 6699(2 -5416(3 1906(1 124(1
F(6) 7583(1 -4102(3 1875(1 107(1
N(1) 6630(1 896(3 3379(1 49(1;
N(2) 7839(1 892(3 2753(1 50(1
N(3) 7231(1 -1149(3 4289(1 49(1;
N(4) 8477(1 -1157(3 3688(1 49(1
N(5) 6020(3 -8614(14 531(6 293(7
N(6) 10817(3 967(6 3830(3 138(2
C(1) 6605(2 2326(4 3372(2 60(1;
C(2) 5990(2 3077(5 3285(2 78(1
C(3) 5384(2 2343(5 3187(2 83(1
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C(4) 5403(2 886(5. 3191(2 76(1
C(5) 6027(2 197(5, 3291(2 62(1
C(6) 8414(2 1691(4 2804(2 58(1
C(?) 8618(2 2401(5 2290(2 73(1
c(8) 8226(2 2326(5 1700(2 73(1
C(9) 7643(2 1507(5 1633(2 69(1
C(10, 7462(2 815(4 2167(2 59(1
c(11 6989(2 ~416(5 4756(2 59(1
c(12 6752(2 ~1057(6 5274(2 73(1
c(13 6764(2 ~2537(6 5310(2 81(1
c(14 7020(2 -3287(5 4844(2 72(1
C(15, 7239(2 ~2571(5 4334(2 60(1
C(16, 8710(2 ~1974(4 3242(2 62(1
c(17 9332(2 -2697(5 3352(2 74(1
C(18 9729(2 ~2581(5 3939(2 76(1
C(19 9503(2 ~1750(4 4400(2 66(1
C(20 8881(2 ~1051(4 4258(2 59(1
c(21 8751(2 4075(5 4504(2 75(1
c(22 7103(2 ~4470(5 2229(2 76(1
C(23 5426(6 ~7110(9 215(5 212(5
C(24 5575(12 -8420(30 152(7 503(17
C(25, 4993(4 ~7160(11 699(5. 197(4
C(26, 5625(4 ~9055(8 1095(4 180(3
c(27 5168(4 -8159(11 1169(3 179(4
C(28 10281(3 1441(8 3395(3 108(2
C(29 10221(3 2666(9 3160(2 101(2
C(30, 10689(5 3604(7 3348(3 125(2
C(31 11259(4 3282(8 3784(3 125(2
C(32 11316(3 1957(9 4023(3 128(2

Table A59: Bond lengths [A] and angles [°] for [@y),(OTf),]-2CsHsN

Cu(I-NQ2) 2.022(3 N(5)-C(26) 1.55(1)
Cu(1-N(1) 2.023(3 N(5)-C(23) 1.8¢(2)
Cu(1-N(3) 2.035(3 N(6)-C(32) 1.363(7
Cu(1-N(4) 2.036(3 N(6)-C(28) 1.366(7
Cu(1-0(4) 2.399(2 C(1)-C(2) 1.383(5
Cu(1-0(1) 2.429(2 C(2)-C(3) 1.359(5
S(1-0(3) 1.427(2 C(3)-C(4) 1.360(6
S(1-0(2) 1.430(2 C(4)-C(5) 1.369(5
S(1-0(1) 1.442(2 C(6)-C(7) 1.370(5
S(1-C(21) 1.807(4 C(7)-C(8) 1.364(6
S(2-0(6) 1.435(2 C(8)-C(9) 1.363(5
S(2-0(5) 1.436(2 C(9)-C(10) 1.379(5
S(2-0(4) 1.442(2 C(11-C(12) 1.374(5
S(2-C(22) 1.811(4 C(12-C(13) 1.382(6
F(1)-C(21) 1.317(4 C(13-C(14) 1.352(6
F(2)-C(21) 1.303(4 C(14-C(15) 1.378(5
F(3)-C(21) 1.310(4 C(16)-C(17) 1.381(5
F(4)-C(22) 1.324(4 C(17-C(18) 1.367(5
F(5)-C(22) 1.310(4 C(18-C(19) 1.359(6
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F(6)-C(22)
N(1)-C(1)

N(1)-C(5)

N(2)-C(6)

N(2)-C(10)
N(3)-C(15)
N(3)-C(11)
N(4)-C(16)
N(4)-C(20)
N(5)-C(24)

N(2)-Cu(1-N(1)
N(2)-Cu(1-N(3)
N(1)-Cu(1-N(3)
N(2)-Cu(1-N(4)
N(1)-Cu(1-N(4)
N(3)-Cu(1-N(4)
N(2)-Cu(1-O(4)
N(1)-Cu(1-O(4
N(3)-Cu(1-O(4
N(4)-Cu(1-O(4
N(2)-Cu(1-0(1
N(1)-Cu(1-0(1
N(3)-Cu(1-0(1
N(4)-Cu(1-0(1
O(4)-Cu(1-0(1
O(3)-S(1-0(2)
O(3)-S(1-O(1)
O(2)-S(1-O(1)
O(3)-S(1-C(21,
O(2)-S(1-C(21,
O(1)-S(1-C(21;

)_

)_

)_

)_

)_

(NN L L )

0(6)-S(2-0(5)
0(6)-S(2-0(4)

0(5)-S(2-0(4)

0(6)-S(2-C(22)
O(5)-S(2-C(22)
O(4)-S(2-C(22)
S(1-0O(1)-Cu(l
S(2-0(4)-Cu(1L
C(1)-N(1)-C(5)

C(1)-N(1)-Cu(L
C(5)-N(1)-Cu(L
C(6)-N(2)-C(10
C(6)-N(2)-Cu(L

C(10-N(2)-Cu(lL
C(15-N(3)-C(11
C(15-N(3)-Cu(L
C(11-N(3)-Cu(L
C(16-N(4)-C(20
C(16-N(4)-Cu(L
C(20-N(4)-Cu(L

1.318(4
1.335(4
1.337(4
1.341(4
1.345(4
1.329(5
1.332(4
1.335(4
1.343(4

1.11(2)

89.¢(1)
1785(1)
88.7(1)
91.1(1)
178.€(1)
905(1)
88.1(1)
93.41)
91.6()
87.€(1)
88.2(1)
90.3()
92.2(1)
88.7()
174.73(8
115.7()
114.52)
114.((2)
104.42)
103.42)
102.(2)
115.52)
114.62)
114.52)
103.§2)
104.¢(2)
102.42)
157.12)
153.€(1)
117.2(3
120.4(2
122.5(3
116.9(3
121.4(2
121.6(2
117.6(3
121.2(2
121.2(3
116.7(3
122.0(2
121.4(2

C(19-C(20)
C(23-C(24)
C(23-C(25)
C(25-C(27)
C(26-C(27)
C(28-C(29)
C(29-C(30)
C(30-C(31)
C(31-C(32)

N(1)-C(1
C(3)-C(2
C(2)-C(3
C(3)-C(4

)-C(2)

-

-

-
N(1)-C(5)-

-

-

-

(
(1)
(4)
%)
(4)
N(2)-C(6)-C(7)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10]
N(2)-C(10-C(9)
N(3)-C(11-C(12)

C
C
C
C
C
C
C

C(11-C(12-C(13)
C(14-C(13-C(12)
C(13-C(14-C(15

N(3)-C(15-C(14]
N(4)-C(16)-C(17)

C(18-C(17-C(16
C(19-C(18-C(17
C(18-C(19-C(20'

N(4)-C(20-C(19;
F(2)-C(21-F(3)

F(2)-C(21-F(1)
F(3)-C(21-F(1)
F(2-C(21-S(1;
F(3)-C(21-S(1;
F(1)-C(21-S(1;
F(5)-C(22-F(6)
F(5)-C(22-F(4)
F(6)-C(22-F(4)
F(5)-C(22-S(2,
F(6)-C(22-S(2,
F(4)-C(22-S(2,

C(24-C(23-C(25)

C(24-C(23-N(5)
C(25-C(23-N(5)
N(5)-C(24-C(23)

C(27-C(25-C(23)

C(27-C(26)-N(5)

C(26)-C(27-C(25)

C(29-C(28-N(6)

C(28-C(29-C(30

11. Appendix

1.376(5
1.27(3
1.41(1)
1.37%(1)

1.248(9

1.243(7

1.288(8

1.373(8

1.333(8

122.5(4
119.3(4
118.6(9)
119.6(4
122.8(4
122.4(4)
120.1(4
118.8(4
118.7(4
123.2(4
123.3(4
118.2(4
118.8(4
119.6(4
122.4(4
122.6(4
119.3(4
119.1(4
118.6(4
123.6(4
108.5(4
107.3(4
106.4(4
111.6(3
111.4(3
111.4(3
108.0(4
107.8(4
106.9(3
111.6(3
111.3(3
110.9(3

102(1)

34.8(8

97.2(7

105(2)
115.2(7
110.9(7
118.7(7
125.7(6
118.5(6
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C(24-N(5)-C(26)
C(24-N(5)-C(23
C(26-N(5)-C(23
C(32-N(6)-C(28]

100(1)
41(2)
96.8(5
115.6(5

C(29-C(30-C(31)
C(32-C(31)-C(30)
C(31-C(32-N(6)

11. Appendix

122.2(6
118.1(6
119.7(5

Table A60: Anisotropic displacement parameterdx(A03)for [Cu(py)(OTf),]-2CsHsN. The anisotropic
displacement factor exponent takes the formZraga*2Ull + . + 2 h k a* b* U2

yll u22 u33 uy23 yls ul?
Cu(1 43(1) 56(1 48(1) 9(1) 7(0) 4(1)
S(1 59(1) 55(1 50(1) 1(1) 7(0) 3(1)
S(2) 53(1) 57(1 55(1) -1(1) 5(1) 1(1)
o(1) 69(2) 66(2 48(2) -5(1) -5(1) -5(1)
0(2) 85(2) 85(2 51(2) 9(1) -11(2) 13(2
O(3) 78(2) 87(2 92(2) 2(2) 38(2) 23(2
O(4) 59(1) 63(2 77(2) -14(1 1(2) -11(1
O(5) 64(2) 73(2 82(2) 2(1) 28(1) -8(1)
o(6) 78(2) 100(2 62(2) 19(2 -8(1) 14(2
F(1) 80(2) 122(2 144(2) -3(2) 48(2) -20(2
F(2) 135(2) 91(2 130(2) 55(2 23(2) -2(2)
F(3) 204(3) 106(2 133(2) -48(2 27(2) -81(2
F(4) 110(2) 83(2 113(2) 27(2 26(1) 36(2
F(5) 148(2) 91(2 137(2) -55(2 31(2) -14(2
F(6) 115(2) 107(2 113(2) 9(2) 66(2) 26(2
N(1) 47(2) 46(2 53(2) 8(1) 6(1) 1(1)
N(2) 46(2) 56(2 47(2) 5(1) 6(1) 3(1)
N(3) 46(2) 49(2 53(2) 5(2) 9(1) 5(1)
N(4) 46(2) 54(2 47(2) 7(2) 7(1) 2(1)
N(5) 119(5) 408(15 377(13) -242(12 121(7) =27(7
N(6) 124(4) 148(5 153(5) 19(4; 56(4) 17(4
C@) 45(2) 62(3 71(3) 13(2 2(2) 1(2)
C(2 74(3) 51(3 107(4) 17(3 9(2) 13(2
C@3 55(2) 75(3 116(4) 14(3 4(2) 17(3
C4) 43(2) 76(3 105(4) -2(3) -1(2) 1(2)
C(5) 53(2) 54(3 77(3) -2(2) 9(2) 2(2)
C(6) 53(2) 67(3 53(2) 3(2) 11(2) -1(2)
Cc( 69(3) 78(3 77(3) 10(3 27(2) -7(3)
C(8) 96(3) 76(3 53(3) 16(2 33(2) 10(3
C(9) 84(3) 77(3 47(3) 9(2) 11(2) 5(2)
c@ao 59(2) 66(3 52(2) 8(2) 4(2) 3(2)
c(11 63(2) 60(3 54(2) 2(2) 13(2) 6(2)
c@12 79(3) 88(4 57(3) 2(3) 23(2) 6(3)
Cc(@13 85(3) 94(4 71(3) 27(3 27(2) 3(3)
c@4 84(3) 57(3 80(3) 21(3 22(2) 7(2)
C(15 61(2) 61(3 60(2) 8(2) 14(2) 9(2)
C(16 52(2) 78(3 54(3) 4(2) 7(2) 7(2)
c@7 60(2) 85(3 81(3) 5(3) 26(2) 22(2
c(18 44(2) 85(3 98(4) 173 9(2) 14(2
C(19 50(2) 74(3 71(3) 8(2) 2(2) 7(2)
C(20 53(2) 58(2 65(3) 3(2) 6(2) 8(2)
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c(1 89(3) 63(3 72(3) -3(2) 13(2) ~16(2)
c(22 79(3) 71(3 80(3) ~4(3) 20(2) 5(2)
C(23 265(11) 124(7 274(12) 55(7 140(9) ~15(7,
C(24 650(40) 630(40 174(12)  -180(17  -144(16) 120(30
C(25, 164(7) 229(10 201(9) ~50(8] 31(7) 100(7
C(26 157(7) 133(6 242(10) 88(6 -2(6) 48(5,
c(@7 193(8) 245(10 109(5) 68(6 54(5) 78(7
C(28) 78(3) 155(6 89(4) 3(4) 1(3) —22(4
C(29) 78(3) 140(6 79(3) 40(4) ~10(3) 19(4
C(30) 180(7) 106(5 100(5) 36(4] 62(5) 46(5,
C(31 144(6) 133(6 105(5) ~2(4) 49(4) ~65(5,
C(32 61(3) 203(7 118(5) 46(5, 6(3) ~18(4
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