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Summary

1. Summary

The aim of this thesis was the synthesis and ctarsation of new Cu(ll), Zn(ll), Fe(ll) and
Fe(lll) complexes with tridentate, Schiff base-lligands. Their magnetic behaviour (Cu and
Fe) was investigated, as well as their catalyttvaig (Zn), and cytotoxicity (Cu). The ligands
are derived from the Jager type; those are normigfigt, tetradentate, and provide apQ¥~

or N4?~ coordination sphere around the metal centre. fitleritate NO ligands on the other
hand are more flexible due a methylene group. Tdwmrdination geometries (e.g. square
planar/pyramidal, trigonal bipyramidal, octahedea® similar to those realised by tetradentate
ligands, but the coordination of additional co-figa (anions or solvent molecules) dis
position is possible. Another advantage of thegamnlils is the enhanced stability of octahedral,

mononuclear complexes compared to those derived tihe tetradentate ligands.

The synthesis of the ligands was established amaedaut in one step by condensation of 2-
picolylamine and the corresponding keto-enol ethex(ll) and Fe(lll) complexes were
synthesised and characterised with regard to thatiential spin crossover behaviour. The
coordination geometry is octahedral and in cagee{ifil) as central metal atom varying anions
were used to determine their influence on the spimsition. The single crystal X-ray structures
of five Fe(lll) and one Fe(ll) complex could be ainied. The Fe(ll) compounds stay mostly
high spin, the majority of Fe(lll) complexes on tb#er hand show SCO behaviour. The
transition from HS to LS is mostly rather graduatioa large temperature range, indicating low
cooperativity between the metal centres. In the cdgFe(L1)]ClO4 a parallel fourfold aryl
embrace interaction was found in the crystal stmacof the complex. Therefore the packing is
very dense and the volume change required for a 8Q@evented. The isostructural pair
[Fe(L2)]ClO4 and [Fe(L2)]BF4 allowed the direct evaluation of the size of théa on the
transition temperature. Both complexes show an @b&II which is shifted to lower
temperatures for the larger perchlorate anion.ngttoydrogen bonds from a methyl group of
one ligand to the keto group of another ligand axpthe abrupt SCO. No direct influence of
the anion on the SCO behaviour was seen in the ofises. The electrochemical properties of
the Fe complexes were measured, quasi-reversibtegges between —0.40 and -0.51 V (vs.
Ag/AgNO:s) take place, corresponding to the redox proce¢d) ke Fe(lll). The values are

independent of the oxidation state of the stamiagerial.
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The Cu(ll) complexes with varying anions were sesibed as well. Single crystal X-ray
structures revealed that most of the compounddatliged as dimers, with the Cu(ll) centres
coordinated by one tridentate ligand and connecigdhe anions. This resulted in a square
pyramidal coordination sphere. It was found thab@as with more than one donor atom (such
as acetate or nitrate) coordinate mostly with oohe of those. The magnetism of the
compounds were investigated as dimeric Cu(ll) cexgd can show magnetic exchange
interactions like superexchange. In almost all sasmther weak ferro- or antiferromagnetic
interactions were found and no direct relation leemvthe structure and the magnetism could
be established. The complexu{{,1-NGs)(p-1,3-NGs)(CuLl)] showed a rather strong
superexchange, which can be explained with thétsliglifferent structure of the compound.
One of the two nitrate anions is bridging the megaitres with two instead of one oxygen atom.
This results in a larger bridging angle for theestnion and therefore a better overlap of the p

orbital of the oxygen and the magnetic orbitalre Cu(ll) centres.

Not only the magnetic properties of the compoundsevof interest, the potential of 18 Cu(ll)
substances as anticancer agents was investigateella€omplexes with different side chains
were chosen and additional substituents at th&ijmgriring were introduced. Most compounds
showed moderate activity against the tested casadklines with 1Go values between 10 and
50 uM. Two complexes with methoxy or methyl groupd-position on the pyridine ring and
only ester groups on the chelate cycle were vetiyaavith 1Cso values below 10 uM. The
closely related compounds with a cyanide side cbairthe other hand showed no activity,
pointing towards a combination of steric and elmutr effects. The possible mechanism of
action of those complexes was investigated. Noetation with the formation of reactive
oxygen species could be detected, but the inhibdfdhe enzyme topoisomerase |, which plays

a crucial part in the supercoiling of the DNA, wasnd.

It was found that the Zn(Il) complexes are capablmtalysing the ring opening polymerisation
of lactide. The dimeric compounds were obtainedthmy reaction of zincacetate and the
tridentate ligands. The metal centre is coordinatedne tridentate ligand and two acetates are
bridging the two zinc atoms. The complexes weretewith regard to their catalytic behaviour
in the ROP of non-purifiedac-lactide in melt at 150 °C. A coordination-inserntimechanism
was proposed and the resulting molecular weigtti@polymer in combination with end group
analysis revealed that the monomeric species isatadytically active one. This also explains
an induction phase in the beginning of the polysaion. The cytotoxicity of one complex
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against five different cell lines was investigatédth ICso values > 100 pM the compound can

be considered non-hazardous to health.







Zusammenfassung

2. Zusammenfassung

Das Ziel der vorliegenden Arbeit war die Synthese Gharakterisierung neuer Cu(ll), Zn(ll),
Fe(ll) und Fe(ll) Komplexe mit dreizdhnigen, SdH#fase &ahnlichen Liganden. Das
magnetische Verhalten (Cu und Fe) wurde untersettenso die katalytische Aktivitat (Zn)
und die Zytotoxizitat (Cu). Die Liganden stammemvdager Typ ab; diese sind normalerweise
starr, vierzahnig und bilden eine ®? oder N2  Koordinationsumgebung um das
Metallzentrum. Die dreizdhnigen.®-Liganden hingegen sind durch die Methylengruppe
flexibler. Die verschiedenen Koordinationsgeometrig.B. quadratisch planar/pyramidal,
trigonal bipyramidal, oktaedrisch) sind ahnlich,adke mit den vierzahnigen Liganden realisiert
werden kénnen. Jedoch ist die Koordination von tzlishen Co-Liganden (Anionen oder
Losungsmittelmolekilen) iis Position moglich. Ein weiterer Vorteil dieser dé@inigen
Liganden ist die erhdhte Stabilitat von okteadresghmononuklearen Komplexen verglichen

mit denen der vierzéahnigen Liganden.

Eine einstufige Ligandensynthese, der Kondensatimn 2-Picolylamin und dem
entsprechenden Keto-Enol Ether, wurde etablier(l)Fend Fe(lll) Komplexe wurden
hergestellt und hinsichtlich ihres méglichen Sprog3over Verhaltens untersucht. Es wird eine
oktaedrische Koordinationsgeometrie um das Metafimen beobachtet und im Fall von Fe(ll1)
wurden verschiedenen Anionen verwendet, um dererfluss auf den Spinibergang zu
untersuchen. Einkristallstrukturen von finf Fe(Ujd einem Fe(ll) Komplex konnten erhalten
werden. Die Fe(ll) Verbindungen bleiben meist ingliBpin Zustand, die Mehrheit der Fe(lll)
Komplexe zeigen hingegen SCO Verhalten. Der Ubgrgam HS zum LS Zustand ist meist
graduell und Uber einen groRen Temperaturbereickiragpkt, was auf eine geringe
Kooperativitat zwischen den Metallzentren hinwelst. Fall von [Fe(L1)]CIOs wurde eine
starke ,parallel fourfold aryl embrace* Wechselwirg in der Kristallstruktur des Komplexes
gefunden. Diese sorgt fur eine sehr dichte Packunadie Volumenanderung, die fur einen
SCO notig ist, wird verhindert. Das isostruktureRaar [Fe(L2JClO4 und [Fe(L2)|BF4
erlaubt eine direkte Untersuchung des Einflusses @ebRe des Anions auf die
Ubergangstemperatur. Beide Komplexe zeigen einaiptdn Spiniibergang, der im Falle des
groReren  Perchlorations zu tieferen  Temperaturenrscheben ist.  Starke

Wasserstoffbriickenbindungen zwischen der Methylgeudes einen Liganden und einem
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Ketosauerstoff eines anderen Liganden erklarenatenpten SCO. In den anderen Féallen
konnte kein direkter Einfluss der Anionen auf da&8CSVerhalten gefunden werden. Die
elektrochemischen Eigenschaften der Verbindungendevu untersucht, es finden quasi-
reversible Ubergange zwischen —0.40 und —0.51 Y&geAg/AgNQ) statt, diese konnen dem
Redoxprozess Fe(I- Fe(lll) zugeordnet werden. Diese Werte sind unabitggvon der

Oxidationsstufe des Ausgangsmaterials.

Die Cu(ll) Komplexe wurden ebenfalls mit unterschiehen Liganden hergestellt.
Rontgeneinkristallstrukturanalyse zeigte, dass dieisten Verbindungen als Dimere
kristallisieren, in denen die Cu(ll) Zentren vomddreizahnigen Liganden koordiniert und
durch die Anionen verbrickt werden. Dies resultigrt einer quadratisch-pyramidalen
Koordinationsgeometrie. Anionen mit mehr als einmd@glichen Donoratom (zum Beispiel
Acetat oder Nitrat) koordinieren in den meistenléf@almit nur einem dieser Atome. Der
Magnetismus der Verbindungen wurde untersucht,ickeré Cu(ll) Komplexe magnetische
Austauschwechselwirkungen, wie den Superaustaasiiveisen kénnen. In fast allen Fallen
wurden entweder schwache ferro- oder antiferromizggpiee Wechselwirkungen gefunden und
es konnte kein direkter Zusammenhang zwischen derkt8r und dem Magnetismus
hergestellt werden. Der Komplex pfd,1-NGs)(u-1,3-NQs)(CuLl)] zeigte einen
vergleichsweise starken Superaustausch, welchenstader leicht unterschiedlichen Struktur
der Verbindung erklaren lasst. Eines der beidenahlinen verbrickt mit zwei anstelle von
einem Sauerstoffatom. Dies fuhrt zu einem gro3Bredungswinkel fir das andere Anion und
damit zu einer besseren Uberlappung des p-Orhikeds Sauerstoffs mit des magnetischen
Orbitals der Cu(ll) Zentren.

Nicht nur die magnetischen Eigenschaften der Vedoigen waren von Interesse, auch die
Maglichkeit, die Cu(ll) Substanzen als potentielMistel gegen Krebszellen zu nutzen, wurde
untersucht. Es wurden Komplexe mit unterschiedhcl&eitengruppen ausgewahlt und
zusatzliche Substituenten am Pyridinring wurdegeidiahrt. Die meisten der 18 Verbindungen
zeigten moderate Aktivitaten gegen die getestetetszelllinien mit IGo Werten zwischen 10
und 50 pM. Zwei Komplexe mit Methoxy- beziehungsseeMethylgruppen in 4-Position am
Pyridinring und nur Estergruppen am Chelatring wasehr aktiv mit IGo Werten unter 10 uM.
Die jeweiligen Verbindungen mit einer Cyanidseitenmpe zeigten hingegen keine Aktivitat.
Der mogliche Wirkmechanismus der Komplexe wurdestsuicht. Es konnte keine Bildung
von reaktiven Sauerstoffspezies detektiert wergeagch wurde die Inhibition des Enzyms
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Topoisomerase |, welches eine entscheidende Rolleri Superverdrillung der DNA spielt,

gefunden.

Es wurde zudem festgestellt, dass die Zn(ll) Komgplein der Lage sind, die
Ringoffnungspolymerisation von Lactid zu katalysier Die dimeren Substanzen wurden
durch die Reaktion von Zinkacetat und den dreizggmLiganden erhalten. Das Metallzentrum
ist von einem dreiz&hnigen Ligand umgeben und Zwstationen verbriicken die beiden
Zinkatome. Die Komplexe wurden hinsichtlich ihreatddytischen Verhalten in der ROP von
nicht aufgereinigtemac-Lactid bei 150 °C getestet in der Schmelze. AlchMaismus wurde
ein  Koordinations-Insertions-Mechanismus  vorgesgéia und die  erhaltenen
Molekulargewichte in Kombination mit Endgruppenamsal ergaben, dass die monomere
Spezies die katalytisch aktive ist. Dies erklarthaweine Induktionsphase zu Beginn der
Polymerisation. Die Zytotoxizitat eines Komplexeggn finf verschiedenen Zelllinien wurde
untersucht. Mit 16 Werten > 100 uM kann die Verbindung als gesuntibieiunbedenklich

eingestuft werden.
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3. Introduction

The design of new functional materials is a chajieg and highly interesting field of research.
In this regard, complexes are actively investigatiede their properties can be easily tuned by
the choice of the metal centre and design of ganli(s). Coordination compounds with readily
available 3d elements as central metal atom aneefictnvestigated in the fields of magnetism,
catalysis, or biological activity, just to mentianfew example88 The choice of ligand
significantly influences the properties of the laag complex. Monodentate ligands are often
weakly coordinating and can be easily replacedlamkfore result in a free coordination place,
e.g. for catalysi€] Multidentate ligands usually result in stable ctemps and by variation of
the donor atoms (N, O, S, ...) and/or the chargdefigand the ligand field can be turiéd.
Tridentate ligands offer a wide flexibility reganditheir ligand structure and coordinated metal
centres and therefore a variability in the resglimoperties®°!

3.1 Magnetism in first row transition metal complexes

Spin crossover (SCO) is a phenomenon that can acdust row transition metal complexes
with an electronic configuration ofd. The metal centre is in the low spin (LS) statéhi
ligand field splittingdo is much higher than the total spin pairing end?ggnd in the high spin
(HS) state i is much higher thado. In case neither of these two conditions is clefarfilled,

so if do= P, a SCO is possible. The spin state of the comgdexbe switched between the HS
state and the LS state by external stimuli suckeagperature, pressure, or light irradiation
(Figure 1). This leads to significant changes ia pfysical properties of the complék*d
Most commonly investigated are complexes of F&(*%and Fe(Il1?°-?2 In the case of
Fe(lll) metal centres both spin states are paraetagwithS=5/2 (HS) an&=1/2 (LS). Upon
SCO the metal-ligand bond lengths shorten, asntibandingeg* orbitals are only occupied
in the HS state. This leads to a smaller volumiaiénLS state. Also the colour of the complex

differs in the two spin staté¥:*%!
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LS HS

Figure 1.Schematic representation of SCO for a compounda@tk electronic configuration. LS state (left), HS sté&ight).

Due to the significant changes SCO can be monitbyed number of different temperature
dependent techniques. Magnetic measurements amed$ieuseful, but also UV-Vis (in solid
state or solution), single crystal/powder X-ray frdi€tion, IR/Raman spectroscopy, or

Mossbauer spectroscopy are ugéd®!

SCO is a thermodynamic procB8sdriven by the Gibbs free ener@y The following equation
describes the transition from the HS to the LSestathered corresponds to the difference

between the HS and the LS state:
AG = AH —T - AS

The transition temperatui®,. is the temperature at which half of the metal manthanged

their spin state and is defined 4GS = 0 and therefore as:

T1/2 = AH/AS

In the HS state the enthalplis higher than in the LS state thus upon S&0s positive. The
entropySis higher in the HS state as well, which meansdls4Sis positive for a transition
from the HS to the LS state. At lower temperatdrs the dominating factor and therefore the
LS state is energetically favoured, whereas atdriggmperatures the dominating factor is the

productT-4S, resulting in a stabilisation of the HS state.

There are different ways in which a SCO can ocgradual and (in)complete, abrupt with or

without hysteresis, a two-step transition with @@hu between the two steps, or a combination

10
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of all of those (Figure 2). SCO can be influencgadrtany factors; the chosen ligand and metal
centre are the most important ones and determiaé&SIEO can be observed. Also the solvent
or anions are known to have a strong influenceéheg can be involved in hydrogen bonding
through the crystal lattice. Cooperative interatsiaghrough hydrogen bonds, van der Waals
interactions, ort--1tinteractions can influence the ST as well. In ntastes the stronger those
interactions between the metal centres are the afogot the SCO is. Of course, in solution
none of these interactions are present, so thes 8@rmally gradual and follows a Boltzmann

distribution(>27]

Tus 1.0F

0.5} -

T, T
Tus 1.0F 1 1.0F
d) 7 e)
0.5} { 0.5
0 { ok ]
T T

Figure 2. Different types of spin transition: a) gradual ammanplete, b) abrupt, c) abrupt with hysteresigwa)-step, and e)
gradual and incomplet®]

The spin transition cannot only be triggered bygerature, but also by light irradiation. This
phenomenon is called Light Induced Excited SpineStaapping (LIESST). Through light
irradiation at low temperatures (usually below 1)0aKransition from the LS to the metastable
HS state takes place. Upon warming the LS statedspied again, the transition temperature
is defined adLiesst.?® In 2000, the first Fe(lll) complex [Fe(paj}lO4-H20 (Hpap = bis[2-
hydroxyphenyl-(2-pyridyl-)methaneimine) showing shiehaviour was reported by Sab
al.?l The metal centre is coordinated by two Schiff 8@ ligands and one perchlorate anion
compensates the third positive charge. A complétevith a 15 K wide hysteresis takes place
between 165 and 180 K, strorng-mtinteractions between the tridentate ligands of two

complexes are responsible for this cooperative \aeba The LIESST temperature is slightly
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above 100 K. Dominaric--ttand/or parallel fourfold aryl embrace (P4AE) intgrans are
often responsible for cooperative ST in Fe(Ill) giexes of the quinolylsalicyladimine tyfFé!

In 2018, Hayamet al. reported four SCO complexes with varying aromatianteriong%l
Those allowed them to tune the intermolecular cogmnd therefore the ST. Three complexes
also showed the LIESST effect, one with the highesversion from LS to HS (59 %) reported
for Fe(lll) complexes so far.
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v oa
L 0 .
< A s
£ A n Y
M 25 A
e "
E 20 i e
i
~
§ 1.5 4 A
ta
A _
1.0 b=
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Figure 3. Crystal structure (left) and magnetic measuremégittfrof [Fe(papy]ClO4-H20 .29

Not only the SCO phenomenon can cause a changagrietism with temperature, there are
also magnetic exchange interactions that can leadh increase or decrease of magnetisation
with decreasing temperature. Dinuclear coordinatompounds with a spin &= 1/2 (like
Cu(ll)) which are bridged by diamagnetic linkerscls as acetate ions, can show magnetic
exchange interactions leading to antiferromagnetiderromagnetic interactio¥33 For
complexes with antiferromagnetic interactions thwglet stateS = 0 is energetically more
favourable than the triplet steffe= 1. The energy difference between those two sistdsfined

as coupling constagt It is negative for antiferromagnetic materialsl &ime spins of the metal
centres align antiparallel (Figure 4, left), remgtin a decrease of magnetisation with
decreasing temperature (Figure 5, rigtft).
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Antiferromagnetic Ferromagnetic
E ‘r ’ S=1 \ ) S=0 \
J<0 J>0
S=t% 8=V, S=% L S=4
S=0 S=1

Figure 4. Schematic representation of antiferromagneti¢)(éefd ferromagnetic (right) interactions with thréentation of the
spins of the metal centres.

A prominent example is the copper(ll) acetate o [Oéc)s(H20)]. The two Cu(ll) centres are
bridged via the four acetate anions, leading toerlap between the magnetig-gb orbitals

of the metal centres and the p orbitals of the erygtoms (Figure 5, left and middle). The
electron exchange interaction through diamagnéti®ts is called superexchange; this leads

to an antiferromagnetic coupling with a couplings@ant) = —296 cm?*.13%:34

1.00

e
3
a

2T [em*Kmol™]
o
3

l 0.25 -

. . . . )
50 100 150 200 250 300
TIK]

Figure 5. ORTEP drawing (left), magnetic orbitals of the Cu@éntres and p orbitals of the bridging ligandsdgte) with
the orientation of the spins, agelT vs. T plot of [C(OACc)a(H20)].

In complexes with ferromagnetic interactions thplét stateS = 1 is the ground state and
therefore the coupling constahis positive (Figure 4, right). The spins of thetateentres
align parallel and the magnetisation is increasuithh decreasing temperature (Figure 6, top
right)24 A well-known example is the heterobinuclear comp|€uVO(fsayen(MeOH)]
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((fsapert~ = N,N'-(2-hydroxy-3-carboxybenzlidene)-1,2-diaminoethpie@ The magnetic
orbitals of the two metal centresgg2for Cu(ll) and dy for V(IV), are orthogonal, therefore
no superexchange can occur (Figure 6, top andradéfi). Hence, the coupling constahis
positive with a value of 118 cth If the V(IV) centre in this complex is exchangeith a Cu(ll)
centre the magnetic orbitals of the metal centagsaverlap (Figure 6, bottom right), resulting

in a strong antiferromagnetic interactiagh=-650 cm?).34:3%1

'\.M'T /cm?® mote™ K

0.9 |

T/K

100 200 300
O O
Cu v Cu Cu
O
O

Figure 6. Structure (top left) angmT vs. T plot of [CuVO(fsajen(MeOH)] (top right). Relative symmetries of thegnatic
orbitals of [CuVO(fsagen(MeOH)] (bottom left) and [Gfsapen(MeOH)] (bottom right§$4.33]

Not only the magnetic orbitals of the metal centnélsience the kind and strength of magnetic
exchange interactions, also the angle through wthielmetals are bridged has to be considered.
Hatfield and Hodgson described the first magneteetiiral correlation between the Cu-O—-Cu
angle in bis(hydroxido) bridged complexes and théure and magnitude of the magnetic
exchange interaction®! They proposed a linear relationship between thgplooy constand

and the bridging angle. Ferromagnetic interactiwase observed if this angle is smaller than
97.5° and antiferromagnetic interactions were fotfilde angle is larger than 97.5°. Also the

magnitude of increased; for a smaller angle stronger ferromtgmgeractions were observed
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and for a bigger angle stronger antiferromagnetieractions can be found. The bond lengths
of the first coordination sphere and the-M distances were found to have an impact on the
magnetic exchange interactions as WéllThe distortion parameter, also called Addison
parametét’], is an important structural factor in equatorigieh complexes. It is calculated

according to the following formula:

f—a
60°

T =

B anda are the two largest angles of the coordinatioresphand3 > a. For an ideal square
pyramidal coordination geometry it is O, for a tnigl bipyramidal coordination sphere it is 1.
Ribas et al. found in 2004 that for the maximal value ot minimal value ofJ was

experimentally determined in equatorial-axial bedgCu(ll) azido complexé¥l

Cu(ll) complexes are not only investigated with aeh to their interesting magnetic
propertie§°4 copper is also an essential element and impoftanthe development of

organisms. As such it plays an important role iwvesal enzymes (e.g. tyrosinase or
catecholasef:”! Also, Cu(ll) complexes are currently investigatasl potential anticancer

agentd*?

3.2 Copper complexes as potential anticancer agents

Cancer still remains one of the leading causesathdin the world. About 1 in 6 fatalities are
caused by cancer, and the disease was respormifiémillion deaths in 2018 globalf{#! It

can be treated by surgery, so removal of the atktissue, radiotherapy, chemotherapy, or a
combination of those. Treatment of cancer is prdedre difficult, as it is not a single disease;
there are more than 200 different types of cansea aesult from different cellular effects.
Therefore an effective treatment against one catygex can be ineffective against another

type 44

Normal cells have regulatory mechanism which cdrgrowth and multiplication. Those are
lost in cancer cells, they become “rogue cells’e@glised characteristics that differentiate one

cell type (e.qg. liver cell) from another (e.g. lucgjl) are missing in those cells as well. This is
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called loss of differentiation. Apoptosis, a builtcellular self-destruction process, is the
mechanism with which the body protects itself agaabnormal or faulty cells. A series of
different chemical signals helps cells to monit@rhselves and in case any of these signals are
missing, apoptosis takes place. This process @nresble for destroying cells that are leaving
their normal tissue environment. Genetic changemetfastasing cancer cells allow them to
avoid apoptosis. There are two distinct pathwayafmptosis: extrinsic and intrinsic. In case
of the first, apoptosis results from external fastdhe lack of growth factors or hormones,
death activator proteins, which can bind to thé m&imbrane and trigger a signalling process
resulting in apoptosis, or T-lymphocytes producgdhe immune system. Those lymphocytes
search for damaged cells and can perforate thensgtibrane to inject an apoptosis-initiating
enzyme. The intrinsic pathway may be triggered &gtdrs like DNA damage (e.g. from
exposure to chemicals, oxidative stress, or drug. cell detects the damage and increases
the production of a tumour suppressor protein. as trigger apoptosis at high enough
concentrations. Cell death by apoptosis is alsggérned by radiotherapy and many
chemotherapy drud&444°!

Chemotherapy is often used in combination with sty@nd radiotherapy. The use of different
chemotherapy drugs with various modes of actioneathto an increased efficiency, decreased
toxicity, and evasion of drug resistance. Mosthef traditional chemotherapy drugs act against
targets present in normal and cancer cells. Thexdfoth, the effectiveness and selectivity,
dependent on the fact, that cancer cells growrfasig therefore accumulate nutrients, synthetic
building blocks, and drugs more quickly, resultinga higher concentration of the drug in the
cancer cells. Bone marrow cells grow rapidly aslvwedding to common side effects of
chemotherapy like a weakening of the immune respansl decreased resistance to infection.
Cancer cells can have intrinsic or acquired restgagainst chemotherapy drugs. While for an
intrinsic resistance the cells show little respoftsethe anticancer agent from the very start
(e.g. due to poor uptake of the drug, slow growatie and/or biochemical/genetic properties of
the cell), cells with an acquired resistance aaptible to the drug in the beginning, but
become resistant over time. Acquired resistance lmeagaused by a mixture of drug-sensitive
and drug-resistant cells in the tumour. The drdgot$ the sensitive cells, while leaving the
resistant unaffected. Only one resistant cell guired for the growth of a new, now resistant
to this specific drug, tumour. The cell in the cerdf a tumour is often dormant and therefore
intrinsically resistant. Another cause of resiseargmutation. The uptake of the drug by the

cell can be decreased, or the synthesis of thettanglecule may be increased. Some drugs
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have to be activated in the cell in order to becediht; the cell may adapt in a way, that those
activation processes no longer take place. Alsodtiigs can be expelled from the cell as soon
as they enter; this may result in multi-drug resisgl42444l

The best-known coordination compound used as a afinmmapy drug is cis-platincic-
diamminedichloridoplatinum(ll)). It has to be aetied in the cells; the two chlorides are
replaced by DNA bases, this results in interstramugslinking and replication can no longer
take place. Cis-platin is not very selective tovgaoéncer cells, and they often acquire a
resistance against this chemotherapy &tf! This is why there is a constant need for
alternatives. Copper complexes are investigatemhgltne last yeal84°-%° as they may have
different mechanisms of action, biodistributiong&m a lower toxicity than the commonly used
platinum-based drugs. There is a chance that tlegyavercome intrinsic or acquired resistance

and the poor chemoselectivity, and therefore hase $ide-effecté?

Copper complexes can interact with the DNA as veet), through intercalation or the inhibition

of enzymes responsible for replication and trapsiom. Intercalating drugs are compounds
containing planar or heteroaromatic features. dagyinsert in the base pair layers of the DNA
double helix, where the compounds are hold in ptacean der Waals interactions. Further
stabilisation can be achieved with the interactibionised groups on the drug with the charged
phosphate groups of the DNA backbone. This insetgads to the hindrance of transcription
and replication and therefore to cell death. Couseqges of intercalation are for example the
deformation of the double helix or the hindrancéhefunwinding of the double helix. The later

prevents the synthesis of messenger RNA and threratotranscription takes pla¢é**!

The Cu(ll) complex of Hpyramol (Figure 7, left) [(Ryrimol)CI] (Figure 7, middle; the ligand
Hpyramol oxidises upon coordination of the metaite® exhibits high antitumour activity
against cis-platin resistant and sensitive cancellslé® The similar complex
[Cu(L)(H20)(OAC)] (HL = N-2-pyridylmethylidene-2-hydroxy-5-chlorophenylamjmeure 7,
right) also oxidatively cleaves the DNA by the fatmon of reactive oxygen species (ROS). It
inhibits the growth of cervix carcinoma cells (H¢iaa dose-dependent matter; the free ligand

showed no cytotoxicitiy.”!
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Hpyramol [Cu(Pyrimol)CI] [Cu(L)(H,0)(OACc)]

Figure 7. Hpyramol (left), [Cu(Pyrimol)CI] (middle), and [Cu(LBO)(OAC)] (right)[56:57]

Another type of enzymes which are identified asnicdl important targets are the
topoisomeraseé?*4 They play a crucial part in the supercoiling pss;ewhere the DNA is
coiled into a 3D shape so it can fit in the nucletihe cell. This allows the efficient storage of
DNA but it has to be uncoiled again for transcoptand replication. The unwinding process
leads to increased tension if the DNA is still sgpéded. Topoisomerases catalyse the passing
of one stretch of DNA helix across another. The yere temporarily cleaves one
(topoisomerase ) or both (topoisomerase Il) stsamidDNA helix to create a temporary gap
and releases the strand(s) once the crossoveskeslace. The uncoiling process is catalysed
as well by topoisomerases therefore inhibition lebse enzymes can effectively block
transcription and replication. The topoisomeragatdracts with parts of the DNA where two
regions of the double helix are in close proximiyeach other. It binds to one helix and a
tyrosine residue is used to nick both strands@fINA. This temporary covalent bond between
the enzyme and each strand stabilises the DNA. sttands are then pulled in opposite
directions to create a gap, through which the inR¢A can pass. The enzyme reseals the
strands and departs. Topoisomerase | acts simildy but cleaves only one strand of DNA.
The relaxation of the torsional strain can be agkdeby passing the intact strand through the
nick (see Figure 8) or free rotation of the DNA abthe uncleaved strand. As soon as the
torsional strand has been relieved, the enzymeneejine cleaved strand of the DNA and
departd®®59 Compounds targeting the topoisomerases can beledivinto two groups:
topoisomerase poisons and catalytic inhibitors. pbisons stabilise the reversible, covalent
complex formed between the DNA and the enzyme, @dsecatalytic inhibitors, which mostly
target topoisomerase I, interfere in the catalytigcle without trapping the covalent

complex!4244]
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Figure 8. Schematic representation of DNA cleavage reactatalgse by topoisomerase I. (a): DNA nicking, (&and
passage, (c): resealing of the strand and depafihe enzymé&?s!

The two plumbagin (HL) derivative complexes [Cy{IHO and
[Cu(L)(bipy)(H20)]2(NOs)2-4H20 (Figure 9) exhibit a high cytotoxicity againsveeal human
cancer cell lines and were more active than plunmbdpth coordination compounds bind
noncovalently to the DNA and mostly intercalatedghbouring DNA base pairs. They also

inhibited topoisomerase | more efficiently thanmhagin(®®

one | oD

OC o o o
. S

(0]

i 2 NO5
Plumbagin [Cu(L).] [Cu(L)(bipy)(H20)]2(NO3)z

Figure 9. Structure of plumbagin (left), [Cu(t))2H.O (middle), and [Cu(L)(bipy)(£D)]2(NOs)2:4H20 (right). Non-
coordinating solvent molecules were omitted forit}d®"!

3.3 Ring-opening polymerisation of lactide

Synthetic polymers have a huge impact on todaysistry and everyday-life. Polyesters are
one of the most versatile classes of those polynasrthey can be used in many different fields
(fibres, plastics, coatings, ...). Polylactide (PL&)y biodegradable polymer, with a monomer
(lactide acid or lactide) which can be obtainedrfrannually renewable sources like corn or
beets. It can be produced via the condensatiacttle acid or the ring-opening polymerisation
(ROP) of lactide (cyclic dimer of lactide acid). Rhas many advantages: it leads to well
controlled molecular weight, low polydispersity (PDand allows control over the

stereochemistry of the product. A good catalystR@P has a metal centre, which is redox-

inactive and an oxidation state between +2 andnet{ to[3-hydrogen atom abstraction from
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the growing alkoxide polymer chain, and the compkhould be inert towards ligand

scramblingt62

Many metal based reactions follow the coordinatitgertion mechanism. This is very well

understood in the case of Al{®r) as catalyst (Scheme 1). The first step (1) istwedination

of the monomer to the lewis-acidic metal centraeAfards (2) the monomer inserts into the
Al-Oi-Pr bond via nucleophilic addition of tha-©r group on the carbonyl oxygen. The ring-
opening (step 3) proceeds via an acyl-oxygen clgavdydrolysis of the O—Al bond leads to
PLA.[62]

o W~
) O\/éR @) RO o8 @) 0 H,0 9
ROy o WO, ek ”7)<o . ROT‘}\ Beopi RO% OH
Lo g 7(L% i T(Cfm 5 7(% o .olu o)
0 o)
0 1 I

Scheme 1Coordination insertion mechanism for the ROP of tketivith Al(O-Prk. RO refers to the initiating isopropyl
group or the growing polymer chafdl

The catalyst mostly used is industry is Sn(@€#°¥ It is not removed after the polymerisation
in melt, and upon the compost degradation of PLAcitumulate§% As it is, like most tin
compounds, thought to be harmful, a replacementdias found®® Commonly investigated
metal centres are Mg AlI®*, and zR*.[67)

The dinuclear Zn(ll) complex [2ZhF(HMDS),] (Figure 10, left) (E' is a
bis(imino)diphenylamido macrocycle, HMDS = bis(tathylsilyl)amido) shows a high activity
in THF solution (cfac-lactide) = 1 mol/L, 0.1 mol% catalyst) with turrexvfrequency values
up to 60000 1, resulting in M(polylactide) = 14000 g/mol, undermortal conditions (10 eq
of isopropanol}®® The complex has a folded conformation, this combishort intermetallic
distances and open coordination sites with stréegtren donation. A similar complex with
O'Pr as anion shows a planar ligand conformationtaed3Pr groups are bridging the metal
centres. This compound has a much lower activitggared to the HMDS complex, which has
been explained with the lower flexibility of the amacyclic ligand once the metal centres are
bridged by additional co-ligands. The zZn(Il) atomgZn,LE(HMDS),] are easily accessible

for the monomer and therefore insertion and coaitthn are much faster.
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The mononuclear

relevant conditions (polymerisation of technicahdgrac-lactide in melt at 150 °G§% The
rate constant was determinedkas = 1.2610 st and polylactide with a molar mass of 69100
g/mol was obtained. The analogous bromide complex as active as the chloride compound
and produced chains with a higher molar mass (70g@tbl). A coordination insertion

mechanism was proposed and kinetic measuremerdaleelva fast first order behaviour with

complex [ZNMIDMEGasme)] Kigure 10,
2-[(1,3-dimethylimidazolidin-2-ylidene)amino]benzea was investigated under industrial

a polymerisation rate constantkgfof 9.51072 smol L.

Figure 10. Catalysts based on Zn(ll) for the ROP of

[ZnCl2(DMEGasme)]Js8.69

Q\//NI '\{LQ \
N-Zn-X X-Zn-N o4 T%Nj

/ - |
7 Zn

NN cr c

[anLEl(HMDS)Z] [ZI"IC|2(DMEGanTIe)]
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Synopsis

4. Synopsis

This thesis comprises three publications (Chae®, and two manuscripts (Chapters 9 and

10). The individual contributions to joint publigats are summarised in Chapter 5.

This work deals with the synthesis of tridentathiBbase-like ligands and their corresponding
3d metal complexes, namely Cu(ll), Fe(lD)/(Ill),ca@n(ll). The tridentate ligands are derived
from the Jager type ligands and provideNMO coordination sphere. Normally, the Weber
group uses tetradentate Schiff base-like ligantiesé& are rigid and the resulting coordination
spheres are limited to square planar, square pglednor octahedral. Tridentate ligands are
more flexible and can provide a wider range of dowtion geometries, depending on the metal
centre and possible co-ligands, e.g. solvent ordioating anions. The general idea was to
investigate these possibilities depending on thefepred coordination sphere of the metal
centre and the resulting properties of the compgexe

The ligands were prepared by a simple condensaBantion between the commercially
available 2-picolylamine and the corresponding etol ether. Conversion with the respective
metal salt and a base, needed for the deprotonatithre ligands, resulted in the formation of
the 3d metal complexes. As expected, the Fe(ll)/(tomplexes have an octahedral
coordination sphere, whereas it is mostly squararpidal for the Cu(ll) and Zn(ll) complexes

(Figure 1).

0/+

HL1 R=-COOEt R =-Me - -

HL2 R=-COMe R'=-Me

HL3 R=-COOEt R'=-OFEt M = Fe(ll), X" =/ M = Cu(ll), X = OAc,, NOg,, CI, Br-, I, SCN", Ny’
HL4 R=-CN R' = -OEt M = Fe(lll), X = CI, Br,, I, BF,, PFg, CIO,” M = Zn(ll), X" = OAC”

HL5 R=-COOEt R'=-Ph

HL6 R=-COOMe R'=-Me

Figure 1. Structure of the ligands HL1-HL6 (left), the F&He(lll) complexes (middle), and Cu(ll)/Zn(ll) coteges.
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In Chapter 6, the synthesis of six new ligands (HH6) and their Cu(ll) complexes is
described. The ligands, Cug@nd sodium methoxide were heated to reflux inrdeghanol
under an argon atmosphere to avoid the formatio€wfOHY. This dark blue precursor
solution was split in aliquots and the Cu(ll) coexy#s were precipitated with an agueous
solution of an anion X The metal centre is coordinated by one tridedigaed, and the second
positive charge is compensated by varying anion§OAc, NOs™, CI', I, NCS, and N").
X-ray structures of four ligands and 22 Cu(ll) cdexgs were obtained. Most of the Cu(ll)
complexes crystallised as dimers and the metalre=iare bridged by the anions. For anions
with more than one possible donor atom (e.gsN\@e coordination with only one of those is
observed in most cases. The crystallisation of mme (the fifth coordination place is
occupied by a solvent molecule) or coordinatiorypwrs (the metal centres are either bridged
by the anions to 1D chains or the —CN group of ldaAnects the Cu(ll) ions) occurred as well.
It was shown that for the dimeric complexes the XCbend length and the Cu—X—Cu angle
correlate well with the size of the anion. A smabledging anion leads to shorter bond lengths
and larger angles. Powder X-ray diffraction wasduseconfirm the identical structures of the
bulk complexes and the single crystals. The magnptbperties of the dimers were
investigated, as Cu(ll) complexes can show interg@stmagnetic behaviour such as
superexchange. Most of the compounds are bridgetidoyanions in double axial-equatorial
positions and have small coupling constahtmdicative of rather weak antiferromagnetic (
negative) or ferromagnetid positive) interactions. No direct correlation beém the nature of
the magnetic exchange interactions and the stralgbarameters, such as the Cu—X—Cu angle
or the distortion parameter was found, making it difficult to predict thosetaractions.
[(u-1)2(CuL5)] has the largest distortion parameter (0.28) dmlsecond highest coupling
constant (in absolute value) of —7.36 éniThe complex with the strongest superexchange
(I=-129 cm?) is [(u-1,1-NGs)(u-1,3-NG;)(Cul1)] and has a different structure in the solid
state (Figure 2) than the other dimeric Cu(ll) ctewmps, the nitrate bridges at interlinking
equatorial-equatorial and axial-axial positionghet adjacent Cu(ll). One of the two nitrates
coordinates with two oxygen instead of one, resglith a much larger Cu—O—Cu angle-a#3°

for the second anion. This and the equatorial-exigdtcoordination provide a better overlap
between the magneticedy orbital of the Cu(ll) centre and the p orbital dietoxygen.
Therefore the super exchange is much more pronduhee for the other complexes, resulting

in this comparatively high coupling constant.
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Figure 2. Complex [(1-1,1-NQ)(u-1,3-NQs)(CuL1)] (left), thermal ellipsoids were drawn at 50 %Ipability level, hydrogen
atoms were omitted for clarity. RighiT vs. T plot.

Selected coordination polymers were investigategledlsconsidering their magnetic properties.
The chloride bridged complex [(u-Cl)(CuLk)khowed weak ferromagnetic interactions,
whereas for the —CN bridged complex [CuL4@l@ almost ideal Curie behaviour was
observed. This indicates that, even though the idgaohain coordinates in an equatorial

position, the exchange pathway is too long.

Fe complexes can show interesting magnetic pr@seds well, a phenomenon called spin
crossover. The spin state of the metal centre easwitch from the high spin to the low spin
state by external stimuli, such as temperatures Wais investigated in Chapters 7 and 8. The
Fe(ll) and Fe(lll) complexes (with varying aniongere synthesised, characterised, and
compared to the known [Fe(bip}¢l. and [Fe(bipyj](PFe)z (bipy = 2,2’-bipyridine) in Chapter

7. The Fe(ll) complexes were obtained by a ligaxchange reaction between Fe(OAahd

the respective tridentate ligand under an argonospmere. The Fe(lll) complexes were
synthesised by reacting Fe(3)&9H-0, sodium acetate, and the tridentate ligands rAéieds

the nitrate anion was exchanged by, @&r, I, B, PR, or CIOs. The X-ray structure of
one Fe(ll) complex, [Fe(Lg)}MeOH, and three Fe(lll) complexes ([Fe(klOIO4,
[Fe(L2p]PFeMeCN, and [Fe(L&)JCIO4) were obtained. The crystallographic data for the
Fe(ll) complex were of low quality, and therefohe ttomplex was only discussed as general
structural motif. The structures of the Fe(lll) quexes were described in more detail. The spin
state of [Fe(L1)ClO4 is HS at the measured temperature (133 K), therawo are LS. The
spin states were attributed by the comparisonebtind lengths (as they are shorter in the LS
state), the octahedral distortion paramefdwhich is around 40° in the LS state and around
80° in the HS state), and the,NFe—O angle (closer to 180° in the LS state). Sver
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intermolecular interactions were observed in thekjay. The complex molecules form two
layers, which are turned 180° with respect to eatbler. In the case of the two complexes in
the LS state, the anions separate these layergelit1)]ClO4, a strong P4AE (Parallel
Fourfold Aryl Embrace), a combination @f-rtand C—H-minteractions (see Figure 3), leaves
no place for the anions between the layers. Thenetagmeasurements showed that the Fe(ll)
complexes remained mostly HS over the completestigated temperature range (300-50 K),
whereas out of the twelve Fe(lll) complexes tenngtbSCO behaviour. The spin transition is
gradual in all cases, and mostly incomplete inHBeand the LS region. Two complexes show
a small hysteresis: [Fe(LABr (6 K) and [Fe(L1)]PFs (5 K). The gradual nature of the SCO
can be explained with the missing cooperativityMeen the Fe(lll) centres, although several
intermolecular interactions were observed in thystat packing. The strong P4AE interaction
in [Fe(L1p]ClOg4 is believed to prevent the occurrence of SCOhaspacking is very dense
and a spin transition is always accompanied bylamve change. The complex [Fe(big@l.
undergoes an abrupt ST above 340 K. This procesgwersible and can be explained by the
loss of solvent at elevated temperatures. On therdiand, [Fe(bipy)(PFe)s is a pure LS
complex. The difference in SCO behaviour of thdlFa(d Fe(lll) complexes can be explained
with the different ligand field splitting; it inceses with a higher oxidation state of the central
metal atom, therefore for negatively charged ligatiek ligand field of the Fe(lll) complexes
is in a region which allows a ST, whereas the fa&@mplexes remain HS. For the neutral
bidentate ligand bipy it is the opposite, the ligdreld for the Fe(ll) complex is in a region
suitable for SCO, and the Fe(lll) complex remaifss L

The complexes were investigated considering threpgrties in solution (UV-Vis spectroscopy
and cyclic voltammetry) as well. The absorption maxfor the Fe(ll) complexes are in the
region of 450 nm, with an absorption coefficienatthndicates a charge transfer process
responsible for the colour of the complexes. Thélfecomplexes show two absorption
maxima (around 530 and 645 nm), which are indep#nafethe used anion and only depend
on the used tridentate ligand. The two maxima epoad to the HS and the LS state
(respectively) of the iron(lll) and indicate thasin transition in solution is possible. Again, a
charge transfer process is responsible for theucadd the complexes. The electrochemical
behaviour was investigated with cyclic voltammet®l Fe complexes with the tridentate
ligands show quasi-reversible processes betweéesil-dhd —0.40 V, that correspond to the
Fe(Il)/Fe(lll) redox process. Additionally an irrergible oxidation of the ligand above 1.1 V
was observed as well. No significant influenceha tounterions or the oxidation state of the
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starting material on the redox potentials was foumtie redox potential of the pair
[Fe(bipy)]?*/[Fe(bipyk]®* is at 0.72 V (reduction) and 0.83 V (oxidationhi§ shows again a
strong impact of the different chelate ligands ugéacionic and tridentates. neutral and

bidentate).
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Figure 3. Left: Structure of [Fe(LZ)ClOs illustrating the P4AE interaction; ellipsoids weheawn at 50 % probability level,
hydrogen atoms and side chains were omitted foitgl&ight: ymT vs. T plot of [Fe(L1}]Br.

So far, only gradual SCO was observed. This igbfit for the isostructural Fe(lll) complexes
[Fe(L2)]BF4 and [Fe(L2)]ClO4, that are discussed in Chapter 8. Both complenyessatlise in

the orthorhombic space group2:2:2; with one complex molecule and one anion per
asymmetric unit. It was possible to obtain the lgrgystal structures of the two compounds in
both, the HS and the LS state. The complexes simoabeupt ST above 100 K; the transition
temperaturelyz is shifted by 30 K towards lower temperature fog perchlorate complex
(145 K-> 115 K). This shift can be explained by the sizehaf anion, as the perchlorate is
slightly larger than the tetrafluoroborate aniord aherefore stabilises the HS state. By
comparing the structures in the HS and LS stata# seen that the volume change upon SCO
is smaller for [Fe(L2JClO4 (2.3 %) than it is for [Fe(L2)BF4 (2.8 %). The packing of the
complex molecules in the crystal is similar to 80 active iron(lll) complexes described in
Chapter 7: two layers of molecules are formed, tvlaie turned 180° with respect to each other
and are separated by the anions. Several interolaldnteractions are observed in the packing
of the crystals, therefore a Hirshfeld surface ysialwas performed to identify significantly

strong/short contacts. There are dominanttHinteractions between a keto oxygen of one
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ligand and a methyl group of another ligand (segifé 4). A chain of molecules along [100]
is formed by these non-classical hydrogen bondssé@Iimteractions are a possible explanation
for the very cooperative and therefore abrupt Shmared to the other Fe(lll) complexes, that

were discussed in Chapter 7.
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Figure 4. Hirshfeld surface (left) and 2D fingerprint plotifidle) of [Fe(L2)}]BF4in the HS state. The red circle is highlighting
the area of strong C~HD interactions. RightymT vs.T plot of [Fe(L2}]BFa.

So far, the focus of this work was on the magngtaperties of the complexes. Compounds
with additional weakly binding ligands can alsowhnteresting catalytic or biological activity.
In Chapter 9, the dinuclear Zn(ll) complexes wereestigated considering their potential
application as catalysts for the ring opening payisation of lactide. The white complexes
were obtained by an easy complexation reaction detwZn(OAc)2H.O and the tridentate
ligands. It was possible to obtain the single @aly3t-ray structures of the two complexes
[(p-1,1-OAc)@-1,3-OAc)(ZnL1y] and [@-1,1-OAc)u-1,3-OAc)(ZnL5)]. Both show the
same general motif, the two Zn(Il) atoms are cowatlid by the tridentate ligands and bridged
via two acetate anions, one is coordinating with amhg oxygen atom, while the other is
bridging the Zn(ll) centres with both oxygen atois.complexes of ligands HL1, HL2, HL4,
HL5, and HL6 were tested regarding their activitythe ring opening polymerisation of non-
purifiedrac-lactide in melt at a temperature of 150 °C. Duth®high fluorescence of complex
[ZnL4OAC] it was not possible to perform a kinestudy. For the other four complexes
polymerisation data were obtained. Compoundif{-OAc)@-1,3-OAc)(ZnL5»] was the
slowest catalyst with an apparent rate cons¢égpbne order of magnitude lower than the other
three complexes (I6vs.103s™Y). This is due to the higher steric demand of thenyl groups

at the chelate cycle, making the access of theaohore difficult. A coordination-insertion
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mechanism was proposed; an induction phase takes pk the beginning, during which the
dissociation of the dinuclear complex into a monomspecies leads to the formation of the
active species. This was further supported bydlethat the obtained molar masses are much
closer to the theoretically calculated molar masseach Zn atom propagates a chain. Also,
analysis of the polylactide by MALDI-ToF confirmélaat the monomeric complex is attached
to a chain endH NMR showed that only atactic polymers are fornTB@A revealed that the
complexes are stable up to 225 °C, a temperatgleshthan the typical industrial conditions
(180-200 °C). Complex [ZnL20Ac] was investigatedigsidering its cytotoxicity towards one
melanoma, two colon carcinoma, one cervix carcinoara one non-malignant human
fibroblast cell lines. It showed no cytotoxicitywards any of these cell lines withs{Gralues
>100 uM and can be considered non-hazardous tthh@#lis study points out that those Zn
complexes have a high potential to replace thectBxi(Oct) catalyst which is currently used

for ring opening polymerisation of lactide in indys
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Figure 5. Structure (left) of [i-1,1-OAc)u-1,3-OAc)(ZnL5)] and semi-logarithmic plot (right) of the polymeation of non-
purified rac-LA with [(p-1,1-OAc)@-1,3-OAc)(ZnL5}] [M]/[l] = 500:1, 150 °C, 260 rpm, conversion deténed byin situ
Raman spectroscopy, showing the induction phageedidginning of the polymerisation.

In Chapter 10, the Cu(ll) complexes were investidatonsidering their possible application as
anticancer agents. The influence of the anion wab/aed by testing complexes of ligand HL1
with different anions (N@, CI", Br, and NCS). The effect of the side chains on the chelate
cycle on the cytotoxic activity was examined by a$iag Br as anion for the complexes of
HL1-HL6. Additionally, substituents (4-OMe, 4-CkMe, 5-Me, 6-Me) on the pyridine ring
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were introduced to further alter the electroniciesrvment of the central metal atom, and thus
influence the cytotoxic activity. Only ligands dfet type HL3 and HL4 were synthesised with
substituents on the pyridine ring. X-ray structanalysis of four of the new complexes shows
that unlike the examples with unsubstituted pyedimgs (always square pyramidal
coordination sphere) a square planar coordinasosbserved. In all cases short interactions
between the Cu centre andtaystem of a neighbouring ligand are observed Fsgeare 6).
UV-Vis spectroscopy and conductivity measuremergsevperformed in water and/or DMSO
to investigate if the anion coordinates to the Qufgntre in solution, which is especially of
interest for the dimeric complexes. The absorptiaxima only depend on the tridentate ligand
and not the anion in aqueous solution, and in satlvents the conductivity was higher
compared to the pure solvent. Therefore it was lcoled that the anion does not coordinate to
the metal centre and that the dimeric complexesnai@ct monomeric and cationic species in
solution. The low magnitude of the absorption deogfht £ (107 indicates a d—d transition
responsible for the colour. The electrochemicablvedur of the complexes was investigated as
well. Mostly irreversible Cu(ll)> Cu(l) processes were found below —-0.4 V. The anodi
processes are ill-defined and correspond to oxidgirocesses of the ligand. The compounds
were investigated with regard to their cytotoxi¢iaty and were therefore tested against
different cancer cell lines: one melanoma, two patarcinoma, and one cervix carcinoma.
Most complexes were moderately active against éfidines with 1Go values > 10 uM. Two
compounds showed high activity withsiGralues < 10 uM: complexes of the type HL3 with
4-OMe and 4-Me as substituents on the pyridine [igwg*°M4.3)Br] and [Cu(-MeL3)Br]. The
respective compounds of the type HL4 were not adciyainst the cancer cell lines (4G 50
pM). CuSQ was also tested and less active than most Cudit)ptexes. The uptake of the
most active complexes was investigated using ICP-Mi&eir cytotoxic activity nicely
correlates with the Cu concentration in the cellsigher Cu content in the cells leads to a lower
ICs0 value. The possible mode of action of the comEexas investigated. No direct interaction
with the DNA was observed, and also only a tinyegation of reactive oxygen species was
detected. It was found that the complexes inhlit@teénzyme topoisomerase | which is a clinical
important target for anticancer drugs. Again, CuS@s tested as well and showed no
inhibition.
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Figure 6. Asymmetric unit (left) and packing in the crysa#bng [101] (right) of [CUEMeL3)Br].

In summary, the new tridentadNO Schiff base-like ligands (middle Figure 7) haveride
variety of interesting properties ranging from metgmexchange interaction (Cu, top left Figure
7) over spin crossover (Fe, bottom left Figureo@dtalysts for the ring-opening polymerisation
of lactide (Zn, bottom right Figure 7) and possiaigi-cancer agents (Cu, top right Figure 7).
Compared to the tetradentate ligands used by thieeYMgroup, the observed coordination
geometries are the same (square planar, squamipglaand octahedral) but due to the weakly
binding co-ligands in cases of Zn(ll) and Cu(lIhgaexes a free coordination place is easily
accessible. This allows the Zn(ll) compounds toaactatalysts for the ROP of lactide, which
is not possible for Zn(Il) complexes with the teeatate ligands. The Cu(ll) coordination
compounds can show superexchange due to the hbgidmiions, a behaviour that is not
observed with the tetradentate ligands. Also, thater solubility is much higher thus allowing
the investigation of their cytotoxicity. In case B&(Il)/Fe(lll) complexes only the Fe(lll)
complexes with the tridentate ligands show SCO \Wela, whereas the Fe(ll) complexes with

the tetradentate ligands and asOblcoordination sphere are SCO active.
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Figure 7. Overview of the different properties of the comm@sxvith the new tridentate ligands depending onrtétl centre.
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5. Individual contributions to joint publications

The results of this thesis were obtained in colfabon with others and are published, accepted,
or to be submitted as explained below. In this traphe contributions of all co-authors are
specified. The asterisk denotes the corresponditigpgs).

Chapter 6
This work was published in CrystEngCom@8rystEngComn2018 20, 818—828) with the title:

“Novel Cu(ll) complexes withNNO-Schiff base-like ligands : structures and magnetic

properties”
Katja Dankhoff and Birgit Weber*

| synthesised and characterised all the ligandscamiplexes in this work, carried out the
magnetic measurements, solved the crystal strig;tare wrote the publication. Birgit Weber
supervised this work, was involved in scientifisaissions, wrote the introduction, and

corrected the manuscript.

Chapter 7

This work was published in Zeitschrift fur anorgaotie und allgemeine Chemié. (Anorg.
Allg. Chem2018 644, 1839-1848) with the title:

“Iron(ll) and Iron(lll) Complexes of TridentattlNO Schiff Baselike Ligands — Xray

Structures and Magnetic Properties”
Katja Dankhoff, Sandra Schneider, René Nowak, argitBVeber*

The complexes with the tridentate ligands werelssised and characterised by me or Sandra
Schneider during a practical course. | carriedtbatmagnetic measurements, measured and

solved the crystal structures, and wrote the pabbo. René Nowak synthesised and

37



Individual contributions to joint publications

characterised the iron(ll) complex of 2,2’-bipynéi Birgit Weber supervised this work, was

involved in scientific discussions, wrote the imuation, and corrected the manuscript.

Chapter 8

This work was published in Dalton Transaction®alfon Trans. 2019 DOI:
10.1039/c9dt00846b) with the title:

“Isostructural iron(lll) spin crossover complexeghwa tridentate Schiff base-like ligand: X-

ray structures and magnetic properties”
Katja Dankhoff and Birgit Weber*

| synthesised and characterised the complexessdisdun this work, carried out the magnetic
measurements, measured and solved the crystatulsgsicand wrote the publication. Birgit
Weber supervised this work, was involved in scfentliscussions, wrote the introduction, and

corrected the manuscript.

Chapter 9

This work was published in ChemistryOpebhémistryOper2019 8, 1020-1026) with the
title:

“Towards new robust Zn(ll) complexes for the ringeaing polymerisation of lactide under

industrial relevant conditions”

Pascal M. Schafer, Katja Dankhoff, Matthias RothethlAgnieszka N. Ksiazkiewicz, Andrij
Pich, Rainer Schobert, Birgit Weber* and Sonja EgiPawlis*

Pascal M. Schafer carried out the polymerisatidadfde, the kinetic investigations, and wrote
the manuscript. | synthesised and characterisedaimplexes used as catalysts, measured and
solved the crystal structures, and wrote this giaitie manuscript. Matthias Rothemund carried

out the cell tests. Agnieszka N. Ksiazkiewicz earout the MALDI measurements. Andrij
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Pich, Rainer Schobert, Birgit Weber, and Sonja eéeRawlis supervised this work, were

involved in scientific discussions, and correctee tnanuscript.

Chapter 10

This work was published in Dalton Transactiobslfon Trans2019 48, 15220-15230) with
the title:

“Copper(ll) complexes with tridentate Schiff ba#eel ligands: solid state and solution

structures and anticancer effects”

Katja Dankhoff, Madeleine Gold, Luisa Kober, Florisschmitt, Lena Pfeifer, Andreas
Durrmann, Hana Kostrhunova, Matthias RothemundtorilBrabec, Rainer Schobert* and
Birgit Weber*

The complexes and ligands discussed in this worle wgnthesised and characterised by me,
Lena Pfeifer, or Andreas Durrmann during their ledahthesis. | measured and solved the
crystal structures and wrote the manuscript. Madel&old, Luisa Kober, Florian Schmitt, and
Matthias Rothemund carried out the cell tests. Hé&strhunova carried out the uptake studies
of selected complexes using ICP-MS. Viktor BrabRajner Schobert, and Birgit Weber

supervised this work, were involved in scientifisalissions, and corrected the manuscript.
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6. Novel Cu(ll) complexes withNNO-Schiff base-like ligands : structures

and magnetic properties

Katja Dankhoff and Birgit Weber*

Department of Chemistry, University of Bayreuth, ikémsitatsstr. 30, 95440 Bayreuth,
Germany. E-mail: weber@uni-bayreuth.de; Tel: +4920552555

Published inCrystEngComn2018 20, 818-828. (DOI: 10.1039/C7CE02007D)

Reproduced by permission from The Royal Societ@lémistry

Abstract: We present a series of six new tridentate Sclafeblike ligands, derived from 2-
picolylamine, providing amtNNO coordination sphere. Their corresponding Cu(linptexes
were synthesised with a range of varying counteras(OAC, NGOz, CI, I, NCS, and N").
The results from single X-ray structure analysefoaf ligands and 22 Cu(ll) complexes are
presented. The majority of the complexes crystadlias dimers with the anion bridging the
Cu(ll) centres in a-fashion; depending on the substituents at thentlgand the counter ion
the formation of coordination polymers or mononaclecomplexes is also possible.
Temperature dependent magnetic measurements révdae the exchange interactions
between the Cu(ll) centres depend on the natutkeobridging ligand (axial/equatorial), the
Cu—X—Cu angle, and the distortion between a sgpgramidal and a trigonal bipyramidal

coordination sphere, explicable by assuming a sxgbange.

6.1 Introduction

The design of functional materials is a great @mae for synthetic chemists. With regard to
this, oligonuclear complexes and coordination paggrthat are built through self-assembly of

metal centres and polytopic ligands are activelyestigated. Depending on their structure,
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intriguing properties in the field of magnetismtatgtic or biological activity, or sensing
applications can be fourl.Tridentate ligands are widely used in many diffierelds of
coordination chemistry due to their wide varialgiaind also flexibility with regard to the ligand
structures, coordinated metal centres, and theetefzhysical and chemical propertidn the
case of metal centres that prefer an octahedraldow@iion sphere, usually mononuclear
complexes of the general formula [M[L" are obtained. Some of those complexes show an
interesting magnetic bistability (e.g. spin crossp8CO)Y34 Additionally, for rigid tridentate
ligands, control over either a facial (trispyradoigthane/-borate and related ligands) or a
meridional coordination (terpyridine and related) abtained. However, if a preferred
coordination number of the metal centre is 4 asbin the case of copper(ll), the synthesis of
mononuclear, dinuclear, or polymeric complexesossiblel®® The different structural motifs
will significantly influence the properties of thmaterial. For coordination polymers and
oligonuclear complexes different magnetic exchantgactions are possibfe’ Here it needs

to be pointed out, that already small structurddedences can significantly influence the
magnetic propertie€® Due to theS = % spin state of the copper(ll) center systematic
investigations on the influence of different bridgiligands on magnetic exchange interactions
are possibl&%*% One of the first prominent examples for a magrietotural correlation of
dinuclear p-hydroxide-bridged copper(ll) complexes was prodosey Hatfield and
Hodgsor** The coupling constadtwas found to strongly depend on the Cu—O—Cu aofgle
the dinuclear unit. For a more detailed discussiaine magnitude and nature of the exchange
interactions in dinuclear and polymeric copper@implexes, the position of the bridging
ligand (axial vs. equatorial) with regard to thegmetic orbital (usually,d-y2) has to be taken
into account®® For penta-coordinated complexes with axial/equatdniidging ligands the
distortion parameter (ref. 16) that helps to distinguish between squegramidal ¢ = 0) and
trigonal bipyramidal { = 1) complexes also needs to be considéfél. Furthermore,
mononuclear or dinuclear complexes with additionedkly binding (monodentate) ligands can
show interesting biological or catalytic activity. These complexes can be capable of
activating oxygen and therefore oxidise phenobdechol. This can be used to mimic the active
site of tyrosinase or catechola€®. Other examples serve as active site for ethylene
polymerisatioff! or are discussed as anticancer agéfitslere we present six new tridentate,
2-picolylamine derivedNNO Schiff base-like ligands and their corresponding(I
complexes. In combination with different anions aiety of Cu(ll) complexes could be
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obtained in an easy, three-step synthesis. TheayXstructures and magnetic properties were

compared.

6.2 Results and discussion

Synthesis

The Cu(ll) complexes were synthesised in threess(§gheme 1). First, the 2-picolylamine
derived, tridentate Schiff base-like ligand$L(—HL6) were synthesised, then treated with

CuSQ under basic conditions to give the correspondinfjiCchelate complex which finally

had its counter anion exchanged to afford eithenaneeric, dimeric, or polymeric Cu(ll)

complexes. For 22 of the 30 Cu(ll) complexes thusioed, the structures could be elucidated.

An overview of the synthesised complexes is givemable 1.

R, R T
R S
N g o ) L " \\0\ X
L e sEOH Ry Cuso, Neowe N MeOHIH,0
» 0 MeOH / 4
< =N =N
. . \_/ N\ 7
2-picolylamine L _
A B HL#
HL# R R
HL1 -COOEt -Me
HL2 -COMe -Me o - - e i o
L3 ~COOE: <OF X : OAc, NOg,, CI, I, SCN', Ny
HL4 -CN -OEt
HL5 -COOEt -Ph
HL6 -COOMe -Me
R| R A
0] 0] / )
R = S R B = R =0
\ \/ \ \ /X\ /N \ \ S
N—__ N—_ = =N N—__
/Cu—X /Cu\ /Cu \ "~ FCu—X—
|_— /
=N or =N X \o:>\ R o ] =N
\_/ \ 7/ N \ 7/
= —n
[Cu(L)(X)(S)] [(#-X)z(CuL); ] [(=X)(CuL)]n
S : solvent (H,O or MeOH)
Monomer Dimer Polymer

Scheme 1General procedure for the synthesis of the ligatflds-HL6 and the corresponding Cu(ll) complexes. The ligand
were obtained in 50 to 98% yields, the yields ef @u(ll) complexes ranged from 13 to 79%.
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Ligands. The new tridentate 2-((pyridin-2-yl)methylaminogthylene-1,3-dicarbonyl ligands
HL1-HL6 were prepared by a condensation reaction betwegino®/l amine A and the
respective-acylenol etheB. The ligands were obtained as white to slightty pewders and
their identity and purity was confirmed By NMR spectroscopy, elemental analysis, mass

spectrometry, and IR spectroscopy.

Cu(ll) complexes.The reaction of the ligand$L1-HL6 with CuSQ and sodium methoxide
in methanol, acting as a base for the deprotonafidime ligand, resulted in dark blue solutions.
These were split in aliquots and the respectivdlCegmplexes were precipitated by addition
of an aqueous solution of the sodium or potassialha the desired anion. The resulting
complexes were obtained as dark green to blue,cliygtalline powders. Their identity and
purity was confirmed by means of elemental analysass spectrometry, and IR spectroscopy.
For some compounds only a few single crystals cbaldbtained, as either their solubility was
too high (all complexes of the type [CuBs) or the obtained bulk material was not pure
enough as to elemental analysis (for complexes ibh Ns~ as anion). In those cases only the

results from single crystal X-ray structure anayaie presented.

Table 1.Overview of the synthesised complexes. Complexesmkfiown structure were obtained as fine crystallioeders.
For entries with “/” neither bulk material nor slagrystals could be obtained.

ligand / anion L1 L2 L3 L4 L5 L6
OAc™ dimer structure dimer polymer structure dimer
unknown unknown

NO3~ dimer monomer structure polymer dimer structure
unknown unknown

Cl- dimer dimer dimer structure polymer dimer

unknown

I~ dimer / / / dimeP /

NCS polymer monomer structure structure structure dimer
unknown unknown unknown

N3~ dimer dimer / / / /

SOz / dime? dimeft / / /

a Only obtained as single crystals. b Due to baditywf the data the structures will only be dissed as general structural motif.
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X-ray structure analysis

Crystals suitable for X-ray structure analysis webgained for four ligands and 22 Cu(ll)
complexes. The crystallographic data were colleatet33 K and are given in the ESI, Table
S1. ORTEP drawings of the ligands are shown in &lig.and of selected complexes in Fig. 1.
The remaining ORTEP drawings of the complexes erggnted in Fig. S2 and S3, bond lengths
and selected angles are given in Table S3.

Ligands. Colourless crystals suitable for X-ray structuralgsis were obtained for ligands
HL1, HL5, andHL6 by slow evaporation of the mother liquor at ro@mperature, and of
HL4 directly from synthesis. For the free ligands timatomers can be expected: the keto-
enamine or the iminoenol fori! The results from X-ray structure analyses show the
ligands exist predominantly in the keto-enaminenfor he length of the bond C7—C8 with an
average value of 1.39 A is clearly shorter and niorhe order of a double bond, while the
bond C8-C9 (1.45 A on average) is significantlygenand more in the range expected for a
single bond. The relevant bond lengths are givehainle S2. This is in agreement with other
structures reported for similar tetradentate ligaofthis Schiff base-like ligand tygé:24l

Cu(ll) complexes.The Cu(ll) complexes with a onefold negatively el anion crystallised
with one counter ion and one tridentate ligandqogper centre whereas the complexes with
sulfate crystallised with half a counter ion an@ endentate ligand per copper centre. In most
cases the counter ion serves as additional ligahth the exception 02-SQ: and3-SOs the
Cu(ll) centre has a square pyramidal coordinatpirese. The bond lengths between the Cu(ll)
centre and the donor atoms of the tridentate ligevalv average values of 2.00 A (CymN
1.92 A (Cu-N), and 1.93 A (Cu-0), and are thugnaihe same order of magnitude and similar
to those of other Cu(ll) complexes of related Sdbdfse-like ligand&?3!
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Fig. 1. ORTEP drawings 08-OAc (top left),5-Cl (top centre).l-Ns (top right),1-NOs (middle left),2-SQu (middle centre),
2-NCS (middle right),3-Cl (bottom left),6-NCS (bottom centre), and-NOs (bottom right). Ellipsoids are drawn at 50%
probability level. Hydrogen atoms were omitted d¢tarity.

Monomeric Cu(ll) complexes. Two of the 27 complexes for which a crystal stnuetwas
obtained crystallised as monome?2sNOsz and2-NCS. In both cases the Cu(ll) centre has a
square pyramidal coordination sphere, being coatdoh by one tridentate ligand, the
corresponding anion, and a solvent molecule, eagemfor2-NOs and methanol foR-NCS.

An ORTEP picture oR-NCS s given in Fig. 2. Several intermolecular intéi@as between
the ketone side chain, the anion, and the solvei¢aules (one kD in 2-NOz3) are apparent.

For both complexes metallophilic interactions betw@ne Cu centre and the chelate ring of

46



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

the tridentate ligand of a neighbouring complex barobserved. Details of all intermolecular

interactions are given in Tables S4-S8.

Dimeric Cu(ll) complexes. The majority of the Cu(ll) complexes characterisgdsingle
crystal XRD have a dimeric structure (16 out of. ZXcept for four of those dimerg-8Qs, 3-

Cl, 3-SQy, and6-NCYS), the overall structure of these compounds islammitach Cu(ll) centre

is coordinated by the tridentate ligand and theainstntres are bridged by two anions in-a
fashion. The ligands are orientateahstowards each other. In cases where the bridgiranani
have more than one possible donor atom (such as,Ol%", N37) coordination with only one
of these donor atoms is observed (with one exceptidNOs). While the bond lengths between
the donor atoms of the chelate cycle and the Caoétre are very similar for all complexes,
the bond lengths to the bridging anion are asynmmeine is shorter than the other. The bond
lengths are very similar for complexes with the sawmnidging anion regardless of the side
chains of the tridentate ligand. The Cu—X—Cu asgilengly depends on the bridging atoms, it
is much closer to 90° for big anions (suchagHan for smaller atoms such as the oxygen of
OAc'. This angle is very similar for complexes with #@me bridging anion and not depending
on the side chains of the tridentate ligands. Apli@illustration of the Cu—X—Cu angle vs.
Cu—X bond lengths is shown in Fig. 2. Several mtdecular interactions between the
ketone/ester side chains, the anions, and the éio@&-groups of the pyridyl ring were
identified for all complexes. In case of additiosalvent molecules in the crystal packing,
hydrogen bonds with them are observed. For exanmptbe packing of the complé«OAc a
chain of hydrogen bonds between the additional feater molecules lies along axis [100].
Interactions between the chelate ring of one cormalal the pyridine ring or the Cu(ll) centre
of a neighbouring complex molecule were frequentigerved. Details of all interactions are
provided in Tables S4-S8. The coordination envireninof the Cu(ll) centre i6-NCSdiffers
from that in previously described complexes. Thaetitate ligand and the anion form a square
planar coordination sphere around the metal centrge the carbonyl oxygen of the ester side
chain of an adjacent tridentate ligand occupiesxaal coordination site of the Cu(ll), resulting

in a square-pyramidal coordination sphere. The ¢exngso crystallised as a dimer.

The complexes [Cuk{SQs) were formed, but could not be obtained as pureenads due to
their high solubility. However, crystals suitablar X-ray structure analysis were isolated of
complexe-SQOs and3-SOs. The crystals 08-SO were of a low quality and therefore will be
discussed only as a general structural motif. Aasgplanar coordination sphere was observed

a7



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

for both Cu(ll) centres i8-SQu. Each Cu(ll) centre is coordinated by the tridenteand and
one oxygen atom of the anion. Two solvent molecplsasymmetric unit are present. one
methanol and presumably one water, however theoggdr atoms of the water molecule are
not refined due to the low quality of the data. The(ll) centres in2-SQx have different
coordination spheres: one Cu(ll) centre has a sgpkanar coordination sphere with one
tridentate ligand and one oxygen of thesS0The second Cu(ll) centre has a square-pyramidal
coordination sphere with one methanol moleculexialgosition. One additional molecule of
methanol per asymmetric unit is present as welé distance between the Cu(ll) centre and
the SQ?  is similar to that between Cu(ll) and the oxygeana of other oxygen-bridged

complexes.

The complex3-Cl also crystallised as a dimer, although the coatthn is different.
Unfortunately, the crystals obtained were of a tpvality and therefore the structure can only
be described as a motif, with no conclusions asoted lengths and angles being drawn. The
tridentate ligand and the chloride anion form aasgtplanar coordination around the metal
centre. For one Cu(ll) centre of the dimer théafdbordination place is occupied by the chloride
ion of another Cu(ll) centre. For the second megaltre this is not the case, although a rather
short metallophilic interaction between the Cu@®ntre and the chelate ring of the other

complex molecule can be observed.

105
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95

Cu-X-Cu [°]
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Cu—X [A]

Fig. 2. Correlation of the Cu—X—Cu angles. Cu—X bond lengths for the Cu(ll) complex dimers.
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Cu(ll) complex polymers. Four Cu(ll) complexes crystallised as coordinapatymers; two
arep-bridged via the anionl({NCS, and5-Cl), and two complexes form a 1D chain via the
—CN side chain of ligand L4{OAc and4-NQOg). In 1-NCSthe anion is bridging to the nitrogen
on one side and to the sulphur on the other side.direction of the 1D chains is [100] fbr
NCS, [010] for4-OAc and4-NQOs, and [001] for5-Cl. Complex4-OAc has presumably seven
water molecules per asymmetric unit, but addingcthreesponding hydrogen atoms led to an
unstable refinement. Those water molecules sep#ratéD chains from each other. Similar
intermolecular interactions as for previously déssat complexes can be observed, all details

are given in Tables S4-S8.
Powder X-ray diffraction

Powder X-ray diffraction of the dimeric complexeasadone to confirm whether or not the X-
ray structures obtained by slow diffusion and tbmplexes obtained from synthesis have the
same structure. The calculated and measured speetgiven in Fig. S4 and Sb5. It can be seen
that the patterns are almost identical for all measd complexes, with minor differences which

can be explained with the different techniquestantperatures used to obtain the data.
Magnetism

The magnetic properties of all Cu(ll) complexest th@re obtained as bulk material were
investigated. The central question was if exchamigeactions mediated by the bridging ligands
might be observable for the dimeric and polymedmplexes. Dimeric Cu(ll) complexes are
known to show either antiferromagnetic or ferrometgn exchange interactions of very
different magnitude, depending on the possible angh pathways between the magnetic
orbital (usually g-y2, with the orbital lobes pointing towards the ligarwith the shorter bond
lengths) and the occurrence or absence of strietcoidental orthogonality. Which case is
observed depends on several parameters such badgag mode, the Cu—X—Cu angle, the
bridging ligand X, but also the distortion paramet&11"8 as will be discussed in the

following.

The temperature dependent magnetism was deternieedleen 300 and 50 K for all
complexes, and for selected complexes from 300 Ko Bhe values fojerr (uett = effective
Bohr magneton number, at 300 K), andl (Y = molar magnetic susceptibility, at 300 K, 50

K, and if measured, at 2 K) are given in Table B effective Bohr magneton numbes«{
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found were in good agreement with the calculated sply values ofiso= 1.73 (monomer or

polymer) andiso = 2.45 (dimer). Plots gfmT vs.T for all complexes are given in Fig. S6-S9.

For the complexes discussed in this work, therdiagedifferent ways how the Cu(ll) centres
in the dimeric compounds are bridged, which canrddevant for the magnetic exchange

pathways:

1) Interlinking equatorial-equatorial and axial-axpaisitions at the adjacent Cu(ll)
centres 1-NOzs)

2) Connecting equatorial-equatorial positioRsSQOx)

3) Double axial-equatorial positions (elgOAc or 5-NQOs)

4) Single axial-equatorial position3-Cl)

5) Double axial-axial position&{NCS).

The focus of this work was set on the complexesaoich the bulk material and the single
crystals have the same structure. Those were igagstl down to 2 K to accurately determine
a coupling constant between the Cu(ll) centresadiog a magneto-structural correlation. As

illustrated in Table 2, those complexes are bridgedxplained in 1) or 3) above.

The ymT vs. T plot for 1-NOs is shown in Fig. 3 as a representative example. fitting
parameters for all investigated complexes (couplingstantJ, g-value, and temperature
independent paramagnetism TIP or the percentagewndmersy) are given in Table 2 together
with selected structural parameters and exampdes fiterature. For a dinuclear complex with
two S= % centres, the Hamilton operator is

H = —]5:5, 1)

and the experimental values were fitted with ongheftwo following formulas!

_ 2:Nag*p? ]
_ _2Ngg*>B* . NaB*g*
xuT = k_<3+exp(%)) 1-a)+ @ 3

Since dimeric Cu(ll) complexes can have monomaripuiritiesi***22! the percentage of

monomers §) has to be taken into account when performindithie obtain reasonable fitting
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parameters (eqgn (3), as was the cas&-fd0s). The magnetic data of the other complexes were
fitted by taking TIP (temperature independent pagmnetism) into account, resulting in better

fit of the experimental data.

It can be seen that the coupling constants ofoaipiexes are very small (< + 10 chexcept

for 1-NOs. For this complex a rather negative coupling camsofJ = —129.5(19) crit was
determined, indicative of antiferromagnetic intéi@ts. The difference between the coupling
constant ofl-NOsz and the other compounds can be explained basdteox-tay structures of
the complexes. First of all-NOs is the only complex where the Cu(ll) centres ardded in
equatorial-equatorial and axial-axial positionsthg anion (type 1 in Table 2). For such
complexes a good overlap between the magneticatslaihd the orbitals of the bridging ligand
is possible that depends further on the bridgirglearHere, especially the equatorial-equatorial
bridge (oxygen atom O11) needs to be considered.ahigle Cul-0O11-Cul (143.39(9)°) is
very large forl-NOs and therefore a good overlap between the magdetie orbital of the
Cu(ll) centre and the p orbital of the oxygen atointhe counter ion is possible. This suggests
a super exchange pathwilfor 1-NOs with the Cu(ll) centres coupling antiferromagnatiy.
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Table 2. Cu—X—Cu angles and distances, distortion paran®teoupling constantd, g-factors, temperature-independent
paramagnetism TIP, and percentage of monomefsselected Cu(ll) complexes.

Cu-X—Cu Cu—X[A] Type 1 Jcm™ g TIP Ref.
[°] [cm®mol™
a %]
1-OAc 102.65(6) 1.9549(15) 3 0.11 -2.581(3) 2.121(2) 8.23(1)*  This
2.3542(14) / work
1-NOs 143.39(9) 2.3258(14) 1 0.14 -129.5(19)  2.383(9) / This
2.6745(14) 3.4(5) work
1-Cl 92.81(4) 2.2786(11) 3 0.08 -1.060(13) 2.1325(10) 3.68@\)* This
2.7766(12) / work
2-Cl 92.79(3)  2.2907(9) 3 0.13  -0.60(3) 2.140(2) 6.19(9)%  This
2.7953(10) / work
3-OAc 104.07(8) 1.9436(17) 3 0.15 -3.56(9) 2.178(7) 11.2(8)%  This
2.3516(17) / work
5-NOs 104.59(6) 1.9836(14) 3 0.04 1.82(6) 2.113(2) 4.69¢2p This
2.3997(15) / work
5-I 76° 3 0.28 -7.36(15) 2.122(8) 5.3(1y This
/ work
6-OAC 105.93(8) 1.9560(18) 3 0.10 -2.63(4) 2.139(3) 10.00(1B)“ This
2.3814(17) / work
6-Cl 93.44(3)  2.2844(9) 3 0.17 4.8(11) 1.89(2) 4.4@p™ This
2.7709(11) / work
[Cux(dpa)(NC  98.8 1.966(2) 3 019 3.14 2.06 / [28]
0)d] 2.629(2)
[{Cu(Hdeg)z}s] 106.1(2) 1.957 3 / 1.0 2.09 / [29]
2.263(3)
[Cux(dpp)=Cls]  98.5 2.3043(12) 4 / 6.8(1) 2.08(1) / [30]
88.7 2.5600(13) 1.0(1) 2.06(1)
{{Cu(bpca)}2( 107.6(1) 1.964(3) 3 / 1.70(2) 2.06(1) / [8]
Hzppba)]-1.33 2.538(3)
DMF-0.66DMS
O}n
Cuz(5-Br- 96.3(2) 2.003(4) 3 / -1.84(1) 2.10 / [31]
L)2(CH3COO)2 2.665(4)
b
[CUL'N 3]2° 88.3 0.13 -2.63(1) 2.11 / [32]

a Only approximate value, X-ray structure can dr@dydiscussed as motif.

[2-(Ethylamino)ethyl]-salicylaldimine}.

b N:methylIN'-(5-bromosalicylidene)-1,3-propanediamine Ne {

52



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

1.5 15

—=— Data
— Fit

s
<
T

2uT [em*Kmol ]

L
(5)]
T

0.0

1 1 1 1 1 00
0 50 100 150 200 250 300

TIK]

Fig. 3. ymT vs.T plot of 1-NOs. The black squares represent the reading polresed line represents the fitted curve.

For the other complexes, the Cu(ll) centres amdged in double axial-equatorial fashion (type
3) and, additionally, the Cu—X—Cu angle is muclsetao 90°. In these cases it is difficult to
predict if very weak super exchange interactioesstitl possibleJ negative) or if the magnetic
orbitals are orthogonal (strict or accidental) acle other leading to ferromagnetic interactions
(J positive)*3?7 |ndeed, the complexed-OAc, 3-OAc, and 6-OAc showed weak
antiferromagnetic interactions with coupling congsaofJ = -2.581(3) critt, J = -3.56(9)
cm Y, andd = —2.63(4) crit, respectively, whereas comp®NOs showed weak ferromagnetic
interactions with] = 1.82(6) cm. In all complexes the Cu(ll) centres are bridgéal ane
oxygen atom and the Cu—O—Cu angles are 102.65(8)A), 104.07(8) 8-OAc), 105.93(8)°
(6-OAcC), and 104.59(6)°5-NOs3). The Cu—X—Cu angle for the halide-bridged cometeis
much closer to 90°, and no trend of the interastican be recognised here, either. The chloride-
bridged complexes show either weak ferro- or ambfeagnetic interactions. For such systems
an additional parameter can be considered to obtaimagnetostructural correlatih® The
distortion parametar(also called Addison parameté¥)helps to distinguish between a square-
pyramidal coordination geometry Close to 0) and a trigonal-bipyramidal coordinatio
geometry £ close to 1). The calculated values for the chareseté complexes are given in
Table 2. It can be seen that in all cases the amaiidn geometry is closer to square pyramidal
with 7 values between 0.04 and 0.28. Interestingly, donglex5-1 with the maximum value of

7 (0.28) the minimum value af (-7.36(15) crit!) is obtained for the presented complexes of
type 3. This is in line with results previously cefed in literature on similar systefifsand

can be explained with an improved overlap of tHstals.
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The complex5-Cl crystallised as polymer and was investigated ak. vibe interactions
between the Cu(ll) centres, which are bridged eanion, are ferromagnetic, however, it was
not possible to determine a coupling constant. Bidging mode can be assigned to type 4
(single equatorial-axial). Compl@xNOs also crystallised as polymer, with the Cu(ll) cent
bridged via the —CN group of the ligand. For thoeplex an almost ideal Curie behavidkig.
S10) was observed (= 0.46 cm mol! K). Although the cyanide side chain coordinatearnn

equatorial position at the neighbouring Cu(ll) centhe exchange pathway is too long.

In conclusion, it is possible to determine paramsete predict the structure of the obtained
copper(ll) complexes. Dimers are formed by the miigjof the complexes whereas monomers
were only observed for complexes of the rather karal rigid ligandL2. Ligands with side
chains that can serve as ligand for neighbourin@iheentres, as in the caselLdf, increase the
probability for the formation of coordination polgns. Several factors need to be considered
for a magneto-structural correlation: the type mteraction, the Cu—-X—Cu angle and the
distortion parameter were used in this manuscript. However, in somesapposed effects
with regard of sign and magnitude of coupling cansare possible and an in-depth explanation

is not always possible.

6.3 Experimental section

Synthesis

MeOH was purified by distillation over Mg under arg Ethoxymethylenethylacetoacetate,
methoxymethylenacetylacetone, methoxymethylenmatieybacetate, and ethoxyphenylen-
ethylacetoacetate were synthesised as already spati® All other chemicals were
commercially available and used without furtherification. *H NMR spectra were measured
at room temperature and 300 MHz with a Varian INOBB0. Elemental analysis were
measured with a Vario EL Ill from Elementar Analygs8ysteme with acetanilide as standard.
The samples were placed in a small tin boat. Masstsa were recorded with a Finnigan MAT
8500 with a data system MASPEC II. IR spectra weoerded with a Perkin ElImer Spectrum
100 FT-IR spectrometer.
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HL1. 2-Picolylamine (2 mL, 0.019 mol) was diluted intGH (5 mL) and
ethoxymethylenethylacetoacetate (4.34 g, 0.023 mal added. The orange solution was
heated to reflux for 1 h. After cooling to RT th&vent was removed under reduced pressure
yielding a dark red oil. After one night at —28 ti& oil solidified. It was suspended in ice-cold
diethyl ether (5 mL) and the resulting light orarsgéid was filtered and washed with ice-cold
diethyl ether (10 mL). Yield: 4.22 g (248.28 g mpiB8%). Elemental analysis {§16N2O0s,

%) found C 62.98, H 6.50, N 11.33; calcd. C 6218%.50, N 11.28'H NMR (298 K, 300
MHz, CDChk): d= 11.40 (1H, bs, —NH), 8.61 (1H3,dl = 3.8 Hz, 6-PyH), 8.14 (1H3dJ =
13.5 Hz, =CH), 7.73 (1H, §tJ = 7.7 Hz,J = 1.5 Hz, 4-PyH), 7.28 (1H, m, 5-PyH), 7.26 (1H,
m, 3-PyH), 4.68 (2H,%J = 6.1 Hz, 2-Py-CH), 4.21 (2H, §, J= 7.0 Hz, O=C—CH), 2.50 (3H,

s, O=C-CH), 1.31 (3H, ¥, J = 7.1 Hz, -CH-CHs) ppm. MS (El, pos.m/z (%): 248
(C13H16N203, 11), 93 (GHsN, 100). IR:v = 3203 (w, NH), 1693 (s, C=0), 1628 (s, C=0)tm

HL2. 2-Picolylamine (2 mL, 0.019 mol) was diluted in ®ld (5 mL) and
methoxymethylenacetylacetone (3.27 g, 0.023 mo$)adaled. The yellow solution was heated
to reflux for 1 h. After cooling to RT the solvemais removed under reduced pressure yielding
an orange oil. After 12 d at —28 °C the now yellslid was suspended in ice-cold diethyl ether
(5 mL), filtered and washed with ice-cold diethgther (10 mL). Yield: 3.17 g (218.25 g md|
75%). Elemental analysis {€114N20», %) found C 65.99, H 6.48, N 12.88; calcd. C 66194
6.47, N 12.88'H NMR (298 K, 300 MHz, CDG): = 11.42 (1H, s, —-NH), 8.62 (1H3d =

4.2 Hz, 6-PyH), 7.95 (1H,%dJ = 13.0 Hz, =CH), 7.75 (1H, Yt = 7.64,] = 1.6 Hz, 4-PyH),
7.29 (2H, m, 5- & 3-PyH), 4.69 (2H3d) = 6.1 Hz, 2-Py-CH), 2.50 (3H, s, O=C}J, 2.30 (3H,

s, O=CH) ppm. MS (El, pos.)n/z(%): 218 (G2H14aN20z, 25), 93 (GHeN, 100). IR:v = 3169
(w, NH), 1608 (s, C=0) c.

HL3. 2-Picolylamine (2 mL, 0.019 mol) was diluted in &t (10 mL) and
diethylethoxymethylenemalonate (6.49 g, 0.03 m@l$ wdded. The orange solution was heated
to reflux for 1 h. After cooling to RT the solvemtis removed under reduced pressure yielding
an orange oil. This oil was stored at —28 °C foe aight, where it solidified. The yellow solid
was suspended in ice-cold diethyl ether (10 mligried, and washed with ice-cold diethylether
(10 mL). Yield: 5.3 g (278.31 g md| 98%). Elemental analysis {f1sN2O4, %) found C
60.24, H 6.51, N 10.04; calcd. C 60.42, H 6.52,0\T.*H NMR (298 K, 300 MHz, CDG):
0=9.60 (1H, s, —=NH), 8.61 (1H3d) = 4.5 Hz, 6-PyH), 8.12 (1H2dJ = 14.1 Hz, =CH), 7.75
(1H, df, J = 7.54,J = 1.0 Hz, 4-PyH), 7.29 (2H, m, 5- &PyH), 4.69 (2H, § J = 6.0 Hz, 2-
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Py-CHb), 4.21 (4H, m, O=C—O—C#} 1.31 (6H, m, O=C—O-CHCHs) ppm. MS (El, pos.)
mM/z(%): 278 (GaH18N20a, 22), 232 (G2H13N203, 97), 93 (GHsN, 100). IR:v = 3290 (w, NH),
1677 (s, C=0), 1623 (s, C=0) ¢cin

HL4. 2-Picolylamine (3 mL, 0.0291 mol) was diluted intOH (20 mL) and
ethyl(ethoxymethylene)cyanoacetate (5.88 g, 0.0840) was added. The yellow solution was
heated to reflux for one hour. After cooling to BRE solution was stored at —28 °C for 14 d. A
white, crystalline solid occurred, which was fikdrand washed with EtOH. Yield: 4.16 g
(231.25 g mott, 62%). Elemental analysis {£113Nz0, %) found C 62.32, H 5.72, N 18.20;
calcd. C 62.33, H 5.67, N 18.1'H NMR (298 K, 300 MHz, CDG): = 9.48 (1H, s, —NH),
8.63 (1H, m, 6-PyH), 8.01 (1H3d) = 14.1 Hz, =CH), 7.77 (1H, m, 4-PyH), 7.33 (2H,5n &
3-PyH), 4.69 (2H, § J = 5.3 Hz, 2-Py-CH), 4.22 (H, m, O=C-O-C#, 1.30 (3H, m, O=C-
O—CH—CHs) ppm. MS (El, pos.jn/z(%): 231 (G2H13N3O2, 50), 93 (GHeN, 100). IR:v =
3266 (w, NH), 2204 (s, €N), 1695 (s, C=0) cnt.

HL5. 2-Picolylamine (1 mL, 0.0097 mol) was diluted intOH (5 mL) and
ethoxyphenylenethylacetoacetate (2.89 g, 0.012 mvah added. The yellow solution was
heated to reflux for 1 h. After cooling to RT th&lvent was removed under reduced pressure
yielding a dark yellow oil. This oil was stored-&8 °C for 3 d. The now yellow solid was
suspended in ice-cold diethyl ether (5 mL), filtgrand washed with ice-cold diethyl ether (10
mL). Yield: 2.92 g (310.35 g mdl, 97%). Elemental analysis {§11sN203, %) found C 69.49,

H 5.87, N 8.84; calcd. C 69.66, H 5.85, N 9. B3NMR (298 K, 300 MHz, CDG): d=10.93

& 9.60 (0.6 & 0.3H, s, -NH), 8.61 (1H3d = 4.5 Hz, 6-PyH), 8.19 & 7.96 (0.6 & 0.4H,d
=13.8 Hz, =CH), 7.73 (1H, §tJ = 7.64,J = 0.9 Hz, 4-PyH), 7.57 (1H23d) = 7.0 Hz, 5-PyH),
7.46-7.24 (6H, m, 3-PyH & 2-, 3-, 4-, 5-, & 6-PhK)75 (2H, d, J = 6.2 Hz, 2-Py-CH), 4.00
(2H, ¢f, J= 6.9 Hz, O=C-0-C}J, 0.91 (3H, %, J= 7.0 Hz, O=C—O-CH-CHs) ppm. MS (EI,
pos.)m/z(%): 310 (GsH1sN20s, 30), 93 (GHsN, 100). IR:v = 3223 (w, NH), 1676 (s, C=0),
1618 (s, C=0) ct.

HL6. 2-Picolylamine (2.3 mL, 0.022 mol) was diluted iMeOH (5 mL) and
methoxymethylenmethylacetoacetate (4.18 g, 0.028 was added. The yellow solution was
heated to reflux for 1 h. After cooling to RT th&ent was removed under reduced pressure
yielding an orange oil. After 1 week at —28 °C tlwav orange solid was suspended in ice-cold
diethyl ether (5 mL), filtered, and washed with-cmd diethyl ether (10 mL). Yield: 2.43 ¢
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(234.25 g mott, 47%). Elemental analysis {£114N20s, %) found C 61.53, H 6.05, N 12.05;
calcd. C 61.53, H 6.02, N 11.964 NMR (298 K, 300 Hz, CDG): 0= 11.42 (1H, s, —NH),
8.61 (1H, 4, J = 4.2 Hz, 6-PyH), 8.14 (1H3dJ = 13.4 Hz, =CH), 7.75 (1H, Yt = 7.74,J =
1.2 Hz, 4-PyH), 7.28 (2H, m, 5- & 3-PyH), 4.69 (2#, J = 6.2 Hz, 2-Py-Ch), 3.72 (3H, s,
0O=C-0-CH), 2.49 (3H, s, O=C-CHl ppm. MS (EI, pos.in/z(%): 234 (G2H14N203, 20), 93
(CeHsN, 100). IR:v = 3225 (w, NH), 1695 (s, C=0), 1638 (s, C=0)tm

General procedure for the synthesis of the Cu(ll) amplexes

1 g of the corresponding ligand, CuS(.2 eq.), and sodium methoxide (1.2 eq.) were
dissolved in MeOH (100 mL) under argon atmosphackteeated to reflux for 1 h, resulting in
a dark blue solution. After cooling to RT the exxes CuSQ and sodium methoxide was
removed by filtration. All further reactions werarded out in air. 20 mL of the dark blue
solution were taken and the Cu(ll) complexes weeeipitated with an aqueous solution of the
corresponding sodium or potassium salt of the afdiay. in 20 mL). If no precipitate occurred,
the solvent was removed under reduced pressuteaustiid could be isolated. This solid was

washed with water and MeOH and dried in air.

[(n-1,1-OAc)(Cul1)2] (1-OAc). Yield: 0.15 g blue powder (739.73 g mbl25%). Elemental
analysis (GoH3sCwpN4O10- H20, %) found C 47.39, H 5.42, N 7.35; calcd. C 4715%.09, N
7.39. MS (El, pos.)m/z (%): 369 (GsH1sCuN:Os, 1), 309 (GsHisCuN:Os, 10), 248
(C1aH15N203, 14), 93 (GHeN, 46). IR:v = 1684 (s, C=0), 1601 (s, C=0) tn

[(n-1,1-NGs)(p-1,3-NGOs)(CulLl)2] (1-NOs). Yield: 0.22 g dark blue crystalline powder
(745.65 g mot, 37%). Elemental analysis ££130CWNsO12, %) found C 41.94, H 3.93, N
10.93; calcd. C 41.88, H 4.06, N 11.27. MS (El,.pa¥z (%): 372 (GsH1sCuN:Os, 4), 309
(C13H15CuNeO3, 32), 248 (GsH15N203, 14), 93 (GHeN, 100). IR:v = 1690 (s, C=0), 1608 (s,
C=0) cm™.

[(n-Cl)2(CuL1)2] (1-Cl). Yield: 0.20 g green, crystalline powder (692.54 gl 36%).
Elemental analysis &H30Cl2Cu:N4Os, %) found C 45.06, H 4.63, N 8.09; calcd. C 45189,
4.37, N 8.09. MS (El, posth/z(%): 345 (GsH1sCICUN:Os, 6), 309 (G3H1sCuNeOs, 33), 248
(C13H1sN203, 14), 93 (GHeN, 100). IR:v = 1684 (s, C=0), 1606 (s, C=0) cin

[(n-1,3-NCS)(CuL1)} (1-NCS). Yield: 0.27 g dark green powder (368.90 g ThoD1%).
Elemental analysis @H1sCuNsOsS, %) found C 41.94, H 3.93, N 10.93; calcd. C 8118
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4.06, N 11.27. MS (El, posth/z(%): 368 (GaH1sCuNsOsS, 3), 309 (GH1sCuNOs, 6), 248
(C1aH15N203, 8), 93 (GHgN, 100). IR:v = 2090 (s, NCS), 1668 (s, C=0), 1614 (s, C=O)'cm

[CuL2(OAC)]-2H20 (2-OAc). Yield: 0.09 g blue powder (375.87 g mvl26%). Elemental
analysis (GH16CuNO4- 2H0, %) found C 45.24, H 5.31, N 7.42; calcd. C 44H%.36, N
7.45. MS (El, pos.in/z(%): 218 (G2H13N202, 93), 93 (GHeN, 100). IR:v = 3366 (wb, OH),
1643 (s, C=0), 1615 (s, C=0) cn

[CUL2(NO3)(H20)]-H20 (2-NOg3). Yield: 0.22 g dark green, crystalline powder (333
mol™, 64%). Elemental analysis {f115CuNzOs- H:O, %) found C 37.68, H 4.71, N 11.10;
calcd. C 38.05, H 4.52, N 11.09. MS (El, posiz (%): 279 (G2H1:CuN:Oz, 19), 216
(C12H13N20», 45), 93 (GHsN, 100). IR:v = 3445 (wb, OH), 3084 (wb, OH), 1615 (s, C=0),
1578 (s, C=0) ct.

[(n-Cl)2(CuL2)2] (2-Cl). Yield: 0.17 g dark green powder (632.49 g ™oB0%). Elemental
analysis (G4H26Cl2CwN4O4, %) found C 45.68, H 4.19, N 8.84; calcd. C 45t%4,14, N 8.86.
MS (El, pos.)m/z(%): 279 (G2H13CICuN:O2, 10), 218 (G2H13N202, 46), 93 (GHeN, 100).

IR: v = 1647 (s, C=0), 1613 (s, C=0) ¢tin

[CUL2(NCS)]-0.5H0 (2-NCS). Yield: 0.22 g green, crystalline powder (346.87 glth
69%). Elemental analysis {§13CuNsO.S- 0.5HO, %) found C 44.91, H 3.71, N 12.19; calcd.
C 44.88, H 4.06, N 12.08. MS (El, pom)z(%): 338 (G3H13CuNsO2S, 1), 216 (@H13Nz0,
50), 93 (GHsN, 100). IR:v = 2076 (s, NCS), 1650 (s, C=0), 1595 (s, C=0)'cm

[(n-1,1-OAck(CuL3)2]- 2H20 (3-OAc). Yield: 0.09 g dark blue, crystalline powder (835@1
mol™, 15%). Elemental analysis {€140ClN4O12- 2H0, %) found C 45.90, H 6.68, N 5.47;
calcd. C 45.99, H 6.70, N 5.31. MS (El, pan/g(%): 339 (G4H17CuN:Os, 17), (GaH17N20%4,
26), 232 (G2H12N203, 53). IR:v = 1690 (s, C=0), 1608 (s, C=0) tin

[CUL3(NO3)] (3-NO3). Yield: 0.08 g dark blue, crystalline powder (402@5nol?, 28%).
Elemental analysis (@H17CuNsO7, %) found C 41.80, H 3.91, N 10.45; calcd. C 41H4.25,
N 10.43. MS (El, pos.m/z (%): 402 (GaH17CuNsOz7, 8), 339 (G4H17CuNO4, 23), 232
(C12H12N203, 72), 93 (GHeN, 100). IR:v = 1654 (s, C=0), 1618 (s, C=0) cin

[(n-Cl)2(CuL3)2] (3-Cl). Yield: 0.17 g green needles (752.60 g Th@2%), Elemental analysis
(C2gH34Cl2CWweN4Osg, %) found C 44.54, H 4.60, N 7.47; calcd. C 441891.55, N 7.44. MS
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(El, pos.)m/z(%): 375 (GaH17CICUN:O4, 12), 339 (@4H17CuNOy4, 15), 232 (@H12N203, 56),
93 (GHsN, 100). IR:v = 1685 (s, C=0), 1623 (s, C=0) tn

[CUL3NCS]-1.5H0 (3-NCS).Yield: 0.18 g green, crystalline powder (425.9%g %, 59%).
Elemental analysis @@H17CuNsOsS- 1.5HO, %) found C 42.46, H 4.46, N 10.28; calcd. C
42.30, H 4.73, N 9.87. MS (El, post¥z(%): 398 (GsH17CuNsOsS, 1), 341 (@4H17CuN:Oq,

2), 278 (GsH17N204, 20), 93 (GHeN, 100). IR:v = 2092 (s, NCS), 1674 (s, C=0), 1604 (s,
C=0) cm™.

[(CuL4)(OAc)]n (4-OAc). Yield: 0.1 g dark green, crystalline powder (352¢8#ol ™, 33%)
Elemental analysis (GH1sCuNsOs, %) found C 47.64, H 4.50, N 12.01; calcd. C 47168.29,
N 11.91. MS (El, pos.m/z (%): 353 (G4H1sCuNsO4, 1), 293 (G2H12CuNsOo, 5), 231
(C12H12N302, 38), 93 (GHeN, 100). IR:v = 2202 (s, EN), 1620 (s, C=0) cit.

[(CuL4)(NO3)]n-1.5H0 (4-NOs). Yield: 0.26 g green, crystalline powder (382.82 glth
79%). Elemental analysis {§H12.CuN4Os- 1.5H0, %) found C 38.01, H 4.26, N 14.29; calcd.
C 37.65, H 3.95, N 14.64. MS (El, pos)z(%): 355 (G2H12CuN4Os, 1), 292 (G2H12CuNsO2,

3), 231 (G2H12N3O2, 35), 93 (GHsN, 100). IR:v = 2223 (s, €EN), 1636 (s, C=0) ci.

[CUuL4CI] (4-Cl). Yield: 0.19 g green needles (329.54 g ™hob7%). Elemental analysis
(C12H12CICUNO2, %) found C 43.65, H 3.59, N 12.99; calcd. C 43H&.67, N 12.76. MS
(El, pos.)m/z(%): 328 (G2H12CICUN:O2, 11), 292 (G2H12CuNzO2, 8), 231 (G2H12N302, 35),
93 (GHsN, 100). IR:v = 2201 (s, €N), 1627 (s, C=0) cnt.

[CUL4ANCS]-0.5H0 (4-NCS).Yield: 0.24 g green crystalline powder (360.88 d Tha’8%).
Elemental analysis (@H12CuN4O>S-0.5H0) found C 43.09, H 3.49, N 15.49; calcd. C 43.27,
H 3.63, N 15.53. MS (El, posi/z(%): 231 (G2H12N302, 35), 93 (GHsN, 100). IR:v = 2207

(s, &=N), 2091 (NCS), 1636 (s, C=0) ¢

[CUL5(OAC)] (5-OAc). Yield: 0.24 g dark blue powder (449.95 g mMpb3%). Elemental
analysis (GoH20CuN:Os - H0, %) found C 53.42, H 4.56, N 6.19; calcd. C 531391.93, N
6.23. MS (ES, posi/z(%): 310 (GsH17N20s, 11), 93 (GHsN, 75). IR:v = 1691 (s, C=0),
1602 (s, C=0) ct.

[(p-1,1-NQ3)2(CuL5)2] (5-NO3). 0.18 g dark blue, crystalline powder (869.79 g h@2%).
Elemental analysis @H3sCwNsO12, %) found C 49.77, H 4.31, N 9.37; calcd. C 49.H1,

59



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

3.94, N 9.66. MS (El, posm/z (%): 434 (GgH17CuNsOs, 1), 371 (GsH17CuN:Os, 5), 308
(C1gH17N203, 18). IR:v = 1673 (s, C=0), 1605 (s, C=0) ¢n

[(n-Cl)(CuL5)]n (5-Cl). Yield: 0.18 g dark green, crystalline powder (4@8gBmol?, 69%).
Elemental analysis {@H17CICuN.Oz, %) found C 52.84, H 4.19, N 6.86; calcd. C 52194,
4.20, N 6.86. MS (EI, pos/z(%): 310 (GsH17N20s, 29), 205 (G1H12N202, 42), 93 (GHeN,
100). IR:v = 1693 (s, C=0), 1613 (s, C=0) tn

[(n-1)2(CuL5)2] (5-1). Yield: 0.2 g dark green needles (999.60 g ™MaB2%). Elemental
analysis (GeH34Cuwl2N4Og, %) found C 43.38, H 3.70, N 5.62; calcd. C 431263.43, N 5.61.
MS (El, pos.)m/z(%): 308 (GeH17N203, 20), 93 (GHeN, 100). IR:v = 1673 (s, C=0), 1613
(s, C=0) cm™.

[CUL5(NCS)]-0.5H0 (5-NCS). Yield: 0.21 g blue-green powder (439.98 g molr5%).
Elemental analysis (f@H17CuNsOsS-0.5HO, %) found C 52.05, H 3.87, N 9.70; calcd. C
51.87, H 4.12, N 9.55. MS (EI, posn)z(%): 308 (GsH17N203, 40), 93 (GHsN, 100). IR:v =
2094 (s, NCS), 1671 (s, C=0), 1610 (s, C=0)tm

[(n-1,1-OAck(CuL6)2]- 4H20 (6-OAc). Yield: 0.09 g dark blue, crystalline powder (788g
mol™, 14%). Elemental analysis £§132CleN4O10- 4H0, %) found C 43.15, H 5.23, N 7.34;
calcd. C 42.91, H 5.14, N 7.15. MS (ES, pos/3(%): 234 (G2H13N203, 27), 93 (GHsN, 93).
IR: v = 3533 (w, OH), 3397 (wbh, OH), 1682 (s, C=0), 1§46C=0) cn.

[CUL6(NO3)]-0.5MeOH (6-NG). Yield: 0.21 g dark blue, crystalline powder (374¢5Mol ™,
66%). Elemental analysis {€H13CuNsOs, %) found C 40.45, H 4.04, N 11.39; calcd. C 40.06
H 4.03, N 11.21. MS (El, posn/z(%): 358 (G2H13CuNsOe, 5), 295 (G2H13CuN:Os, 32), 234
(C12H13N203, 22), 93 (GHeN, 100). IR:v = 1699 (s, C=0), 1616 (s, C=0) cin

[(n-Cl)2(CuL6)2] (6-Cl). Yield: 0.19 g green, crystalline powder (664.49mgl™%, 34%).
Elemental analysis @@H26Cl2CwN4Os, %) found C 43.40, H 3.99, N 8.42; calcd. C 43138,
3.94, N 8.43. MS (El, posth/z(%): 331 (G2H13CICuN:Os3, 9), 295 (G2H13CuNeOs, 37), 234
(C12H13N203, 54), 93 (GHeN, 100). IR:v = 1685 (s, C=0), 1613 (s, C=0) cin

[CUL6(NCS)]-0.3H0 (6-NCS). Yield: 0.14 g dark green powder (360.87 g To#5%).
Elemental analysis {@H13CuNsOsS:0.3HO, %) found C 42.37, H 3.74, N 11.78; calcd. C
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42.56, H 3.94, N 11.45. MS (El, posn)z(%): 234 (G2H13N20s, 28), 93 (GHeN, 100). IR:v
= 2102 (s, NCS), 1684 (s, C=0), 1619 (s, C=0)cm

X-ray diffraction on single crystals

The X-ray analysis of all crystals was performedhva Stoe StadiVari diffractometer using
graphite-monochromated MaK radiation. The data were corrected for Lorentz and
polarization effects. The structures were solvedliogct methods (SIR-97§ and refined by
fullmatrix least-square techniques againstfa® (SHELXL-97) 1% All hydrogen atoms were
calculated in idealised positions with fixed disi@ment parameters. ORTEP3filto illustrate
molecule packing. CCDC 1566611-1566627 and 15668886641 contain the supplementary

crystallographic data for this paper.
Powder X-ray diffraction

Powder diffractograms were measured with a STOHiIBt®owder Diffractometer (STOE,
Darmstadt) using Cu[&1] radiation with a Ge Monochromator, and a Myth&nStripdetector

in transmission geometry.
Magnetic measurements

Magnetic measurements on the compounds were cawuitagsing a SQUID MPMS-XL5 from

Quantum Design with an applied field of 5000 G, anthe temperature range from 300 to 50
K (or 2 K). The sample was prepared in a gelatapsale held in a plastic straw. The raw data
were corrected for the diamagnetic part of the darhplder and the diamagnetism of the

organic ligand using tabulated Pascal's const&hts.

6.4 Conclusions

We presented six new tridentaNO Schiff base-like ligands and their correspondingl}
complexes with varying anions (OAANGOs", CI, I, NCS, N3, SQ?). It was possible to
obtain single crystals of four ligands and 22 Qu¢gdmplexes. The majority of the Cu(ll)

complexes where a structure was obtained crystdlisu-bridged dimers with the tridentate
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ligands orientedransto each other. Selected complexes were investigadasidering their
magnetic properties. Most of the dimers have rashsall coupling constants which are either
ferro- or antiferromagnetic. No correlation betwélea X-ray structures of the complexes and
the nature of the coupling constants could be fo@y compound.-NOs has a rather high
coupling constant of = —129.5(19) cmt compared to the other complexes. This differeace ¢
be explained with the bridging mode (type 1) and-X;tCu angle, which is higher fa~NOs
(143.3(9)°) than it is for the other complexes (&0)0For comple6-I with the second smallest
coupling constantJ( = —7.36(15) cmt) the largest distortion parameter £ 0.28) was
determined. Both factors support the overlap betviee magnetic orbital of the Cu(ll) centres

(dx>-y2) and the p-orbital of the anion, which leads tgreater coupling constant.
Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

KD thanks the University Bayreuth Graduate Schoofihancial support.

6.5 Notes and references

[1] (a) E. Coronado, G. Minguez Espallargalsem. Soc. Re2013 42, 1525-1539; (b) P.
Dechambenoit, J. R. Long;hem. Soc. Rer011, 40, 3249-3265; (c) M. Kurmoo,
Chem. Soc. Re2009 38, 1353-1379; (d) M. Abrantes, A. A. Valente, |IGnc¢alves,
M. Pillinger, C. C. Roméa]. Mol. Catal. A: Chem2005 238 51-55; (e) Z. Sun, J.
Chen, T. TuGreen Chem2017, 19, 789-794; (f) T. Kitao, Y. Zhang, S. Kitagawa, B.
Wang, T. UemuraChem. Soc. Re2017 46, 3108-3133.

[2] (@) D. L. RegerComments Inorg. Cher999 21, 1-28; (b) A. Thakur, D. Mandal,
Coord. Chem. Re2016 329 16-52; (c) H. R. Bigmore, S. C. Lawrence, P. Mo,

C. S. TredgetDalton Trans.2005 635-651; (d) D. Kalden, A. Oberheide, C. Loh, H.
Gorls, S. Krieck, M. Westerhause@hem. Eur. J2016 22, 10944-10959; (e) R.

62



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Garcia-Rodriguez, D. S. WrighDalton Trans. 2014 43, 14529-14532; (f) S.
Trofimenko,J. Am. Chem. So&966 88, 1842-1844.

W. Phonsri, C. G. Davies, G. N. L. JamesonMdubaraki, J. S. Ward, P. E. Kruger,
G. Chastanet, K. S. Murraghem. Commur2017, 53, 1374-1377.

(@ H. A. Goodwin, in Spin Crossover in Trdim Metal Compounds I-1ll, ed. P.
Gutlich and H. A. Goodwin, Springer Berlin/Heidelge2004 vol. 233 pp. 59-90; (b)
G. J. Long, F. Grandjean, D. L. Reger, in Spin S€owser in Transition Metal
Compounds I-1ll, ed. P. Gitlich and H. A. Goodwsipringer Berlin/Heidelber@004
vol. 233 pp. 91-122; (c) D. J. Harding, P. Harding, W. ®&1g Coord. Chem. Rev.
2016 313 38-61; (d) S. Hayami, Y. Shigeyoshi, M. Akita,IKoue, K. Kato, K. Osaka,
M. Takata, R. Kawajiri, T. Mitani, Y. Maed&ngew. Chem., Int. EQO05 44, 4899—
4903; (e) S. Hayami, R. Moriyama, A. Shuto, Y. MaeH. Ohta, K. Inouelnorg.
Chem 2007, 46, 7692—-7694.

(@) M. Das, S. Chattopadhyay,. Mol. Struct. 2013 1051, 250-258; (b) K.
Chattopadhyay, B. K. Shaw, S. K. Saha, D. R2alton Trans 2016 45, 6928-6938;
(c) A. Igashira-Kamiyama, M. Saito, S. Kodera, Tanko,Eur. J. Inorg. Chem2016
2692-2695.

V. Ovcharenko, S. Fokin, E. Chubakova, G. Roarko, A. Bogomyakov, Z.
Dobrokhotova, N. Lukzen, V. Morozov, M. Petrova, Netrova, E. Zueva, |.
Rozentsveig, E. Rudyakova, G. Levkovskaya, R. Sagdeorg. Chem.2016 55,
5853-5861.

J. Ferrando-Soria, J. Vallejo, M. CastelladoMartinez-Lillo, E. Pardo, J. Cano, I.
Castro, F. Lloret, R. Ruiz-Garcia, M. Julggord. Chem. Re017 339, 17-103.

W. X. C. Oliveira, C. B. Pinheiro, M. M. da 6@, A. P. S. Fontes, W. C. Nunes, F.
Lloret, M. Julve, C. L. M. Pereir&ryst. Growth Des2016 16, 4094-4107.

(@) M.-C. Dul, E. Pardo, R. Lescouézec, Y.rdhawx, J. Ferrando-Soria, R. Ruiz-Garcia,
J. Cano, M. Julve, F. Lloret, D. Cangussu, C. LPRdreira, H. O. Stumpf, J. Pasén, C.
Ruiz-PérezCoord. Chem. Rer01Q 254, 2281-2296; (b) B. Nowicka, T. Korzeniak,
O. Stefaéiczyk, D. Pinkowicz, S. Chety, R. Podgajny, B. Siekluck&oord. Chem.
Rev.2012 256 1946-1971; (c) J. Mro&ski, Coord. Chem. Re2005 249, 2534—-2548;
(d) C. Janiakpalton Trans2003 2781.

(@) D. L. Reger, A. E. Pascui, E. A. Foley, M Smith, J. Jezierska, A. Wojciechowska,
S. A. Stoian, A. OzarowskKinorg. Chem2017 56, 2884—-2901; (b) D. Adner, M. Korb,

63



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

C. Lochenie, B. Weber, H. Lang, Anorg. Allg. Chen2015 641, 1243-1246; (c) T.
Glaser, M. Heidemeier, S. Grimme, E. Bilhorg. Chem2004 43, 5192-5194; (d) T.
Glaser, M. Heidemeier, J. B. H. Strautmann, H. Bjdg Stammler, E. Krickemeyer,
R. Huenerbein, S. Grimme, E. Bothe, E. Bithem. Eur. J2007, 13, 9191-9206; (e)
B. Weber, E. Kaps, K. Dankhoff,. Anorg. Allg. Chen017 643 1593-1599.

O. Kahn, Molecular Magnetism, VCH, New Yoi¥, Y, 1993

Z. Fang, J. P. Durholt, M. Kauer, W. Zhang, l©chenie, B. Jee, H. B. Albada, N.
Metzler-Nolte, A. Poppl, B. Weber, M. Muhler, Y. Wg R. Schmid, R. A. Fischer, B.
Albada,J. Am. Chem. So2014 136, 9627-9636.

B. Weber, J. Obel, L. R. Lorenz, W. Bauer,Qarrella, E. RentschleEur. J. Inorg.
Chem.2009 5535-5540.

H. van Crawford, H. W. Richardson, J. R. Wag®D. J. Hodgson, W. E. Hatfieldorg.
Chem.1976 15, 2107-2110.

M. Friedrich, J. C. Géalvez-Ruiz, T. M. Klap&t P. Mayer, B. Weber, J. J. Weigand,
Inorg. Chem2005 44, 8044-8052.

A. W. Addison, T. N. Rao, J. Reedijk, J. vBijn; G. C. Verschoor). Chem. Soc.,
Dalton Trans.1984 1349-1356.

M. S. Ray, A. Ghosh, S. Chaudhuri, M. G. Be, J. Ribas:ur. J. Inorg. Chen2004
3110-3117.

M. S. Ray, A. Ghosh, R. Bhattacharya, G. Mysadhyay, M. G. B. Drew, J. Ribas,
Dalton Trans2004 252-259.

S. Hazra, A. P. C. Ribeiro, M. F. C. GuedesSlilva, C. A. Nieto de Castro, A. J. L.
PombeiroDalton Trans2016 45, 13957-13968.

(d) E. I. Solomon, D. E. Heppner, E. M. JdbnsJ. W. Ginsbach, J. Cirera, M. Qayyum,
M. T. Kieber-Emmons, C. H. Kjaergaard, R. G. HadtTian, Chem. Rev2014 114,
3659-3853; (b) C. Citek, S. Herres-Pawlis, T. DSRack,Acc. Chem. Re015 48,
2424-2433; (c) J. N. Hamann, B. Herzigkeit, R. élet, F. TuczekCoord. Chem. Rev.
2017 334, 54-66; (d) A. Hoffmann, S. Binder, A. JesserdRase, U. Florke, M. Gnida,
M. Salomone Stagni, W. Meyer-Klaucke, B. LebsabftE. Grunig, S. Schneider, M.
Hashemi, A. Goos, A. Wetzel, M. Riubhausen, S. KHeRawlis,Angew. Chenm2014
126, 305-310; (e) C. Wilfer, P. Liebhauser, A. Hoffma#l. Erdmann, O. Grossmann,
L. Runtsch, E. Paffenholz, R. Schepper, R. Dick, BAuer, M. Dirr, |. Ivanov
Burmazové, S. Herres-Pawlischem. Eur. J2015 21, 17639-17649.

64



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]
[31]

[32]

[33]
[34]

[35]
[36]

S. C. Lawrence, B. D. Ward, S. R. Dubberl€y,M. Kozak, P. MountfordChem.
Commun2003 2880-2881.

C. Santini, M. Pellei, V. Gandin, M. Porchk, Tisato, C. Marzand&;hem. Rev2014
114, 815-862.

C. Lochenie, S. Schlamp, A. P. Ralilliet, Kolfeyns, B. Weber, Y. Garcia,
CrystengComn2014 16, 6213.

(a) C. Lochenie, K. G. Wagner, M. Karg, B. b¢e,J. Mater. Chem. @015 3, 7925
7935; (b) C. Lochenie, J. Heinz, W. Milius, B. Weli2alton Trans2015 44, 18065—
18077.

B. Bleaney, K. D. Bower®roc. R. Soc. Londoser. A1952 214, 451-465.

E. F. Hasty, T. J. Colburn, D. N. Hendricksbrorg. Chem1973 12, 2414-2421.

O. Kahn, J. Galy, Y. Journaux, J. Jaud, l.rygmstern-Badaraul. Am. Chem. Soc.
1982 104, 2165-2176.

J. Carranza, J. Sletten, F. Lloret, M. Julzaéylol. Struct2008 890, 31-40.

B. Cervera, R. Ruiz, F. Lloret, M. JulveChno, J. Faus, C. Bois, J. MrozinskiChem.
Soc., Dalton Transl997, 395-402.

H. Grove, J. Sletten, M. Julve, F. LiorétChem. Soc., Dalton TrarZ001, 2487—-2493.
B. Chiari, J. H. Helms, O. Piovesana, T. Taedli, P. F. Zanazzinorg. Chem1986
25, 2408-2413.

M. S. Ray, A. Ghosh, S. Chaudhuri, M. G. Be, J. Ribas:ur. J. Inorg. Chenm2004
3110-3117.

L. ClaisenJustus Liebigs Ann. Chei897, 297, 1-98.

A. Altomare, M. C. Burla, M. Camalli, G. L.&carano, C. Giacovazzo, A. Guagliardi,
A. G. G. Moliterni, G. Polidori, R. Spagna&, Appl. Crystallogr1999 32, 115-119.

G. SheldrickActa Crystallogr., Sect. A: Found. Crystallog008 64, 112-122.

(a) C. K. Johnson and M. N. Burnett, ORTER@ak-Ridge National Laboratory, Oak-
Ridge, TN,1996 (b) E. Keller, Schakal-99, University of FreibuFgeiburg, Germany,
1999

6.6 Supporting Information

65



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Table S1.Crystallographic data for the ligands and compgxesented in this paper.

HL1 HL4 HL5 HL6 1-OAc 1-NO3 1-Cl 1-|
CCDC 1566611 1566612 1566613 1566614 1566615 156661 1566623 1566633
formula HL1 HL4 HL5 HL6 [(1-1,1- [(1+1,1-NQ) (1~ [(1Cl)2(CuLl)y] [(£=1)2(CuL)]
OAc)(CuL1l)y] 1,3-NG)(CuL1l)]

sum C13H16N203 Ci12H13N302 CigH18N30s C12H14N203 CsoH36CUN4O10 C26H30CW2N6O12 Ca6H30Cl2CN4Os  CoeH30l 2Cu2N4Os
formula
M/ g mott  248.28 231.25 310.34 234.25 739.70 745.64 692.54 5.487
crystal monoclinic triclinic triclinic monoclinic monocliri monoclinic triclinic monoclinic
system
space P2i/a P-1 P-1 C2/c P2i/c C2/c P-1 P2y/C
group
crystal colourless block colourless block colourless block colourless block blue block blue block blue block regn block
description
al A 7.339(5) 6.0280(4) 5.5863(5) 25.029(5) 7.5927(5 12.7796(5) 7.3859(5) 7.8179(3)
b/ A 14.815(5) 9.2207(6) 11.6567(11) 4.211(5) 23322) 13.8977(8) 9.1298(7) 14.6683(6)
oA 11.777(5) 11.3737(7) 13.2094(12) 28.823(5) 2H9) 16.9969(6) 10.3252(7) 13.0905(4)
al °® 90 74.653(5) 71.808(7) 90 90 90 94.110(6) 90
A° 97.495(5) 75.243(5) 79.534(7) 129.016(5) 93.078(5) 105.798(3) 96.016(6) 92.391(3)

° 90 87.728(5) 77.545(7) 90 90 90 105.895(6) 90
v/ A3 1269.5(11) 589.26(7) 791.86(13) 2360(3) 1558.87(16) 2904.7(2) 662.26(8) 1499.85(10)
z 4 2 2 8 2 4 1 4
pPeacdgent®  1.299 1.303 1.302 1.319 1.576 1.705 1.736 1.938
4 mnrt 0.093 0.092 0.090 0.096 1.428 1.540 1.858 3.522
crystal size/ 0.149x0.128x0.230 0.266x0.182x0.137 0.162x0.1320.30.186x0.210%0.203 0.135x0.115x0.097 0.118x0.09B8  0.120x0.105x0.093 0.101x0.077x0.063
mm
F(000) 528 244 328 992 764 1528 354 852
T/ K 133(2) 133(2) 133(2) 133(2) 133(2) 133(2) 133(2 133(2)
Al A Mo-K, 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073
Orange/ ° 1.7-28.0 1.92-28.42 1.9-28.1 1.7-28.0 1.70-27.98 22-26.62 2.00-28.40 2.08-27.62
Refins. 7264 6744 6984 7104 3530 9232 6277 3516
collected
Indep. 2852 (0.112) 2762 (0.031) 3448 (0.037) 2682 (0.083) 2653 (0.0403) 3429 (0.0237) 3054 (0.0820) 2940304)
reflns.Rint)
Parameters 163 154 208 154 208 210 181 181
R1 (all 0.0757 0.0421 (0.0560) 0.0512 0.0620 0.0307 (0.p483 0.0251 (0.0335) 0.0609 (0.0701) 0.0205 (0.0273)
data)
wR2 0.2103 0.1172 0.1397 0.2176 0.0618 0.0766 0.1742 0458.
GooF 0.92 1.029 0.96 1.04 0.909 1.076 1.069 0.936
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Table S1 (continued) Crystallographic data for the ligands and compdexesented in this paper.

1-NCS 1-N\s 2-NOs 2-Cl 2-NCS 2-N 2-SQy 3-OAc
CCDC 1566635 1566638 1566620 1566624 1566636 196663 1566640 1566616
formula [(1-1,3— [(-1,1- [CUL2(NG3)(H20)]  [(1~Cl)2(CuL2)] [CuL2(SCN)(MeOH  [(4-1,1— [(CuL2)SCQ]-MeO  [(p-1,1-
NCS)(CulL1l)h N3)2(CuLly] ‘H20 )] N3)2(CuL2))] H OAC)z(CuL3)]
sum C14H1sCuNsO3S  GeeH30CueN1006 C12H15CUN;Os, C24H26C12CueN4O4 C14H17CuNsO3S G4H26CueN100a, CasH30CUN4OeS, C32H40CUN4O10,
formula H20 2(H0) CH4«O 2(H0)
M/ g mol? 368.89 705.68 378.82 632.46 370.90 681.66 721.71 5.783
crystal monoclinic monoclinic monoclinic triclinic monociin triclinic monoclinic triclinic
system
space group P2u/n C2/c P2i/c P-1 P21/n P-1 P2i/c P-1
crystal blue block blue needle blue hexagon blue block bloek blue block blue green block blue block
description
alA 5.9027(5) 20.5772(11) 8.7846(4) 7.6352(5) 9RBY 7.3993(4) 12.7600(18) 8.8660(6)
b/ A 16.4411(12) 19.5249(15) 18.8515(6) 9.0924(6) .5459(6) 9.3862(5) 16.897(3) 8.8511(6)
oA 15.7542(13) 7.1596(4) 9.0280(4) 9.5031(6) 10&8) 10.6959(5) 13.781(2) 12.7620(8)
al °® 90 90 90 91.652(5) 90 105.369(4) 90 94.241(5)
A° 98.344(6) 94.083(4) 99.363(3) 98.150(5) 92.590(4) 9.166(4) 102.639(11) 104.942(5)
° 90 90 90 107.858(5) 90 97.860(4) 90 108.277(5)
v/ A3 1512.7(2) 2869.2(3) 1475.14(11) 619.77(7) 156541 (1 694.52(6) 2899.3(7) 905.63(11)
z 4 4 4 1 4 1 4 1
peaed g cm® - 1.620 1.634 1.706 1.695 1.574 1.630 1.653 1.5632
4 mnrt 1.597 1.543 1.523 1.971 1.544 1.590 1.603 1.247
crystal size/ 0.112x0.051x0. 0.145x0.071x0.06 0.145x0.103%0.096 0.124x0.074x0.043 0.155x0.105%0.0 0.098x0.091x0.05 0.170x0.115x0.114  0.169x0.107x0.08
mm 045 8 9 0
F(000) 756 1448 780 322 764 350 1488 434
T/ K 133(2) 133(2) 133(2) 133(2) 133(2) 133(2) 133(2 133(2)
Al A Mo-K, 0.71073  Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073
Orange/ °  1.82-28.49 1.99-28.36 2.16-27.65 2.17-28.08 2.38628 2.02-26.62 1.76-26.00 1.68-26.61
Refins. 3520 3421 3572 2769 3689 3289 6861 4267
collected
Indep. 2615 (0.0386) 2681 (0.0335) 3105 (0.0452) 21977@R) 3020 (0.1146) 2967 (0.0168) 4686 (0.0615) J602366)
reflns.Rint)
Parameters 199 199 224 163 200 190 390 243
R1 (all data) 0.0313 (0.0517) 0.0277 (0.0413) 0.0250 (0.0311) 4%1(000.0563) 0.0746 (0.0659) 0.0256 (0.0294) 0.0068742) 0.0309 (0.0397)
wR2 0.0632 0.0606 0.0639 0.1123 0.1957 0.0672 0.1030 0860.
GooF 0.894 0.934 1.030 0.962 1.067 1.084 0.909 01.14
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Table S1 (continued) Crystallographic data for the ligands and compdexesented in this paper.

3-Cl 3-SO 4-OAc 4-NGs 5-NOs 5-Cl 5-1
CCDC 1566625 1566641 1566617 1566621 1566622 156662 1566634
formula [CuL3CIp [(CuL3)SCy]-MeOHH20 [CuL4(OAc)h {[CuL4(H20)]'NOs'H20}n  [(1~1,1— [(#~Cl)(CuL5)h [(1=1)2(CuL5)]
NOz)2(CuL5
sum formula @eH34Cl2CWwN4Os  CogH34CeN4O10S, CHIO, C14H15CUN:O4, C12H14CuNeO3, NGz, H20 Cael'?aﬁCUzNe)é]lz C18H17CICUN:O3 C36H34C el 2N4Os
H20 7(H0)
M/ g molt 752.56 827.81 478.94 391.83 869.76 408.32 999.55
crystal system  monoclinic triclinic monoclinic matlioic monaoclinic monoclinic monoclinic
space group  P2i/n P-1 P2i/c P2i/c P21/n Cc P21/n
crystal green block purple plate blue plate blue block loek green block green plate
description
al A 10.9871(5) 6.7842(6) 6.8193(4) 9.0597(6) 1085 12.9059(7) 10.3415(7)
b/ A 20.1512(12) 15.8946(15) 11.6812(6) 14.5372(7) .8883(4) 18.9389(13) 9.2060(4)
oA 13.9510(6) 15.9754(18) 28.7206(16) 11.8354(8) 0.2834(9) 7.6909(4) 19.3186(14)
al° 90 93.458(9) 90 90 90 90 90
a° 94.232(3) 96.606(8) 95.047(4) 95.232(5) 97.713(3) 15.017(4) 98.818(5)
e 90 97.754(8) 90 90 90 90 90
v/ A3 3080.4(3) 1690.5(3) 2278.9(2) 1552.26(7) 1830.8p(14 1703.47(18) 1817.5(2)
z 8 2 4 4 2 4 2
Lrealed g cM® 1.623 1.622 1.355 1.677 1.578 1.592 1.826
4 mnrt 1.610 1.394 1.012 1.452 1.235 1.459 2.919
crystal size/  0.179x0.112x0.094 0.157x0.095x0.086 0.177x0.15820.1 0.150%0.109x0.083 0.163x0.136%0.134 0.142x0.01090 0.130x0.102x0.075
mm
F(000) 1544 852 948 804 892 836 980
T/ K 133(2) 133(2) 133(2) 133(2) 133(2) 133(2) 133(2
Al A Mo-K, 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073
Orange/ ° 1.78-28.59 1.76-28.26 1.49-26.02 2.23-28.52 2.08528 2.05-28.22 2.12-28.50
Reflns. 7232 7952 5514 3688 4324 2498 4329
collected
Indep. 4234 (0.2943) 4466 (0.2163) 3886 (0.0791) 28763120 3240 (0.0405) 2368 (0.0354) 3384 (0.2146)
reflns.Rint)
Parameters 397 451 262 233 253 226 226
R1 (all data) 0.0711 (0.1126) 0.1353 (0.1789) 0.0567 (0.0824) 21100.0410) 0.0314 (0.0487) 0.0240 (0.0260) 0.171413)
wR2 0.1847 0.3285 0.1517 0.057 0.0687 0.0544 0.3393
GooF 0.956 1.137 0.999 0.906 0.913 1.033 (Flack 1.372
0.010(12))
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Table S1 (continued) Crystallographic data for the ligands and compdexesented in this paper.

6-OAC 6-Cl 6-NCS
CCDC 1566618 1566627 1566637
formula [(£4+1,1-OAcHCuL6)]-4H20  [(1~Cl)2(CuL6)] [(CuL6)SCNE
sum formula @sH32CweN4O10, 4(H0) CoaH26Cl2CeN4Os - CoeH26CN6eOsS2
M/ g mol? 783.72 664.46 709.73
crystal system orthorhombic triclinic monoclinic
space group Pbca P-1 P2i/c
crystal description  blue needle green block blusdie
al A 8.7017(4) 7.5941(5) 12.3364(8)
b/ A 18.0339(11) 9.0685(6) 13.4022(11)
o A 21.7086(12) 10.0399(6) 8.6223(5)
al° 90 90.393(5) 90
ae 90 96.377(5) 97.437(5)
Ue 90 110.150(5) 90
v/ A3 3406.6(3) 644.33(7) 1413.57(17)
4 4 1 2
Lealed g cMB 1.528 1.712 1.668
i mntt 1.320 1.906 1.705
crystal size/ mm 0.198x0.049x0.048 0.130x0.105%0.08.176x0.057%0.051
F(000) 1624 338 724
T/ K 133(2) 133(2) 133(2)
A A Mo-K, 0.71073 Mo-K 0.71073 Mo-K 0.71073
Orangel ° 1.88-28.46 2.05-28.44 2.26-27.48
Reflns. collected 4130 3031 3338
Indep. refinsRnt) 1910 (0.0705) 2347 (0.0786) 1756 (0.0997)
Parameters 233 172 190
R1 (all data) 0.0343 (0.0985) 0.0470 (0.0606) 0.0551 (0.1126)
wR2 0.0531 0.1161 0.1208
GooF 0.728 0.942 0.857

69



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Fig. S1.ORTEP drawings of ligand$L1 (top left),HL4 (top right),HL5 (bottom left), andHL6 (bottom right).
Ellipsoids were drawn at 50 % probability level.

HL6

Table S2.Selected bond lengths / A of the ligartdisl, HL4, HL5, andHL6.
HL1 HL4 HL5 HL6

N2—-C7 1.310(5)  1.3147(17) 1.312(2) 1.305(6)
c7-C8 1.391(4)  1.3805(18) 1.392(3) 1.391(4)
c8-C9 1.453(5)  1.4570(18) 1.442(3) 1.451(5)

C9-01 1.243(4)  1.2155(16) 1.246(2) 1.245(4)
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Fig. S2.0RTEP drawings of-ClI (top left),1-I (top centre)1-OAc (top right),1-NCS(middle left),2-Ns (middle
centre) 2-Cl (middle right),2-NOs (bottom left),3-SQu (bottom centre), and-OAc (bottom right). Ellipsoids are
drawn at 50 % probability level. Hydrogen atoms aalyent molecule2¢Ns, 3-SQi, and4-OAc) were omitted

for clarity.

@031
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Fig. S3.ORTEP drawings 06-NOs (top left), 5-1 (top right), 6-OAc (bottom left), ands-Cl (bottom right).
Ellipsoids are drawn at 50 % probability level. Hygen atoms and solvent molecul6sgAc) were omitted for

clarity.

6-OAc 6-Cl

72



Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Table S3.Bond lengths/A and angles/° of the coordinationesp of the complexes discussed in this work.

Cu—Npy Cu—-N Cu-O Cu—X Cu-Y Cu—X-Cu X-Cu—X

1-OAc 2.0052(17) 1.9255(16) 1.9411(17) 1.9549(15) / 102.65(6) 77.35(5)
2.3542(14)

1-NOs 1.9883(16) 1.9130(14) 1.9245(13) 2.3258(14) / 143.39(9) 84.54(6)
2.6745(14) 137.40(12)

121.7(2)
(O-N-0)

1-Cl 2.014(3) 1.925(4) 1.938(3) 2.2786(11) / 92.81(4) 97.19(4)
2.7766(12)

1-1 2.001(2) 1.9296(18) 1.9189(18) 2.6187(4) / 82.48(1) 97.52(1)
3.2212(4)

1-Ns 1.9918(16) 1.9278(17) 1.9103(14) 1.9745(17) |/ 95.45(6) 84.55(6)
2.6005(15)

1-NCS 1.9995(18) 1.9162(19) 1.9296(16) 1.9420(19) (N) /
2.9063(7) (S)

2-NOz 1.9795(13) 1.9191(13) 1.9136(11) 2.3620(13) 1.962P(H:0) / /

2-Cl 1.999(3) 1.926(3) 1.929(3) 2.2907(9) / 92.79(3) 87.21(3)
2.7953(10)

2-N3 1.9973(14) 1.9233(15) 1.9266(12) 1.9868(15) / 96.16(6) 83.84(6)
2.5097(15)

2-NCS 2.001(3) 1.920(3) 1.936(3) 1.944(4) 2.358(3) (MeOH) [/

2-SO;  1.998(3) 1.901(3) 1.910(3) 1.928(2) 2.409(3) (Cu2, MeOH) / /

1.990(3) 1.920(3) 1.926(3) 1.955(3)

3-OAc 2.0084(18) 1.9213(18) 1.9562(15) 1.9436(17) / 104.07(8)  75.93(7)
2.3516(17)

4-OAc  1.985(3) 1.919(3) 1.950(2) 1.962(2) 2.668(3) (-CN) / /

4-NOs  1.9964(15) 1.9366(15) 1.9725(13) / 2.2064(14CH / /

1.9828(15) (-CN)

5-NOz 1.9764(17) 1.9112(16) 1.9081(14) 1.9836(14) / 104.59(6) 75.41(5)
2.3997(15)

5-Cl 2.030(3) 1.930(3) 1.944(2) 2.2539(8) / 101.41(3) 102.43(3)
2.8230(9)

6-OAc 1.996(3) 1.920(3) 1.941(2) 1.9560(18) / 105.93(8) 74.07(7)
2.3814(17)

6-Cl 2.004(3) 1.926(3) 1.932(2) 2.2844(9) / 93.44(3) 86.56(3)
2.7709(11)

6-NCS 1.998(4) 1.916(4) 1.944(3) 1.940(5) 2.692(4) (-COQPMe / /
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Table S4.Summary of the C—Hmt/ X-Y---1tinteractions of the ligands and complexes presentédds work.

Gy H-CgA X-H-Cy° X-CyA
Y--Cy/A  X=Y--Cy°
HL1  C3-H3 N1-C1-C2-C3-C4-€5 2.96 106 3.345(4)
HL5  C4-H4 C10-C11-C12-C13-C14-C15 2.70 134 3.4289(3)
C12-H12  N1-C1-C2-C3-C4-€5 2.87 130 3.5592(3)
1-OAc C6-HBA  Cul-0O1-C9-C8-C7-N2 2.96 104 3.012(2)
1-NOs C6-H6A  Cul-O1-C9-C8-C7-K2 2.62 145 3.4855(18)
C12-H12B Cul-01-C9-C8-C7-N2 2.59 154 3.513(2)
1-Ns  C12-H12A N1-C1-C2-C3-C4-€5 2.89 166 3.855(2)
1-NCS C6-H6B  Cul-O1-C9-C8-C7-N2 2.65 150 3.549(3)
C11-02 N1-C1-C2-C3-C4-C5 3.306(2) 96.01(14) 3.642(3)
2-Cl  Cl12-H12C Cul-01-C9-C8-C7-N2 2.93 139 3.725(4)
2-Ns  C10-H10B Cul-O1-C9-C8-C7-N2 2.73 129 3.424(2)
2-NCS C10-H10B N1-C1-C2-C3-C4-5 2.77 91 2.917(3)
2-Sy C20-H20B N11-C11-C12-C13-C14-€152.61 137 3.391(4)
C20-H20C Cu2-031-C39-C38-C37-N322.69 118 3.260(4)
C36-H36B Cul-011-C19-C18-C17-N122.70 123 3.349(4)
5-NOs C2-H2 C10-C11-C12-C13-C14-C15 2.97 114 3.464(3)
5-Cl  C2-H2 C10-C11-C12-C13-C14-C15 2.85 142 3.641(4)
C11-H11  N1-C1-C2-C3-C4-€5 2.61 129 3.288(4)
6-OAc C6-H6A  Cul-O1-C9-C8-C7-N2 2.82 129 3.526(3)
C12-H12C Cul-0O1-C9-C8-C7-N2 2.69 140 3.504(3)
6-NCS C12-H12B N1-C1-C2-C3-C4-E5 2.83 130 3.520(7)

a:—1/2+x, 12—y, z; b: 2—x, -y, 1-z; ¢: 1-x, —y, 1=z, d: 2-x, 2y, 1-z; e: =X, —y, —z; : 1/2—x, 1/2-y, —z; g: 1/2—x, 1/2—y, 1-z; h: 1%, —y,
1-z; i: 2—x, 1=y, 3-z; j: 2—x, 2-y, 1=z, k: 1/2—x, —1/2+y, 3/2-z; |: =%, —y, |-z, m: X, y, z; n: —x, 1=y, 1=z; 0: =1/2+x, 1/2+y, —1+z; p: X, -y,
1/2+z; : x, —y, —z 1: 1%, 1=y, 1-z; s: 1-x, —1/2+y, —1/2—z.
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Table S5.Selected distances and angles offtheand M—tinteractions of the ligands and complexes presente

in this work. G(I) is the centroid of the ring numberd,is the dihedral angle between the rin§& the angle

between the vectord®) — Cy(J) and the normal to ring Jis the angle between the vectgf{IL— Cy(J) and the

normal to ring J.

Cy(l) Co(J) G-CyA al° ae n°
HL4  N1-C1-C2-C3-C4-C5 N1-C1-C2—-C3-C42C5 3.8849(9)  0.03(7)  19.2 19.2
1-Cl  Cul-01-C9-C8-C7-N2 Cu 3.988 0 1205 0
1-1 Cu1-01-C9-C8-C7-N2 Cu 3.621 0 1721 0
1-Ns  Cul-01-C9-C8-C7-N2 Cul-O1-C9-C8-C7LN2 3.9849(9)  0.00(6) 314 314
Cu1-01-C9-C8-C7-N2 cu 3.505 0 6.47 0
2-NOs  Cul-01-C9-C8-C7-N2 Cu 3.481 0 1058 0
2-Cl  N1-C1-C2-C3-C4-C5 N1-C1-C2-C3-C4LC5 3.673(2) 0.00(18) 229 229
Cu1-01-C9-C8-C7-N2 N1-C1-C2-C3-C42C5 3.923(2) 1.75(15) 287 274
2-Ns  Cul-01-C9-C8-C7-N2 Cul-01-C9-C8-C7LN2 3.8157(9)  0.02(6) 245 245
Cu1-01-C9-C8-C7-N2 Cu 3.544 0 716 0
2-NCS Cul-01-C9-C8-C7-N2 Cu 3.560 0 2835 0
2-SQ;  Cul-011-C19-C18-C17-N12 Cu2-N31-C35-C361N323.3578(19)  14.64(14) 9.8 22.8
Cul-011-C19-C18-C17-N12 Gul 3.234 0 384 0
N31-C31-C32-C33-C34-C35 Cul 3.461 0 2733 0
3-OAc N1-C1-C2-C3-C4-C5 Cul-01-C9-C8-C7&N2 3.7700(14)  10.90(11) 305  21.4
4-NOs N1-C1-C2-C3-C4-C5 tu 3.823 0 1987 0
5-NOs  Cul-N1-C5-C6-N2 N1-C1-C2-C3-C4IC5 3.5718(11) 1.19(9) 102 95
5-Cl  Cul-01-C9-C8-C7-N2 Cul-01-C9-C8-C7LN2 3.8568(17)  11.24(13) 27.7 25.8
Cu1-01-C9-C8-C7-N2 Cu 3.493 0 229 0
6-NCS N1-C1-C2-C3-C4-C5 N1-C1-C2-C3-C42C5 3.599(3) 0.0(2) 259 259

a:—x, -y, 1=z, b: —x, -y, 1-z; ¢: 2—x, 1-y, 1-z; d: 1/2—x, 1/2—y, 1-z; e: 1%, -y, |-z f: 1-x, -y, 2-2z; g: 2%, 1=y, 2—z; h: 2—x, 2y, l-z; i:

X, Y, Z; ji—x, -y, 1=z, k: 1%, —y, 1=z, |: =%, —y, |-z, m: —x, -y, 1-z; n: X, -y, 1/2+z; 0: —x, —y, —1-=z.
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Table S6.Hydrogen bonds and angles of ligands and compleresented in this work.

Donor Acceptor D-H/A H-AA D--AA D-H--A/°
HL1 N2—-H2 01 0.88 1.98 2.622(4) 129
N2—-H2 N1 0.88 2.28 2.677(5) 107
C2-H2A OF 0.95 2.53 3.236(5) 131
C4-H4 02 0.95 2.44 3.266(5) 145
HL4 N2—H2A NZ 0.88 2.14 2.9884(16) 162
C4—H4 N2 0.95 2.56 2.884(2) 100
C6—H6A (o) 0.99 2.48 3.2701(16) 137
C7-H7 of 0.95 2.38 3.2656(17) 155
HL5 N2—-H2A 01 0.88 2.04 2.6730(3) 128
N2-H2A OEF 0.88 2.24 2.9878(3) 143
C2-H2B 02 0.95 2.46 3.3505(3) 156
C11-H11 o1 0.95 2.48 3.4256(3) 172
HL6 N2—-H2 01 0.88 2.02 2.650(4) 128
N2—-H2 or 0.88 2.28 3.012(5) 141
C6—H6A o1 0.99 2.53 3.340(6) 139
C6-H6B N1 0.99 2.58 3.414(6) 142
1-0Ac  C2-H2 o2 0.95 2.34 3.279(3) 115
C6-H6A o% 0.99 2.52 3.305(2) 168
C6-H6B 0% 0.99 2.48 3.280(3) 137
C7-H7 o5 0.95 2.56 3.349(2) 141
1-NOs C6—H6A o1x 0.99 2.56 3.179(2) 121
C7-H7 012 0.95 2.37 3.179(2) 142
1-Cl C3-H3 cr 0.95 2.73 3.535(5) 143
C6-HBA CP 0.99 2.71 3.552(5) 143
C12-H12B a 0.99 2.81 3.406(4) 119
1-1 C4-H4 02 0.95 2.55 3.317(3) 138
C6—H6A o2 0.99 2.57 3.321(3) 133
1-Ns C6-H6B N5 0.99 2.59 3.497(3) 153
C13-H13B N5 0.98 2.60 3.516(3) 155
1-NCS C4-H4 02 0.95 2.44 3.255(3) 143
C13-H13C S21 0.98 2.82 3.580(3) 135

a:—x, 1=y, —z; b: 1/2—x, —12+y, 1-z; ¢: 1-x, 1=y, —z; d: =%, 1=y, 1=z e: 2%, —y, 1=z f: 1-x, —y, 1-z; g: 1-x, 1-y, 1-z; h: 3/2-X, 3/2-y,
1-z; i: 3/2—x, 12—y, 1=z, j: X, —1+y, z; k: 2—x, 1/2+y, 1/2-z; I: =14%, y, z; m: =X, =y, —z; n: X, l+y, z; o: =X, -y, 1=z, p: —1+x, y, —1+z; q:
2-x, —1/2+y, 3/2=z; : 12—x, 12—y, 1=z; s: =1/2+x, 1/2~y, 1-z; t: 2-%, —y, 1=z; u: 3/2+x, 1/2~y, —1/2+z.
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Table S7.Hydrogen bonds and angles of complexes presentidksi work.

Donor Acceptor D-H/A H-AA D-A/A D-H--A/°
2-NOs O21-H21A 031 0.775(19)  1.865(19) _ 2.6366(18)  173(3)
021-H21B 02 0.79(3) 1.93(3) 2.7355(16)  167(3)
031-H31A 018 0.75(3) 2.06(3) 2.8033(19)  170(2)
031-H31B 011 0.82(3) 2.06(3) 2.8385(18)  160(3)
C1-H1 oz 0.95 2.48 3.430(2) 177
C6-H6A 012 0.99 2.56 3.2213(19) 124
C7-H7 012 0.95 2.48 3.3396(19) 150
2-Cl C2-H2 o2 0.95 2.45 3.242(5) 140
C3-H3 clt 0.95 2.79 3.542(4) 137
C6-H6A o2 0.99 2.82 3.350(5) 143
C6-H6B clt 0.99 2.82 3.668(4) 144
2-Ns3 C3-H3 02 0.95 2.53 3.266(2) 134
C4-H4 N3 0.95 2.55 3.251(2) 131
C6-H6B (e} 0.99 2.51 3.405(2) 151
2-NCS 021-H21 ()4 0.84 1.91 2.742(4) 173
2-SOy 060-H60 o528 0.84 1.85 2.682(5) 171
O70-H70 058 0.84 1.95 2.765(6) 164
Cl1-H11 O70 0.95 2.33 3.190(6) 150
C13-H13 012 0.95 241 3.320(6) 159
C14-H14 031 0.95 2.58 3.522(4) 171
C16-H16A 052 0.99 2.33 3.275(4) 159
C22-H22C 070 0.98 2.42 3.294(9) 148
C32-H32 o3P 0.95 2.49 3.382(5) 156
C34-H34 0O54 0.95 2.57 3.511(5) 116
3-OAc 031-H31A 022 0.75(5) 2.12(5) 2.857(3) 167(5)
031-H31B O3 0.76(5) 2.25(5) 2.983(3) 164(5)
C6-H6B 022 0.99 2.52 3.297(3) 135
C10-H10A O3 0.99 2.53 3.335(3) 138

a: x, 1/2+y, 1/2=z; b: —14x, y, z; ¢: 1-X%, =y, —z; d: 2—%, —y, 1-z; e: —1+x, —1+y, —1+z; f: x, —1+y—1+z; g: 2—x, 1y, 3—z; h: 2—x, 1-y, 2—z;
i —1+x, —l+y, —1+z; j: X, y, —1+z; k: 2%, 3—x, 1-z; I: 1/2—x, 1/2+y, 3/2—z; m: x, 1/2—y, 1/2+z; n: —x, —1/2+y, 3/2—z; 0: —x, 1/2+y, 3/2-z; p:
-1+x,y, z; q: 14X, y, z; 12 1%, —y, 1-z; s: 1%, 1—y, 2—2z.
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Table S8.Hydrogen bonds and angles of complexes presentidksi work.

Donor Acceptor D-H/A H-A/A D--AA D-H-A/°
4-OAc C2-H2 N3 0.95 2.53 3.248(5) 133
C3-H3 022 0.95 2.45 3.274(5) 145
4NOs  O31-H31A 032 0.76(3)  2.01(3)  2.745(2) 164(3)
031-H31B  02% 0.75(3)  2.08(3)  2.818(2) 170(3)
032-H32A 022 0.79(3)  2.09(3)  2.879(3) 171(3)
032-H32B 023 0.79(3) 2.14(3)  2.881(3) 158(3)
C2-H2 023 0.95 2.55 3.426(3) 153
5-NOs C4-H4 012 0.95 2.54 3.325(3) 140
C6-H6B 02 0.99 2.59 3.405(2) 140
C7-H7 02 0.95 2.48 3.338(2) 150
5-Cl C3-H3 02 0.95 2.31 3.050(4) 135
C13-H13 clt 0.95 2.82 3.682(4) 151
6-OAc  O21-H21A  O2 0.73(5)  2.12(5)  2.845(4) 173(5)
021-H21B 031 0.78(5)  1.95(5)  2.729(4) 175(5)
031-H31A 02t 0.72(3)  2.07(4)  2.781(4) 170(4)
031-H31B 05 0.80(4) 2.01(4)  2.800(3) 174(4)
C2-H2 021 0.95 2.52 3.460(4) 168
C3-H3 o5 0.95 2.40 3.319(4) 163
C7-H7 om 0.95 2.46 3.281(3) 145
6-Cl C3-H3 Cir 0.95 2.75 3.500(4) 137
C6-H6B Clp 0.99 2.67 3.546(4) 148

a: x, 1+y, z; b: 1-x, =1/2+y, 3/2; c: x, 1/2—y, 1/2+z; d: 1-x, —y, 1-z; e: —x, —y, 1=z f: 1-x, —y, 1-z; g: —1/2+x, 1/2+y, —1+z; h: 1/2+x,
—1/2—y, 1/2+z; i: 1/2—x, =y, —1/2+z; j: =, 1/2+y, —1/2—z; k: 1/2—x, —1/2+y, z; I: 1/2—x, 1/2+y, z; m: 1-x, =y, —z; n: X, —1+Yy, z; 0: 2—-X, 1-Y,
—Z.
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Fig. S4.Powder X-ray diffraction spectra GfOAc, 1-NOs, 1-Cl, 2-Cl, and3-OAc. Spectra were recorded at

room temperature, the calculated spectra wererwatdrom the crystal data (133 K).
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20 [7]

Fig. S5.Powder X-ray diffraction spectaNOs, 5-Cl, 5-1, 6-OAc, and6-Cl. Spectra were recorded at room

temperature, the calculated spectra were obtanoed the crystal data (133 K).
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Table S9.Data of the magnetic measurements withat 300 K, angy T at 300 K, 50 K, and, if measured, 2 K.
Meft [HB] (300 K)  ymT [cmPK~*mol™Y] (300 K) ymT [cmPK™mol™] (50 K)  ymT [cmPKmol™] (2 K)

1-OAc 2.95 1.09 0.88 0.39
1-NOs 271 0.92 0.16 0.01
1-Cl 2.95 1.08 0.91 0.68
1-NCS 2.00 0.50 0.42
2-OAc 2.07 0.54 0.40
2-NOs  2.23 0.62 0.50
2-Cl 2.89 1.05 0.89 0.78
2-NCs 2.12 0.56 0.46
3-OAc 3.18 1.27 0.95 0.20
3-NOs 2.13 0.57 0.45
3-Cl 2.92 1.06 0.92
3-NCS 2.02 0.51 0.43
4-OAc 2.17 0.59 0.47
4-NOs 2.10 0.55 0.44 0.41
4-Cl 2.03 0.51 0.44
4-NCS 2.05 0.53 0.44
5-OAc 2.07 0.53 0.43
5-NOs  2.81 0.99 0.88 1.01
5-Cl 2.04 0.52 0.46 0.69
51 3.18 1.26 0.86 0.14
5-NCS 2.15 0.58 0.45
6-OAc 2.99 1.12 0.91 0.40
6-NOs 2.17 0.59 0.48
6-Cl 2.84 1.01 0.89 1.08
6-NCS 2.88 1.03 0.87
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Fig. S6.Plots of theymT productvs T for complexedl-OAc (top left),1-Cl (top right),1-NCS (middle left),2-
OAc (middle right),2-NOs (bottom left), and-ClI (bottom right). The data points are black squatesred line

corresponds to the fit.
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Novel Cu(ll) complexes wittNNO-Schiff base-like ligands : structures and magnatiperties

Fig. S7.Plots of theymT productvs T for complexe®-NCS (top left),3-OAc (top right),3-NOs (middle left),3-
CI (middle right),3-NCS (bottom left), andi-OAc (bottom right). The data points are black squatesyed line

corresponds to the fit.
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Fig. S8.Plots of theywT productvs T for complexe#t-NOs (top left),4-Cl (top right),4-NCS (middle left),5-
OAc (middle right),5-NOs (bottom left), and-Cl (bottom right). The data points are black squétesred lines

corresponds to the fit.
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Fig. S9.Plots of theymT productvs T for complexe$-I (top left),5-NCS(top right),6-OAc (middle left),6-NOz
(middle right), 6-Cl (bottom left), and6-NCS (bottom right). The data points are black squattes,red line

corresponds to the fit.
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Fig. S10.Curie-plot 0of4-NOs.
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Abstract: A series of new [Fe(k) iron(ll) and [Fe(L}] X iron(lll) complexes is presented with
varying tridentatedNNO coordinating Schiff base-like ligandsLand different counterions
(X = CI, Br, I B4 PR, and CIQ") in the case of the iron(lll) complexes. The cayst
structures of one iron(ll) and three iron(lll) colexes are discussed, as well as the magnetic
properties of the complexes regarding the possilafithe observation of spin crossover. While
the three iron(Il) complexes are predominantly regin, in the case of the iron(lll) complexes
spin crossover was observed for the majority otcttraplexes (10 out of 12). Additionally, the
optical properties and electrochemical behaviaalution was investigated and the results are

compared with related systems from literature.
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7.1 Introduction

Spin crossover (SCO) compounds are an interestagy ©f materials, where the electronic
configuration of a central metal atom can be sveitchetween the high spin (HS) state and the
low spin (LS) state by external stimuli such asgerature, pressure, or light® The spin state

of the central metal atom is HS, if the total gparing energyP is much higher than the ligand
field splitting do or LS if 4o is much higher thaR. In case neither of these two conditions is
clearly fulfilled, a SCO is possible. This transiticauses changes in the magnetic, optical,
structural, and vibrational properties of the comxphnd can therefore be monitored by a
number of different techniques, like temperaturepeselent magnetic susceptibility
measurements, Mossbauer spectroscopy, UV/Vis g3ecipy, or single crystal/powder X-ray
diffraction at different temperatures. The switchof the spin state and the resulting change in
properties allows various possible applicationste@sperature/ pressure sensor or data

storagd¥!

In the case of octahedral complexes, this phenomeold be observed for an§-di’ electron
configuration. However, due to the significantlgheér ligand field splittingdo for 4d and 5d
central metal atoms, it is predominantly obsenad3tli complexes. Here, the most frequently
investigated are based on iron as metal atom. &8, iron(ll) complexes change from the
paramagnetic HS stat& € 2) to the diamagnetic LS stat® £ 0), whereas for iron(lll)
complexes both, the HS state<5/2) and the LS stat& € 1/2), are paramagnetic. In the last
decades, about 90% of all spin crossover complexestigated were iron(ll) complexes due
to the pronounced changes in magnetism (diamadpataamagnetic) and related properties
(fluorescencé! conductivity!® liquid crystal phase transitidfl,just to mention few examples)
that can be observed. Also, the structural chanfjes observed for iron(ll) SCO complexes
allowed the observation of spin crossover with ésesis around room temperature quite
frequentlyt®

However, in recent years the focus shifted bacthéomore stable iron(lll) complexes as the
iron(ll) complexes are often very air sensiti¥elhis development is accelerated by reports on
iron(lll) systems with wide hysteredi8:*!! In the case of iron(ll) the most frequently observ
donor atom set is &\*~3 and although there are examples with a®@MN?*% or NsS,1* donor

atom set, they are comparatively rare. In the oagen(lll) complexes, spin crossover is more

88



Iron(Il) and Iron(Ill) Complexes of TridentabéNO Schiff Base-like Ligands — X-ray Structures and Kigiic Properties

frequently observed for systems with asONcoordination sphere, which in their vast majority
use Schiff base ligand&>-1"1So far, only few examples are reported where tibthjron(ll)
and iron(lll) with the same ligand set are synthegi>°!

Due to the higher positive charge of iron(l1l) caangd to iron(ll), the ligand field splittindo

is expected to be larger in the case of iron(lbmplexes, if the same ligands are used.
However, as the spin pairing energy is much highethe case of iron(llI}® no general
statements can be made for the impact of a merggehat the oxidation state at the central iron
atom on the spin state of the compfékHerein we present a series of new iron(ll) and(iid)
complexes with anionic tridentadNO Schiff base-like ligands. The impact of the oxidati
state of the central metal atom on the spin statéhibbse complexes is discussed. Please note
that most of the iron(lll) spin crossover complekase negatively charged chelating ligands.
One hypothesis is, that the negative charge isssacgto reach the higher ligand field splitting
needed to compensate for the larger spin paringggHé Thus the question arises if the
negative charge of the ligand is necessary forsgimghesis of iron(lll) SCO complexes. We
decided to use the [Fe(bip}A"** system with bipy = 2,2’-bipyridine as neutral bitkte NN
ligand for comparison. The spin crossover behaofdrisdiimine iron(ll) complexes is well
understood by now and a very simple and straigindod approach to predict the spin state of
such complexes was recently propos8dsome examples for SCO active tris(bipyridine)
iron(ll) complexes are already reported in literafe whereas for the corresponding iron(lll)
complexes only very limited data is available. Thtise corresponding complex was

synthesized and characterized herein as well.

7.2 Results and discussion
Synthesis

The general synthesis pathway of the iron(ll) and(illl) complexes is given in Scheme 1. An
overview over all synthesized complexes togethén thie used abbreviations is given in Table

1 together with some examples from literature fanparison.
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Scheme 1General synthesis pathway for the iron(ll) and (hdhcomplexes presented in this work.

The tridentate ligands HL1 — HL3 were synthesizesd described previousBi The
corresponding iron(Il) complexes [Fe¢lJ1-3) were obtained by a reaction of iron(ll) acetate
and two equiv. of the respective tridentate ligemethanol (HL1) or methanol (HL2 and HL3).
The acetate anion acts as a base for the deprmtoradtthe ligand. The orange to dark red
iron(Il) complexes were obtained directly from ththesis with 0.5 to 1 solvent molecules
associated. For the synthesis of the iron(lll) ctaxgs [Fe(L)]X (4-15), iron(lll) nitrate
nonahydrate, sodium acetate, and the respectiaedigvere heated to reflux in ethanol (HL1)
or methanol (HL2 and HL3) to obtain a dark purm®igon. This solution was split in aliquots
and the dark purple iron(lll) complexes were pragated with an aqueous solution of the
desired anion. For comparison purpose, the pair(b[p®s]Cl-2H.O (16) and
[Fe(bipy)](PFs)s-2H20 (17) was synthesized as well following literature maered?*>1The
two complexes with bipy as neutral, bidentate lgyarere obtained as dark bluesf and pink
(16) powder. The purity of all complexes was confirmedh elemental analysis, mass

spectrometry, and IR spectroscopy.
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Table 1.Overview of the synthesized iron(ll) and iron(Itpmplexes, and their SCO behavior witte and xuT at 300 and
50 K. For comparison purpose, some examples friarature are given as well.

Compound SCO behavior Ti2/K  ymT /lcmPK Left T lenmPK Literature
molt (300 K) (300 K) mol (50 K)
1 [Fe(L1)]-0.5EtOH HS / 3.53 5.32 3.41 this work
2  [Fe(L2)]-0.5MeOH HS / 3.24 5.10 2.67 this work
3  [Fe(L3)]-MeOH HS / 3.22 5.07 3.17 this work
16 [Fe(bipyg]Cl2:2H20 abrupt, 377 0.07/3.13 0.76 /5.01 0.03 this work
irreversiblé
4 [Fe(L1)]CI-4H0O gradual 206 3.93 5.62 0.62 this work
[Fe(gsal-Cly]? abrupt, two 308, / / / [12]
steps 316
5 [Fe(L1k]Br-2H20 gradual with 1185  3.95 5.62 0.65 this work
hysteresis 1191
6 [Fe(L1ly]PFRsH20 gradual with 1230  3.94 5.61 0.69 this work
hysteresis 1235
7  [Fe(L1y]BF4+H20 HS / 4.62 6.08 4.43 this work
8 [Fe(L1)k]ClO4 HS / 4.28 5.86 4.08 this work
9  [Fe(L2)]l-2H0 gradual 111 4.44 5.96 0.66 this work
10 [Fe(L2p]PFsH20 gradual and 206 3.70 5.44 1.37 this work
incomplete
11 [Fe(L3)]CI-3H0 gradual 214 4.00 5.66 0.63 this work
12 [Fe(L3)]Br-2H0 gradual 211 3.95 5.63 0.71 this work
13 [Fe(L3y]PFsH20 gradual and 250 2.84 4.77 0.74 this work
incomplete
14 [Fe(L3%]BF4+H20 gradual with 211/ 4.24 5.83 0.68 this work
two steps 86
15 [Fe(L3)]ClO4 gradual and 181 3.93 5.61 1.22 this work
incomplete
17 [Fe(bipyg](PFs)z2H20 L) / 0.81 2.55 0.56 this work
[Fe(bzpa)]ClO4©) gradual and ~230 / / / [22]
incomplete
[Fe(gsal- abrupt with 1139/ / / [11]
1)2]OTf-EtOHY hysteresis 1252
[Fe(gsal})BS-MeOH?  abrupt, two 205 4.39 / 0.50 (10 K) [17]
steps and
195
[Fe(gsal}][(CeFsl3)Cl]  gradual 268 4.15 (400 K) / 0.57 (2 K) [16]
[Fe(acpay]ClO49 abrupt/gradual 250 / / / [23]

a) Associated with solvent loss. b) The comple>odgmoses during sample preparation and measurea)éttizpa = (1-benzoylpropen-2-yl)
(2-pyridylmethyl)amine. d) gsal-1 = 5-I-N-(8-quindjsalicylaldimine. e) g-sal #N-(8-quinolyl)salicylaldimine, BS = benzenesulfonafle
gsal-Cl = 5-CI-N-(8-quinolyl)salicylaldimine. g) ldpa =N-(1-acetyl-2-propylidene)(2-pyridylmethyl)amine.
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Single Crystal Structure Analysis

Crystals suitable for single-crystal X-ray struetuanalysis were obtained for the iron(ll)
complex3 and the iron(lll) complexeg, 10, and15. For the iron(lll) complexes the amount of
solvent included in the crystal packing differsnrdhe bulk complexes. As this can also
influence the magnetic properties, the samples daneoted as8a, 10a and 15a The
crystallographic data of the compounds were calbet 133 K and are given in Table S1
(Supporting Information). ORTEP drawings of the gbaxes are shown in Figure 1, whereas
selected bond lengths and angles are summariZeédhie 2. All complexes crystallized with
two tridentatdNNO Schiff base-like ligands being coordinated to thetral iron atom, resulting

in an octahedral MD. coordination sphere.

Iron(ll) Complexes. Crystals suitable for X-ray structure analysi8 ofere obtained by storing
the mother liquor at 8 °C. The complex crystallizeshe triclinic space group1 with two
molecules of the complex and two methanol per asgmowunit. An ORTEP drawing is given
in Figure 1 (top left). Due to the low quality dfet crystal and the crystallographic data this
complex can only be discussed as a general stalehatif, therefore no conclusions towards

bond lengths, angles, or intermolecular interactiare drawn.

Figure 1. ORTEP drawings o3 (top left),8a (top right),10a (bottom left), andl5a (bottom right). Hydrogen atoms, solvent
molecules, and disorder are omitted for clarityipEbids are drawn at 50% probability level.
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Iron(I1) Complexes. Crystals suitable for X-ray structure analysis8af 10a and15awere

obtained by slow diffusion of diethyl ether into aretonitrile solution of the complex.

Complex8a crystallizes in the triclinic space gro®d with one complex and one anion per
asymmetric unit. The last carbon atom of the e#isyer of one tridentate ligand (C23)8ais
disordered into two positions (Figure S1, Suppgrtiformation). During refinement, electron
density of solvent molecules was present. Howetlerse solvent molecules could not be
refined due to disorder. Therefore SQUEEZE fromid®i#! was used to remove 43 electrons
per unit cell.Te ttinteractions between the pyridine rings of twdedi#nt complex molecules
and C—H4rtinteractions can be observed (see Figure 3 acdsk®n of the packing). Complex
10acrystallizes in the monoclinic space grd@gc with one complex, two half molecules of
PFs~, and one molecule of acetonitrile per asymmetniit. d-our fluorine atoms of the BF
anions are disordered in at least two positionguifé S2, Supporting Information). Complex
15a crystallizes in the monoclinic space groBp:/c with one complex and one anion per

asymmetric unit.

Table 2. Spin state, selected bond lengths, angles, anoctabedral distortion parameter of comple3aslOa and15a

S Fe—Ny/ A Fe-N/A Fe-O/A N-Fe-O/° zle
8a 5/2 2.1537(15) 2.0588(14) 1.9661(12) 161.06(5) 84
2.1505(15) 2.0642(13) 1.9692(14) 160.29(5)
10a 1/2 1.9567(19) 1.886(2) 1.8942(16) 175.19(8) 48
1.9604(18) 1.916(2) 1.8930(18) 171.66(8)
15a 1/2 1.9690(19) 1.9001(19) 1.8999(18) 174.14(8) 44
1.957(2) 1.912(2) 1.8955(17) 174.61(9)

In order to determine the spin state of the cemtoal(lll) atoms, the N~Fe—O angle of the
tridentate ligand was taken into account. It hasvarage value of 160.7° f8a, 173.4° for
10a and 174.4° fofl5a This indicates that iBa the central iron(lll) atom is in the high spin
state, whereas in the other two complexes it thénlow spin state. The octahedral distortion
parameter® was calculated as well (Table 2). It can be skanhthe value differs significantly
for 8a(84°) from the values df0aandl15a(48° and 44°, respectively). Those values support
the assumption of the spin states. The bond leragthén average also significantly longer in
8a(2.15 A N,—Fe, 2.06 A N-Fe, and 1.97 A O—Fe) than®a(1.96 A N,,—Fe, 1.90 A N-Fe,
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and 1.89 A O—Fe) antba(1.96 A N,y—Fe, 1.91 A N-Fe, and 1.90 A O—Fe). Those resuits a
in line with the results from the magnetic measwets (see below), whegis a pure HS
complex while forlOand15an incomplete gradual spin crossover is obserdedsE note that
differences in the magnetic properties can be dubfterences in the crystal packing. Several
intermolecular interactions between the anion dwesd molecules and the tridentate ligands
are observed for all complexes, as well as intemastbetween different tridentate ligands.
Details of all intermolecular interactions are suamized in Table S2-S4 (Supporting
Information). Pictures of the packing of the conxgkein the crystal are shown in Figure 2 and

discussed in more detail in the following.

In the case of compleBa, aTt - Ttinteraction between the pyridine ring N31-C31-G323—
C34-C35 [Cg—Cqg 3.6622(11) A] of two neighboring gex molecules in combination with
C—H- - mtinteraction between the aromatic hydrogen aton8{E33) and the pyridine ring of
the same pair leads to a P4AE (Parallel Fourfold Embrace) motif?”) that is illustrated in
Figure 3. Further C—X Ttinteractions are observed between the keto oxgféme ester side
chain (C41-032) and a pyridine ring, and between+6H group of the tridentate ligand
(C36-H36B) and the six-membered ring made up byémeral iron(lll) atom and the chelate
cycle of the ligand (Fe1l-031-C39-C38-C37-N32). €hoteractions result in the formation
of a 3D network of linked molecules; the detaile summarized in Table S2 (Supporting
Information). This network is further strengthen®g several non-classical hydrogen bonds
between C—H groups of the ligand and oxygen atditieegerchlorate anion or the keto oxygen

atoms of neighboring ligands (the details are gimehable S4, Supporting Information).
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Figure 2. Molecular packing o8 (top left, A, along [100]),8a (top right,B, along [001]),10a (bottom left,C, along [010]),
and15a (bottom right.D, along [100]). Hydrogen atoms not involved in imtelecular interactions are omitted for clarity.
Hydrogen bonds are drawn as pink, dashed lines.

For complex10a four C—H - 1t interactions are observed in the molecule pack®we is
between an aromatic C—H (C32-H32) group and thidipgrring of another complex molecule
(N11-C11-C12-C13-C14-C15); one involves a@Hdup of the ester side chain (C40-H40B)
and the pyridine ring of a neighboring complex (N@B1-C32-C33-C34-C35); the other one
is between the CHgroup of the ester side chain (C22—-H22A) and ikenembered ring made
up by the central iron(lll) atom and the chelateleyf the ligand (Fe1l-011-C19-C18-C17—-
N12). The last C—H Ttinteraction is observed between the:@kbup of the acetonitrile (C51—
H51A) and a pyridine ring (N31-C31-C32-C33-C34-Ca5C—X. - Ttinteraction involving
the keto oxygen atom of the side chain (C41-03&)the pyridine ring of a neighboring ligand
(N31-C31-C32-C33-C34-C35) is present as well. Téwaild of those interactions are
summarized in Table S2 (Supporting Information) ighe case dda, a 3D network of linked
molecules is built, where the counterions are idetuthrough several non-classical hydrogen

bonds between C—H groups of the tridentate ligamdsolvent molecules and the fLkons.
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Some further non-classical hydrogen bonds to thedeygen atoms of the ligand are observed

as well, all details are summarized in Table S${futing Information).

Figure 3. ORTEP drawing oBaillustrating the C—H- it and Tt - 1t interactions. Ellipsoids were drawn at 50% proliigbi
level. Hydrogen atoms and side chains are omitiedlérity.

In the case o15a only one C—H- Ttinteraction is observed, namely between the Gidup

of the ester side chain (C42—H42A) and the six-mexeabring made up by the central iron(lll)
atom and the chelate cycle of the ligand (Fe1l-O39-C38-C37-N32). Additionally, several
non-classical hydrogen bonds involving the tridemtegands as donor and the oxygen atoms
of the anion or the keto groups as acceptor areeptdan the crystal packing. The details of
those interactions are summarized in Tables SZdnGupporting Information). Again, a 3D

network of interacting complexes is obtained.

In the packing of all three complexes two differlayers of iron(lll) sites can be observed, that
are illustrated in Figure 4. The molecules in cael are turned by 180° with respect to the
second layer. In case bdaandl5athe anions (and acetonitrile molecules) are seipgrttose
layers, whereas in the case8afthe strong P4AE interactiomt(- Ttand C—H- ) leaves no
space for the anions between the resulting paicoofiplex molecules. This could be one
explanation for the difference in the magnetic edraof the bulk complexe8, 10, and15.
Probably, the dense packing&4d in the crystal prevents the occurrence of spinsoesr as
the associated volume change is precluded. Indke ofl0aandl15athis interaction is not
observed, the packing is less dense and a grapumatransition takes place. Please note that
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there are several examples in literature, whereEPihferactions are believed to be responsible

for abrupt SCB? — quite in contrast to our results presented herei
Magnetic Measurements

The magnetic properties of all iron(Il) and iroh(domplexes were investigated with a SQUID
magnetometer at an applied field of 5000 G to areatiie spin state and follow a possible spin
crossover. Different anions were used in the sygushef the iron(lll) complexes as they are
known to significantly influence the packing of thelecules in the crystal and by this the
magnetic properties. An overview of the SCO behawfdhe complexes with thgu T values

at 300 and 50 K is given in Table 1. The compilat® completed with the data obtained for
magnetic measurements on the previously descrife(bipy}]Cl2-2H0 (16)?4 and
[Fe(bipy)](PFs)s-2H20 (17).151 Although the two complexes are well known and hbgen
described for many years, temperature dependenmetiagneasurements are so far missing.
This is especially interesting for [Fe(big)f) that is known to be a stable LS complex in
solution. The three ligands usually coordinate ¢astral iron atom in an octahedral fashion
with a very symmetric surrounding and a ratherddigand field splittind?® Therefore mostly
diamagnetic complexes are generated. However gasible spin-crossover triggered by lattice
water removal was recently reportedlmp et al. for [Fe(44mBipy)(ClO4)(SCN)3H20 (with
44mBipy = 4,4'-dimethyl-2,2’-bipyridiné}® and we observed very recently a similar
behaviour for chloride salts of other methyl-suloséid bipyridined?’l
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Figure 4. Packing of8a (top, along [100])10a (middle, along [010]), and5a (bottom, along [100]). Hydrogen atoms are
omitted for clarity. Red and blue boxes are highligithe different iron(lll) layers discussed irettext.
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Iron(Il) Complexes. In Figure 5, theymT vs. T plot of 3 and16is shown as an example for a
complex with aNNO coordinating anionic ligand and bipy as ligand. yhd vs. T plots ofl
and2 are shown in Figure S3 (Supporting Information)e Tion(Il) complexes with the anionic
Schiff base-like ligand are essentially in the H&tes in the whole temperature range
investigated (300-50 K). The room temperatykel product is in the range of 3.2-3.5
cm-K-mol? (see Table 1), typical for octahed®# 2 systems with some orbital momentum
contribution. Upon cooling, thgwT product does not change significantly foand3. In the
case oR, a slight gradual drop is observed around 100 &the finalymT product at 50 K is
2.67 cni-K-mol™ This could be an indication for a very incompl8t@0O with about one fourth
of the central iron atoms involved. As expectBglis diamagnetic with amT product of 0.07
cm-K-mol at room temperature and the magnetic moment dateshange upon cooling to
50 K. Upon heating, above 340 K an abrupt and cetagtansition to the HS state is observed
and at 400 K gmT product of 3.25 cfiK-mol is observed, characteristic for HS iron(ll).
Upon subsequent cooling, the moment does not cheagagiicantly and the compound remains
HS. This indicated, that the spin crossover isgeigd by the removal of lattice solvent
molecules as previously reported for related corgaB°2?%As the measurements were made
in gelatine capsule and the sample chamber of @idIB is under vacuum, re-absorption of
the water molecules is not possible. However, gwd the de-hydrated sample leads to a color

change from the black HS state back to the pinlstag (see Figure 5).
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Figure 5. Plot of thexm T product vsT for complex3 (left) and16 (right).
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Iron(Ill) Complexes. In Figure 6, theymT vs. T plot of 6 and17 is shown as an example for
an iron(lll) complex with &NNO coordinating anionic ligand) and bipy as ligandl{). The
xvwT vs. T plots of the other iron(lll) complexes are showrFigures S5 and S@upporting
Information). Two of twelve iron(lll) complexeg and8) stay in the HS state over the complete
temperature range (300-50 K). The room tempergufeproduct is with 4.627) and 4.28
(8) cm?-K-moltin the typical region for HS iron(lll) complexe$this ligand type. All other
complexes show gradual SCO that are in part incetaplboth, in the high and the low
temperature region. As a consequence, the roomet@atype yuT product does not always
reach to typical range for an HS iron(lll) compiaound 4 crhK-mol™), especially forl3
the room temperaturgmT product is with 2.84 ciK-mol? significantly lower. ThemT
product at 50 K is in most cases higher than therttically expected value for an iron(lll) LS
(S= %) system. The details for each complex are sumathin Table 1. Compoundsand6
show a gradual spin transition, however, with an@ & K wide hysteresis, respectively. The
Tz values are 185|f and 191 f) K for 5and 230 {) and 235 {) K for 6. Complex14 shows

a gradual, two-step SCO behavior wifp= 211 and 86 K. The other complexes also exhibit
gradual spin transitions witfu2below 250 K. This gradual behavior can be explainid the
missing cooperativity between the central metahmastoComplex17 with bipy as bidentate
ligand stays in the LS state (50—-400 K) withy@T product (room temperature) of 0.81
cm®-K-mol. This is slightly higher than expected for a pugecentral iron(Ill) atom, but can

be explained with the rather unstable nature ottmplex towards reduction.
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Figure 6. Plot of thexmT product vsT for complex6 (left) and17 (right).
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The difference in magnetic behavior of the iron@mplexes, which are fully HS, and the
iron(lll) complexes, which are SCO active, can kplained with the different ligand field
splitting allowed by the central metal atoms. Tisisn agreement with the spectrochemical
series of the metal ions, as the ligand field 8pitincreases with an increase of the oxidation
state of the central metal atom. Theretfdgas in the region of SCO for the iron(lll) complexe
of this type, whereas the iron(ll) complexes are. H5the case of the bipyridine-based
complexes the iron(ll) complex shows spin crossowsile the iron(lll) complex remains in
the LS state. Thus for the complexes presentedmtre differences in spin-pairing energy for
iron(Il) and iron(lll) have no significant impactnothe expected magnetic properties,
independent of the nature of the ligand (negativarge or not). Again, it is of interest to
compare the results with examples from literatbge.the system with gsa{X = Cl, Br, I) as
negatively charged three-dentatgCNigand, spin crossover is observed in the cas®ofll),
whereas the corresponding iron(lll) complexes agh Bpini*? The differences could be due

to packing effects that are known for their stramgact on SCO properties.
UV/Vis and Cyclic Voltammetry

The complexes were investigated in acetonitril@tsmh with regard to their optical properties
and electrochemical behavior. The absorption maxima log & and the electrochemical
properties of the complexes are given in Table8& DV/Vis spectra of the complexes are
given in Figures S7-S9 (Supporting Information)cdh be seen that the iron(ll) complexes
have one absorption maxima in the region of 450 imehependent of the used ligand. The
logarithm of the absorption coefficiegtindicates a charge transfer process as originisf th
transition. The absorption of the iron(lll) compésxdepends only on the tridentate ligand. As
expected, the complexes with the same Schiff b&sdiyand and different anions have the
same absorption maxima at 528 and 640 nm for ligéinti 542 and 650 nm for ligand HL2,
and 542 and 650 nm for ligand HL3. Again, the ddfeces between the three ligands are not
very pronounced. As for the iron(ll) complexes tbgarithm of the absorption coefficiest
indicates a charge transfer process responsibldddtr transitions. It is possible that the
absorption at ca. 530 nm corresponds to the HSespetthe complex, and the absorption at
ca. 640 nm to the LS species, as observed foetetstems in literatuf&) This indicates that

a spin transition is also possible in solution arked, a color change from purple to blue is
observed when solutions of the complexes are cowligal liquid nitrogen. Temperature

dependent UV/Vis spectroscopy is needed to futhafirm this hypothesis.
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Table 3. Amax log & and the electrochemical properties (in acetdajtdi.1 M NBuPFs, 50 mV-s?, vs. Ag/AgNQ).

Amax/nm (log &) Ered/V. Eox/V
1 442 (3.33) -0.50 -0.37/1.21
2 451(3.43) -0.48 -0.37/1.20
3 451(3.43) -0.48 -0.37
4 528(3.43)/640(3.15) -0.45 -0.34/1.18
5 528(3.46)/640(3.18) -0.44 -0.37/1.21
6 528(3.48)/640 (3.21) -0.46 -0.35/1.28
7 528(3.45)/640(3.18) -0.46 -0.36
8 528(3.29)/640 (3.03) -0.45 -0.35
9 542(3.46)/650(3.25) -0.40 -0.33
10 542(3.50)/650(3.29) -0.41 -0.34
11 526(3.44)/636 (3.18) -0.51 -0.36/1.10
12 526 (3.44)/636(3.18) -0.48 -0.36/1.14
13 526 (3.49) /636 (3.23) -0.45 -0.37
14 526 (3.46) /636 (3.20) -0.49 -0.38
15 526 (3.47)/636 (3.21) -0.44 -0.36
17 @ 0.72 0.83

a) It was not possible to measure the absorptidtv,0os the compound was immediately reduced to dr€llj species upon dissolving in
acetonitrile.

The electrochemical behavior of the iron complexas investigated using cyclic voltammetry.
The results are summarized in Table 3, the voltagrams are given in Figures S10-S12
(Supporting Information). All complexed+15) show quasi-reversible processes between —
0.40 and —0.51 V, that correspond to the iron(tji{ll) redox process. The peak above 1.1 V
can be attributed to the oxidation of the ligarids fprocess is irreversible. As expected, no
major influence of the ligand or counterion on éectrochemical behavior is observed and the
same results are obtained independent of the dcudsttage of the starting material. Additional
oxidation and reduction peaks are observed in desete anions were used as counterions for
the complexes. Compled7 shows also a quasi-reversible process [iron(IiMiiib)] at 0.72 V
(reduction potential) and 0.83 V (oxidation potahtiin good agreement with the values
reported in literature (1.07 V vs. Ag/AgCl in 0.2NEuCIO4/MeCNBY), Please note the strong
impact of the used chelate ligand on the redoxniatis.
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7.3 Conclusions

We presented 15 new iron(ll) and iron(lll) complsxeith tridentateNNO Schiff base-like
ligands. It was possible to isolate single crystalgable for X-ray structure analysis of one
iron(Il) and three iron(lll) compounds with differeligands and anions. The temperature
dependent magnetic behavior of the complexes wabest and it was found that the iron(ll)
complexes stay HS, whereas the iron(lll) compleatesspin crossover active. Ten of twelve
iron(1ll) complexes show a rather gradual spin $iaan below 250 K. Hysteresis of 6 and 5 K
were observed for compounBsand6, respectively. The gradual nature of the spinsitaon
can be explained with the missing cooperativitywaein the central metal atoms, although

several intermolecular interactions were observetié crystal packings.

The complexes were investigated with regard ta thgtical properties, the absorption maxima
depend on the tridentate ligand and the oxidatitatesof the central iron atom. The
electrochemical properties were measured as wek quasi-reversible process was found
corresponding to the redox process iron(ll)/irdf(lknd one irreversible oxidation process of
the ligand could be attributed. For comparison psep the pair [Fe(bipyCl2-:2H.O and
[Fe(bipy)](PFs)3-2H-0O was characterized as well. Due to the strongantl field splitting, the
iron(Il) complex shows spin crossover above roompgerature whereas the iron(lll) complex
remains in the low spin state. The differencesadge reflected in different colors and redox
potentials and follow the expectations from thecspehemical series of the ligands and the

metal atoms.

7.4 Experimental Section

The ligands HL1, HL2, and HLBY iron(l)acetaté®? and [Fe(bipyd](PF6)%2® were
synthesized as published. All other chemicals veeremercially available and used without
further purification. Syntheses of iron(ll) compéesxwere carried out in an argon atmosphere
(5.0) using Schlenk tube techniques. In those deg€3H and EtOH were saturated with argon

for 30 min before use. CHN analyses were measuidd avVario El Il from Elementar
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AnalysenSysteme. Samples were prepared in a tir) &od acetanilide was used as standard.
Mass spectra were recorded with a Finnigan MAT 8&ii a data system MASPEC II. IR
spectra were recorded with a Perkin—Elmer Spectti®® FT-IR spectrometer. TG was
measured with Netzsch STA 449.

[Fe(L1)2]-0.5EtOH (1): [Fe(OAc)] (0.2 g, 1.15 mmol) and HL1 (0.628 g, 2.53 mmogrev
dissolved in EtOH (15 mL) and the orange soluti@s\weated to reflux for 1 h. After cooling
to room temperature and left to stand for 1 d,dtege precipitate was filtered, washed six
times with 3 mL EtOH, and dried in vacuo. Yield:45.g (573.46 gnol?, 68%).
CoeHz0FeNsOs-0.5EtOH: calcd. C 56.55, H 5.80, N 9.77; found C166 H 5.60, N 9.99%;
calcd. C 56.55, H 5.80, N 9.77%. ME&I, pos.)m/z (%): 550 (GeHzoFeN:Os, 100), 303
(CisH1sFeN0s, 35), 93 (GHsN, 16). IR:v = 1664 (s, C=0), 1585 (s, C=0) TMTG: up to
150 °C: -3.4% mass change (corresponds to the@fdsS ethanol molecules, theory: —4.0 %),

above 150 °C decomposition.

[Fe(L2)2]-0.5MeOH (2): [Fe(OAc)] (0.2 g, 1.15 mmol) and HL2 (0.552 g, 2.53 mmo&rev
dissolved in MeOH (20 mL) and the red solution \Wwaated to reflux for 1 h. After cooling to
room temperature and left to stand for 1 d, the cegbtalline precipitate was filtered, washed
once with 3 mL MeOH, and dried in vacuo. Yield: .3 (506.36 gnol?, 48%).
CosH26FeNiO4-0.5MeOH: calcd. C 58.11, H 5.57, N 11.06%; founsi8X05, H 5.60, N 11.06%.
MS (El, pos.)m/z (%): 490 (GaH26FeN:Os, 100), 273 (@H13FeNO2, 93), 93 (GHsN, 33). IR:

v = 1633 (s, C=0), 1562 (s, C=0) TInTG: up to 150 °C: —2.0% mass change (correspnds

the loss of 0.5 methanol molecules, theory: —3.2&#pve 150 °C decomposition.

[Fe(L3)2]- MeOH (3): [Fe(OAc)] (0.2 g, 1.15 mmol) and HL3 (0.592 g, 2.53 mmoBre
dissolved in MeOH (15 mL) and the red/brown solutiwas heated to reflux for 1 h. After
cooling to room temperature and left to stand fdr the orange precipitate was filtered, washed
twice with 3 mL MeOH, and dried in vacuo. Yield:26. g (554.38 gnol?, 39%).
Ca4H26FeNsOs-MeOH: calcd. C 54.16, H 5.45, N 10.11%; found C983H 5.39, N 10.12%.
MS (El, pos.)m/z (%): 522 (GaH26FeNsOs, 100), 289 (@H13FeNO3, 52), 93 (GHsN, 23). IR:

v = 1664 (s, C=0), 1588 (s, C=0) TinTG: up to 150 °C: —1.2% mass change (correspmnds

the loss of 0.25 methanol molecules, theory: —1)5aldove 150 °C decomposition.

[Fe(bipy)s]Cl2- 2H20 (16): The complex was synthesized using standard proesdtiThe
product precipitated as pink powder with two wateecules.
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General Synthesis of the Iron(lll) Complexes:1 g of the corresponding ligand (2 equiv.),
iron(lll) nitrate nonahydrate (1.2 equiv.), and wmad acetate (1.2 equiv.) were dissolved in
100 mL of ethanol (HL1) or methanol (HL2 and HL3)dahe dark purple solution was heated
to reflux for 1 h. This solution was split in aligis (20 mL) and approximately half of the
solvent was removed under reduced pressure. Th@lljawomplexes were precipitate with an
aqueous solution (20 mL) of the anion. This preatipi was filtered, washed with water and

ethanol or methanol, and dried in vacuo.

[Fe(L1)2]Cl-4H20 (4): Yield: 0.28 g dark purple powder (657.90-nwpl?, 95%).
CoeHz0FeNsO6Cl-4H20: calcd. C 47.47, H 5.82, N 8.52%; found C 4718%.96, N 9.03%.
MS (El, pos.)m/z (%): 550 (GeHzoFeN:Os, 42), 93 (GHsN, 100). IR:v = 3395 (br. s, OH),
1702 (s, C=0), 1588 (s, C=0) cnTG: up to 150 °C: —9.2% mass change (correspuntie
loss of 4 water molecules, theory: —10.9 %), alddv@ °C decomposition.

[Fe(L1)2]Br-2H20 (5): Yield: 0.12 g dark purple powder (630.30-npl?, 47%).
CoeH30FeNsOsBr-2H20: calcd. C 46.90, H 5.10, N 8.40%; found C 46.%.6b, N 8.49%. MS
(El, pos.)m/z (%): 550 (GeHz0FeN:Oe, 7), 131 (GH7N2, 100), 93 (GHsN, 82). IR:v = 3421
(br. s, OH), 1702 (s, C=0), 1587 (s, C=0)"énTG: up to 150 °C: —3.5% mass change
(corresponds to the loss of 1 water molecule, thee2.8 %), above 150 °C decomposition.

[Fe(L1)2]PFs-H20 (6): Yield: 0.27 g dark purple powder (713.37-nmpi?!, 95%).
CoeHz0FeNsOsPFs-H20: calcd. C 43.78, H 4.52, N 7.85%; found C 431874.58, N 8.03%.
MS (El, pos.)m/z (%): 550 (GeHzoFeNiOg, 28), 248 (GzH1sN203, 14), 93 (GHsN, 100). IR:
v = 1684 (s, C=0), 1591 (s, C=0) TInTG: up to 150 °C: —1.4% mass change (correspnds

the loss of 1 water molecule, theory: —2.5 %), &bd0 °C decomposition.

[Fe(L1)2]BF4-H20 (7): Yield: 0.22 g dark purple powder (655.21-nmwpl?, 47%).
CoeH30FeNiOsBF4-H20: calcd. C 47.66, H 4.92, N 8.55%; found C 48H%.10, N 8.25%.
MS (El, pos.)m/z (%): 550 (GeHzoFeNsOs, 14), 248 (G3H1sN203, 17), 93 (GHsN, 100). IR:
v = 1685 (s, C=0), 1587 (s, C=0) cinTG: up to 150 °C: —2.8% mass change (corresptunds

the loss of 1 water molecule, theory: —2.8 %), &bd0 °C decomposition.

[Fe(L1)2]ClO4 (8): Yield: 0.19 g dark purple powder (649.84vwl?, 73%). IR:v = 1685 (s,
C=0), 1590 (s, C=0) cmh
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[Fe(L2)2]l-2H20 (9): Yield: 0.15 g dark purple powder (653.28-nmpl?, 59%).
CaaH26FeNsO4l-2H20: calcd. C 44.13, H 4.63, N 8.58%; found C 441%9.21, N 8.55%. MS
(El, pos.)m/z (%): 490 (G4H26FeNsOs4, 4), 93 (GHeN, 100). IR:v = 1577 (s, C=0), 1564 (s,
C=0) cn. TG: up to 182 °C: —2.6% mass change (correspinitie loss of 1 water molecule,
theory: —2.8 %), above 185 °C decomposition.

[Fe(L2)2]PFs-H20 (10): Yield: 0.17 g dark purple powder (653.32nml?, 63%).
CoaH26FeNiOsPFs-H20: calcd. C 44.12, H 4.32, N 8.58%; found C 431864.29, N 8.40 %.
MS (El, pos.)m/z (%): 490 (GaH26FeNsOy4, 2), 93 (GHeN, 100). IR:v = 1581 (s, C=0), 1567
(s, C=0) cm*. TG: up to 175 °C: —1.3% mass change (corresptmdise loss of 0.5 water
molecule, theory: —1.4 %), above 175 °C decompmsiti

[Fe(L3)2]CI-3H20 (11): Yield: 0.09 g dark purple powder. (611.83nml?, 32%).
Co4H26FeNsO6CI-3H20: calcd. C 47.11, H 5.27, N 10.86%; found C 46194.34, N 10.77%.
MS (El, pos.)m/z (%): 522 (GaH26FeNsOs, 10), 93 (GHeN, 22). IR:v = 3436 (br. s, OH), 1703
(s, C=0), 1588 (s, C=0) crh TG: up to 150 °C: —10.5% mass change (correspionitie loss
of 3.5 water molecules, theory: —10.3 %), above XGdecomposition.

[Fe(L3)2]Br-2H20 (12): Yield: 0.04 g dark purple powder. (638.27wmI?, 10%).
CosH26FeNsOsBr-2H20: calcd. C 45.16, H 4.74, N 8.78%; found C 45187.60, N 9.42%.
MS (El, pos.)m/z (%): 234 (G2H13N20s, 25), 93 (GHsN, 100). IR:v = 1703 (s, C=0), 1586
(s, C=0) cm*. TG: up to 150 °C: —6.8% mass change (corresptmdise loss of 2.5 water
molecules, theory: —7.0 %), above 150 °C decomiposit

[Fe(L3)2]PF6-HO (13): Yield: 0.14 g dark purple powder. (685.32nmpl?, 41%).

Co4H26FeNsOsPFs-H20: calcd. C 42.06, H 4.12, N 8.18%; found C 421334.15, N 8.45%.
MS (El, pos.)mz (%): 522 (G4H26FeN:Os, 9), 93 (GHeN, 100). IR:v = 1697 (s, C=0), 1667
(s, C=0) cm’. TG: up to 150 °C: —2.2% mass change (corresptmdBe loss of 1 water

molecule, theory: —2.6%), above 150 °C decompasitio

[Fe(L3)2]BF4-H20 (14): Yield: 0.13 g dark purple powder. (627.16nmpl?, 42%).
Ca4H26FeNsOeBF4-H20: calcd. C 45.96, H 4.50, N 8.93%; found C 45H2.75, N 8.74%.
MS (El, pos. )z (%): 522 (GaH26FeN:iOs, 100), 93 (GHsN, 43). IR:v = 1705 (s, C=0), 1589
(s, C=0) cm*. TG: up to 150 °C: —1.5% mass change (corresptmdise loss of 0.5 water
molecules, theory: —1.4 %), above 150 °C decomiposit
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[Fe(L3)2]ClO4 (15): Yield: 0.18 g dark purple powder (621.79rwl?, 57%). IR:v = 1707 (s,
C=0), 1588 (s, C=0) cth

[Fe(bipy)s](PFe)s (17): The complex was synthesized using standard proesdelrThe
product precipitated as blue powder with 2 wateletules.

X-ray Diffraction on Single Crystals: The X-ray analysis was performed with a Stoe
StadiVari diffractometer using graphite-monochromdaMoKa radiation. The data were
corrected for Lorentz and polarization effects. Blreictures were solved by direct methods
(SIR-97)% and refined by full-matrix least-square technigagginstFo>—Fc? (SHELXL-
97)B4 All hydrogen atoms were calculated in idealizedipons with fixed displacement
parameters. ORTEP-fi?! was used for the structure representation, SCHARSE® to
illustrate molecule packing. Crystallographic dg&xcluding structure factors) for the
structures in this paper have been deposited WittCambridge Crystallographic Data Centre,
CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copiethe data can be obtained free of
charge on quoting the depository numbers CCDC-18620CDC-1862182, CCDC-1862183,
and CCDC-1862184 (Fax: +44-1223-336-033; E-Mail: past@ccdc.cam.ac.uk,

http://www.ccdc.cam.ac.uk).

Magnetic Measurements:Magnetic measurements on the compounds were cautealsing

a SQUID MPMS-XL5 from Quantum Design with an apgligeld of 5000 G, and in the
temperature range from 300 to 50 K in settle mdte.complexed6and17 were investigated
up to 400 K. The sample was prepared in a gela@psule held in a plastic straw. The raw
data were corrected for the diamagnetic part osmple holder and the diamagnetism of the
organic ligand using tabulated Pascal’'s constants.

Optical Properties: Absorbance spectra were obtained with an Agilent &/
spectrophotometer 8453 (Agilent Technologies, USp¢grating in a spectral range of 190—
1100 nm. The spectra were measured at 298 K inzjgalls with 1 cm lightpath (Hellma,
Germany).

Cyclic Voltammetry: Redox potentials were obtained with a CH Instrumm&iectrochemical
Analyser (610E) in 0.1 M NB#PFR/MeCN with a platinum electrode, referenced to M1
AgNOs at room temperature with a scan rate of 50 snty
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Supporting Information (see footnote on the first page of this articleystallographic data

of 3, 8a, 10a and15a magnetic measurements, UV-Vis spectra, cyclitamosmograms, and

TG measurements can be found in the Supportingrivgton.
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7.6 Supporting Information

Table S1.Crystallographic data of the complexes presentedisnwork.

8a 10a 15a 3
CCDC 1862182 1862183 1862184 1862181
sum formula @HzoFeNiOs, ClOs  CaaH26FeN:Os4, FeP, CaaH26FeNiOg, CIOs  CaaH26FeNsOs, CHiO

CoHsN

M/ g mol? 649.84 676.36 621.79 554.38
crystal system triclinic monoclinic monoclinic thirtic
space group P1 12/c P2i/c P1
crystal description dark purple prism purple plate purple block red plate
al A 10.6724(4) 17.5376(8) 8.8991(6) 10.3791(10)
bl A 12.1462(5) 8.5840(4) 17.0675(8) 12.8918(15)
o A 12.7400(5) 37.4666(15) 17.13478(8) 20.048(2)
al° 87.407(3) 90 90 94.526(9)
A e 70.186(3) 90.865(4) 101.188(5) 90.124(8)
We 70.671(3) 90 90 111.074(8)
v/ A3 1461.95(11) 5639.7(4) 2584.8(3) 2494.0(5)
4 2 8 4 4
Praled g CMB3 1.476 1.593 1.598 1.477
4 mnrt 0.669 0.674 0.753 0.658
crystal size /mm 0.125%0.110%0.106 0.120x0.081x0.05 0.130%0.116x0.098 0.115%0.085%0.079
F(000) 674 2776 1284 1160
T/ K 133 133 133 133
Al A Mo-Ka 0.71073 Mo-Kx 0.71073 Mo-Kx 0.71073 Mo-Kx 0.71073
Orange/ ° 1.7-28.5 2.2-28.6 1.7-28.6 1.7-28.1
Refins. collected 22010 11059 11273 23932
Indep. reflns Rint) 6829 (0.031) 6707 (0.051) 6112 (0.037) 109969®) 1
Parameters 389 429 361 664
R1 (all data) 0.0333 0.0447 0.0456 0.1437
wR2 0.0989 0.1155 0.1309 0.4062
GooF 1.05 0.92 1.06 0.92
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Figure S1.ORTEP drawing of8a including the disorder of the side chain. Ellipsoiwere drawn at 50 %

probability level. Hydrogen atoms were omitted dtarity.

Figure S2.ORTEP drawing oi0aincluding the disorder of the anion. Ellipsoidsrevdrawn at 50 % probability

level, hydrogen atoms were omitted for clarity.

032
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Table S2.Summary of the C—H1t/ X-Y--1tinteractions of the complexes presented in thikwor

Gy H--Cg/A X—H--Cy/° X--Co/A
Y"'CgIA X=Y-Cy/°

8a C33-H33 N11-C11-C12-C13-C14-C152.72 173 3.662(2)
C36-H36B  Fel-031-C39-C38-C37-R322.87 141 3.691(2)
C41-032 N31-C31-C32-C33-C34-€353.3029(17) 83.63(12) 3.389(2)

10a C22-H22A  Fel-011-C19-C18-C17-N122.83 143 3.661(3)
C32-H32 N11-C11-C12-C13-C14-C152.99 139 3.758(3)
C40-H40B  N31-C31-C32-C33-C34-€352.67 141 3.489(3)
C51-H51A  N31-C31-C32-C33-C34-C352.76 154 3.667(6)
C41-032 N31-C31-C32-C33-C34-€353.644(2) 89.24(17) 3.829(3)

15a C42-H42A  Fel-031-C39-C38-C37-N322.77 170 3.738(4)

a: Ix, 1-y, 1-z; b: 2—x, 1-y, 1-z; ¢: 1/2-X, Yo+y~z; d: x, 4+ty, z; e: X, —1+y, z; f: 1-x, —y, 1-z.

Table S3.Selected distances and angles ofttheand M—rtinteractions of the complexes presented in thikwo
Cy(l) is the centroid of the ring numberd,is the dihedral angle between the rin§s the angle between the

vector G(l) — Cy(J) and the normal to ring )is the angle between the vectoIL— Cy(J) and the normal to

ring J.
Co(l) Co(J) G-C/A  aP IEA
8a N31-C31-C32-C33-C34-C35 N31-C31-C32-C33-C342-C3%6622(11) 0.04(9) 18.6 18.6
a:1-x,1-y, 1-z.
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Table S4.Hydrogen bonds and angles of complexes presentidksi work.
Donor Acceptor D-H/A HA/A D-AJA  D-H-AP°

8a Cl2-Hi2 012 0.95 2.60 3.207(2) 122
C13-H13 012 0.95 2.59 3.203(2) 123
Cl4-H14 044 0.95 2.48 3.184(33) 131

C16-H16A 043 099  2.59 3.565(4) 170
C16-H16A 044 099 257 3.358(2) 136
C16-H16B 031 099 252 3.445(2) 155

C31-H31 044 095  2.48 3.335(2) 150
C32-H32 042 095  2.56 3.255(3) 130

C34-H34 043 095 254 3.473(4) 167
C42-H42A 012 099 254 3.384(2) 144
10a C16-H16A F13 099 247 3.323(3) 144
C22-H22A 031 098 254 3.378(3) 143
C33-H33 F23B  0.95  2.42 3.163(8) 135
C36-H36A F22B 099  2.28 3.059(7) 134
C51-H51C 032 098 222 3.183(6) 168
15a C11-H11  O59 095 253 3.129(5) 121
Cl2-H12 059 095 246 3.087(5) 124
C13-H13  O54 095 255 3.396(7) 149
Cl4-H14 012 095 241 3.198(4) 140
C16-H16B 053 099 246 3.298(9) 142
C31-H31 051 095 258 3.391(5) 143
C32-H32 032 095  2.33 3.198(5) 151
C36-H36A 052 099 253 3.427(5) 151
C40-H40B 032 098 258 3.336(4) 134

a: x, y,~l+z; b: 1-x, -y, 1-z; ¢: 2-x, —y, 1=z, d: 1-x, 1-y, 1=z e: 1+x, y, —z+1; f: 1/2—x, 1/2+y, —z; g: x, 1ty, z; h: 1-x, y, 1/2-7; i: 1/2+x,
=5/2—y, z; k: 1/2+x, 1/2—y, —1/2+z; 1: 1+x, y, z; m: 1-X, =y, 2—z; n: —=1/2+x, 1/2—y, 1/2+z; 0: —1/2+x, 1/2—y, —1/2+z.
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Figure S3.Plots of theym T product vsT for the iron(ll) complexe4 (left) and2 (right).
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Figure S4.Plots of theyw T product vsT for complexegl (top left),6 (top right),7 (middle left),8 (middle right),
9 (bottom left), andLO (bottom right).
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Figure S5.Plots of theymT product vsT for complexed 1 (top left),12 (top right),13 (middle left),14 (middle

right), and15 (bottom).
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Figure S6.UV-Vis spectra of complexeis(top left),2 (top right),3 (middle left),4 (middle right),5 (bottom left),
and6 (bottom right).
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Figure S7.UV-Vis spectra of complexes (top left),8 (top right),9 (middle left),10 (middle right),11 (bottom
left), and12 (bottom right).
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Figure S8.UV-Vis spectra of complexek3 (top left), 14 (top right), andL5 (bottom).
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Figure S9. Cyclic voltammograms of complexds(top left), 2 (top right),3 (middle left),4 (middle right),5
(bottom left), andb (bottom right).
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Figure S10.Cyclic voltammograms of complex@gtop left),8 (top right),9 (middle left),10 (middle right),11
(bottom left), andL2 (bottom right).
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Figure S11.Cyclic voltammograms of complexés8 (top left), 14 (top right),15 (bottom left), andl7 (bottom

right).
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Figure S12.TG measurements @&f6.
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Figure S13.TG measurements @f14.
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Abstract: Here we present two isostructural iron(lll) spinssover complexes with the same
tridentate ligand and perchlorate or tetrafluorab®ras counter ion. Single crystal X-ray
structures in the high spin and low spin state wéitained for both complexes. An abrupt spin
transition above 100 K is observed with the traositemperature depending on the size of the

anion.

8.1 Introduction

Spin crossover (SCO) is an interesting phenomenaichacan occur in 3d transition metal
complexes with a 4’ electronic configuration. The spin state of the aheentre can be
switched between the high spin (HS) state andaWwespin (LS) state by external stimuli such
as temperature, pressure, or light irradiations Tasults in significant changes in the structural,
vibrational, magnetic, or optical properties of thateriall!! Due to the pronounced property

changes in SCO compounds, various applications,h sas data storage and/or
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temperature/pressure sensors are pogéil&or iron(lll) complexes both spin states are
paramagnetic witls = 5/2 (HS) ands = 1/2 (LS). Upon SCO the bond lengths shortenthad
volume of the unit cell is smaller in the LS thanthe HS state. In the case of iron(ll) the
structural and magnetic changes upon SCO are mom®pnced with a paramagneti8£ 2)

HS state and a diamagnet®~0) LS state. However, iron(ll) complexes arepfair sensitive.
Therefore the focus has recently shifted towards rtiore stable iron(lll) complex&s’]
Compared to the large amount of iron(ll) spin coess complexes, where systematic
investigations on the impact of different parametich as counter ions or the inclusion of
solvent molecules on the spin crossover proper{iggteresis, control of transition

temperature) are availadfé! in the case of iron(lll) the data base is limited.

Recently, we published the synthesis and magnegitavaour of iron(ll) and iron(lll)
complexes with tridentate, Schiff base-like ligantl¢e found that the iron(ll) complexes
remain HS, whereas the iron(lll) complexes showtipgsadual and incomplete SC®Here

we report two isostructural iron(lll) complexes lwihe same tridentatéNO Schiff base-like
ligand, but different anions (BFand CIQ") both showing a similar abrupt SCO. It is well
known, that different anions alter the magnetigerties of iron(Il) and iron(Ill) complexé$.

" n the case of iron(lll) quinolylsalicyladimate raplexes it was possible to tune the SCO
properties through variation of the size of therdeuion, small anions stabilised the LS state
whereas larger anions stabilised the HS $tdtElowever, the opposite trend was observed for
[Fe(Him)(happen)] complexest® Those examples show that it is difficult to esstbheneral
rules, especially since differences in size angsla the anions often trigger differences in

the crystal packing.

8.2 Results and discussion

Here we present a pair of isostructural complekas @llow a direct evaluation of the impact
of anion size on the transition temperature. Thapmlexes were synthesised using the same
synthetic procedure as described previolf§lffhe tridentate Schiff base-like ligand HL,
iron(lll) nitrate nonahydrate, and sodium acetatremdissolved in methanol and heated to
reflux for one hour. The respective iron(lll) SCOnwplexes [Fe(LBF4 (1) or [Fe(Lk]ClO4

128



Isostructural iron(lll) spin crossover complexeshna tridentate Schiff base-like ligand: X-ray stures and magnetic
properties

(2) were precipitated by adding an aqueous solutioth@ corresponding anion BF(1) or
ClO4™ (2) (Scheme 1).

- —®
AN
= |
L . oc ’
N 1. Fe(NO3)3-9 H,0, NaOAc | Me - ! 5
HN 2. X (BF4 or ClIO;), H,0 l e | X
o VT os COMe
COMe /Nl
N
HL [Fe(L)2IX

Scheme 1Synthesis of the complexes discussed in this wodkused abbreviations.

Crystals suitable for X-ray structure analysis welbéained by slow diffusion of diethyl ether
into an acetonitrile solution of the coordinatioangound. The two iron(lll) complexes
crystallise in the orthorhombic space groBg12:12: and the crystallographic data were
determined at 175 K1(HS), 150 K @-HS), 133 K ({-LS), and 100 K 2-LS) and are
summarised in the ESI, Table S1. An ORTEP drawing and?2 in the LS state is shown in
Fig. 1, ORTEP drawings of both spin states of ti@uglexes with a full numbering scheme is
given in the ESI, Fig. S1 and S2. The asymmetrit aonsists of one complex molecule and
one anion for both complexes. The iron(lll) censreoordinated by two tridentate ligands in

an octahedral fashion.

Selected bond lengths, angles, and the octahetarttbn parameteg of the coordination
sphere are given in Table 1. The bond lengthsigrefisantly shorter in the LS state than in
the HS state (Fe-J)0.15 A, Fe—h0.13 A, and Fe—0 0.06 A in average). In ordersti@dnine
the spin state of the iron(lll) centre thgNFe—O angle was taken into account; it has an geera
value of 162° in the HS state and 173° in the L&esfor both complexes. The calculated
octahedral distortion paramet&isupports this assumption, as it is much largéinénHS state
(80° for1-HS and 84° for2-HS) than in the LS state (43° f&rLS and 44° for2-LS). This is

in agreement with previously reported complexethisf typel® 7]

129



Isostructural iron(lll) spin crossover complexeshna tridentate Schiff base-like ligand: X-ray stures and magnetic
properties

033
031
Ci

034

Fig. 1 ORTEP drawing of (LS, left) and2 (LS, right). Ellipsoids were drawn at 50% probdbpilevel. Hydrogen atoms were
omitted for clarity.

Due to the occupation of the anti-bondiny erbitals in the HS state the bond lengths within
the first coordination sphere are significantlygenthan in the LS state. The volume of the unit
cell is 2.8% 1) and 2.3%2) larger in the HS state compared to the LS state.

Table 1.Spin state, selected bond lengths [A], anglesajifl the octahedral distortion parame¥¢t] of complexesl and2.
S Fe—N)y Fe—Nix Fe-O pr—Fe—O pa

1-HS 5/2 2.133(4) 2.028(3) 1.953(3) 161.69(14) 80
2.108(4) 2.046(3) 1.956(3)  162.79(14)
1-LS  1/2 1.982(4) 1.901(3) 1.902(3)  171.40(14) 43
1.973(3) 1.912(3) 1.904(3)  174.11(15)
2-HS 5/2 2.145(3) 2.030(3) 1.956(3) 160.84(12) 84
2.114(3) 2.057(3) 1.954(3)  162.22(12)
2-LS 1/2 1.978(3) 1.901(3) 1.904(2) 171.25(12) 44
1.962(3) 1.911(3) 1.9040(19) 173.97(12)

Several C—H-1t interactions and hydrogen bonds are present irctystal packing of the
complexes. Details of those intermolecular intecsst are summarised in Tables S2 and S3.
As previously showH] the complex molecules form two different layerstia crystal packing,
with each layer being separated from the othehbyanions. The molecules in the first layer

are turned 180° with respect to the second layigr &5.
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Fig. 2 Packing ofl (HS, top left and LS, top right) ari(HS, bottom left and LS, bottom right) in the datsalong [100].
Hydrogen atoms were omitted for clarity. Red ancetiioxes highlight the different layers discussethémain text.

In the HS state of both complexes two C-H interactions are present; one between the
aromatic C3—-H3 of one pyridyl ring and the six-memdal ring made up by the chelate cycle
of one tridentate ligand and the iron(lll) centFre{-021-C29-C28-C27-N22). The second
one is between a methyl group of one tridentanlig( C30-H30B fot and C30-H30C fo2)

and the pyridyl ring of a neighbouring ligand (NEZR1-C22— C23-C24—-C25). In the LS state
of both complexes, only the second C-H interaction can be found. Many non-classical

hydrogen bonds are observed for both complexesih $pin states; mostly between C-H

groups of the tridentate ligands and the fluorinéhe oxygen atoms of the respective anions.
Interactions between C—H groups and keto oxygerssradighbouring ligand are observed as
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well. In complexd, there are two hydrogen bonds which are preseieitdS state, but not in
the LS state, namely C1-HF2 and C26—H26BF3. In case of complex, C1-H%:-O31 is

the only interaction which can be observed in tti& Hut not the LS state. Pictures of the

packing of the complexes highlighting the hydrogends are shown in Fig. 3.

Fig. 3 Packing ofl (HS, top left and LS, top right) ari(HS, bottom left and LS, bottom right) in the datsalong [010].
Hydrogen atoms not involved in any hydrogen bondsevomitted for clarity. Hydrogen bonds were drasnpink, dashed
lines.

The Hirshfeld surface, mapped owkem, Of complex1-HS is shown in Fig. 4, top left as
example. There are dominant-#D interactions between the methyl group of onenkigand
the keto oxygen of another (highlighted with a cgdle in Fig. 4). Those interactions appear
as distinct spikes in the 2D fingerprint plot (F.bottom left) and form a chain of complex
molecules along [100]. Other visible spots in tlheface are caused by-H- interactions
involving the BR™ anion and H-H interactions. The same kind of interactions dseoved for

the LS state of the complex, as well as for comglaxboth spin states. The Hirshfeld surfaces
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and fingerprint plots for those structures can dn@l in the ESI, Fig. S3—-S5. The relative
contribution of the different interactions to th@gtfeld surface was calculated and is shown
in Fig. 5. It can be seen that most interactiomgiraite form H--H contacts, H-O interactions

to keto oxygen, and Hanion interactions. Please note the very similaults for both
complexes in both spin states that explains nidedyery similar spin crossover curve for both
samples.

(A) 1.0 12 14 18 18 20 22 24 26 28

de H--0/0--H de

H--F/F-H
28 o 2.8 i

28 1 28

24 LBl 24

22

B o5
|

20 .20

1.8 I 18
1.6 1.6
14 |14

g Fon: 1 1.2

10 10

i i

A) 1.0 1.2 14 18 18 20 22 24 26 28 (&) 1.0 12 14 1.6 18 20 22 24 26 28

Fig. 4 Hirshfeld surface mapped withorm (top left), fingerprint plots: full (top right)esolved into H-O/O---H (bottom left),
and H--F/F--H (bottom right) contacts of compléxHS.
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o

Fig. 5 Relative contributions of different intermoleculatéractions to the Hirshfeld surface area.

Temperature dependent magnetic susceptibility nmeasnts were performed using a SQUID
magnetometer to investigate the possible SCO ptiepeasf the two complexes. Measurements
were performed with an applied field of 5000 G amdettle mode. Both complexes show an
abrupt ST below 200 K; thguT vs. T plots are shown in Fig. 6. At 300 K the iron cestof
both complexes are clearly in the HS state wiif values of 4.60 and 4.23 é{ mol™ (1
and2, respectively). The transition temperattiie for complexl is at 145 K and for complex
2 115 K. At 50 K, theymT values indicate a clear LS state for both com@€®e57 and 0.58
cm® K mol™, respectively). Those values are typical for gy states of iron(lll) complexes
with this ligand typé” A small kinetic effect can be observed for the &€ compounds show
a small (7 K wide) hysteresis when measured in pweade with a scan rate of 5 K mirfFig.

S6). This hysteresis disappears when the samplesmeasured in settle mode.

1 2
—#-
.—I—-— -
4t v 41 —
- Tf-. .ll"““.-.
5 /
§ 3t . 3t
S
i% 2} 2t
5
T L L] Tr ]
.n--;-llll""' |-lllllllll-
1 N 1 s 0 1 N 1 N
100 200 300 100 200 300
TIK] T[K]

Fig. 6 Plot of thexmT product vsT for complexl (left) and2 (right).
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The abrupt spin transition can be explained witk tArge number of intermolecular
interactions, while the kinetic effects are mokely due to the breaking of intermolecular
interactions in the crystal packing of the compgexXgansition from HS to LS state). The
differences in the transition temperature betwéenwo complexes is best explained with the
size of the counter ion. The smallerBin 1 stabilises the LS state leading to a highgs
compared t@® with the larger CI@ as anion. This trend is comparable to the mafifects
observed for metal dilution experiments for irop@dmplexes, where an substitution of iron(ll)
by manganese(ll) or zinc(ll) shifts the transitiemperature due to a variation of the internal
pressure of the different host lattié¥st> For the example [Fe/Zn/Mn(pid§* (pic = 2-
picolylamine) the smaller zinc(ll) ion stabiliselset LS state by increasinty, to 117 K
compared to the corresponding host lattice withldhger manganese(lIT{2 = 97 K) and the
pure iron(ll) complex Tz = 74 K)1*4 A similar effect upon halogen substitution on $pén
transition temperature in iron(lll) complexes wasently observed for compounds bearing

salicylaldehyde-2-pyridyl-hydrazone-type ligandsl aicarboxylic acids as counter iBf.

8.3 Conclusions

We presented two isostructural iron(lll) spin cmgs complexes with the same tridentate
ligand but different anions. Both complexes wereestigated considering their magnetic
behaviour and showed an abrupt, complete spinittamabove 100 K. It was possible to obtain
the single crystal X-ray structures of both compkein the high spin and the low spin state.
Both compounds crystallised in the orthorhombiaspgroupP2:2:2:. The packing of the two
complexes in the crystal is the same, for the spinsition of compled two hydrogen bonds
have to be broken, whereas only one of those isingsn the low spin state of compl2xThe
transition temperature is shifted by 30 K to lowsmperature fo with the larger anion. This

can be explained with different internal pressgeserated by the host lattice.
Conflicts of interest

There are no conflicts to declare.
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8.5 Supporting Information

Experimental:

The ligand HL was synthesised as published prelydtls All other chemicals were
commercially available and used without furtherifization. CHN analyses were measured
with a Vario El lll from Elementar AnalysenSystensamples were prepared in a tin boat, and
acetanilide was used as standard. Mass spectraeaneled with a Finnigan MAT 8500 with
a data system MASPEC Il. IR spectra were recordddawerkin EImer Spectrum 100 FT-IR
spectrometer.

[FeL2]BF4(1). HL (0.2 g, 0.9 mmol, 1 eq), sodium acetate (@08.9 mmol, 1 eq), and iron(lll)
nitrate nonahydrate (0.22 g, 0.55 mmol, 0.6 eq)ewdissolved in ethanol (20 mL) and the
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resulting purple solution was heated to reflux foh. After cooling to room temperature,
approximately half of the solvent was removed undeduced pressure. Sodium
tetrafluoroborate (1.14 g, 10 mmol, 25 eq) wasadi&sd in 20 mL water and added to the purple
solution. The mixture was stirred at room temperatar 10 min, the resulting purple solid was
filtrated, washed with a few mL of water and driedsacuo Yield: 0.10 g (577.15-gol™?, 40

%). Elemental analysis 6@H26BFsFeNsOs, %) measured (calcd.): C 49.32 (49.95), H 4.30
(4.54), N 9.56 (9.71). MS (El, posn/z (%): 490 (G4H26FeNiO4, 36), 93 (GHeN, 100) 43
(C2H30, 25). IR:v= 1579 (s, C=0), 1568 (s, C=0) ¢n

[Fel2]ClO4 (2). HL (0.2 g, 0.9 mmol, 1 eq), sodium acetate (@PH.9 mmol, 1 eq), and
iron(lll) nitrate nonahydrate (0.22 g, 0.55 mmaob @q) were dissolved in ethanol (20 mL) and
the resulting purple solution was heated to reftuxl h. After cooling to room temperature,
approximately half of the solvent was removed uneéeluced pressure. Barium perchlorate
trinydrate (5.37 g, 10 mmol, 25 eq) was dissolve@®® mL water and added to the purple
solution. The mixture was stirred at room temperatar 10 min, the resulting purple solid was
filtrated, washed with a few mL of water and dried/acuo Yield: 0.14 g (589.79-gol™?, 43
%). IR: v= 1579 (s, C=0), 1567 (s, C=0) ¢n

Single crystal X-ray structure analysis

X-ray structure analysis of the crystals was penfat with a Stoe StadiVari diffractometer
using graphite-monochromated Makradiation. The data were corrected for Lorentz and
polarization effects. The structures were solvedlibgct methods (SIR-9%)and refined by
fullmatrix least-square techniques against4F@® (SHELXL-2017)8! All hydrogen atoms
were calculated in idealised positions with fixadpthcement parameters. ORTERIvas
used for the structure representation, SCHAKALI9® illustrate molecule packing. The
Hirshfeld surfaces were mapped widkym, and 2D fingerprint plots were generated using
CrystalExplorer 17.%! Graphical plots of the molecular Hirshfeld suraese a red-white-
blue colour scheme. Red highlights contacts shirgar the van der Waals separation, contacts

around the van der Waals separation are whitephredis used for longer contacts.

CCDC (1898802-1898805) contain the supplementaystaltographic data for this paper.
These data can be obtained free of charge fronCHnebridge Crystallographic Data Centre.
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Magnetic measurements

Magnetic measurements on the compounds were cawutagsing a SQUID MPMS-XL5 from

Quantum Design with an applied field of 5000 G, anthe temperature range from 300 to 50

K in settle and in sweep (5 K/min) mode. The samyds prepared in a gelatine capsule held

in a plastic straw. The raw data were correctedHerdiamagnetic part of the sample holder

and the diamagnetism of the organic ligand usibgltied Pascal’s constaffs.

Table S1.Crystallographic data for the complexes at diffétemperatures presented in this work.

1-HS 1-LS 2-HS 2-LS
CCDC 1898802 1898803 1898804 1898805
formula GaH26FeNiOs, B CoaH26FeNsOs, B2 CoaH26FeNsOas, CIOs  CaaH26FeNiO4, ClO4
sum formula @iH26BFaFeNiOs  CodH26BFaFEeNiOs  CogH26CIFEN:Os C24H26CIFEN:Os
M/ g mott 577.15 577.15 589.79 589.79
crystal system orthorhombic orthorhombic orthorhamb orthorhombic
space group P212121 P212121 P212121 P212121
crystal description  purple plate purple plate penplate purple plate
al A 8.6392(3) 8.6111(3) 8.6776(3) 8.6347(3)
b/ A 16.7578(5) 16.4406(5) 16.8062(8) 16.5568(7)
c A 17.6029(8) 17.5177(8) 17.6168(6) 17.5497(6)
al ° 90 90 90 90
A 90 90 90 90
Ue 90 90 90 90
VI A3 2548.44(16) 2480.01(16) 2569.19(17) 2508.96(16)
Z 4 4 4 4
Leaied g cmi® 1.504 1.546 1.525 1.561
4 mntt 0.660 0.678 0.747 0.765
crystal size/ mm 0.115x0.052x0.029 0.115%0.052>®.09.087x0.078x0.038  0.087x0.078x0.038
F(000) 1188 1188 1220 1220
T/ K 175 133 150 100
AA Mo-K. 0.71073 Mo-k 0.71073 Mo-k 0.71073 Mo-k 0.71073
Orange/ ° 1.7-28.5 2.3-28.6 2.3-28.5 2.3-28.5
Reflns. collected 12870 14682 13721 13617
Indep. refinsRn)) 5894 (0.054) 5782 (0.062) 6016 (0.045) 5863 (@)03
Parameters 343 343 343 343
R1 (all data) 0.0461 0.0477 0.0405 0.0368
wR2 0.0940 0.0975 0.0705 0.0649
GooF 0.89 0.89 0.89 0.90
Flack x -0.030(17) -0.02(2) -0.022(13) -0.001(12)
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Figure S1.ORTEP drawing ofl in the HS state (top) and LS state (bottom). Eflids were drawn at 50 %

probability level. Hydrogen atoms were omitted dtarity.
1-HS c23
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Figure S2. ORTEP drawing oR in the HS state (top) and LS state (bottom). Eflids were drawn at 50 %

probability level. Hydrogen atoms were omitted dtarity.
2-HS

031

Table S2.Summary of the C—Hrtinteractions of the complexes presented in thiskwor

Cy H"'Cg/A X—H--Cy/° X"'Cg/A
Y-CyA  X=Y--Cy°

1-HS C3-H3 Fel-021-C29-C28-C27-N222.95 153 3.818(6)
C30-H30B N21-C21-C22-C23-C24-t252.72 134 3.470(5)

1-LS  C30-H30B N21-C21-C22-C23-C24-C252.61 143 3.444(5)
2-HS C3-H3 Fel-021-C29-C28-C27-N222.95 153 3.824(4)
C30-H30C N21-C21-C22-C23-C24-€252.73 134 3.481(4)

2-LS  C30-H30C N21-C21-C22-C23-C24-€252.59 148 3.465(4)

a: 3/2-x, 2y, —1/2+z; b: 1+x,y, z; ¢: 14X, y, z; d: 1/2—x, —y, 1/2+z.
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Table S3.Hydrogen bonds and angles of complexes presentidksi work.

Donor Acceptor D-H/A HA/A D-A/A D-H-AP
1-HS C1-H1 F2 095 254  3.008(6) 111
C7-H7 02 095 250  3.090(6) 121
C21-H21 F4 0.95 2.43 3.089(6) 126
C23-H23 F9 0.95 2.42 3.179(6) 137
C24-H24 Fd 0.95 2.52 3.357(6) 146
C26-H26B F3 0.99 2.52 3.380(6) 145
C32-H32B 022 0.98 2.31 3.253(8) 161
C32-H32A F1 0.98 2.49 3.320(6) 142
1-LS C7-H7 02 095 249  3.187(6) 131
C21-H21 F4 0.95 247  3.346(6) 152
C23-H23 Ft 0.95 2.41 3.120(6) 132
C24-H24 F2 0.95 2.48 3.340(6) 151
C32-H32A F2 0.98 2.54 3.327(6) 137
C32-H32B 02?2 0.98 2.36 3.308(7) 170
2-HS Ci1-H1 03f% 0.95 2.60 3.039(5) 109
C7-H7 02 095 248  3.076(5) 120

C21-H21 0383 0.95 2.53 3.135(4) 121
C23-H23 O3rT 0.95 2.43 3.192(5) 137
C24-H24 032 095  2.55 3.384(5) 147
C26-H26A 034 0.99 2.52 3.377(5) 145
C32-H32B 022 0.98 2.31 3.264(6) 166
C32-H32C 03¥ 0.98 2.54 3.323(6) 137
2-LS C7-H7 02 0.95 2.49 3.198(4) 132
C21-H21 038 0.95 251 3.383(4) 153
C23-H23 032 0.95 2.44 3.150(4) 131
C24-H24 031 0.95 2.50 3.364(4) 152
C26-H26A 038 0.99 2.58 3.395(4) 140
C32-H32B 022 0.98 2.39 3.347(4) 165
C32-H32C 034 0.98 2.55 3.298(4) 133
a: x, —1/2+y, 3/2-7 b: 1/24x, 5/2y, 2-7, ¢ X, y, 7, d: —x, —1/2+y, 3127, e —1/2+x, 3/2y, 27, £ —1/2+x, 5/2-y, 2-7; §: 2-X, —1/2+y,

3/2-z; h: 1+x,y, z; i: 1/2+x, 72—y, 2-z; k: 1-x, 1/2+y, 3/2—z; |: =1/2+x, —1/2~y, 1-z; m: 2—x, 1/2+y, 3/2—z; n: 1/2+X, 1/2-y, 1-z; 0: 1/2+x,
1/2-y, —z; p: 1-x, 1/2+y, 1/2-z; q: —1+x, y, z; r: —1/2+x, —1/2—y, —z.
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Figure S3. Hirshfeld surface mapped witthom (top left), fingerprint plots: full (top right),esolved into
H---O/O+-H (bottom left), and H-F/F--H (bottom right) contacts of compldxLS.
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Figure S4.Hirshfeld surface mapped witthom (top left), fingerprint plots: full (top right),ral resolved into
H---O/O+-H (bottom left) of comple?-HS.
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Figure S5. Hirshfeld surface mapped witlhom (top left), fingerprint plots: full (top right),ral resolved into
H---O/O+-H (bottom left) contacts of complexLS.
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Abstract: The synthesis of bio-based and biodegradableigdasta hot topic in research due
to growing environmental problems caused by omsgme plastics. As a result, polylactide,
which has been known for years, has seen a tremendcrease in industrial production.
Nevertheless, the manufacturing process usingthe tatalyst Sn(Oci)s very critical. As an
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alternative, five zinc acetate complexes have Bgathesized with Schiff base-like ligands that
exhibit high activity in the ring-opening polymeaizon of non-purified lactide. The systems
bear different side arms in the ligand scaffolde Thfluence of these substituents has been
analyzed. For a detailed description of the catabgtivities, the rate constarkgpandk, were
determined using in-situ Raman spectroscopy atngpéeature of 150°C. The polymers
produced have molar masses of up to 71 000 graabl are therefore suitable for a variety of
applications. Toxicity measurements carried outliese complexes proved the nontoxicity of

the systems.

9.1 Introduction

The rising littering of our planet with plasticsdate increasing scarcity of crude oil pose new
challenges for society.In addition to recycling systems and natural matsyibio-based and
biodegradable plastics are a good alternatlvéd plastic that meets both criteria is
polylactide® Sugarcane, sugar beets or maize serve as raw iahaseurce. After a
fermentation process of the material, the lactic as obtained, which is esterified in a
subsequent condensation reaction to the cyclic ibeng the monomer unit lactide. By a
controlled ring-opening polymerization, the cormsging polymer polylactide is then
synthesized! The controlled ring-opening succeeds with the diduitable catalysts! From

an economic point of view, some requirements aseqa on the catalyst. In addition to cost-
effective production, high activities, low conceiions of use and robustness against air and
moisture are in the foreground. In addition, thentwer must be ensured at temperatures
beyond 130°C and colourless polymers are to beir@ut®! The tin octanoate (Sn(Og))
(Oct=0CO(CH)sCHs) fulfils these properties and is therefore cutsetite most widely used
catalyst in the industrial production of PIASince the catalyst is not removed after melt
polymerization, it remains in the polymer and it assumed that the tin(ll) compound
accumulates during the compost degradation of @cligle. For a long time, the toxicity of this
tin compound has been known, so a replacementrf@@@&} is strongly advised to keep the
bioplastic PLA “green” even if the catalyst remaiimshe polymer matri¥! Zinc-based catalyst
systems are therefore an excellent alternative s,TRwateset al. developed various zinc
complexes with p-diiminates as ligand! Zinc aminophenolates from Mat al,!*?
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Mehrkhodavandét al,[** Tolmanet al*? showed high activities and stereoselectivities/dsa
and Wheatoret al. developed zinc complexes bearing phosphinintifleand Schulzt al*4
zinc ketoiminate ang-diketiminate complexes. Different zinc alkoxideghatrispyrazolyl-
and trisindazolylborate ligands have been desigmed tested by Chisholrat al!*®! Zinc
complexes containing OOO-tridentate bis(phenolatdyis(pyrazolyl) methane ligands have
been applied successfully in the ROP of lactidé/loyintford et all*®l In 2016 Williamset all.
presented dinucleamc systems, which reached the highest activithenarea of zinc catalysts
up to nowt’While the above-mentioned systems have been tesedy in solution and with
purified lactide, the activity of the catalyst witbn-purified lactide, low catalyst concentrations
and high temperatures is an important criterionridustrial use. Along the way, Davidseh
al. developed titanium, zirconium and hafnium aminomtat® complexes for the
polymerization in melt® Joneset all*¥ recently presented zinc aminophenolate complexes
that showed high activity in melt using singly ngstallized lactide. At a ratio of
[LA]:[1]:[BnOH] = 10 000:1:100 and a temperature D80°C a conversion of 90% as well as
controlled molar masses have been rea&3efhother attractive class of ligands in this context
are guanidine®! As neutral donors they form stable and robust dergs in combination
with zinc?? In the past, several hybrid and bisguanidines Witk donors have been reported
to be good catalysts in the field of non-purifiegtide polymerization. In recent years, zinc
hybrid guanidines with neutral N,O donors have cam@ the focus as they have significantly
higher activity and produce molar masses up to @mol! under industrially relevant
conditions?® Recently, iron guanidine complexes have been pudadiswhich show higher

activities than pure Sn(Oetlising non-purifiedac-LA at 150°Cl?4

However, the search for easily accessible catalystems for the ROP of lactide goes on. At
this point we report zinc systems containing Sdbie-like ligand scaffolds. Their synthesis
succeeds starting from commercially available sarxsts and cost-effectively in just one step.
Various complexes were tested under industrial timm3$ and their activity was recorded
situ using Raman spectroscopy. An investigation of tieehanistic ring-opening was carried

out by means of MALDI-ToF measurements.
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9.2 Results and Discussion
Synthesis

The Zn(Il) complexes were obtained by a condensaiaction between Zn(OAc)2HO and
the tridentate Schiff base-like ligands in ethatll, HL3, and HL5) or methanol (HL2 and
HL4). The tridentate ligands were synthesized llgcidle condensation reaction as described
previously?® The synthesis and numbering scheme is given inrBele The acetate anion is
acting as base for the deprotonation of the ligdie. coordination compounds were obtained
as white, crystalline powder and their purity wasifamed by means of elemental analysis,

mass spectrometry, TGA, and IR spectroscopy.

]
~ ) Q
=

R
MeOH or EtOH \ \ Zn/N
HN. +2Zn(OAc)y2H,0 ———— / 7 R

1h reflux @)
OJ\ —N O
R (6] R'
J

R’

74

HL1 R =-COOEt R'=-Me 15
HL2R=-COMe R'=-Me

HL3R=-CN R'=-OEt

HL4 R=-COOMe R'=Me

HL5 R=-COOEt R'=Ph

Scheme 1General synthetic procedure for the synthesise#ih(ll) complexes described in this work.

X-ray structure analysis

Crystals suitable for X-ray structure analysis waloéined forl by liquid-liquid diffusion of

a methanol solution of the ligand and an aqueoluigiso of Zn(OAc) - 2H0, and for5 from
the mother liquor. The crystallographic data weslected at 133 K and are summarized in
Table S1. Complex crystallized in the triclinic space grol-1, 5 in the monoclinic space
groupP2i/c. Both complexes crystallized as dimers, withheaetal centre coordinated by one
tridentate ligand and two acetate anions bridgmeg4n(ll) centres. One anion is coordinating
with only one of the two oxygen atoms, while foretbther both are coordinating. The
asymmetric units of both complexes are depicteBigure 1. The bond lengths of the first

coordination sphere are given in Table S2. The Zpbbind lengths are slightly longer (2.15 A
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in average foll, 2.14 A for5) than the other bond lengths of the first coortiarasphere of the
Zn(ll) atoms (average values: ZnzN\2.03 A [1], 2.04 A [B]; Zn—Oxx 2.06 A [1], 2.05 A [];
Zn—-053 2.03 A 1], 2.04 A p]; Zn-051 2.03 A ], 2.01 A B]; Zn-052 1.98 A 1], 1.97 A
[5]). The assignment of a single or double bond énatbetate anions is clear for the ion in which
only one oxygen is bridging the Zn(dentres (C53-1.311(5) A / 1.307(2) A and C53-054
1.222(5) A / 1.221(2) A forl and5, respectively), whereas for the other acetate tien
delocalization of the negative charge over bothgexyatoms results in similar bond lengths
(C51-051 1.257(5) A / 1.250(2) A and C51-052 1.8y and 1.263(2) A fod and5,

respectively).

Figure 1. Molecular structures of complexgégtop) ands (bottom). Ellipsoids are drawn at 50 % probabiléyel. Hydrogen
atoms were omitted for clarity.

The distortion parametethelps to distinguish between a square pyramidaidioation sphere

(7 close to 0) and a trigonal bipyramidal coordinatgphere f close to 1). It is defined as
(a- P)I60, with the largest angle of the coordinatiohese beingr and the second largegt*®

It has similar values for the both Zn(ll) atomscomplex1 (Znl1 0.15, and Zn2 0.21), this
indicates a distorted square pyramidal coordinaiphere. The values for complé&éxare
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different for the Zn(Il) atoms of this complex; Gd Zn1 and 0.02 for Zn2. This indicates a
nearly ideal square pyramidal geometry for Zn2.tlhe bond length Zn—}\ is still slightly
longer compared to the remaining bond lengths ih, Zime coordination geometry is likely to
be square pyramidal as well. The significant déferes in the values of complexes can be
explained with a C—H-frinteraction between an aromatic CH group of thedaye ring of
Zn2 (C32-H32) and the phenyl ring of Znl (see FegBL, right); this interaction causes the
tridentate ligand of Zn2 to be more bend than fot.ZDetails of all interactions are given in

Table S3-S5. Pictures of the packing of the congdlen the crystal are given in Figure S1.

Powder X-ray diffraction was performed to confirnetidentical structure of the bulk and the
single crystals. The diffraction patterns are giwethe Supporting Information, Figure S2. It
can be seen that the patternsf@nd5 are identical for the bulk complex and the caltada

pattern for the crystal structure. Small differencean be explained with the different

temperatures used for the measurements (singlatags 33 K, powder at room temperature).

To determine the nuclearity of the complexes insoh, the conductivity of a 1.5 mM aqueous
solution of compound2 and4 was measured. Compared to the one of the usekedistater
(1.6 uS/cm) it is enhanced (234.8/cm for2 and 217.9uS/cm for4). This is an indication for
the formation of monomeric species in aqueous ®oluThe other compounds were not fully

soluble in water.
Polymerisation

All five complexes were tested regarding their\astiin the ring-opening polymerization of
rac-lactide (Tables 1 and 2). The corresponding pohaagons were carried out with
nonpurifiedrac-LA at a temperature of 150°C. The [M]/[I] ratio v&00 : 1, assuming that
both zinc atoms of one complex propagate a chawradtlitional co-initiator has been omitted.
The kinetic measurements were accomplished BituRaman spectroscopy. In a steel reactor,
the reaction progress was followed in melt atraisg speed of 260 rpm. The kinetic evaluation
was carried out by a semilogarithmic plot of thectide concentrationversus time
(determination okapp). For the complexes, 2, 4 & 5 detailed results are given. Due to the
intense fluorescence of compl8xa kinetic study was not possible. All polymeryédeen
characterized by gel permeation chromatography (GB@ive information regarding their

molar masses.
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Table 1. Polymerization data faiac-LA with catalyst2.
[MI[I]  Kapp(sHPI  time (min) conv. (Y  Mntheo(g mofl)  Mn (g mofhd  PD

500 1.14 x16¢ 25 62 45 000 65 000 15
625 8.60 x 10" 30 78 70 000 54 000 1.8
1000 422 x 100 27 65 94 000 81 000 1.4
1500 2.23x10 61 57 123 000 43 000 1.8
2000 1.28 x1¢ 112 56 161 000 21 000 2.2

[a] Conditions: 150 °C, solvent free, non-puriftedhnical gradeac-LA. [b] Determined from the slope of the plotslioffLA] o/[LA] ;) versus

time. For spectra see Sl. [c] As determinedYNMR spectroscopy. [d] Determined by GPC (in THM),mes 72 000 g mot for 100%
conversion.

Regarding the different values flpp of the four different catalysts, it is clear tiats the
slowest with &app=6.08 + 0.1 x 10 s2. On the other hand, the other complekez& 4 with
values of kapp = 1.22£0.15 x 10s™ (1), kapp = 1.14+0.04 x 10s™ (2) & kapp =
1.41 +£0.01 x 103s (4) are of identical orders of magnitude. To underdtiie slower activity

of 5, it helps to look at the structure of the compM#hile the complexes, 2 & 4 bear short
esters or an aldehyde plus a methyl group, contpleas an ester- and a phenyl group attached.
This results in a higher steric demand and acdase dactide to the metal centre is made more
difficult. To determine the polymerization rate stemtk, detailed kinetic measurements with
complex2 were performed (Figure 2). By polymerization expents at different catalyst
concentrations (up to 2000 : 1 per zinc), it wassiae to obtain the rate const&pfrom the
linear fit by plotting the differeritapp values against the catalyst concentration. Conapait
the kp from the recently published zinc guanidine cata]¥saClo(TMG5NMeasme)] with a
value of 6.10 #0.34 x 10%2Lmol s 2% complex2 with k, = 8.59 +0.36 x 10°Lmol ™ stis
slightly faster.

Table 2.Polymerisation data farnc-LA with catalysts1-5.[?]

init. ko (L molt sl kapp ()M time (min) conv. (%! M theo(g moy)el  Mn (g morhf!  PD

1 1.22+0.15x 10 41 79 57 000 62 000 1.6
2 8.59+0.36 x1¢ 1.14+0.04 x1G 25 62 45 000 65 000 1.5
4 1.41+0.01x1G 42 78 56 000 71 000 1.5
5 6.08+0.1x 10" 49 75 54 000 57 000 1.6

[a] Conditions: solvent free, non-purified techiigeaderac-LA, 150°C. [b] Determined by plottinkg, versus [init.].k, [1] [M]; ko = Kapd[l].

[c] Determined from the slope of the plots of INl/[LA] ;) versus time for a ratio of [M]/[I] = 500:1. [d] Adetermined byH NMR
spectroscopy. [e] Calculated assuming that evarg of each dinuclear complex propagates one chBifes 72 000 g mof for 100%
conversion at a ratio of [M]/[l] = 500:1. [f] Det@ined by GPC (in THF).
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Figure 2. Plot of kapp versus [init.] for2. Conditionsrac-LA, 150 °C, 260 rpm, non-purified; [M]/[I] = 500:5825:1, 1000:1,

1500:1, 2000:1.

In a comparison to the active zinc catalyst ZnfCEO) with a conversion of 69% after 24 h
(IM)/[1]= 500 : 1) the herein presented systemshwé conversion of 79% after 41 min
(IM)/[1]=500 : 1) are significantly fastef?@ The analysis of the molar masses of the respective
polylactides shows that all systems are able tthegise high molar masses up to 71000 ginol
(4). The theoretical molar masses propose that essifable zinc atom propagates a chain.
With polydispersities®D) of 1.5-1.6, the values are very good for polyzedron in melt. As
mechanism, we propose the coordination-insertioohaeism which will be detailed below.
First, X-ray data show that all complexes are deaic However, if the kinetics of the
polymerization catalyzed by compléx(Figure 3) are considered as example, an induction
phase is conspicuous at the beginning of the paiyatéon. Typically, such induction phases
are accounted to the formation of the active sgedie investigate the reaction order, a plot of
In(kapp Vs. In([init.]) was used (see Figure S9). Thepsl@f 1.57 was obtained indicating a
fractional reaction rate. In this case a dissoofatif the dinuclear complex is propos&HThis

is also supported by the obtained molar massesjwvane closer to the theoretical value if based
on the calculation per zinc atom. MALDI-ToF measuoeats also confirm that a “half”
complex is attached to the chain end (see Figufg. S¥hile acetate primarily initiates the
polymerization, the propagation of the chain tagkse through half a complex. Due to a
decomposition of the complex caused by impuritiethe monomer, smaller amounts of ligand

can be found at the end of the chains. Zinc acarathe active species can be excluded due to
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its lower catalysis activiti¥?? All three observations lead to the result thatsgociation of
the complex the active species is formed. Tactidgéterminations byH NMR spectroscopy
showed that the catalysts produce atactic polyi@exclude potential epimerization during
the polymerization, an experiment with L-lactidéngs2 has been performed. Homodecoupled

'H NMR revealed purely isotactic PLA.
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Figure 3. Semi-logarithmic plot of the polymerisation of npuarified rac-LA with 5 [M]/[I] =500:1, 150 °C, 260 rpm,

conversion determined by situ Raman spectroscopy.

TGA measurements of all five complexes show thatcttalytic active systems remain stable
at temperatures up to 225°C. Therefore, they aralde for industrial use at typical
temperatures between 180 and 200°C.

Cytotoxicity

In order to identify any potential toxicity of tltemplexes, the catalytically active comp&x
was tested against toxin-sensitive 518A2 melandiita29 and HCT-116wt colon carcinoma,
Hela cervix carcinoma cells and non-malignant hufitaieblasts using the MTT proliferation
assay®® Complex2 showed virtually no cytotoxicity against any oksle cells with 50%
growth inhibitory concentrations §> 100uM. It may therefore be considered non-hazardous
to health.
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9.3 Conclusions

Dinuclear zinc acetate complexes with five différsnbstituted Schiff base-like ligands were
prepared. The ligand and complex syntheses conyipdéeir ease of preparation and their
robustness towards higher temperature and lactgerties. Four systems were found to be
highly active in the catalytic ring-opening polynzation of non-purified lactide under
industrial conditions. Their kinetic behaviour hégen observedvia in situ Raman
spectroscopy. Despite an anionic ligand systengdhgplexes show a high degree of tolerance
to the impurities in the monomer and produce inalist useful PLA with molar masses of up
to 71 000 gmof and a conversion of 78%. Withka= 8.59 +0.36 x 10°Lmol™*s™, the
systems are slightly faster than the recently jshielil zinc guanidine complé¥! and show
that this class of ligands in combination with z@so has a high potential to replace the
currently industrially used catalyst Sn(Qctylechanistic investigations have shown that the
dinuclear complex is present in melt of lactideaasmononuclear unit. As such, it forms the
active species in the polymerization of lactidetd@gxic studies with sensitive non-malignant
fibroblasts and cancer cells also demonstratechtimoxicity of the complexes, which thus
represent an active, robust and green catalyshé®ROP of lactide. Together with the facile
synthesis, a viable alternative for the cytotoxig@Gctk opens up new avenues for lactide

polymerization.

9.4 Experimental Section

HL1-HL5 were synthesised as publisi&d.All other chemicals were commercially available
and used without further purification. Elementadlysis were measured with Vario El 11l from
Elementar AnalysenSysteme. Samples were prepaeetnrboat, and acetanilide was used as
standard. Mass spectra were recorded with a Finrvy&aT 8500 with a data system MASPEC
Il. IR spectra were recorded with a Perkin EImee@mum 100 FT-IR spectrometer. TGA was
measured with a Netzsch STA 449.
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[ZnL10ACc] (1). Zn(AcO)-2H20 (0.2 g, 0.91 mmol) and HL1 (0.377 g, 1.52 mmo&rev
dissolved in EtOH (5 mL) and the light orange solitwas heated to reflux for 1 h. After
cooling to RT and left to stand for 1 night the telprecipitate was filtered, washed with a few
mL of EtOH, and dried in air. Yield: 0.21 g (743.40mol™}, 31 %). Elemental analysis
(CaoH36ZN2N4010, %) found C 48.52, H 4.91, N 7.51; calcd. C 48H474.88, N 7.54. MS (El,
pos.)m/z(%): 370 (GsH18ZNN20s, 5), 310 (G3H15ZnN203, 93), 93 (GHeN, 100). IR:v = 1680

(s, C=0), 1612 (s, C=0), 1572 (s, C=0)¢m

[ZnL20Ac] (2). Zn(AcO)-2H0 (0.2 g, 0.91 mmol) and HL2 (0.331 g, 1.52 mmoé&rev
dissolved in MeOH (5 mL) and the light yellow sadut was heated to reflux for 1 h. After
cooling to RT and left to stand for 1 night the telprecipitate was filtered, washed with a few
mL of MeOH, and dried in air. Yield: 0.25 g (683.84nol, 40 %). Elemental analysis
(C2ogH32ZNn2N4O10, %) found C 48.90, H 4.94, N 8.02; calcd. C 491214.72, N 8.20. MS (ElI,
pos.)m/z(%): 340 (G4H16ZNN20s, 5), 280 (G2H13ZnN202, 100), 93 (GHeN, 65). IR:v= 1665

(s, C=0), 1567 (s, C=0) ¢t

[ZnL30ACc] (3). Zn(AcO)-2H2O (0.2 g, 0.91 mmol) and HL3 (0.176 g, 1.52 mmo&rev
dissolved in EtOH (5 mL) and the light yellow sadut was heated to reflux for 1 h. After
cooling to RT and left to stand for 1 night the telprecipitate was filtered, washed with a few
mL of EtOH, and dried in air. Yield: 0.22 g (709.84mol™%, 34 %). Elemental analysis
(C28H30ZNn2Ne0s, %) found C 46.81, H 4.13, N 11.57; calcd. C 47H%4.26, N 11.85. MS (El,
pos.)m/z(%): 353 (G4H15ZnN30s4, 6), 293 (G2H12ZnN3O2, 100). IR:v = 2193 (s, EN), 1650

(s, C=0), 1591 (s, C=0) ct

[ZnL40Ac] (4). Zn(AcO)-2H20 (0.2 g, 0.91 mmol) and HL4 (0.356 g, 1.52 mmoé&rev
dissolved in MeOH (5 mL) and the light orange solutwas heated to reflux for 1 h. After
cooling to RT and left to stand for 1 night the telprecipitate was filtered, washed with a few
mL of MeOH, and dried in air. Yield: 0.23 g (715.84nol™%, 35 %). Elemental analysis
(C28H32Zn2N4010, %) found C 46.86, H 4.69, N 7.71; calcd. C 47194.51, N 7.83. MS (El,
pos.)m/z(%): 356 (GaH16ZNN20s, 7), 296 (G2H13ZnN203, 100), 93 (6HsN, 45). IR:v= 1681

(s, C=0), 1611 (s, C=0), 1579 (s, C=0)¢m

[ZnL50Ac] (5). Zn(AcO)-2H0 (0.2 g, 0.91 mmol) and HL5 (0.471 g, 1.52 mmoé&rev
dissolved in EtOH (5 mL) and the light orange solutwas heated to reflux for 1 h. After

cooling to RT and left to stand for 1 night the telprecipitate was filtered, washed with a few
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mL of EtOH, and dried in air. Yield: 0.32 g (867.54mol™}, 41 %). Elemental analysis
(CaoHa0ZnaN4O1o, %) found C 55.30, H 4.56, N 6.41; calcd. C 551384.65, N 6.46. MS (EI,
pos.)m/z(%): 432 (GoH20ZNN20s, 6), 372 (GsH17ZnN203, 100), 93 (GHeN, 38). IR:v=1676
(s, C=0), 1608 (s, C=0), 1571 (s, C=0)¢m

X-ray diffraction on single crystals

The X-ray analysis was performed with a Stoe Stadi\diffractometer using graphite-
monochromated Mo# radiation. The data were corrected for Lorentz @widrization effects.
The structures were solved by direct methods (SIf€8and refined by fullmatrix least-square
techniques against Fo2—Fc2 (SHELXL-&?) All hydrogen atoms were calculated in idealised
positions with fixed displacement parameters. ORTIEP®! was used for the structure
representation, SCHAKAL-98! to illustrate molecule packing. CCDC 1901404 &nd
CCDC 19004055) contain the supplementary crystallographic datatis paper.

Powder X-ray diffraction

Powder diffractograms were measured with a STOHiIBt®owder Diffractometer (STOE,
Darmstadt) using Cu[&1] radiation with a Ge Monochromator, and a Myth&nStripdetector

in transmission geometry.
Reaction monitoring

Raman spectra were obtained under process corglitBing a RXN1 spectrometer from Kaiser
Optical Systems. Ten accumulated measurements Wihseconds measuring time were
subsumed to one spectrum. The laser was used avelemgth 785 nm and 459 mW through
an immersion probe with a short-focus sapphire (¢rs0.1 mm). The resulting time-resolved
data was processed with tREAXACT4.0 Software. The boundaries for the lactide irgggn
were 627- 713 cm.

Polymerization
All polymerizations at a ratio of [M]/[I] = 500:1nal 2000:1 have been investigated twice.

Technical grade lactide:rac-LA from Total Corbion PLA was used for the polynsations.
Therefore,n- andi-lactide were mixed in a ratio of 1:1. Bobh andi-lactide consisted of
maximum free acids of 3 meq KRgand maximum water residues of 0.01%.
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Polymerisation followed by Raman spectroscopyin a nitrogen filled glovebox, the catalyst
andrac-LA (3,6-dimethyl-1,4-dixane-2,5-dione, 12.0 g, 88xmol) were weighed separately.
The catalyst and the lactide were homogenised catelplin an agate mortar and the mixture
filled in a glass vial. The steel reactor was heatt150 °C under vacuum and flashed three
times with argon. For polymerisation, the reactiixture was filled in a steel reactor under
argon conditions (99.998% purity). The reactor wlssed with a shaft drive stirrer with
agitator speed contro (“minisprint”, premix reacks®, Switzerland) and the sample collection
started after the reaction mixture insertion asisa®the reactor was closed. The Raman probe
was installed close to the stirrer. The shaft dstmeer with agitator speed control was used to
stir the reaction at 260 rpm. The reaction mixtues removed from the reactor at 150 °C and
H NMR was collected at room temperature on a Brukeance 1l (400 MHz) or a Bruker
Avance lll (400 MHz) to determine the conversiomeTNMR signals were calibrated to the
residual signals of the deuterated solveR{CDCk) = 7.26 ppm]. The reaction mixture was
dissolved in an appropriate amount of DCM, the pwywas precipitated in ethanol (r.t.), dried

in vacuoand characterised.
Gel permeation chromatography

The average molecular masses and the mass diginbuif the obtained polylactide samples
were determined by GPC in THF as the mobile phiaadlaw rate of 1 mL mift. The utilised
GPCmax VE-2001 from Viscotek was a combinationroH&LC pump, two Malvern Viscotek
T columns (porous styrene divinylbenzene co-polymaéth a maximum pore size of 500 and
5000 A, a refractive index detector (VE-3580), andscometer (Viscotek 270 Dual Detector).

Universal calibration was applied to evaluate theomatographic results.

MALDI-ToF mass spectrometry:The end group analysis was performed by MALDI-ToF

a Bruker ultrafleXtreme equipped with a 337 nm gheam laser in the reflective mode. THF
solutions oftrans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]lmalononiri{(DCTB)

(5 L of a 20 mg/mL solution), sodium trifluoroaats (0.1 uL of a 10 mg/mL solution), and
analyte (5 pL of a 10 mg/mL) were mixed and a debfilereof applied on the sample target.
Protein 1 calibration standard is the name of thégn mixture used for calibration. For spectra
4000 laser shots with 24% laser power were colieci@e laser repetition rate was 1000 Hz.

The homopolymer analysis was performed using Palynseftware (Sierra analytics).
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Cell culture

The human melanoma cell line 518A2, the human codmninoma cell lines HT-29 and HCT-
116, the cervix carcinoma cell line Hela, and the-malignant Hdfa fibroblasts were cultivated
in Dulbecco’s Modified Eagle Medium supplementedhwi0% FBS, and 1% antibiotic-

antimycotic at 37 °C, 5% CQand 95% humidity. Only mycoplasma-free culturesenesed.
MTT assay

The cytotoxicity of the compounds was studied Wia MTT-based proliferation ass&g! on
cells of 518A2 melanoma (obtained from the depantnoé Radiotherapy and Radiobiology,
University Hospital Vienna, Austria), HT29 (DSMZ A&z299) and HCT11%6 (DSMZ ACC-
581) colon carcinomas, Hela (DSMZ ACC-57) cervirct@goma, and Hdfa fibroblasts (Thermo
Fisher). Briefly, cells (100 pL/well; 8 10* cells/mL for the four tumour cell lines, X110 for
the Hdfa cells) were grown in 96-well plates for B4and then treated with varying
concentrations of the test compound or solventrob(®MSO) for 72 h. After centrifugation
of the plates (300 g, 5 min, 4 °C), the supernataag discarded and 50 pL/well of a 0.05%
MTT solution in PBS was added to the wells and ratad for 2 h. After another centrifugation
step the supernatant was discarded and the fornpaeaipitate was dissolved in 25 pL DMSO
containing 10% SDS and 0.6% acetic acid for attléals at 37 °C and the absorbance of
formazan (570 nm) and background (630 nm) was nmedsuith a microplate reader (Tecan).
The 1Go values were calculated as the mean + standarcatd@viof four independent

experiments.
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9.6 Supporting Information

Table S1.Crystallographic data df and5.

1 5
CCDC 1901404 1901405
formula GoH3eN4O10Zn2 CaoHa0N4O10ZN2
sum formula GoHzsN4010Z12 CaoHa0N4O10ZN2
M/ g mof? 743.41 867.50
crystal system triclinic monoclinic
space group P-1 P2i/c
crystal description  colourless plate colourless$epla
al A 9.4692(4) 16.9724(5)
b/ A 13.2391(6) 14.5261(5)
c A 13.1893(6) 17.2695(6)
al ° 96.547(4) 90
A 93.463(3) 115.352(2)
Ue 106.449(4) 90
V/ A3 1567.97(13) 3847.6(2)
4 2 4
Lraled g cNT3 1.575 1.498
u mnT?t 1.593 1.311

crystal size/ mm

0.136x0.050x0.046 0.120x0.106>®.07

2.1662(19) 2.0424(16) 2.0500(16) 2.0499(13)

F(000) 768 1792
T/ K 133(2) 133(2)
AlA Mo-Kq 0.71073 Mo-k 0.71073
Orange/ ° 2.09-28.47 1.9-28.1
Reflns. collected 8917 22994
Indep. refinsRint) 7320 (0.071) 8714 (0.033)
Parameters 415 505
R1 (all data) 0.0464 0.0295
wR2 0.1134 0.0662
GooF 0.89 0.94
Table S2.Selected bond lengths/ A tfand5.
Zn—N,y ZNn—Nax Zn—Qx Zn-053 Zn2-051 Zn1-052 051- 052- 053- 054-
Ch1 C51 C53 C53
1 2.134(3) 2.031(3) 2.059(3) 2.024(3)  2.031(3) 1.978(3) 1.257(5) 1.270(5) 1.311(5) 1.B22(
2.159(3)  2.021(3)  2.054(3)  2.035(3)
5 2.1189(11) 2.0330(15) 2.0435(15) 2.0396(13) 2.0086(16) 1.9708(15) 1.250(2) 1.263(2) 1.307(2) 221(2)
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Table S3.Hydrogen bonds and angleslond5.

D-H/A H-AA D-AA  D-H-AP°
1 C14-H14-05# 0.95 2.34 3.140(5) 142
5 C13-H13-03¥ 0.95 243 3.287(3) 150
C14-H14-054#  0.95 2.43 3.309(3) 154
C27-H27A-03Z 0.99 2.57 3.205(3) 122
C33-H33-054  0.95 2.46 3.175(3) 132
C44-H44-051°  0.95 2.50 3.393(3) 157
C52-H52B-01Z  0.98 2.52 3.454(3) 160

a:—1+x,y, z; b: x, 12—y, 1/2+z; c: 14x, y, 1+z; d: 2—x, -y, 1-z; e: 1-x, -y, 1-z; f: 2—x, -y, 2-z.

Table S4 Summary of the C—Hrmtinteractions ofl. and5.

Gy H"'Cg/A X—H:Cgf® X"'Cg/A

1 C6-H6B Zn2-N31-C35-C36-N32 2.769 147 3.626(4)
C36-H36A Zn1-N11_C15-C16-N12 2.95 135 3.718(4)
C42-H42B Zn2-031-C39-C38-C37-N322.68 138 3.479(5)
5 C32-H32 (C20-C21-C22-C23-C24-C25 2.67 142 3.467(2)
C16-H16B Zn1-011-C19-C18-C17-N122.48 153 3.388(2)
C44-H44 Zn2-031-C39-C38-C37-N322.85 126 3.493(2)

a:—-1+x,y,z b: 14x,y, z; c: 2-X%, -y, l-z;d : X, y, z; e: 2%, —y, 2-7; f: 1-x, —y, 1-z.

Table S5 Selected distances and angles ofrthet and M—Ttinteractions ofl and5. Cy(l) is the centroid of the ring number
I, ais the dihedral angle between the rinfi$s the angle between the vectaIL— Cy(J) and the normal to ring kis the
angle between the vectog(@ — Cy(J) and the normal to ring J.
o) Cod) GCA  ar B
1 N31-C31-C32-C33-C34-C35 N31-C31-C32-C33-C34:-C36721(2) 0.00(19) 221 221
5 N31-C31-C32-C33-C34-C35 N31-C31-C32-C33-C342C34814(12) 0.00(10) 18.0 18.0

a: 2x, -y, 2-z; b: 2-x, -y, -z
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Figure S1.Molecular packing ol (left, along [100]) and (right, along [010]). Discussed C~Hiinteractions ob are drawn

as yellow, dashed lines. Hydrogen atoms not inwblaentermolecular interactions were omitted ftarity.

MLMMMM‘ —
h I A \ ——4 (caled.)
—3

5 10 15 20 25 30 35
20 [7]
Figure S2.Powder X-ray diffraction patterns @5, measured and calculated. The calculated pattezns obtained at 133

K, the measured ones at room temperature.
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Figure S3.TGA measurements of complexess.

05
04
—
=
<
=
= 03 F
<
-
—_
~
C
— 02
Intercept -0,08853 +0,0047
0,1k Siope 0,00107+ 1,14386E-5
Residual Sum of Squares 4,28554E-4
Pearson'sr 0,99926
R-Square (COD) 099851
Adj. R-Square 0,9984
0.0 1 2 2 3 [ 2
’
0 100 200 300 400 500 600

t/s
Figure S4.Semi-logarithmic plot of the polymerization of npnrified rac-LA with 1 [M]/[l] = 500:1, 150 °C, 260 rpm,

conversion determined by situ Raman spectroscopy.
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Figure S5.Semi-logarithmic plot of the polymerization of npnrified rac-LA with 2 [M]/[l] = 500:1, 150 °C, 260 rpm,
conversion determined by situRaman spectroscopy.
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Figure S6.Semi-logarithmic plot of the polymerization of npnrified rac-LA with 2 [M]/[l]] = 500:1 (kapp =), [M]/[l] =
625:1 kapp =), [MJ/[I] = 1000:1 kapp =), [M]/[I] = 1250:1 kapp =), [M]/[]] = 2000:1 kapp =), 150 °C, 260 rpm, conversion

determined byn situ Raman spectroscopy.
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Figure S7.Plot ofkapp versus [init.] for2. Conditions: rac-LA, 150 °C, 260 rpm, non-purified;]{¥ = 500:1, 625:1, 1000:1,
1500:1, 2000:1.
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Figure S8.Logarithmic plot of Inkapp) versus In([init.]) for the polymerization of nguurified rac-LA with 4 [M]/[l] = 500:1,
150 °C, 260 rpm.
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Figure S9.Semi-logarithmic plot of the polymerization of npnorified rac-LA with 4 [M]/[I] = 500:1, 150 °C, 260 rpm,
conversion determined by situRaman spectroscopy.
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Figure S10.Semi-logarithmic plot of the polymerization of npnrified rac-LA with 5 [M]/[l] = 500:1, 150 °C, 260 rpm,
conversion determined by situRaman spectroscopy.
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Figure S11.Stack of MALDI-ToF spectra obtained for a polymatien with4 [M]/[I] = 70:1, 150 °C, 260 rpmrac-LA.
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Figure S12.Stack of MALDI-ToF spectra obtained for a polymatien with4 [M]/[I] = 70:1, 150 °C, 260 rpmrac-LA. For
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Table S6.Possible end-groups for the obtained polymer igitidoy4 [M]/[I] = 70:1, 150 °C, 260 rpmrac-LA.
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Results of the MALDI-ToF analysis for all seriestbé spectrum:

Ligand-Zn-PLA: 26.77%
Ligand-PLA: 10.59%
Acetate-PLA: 22.94%
OH: 10.53%

H: 17.29%
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Figure S13.Homonuclear decouplelti NMR spectrum (CDG| 400 MHz) of PLA prepared by polymerization of dctide
with 2 at 150 °C.
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Abstract: We report 15 new Cu(ll) complexes with tridentAli®O [3-acylenamino ligands
derived from 2-picolylamine and bearing up to thedkyl, alkoxy, alkoxycarbonyl, or
(pseudo)halide substituents. The structures of congplexes were elucidated by single crystal
X-ray diffraction analysis. Complexes with an unstitnted pyridine ring crystallised with a
square pyramidal coordination sphere, whereas isutiist of the pyridine ring led to a square
planar coordination sphere around the metal cemtre.solution structures and properties of
the complexes were characterised by UV-Vis spectymgand cyclic voltammetry. They were
also tested for their cytotoxic effect on four hum@ancer cell lines. Two complexes were
identified that were highly active with single-didCso values, exceeding those of cisplatin by
far. A tentative structure—activity relationship sva@roposed as well as topoisomerase |
inhibition as a possible mode of action, while aignificant interference with DNA and the

level of reactive oxygen species could be excluded.
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10.1 Introduction

The incidence and economic burden of cancer risenaalarming rate. While the field of
medicinal inorganic chemistry could in principldesfmany avenues for the development of
new therapeutic agents against cancer, the researshll dominated by platinum and
ruthenium complexds! Cisplatin, carboplatin, and oxaliplatin are custoity used for the
treatment of various cancer entities such as tdatior colon cancer. These three complexes
share a similar structure and mechanism of acaspite their high efficacy, their clinical
applicability is limited by serious side effectsiginating from their high toxicity, and by the

frequent occurrence of intrinsic or acquired resise of tumours to platinum compourds.

However, anti-cancer active complexes of metalerothan platinum, including copper,
became the focus of research interest in recems fe€opper is essential for the development
of organisms as it plays an important role as phthe active site of various metalloproteins
such as tyrosinase, catecholase, or hemocyAnifherefore its complexes have been
investigated under the assumption that endogenaialsrmay be less toxic to normal cells
than to cancer cells. Nevertheless, copper is t@aixiggher concentrations as it is redox-active
and can displace other metal idHsAnti-cancer active copper complexes may act ifowsr
ways,e.g.by DNA binding, apoptosis inductioma reactive oxygen species (ROS) generation,

and by inhibition of topoisomerasél.

Cu(ll) complexes with tridentate NNO-chelating Sthiase ligands were only occasionally
evaluated for biological activity, and mostly fantdacterial effect§] For a few of them an

interaction with DNA was observét.However, to the best of our knowledge, there are n
studies on their antiproliferative impact on cancells, in contrast to the related, yet well-

investigated tridentate NNS-chelated thiosemicashazomplexe8!

Here we present a series of 18 Cu(ll) complexek mitlentate Schiff base-like ligands that
bear different substituents (R, Bnd R) to alter the electronic environment of the mesadtre.
The impact of the substituents on the propertieth@fcorresponding complexes was already
successfully demonstrated for the correspondindl/F§(and Zn(ll) complexed® Here,

single crystal X-ray structures of nine Cu(ll) cdexes were obtained and are discussed. All
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compounds were tested with regard to their cytataxtivity against different cancer cell lines.

The underlying modes of action were investigated.

10.2 Results and Discussion

Synthesis.

The complexes were synthesised in three steps 1ifgc¢ First, the tridentate ligands were
synthesised by a condensation reaction betweeantiiee and the respectieacylenol ether.
The synthesis oHL1-HL6 was carried out as described previoltdf.The substituted 2-
picolylamines were synthesised using the syntipticedures described by Karkh all!! In
order to obtain the corresponding Cu(ll) complex&assSQ, sodium methoxide, which acts as
a base for the deprotonation of the ligand, andékpective tridentate ligand were heated to

reflux in methanol, resulting in a dark blue orldgreen solution.

— R 0t
(L e o, )
_-EtOH CuSO4 NaOMe \ N—Cu . MeOH/H,0
" meon 2 / S04
=N
) \\/
L R -
HL
R\ B R |
R"\&O R" \O
o \ e \/ L\ S—
Cu—X Cu—‘ T >Cu—X—1+—
/ \ A
=N =N R" — —N
) or ) X O\ or
\ \/ \ R’ \ \/
R R L R Jq
[Cu(L)(X)(S)] [(12-X)2(CuL),] [(12-X)(CuL)],
Monomer Dimer Polymer

Scheme 1General synthesis of the tridentate ligahtid-15 and their Cu(ll) complexes-18. The organic substituents R,
R’, and R” and the anionsXare specified in Table 1. ComplexisS were obtained as described previoliss}.
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The use of a water-free base is important to atieéd formation of Cu(OH)JCuO during
synthesis. The Cu(ll) complexésl18were precipitated with an aqueous solution osthgium
salt of the anion. They were obtained as cryswllotue to green powders and their purity was
confirmed by means of elemental analysis, mass tgpeetry, and IR spectroscopy.
Complexesl—-3were described previoushf@ An overview of all complexes described in this

work is given in Table 1.

Table 1.Overview of the structures of copper compleke$8 Complexed—3 were described previougdh?

Complex Ligand R R R X~ Solid state structure
1 HL1 -4-H -Me -COOEt NG@ Dimefl®
2 HL1 -4-H -Me -COOEt Cli Dimefi1od
3 HL1 -4-H -Me -COOEt NCS Polymeld
4 HL1 -4-H -Me -COOEt Br Dimer

5 HL2 -4-H -Me -COMe Br Dimer

6 HL3 -4-H -OEt -COOEt Br unknown
7 HL4 -4-H -OEt -CN Br Polymer

8 HL5 -4-H -Ph -COOEt Br Dimer

9 HL6 -4-H -Me -COOMe Br Dimer

10 HL7 -4-OMe -OEt -COOEt Br unknown
11 HL8 -4-OMe -OEt -CN Br unknown
12 HL9 -4-Cl -OEt -COOEt Br Monomer
13 HL10 -4-Cl -OEt -CN Br unknown
14 HL11 -4-Me -OEt -COOEt Br unknown
15 HL12 -4-Me -OEt -CN Br Monomer
16 HL13 -6-Me -OEt -CN Br unknown
17 HL14 -5-Me -OEt -COOEt Br Monomer
18 HL15 -5-Me -OEt -CN Br Monomer

X-ray structure analysis.

Crystals suitable for single crystal X-ray struetanalysis were obtained for compoudds,

7, 8,9, 12 15, 17, and18 by liquid-liquid diffusion of the precursor compglsolution and an
agueous sodium bromide solution at room temperafinecrystallographic data were obtained
at 133 K and are summarised in Table S1. Selected kengths and angles of the coordination
sphere are given in Table S2. All complexes criisel with one anion and one tridentate
ligand per metal centre. The structuresto?, and17 are shown in Fig. 1 as representative

examples, the remaining structures can be fourlderESI, Fig. S1. Complexds5, 8, and9
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crystallised agi-bridged dimers, with the bromide ions connectimg two Cu(ll) centres and

the ligands orientatetrans to one another. Complex crystallised as a one dimensional
coordination polymer with the anions bridging thetah centres to form an infinite chain, as
described previously by us for complexes of thisef§?? The metal centre has a square
pyramidal coordination sphere. Complexgg 15 17, and 18 show a square planar
coordination of the Cu(ll) centre, yet do not fodimers or polymers, or coordinate additional
solvent molecules, unlike previously described clexgs. For all square planar Cu(ll)
complexes M-mandre--1tinteractions involving the centroids (5-ring andirtg) around the

metal centre were observed, leading to a stackinthe planar complexes. Details on all

intermolecular interactions can be found in the,Hables S3-S5. Interactions between keto

oxygen and aromatic C—H groups were also obsenrealfcomplexes.

Fig. 1. Structures o# (left), 7 (middle), andl7 (right). Thermal ellipsoids were drawn at 50% bliity level. Hydrogen
atoms were omitted for clarity.

Powder X-ray diffraction analyses were done to conthat the complexes obtained from
synthesis and the single crystals had the sametsteu The diffraction patterns are given in
the ESI, Fig. S2 and S3. Except for comple%esnd 12, the patterns are identical. Small
differences visible in the patterns of the othemptexes can be explained with the different

temperatures and methods used for the measurements.

The magnetism of compoundsl18was investigated, the magnetic behaviour of corgag-

3 was described previoudh’? Measurements down to 2 K were performed for timeedic
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complexes4 and 9 and for the monomeric compourith. The other substances were
investigated down to 50 K. TheuT vs T plots are presented in Fig. S4-S6, the magnetic
moments are summarised in Table S6. The room tertyermoment is within the expected
range for dimeric or monomeric copper(ll) complex@sly weak ferromagnetic interactions
(J < 10 cm?) are observed in case of the dimeric complexess Ehin agreement with
previously described complexes of this t{38.In the case of the monomeric compléxvery

weak antiferromagnetic interactions are observatiilere not analysed any further.
UV-Vis spectroscopy and cyclic voltammetry.

UV-Vis spectra of the complexes were recorded itewfl) and DMSO 2-18); they can be
found in the ESI, Fig. S7-S9, the absorption maxand the logarithm of the extinction
coefficient are summarised in Table 2. Comgdléxnot stable in DMSO solution with its colour
quickly changing from light blue to dark red/browikbsorption maxima (in DMSO) between
624 and 676 nm were observed for all complexespxde(764 nm), possibly due to the 6-
methyl group on the pyridine ring being rather elds the metal centre. ComplexEs-18
featured a second absorption maximum between 380448 nm. In aqueous solution the
absorption maxima are slightly blue-shifted. Thenptexes3, 8, and11 were not completely
soluble in water. The extinction coefficientndicates a d—d transition and no charge transfer
responsible for the colour. The spectra were resmbaler 72 h to investigate the stability of

the compounds in solutiod {n water, the remaining in DMSO).

No change of the position of the absorption maxivaa seen, however, for complex@s, 4,
5,8,9, 12, and13 a decrease of extinction took place. In orderei@inine whether or not the
anion still coordinates the Cu(ll) centre condutfineasurements were carried out (Table 2).
This is especially of interest regarding the dimen polymeric species. The conductivity of
the solution used for the UV-Vis measurements waasured three times to obtain a mean
value. The observed values indicate that the asion longer coordinated to the metal centre
but is most likely replaced by a solvent molecillieis indicates that in solution probably only

monomeric species exist, unlike in the solid state.
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Table 2. Absorption maximalmax log & molar conductivityo, and electrochemical properties (in acetonit@ilé,M NBwPFs,

vs. Ag/AgNQ;, 50 mV s?) of the complexes discussed in this work.

Amax [nm] (log &) o [103uScntiM] Ered[V] Eox [V]
Water DMSO Water DMSO
624 (2.07) Not stable 89 Not stable -0.71 1.42
2 630 (2.06) 668 (2.18) 85 17 -0.8 1.01
1.39
3 Not completely 639 (2.17) Not completely 19 -0.71 -0.55
soluble soluble 0.24 0.67
0.81
4 626 (2.04) 638 (2.17) 89 30 -0.66 0.76
0.43
0.65
5 626 (2.06) 640 (2.17) 101 29 -0.62 0.86
1.38
6 641 (1.90) 661 (2.05) 97 29 -0.6 0.86
0.43
7 656 (1.85) 674 (1.99) 97 29 -0.46 0.72
0.45 1.35
8 Not completely 644 (2.15) Not completely 27 -0.62 0.82
soluble soluble 0.44
0.66
9 624 (2.06) 640 (2.13) 96 28 -0.64 0.84
0.43
10 636 (2.04) 654 (2.08) 95 27 -0.64 0.84
372 (2.56) 0.43
11  Not completely 673 (2.01) Not completely 29 -0.48 0.62
soluble 411 (2.09) soluble 0.44 0.76
1.38
12 645 (2.01) 664 (2.04) 102 27 -0.54 0.86
391 (2.18) 409 (2.15) 0.47
13 655 (1.94) 676 (2.00) 101 27 -0.42 0.78
401 (2.09) 407 (2.12) 1.44
14 639 (2.03) 650 (1.82) 100 17 -0.59 0.84
386 (2.34) 395 (2.06) 0.45
15 659 (2.03) 667 (1.99) 110 19 -0.46 0.75
398 (2.16) 408 (2.14) 1.37
16 698 (1.95) 746 (1.96) 98 27 -0.26 0.75
429 (2.11) 442 (2.06) 1.36
17 638 (2.03) 659 (2.06) 96 29 -0.62 0.77
390 (2.19) 406 (2.17) 0.38 1.17
18 647 (1.98) 674 (2.00) 97 29 -0.5 0.7
401 (2.11) 412 (2.09) 1.3
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The electrochemical behaviour of the compounds imesstigated using cyclic voltammetry.
The voltammograms are presented in the ESI, Fi@—S12, the reduction and oxidation
potentials are summarised in Table 2. All complestesv irreversible reduction peaks between
—-0.4 and -0.8 V corresponding to the reduction ol to Cu(l). The exception is again
compoundl6 with a reduction potential of —0.26 V. The anodiocesses are not very well-

defined and correspond to oxidation processesedlighnd, taking place above 0.7 V.
Cytotoxicity.

All complexes were tested for their structure-dejeem antiproliferative activity against cells
of human 518A2 melanoma, HT-29, HCT-11@énd HCT-1183"" colon carcinoma, and the
cervix carcinoma cell line HelLa using the stand&lf@iT assay (Table 3 and Fig. 2). The
complexesl—4 share the same chelate ligatidl , yet differ in their counter anions. The other
complexes own the same counter anionBut carry different substituents either on flie
acylenamino fragment{9) or on the latter and the pyridine rin§j0¢18). The free ligand
HL11 and CuS®@were investigated as well. The solubility of corapds3, 8, and11 (not fully
soluble in water) in PBS was confirmed by dilutaad mM DMSO solution to 100M in PBS.
No precipitate occurred and the UV-Vis spectrapesented in Fig. S13.

All compounds showed dose-dependent growth inbibiof all cell lines, exceeding that of
CuSQ in most cases. Complex#$-13 and15 proved least active against all cell lines with
ICs0 values greater 40M on average. Complexds4, differing only in their counter anions,
were of comparable, moderate activity. Also, theead in the 16 values for complexe$-9,
sharing an unsubstituted pyridine ring while diffigr in substituents Rand R, was only
marginal. In contrast, complex&8 (R = 4-OMe) and 4 (R = 4-Me) which both have electron
donating substituents R in 4-position of the pyraliring and are identical in substituents
R’ (= OEt), R (= COOEt) and counter anion (=Bishowed the highest activity of all tested
compounds, including the clinical established drigglatin, with single-digit micromolar Kg
values against all cancer cell lines. Interestintfig couple of complexdd (R = 4-OMe) and
15(R = 4-Me), identical ta0/14in terms of substituents R andyRt carrying a cyanide instead
of a COOEt substituent"Rwvere virtually inactive against all cell lines. ,Sotentative SAR
assumption is that the cytotoxicity of such coppamplexes might be enhanced by sticking
electron donors on the pyridine ring and by avaditrongly electron withdrawing substituents

R" such as cyanide.
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Table 3.Growth inhibitory concentrations ¥(UM; 72 h) of complexe§-18, ligandHL11, CuSQ, and cisplatin for cells of
human melanoma 518A2, colon carcinomas HT-29, HOF#14and HCT-118°3""cervix carcinoma HelLa, as well as non-

cancerous human dermal fibroblasts (adult) HDFeec8eity index (Sl) was calculated assWHDFa)/alGo (all tested cancer

cell lines).
518A2 HT-29 HCT-1168% HCT-116°%" Hela HDFa Sl
CuSQOs 34.0+£1.3 >50 49.8+3.0 >50 >50
cisplatin[t] 7811 85+0.3 120+1.1 27.0x4.1 41.0643.0
1 82+05 172+0.1 8.7%05 20.1+2.6 38.821.156+19 0.8
2 13.8+24 182+48 204%19 341+0.7 17385
3 152+1.7 158+13 7.7%x13 176 +£1.0 18.0&1
4 151+0.2 194+12 27816 18.1+1.4 153%
5 171+11 232+11 38.0z%4 275+1.2 30.02 1.
6 176+£16 251+05 21.0%1.9 186 1.5 22D
7 184+23 175+17 195+0.7 256+2.6 184k
8 11.4+0.7 27737 9.7%038 10.0+0.4 15181
9 23.7+£13 270x1.7 14512 19.3+£0.7 200&
10 59+04 22+03 47+01 22+03 4.0+0.3 8.41t0.4 4.8
11 >50 >50 440+1.0 349+1.2 >50
12 >50 >50 49721 16.9+0.8 47.7+1.6
13 >50 >50 495+ 3.7 >50 >50
14 83+05 4002 81+09 23+02 9.0+0.8 8.31t1.1 2.9
15 >100 >50 >50 >50 >50
16 159+0.6 40.8+49 16.7%x0.6 201+1.4 4355
17 151+12 30.7+x24 11.0+0.7 208+1.4 17@&
18 174+£0.8 264+27 505%3.9 29.1+9.8 3734
HL11 >100 >100 >100 >100 >100

CuSCs+HL11(1:1) 235+13 16.8+12 99=+01 7.6%0.3 8.83+6.4

The free ligandHL11 of compoundl4 was alsdested inactive. Mixtures of ligartdL11 and
CuSQ (1:1) were less cytotoxic against all cancerl deles in comparison to the
corresponding complex4. What little activity we found for these mixturean probably be
ascribed to a spontaneous, partial complex formate solutions dfiL11 and CuS®@turned

immediately greenish (like solutions of pure comld) after mixing.

The selectivity for tumour cells of the most actommplexed, 10, and14 can be estimated by
comparison of their cytotoxicities against canaal kines and non-cancerous cells (HDFa). In
this context, complek0showed a very high selectivity with a selectivitgtex (S1=4.8) higher
than that of cisplatin (SI = 3.0). The stabilitytbbse compounds in PBS solution (10d)
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was investigated at 37 °C over 72 h using UV-Viecspscopy (Fig. S14). No change can be

seen indicating that the complexes are stable uhdse conditions.

518A2

HT-29
HCT-116(wt)
HCT-116(p53-/-)

0.4 -0,2 0 0,2 04|-04 -0,2 0 0,2 04| .04 -0,2 0 0,2 04

Fig. 2. Cell line specificities of copper complexefeft), 10 (middle) andL4 (right) as deviations of the log(#€} for individual
cells lines from the mean log@€} value over all cell lines. Negative values indéckower and positive values higher than
average activities. Mean log@€ values are 1.3 for compldx 0.58 for complex0, and 0.80 for complex4.

Moreover, the uptake of the most active complexe40 and 14 into HCT-116" colon
carcinoma cells was quantified using ICP-MS (TableThese three complexes appear to have
about the same intrinsic cytotoxic activity againbis particular cancer cell line. The
differences in their 165 values nicelycorrelate with their intracellular concentratiottisis
remarkable that the structurally different couplend14 exhibit very similar uptake rates and
ICs0 values, while the structurewise closely related p@and14 differ by a factor of circa 2

in both. The cellular copper content in cells afteatment with CuSfalone was significantly

lower compared to that of cells treated with come#d, 10 or 14.

Table 4. Copper content in HCT-1¥6colon carcinoma cells (ng/d@ells) after treatment with 4 pM of the test comnpads
1, 10and14, as well as CuS£and mixtures of the latter with ligamtlL 11 for 24 h under standard cell culture conditiortse T
copper content of untreated cells (0.76 + 0.31 ng.Cicells) has already been subtracted from the predemlues.

compound copper content in cell ICso values for
lysates [ng/16 cells] HCT-116" [uM]

1 5.70 +1.08 8.7+05

10 11.78 £0.77 4.7+0.1

14 7.94 £1.65 8.1+09

CuSOs 3.96 +0.79 49.8+3.0

CuSQs+HL11(1:1) 4.46+0.71 9.9+0.1
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Treatment with mixtures of CuS@nd ligandHL11 led to values between those of Cu%@d
the corresponding compléx, confirming the assumption of spontaneous, pddrahation of
complex14 in solution. It should be noted, though, that tmight be different for cell lines
other than HCT-118. As the cytotoxic effect of copper complexes meyginate from DNA
bindind®? we investigated the interaction of complege$0, and14 both with linear salmon
sperm DNA using an ethidium bromide intercalatissay ¢f. ESI, Fig. S15) and with circular
pBR322 plasmid DNA in electrophoretic mobility shiassays (EMSA, Fig. S16). No
significant effects were observed in either as8ayalternative mode of action is the generation
of reactive oxygen species (ROS)* Therefore the complexes, Cu$@nd free ligantiL11
were investigated with respect to their influencetloe ROS level in 518A2 melanoma cells
using NBT assays after 24 h incubation (Fig. STHe cells were treated with the test
compounds (1 and 1) or vehicle. All compounds including Cug@ndHL11 led to a small
rise in cellular ROS levels. There is no stringemtrelation between the rise in ROS and the
cytotoxicity exhibited by the complexes, indicatitite generation of ROS not to be the

dominant mode of action.

Another type of clinical important targets for aaincer drugs are the topoisomerase enzfimes
which catalyse thsupercoiling of the DNA. As copper complexes hagerbshown to be able
to inhibit these enzyméd, complexesl, 10, 14, and CuSQ@ were tested for inhibition of
topoisomerase | (Fig. 3). Compountisand 10 showed a similar inhibition of the enzyme
(setting in from 2uM), whereadl 4 inhibited topoisomerase | only at concentratioihat deast

50 puM. Addition of CuSQ to the reaction mixture had no influence on thavag of
topoisomerase I. This confirms that the inhibiteffect stems from the intact complexes rather

than copper salts from decomposition.
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Camptothecin piad for | N } | " oc

CuSO,
b sc

1 2 3 4 5 6
Fig. 3. Inhibition of topoisomerase | by Camptothecin, cterps1, 10, 14, and CuS@ Lane 1: 100 uM substance without
enzyme; lane 2—6: 100, 50, 25, 10, and 0 uM wittyere. Top: open circular form (oc) generated byweadbpoisomerase |,

bottom: supercoiled form (sc).

10.3 Experimental Section

Complexesl-3, ligandsHL1-HL6, 2-aminomethyl-4-methoxypyridine, 2-aminomethyl-4-
chloropyridine, 2-amino-methyl-4-methylpyridine,atainomethyl-5-methylpyridine, and 2-
aminomethyl-6-methylpyridine were synthesised bgvjwusly described procedurég!!!
Methanol used for the complex synthesis was distiiver magnesium under argon. All other
chemicals were commercially available and useeesivedH NMR spectra were measured
at room temperature and 300 MHz with a Varian INOBB0. Elemental analysis were
measured with a Vario EL Ill from Elementar Analgsgysteme with acetanilide as standard.
The samples were placed in a small tin boat. Masstsa were recorded with a Finnigan MAT
8500 with a data system MASPEC II. IR spectra weoerded with a PerkinElmer Spectrum
100 FT-IR spectrometer. Conductivity was measurél w FiveGo F3 portable meter from
Mettler Toledo.

HL7. 2-Aminomethyl-4-methoxypyridine (0.6 g, 4.3 mmadl,eq.) was diluted in ethanol
(5 mL) and diethylethoxymethylenemalonate (1.2.8,/Bmol, 1.2 eq.) was added, resulting in
an orange solution. This mixture was heated toxdtr 1 h. After cooling to room temperature,

the solvent was removed under reduced pressutdingea dark orange oil. After one week at
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—-28 °C, the now orange solid was suspended in idatiethyl ether (3 mL), filtered, washed
with ice-cold diethyl ether (5 mL), and dried irr.aY¥ield: 0.86 g (308.33 g mdi, 64%).
Elemental analysis (GH20N20s- 0.3H0, %) found C 57.17, H 6.84, N 8.57; calcd C 57132,
6.63, N 8.91H NMR (298 K, CDC4, 300 MHz):d= 9.6 (1 H, m, —-NH), 8.42 (1 H, m, 6-
PyH), 8.11 (1 H, d3 = 14.1 Hz, =CH), 6.78 (2 H, m, 2-&4-PyH), 4.62H2d,%J = 6.1 Hz, 2-
Py—CH), 4.23 (4 H, m, -O-CHCHg), 3.87 (3 H, s, —O-C#), 1.34 (6 H, m, —-O—-CH-CHk)
ppm. MS (El, pos.in/z(%): 308 (GsH20N20s, 20), 262 (GsH15N204, 100), 123 (GHsNO, 85).
IR: v=3275 (m, N-H), 1684 (s, C=0), 1630 (s, C=0ytm

HL8. 2-Aminomethyl-4-methoxypyridine (0.5 g, 3.6 mmadl,eq.) was diluted in ethanol
(5mL) and ethyl(ethoxymethylene)cyanoacetate (Qg73.3 mmol, 1.2 eq.) was added,
resulting in a yellow suspension. This mixture wasted to reflux for 1 h. After cooling to
room temperature white needles precipitated. Theose filtered, washed with ethanol, and
dried in air. Yield: 0.34 g (261.28 g m§136%). Elemental analysis {§£11sN30s, %) found C
59.60, H 5.50, N 16.00; calcd C 59.76, H 5.79, ND&'H NMR (298 K, CDC}, 300 MHz):
0=9.43 (1 H, m, =NH), 8.43 (1 H, &) = 5.8 Hz, 6-PyH), 7.48 (1 H, d) = 13.8 Hz, =CH),
6.85 (2 H, m, 3-&5-PyH), 4.63 (2 H, 8] = 5.9 Hz, 2-Py-CH), 4.22 (2 H, q3J = 7.3 Hz, -O-
CHx—CHg), 3.92 (3 H, s, -O-C#), 1.29 (3 H, t3J = 7.1 Hz, -O—CHK-CHs) ppm. MS (EI, pos.)
m/z (%): 261 (GsHisN3Os, 100), 232 (@HioN3Os, 25), 215 (@HioN3O2, 65), 188
(C10H10N30, 45), 149 (€H10N20, 60), 123 (@HsNO, 100). IR:v = 3202 (m, N-H), 2206 (s,
C=N), 1683 (s, C=0) cnt.

HL9. 2-Aminomethyl-4-chloropyridine (0.5 g, 3.5 mmoled;.) was diluted in ethanol (5 mL)
and diethylethoxymethylenemalonate (0.91 g, 4.2 mm@ eq.) was added, resulting in a
yellow solution. The mixture was heated to reflox 1 h. After cooling to room temperature
approximately half of the solvent was removed urdéuced pressure. A light yellow solid
precipitated, which was filtered, washed with ethlaand dried in air. Yield: 0.7 g (312.75 g
mol™, 63%). Elemental analysis {f117CIN20s, %) found C 53.71, H 5.32, N 8.94; calcd C
53.77, H5.48, N 8.96H NMR (298 K, CDC}, 300 MHz):5=9.62 (1 H, m, —=NH), 8.52 (1 H,
m, 6-PyH), 8.09 (1 H, #J = 13.8 Hz, =CH), 7.37 (2 H, m, 2-&4-PyH), 4.75H2d,3%) = 6.2
Hz, 2-Py-CH), 4.22 (4 H, m, -O—-CHCH), 1.33 (6 H, m, -O—-CHCHs) ppm. MS (EI, pos.)
m/z (%): 312 (G4H17CIN20s, 30), 266 (G2H12CIN2O3, 100), 153 (GH,CIN2, 100), 127
(CeHsCIN, 100). IR:v = 3281 (m, N-H), 1680 (s, C=0), 1640 (s, C=0ytm
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HL10. 2-Aminomethyl-4-chloropyridine (0.5 g, 3.5 mmoleq.) was diluted in ethanol (5 mL)
and ethyl(ethoxymethylene)cyanoacetate (0.71 gihdl, 1.2 eq.) was added, resulting in a
yellow solution. This mixture was heated to reffax1 hour. After cooling to room temperature
and storing at —28 °C, a solid was isolated bydiilon, washed with ice-cold diethyl ether, and
recrystallised in methanol (5 mL). The white, caylste precipitate was filtered, washed with
methanol, and dried in air. Yield: 0.42 g (265.70nwl!, 46%). Elemental analysis
(C12H12CIN3O2, %) found C 54.05, H 4.49, N 15.83; calcd C 5412%.55, N 15.82'H NMR
(298 K, CDC}, 300 MHz):5=9.43 (1 H, m, -NH), 8.52 (1 H, &] = 5.3 Hz, 6-PyH), 7.46 (1
H, d,3J=13.8 Hz, =CH), 7.30 (1 H, dé] = 5.3 Hz,2J = 2.0 Hz, 5-PyH), 7.27 (1 H, & = 1.7
Hz, 3-PyH), 4.61 (2 H, #J = 6.1 Hz, 2-Py-Cl), 4.23 (2 H, q3J = 7.1 Hz, —-O-CH-CH),
1.32 (3 H, t3J = 7.1 Hz, -O—-CH-CHs) ppm. MS (EI, pos.in/z(%): 265 (G2H12CIN3O2, 75),
219 (GoH7CINzO, 80), 153 (GH;CIN2, 100), 127 (€HsCIN, 100). IR: v = 3288 (m, N-H),
2208 (s, &N), 1679 (s, C=0) ci.

HL11. 2-Aminomethyl-4-methylpyridine (0.75 g, 6.1 mmdl,eq.) was diluted in ethanol
(5 mL) and diethylethoxymethylenemalonate (1.59.4,mmol, 1.2 eq.) was added, resulting
in a yellow solution. This mixture was heated télwe for 1 hour. After cooling to room
temperature the solvent was removed under reduassyre resulting in an orange oil. This
was stored at —28 °C for 1 day. The now orangel sedis suspended in ice-cold diethyl ether
(5 mL), filtered, washed with ice cold diethyl etH® mL), and dried in air. Yield: 0.71 g
(292.14 g mot', 39%). Elemental analysis {§120N204- H20, %) found C 57.84, H 7.19, N
8.73; calcd C 58.05, H 7.15, N 9.08 NMR (298 K, CDC4, 300 MHz):0=9.55 (1 H, m, —
NH), 8.45 (1 H, d3J = 5.1 Hz, 6-PyH), 8.09 (1 H, 4) = 13.8 Hz, =CH), 7.21 (2 H, m, 2-&4-
PyH), 4.77 (2 H, d3J = 6.0 Hz, 2-Py—-CH), 4.21 (4 H, m, -O—C#HCtk), 2.44 (3 H, s, 4-Py—
CHa), 1.30 (6 H, m, —-O—CHCHs) ppm. MS (El, pos.n/z (%): 292 (GsH20N20a, 45), 246
(C13H14N203, 100), 219 (@H15N202, 55), 133 (€H9N2, 100), 107 (€HoN, 100). IR:v = 3262
(m, N=H), 1675 (s, C=0), 1636 (s, C=0)¢m

HL12. 2-Aminomethyl-4-methylpyridine (0.5 g, 4.1 mmoleqd.) was diluted in ethanol (5 mL)
and ethyl(ethoxymethylene)cyanoacetate (0.68 gihr®l, 1.2 eq.) was added, resulting in a
yellow solution. The mixture was heated to reflax T hour. After cooling to room temperature
the solvent was removed under reduced pressuréharahrk yellow oil was stored at —28 °C
for 3 days. The now yellow solid was suspendeaaddold diethyl ether (5 mL), filtered, and

washed with ice cold diethyl ether (5 mL). The @ymloduct was recrystallised from methanol
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to yield a white, crystalline solid. Yield: 0.51(845.12 g mot, 50%). Elemental analysis
(C13H15N302-0.25 HO, %) found C 62.84, H 6.17, N 16.84; calcd C 62195.25, N 16.82.
'H NMR (298 K, CDC4, 300 MHz):0=9.43 (1 H, m, —=NH), 8.48 (1 H, #1 = 5.1 Hz, 6-PyH),
7.48 (1 H, d3J = 13.8 Hz, =CH), 7.17 (2 H, m, 3-&5-PyH), 4.67H2d, 3] = 5.7 Hz, 2-Py—
CHy), 4.25 (2 H, m, -O—CHCH), 2.43 (3 H, s, 4-Py—C#}i 1.32 (3 H, t3J = 7.1 Hz, -O-
CH>-CHg) ppm. MS (El, pos.)m/z (%): 245 (GsH1sN3O2, 80), 199 (GH10N3O, 50), 172
(C1oH10N3, 55), 133 (GHoN2, 100), 107 (GH7N, 100). IR:v =3280 (m, N-H), 2204 (s, =),
1673 (s, C=0) cnt.

HL13. 2-Aminomethyl-6-methylpyridine (1 g, 8.2 mmol, 1.pgas diluted in ethanol (5 mL)
and ethyl(ethoxymethylene)cyanoacetate (1.66 grl, 1.2 eq.) was added, resulting in a
yellow solution. The mixture was heated to reflax I hour. After cooling to room temperature
the solvent was removed under reduced pressurdjngea dark yellow oil. After 3 days at
—-28 °C the now dark yellow solid was suspendedendold diethyl ether (5 mL), filtered, and
washed with ice-cold diethyl ether (10 mL). Recajisgation from methanol gave a white solid.
Yield: 0.27 g (245.12 g mol, 14%). Elemental analysis {§11sN30,-0.5 HO, %) found C
62.25, H 6.86, N 16.34; calcd C 61.40, H 6.34, N626'H NMR (298 K, CDC4, 300 MHz):
0=9.42 (1 H, m, =NH), 8.43 (1 H, &] = 5.8 Hz, 6-PyH), 7.48 (1 H, 4) = 13.8 Hz, =CH),
6.85 (2 H, m, 3-&5-PyH), 4.63 (2 H, &1 = 5.9 Hz, 2-Py-CbH), 4.22 (2 H, g3 = 7.3 Hz, -O—
CH2—CHs), 3.92 (3 H, s, —-O—-C#)l, 1.29 (3 H, t3J = 7.1 Hz, -O-CHK-CHs) ppm. MS (El, pos.)
m/z(%): 245 (G3H1sN302, 100), 199 (€1H10N30, 65), 172 (@H10N3, 55), 133 (GHgN2, 100),
107 (GH<N, 100). IR:v = 3269 (m, N-H), 2204 (s,=DI), 1694 (s, C=0) cm.

HL14. 2-Aminomethyl-5-methylpyridine (1 g, 8.2 mmol, G.ewas diluted in ethanol (5 mL)
and diethylethoxymethylenemalonate (2.13 g, 9.8 mm@ eq.) was added, resulting in a
yellow solution. This mixture was heated to reffax1 hour. After cooling to room temperature
the solvent was removed under reduced pressurdinged yellow oil. This oil was stored at
—-28 °C for 1 week. The now yellow solid was susmehdh ice-cold diethyl ether (5 mL),
filtered, washed witlice-cold diethyl ether (10 mL), and dried in aiieM: 1.36 g (292.14 ¢
mol™, 57%). Elemental analysis {€120N204- 0.5EtOH-0.5K0, %) found C 59.47, H 7.34, N
8.23; calcd C 59.24, H 7.46, N 8.68 NMR (298 K, CDC}, 300 MHz):0=9.6 (1 H, m, —
NH), 8.43 (1 H, m, 6-PyH), 8.11 (1 H, ¥,= 14.0 Hz, =CH), 7.60 (1 H, m, 4-PyH), 7.22 (1 H,
d,3J = 7.9 Hz, 3-PyH), 4.68 (2 H, 4) = 6.1 Hz, 2-Py—-Ch), 4.21 (4 H, m, —-O—CHCHs),
2.36 (3 H, s, 5-Py-C¥), 1.29 (6 H, m, -O—CHCHs) ppm. MS (El, pos.m/z (%): 292
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(C15H20N204, 45), 246 (GsH15N203, 100), 133 (gH10N2, 100), 107 (GHsN, 100). IR:v = 3307
(m, N—H), 1682 (s, C=0), 1617 (s, C=0)¢m

HL15. 2-Aminomethyl-5-methylpyridine (1 g, 8.2 mmol, 4.pwas diluted in ethanol (5 mL)
and ethyl(ethoxymethylene)cyanoacetate (1.66 gpl, 1.2 eq.) was added, resulting in a
yellow solution. This mixture was heated to reflax1 hour. After cooling to room temperature
the solvent was removed under reduced pressutdingean orange oil. This was stored at —28
°C for 1 day, suspended in ice-cold diethyl etftem(), filtered, and washed with ice-cold
diethyl ether (10 mL). Recrystallisation from TH&wg a white, crystalline solid. Yield: 0.38 g
(245.12 g mott, 19%). Elemental analysis {§115NzO, %) found C 63.52, H 6.33, N 17.13;
calcd C 63.66, H 6.16, N 17.1% NMR (298 K, CDC4, 300 MHz):0=8.41 (1 H, d{J=0.7
Hz, 6-PyH), 8.03 (1 H, J = 15.2 Hz, =CH), 7.43 (1 H, dd) = 7.82 Hz,*J = 0.86 Hz, 4-
PyH), 7.15 (1 H, dJ = 8.0 Hz, 3-PyH), 7.01 (1 H, m, —NH), 4.61 (2 H3#i= 5.6 Hz, 2-Py-
CHy), 4.21 (2 H, g3) = 7.3 Hz, -O-Ci#CHg), 2.35 (3 H, s, 5-Py-C#j 1.29 3 H,t30=7.1
Hz, —-O—-CH-CHs) ppm. MS (ElI, pos.in/z(%): 245 (GsH1sN3O2, 100), 199 (€&H10N30, 70),
133 (GH10N2, 100), 107 (GHgN, 100). IR:v = 3269 (m, N-H), 2204 (s,=N), 1694 (s, C=0)

cm L.

General procedure for the synthesis of the Cu(ll) amplexes

0.2 g of the corresponding ligand, CuSQ.2 eq.), and sodium methoxide (1.2 eq.) were
dissolved in methanol (20 mL) under argon atmosphed heated to reflux for 1 h, resulting
in a dark blue or green solution. After coolindRd the excess of CuS@nd sodium methoxide
was removed by filtration. All further steps weaarted out in air. The Cu(ll) complexes were
precipitated with an aqueous solution of the cauoesling sodium or potassium salt of the
anion (4 eq. in 20 mL). If no precipitate occurrélte solvent was removed under reduced
pressure until a solid could be isolated. Thisdsalas washed with water and methanol and

dried in air.

[(u-Br)2(CuL1)2] (4). Yield: 0.20 g green, crystalline powder (781.48@ ™, 32%). Elemental
analysis (GsHz0Br.CuN4Oe, %) found C 40.07, H 3.72, N 7.20; calcd C 3919@.87, N 7.17.
MS (El, pos.m/z(%): 391 (GsH1sBrCuNzOg, 14), 309 (GsH15CuN203, 52), 248 (GsH15N203,
14), 93 (GHsN, 100). IR:v = 1685 (s, C=0), 1604 (s, C=0) tn
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[(u-Br)2(CuL2)2] (5). Yield: 0.12 g green needles (721.40 g Thal8%). Elemental analysis
(C24H26Br2CupN4O4, %) found C 39.96, H 3.88, N 7.74; calcd C 3919@.63, N 7.77. MS (ElI,
pos.)m/z(%): 361 (G2H13BrCuN:Oz, 1), 279 (Gz2H13CuNeO2, 9), 218 (G2H13N202, 42), 93
(CeHsN, 100). IR:v = 1649 (s, C=0), 1613 (s, C=0) tn

[CuL3Br] (6). Yield: 0.16 g green powder (420.75 g mpl13%). Elemental analysis
(C14H17BrCuN:04, %) found C 39.99, H 4.28, N 6.91; calcd C 3919°4.07, N 6.66. MS (El,
pos.)m/z(%): 421 (G4H17BrCuNxQs, 25), 340 (@sH17CuN:Oy4, 29), 93 (GHsN, 100). IR:v =
1685 (s, C=0), 1623 (s, C=0) ¢

[(u-Br)(CuL4)] n (7). Yield: 0.14 g green powder (373.70 g MpKh3%). Elemental analysis
(C12H12CUNsOz2, %) found C 38.70, H 3.48, N 11.26; calcd C 38153.24, N 11.24. MS (ElI,
pos.)m/z (%): 374 (G2H12CuBrNsOz, 2), 293 (G2H12CuNsOz, 4), 231 (G2H12N302, 23), 93
(CeHsN, 100). IR:v = 2201 (s, EN), 1627 (s, C=0) ci.

[(u-Br)2(CuL5)2] (8). Yield: 0.20 g dark green needles (905.59 g Md@5%). Elemental
analysis (GsHz4Br.CuN4Og, %) found C 48.09, H 3.98, N 6.23; calcd C 47HS.78, N 6.19.
MS (EI, pos.)m/z(%): 310 (GsH17N20s, 16), 93 (GHsN, 100). IR:v= 1671 (s, C=0), 1602
(s, C=0) cm™.

[(u-Br)2(CuL6)2] (9). Yield: 0.20 g dark blue, crystalline powder (738.6 mol?, 31%).

Elemental analysis @aH26Br.CwN4Os, %) found C 38.19, H 3.18, N 7.22; calcd C 38136,
3.48, N 7.44. MS (El, posth/z(%): 376 (G2H13BrCuNzOs, 6), 295 (G2H13CuNeOs, 24), 234
(C12H13N203, 22), 93 (GHeN, 100). IR:v = 1687 (s, C=0), 1613 (s, C=0) tin

[CuL7Br] (10). Yield: 0.09 g dark green powder (450.78 g ThaB1%). Elemental analysis
(C15H1BrCuNxOs, %) found C 39.43, H 4.27, N 6.38; calcd C 39194.25, N 6.21. MS (El,
pos.)m/z(%): 451 (GsH1eBrCuN:Os, 5), 370 (GsH19CuNzOs, 5), 308 (GsH19N20s, 52), 262
(C13H14N204, 100), 123 (@HsNO, 100). IR:v = 1662 (s, C=0), 1618 (s, C=0) tin

[CuL8Br] (11). Yield: 0.25 dark green, crystalline powder (403g7éholt, 81%). Elemental
analysis (GsH14BrCuNsOs, %) found C 39.27, H 3.98, N 10.63; calcd C 383,50, N 10.41.
MS (El, pos.)m/z(%): 404 (GsH14BrCuNsOsg, 5), 323 (GsH14CuNsOg, 15), 261 (G3H14N30s3,
100), 123 (GHsNO, 100). IR:v = 2207 (s, €N), 1616 (s, C=0) cnt.

191



Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

[CUuL9Br] (12). Yield: 0.12 g dark green, crystalline powder (455g mot?, 41%). Elemental
analysis (@4H1BrCICuN:O4, %) found C 37.03, H 3.52, N 6.13; calcd C 36.943.54, N
6.15. MS (El, pos.n/z (%): 455 (G4H16BrCICuN:O4, 15), 375 (GH16CICUN:O4, 15), 266
(C12H12CIN20Os, 100), 127 (GHsCIN, 100). IR:v = 1664 (s, C=0), 1596 (s, C=0) cin

[CuL10Br] (13). Yield: 0.18 g dark green, crystalline powder (4@8.g moll, 59%).
Elemental analysis (@H11BrCICuNsOz, %) found C 35.18, H 2.55, N 10.27, calcd C 351,
2.72, N 10.30. MS (El, posth/z (%): 408 (G2H11BrCICuNsOz, 10), 327 (G:H12CICUN:O,
20), 265 (G1H12CIN3O2, 60), 219 (GoHeCIN3O, 80), 127 (6HsCIN, 100). IR:v = 2209 (s,
C=N), 1616 (s, C=0) cnt.

[CuL11Br] (14). Yield: 0.13 g dark green, crystalline powder (#84.g motll, 35%).
Elemental analysis {@H19BrCuN.Os- MeOH, %) found C 40.26, H 4.40, N 6.27; calcd C
39.79, H 4.67, N 6.19. MS (El, posi)z(%): 435 (GsH19BrCuN,Os, 15), 354 (GsH19CUN:Oy,
20), 246 (G3H1aN203, 100), 133 (€HoN2, 100), 107 (€HoN, 100). IR:v = 1673 (s, C=0),
1599 (s, C=0) ct.

[CuL12Br] (15). Yield: 0.20 g dark green, crystalline powder (3&7.g moll, 65%).
Elemental analysis @H14BrCuNsO2, %) found C 40.37, H 3.63, N 10.68; calcd C 40.27, H
3.64, N 10.84. MS (El, posn/z (%): 388 (G3H14BrCuNsO2, 10), 307 (@sH14CuNsO2, 20),
245 (G3H1aN302, 80), 107 (GHN, 100). IR:v = 2208 (s, EN), 1620 (s, C=0) cit.

[CuL13Br] (16). Yield: 0.09 g dark green, crystalline powder (3&7.g motll, 29%).
Elemental analysis (gH14BrCuNsO»- H2O, %) found C 38.38, H 4.01, N 10.31; calcd C 38.48
H 3.97, N 10.36. MS (El, posth/z (%): 245 (GsH14aN3O2, 100), 199 (€HgsN3O, 85), 133
(CsHoN2, 100), 107 (GHsN, 100). IR:v = 2216 (s, €N), 1635 (s, C=0) cit.

[CuL14Br] (17). Yield: 0.15 g dark green, crystalline powder (#84.g motll, 50%).

Elemental analysis (@H1sBrCuN>O4, %) found C 41.51, H 4.45, N 6.37; calcd C 4144,
4.41, N 6.44. MS (EI, posm/z(%): 435 (GsH19BrCuNzOs, 20), 353 (@sH19CuUNO4, 20), 292

(C15H19N204, 20), 246 (G3H14N203, 100), 133 (@HoN2, 100), 107 (@HsN, 100). IR:v = 1684

(s, C=0), 1606 (s, C=0) ¢t

[CuL15Br] (18). Yield: 0.17 g dark green, crystalline powder (3&7.g moll, 54%).
Elemental analysis (gH14BrCuNsO>, %) found C 40.18, H 3.50, N 10.72; calcd C 40127,
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3.64, N 10.84. MS (El, posi)/z(%): 388 (GsH1BrCuNsOz, 5), 307 (GaH14CuNsO2, 10), 245
(C18H14N2O3, 70), 133 (GHaN2, 100), 107 (GHsN, 100). IR:v = 2204 (s, €N), 1622 (s, C=0)

cmL,
X-ray diffraction on single crystals

The X-ray analysis of all crystals was performedhva Stoe StadiVari diffractometer using
graphite-monochromated MaK radiation. The data were corrected for Lorentz and
polarisation effects. The structures were solveditsct methods (SIR-201%Y and refined by
fullmatrix least-square techniques agafgt- FZ (SHELXL-97)[*8 All hydrogen atoms were
calculated in idealised positions with fixed disigment parameters. ORTEP4ifl was used
for the structure representation. CCDC 1566628-638@&nd 1915614-1915617 contain the

supplementary crystallographic data for this paper.
Powder X-ray diffraction

Powder diffractograms were measured with a STOHiIBt®owder Diffractometer (STOE,
Darmstadt) using Cu[&1] radiation with a Ge Monochromator, and a Myth&nStripdetector

in transmission geometry.
Magnetic measurements

Magnetic measurements on the compounds were cauitagsing a SQUID MPMS-XL5 from

Quantum Design with an applied field of 5000 G, anthe temperature range from 300 to 50
K (or 2 K). The sample was prepared in a gelatapsale held in a plastic straw. The raw data
were corrected for the diamagnetic part of the darhplder and the diamagnetism of the

organic ligand using tabulated Pascal’'s const&fits.
Optical properties

Absorbance spectra were obtained using an Agil&éais spectrophotometer 8453 (Agilent
Technologies, USA) operating in a spectral range9®-1100 nm. The spectra were measured
at 298 K in quartz cells with 1 cm lightpath (HellnGermany).
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Cyclic voltammetry

Redox potentials were obtained using a CH InstrusnEtectrochemical Analyser (610E) in
0.1 M NBwPR/MeCN with a platinum electrode, referenced to OMM1AgNO3 at room

temperature with a scan rate of 50 mV. s
Cell culture

The human melanoma cell line 518A2, and the huménaarcinoma cell lines HT-29, HCT-
116M, and HCT-11837" and the cervix carcinoma cell line HeLa were waliéd in
Dulbecco’s Modified Eagle Medium supplemented witi% FBS, and 1% antibiotic—

antimycotic at 37 °C, 5% CQand 95% humidity. Only mycoplasma-free culturesenesed.
MTT assay

The cytotoxicity of the compounds was studied ¥ia MTT based proliferation as$&y on
cells of 518A2 melanoma (obtained from the depantnoé Radiotherapy and Radiobiology,
University Hospital Vienna, Austria), HT-29 (DSMZXC-299) and HCT-116 (DSMZ ACC-
581) colon carcinomas, HeLa (DSMZ ACC-57) cervixrcaaoma, and human dermal
fibroblasts (adult) HDFa (ATCC® PCS-201-012™). Becells (100uL per well; 5 x 16
cells per mL) were grown in 96-well plates for 2drid then treated with varying concentrations
of the test compound or solvent control (DMSQO) 7@rh. After centrifugation of the plates
(300Qg, 5 min, 4 °C), the supernatant was discarded anpd. per well of a 0.05% MTT solution
in PBS was added to the wells and incubated for After another centrifugation step the
supernatant was discarded and the formazan praeipitas dissolved in 2hL. DMSO
containing 10% SDS and 0.6% acetic acid for attléaks at 37 °C and the absorbance of
formazan (570 nm) and background (630 nm) was medsuth a microplate reader (Tecan).
The 1Go values were calculated as the mean * standarchtd®viof four independent

experiments.
Cellular uptake

For measurement of the cellular uptake of the coppeplexes into colon carcinoma cells
ICP-MS analysis of cell lysates was carried ouer€fore, HCT-118 cells were seeded at a
density of 2 x 10cells per dish and grown over night. The cells vgriesequently treated with

4 uM of the test compounds under cell culture condgicAfter 24 h the cells were washed
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with 1 x PBS, harvested, counted and pelleted.cEtie were lysed using the microwave acid
(HCI) digestion system (CEM Mars®). Copper contgas determined using ICP-MS (Agilent
7000, Japan). The copper content of untreated @8 + 0.31 ng Cu per 0ells) has already

been subtracted from the presented values.
Ethidium bromide saturation assay

Salmon sperm DNA (SS-DNA, Sigma-Aldrich) was pipdtinto a black 96-well plate in TE
buffer (10 mM Tris-HCI, 1 mMEDTA, pH 8.5) to reach a final amount ofi@ per 10QuL and
incubated with varying concentrations of completed0, 14 and CuS®@for 2 h at 37 °C.
Afterwards, 10QuL of a 10pug mL™ ethidium bromide solution in TE buffer was adde@#ch
well. After 5 min of incubation, the fluorescenckx(= 535 nm,dem = 595 nm) was detected
using a microplate reader (Tecan F200). Each fhaenece value was corrected by possible
intrinsic compound and ethidium bromide backgrotlndrescence. As all experiments were
carried out in triplicate, the relative ethidiunobride fluorescence was calculated as mean +

SD with solvent controls set to 100%.
Electrophoretic mobility shift assay

Circular plasmid DNA pBR322 (1.pg, Thermo Scientific) in TE buffer (10 mM Tris-H,
mM EDTA, pH 8.5) was incubated with dilution ser@scisplatin (CDDP) or complexels
10, and14 (0, 5, 10, 25, 5@M) at 37 °C for 24 h (2Q.L total sample volume). Then, samples
were subjected to gel electrophoresis using 1%oagagels in 0.5x TBE buffer (89 mM Tris,
89 mM boric acid, 25 mM EDTA, pH 8.3). After stamgi the gels with ethidium bromide (10
ng mL™Y), DNA bands were documented using UV excitatiotpdfiments were carried out at

least in duplicate.
NBT assay

The effect of the test compounds on the relativelteof reactive oxygen species (ROS) was
studied by using the NBT assd}.518A2 melanoma cells (1Q0. per well, 1 x 18cells per
mL) were seeded in 96 well plates and allowed toeesi for 24 h. Then, the cells were treated
with the test compounds (1 and (i) or vehicle (DMSO) for 24 h. After centrifugati@B0Qg,

5 min, 4 °C) the supernatant was discarded andelewere incubated with 28 of a 0.1%
NBT solution in PBS for 4 h at 37 °C. Then, thelxglere centrifuged again (30 min, 4

°C) and the NBT solution was withdrawn. The preeif@d formazan was dissolved for 30 min
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by adding first 25uL of a 2 M KOH solution and then 38. DMSO. Then, the absorbance of
formazan (630 nm) and background (405 nm) was medsuth a microplate reader (Tecan).
The formazan absorbance of the vehicle treatedaaells was set as 100% ROS generation.
All experiments were performed in sextuplicate hesg in the relative ROS generation as the

mean + standard deviation.
Topoisomerase | inhibition assay

To detect a potential inhibition of topoisomeraserélaxation assay with supercoiled plasmid
DNA was performed. Therefore, nuclear extracts @oimg topoisomerase type | and Il
enzymes were prepared from HT-29 colon carcinomis &y differential centrifugation.
Briefly, 0.5pug pBR322 supercoiled plasmid DNA (Carl Roth) wasuimated with the nuclear
enzyme extracts in assay buffer (50 mM Tris/HCD #@M KCI, 1 mM DTT, 1 mM EDTA, 5
ng mL™ acetylated bovine serum albumin, pH 7.5) with iragyconcentrations of the test
compounds for 30 min at 37 °C. The absence of ATEhé reaction mixture prevented the
activity of topoisomerase type Il enzymes and th¢3D concentration was standardised to
1% for all samples to exclude influence of the solv Reaction products were extracted with
phenol-chloroform—isoamyl alcohol mixture (49.8:5}: 1; Sigma Aldrich), mixed with joL

of 5x loading dye, loaded onto a 1% agarose geledextrophoresis was carried out at 66 V
for 3.5 h. Gels were stained with ethidium brom{d@é ng mL™?) for 30 min, washed with
ddH0O and photographed under UV light.

10.4 Conclusions

We presented 15 new Cu(ll) complexes with differemdentate Schiff base-like ligands
bearing varying substituents on the pyridine rimg ¢ghe chelate cycle. Single crystal X-ray
structures of nine complexes were obtained andigsszl. Compounds with no substituents on
the pyridine ring crystallised as dimeric or polymmeomplexes, with the metal centres being
bridged by the anions. The introduction of substitls on the pyridine ring led to the
crystallisation of square planar compounds withrisi---1t and Tt--1t interactions. The
compounds were tested for their cytotoxic actiwdyards various cancer cell lines. Three

previously described complexes with the same ttaterligand KIL1) but different anions were
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investigated as well to rule out a potential infloe of the anion. Most compounds were
moderately active with 165 values > 1QuM. Two complexes X0 and14) bearing only ester
side chains on the chelate perimeter and electeasi®g methoxy or methyl groups in 4-
position of the pyridine ring showedd&ralues in the low single-digit micromolar rangé&eT
respective complexes with a cyanide side chaireatsiof an ester groudX and 15) were
inactive (IGo> 50uM). The counter anion of the complexes does nahdeebe crucial for the
antiproliferative effect. These observations prewat entry point for future drug optimisations.
In terms of the mode of action and the biologieagéts of the active copper complexes we
could exclude the involvement of reactive oxygesacsgs and any significant DNA interaction,
but confirmed the inhibition of topoisomerase bBtdeast contribute to their anticancer effect.
This sets them apart from other known topoisomdraebitory Cu(ll) complexes that already
carry anticancer active ligands such as plumb&giand that interfere with ROS levels and
bind to DNA.
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10.6

Supporting Information

Table S1.Crystallographic data of the complexes discussedisnwork.

4 5 7 8 9
CCDC 1566628 1566629 1566630 1566631 1566632
formula [(12—Br)(CulL1)] [(12—Br)(CulL2)] [(—Br)(CuL4)h [(12—Br)2(CuL5)] [(12—Br)(CuL6)]
sum formula @eH30Br2CueN4Os  CoaH26Br2CueN4Os  C12H12BrCuNsO2 CaeH3Br2CueN4Os  Co4H26BraCueN4Os
M/ g mot? 781.44 721.39 373.70 905.57 753.38
crystal system triclinic triclinic monoclinic moniiaic triclinic
space group P-1 P-1 P2i/c P2i/n P-1
crystal blue green block blue block green plate green block blue green prism
description
al A 7.7302(4) 7.9933(7) 7.6905(4) 10.5383(6) 8.0856
b/ A 9.2879(5) 9.2785(11) 24.3476(14) 9.5476(5) B9{2)
o A 10.2517(5) 9.4396(10) 7.7833(4) 17.4636(12) 1094(5)
al° 94.782(4) 90.031(9) 90 90 75.675(4)
A° 94.310(4) 98.575(7) 113.207(4) 100.791(5) 86.846(4)
Yo 108.849(4) 111.440(8) 90 90 68.045(4)
v/ A3 690.07(6) 643.21(12) 1339.46(13) 1726.04(18) 67B)L2
Z 1 1 4 2 1
Praicd g cm 1.880 1.862 1.853 1.742 1.848
4 mnmt 4.485 4.798 4.614 3.600 4.567
crystal size/ 0.090x0.070x0.065 0.110x0.105x0.097 0.110x0.10280.00.104x0.097x0.093 0.099x0.084%0.075
mm
F(000) 390 358 740 908 374
T/ K 133(2) 133(2) 133(2) 133(2) 133(2)
A A Mo-K, 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073 Mo-K 0.71073
Orange/ ° 2.00-28.50 2.2-28.6 1.68-28.67 2.11-28.47 1.9-28.4
Reflns. 3242 7822 3151 4145 3198
collected
Indep. 2709 (0.0317) 3021 (0.1611) 2226 (0.0608) 26938@0) 2677 (0.0299)
reflns.Rint)
Parameters 181 163 172 226 172
R1 (all data) 0.0266 (0.0361) 0.0814 (0.1116) 0.0404 (0.0654)  738((0.1115) 0.0241 (0.0332)
wR2 0.0628 0.2878 0.1099 0.2261 0.0560
GooF 0.985 1.064 0.960 1.011 0.997
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Table S1.(continued)

12 15 17 18
CCDC 1915615 1915614 1915617 1915616
formula [CuL9BI] [CuL12Br] [CuL14Br] [CuL15Br]
sum formula @H16BrCICuN2O4 C13H14BrCuNsO2 Ci15H1aBrCuN:O4 C13H14BrCuNsO2
M/ g mott 455.19 387.72 434.77 387.72
crystal system triclinic triclinic monoclinic triclic
space group P-1 P-1 P2./a P-1
crystal description green cube green plate greate pl green plate
alA 8.0351(3) 7.8986(4) 7.9002(3) 7.5494(2)
b/ A 9.6830(3) 8.2689(3) 18.0037(6) 8.2358(3)
o A 11.4547(4) 11.3892(4) 11.3870(5) 12.3671(4)
al ° 98.869(3) 85.890(3) 90 107.000(3)
A 102.321(3) 78.823(3) 94.962(4) 96.398(3)
ue 104.864(3) 81.476(3) 90 102.191(3)
VI A3 820.70(5) 720.98(5) 1613.54(11) 706.30(4)
z 2 2 4 2
Praicd g CME 1.842 1.786 1.790 1.823
ul mntt 3.947 4.289 3.851 4.378
crystal size/ mm 0.095x0.076x0.065 0.119x0.1178.09 0.079%x0.052x0.037 0.085%0.045%0.032
F(000) 454 386 876 386
T/ K 133(2) 133(2) 133(2) 133(2)
A A Mo-K, 0.71073 Mo-K 0.71073 Mo-k 0.71073 Mo-K 0.71073
Orange/ ° 1.9-28.5 1.8-29.1 1.6-28.4 1.8-28.5
Reflns. collected 12083 8912 12531 10623
Indep. reflns Rint) 3966 (0.030) 3350 (0.028) 3900 (0.058) 3406 ()02
Parameters 208 181 208 181
R1 (all data) 0.0368 (0.0504) 0.0296 (0.0431) 0.0430 (0.0642) 2Tr(Q0.0400)
wR2 0.0995 0.0741 0.1137 0.0659
GooF 1.04 1.034 1.04 1.05
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Table S2.Selected bond lengths/A and angles/® of the coxegleiscussed in this work.

Cu—Npy Cu-N Cu-0O Cu-X Cu—X-Cu X-Cu-X
4  20126(19) 1.928(2)  1.9363(18) 2.4316(4)91.15(1)  88.85(1)
2.8919(4)
5 1.993(7) 1.924(8) 1.926(6) 2.4419(14p1.16(4)  88.84(4)
2.9264(15)
7 1.995(3) 1.949(3) 1.951(3) 2.4153(6) 95.92(2)  96.08(2)
2.8131(6)
8 1.994(6)  1.945(5)  1.918(4)  2.4330(12B6.70(4)  93.30(3)
2.9152(12)
9 2.0001(17) 1.9316(17) 1.9256(17) 2.4281(3)91.17(1)  88.83(1)
2.9752(4)
12 1.995(3) 1.930(3) 1.923(3) 2.3787(5) [/ /
15 2.026(2) 1.976(2) 1.9730(18) 2.4174(4) |/ /
17 1.990(3)  1.936(3)  1.940(2)  2.3770(6) / /
18 2.005(2)  1.928(3)  1.9481(16) 2.3588(4) / /
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S1.Structures ob(top left),8 (top middle),9 (top right),12 (bottom left),15 (bottom middle), and8 (bottom right).

Ellipsoids were drawn at 50 % probability level.ddggen atoms were omitted for clarity.

12 15 18

Table S3.Summary of the C—H1t/ X-Y---Ttinteractions of the complexes presented in thiskwor

Cy H-CyA  X-H-Cg° X--CyA
Y-CgA  X=Y-Cy°
C12-H12A Cul-O1-C9-C8-C7-N2 2.83 141 3.644(11)
C6-HB6A  Cul-O1-C9-C8-C7-N2 2.66 141 3.485(4)
C10-H10B N1-C1-C2-C3-C4-€5 2.81 141 3.634(5)
12 C3-Cl1 Cul-N1-C5-C6-N2  3.3478(14) 84.40(11) 3.614(3)
17 C10-H10A N1-C1-C2-C3-C4-€5 2.98 132 3.709(4)

Cul-Br1 Cul-N1-C5-C6-N2 3.3662(14) 83.37(3) 3.8900(14)
Cul-Brl N1-C1-C2-C3-C4-E5 3.8784(15) 118.56(3) 5.4320(15)
a:—3-x, -y, —z; b: x, 32—y, 1/2+z; c: x, 3/2~y, —1/2+z; d: 1-x, —y, 2-z; e: —1/2+x, 1/2—y, z; f: 1/2+X, 1/2-y, z.
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Table S4.Selected distances and angles ofrtthetand M—Ttinteractions of the complexes presented in thikwGy(l) is the
centroid of the ring number & is the dihedral angle between the ring§s the angle between the vectoIE— Cy(J) and

the normal to ring lyis the angle between the vectaIL— Cqy(J) and the normal to ring J.

Cy(1) Co(J) G—CyA al° ae n°

4 Cul-O1-C9-C8-C7-N2 N1-C1-C2-C3-C42C53.9305(14) 2.29(11) 255 24.0
N1-C1-C2-C3-C4-C5  CBbil 3.982 0 29.86 0

12 Cul-N1-C5-C6-N2 Cul-O1-C9-C8-C7EN2.3580(16) 2.53(12) 9.6 9.8
N1-C1-C2-C3-C4-C5  N1-C1-C2-C3-C4¢C53.4951(18) 0.02(15) 17.4 17.4
Cu1l-N1-C5-C6-N2 ct1 3.544 0 22.30
Cul-01-C9-C8-C7-N2 Ch1l 3.707 0 28.89

15 Cul-N1-C5-C6-N2 Cul-O1-C9-C8-C74N2.2977(14) 3.99(10) 11.6 11.9
Cu1l-N1-C5-C6-N2 N1-C1-C2-C3-C42C5 3.6338(14) 0.81(12) 19.5 187
Cu1l-N1-C5-C6-N2 cu1 3.635 0 30.33
Cul-01-C9-C8-C7-N2 Ct1l 3.423 0 20.86
N1-C1-C2-C3-C4-C5  Cail 3.570 0 16.69

17 Cul-N1-C5-C6-N2 Cul-O1-C9-C8-C7€N23.5852(18) 4.02(14) 21.8 18.6
Cu1l-N1-C5-C6-N2 ca1 3.890 0 32.59
Cul-01-C9-C8-C7-N2 Cl1l 3.444 0 16.48

18 Cul-N1-C5-C6-N2 Cul-N1-C5-C6-N2  3.5980(14) 0.02(11) 20.0  20.0
Cu1-N1-C5-C6-N2 Cul-O1-C9-C8-C7hN23.4963(13) 1.40(10) 22.6 23.6
Cu1l-N1-C5-C6-N2 N1-C1-C2-C3-C49C5 3.6748(13) 3.91(11) 22.6 223
Cul-01-C9-C8-C7-N2 N1-C1-C2-C3-C4eC53.5589(13) 2.74(10) 17.7 18.0
Cu1-N1-C5-C6-N2 ci1 3.650 0 2830 0
Cu1l-N1-C5-C6-N2 cel 3.907 0 30.19 0
Cul-01-C9-C8-C7-N2 Chl 3.322 0 14.07 0
N1-C1-C2-C3-C4-C5  Cal 3.548 0 2111 0

a: 1-x, 1=y, —z; b: 1-x, 1-y, 2-z; ¢: 1%, —y, 2-z; d: 1%, —y, —z; e: 1/2+x, 1/2—y, z; f: —1/2+x, 1/2—y, z; g: 2-x, —y, 1-z; h: 1-X, -y, 1-z.
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Table S5.Hydrogen bonds and angles of the complexes pregémthis work.

Donor Acceptor  D-H/A H-A/A D--AA D-H-Al°
4 C3-H3 BrE 0.95 2.82 3.606(3) 140
C6-H6B BrP 0.99 2.77 3.652(3) 149
5 C2-H2 o2 0.95 2.48 3.203(12) 133
C6-H6A Brd 0.99 2.83 3.730(9) 151
C6-H6B (0) 0.99 2.56 3.378(11) 140
7 C6-H6B Bri 0.99 2.88 3.766(4) 149
C7-H7 Br® 0.95 2.84 3.744(4) 159
C7-H7 o2 0.95 2.39 3.318(9) 164
C3-H3 Bri 0.95 2.90 3.602(2) 132
C6-H6B Bri 0.99 2.92 3.829(2) 153
12 C2-H2 Br 0.95 2.91 3.842(3) 167
C4—H4 o3 0.95 2.30 3.142(4) 148
15 C6-H6A BrI" 0.99 2.88 3.747(3) 147
17 C4-H4 O3 0.95 2.42 3.370(5) 173
18 C7-H7 BrE 0.95 2.85 3.622(2) 139
C13-H13C Bri 0.98 2.91 3.832(3) 157

a: x,—l+y, z; b: 1-x, 1=y, —z; c: 1+x, 1+y, 1+z; d: =3—x, —y, 1-z; e: =3—%, —y, —z f: 1+x, 3/2—y, 1/2+z; g: 1+x, y, 1+z; h: 2-%, —y, 1-z; i:
—1+x, 1+y, z; j: 1%, 1=y, 2-z; ke =%, -y, 2-z; |: 2—%, 1=y, 2—z; m: 1+x,y, z; 0: —1/2—%, 1/2+y, —z; p: 2%, 1=y, 1-z.

Figure S2.Powder X-ray diffraction patterns and calculatedtgrn of4, 5, 7, 8, and9. Calculated patterns were obtained at

133 K, measured at room temperature.
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Figure S3.Powder X-ray diffraction patterns and calculatattgrns ofL2, 15, 17, and18. Calculated patterns were obtained

at 133 K, measured at room temperature.
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S4. ymT vs. T plots of compound4, 5, 6, 7, 8, and9.
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Figure S5.ymT vs. T plots of compound$0, 11, 12, 13, 14, and15.
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Figure S6.ymT vs. T plots of compounds6, 17, and18.
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Table S6 Data of the magnetic measurements wighat 300 K xmT at 300 K, 50 K, and, if measured, 2 K, and, if detaed,

the coupling constard g, and TIP.

Hett[UB]  ymT [cm3K™'molY]  ymT [cmPKtmolY]  ywT [cmPKtmolY] J[em™] g TIP
(300 K) (300 K) (50 K) (2K) [cmPmol]
4 288 1.04 0.84 0.83 0.38(5) 2.057(3) 7.45(1aY
5 3.15 1.24 0.89
6 233 0.68 0.50
7 2.06 0.53 0.43
8 3.02 1.14 0.92
9 290 1.05 0.93 1.09 3.38(19) 2.163(4) 5.79(UTY
10 2.16 0.58 0.46
11 2.01 0.51 0.42
12 2.05 0.52 0.42
13 2.06 0.53 0.41
14 2.15 0.58 0.42
15 1.99 0.50 0.42 0.21
16 1.99 0.49 0.44
17 2.05 0.53 0.42
18 2.05 0.53 0.44 (120 K)*

*due to technical difficulties this complex couldlp be measured until 120 K.
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Figure S7.UV-Vis spectra ofl-6 (1 in H20, 2-6 in DMSO) at the indicated time points.

1.0 1.0
1 —0h

= —24 h -
S 08 ——48h| qo8 3
& ——72h <
c =
S S
S o0t Joe g
w 0w
0 0
< <
o i )
@ oaf {04 B
© ®
1= 1S
1= =
o [=]
Z g2l Joz =

00 1 1 1 1 L OAO

400 500 800 700 800 900 1000
A[nm]
1.0 1.0
3 J—

e ——24h ==
3 08 ——48h | 408 3
< ——72h <
| = =
i<} e}
=1 o
5 06 | ~ 0.6 5
w (72}
fa) 0
< <
B B
o 04 —404 R
T T
£ E
2 2

02| 402

00 1 1 1 1 1 OAO

400 500 600 700 800 900 1000
A[nm]

Normalised Absorption [a.u.]

0.0

700
A[nm]

900

1.0

0.8

06

04

Normalised Absorption [a.u.]

0.2

0.0

1000

1.0 1.0
2 ——2O0h

——24h

0.8 ——48h| o8
——72h

06 | 406

04 404

02 402

OD 1 1 1 1 1 OAD

400 500 600 700 800 900 1000
A[nm]

0.0

0.8

06

04

02

0.0

1.0

0.8

0.6

0.4

0.2

0.0
400 500 600 700 800 900 1000
A [nm]
1.0
6 —0h
——24 h
- ——48h| 08
—72h
- 406
- H04
o d02
1 1 1 1 1 L 0'0
400 500 800 700 800 900 1000
A[nm]

211



Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S8.UV-Vis spectra off—12 (DMSO) at the indicated time points.
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Figure S9.UV-Vis spectra ofLl3-18 (DMSO) at the indicated time points.

Normalised Absorption [a.u.] Normalised Absorption [a.u.]

Normalised Absorption [a.u.]

1.0 1.0
13 —on
——24h _
0.8 ——48h| 408 S
——72h =
=
S
o
06 | {06 &
w
fa)
<
B
04 F Joa 3
T
E
[=]
02l lo2 <
O.D 1 1 1 1 1 00
400 500 600 700 800 900 1000
A[nm]
1.0 1.0
15 —on
——24h _
0.8 —48h| HJo8 3
——72h &
| ==
S
o
06 {08 S
w
=)
<
=)
04 Joa 3
©
E
[s]
02t Jo2z <
(o) — P S — L TR Y
400 500 600 700 800 900 1000
A[nm]
1.0 1.0
17 —on
——24h _
08 ‘\—48 hl 4os 3
|——72h =
L = c
k=]
06 | {06 &
w
0
<
he)
04 Joa 3
©
E
2
02 Jo2
0_0 L 1 1 1 1 1 OO
400 500 600 700 800 900 1000
A[nm]

1.0 1.0
14 —on
——24h
08 F ——48h| 408
—72h
06 | 406
04 404
02 402
O.D 1 1 1 1 1 1 0_0
400 500 600 700 800 900 1000
A[nm]
1.0
0.8
0.6
04
02 F
0.0 1 1 1L 1 x 1 1 n 1 L 0-0
400 500 600 700 800 900 1000 1100
A[nm]
1.0 1.0
18 —0h
——24h
0.8 ——48h| 408
e 72 [
06 [ 406
04 F 404
02k 402
O_D 1 1 1 1 1 00
400 500 600 700 800 900 1000
A[nm]

213



Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S10.Cyclic voltammograms (MeCN, 0.1 M NBR®Fs, vs. Ag/AgNQ, 50 mV/s) ofl-6.
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Figure S11.Cyclic voltammograms (MeCN, 0.1 M NBRFs, vs. Ag/AgNQ, 50 mV/s) of7-12.

—_

Current [A

Current [A]

Current [A]

6.0E-06

4.0E-06 -

2.0E-06
0.0E+00
-2.0E-06
-4.0E-06
-6.0E-06
-8.0E-06
-1.0E-05
-1.2E-05

6.0E-06
4.0E-06
2.0E-06
0.0E+00
-2.0E-06
-4.0E-06
-6.0E-06
-8.0E-06
-1.0E-05

2.0E-06

1.0E-06

0.0E+00

-1.0E-06

-2.0E-06

-3.0E-06

-4.0E-06

-5.0E-06

<
=
g
5
O
1.5 1.0 0.5 0.0 -0.5 -1.0
Potential [V]
<
=
g
5
€]
1 1 1 1 1
1.5 1.0 0.5 0.0 -0.5 -1.0
Potential [V]
<
€
g
5
&}
1.5 1.0 0.5 0.0 -0.5 -1.0
Potential [V]

6.0E-06

4.0E-06

2.0E-06

0.0E+00

-2.0E-06

-4.0E-06

-6.0E-06

-8.0E-06

-1.0E-05

3.0E-06

2.0E-06

1.0E-06

0.0E+00

-1.0E-06

-2.0E-06

-3.0E-06

-4.0E-06

2.0E-06

1.0E-06

0.0E+00

-1.0E-06

-2.0E-06

-3.0E-06

0.82V
1 1 1 1 1
1.5 1.0 0.5 0.0 -0.5 -1.0
Potential [V]
10 -0.62 V-

1.5

0.82V
1 1 L 1
1.0 0.5 0.0 -0.5 -1.0
Potential [V]

.86 V
1.0 0.5 0.0 -0.5 -1.0
Potential [V]

215



Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S12.Cyclic voltammograms (MeCN, 0.1 M NBR®Fs, vs. Ag/AgNQ, 50 mV/s) 0f13-18.
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Figure S13.UV-Vis spectra o8, 8, and11in PBS.
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S14.UV-Vis spectra of compounds 10, and14 (100 uM) in PBS at 37 °C at the indicated time f®in
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S15.Relative ethidium bromide—DNA adduct fluorescenftergre-incubation with vehicle (0 pM) af 10, 14, and
CuSQ (25, 50, 75, 10QM) for 2 h. A decreased fluorescence indicatesiraction between DNA and test compound which

least three independent experiments with contetl$os100 %.
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Figure S16.Electrophoretic mobility shift assay (EMSA) witiraular pBR322 DNA. DNA was incubated with cis-platin
(CDDP, top left),1 (top right),10 (bottom left), orl4 (bottom right) (O, 5, 10, 25, M) for 24 h and subjected to agarose gel
electrophoresis followed by ethidium bromide stainiSupercoiled form (top) and open circular fobotfom). Pictures are

representative for at least two independent exparim
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S17.Effect of copper complexels-18, CuSQ, and HL11 on the relative superoxide levels in&A8nelanoma cells
after 24 h incubation as determined by NBT assalye.ROS production (%) was obtained as the meanntatd deviation

of six independent experiments with respect toaatad control cells set to 100 %.
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Figure S18.Mass spectrum (DIP, El, pos.) &f

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
100 — Scan 30#4:34. Entries=782. Base M/z=93.1. 100% Int.=61,9008. EI. POS. Probe =226. KD 389 / C13H15N203CuBr
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S19.Mass spectrum (DIP, El, pos.) &f

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
Scan 43#6:33. Entries=626. Base M/z=93. 100% Int.=104,832. El. POS. Saturated. Probe =253. KD 386 / C12H13N202CuBr
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Figure S20.Mass spectrum (DIP, El, pos.) @&f

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
100 — Scan 33#5:02. Entries=711. Base M/z=93.1. 100% Int.=55,9872. El. POS. Probe =212. KD 403 / C14H17BrN204Cu
93
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S21.Mass spectrum (DIP, El, pos.) af
SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.

100 = Scan 34#5:28. Entries=520. Base M/z=93.2. 100% Int.=47,9232. El. POS. Probe =232. KD 427 / C12H12BrCuN302
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Figure S22 Mass spectrum (DIP, El, pos.)&f

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
Scan 23#3:30. Entries=590. Base M/z=93. 100% Int.=73,2416. EI. POS. Probe =222. kD 398 / C18H17N203CuBr
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S23.Mass spectrum (DIP, El, pos.) @f

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
Scan 31#4:43. Entries=797. Base M/z=92.8. 100% Int.=89,6512. El. POS. Probe =235. SuS 21 / C12H13N203BrCu
93
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Figure S24.Mass spectrum (DIP, El, pos.) 1.

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
Scan 25#3:48. Entries=1180. Base M/z=123. 100% Int.=59,3408. EI. POS. Probe =207. KD 564 / C15H19BrCuN205
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S25.Mass spectrum (DIP, El, pos.) bf.
SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.

100 = Scan 34#5:10. Entries=761. Base M/z=261. 100% Int.=18,0544. El. POS. Probe =247. KD 531 / C13H14BrCuN303
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Figure S26.Mass spectrum (DIP, El, pos.) b2.

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
100 = Scan 20#3:02. Entries=1241. Base M/z=127. 100% Int.=55,9616. El. POS. Probe =206. KD 565 / C14H16BrCICuN204
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S27.Mass spectrum (DIP, El, pos.) b3.

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
100 = Scan 33#5:01. Entries=1226. Base M/z=127. 100% Int.=37,888. El. POS. Probe =222. KD 562 / C12H11BrCICuN302
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Figure S28.Mass spectrum (DIP, El, pos.) .

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
Scan 18#2:44. Entries=1206. Base M/z=133. 100% Int.=58,5984. El. POS. Probe =205. LP-37 Co-Komplex/ C15H19BrCuN204
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S29.Mass spectrum (DIP, El, pos.) 1b.
SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
100 = Scan 35#5:19. Entries=1145. Base M/z=107.2. 100% Int.=57,728. El. POS. Probe =248. LP 18 / C13H14BrCuN302
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Figure S30.Mass spectrum (DIP, El, pos.) b.

SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
100 = Scan 33#5:01. Entries=1065. Base M/z=107.1. 100% Int.=58,88. El. POS. Probe =204. LP 41 [Cu(L39D)Br]/ C13H1hBrCuN302
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Copper(ll) complexes with tridentate Schiff baseliigands: solid state and solution structuresaniitancer effects

Figure S31.Mass spectrum (DIP, El, pos.) bf.
SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.

Scan 36#5:47. Entries=1270. Base Mz=133.1. 100% Int.=58 5728. EI. POS. Probe =191. KD 570 / C15H19BrCuN204
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Figure S32.Mass spectrum (DIP, El, pos.) t8.
SCAN GRAPH. Flagging=Nominal M/z. Highlighting=Base Peak.
100 — Scan 16#2:34. Entries=1381. Base M/z=133.2. 100% Int.=56,2432. El. POS. Probe =214. KD 571/ C13H14BrCuN302
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