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Abstract

In this work, the synthesis and characterization of novel bio-inspired macrocyclic tetradentate
and open-chained N-heterocyclic carbene (NHC) ligands are designed with distinct electronic
properties. These ligand precursors were employed in the synthesis of various transition metal
complexes, such as iron and group 10 and 11 metals. The resulting transition metal complexes

were developed for catalytic and medicinal applications.

Compared to the existing imidazole-based system, two ligands with 4,5-diphenylimidazole or
4,5-(para-fluorophenyl)imidazole as NHC moieties were synthesized for epoxidation catalysis.
One of the key objectives is to explore how the ligands’ donor properties influence the iron
center and the stability of the complexes in oxidation catalysis. In addition, a naphtho[2,3-
dlimidazolium-based ligand was developed to improve the stability of the resulting iron com-

plexes compared to the existing benzimidazole-based system.

Furthermore, palladium, platinum, and gold complexes containing novel saturated and unsatu-
rated ethylene-bridged NHC ligands (macrocyclic and open-chained) were investigated in vitro
for their cytotoxic effects on cancer cells. Notably, one of the synthesized gold complexes
demonstrated the ability to induce apoptosis in neuroblastoma cells and overcome cisplatin

resistance.

Additionally, a pipetting robot named “MULA” was developed to enhance laboratory workflows
and improve the reproducibility of results. This versatile robot supports various applications,
including precise timed catalytic sampling, high-throughput screening for crystallization optimi-

zation, and precise NMR sample preparation.



Kurzzusammenfassung

In dieser Arbeit wird die Synthese und Charakterisierung neuartiger, makrozyklischer und of-
fenkettiger N-heterozyklischer Carbene (NHC), die unterschiedliche elektronische Eigenschaf-
ten aufweisen, prasentiert. Diese Liganden wurden zur Synthese verschiedener Ubergangs-
metallkomplexe mit Eisen und Metallen der Gruppen 10 und 11 verwendet. Diese Ubergangs-

metallkomplexe wurden fur katalytische und medizinische Anwendungen entwickelt.

Im Vergleich zum bereits existierenden Imidazol-basierten System werden zwei Liganden ent-
wickelt, welche aus 4,5-Diphenylimidazol- und 4,5-(para-Fluorphenyl)imidazol Einheiten be-
stehen. Die Wirkung der donierenden Eigenschaften der Liganden auf das Eisenzentrum und
die einhergehende Stabilitdt der Komplexe werden untersucht. AuRerdem wurde ein Ligand
auf Naphtho[2,3-d]imidazolium Basis entwickelt, um die Stabilitdt zuklnftiger Eisen-Katalysa-

toren zu verbessen.

Daruber hinaus wurden Palladium-, Platin- und Gold-Komplexe, mit neuartigen gesattigten
und ungesattigten, ethylenverbriickten NHC-Ligaden (makrozyklisch und offenkettig) auf ihre
zytotoxischen Wirkungen auf Krebszellen in vitro untersucht. Einer der synthetisierten Gold-
Komplexe zeigte die Fahigkeit, Apoptose in Neuroblastomzellen auszulésen und Cisplatin-Re-

sistenzen zu Uberwinden.

Des Weiteren wurde ein Pipettierroboter namens ,MULA*" entwickelt, um Laborablaufe zu op-
timieren und die Reproduzierbarkeit von Ergebnissen zu verbessern. Dieser vielseitige Robo-
ter unterstitzt verschiedene Anwendungen, einschlieBlich praziser zeitgesteuerter katalyti-
scher Probenahme, Hochdurchsatz-Screening zur Optimierung der Kristallisation verschiede-

ner Verbindungen und prazises Vorbereiten von NMR Ansatzen.
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1.Introduction
1.1. Oxidation Catalysis

The production of complex pharmaceuticals and polymers, amongst other important industrial
goods, relies on functionalizing and converting various alkanes, primarily obtained by refining
mineral oil and natural gas.''”"! After refining, the crude mineral oil is distilled into fractions, such
as gaseous fuel, naphtha, kerosene, and heavier compounds.”® Thermal steam cracking of
naphtha results in unsaturated hydrocarbons, including ethylene and propylene, with an an-
nual production of 225.5 million tons (2022) and 150.3 million tons (2022).[-"4!

Besides being polymerized into highly sought-after polyethylene and polypropylene, a signifi-
cant portion is converted into ethylene oxide and propylene oxide through epoxidation.? 1%17]
This process typically uses hydrogen peroxide, alkyl hydroperoxides, peracids, or oxygen in
the presence of a transition metal (TM) catalyst to convert the olefins to their respective epox-
ides.l"® "I The interest in these epoxides lies in their reactivity, as the tension in the three-
membered ring allows for regio- and stereoselective opening by numerous nucleophiles and
also mechanistic interactions for antibiotic and antitumor reagents.?” The resulting 1,2 func-
tionality is a common biological motif and thereby has a major significance for organic synthe-

sis. Consequently ethylene- and propylene oxide are subsequently converted into glycol, pol-

ycarbonates, polyesters, polyurethanes, and epoxy resins, among other products.* 212!
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Figure 1. Examples of products of ethylene- and propylene oxide.[® 21-26]

1.1.1. Industrial Olefin Epoxidation Catalysis

In the 20™ century, Union Carbide synthesized ethylene oxide via the two-step chlorohydrin
process, achieving 80% selectivity. However, the process was inefficient economically due to
the high chlorine consumption and wastewater treatment.?”! To address this, Union Carbide
developed a direct catalytical oxidation process, which remains today's most common indus-
trial method for ethylene epoxidation. Ethylene is directly oxidized by oxygen from air or pure

oxygen and catalyzed via an a-alumina-supported silver nanoparticle catalyst.”” 28! However,



this process is only applicable to olefins without allylic C-H bonds due to the stabilization of the

olefin resulting in low yield and selectivity towards the epoxide.?® 3"

0,, [Ag@AI,03]
2 > 2
200-300 °C, 10-20 bar

Scheme 1. Ethylene epoxidation with [Ag@Al.O3] and oxygen. !

When propylene is reacted under the same conditions, a large margin is over-oxidized to CO-
and H,0, and the formation of acrolein or acrylic acid as main products occurs.?”3!:32 The
development of an industrial direct oxidation process for propylene using selectively dioxygen
to epoxidize propylene is still in development and has been referred to in chemistry as the
“holy grail” due to its difficulty.!® 27303335 The most common procedures for obtaining propyl-

ene oxide are the chlorohydrin and (hydro)peroxide processes.® 273031

The chlorohydrin route (Scheme 2) includes a two-step process using chlorine and water,
which generates hypochlorous acid as an intermediate and reacts with polypropylene to the

propylene chlorohydrin isomers at 35-50 °C and 2-3 bar.

2 HOCI
2 - >
35-50 °C, 2-3 bar

-H,0
-CaCly/NaCl

Ca(OH),/ NaOH

Scheme 2. The chlorohydrin process is illustrated by its two-step reaction using propylene as an example.?

The second step includes the in-situ dehydrochlorination of the isomers with calcium- or so-
dium hydroxide at 25 °C to obtain polypropylene and further purification via distillation. Propyl-
ene oxide is obtained with a selectivity of ca. 90% in reference to the applied propylene.l® "
1 However, as already mentioned, one of the disadvantages is the high chlorine consumption.
Furthermore, the chlorohydrin process generates unwanted side products, such as 1,2-chlo-
ropropane and chloride salts, and an enormous effort has to be made to treat the brine solution
because of the high wastewater load.** 3"l Therefore, alternative routes were developed in-
volving direct oxidation with organic hydroperoxides as oxidants and various high-valent TM
catalysts, such as MoO3; or Mo(C0)s.*?! Although molybdenum catalysts utilizing TBHP (tert-

butyl hydroperoxide) show high activity and selectivity, they depict some major disadvantages



since molybdenum is considered toxic and TBHP is more expensive.?” 3® However, a signifi-
cant breakthrough was achieved by Enichem in 1983 with the introduction of a titanium-sub-
stituted silicalite-1 (TS-1) catalyst. This innovation enabled liquid-phase oxidation and the use
of hydrogen peroxide as a more environmentally friendly and cost-effective oxidizing agent
compared to TBHP.I® 341 By implanting this innovation, Evonik, EniChem, Dow, and BASF
developed the HPPO (hydrogen peroxide to propylene oxide) industrial state-of-the-art pro-
cess (Scheme 3), in which propylene is oxidized in methanol in the presence of the catalyst

TS-1 and hydrogen peroxide. 3311

H,0, [TS-1]
7 > + H,0
40 °C, 1 atm, (MeOH) -

Scheme 3. Depiction of the HPPO process using hydrogen peroxide and TS-1 catalyst to oxidize propylene.%

1.1.2. Homogenous Olefin Epoxidation Catalysis

In contrast to heterogeneous epoxidation catalysts, homogenous catalysts are considerably
less prevalent in the industry, as the metal precursors are usually expensive, and the synthesis
of the respective catalysis may include multiple steps. In addition, homogenous catalysts are
generally very difficult to separate and can rarely be reused due to low stability. However, in
terms of activity, selectivity, and tolerance, they are superior compared to heterogeneous sys-

tems. % 4241

Therefore, such catalysts are mainly used in the chemical industry for fine chemicals, fra-
grances, and pharmaceutical products, which are comparably expensive (Figure 2). Further-
more, the defined structure of homogeneous catalysts allows for easier mechanistic investiga-

tions compared to heterogeneous catalysts."¢4%!
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Figure 2. Selection of epoxides of fragrances, antibiotics, and pharmaceuticals containing epoxides (marked yellow)
in the synthesis stage.[5-54]

Pioneers such as Sharpless®® %¢!, Kochit®®"! Jacobsen!®® *° Katsuki®® ", Herrmann'®? %3 and
Espenson'® % have significantly advanced the field of homogeneous epoxidation catalysis.
Notably, Sharpless’s groundbreaking method of epoxidizing allyl alcohol with over 90% enan-
tiomeric excess earned him the Nobel Prize in chemistry in 2001, highlighting his contribution

to asymmetric homogenous epoxidation catalysis.?® %
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Figure 3. Chemical structures of important epoxidation catalysts studied by Sharpless!®® ¢! (left), Kochi, Jacobsen,
Katsukit5® 57- 59 (middle), Espenson, and Herrmannt®2-69 (right).

Another proven epoxidation catalyst is methyltrioxorhenium (MTO), which was first synthe-
sized in 1978 by Beattie and Jones and later applied by Herrmann and Espenson. It has great
versatility as a catalyst for oxidation catalysis.!* ¢ However, its broader industrial application
has been limited by the high cost of rhenium and the complexity of synthesizing advanced
complexes. Moreover, the aforementioned catalysts have primarily been used for relatively
simple organic molecule synthesis."> " Consequently, inspired by nature, research has
shifted toward developing more enantioselective, cost-efficient, less toxic, and more environ-

mentally friendly alternatives.*” !



1.1.3. Bioinspired Oxidation Catalysis

In nature, most biological oxidations are commonly achieved with the iron-based heme protein
cytochrome P450 (CYP450) oxidase and soluble methane monooxygenase (sSMMO).[>78 One
of the key features of those enzymes is their ability to catalyze numerous highly selective ox-

ygen insertions into challenging substrates under mild physiological conditions.

For instance, CYP450 (Figure 4, left) can selectively insert oxygen into C-H bonds of sub-

strates such as alkenes and aromatic compounds. Similarly, sMMO (Figure 4, right) catalyzes

the conversion of methane to methanol using atmospheric oxygen.[’* 76.77. 79
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Figure 4. Chemical structures and active sites of CYP450 (left)"7: 81 and sMMOI®": 821 (right).

In the case of CYP450, the active center consists of a heme-B cofactor with a Fe(lll) ion. The
iron is coordinated by a porphyrin ring, an axial water, and a cysteine residue, which coordi-
nates the heme-iron complex to the protein. The S-donor properties of cysteine play a critical
role, due to its trans effect, in coordinating and subsequently reducing molecular oxygen.®
The exact mechanism of the oxidation process by CYP450 has been extensively studied over

the past decades (Scheme 4).[72 73 78.80.84-93]
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Scheme 4. Simplified scheme of the epoxidation mechanism of cytochrome P450 enzymes utilizing molecular ox-
ygen as oxidant.[2 73, 78, 80, 84-93]

In the initial phase, the low-spin Fe(lll) complex 1 is reduced to the Fe(ll) complex 2 via a single
electron reduction of NADPH by P450 oxidoreductase (POR).*® Molecular oxygen replaces
the labile water ligand and coordinates to the resulting high-spin complex, forming a Fe(lll)
end-on superoxide species 3 in a formal redox reaction.[”® This species then undergoes an-
other reduction-protonation step, resulting in an end-on n'-hydroperoxo Fe(lll) species 4.1
This species can also be formed via the “peroxide shunt” pathway by the direct coordination
of hydrogen peroxide to the Fe(lll) heme complex./ 77949 The subsequent heterolytic cleave
of the O-O bond results in the formation of a formal Fe(V) oxo species 5, which is considered
the active species capable of oxygen transfer to an available substrate. In 1979 Groves
demonstrated with his pioneering work that the species 5 is more accurately described as a

Fe(IV) oxo porphyrin radical 6, due to the stabilization abilities of porphyrin, by decolonization



of the positive charge of the high valent Fe(V) intermediate onto the porphyrin scaffold, result-
ing in a formal Fe(IV) oxo cationic radical species.l’” 8 % 91 |n the final step, 6 transfers the
oxygen atom to the olefin, forming the epoxide and the initial Fe(lll) species 1.8% 913 Thijs
interaction with the ligand system, to alter the metal’s oxidation state via redox activity plays a

[77, 92, 98, 99

vital role in the substrate oxidation and is called non-innocence. | Because of this

ability, porphyrins were studied in more detail.

The group of Groves was the first to develop a bioinspired porphyrin-catalyzed epoxidation
model by oxidizing cyclohexene 7 to the corresponding epoxide 8 with an iron tetrakis(phe-
nyl)porphyrin (FeTPPCI) 9a in catalytic amounts and idosylbenzene (PhlO) as the stochio-
metric oxidant.['® However, the system lacked utility, based on the average yield (49%) and
the large excess of substrate used. An assumption was that the efficiency of catalyst 9a de-

creased due to oxidative degradation.!"*"!
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Scheme 5. Oxidation of cyclohexene 7 to the epoxide 8 with bioinspired porphyrin catalysts 9a/b.['%0: 1011

Chang managed to identify the problem as irreversible oxidation of the porphyrin, which results
in the observed deactivation of the catalyst.l'% By introducing pentafluorophenyl groups (9b)
at the meso-position of the porphyrin ring, Chang was able to increase the yield of Groves

model reaction up to 95%.'°"

It was postulated that decreasing the electron density in the porphyrin ligand would enhance
the electrophilicity of the reactive oxo iron (V) species and the reactivity, resulting in a higher
yield and prolonging the respective catalyst's life span.['®® Therefore, different variations with
electron-donating (EDG) and electron-withdrawing groups (EWG), such as tetramesitylporphy-
rin (TMP, EDG) and 2,6-difluorphenylporphyrin (DFPP, EWG), in the meso-position of the por-
phyrin ring were synthesized. The resulting influence on the catalytic reactivity was studied in
an effort to understand the electronic effects of porphyrins on the chemical properties of the
Fe-oxo intermediates.® '%19] The results indicated that the catalytic activity increased by in-
troducing EWGs, and the oxidizing power of the Fe-oxo complex could be controlled by mod-

ifying the electronic system of the porphyrin ligand (Figure 5).['0% 106. 1081
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Figure 5. Possible modifications of the meso-position and its stereo-electronic influence on the catalytic reaction
progression.[1%7]

Inspired by the reactivity, selectivity, and essential role of porphyrins in biological systems-
such as photosynthesis and oxygen transport- a lot of resources have been invested in devel-
oping biomimetic iron catalysts over the past decades.[®5 194197 1091111 Thg resulting biomimetic
iron catalysts are divided into heme and non-heme complexes.'"”! Heme catalysts are modi-
fied compounds that are based on porphyrin ligands, while non-heme catalysts are based on

tetradentate N-, O-, C-, or S-donors.['07: 112:117]

1.1.4. Non-Heme-Iron Catalysts

Iron complexes with N-donors have been widely studied for their catalytic applications and
reaction mechanisms. Commonly used N-donors include amines, pyridines, and pyrrolidines,
and so far, a variety of tetra N-donor ligands, such as cyclam, TPEN, TMC, and TPM, have
been employed in non-heme iron complexes.[''? 18 119 One of the first non-heme iron epoxi-
dation catalysts [Figure 6, (Fe'"),PBATA(OAc),] was reported by Que in 1986, which is inspired
by the sSMMO subunit."?? In 1991 Nam reported the first epoxidation catalyst with a single iron

center utilizing the cyclam ligand system [Figure 6, trans-Fe'(cyclam)].l'?"!

Over the decades, numerous non-heme iron complexes have been synthesized to explore
their structure-reactivity relationships. Que, Costas, White, Nam, and Valentine have exten-
sively studied the mechanism of these complexes, which was found to be somewhat similar to
CYP45O.[113' 121-125]
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Figure 6. Chemical structure of non-heme iron catalysts for oxidation reactions (top) and various ligands for
non-heme complexes (bottom).[107; 112, 117,120, 121, 126]
However, despite the immense effort, the mechanism remains partially understood, and non-
heme iron catalysts still fall short in terms of efficiency and stability under oxidative conditions

compared to the enzymes they are supposed to mimic or Mo, and Re-based complexes.[''?

In recent years, N-heterocyclic carbenes (NHCs) have emerged as a promising alternative to
the widely studied and applied N-donating ligands.!"?"-128 In 2012, Kiihn reported an iron-based
oxidation catalyst that demonstrated significantly better performance than purely N-donor lig-
and-based catalysts. For example, while the cis-Fe'(BPMEN)(OTf,) catalyst (Figure 6)
achieves a turnover frequency (TOF) of only 17 h™" and a turnover number (TON) of 8.4, in the
epoxidation of cis-cyclooctene, the NHC-based catalyst 10 (Figure 7) achieved a TOF of 800
h™' and a TON of 50, even without additives."?> '2° 13% Sybsequent iron catalysts 11a and 11b,
employing a 16-membered macrocyclic tetra-NHC ligand, achieved even greater results, with
initial TOFs of 50 000 h™" for 11a and up to 183.000 h™ for 11b with a selectivity of 99% in the
same model epoxidation reaction, even outperforming MTO in terms of activity.!'*" *2 However
the stability of those catalysts is nowhere near optimized as Mo- and Re-based catalysts.®!
To overcome the stability issues, Kiihn’s group modified the macrocyclic structure by adjusting
the electron-donating ability of the ligand. A comparative catalytic study of the resulting iron

catalysts 12 and 13 was conducted. The results revealed that decreasing the electron density



improved the stability of the respective iron complex; however, this came at the cost of reduced

oxidative catalytic activity and vice versa.!'*!

Nevertheless, the remarkable performance improvement of 10-13 compared to traditional non-

heme catalysts with purely N-donor ligands underlines the potential of NHCs as highly prom-

ising ligands for homogeneous catalytic applications.""?
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Figure 7. Structures of Kiihn’s iron oxidation catalysts based on NHCs.[12%. 131, 133]
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1.2. N-Heterocyclic Carbene Ligands

In the 1960s, Ofele and Wanzlick discovered a new class of N-heterocyclic carbene (NHC)
compounds."** 3% |n contrast to Fischer and Schrock carbenes, which found wide applications
as ligands in catalysis and organic synthesis, these compounds were to that date considered
mere “lab curiosities”.['*® 371 Schrock was also awarded the Nobel Prize in 2005 in chemistry

for olefin metathesis with transition metal carbene complexes.['38 139
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Figure 8. Structures of different carbene complex types.[134-136. 1401

Approximately 30 years later in 1991 Arduengo et al. published the first stable, isolated free
NHC with two sterically demanding adamantly wingtips.!"*"! Prior to that, NHCs were consid-
ered to be highly reactive, unstable, and not isolatable due to the fact that they tend to dimerize

) [142

(Wanzlick equilibrium 1 Since Ardueongo’s report, this class of compounds has emerged as

extremely important ligands in organometallic chemistry.!'3: 144]
R R R
N N N .
| s | = @\NAN/@
[ ? [N\ N] \—/
R R

Wanzlick equilibrium Arduengo
Figure 9. Wanzlick equilibrium (left) and first published free NHC published by Arduengo (right).[43. 1441

NHCs are defined as heterocyclic species containing a carbene carbon and at least one nitro-
gen atom within the ring structure.l'*®! In contrast to classical carbenes, NHCs have a singlet
ground state electronic configuration with the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), best described as a formally sp?-hybridized
lone pair and an unoccupied p-orbital at the carbene carbon atom.!"*>"4"] The adjacent nitrogen
atoms donate their free m-electrons to the unoccupied p-orbital, while at the same time with-
drawing electron density on the o-level due to their high electronegativity.'"*> '*® This interac-
tions combined are described as +M/-I push-pull effect.l'*® 49 The electronic and steric prop-

erties can also be fine-tuned by modifying the wingtip- and backbone position of the NHCs.

11
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Figure 10. Structural features and modification options of NHCs.

Based on these modification sites, which can support functional groups or other donating moi-
eties, suitable chelating ligands can be developed for catalytic applications.!''? 4% 1% Fyrther-
more, the adjustment of the steric conformation can influence the NHC-metal complexes' ste-
reoselective effect. Introducing an unsaturated backbone can also increase the stability of the
NHC by approximately 100 kJ/mol due to partial aromaticity, thereby reducing the need for
bulky steric wingtips for stabilization.!"** %' 152 On the other hand, when a saturated backbone
is introduced, electron density becomes concentrated on the C2 carbene carbon due to the
lack of -interactions, increasing the carbene's basicity. As a result, saturated NHCs are slightly
stronger o-donor ligands than their unsaturated counterparts.

NHCs are also valuable alternatives to phosphines, which they are often compared to.!"": 5%

%1 However, NHCs are significantly stronger o-donors and do not dissociate from the metal

as easily as phosphines often do.[45 14615
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1.2.1. Electronic Properties Determination of NHCs

One of the commonly used methods to determine the donating properties of NHC ligands (L)
can be expressed by Huynh’s electronic parameter (HEP), derived from the complexation of
the respective ligand (L) in the trans position with a Pd(ll)-NHC-complex containing a benzim-

idazolyidene spectator ligand, which results in a trans-[PdBry('Pro-bimy)L] complex (Figure
11)_[146, 156, 157]
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Figure 11. Literature HEP values of some ligands. The stronger the o-donor strength, the higher the HEP value.['46:
158-160]

The resulting properties of the ligand (L) can be measured via the *C-NMR shift of the carbene
carbon signal of the spectator ligand. A strong electron-donating ligand increases the so-called
“free carbene” character of the benzimidazolyidene spectator ligand, which leads to a down-
field shift of its ™®*Cnc signal. When a weak electron-donating ligand is applied, the "*Cnuc
signal of the benzimidazolyidene spectator ligand will stay rather upfield shifted.['4¢: 149 157]
These shifts are the HEP values and primarily describe the o-donating ability of the ligand.!*®:
11 Furthermore, this principle can also be used for linear Au(l)-NHC complexes, which are in

good correlation to the obtained HEP values from the Pd(I1)-NHC-complex.!'®?

An alternative is the Tolman electronic parameter (TEP), derived from the CO stretching fre-
quencies obtained by infrared (IR) vibrational spectroscopy in cis-[RhCI(L)(CO-)] (Figure 12)
or [Ni(L)(CO)z], which was originally developed for phosphanes but can be used to determine
the electron donating ability of NHC ligands in transition metal carbonyl complexes.!'46 163!

However, the TEP value only gives information about the net electron density at the metal

13



center without separating o-donation from m-interactions.!"*® ¥ This method has also its limi-

tations and needs to be complemented by "’Se-NMR spectroscopic and computational meth-

ods to validate the results.[®5 5]
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Figure 12. Literature calculated TEP values for cis-{[RhCI(CO),L] in CH,Cly.[146. 157, 158, 167, 168]

In addition to the above-mentioned methods, electrochemical measurements can be con-
ducted to determine the redox potential of metal complexes, which their surrounding ligands
can influence. Strong electron-donating ligands facilitate the oxidation of the metal, lowering
the redox potential. On the other hand, weak electron-donating or strong accepting ligands
increase the redox potential of the respective complex. The electrochemical parameter called
Lever electronic parameter (LEP) can be determined by measuring the redox potential of cis-
[MCI(COD)L] (M = Rh or Ir, COD = 1,5-cyclooctadiene) with the respective ligands.['46 1691701
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Figure 13. Literature redox potentials of ¢is-[RhCI(COD)L] complexes in CH;Cl, with BusNPFs as electrolyte.['46]
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1.2.2. Synthesis of NHC Ligands

NHCs are commonly synthesized from their corresponding imidazolium salts, which can be
obtained either by condensation reactions (route 1) or Sn2 reactions (route Il) (Scheme 6).1'""
721 This allows for various ligand precursors, which can subsequently be converted into tran-
sition metal-NHC complexes via different synthetic routes (route IlI-VIl) (Scheme 7), such as
the transmetalation route (lll), where Ag20 is used as an internal base and generates an in situ
Ag(l) complex. The Ag(l) complexes can subsequently be treated with a metal precursor bear-
ing a halide, which results in the precipitation of insoluble silver halide and the respective NHC
complex. An alternative route (IV) is the direct metalation of the in situ generated carbene using
a weak base, such as NaOAc, followed by the formation of the metal-NHC complex. Less
commonly employed routes include complex formation via the Wanzlick-type-dimer (V), a-

elimination (VI), or the reduction of thione with potassium, followed by the NHC complex for-

mation with the respective metal precursor (VII).['73177]
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R,R’ = wingtip; X = halide, PFg, OTf .....

Scheme 6. Synthetic routes (1, Il) for obtaining common NHC precursors via condensation (I) and alkylation (I1).I'"":
172]
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Scheme 7. Common synthetic approaches to transition metal NHC complexes with Ag-O as an external base fol-
lowed by transmetalation (lll), complex formation via Wanzlick-type-dimer (IV), external base (V), thermal leaving
group (LG) followed by complex formation via the free carbene (VI), in situ reduction of thiourea followed by for-
mation of the transition metal NHC complexes (VII).['73-177]

In recent years, progress in this field has shifted from complexes with mono- or bidentate NHC
ligands to multidentate ligands with enhanced chelating activity. Particular emphasis has been
placed on developing acyclic or macrocyclic tetradentate ligand motifs to enable comparisons

with the corresponding class of pure N-donor non-heme complexes.['"®

In 2002, Baker et al. synthesized the first macrocyclic Ni(ll) carbene complex (14), which in-
corporates two NHC units as C-donors and two pyridine units as N-donors.!'"”® Three years
later, Hahn et al. published the first macrocyclic Pt(ll) tetra-NHC complex (15).1'®@ However,
Murphy et al. recognized that the inherent stability of the complex 15 made further transition
metalation reactions impossible. In 2007, Murphy’s group synthesized a ligand precursor con-
taining four imidazole units bridged by propane, and the resulting complexes showed that the
macrocyclic NHC ligand coordinated two metal atoms. Subsequent experiments led to the

successful synthesis of a Pd(ll) complex (16) coordinated by all four NHC units.!"8"]

In 2011, Jenkins et al. reported the first macrocyclic tetra-NHC iron complex (17) and investi-
gated its ability to catalyze the aziridination of olefins by aryl azides.!'*? In 2013, Meyer et al.
achieved the first isolation and characterization of an Fe(IV)-oxo species using a macrocyclic
tetra-NHC ligand (18). This breakthrough highlighted the ability of this ligand class to stabilize

16



highly valent iron-oxo species and also the possibility that these NHC complexes can be used

for oxidation catalysis.!"®!
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Figure 14: Structural overview of different NHC complexes reported by Baker et al. (14), Hahn et al. (15), Murphy
et al. (16), Jenkins et al. (17), and Meyer et al. (18).1179-183]

In the following years, Kiihn’s group advanced the field by developing Fe(ll) and Fe(lll) cata-
lysts using 16-membered macrocyclic tetra-NHC ligands (Figure 7).'3'13%. 184 Additionally, they
reported various group 10 and 11 metal NHC complexes with the same ligands (Figure 15),

investigating their antiproliferative activity and selectivity against cancer cells.['8 18]

S R E
%\NAN/\S H
N=, Sy = vN R
oM PFo
N< \77N> e _&\N/’* ¥’§_R
SNN S / ,\ X
\
=i, pd", P, A" R‘?_?‘: /AN:]N R
\
/ R
7 &
R
ik a
Q\NAN/@ R_ .- Ho .-
<N'—’-’:,,~ RO _ :ﬂ = :ﬂ = Ag', A'; X = PFg
N . /N> n OTf R™ H”
oD
R .- -
:ﬂ = @ = Ad', Au’; X = OTf
=Ni", pd", Pt R™ ™ o
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1.3. Medicinal Chemistry

1.3.1. Chemotherapy and its Challenges

In 2022, there were an estimated 20 million new cancer cases and 9.7 million deaths, accord-
ing to the World Health Organization (WHO).['®"] Cancer, in general, is defined as uncontrolla-
ble cell growth resulting in malignant tumors capable of invading nearby tissues.!'®'%% The
concept of tumor formation involves a multistep process of genetic alteration in healthy cells,
giving mutated cells an advantage in terms of proliferation and selective survival. However,
despite the significant advancements in cancer research, the exact mechanisms of tumor for-
mation, known as tumorigenesis, remain not fully understood.!"®* "% According to Hanahan
and Weinberg, two key characteristics drive cancer evolution: genomic instability, which leads
to genetic diversity and mutations, and the adaptation of cancer cells to evade the body’s im-
mune response.!'®% " Common types of cancer include lung-, breast-, colorectum-, prostate-

and stomach-cancer.'®®!

Besides radiotherapy, a common treatment of cancer often involves chemotherapy, which is
frequently combined with surgery. This therapy employs highly potent cytotoxic agents to target
and eliminate rapidly proliferating cancer cells.['®2%! For instance, some agents disrupt the
integrity of cell membranes (necrosis), causing the cell to rupture and release its cytoplasm,
potentially inducing inflammation in surrounding tissues (autophagy). In contrast, others induce
the desired programmed cell death (apoptosis).”° While there are several ways to kill cancer-
ous cells, the most commonly studied subclasses of chemotherapy for induced apoptosis in-

clude alkylating-, antimetabolites-, anthracyclines- and antimitotic-agents (Scheme 8):1'9% 202

203
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Scheme 8. Simplified representation of the mechanism of action for the main chemotherapy agents used. Including

DNA alkylating-, antimetabolite-, anthracycline-, and antimitotic-agents.[?%3

Alkylating agents bind alkyl groups to the N”-nitrogen atoms of guanine in DNA, preventing
replication and leading to cell death.?* Classic alkylation examples include Cyclophos-
phamide, Chlormethine or Melphalan (Figure 16).12°2% P|atinum-based drugs like cispla-
tin and carboplatin, classified as “alkylating-like agents,” function similarly by coordinating
with the N’-nitrogen of guanine and thus prevent DNA replication, leading to the inevitable
cell death.2%% 210
Antimetabolite agents interfere with the cell’s metabolic processes by mimicking or inhibit-
ing metabolites essential for DNA synthesis.*'"! The most common subclasses include py-
rimidine- and purine-analogs:
Pyrimidine analogs mimic natural pyrimidines and interfere with DNA production, e.g.,
Cytarabine (Figure 16).2'?!

Purine analogs disrupt the synthesis of purine nucleotides, leading to defective DNA

formation, e.g., Mercaptopurine (Figure 16).[2"!

Anthracycline agents are multifunctional agents that target DNA and disrupt cell processes
by several mechanisms.*'* These include the Inhibition of topoisomerase Il (manages the
topology or physical state of the DNA), DNA intercalation, which blocks replication and
transcription, and the generation of reactive oxygen species (ROS).?' [e.g., Doxorubicin
(Figure 16)]121!

Antimitotic agents specifically disrupt the mitotic phase (M-phase) of the cell cycle by inter-
fering with the microtubule dynamics required for cell division of eukaryotic cells.?'"! Ex-

amples include Vincristine and Paclitaxel (Figure 16).[2"" 218!
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The high reactivity of those cytostatic agents comes with a low selectivity for cancer cells,
leading to severe side effects by impacting healthy cells as well. For example, cisplatin, ap-
proved by the Food and Drug Administration (FDA) in 1978, can cause nausea, nephrotoxicity,
and diarrhea, among other side effects.”*"! Prolonged treatments further enable cancer cells
to adapt, reducing the effectiveness of cytostatic agents.*? 2% |n addition, classical drug de-
velopment requires high throughput screening by pharma companies for a certain medical
application, which is prone to reproducibility errors and also costly and time-consuming. There-
fore, significant effort has been made to design more selective drugs, leading to the develop-
ment of targeted therapies.[®® 2*¥ This approach involves designing drugs that interact specif-
ically with enzymes, genes, or peptides that are overexpressed or mutated in malignant cells
by selectively targeting these molecules while sparing healthy tissues.!'*® 2% Three examples
of targeted therapy are small molecule inhibitors, monoclonal/conjugated antibodies, and

poly(ADP-ribose)-polymerase (PARP) inhibitors.

¢ Small molecule inhibitors are small molecules designed to penetrate the cell membrane
and interact with intracellular targets, such as kinases.”**®! For example, Imatinib (Glivec®)
inhibits the tyrosine kinase associated with chronic myelogenous leukemia.?*”! Additionally,
small molecule inhibitors have proven effective against specific mutations in cancer cells
such as BRAF (melanoma) or EGFR (lung cancer).1?%!

¢ Monoclonal antibodies cannot cross the cell membrane but can bind to specific receptors
on the cell surface. This interaction either blocks signaling pathways or triggers an immune
response.?3% 249 A notable example is Trastuzumab (Hereptin®), which targets the overex-
pressed HER-2 gene in breast cancer.**'! Monoclonal antibodies can also be conjugated
with radioactive isotopes (e.g., '""Lu, ?®Ra or ®'l) or toxic agents to selectively deliver
these “payloads” to cancer cells, enhancing the precision of the treatment.?*%

e PARP is an enzyme that repairs single-strand breaks (SSBs) in DNA. If PARP is inhibited,
these SSBs accumulate and become double-strand breaks (DSBs) during DNA replication.
In “healthy cells,” DSBs are repaired by homologous recombination repair pathway (HRR),
but in cancer with, e.g., a BRCA1/BRCA2 mutation, this repair pathway is defective, which
leads to the accumulation of the damaged DNA, resulting in cell death.*? Olaparib
(Lynparza®) and Niraparib (Zejula®) are examples of PARP inhibitors used for ovarian can-

cers.BP4
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Figure 17: Examples of small molecule and PARP inhibitors.[243: 2441

However, despite these advancements, resistance remains a constant challenge.l'®® 2% Con-
sequently, research has also explored alternative strategies, such as the development of new

metallodrugs that target distinct mechanisms of action.?*!

1.3.2. Transition Metal NHC Complexes for Potential Anticancer Drugs

One of the most prominent chemotherapeutics known is cisplatin, which is also chemically
known as cis-diamminedchloroplatinum(ll) and was synthesized in 1844 by Pyrone.**”) The
antiproliferative activity against Escherichia coli (E. coli) was accidentally discovered by Ros-
enberg in 1965, and in 1978, cisplatin was approved by the FDA for clinical use.?®': 24250 pye
to the severe side effects of cisplatin and the increasing resistance of cancer cells, several

strategies have been explored to address these limitations.

One approach involves the synthesis of platinum-based derivatives, resulting in the develop-
ment of a wide array of approved platin drugs over the years (Figure 18). Some of the more
recent platin drugs, such as Nedplatin, Heptaplatin, Lobaplatin and Dicycloplatin are not world-
wide approved.?®'2** However, cisplatin and its derivatives have become less dominant due

to resistance and severe side effects.
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Figure 18. Cisplatin and the main platinum-based drugs, worldwide approved (Cisplatin, Carboplatin and Oxali-
platin) and single nations approved platinum-based drugs (Nedaplatin, Heptaplatin, Miriplatin, Lobaplatin and Dicy-
cloplatin) .[251-256]

Research has also focused on mimicking the electronic properties of Pt(Il), prompting investi-
gations into Au(lll) for its comparable d3-configuration and preference for a square-planar ge-
ometry. However, Au(lll) has been found unsuitable under physiological conditions, as thiols

like albumin rapidly reduce it to Au(l).1?°"- 2%

Further research on Au(l) complexes led to the discovery of Auranofin (Ridaura®)(Figure 19),
a linear Au(l) complex approved in 1985 as an orally active antirheumatic agent and has been
tested in a phase |l clinical study against chronic lymphocytic leukemia.?® 2% Screening of
auranofin also revealed anti-parasitic, anti-bacterial, and anti-viral properties. In 2020, it was
also discovered that auranofin “inhibits the novel coronavirus (SARS-COV-2) replication and

attenuates inflammation in human cells”.1?%"!
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Figure 19. Chemical strucutre of Auranofin (Ridaura®).[25%

Subsequently, the studies on various gold complexes were expanded on the antiproliferative

applicability to various cancer cell lines, including cisplatin-resistant cancer cell lines, in vitro

[262-264

and in vivo. 1 Numerous biological studies have shown that most gold compounds form
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relatively weak bonds or none with cellular DNA, suggesting a DNA-independent mode of ac-
tion contrary to cisplatin analogs.®® This led consequently to a detailed investigation into their

mechanism of action.[2°¢271l

A defining reactivity of gold complexes under physiological conditions bearing at least one
labile ligand is their high affinity to thiol and selenol groups. It was discovered that auranofin
and its phosphine analogs induce apoptosis primarily via a mitochondrial pathway and interact
with the enzyme thioredoxin reductase (TrxR), which is overexpressed in cancer cells.[?%% 272
2RI TrxR is part of the thioredoxin system, and in total, there are two forms of the system known,
TrxR2 and Trx2 (thioredoxin 2), and the cytosolic TxR1 and Trx1, responsible for the formation
of reduced disulfide bonds.!?%% 2702741 |n addition, Trx acts as an antioxidant by reducing perox-
iredoxin (Prx). The thioredoxin system's main purpose is to reduce reactive oxygen species
(ROS), like hydrogen peroxide, to harmless water formed in the respiratory chain (Scheme
Q).[267.269-271. 2751 By hinding to the selenocysteine or cysteine of these proteins, the redox cycles
S.[257' 269,

are disrupted, which leads to the accumulation of reactive ROS, leading to apoptosi

276,271 The concept of the ROS mechanism is simplified in Scheme 9.
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Scheme 9. Concept of the working Trx system (top) and the inhibition with auranofin of the Trx system leading to
the accumulation of ROS (bottom).[269. 2731

One major limitation of gold complexes, such as auranofin, is their labile ligands, which can
irreversibly bind to transporter proteins like human serum albumin (HSA), or antioxidants such
as glutathione (GSH). This deactivation prevents the drug from reaching the malignant cells in
vivo.?®2 278 The extent of this deactivation is strongly influenced by the stability of the gold
complex.?®® 2781 Consequently, significant research has been directed toward stabilizing these

complexes against premature reactions and finding an optimal balance between reactivity and
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stability.?"*>%" This balance is crucial, as increased stability against GSH and HAS can also

lead to a diminishing targeted interaction with TrxR.[266: 279, 282]

Among the various types of ligands explored, more stable Au(l)-NHC complexes have gained
attention as potential anticancer compounds.?’® 28328 NHC ligands are particularly valuable
due to their modular structure, allowing the preparation of wide ligand libraries to determine
optimal ligands for electronic- and steric properties and the polarity of the respective com-
plexes.['*® The latter, as reported by Berners Prize, plays a crucial role in the cellular uptake
through the lyophilic cell membrane, which correlates with the cytotoxicity and the selectivity
towards cancer cells compared to non-malignant cells.?®”- 288 Modica-Napolitano et al. further
suggests that the cationic charge and relatively large lipophilic ligands found in these com-
plexes are responsible for a phenomenon referred to as delocalized lipophilic cations (DLCs).
Due to the negative membrane potentials, DLCs offer a selectively targeted accumulation of

toxic substances in the mitochondria of cancer cells.[28% 2%

However, not all Au(I)-NHC complexes target the mitochondria and the TrxR system. For in-
stance, the caffeine-based Au(l)bis-NHC complex is an efficient and selective DNA quadru-
plex-interacting agent.®®' 22 |n addition, since Arduengo’s groundbreaking work in 1991, the
number of reports on applications in the field of medicinal chemistry for transition metal NHC
complexes has significantly increased, demonstrating promising antibacterial- ,antiviral-, anti-
proliferative properties and different mechanisms of action, further broadening their potential

applications [141, 257, 285, 293-298]

In conclusion, significant resources are devoted in general to drug discovery research. In 2023,
pharma companies like Merck&Co. (USD 30.5 billion), Roche (USD 14.7 billion), Novartis
(USD 13.6 billion), Johnson& Johnson (USD 11.9 billion USD) invested billions of US-Dollar
(USD) in research and development (R&D).**%
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1.3.3. Rising Costs in Drug Development: Addressing Reproducibility

Despite the remarkable progress in synthesizing new drugs and uncovering novel mechanisms
in the oncogenic process, the success rate for approval of oncology drugs remains low, with
approval rates as low as 20% in 2004.%° Between July 2017 and July 2022, the FDA approved
a total of 67 novel oncology therapeutic products for example, lung cancer (n= 10, 14.9%),
breast cancers (n = 8, 11.9%), leukemia (n = 10, 14.9%) and lymphoma (n = 9, 13.4%).*°"

Over time, pharmaceutical R&D has faced a steady decline in productivity.?°?! While other in-
dustries have seen improved output per dollar invested, drug discovery and development have
become increasingly expensive, with the investment required for new drugs approximately
doubling every nine years between 1950 and 2010.2%! |t was estimated that the actual R&D
cost per newly approved drug at 12 major pharmaceutical companies ranged from 3.7 to 11.9
billion USD.13%

One reason for the rising costs is that every new drug must demonstrate superiority over all
existing drugs. Furthermore, health authorities have become more cautious of safety issues,
particularly after the incidences involving Cerivastatin and Rofecoxib (Figure 20).253%! |n ad-
dition, clinical trial failure rates have increased considerably within the last two decades, with

the highest failure of 90% in oncology.F*%!
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Figure 20. Chemical structures of Cerivastatin (Lipobay®) and Rofecoxib (Vioxx®).[310. 311]

Another major contributing factor, common across all sectors of R&D in both large companies

and universities, is the “reproducibility of published findings”.22317]

Recent analyses by the pharmaceutical industry have shown that most of these published
studies could not be reproduced under well-controlled and standardized conditions.®'¥ In
2011, Prinze et al.- investigated 57 drug discovery projects in the fields of cardiovascular dis-
ease and oncology, concluding that more than two-thirds of them were major discrepancies
compared to published data, ultimately leading to project termination. Others have reported
reproducibility issues in more than 50% of biomedical literature.?'®-*?% These estimates should,
however, be treated with caution due to the influence of many contributing factors -such as
mishandled reagents, poorly defined laboratory protocols, and the challenges involved in rec-

reating and comparing experiments -the economic impact is still significant.®?"! Freedman et
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al. estimated in 2015 that, in the USA alone, 28 billion USD is spent annually on preclinical

research that is not reproducible.??

Most approaches to addressing the so-called “reproducibility crisis“ aim to minimize human
errors by focusing on developing and implementing guidelines, standards, and best prac-
tices.?#-3%] While these measures could enhance reproducibility, they would also make re-
search slower and more costly. An alternative approach involves automated laboratories or
platforms, where guidelines are encoded in software, robots, and artificial intelligence (Al) to

assist humans in their decisions, improve workflow, and enhance reproducibility.®2"-3%"!
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2.0bjective

The primary objective of the present thesis is to fine-tune the electronic properties of tetraden-
tate NHC ligand systems used for iron NHC epoxidation catalysis by introducing electron-do-
nating or electron-accepting backbone modifications. Therefore, new ligand systems are de-

veloped to optimize the performance of the respective iron NHC catalysts.

Another key objective is synthesizing a series of ligands with saturated and unsaturated back-
bones and adjustments to cavity sizes to explore their influence on the catalytic activity of

corresponding iron-NHC complexes.

Additionally, the thesis also aims to improve the workflow of catalytic experiments. This in-
cludes automating tedious tasks such as time-controlled sampling during catalysis or preparing
various dilutions for stock solutions or analytics. A “catalysis robot” is designed to perform such

tasks to enhance reproducibility and reduce manual workload.

Lastly, the open-chain or tetradentate macrocyclic ligands, originally developed for iron epoxi-
dation catalysis, will also be explored for their potential to synthesize new group 10 or 11 metal

complexes and evaluate their antiproliferative activity against various cancer cell lines.
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3.Results and Discussion — Publication Summaries - Re-

print Permissions
This chapter summarizes the published results of the doctoral thesis.

3.1. Synthesis, Characterization, and Biomedical Evaluation of Eth-
ylene-bridged tetra-NHC Pd(ll), Pt(ll) and Au(lll) Complexes, with
Apoptosis-inducing Properties in Cisplatin-resistant Neuroblas-

toma Cells

Wolfgang R. E. Biichele,” Tim P. Schlachta,” Andreas L. Gebendorfer, Jenny Pamperin, Leon
Richter, Michael J. Sauer, Aram Prokop, Fritz E. Kihn*

RSC Adv. 2024, 14, 10244-10254, DOI: 10.1039/D4RA01195C.B3"!
# Equally contributed to this work.

*Corresponding authors
3.1.1. Publication Summary

The article presents the synthesis, characterization, and biomedical evaluation of novel eth-
ylene-bridged NHC ligands (19-23) and their corresponding Pd(ll), Pt(ll), and Au(lll) complexes
(24-31) (Figure 21).

Two types of macrocyclic ligands were developed: one with an unsaturated imidazole back-
bone (19-20) and the other with a saturated imidazoline backbone (21-22). Furthermore, an
open-chained saturated imidazoline ligand (23) was developed and forms open-chained tetra
carbene Pd(Il) and Pt(ll) complexes (30-31) with two coordinated NHC ligands (Figure 21).
The ethylene-bridged NHC ligands are analogs to methylene-bridged NHC ligands used for
the iron complexes 11alb. Structural characterization using single-crystal X-ray diffraction (SC-
XRD) revealed that the metal complexes adopt distorted square planar geometries, with lig-
ands in a syn conformation and a strongly saddle-shaped structure. Furthermore, NMR anal-
ysis showed unexpected downfield carbene carbon signals in the imidazoline complexes,
providing insight into their unique electronic properties. In addition, biomedical evaluation
demonstrated that the Au(lll) complex (27) effectively induces apoptosis in cisplatin-resistant
SK-N-AS neuroblastoma cells, presumably via the mitochondrial and ROS pathways. How-
ever, a high concentration of 27 is required. Overall, this work shows the potential of a new set

of ligand systems, offering valuable structural, electronic, and biological insights.
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Figure 21. Synthesized tetracarbene ligands with an unsaturated backbone (19-20) and the respective transition
metal complexes (Pd(ll) 24-25, Pt(Il) 26 and Au(lll) 27), saturated backbone ligand (21-22) and the respective tran-

sition metal complexes (Pd(ll) 28-29), and an open-chained saturated ligand (23) and the respective transition metal
complexes (Pd(Il) 30, Pt(ll) 31).

Figure 22. ORTEP-style representation of the cationic fragment of complex 25. Hydrogen atoms and hexafluoro-
phosphate anions are omitted for clarity. Thermal ellipsoids are shown at a 50% probability level. Top perspective
(left), side perspective (right). Selected bond lengths (A) and angles (°): C1-Pd 2.019(2), C1-Pd1-C1_b
172.03(12), C1-Pd1-C1_d-N2_d 53.62, C5-Pd1-C5_b 98.97°. Reproduced and modified from Ref.[33"!
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Figure 23. ORTEP-style representation of the cationic fragment of complex 30. Hydrogen atoms and hexafluoro-
phosphate anions are omitted for clarity. Thermal ellipsoids are shown at a 50% probability level. Top perspective
(left), side perspective (right). Selected bond lengths (A) and angles (°): C1-Pd1 2.039(2); C7-Pd1 2.038(2); C7_a-
Pd1-C7 180.0; C7-Pd1-C1_a 91.64(9); C7-Pd1-C1 88.36(9), C7_a-Pd1-C1_a-N2_a 55.30. Reproduced and modi-
fied from Ref.[331!

3.1.2. Reprint Permission
RSC Adv. 2024, 14, 10244-10254, DOI: 10.1039/D4RA01195C 3"

“This article is licensed under a Creative Commons Attribution 3.0 Unported Licence. You can
use material from this article in other publications without requesting further permis-

sions from the RSC, provided that the correct acknowledgment is given.”
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Abstract

Synthesis and characterization of the first two cyclic ethylene-bridged tetradentate NHC ligands, with an unsaturated
(imidazole) and saturated backbone (2-imidazoline), are described. Complexes of both ligands containing
palladium(i) have been obtained. For platinum(i) and gold(in), only the unsaturated tetracarbene complexes could be
isolated. The attempts to synthesize a methylene-bridged 2-imidazoline macrocycle are also described. Furthermore,
a novel bisimidazolinium ligand precursor and its open-chain Pd" and Pt" tetracarbene complexes are obtained.
Finally, it is shown that the unsaturated gold(i) tetracarbene is able to induce apoptosis in malignant SK-N-AS

neuroblastoma cells via the mitochondrial and ROS pathway and overcomes resistance to cisplatin in vitro.
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3.2. MULA, an affordable framework for multifunctional liquid auto-
mation in natural- and life sciences with a focus on hardware de-

sign, setup, modularity and validation

Leon F. Richter', Wolfgang R. E. Biichele', Alexander Imhof, Fritz E. Kiihn'
HardwareX 2024, 20, e00581, DOI: 10.1016/j.0hx.2024.e0058 1%
'Equally contributed to this work.

*Corresponding authors
3.2.1. Publication Summary

This article describes the development, design, and validation of MULA (Multifunctional Liquid
Automation), an affordable and highly customizable liquid-handling system aimed at address-
ing the limitations of expensive commercial alternatives and a possible DIY solution for the
“reproducibility crises”. MULA is developed for academic and smaller research laboratories,
costing approximately 700€. It integrates a Hamilton gastight micro-syringe for precise liquid
handling, including non-aqueous solvents and closed vial systems, making it ideal, e.g., for
taking accurately timed samples in catalytic setups. The system operates on a Cartesian mo-
tion system with four movable axes (X, Y, Z, and |, which control syringe plunger movement)
and features a modular rack system adaptable to different viral arrangements (Figure 24, Fig-
ure 25).

Figure 24. CAD file of the assembled |-, Z-axis, with omitted screws, pulleys, and belts, and the CAD file of MULA

with a diagonal view.
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Figure 25. Picture of the employed rack for taking timed catalytic samples (left) and the respective CAD file (right).

Key features of the system include sensorless homing for enhanced reproducibility, compact
design, and the use of open-source software (Marlin firmware, Pronterface) for motion control
via G-code commands. All custom components are 3D-printed, eliminating the need for com-
plex tools like CNC routers or laser cutters, thereby increasing accessibility for smaller labs
and private use. Furthermore, all electronic parts, such as the employed NEMA 17 stepper
motors or the BTT Octopus 1.1 board, are commercially available. In addition, the modularity
of MULA enables easy modifications and upgrades. Also provided in this work are detailed
CAD files, instructions, and firmware under a CC BY NC 3.0 license for adoption and further
innovation of MULA, enabling research groups to enhance reproducibility and focus on scien-
tific discovery.

3.2.2. Reprint Permission
HardwareX 2024, 20, e00581, DOI: 10.1016/j.0hx.2024.e0058 132!

.Please note that, as the author of this Elsevier article, you retain the right to include it
in a thesis or dissertation, provided it is not published commercially. Permission is not
required, but please ensure that you reference the journal as the original source. For more
information on this and on your other retained rights, please visit https://www.else-
vier.com/about#Author-rights.”

Obtained from https://doi.org/10.1016/j.0hx.2024.e00581
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4. Unpublished Results

This chapter provides a brief overview of the incomplete projects, the available data, and steps

required for their completion.
4.1. General Information

Unless otherwise stated, all reactions in this Thesis involving air-sensitive or moisture-sensitive
reagents are carried out in flame-dried glassware under argon pressure using Schlenk tech-

niques.
Solvents and reagents

Dried solvents for moisture-sensitive reactions are obtained from an MBraun solvent purifica-
tion system (MB-SPS-800) and dried over molecular sieves 3 A. DMSO was dried being re-
fluxed over CaH: and distilled prior to being stored over molecular sieves 4 A. Solvents used

for column chromatography purification or aqueous work-ups are distilled in advance.

All reagents are purchased from commercial sources and used without further purification un-

less otherwise stated.
Nuclear Magnetic Resonance Spectroscopy

NMR spectra are recorded with a Bruker Avance DPX 400 or 500-cryo ['H-NMR (400.15 MHz);
3C-NMR (100.53 MHz)] and Bruker Avance Ill 400 [?’H-NMR (61 MHz); "*F-NMR, (471 MHz).
Chemical shifts (d) are given in parts per million [ppm] relative to TMS (tetramethylsilane) and

reported relative to the residual signal of the deuterated solvent.!**!

For 'H-NMR: CDCIl; (d = 7.26 ppm), MeOD-d4 (d = 3.31 ppm), DMSO-ds (d = 2.50 ppm)
CDsCN (d = 1.94 ppm) . The signal multiplicity is abbreviated as followed: singlet [s], doublet
[d], triplet [t], quartet [q] and multiplet [m]. Coupling constants (J) are given in Hertz [Hz].

For *C-NMR spectra are recorded on the same AV-400 or AV-500-cyro spectrometers operat-
ing at 63.9- and 126 MHz respectively with proton decoupling. The chemical shift (d) was given
in parts per million[ppm] and is reported to the residual deuterated solvent:
CDCls (d. = 77.16 ppm, MeOD-d: (d; = 49.00 ppm), DMSO-de: (d: = 39.52 ppm),
CDsCN: (dc = 1.32 ppm).

Column Chromatography and Thin Layer Chromatography

Silica gel Si 60 (230-400 mesh, ASTM) with a particle size of 40-63 ym for the column chro-
matography by the company Merck is used. The corresponding eluent ratios are found in the

individual experimental procedures.

Thin layer chromatography silica gel 600G F254 glass plates by Merck are used as the sta-

tionary phase. The substances are verified via fluorescence detection. Therefore, the TLC-
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plates were analyzed under UV-light (A = 254 nm) and, if necessary, evaluated by the following

solutions, heat treatment included (250 °C).

Potassium permanganate-solution [KMnO4]: KMnO4 (2.25 g), K2COs3 (15.0 g) and
NaOH (250 mg) in water (250 mL).
Elemental Analysis

The determination of the elemental composition (C/H/N) is carried out at the Technische Uni-
versitdt Miinchen in the micro-analytical laboratory. The used device is a Vario EL from Ele-

mentar.
Mass Spectrometry [High-resolution Electrospray ionization (HRESI)]

High-resolution mass spectra (HRMS) are recorded on a Thermo Finnigan LTQ FT
(HRMS-ESI) with each value obtained within 5 ppm of the calculated mass. ESI-MS were

aquired on a Thermo Fisher Ultimate 3000 using formic acid as eluent additive.
Cyclic voltammetry

CV measurements are recorded using a Metrohm Autolab potentiostat employing a gastight
three-electrode cell under an argon atmosphere. A glassy carbon electrode was used as the
working electrode and polished before each measurement. A graphite stick was used as the
counter electrode. The potential was measured against Ag/AgCl (3.4 M KCL) with a scan rate
of 100 mV/s, and ferrocene was applied as an internal standard. Tetrabutylammonium hex-
afluorophosphate (100 mM in MeCN) is used as the electrolyte. The concentration of the com-

plexes is about 5 mM.
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4.2. Epoxidation Iron-Catalysis-Project.

Based on the results of the comparative catalytic study conducted by Bernd et. al., which re-
vealed that reducing the donor strength of macrocyclic tetra-NHC ligands enhances catalyst
stability for iron-based epoxidation catalysis at the cost of an overall lower activity.!'*! The
decreased activity of the catalyst seems to benefit the epoxidation of more challenging olefins

as substrates compared to the benchmark system cis-cyclooctene.

Therefore, a new set of ligands has been developed. The resulting calix[4](4,5-diphenyl imid-
azolium) triflate (32) and calix[4](4,5-bis(para-fluorophenyl)imidazolium) triflate (33), previously
synthesized by Bernd'®4, aim to slightly decrease the NHC donor strength and optimize the
respective iron complexes (34-37)(Table 1). CV experiments of 34 and 35 showed that both
complexes undergo a reversible one-electron oxidation step. While the characterization of the
respective ligands and iron complexes is nearly complete, some challenges remain. For in-
stance, despite repeated efforts, a clean elemental analysis of 34 could not be obtained; how-
ever, the obtained HR-ESI-MS confirms the purity of the complex 34. Preliminary epoxidation
catalysis of 34 suggests that the m-system of the phenyl rings does not interact with the -
system of the imidazole. This finding is also confirmed by the obtained crystal structure of 34
(Figure 26). In the case of 35, the crystals obtained still require measurements and refinement

for publication.

In addition to 32 and 33, an ethylene-methylene bridged naphtho[2,3-d]imidazole ligand (38)
was synthesized and fully characterized to further decrease the NHC donor strength. However,
the poor solubility of 38 has made the synthesis of the corresponding Fe(ll) complex quite
challenging. Efforts to synthesize a purely methylene-methylene-bridged naphtho[2,3-d]imid-

azole ligand were unsuccessful, due to the resulting steric stress in the system.

Table 1 provides a comprehensive overview of all the available analytical data for compounds
32-38. Moving forward, catalytic experiments with the respective catalysts 34-37 should be

conducted for publication.
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Table 1: Overview of the available analytical data of compounds 32-38.

33

32

20Tf

38

37

33 34 35 36

32

Compound

Synthesis

Characterization [NMR]

EA

HR-ESI-MS

Crystal Structure

cv

UV-Vis

Catalysis

[] Data available, [X] Missing/ not obtained, [/] compound available if needed, [] partially completed.
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Figure 26. ORTEP-style representation of the cationic fragment of complex 34. Hydrogen atoms and triflate anions
are omitted for clarity. Thermal ellipsoids are shown at a 50% probability level. Side perspective (top left), Top
perspective (top right) and diagonal perspective (middle). Selected bond lengths (A) and angles (°): C1A-Fe1
1.924(19); C2A-Fe1 1.929(19); C1A-Fe1-C3A 178.9(8); C2A-Fe1-C3A 90.4(8); C1A-Fe1-C4A 90.1(8); C3A-Fe1-
C4A 89.8(8).
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4.3. Calix[4](4,5-dimethylimidazolyl)-Project

Building on the work of Bernd®**!, the characterization of the calix[4](4,5-dimethylimidazolyl)
(39/40) and the respective group 10 and 11 complexes (41-48) is nearly complete. The syn-
thesis of the Au(lll) complex (45) and Cu(l)-complex (46), with the structures AuL and Cual>
respectively, has been successful. Furthermore, crystal structures suitable for publication have

been obtained for both complexes (45 Figure 27, 46 Figure 28).

As a final step, UV-Vis spectra for these complexes need to be measured. Additionally, the
ground-state and transition-state geometries for the ligand vibrations need to be calculated
using DFT. The following Table 2 provides an overview of the available data for compounds
39-48.

Table 2 Overview of the available analytical data of compounds 39-48.

T
i e w
N
(N \’N> nX — <N :> 4X &~ ——— K ,\ 4 PFg~
SN - <1 = ¥
23ece g St
N N /NN
NN \L‘K

4111 =Nj' ; X=OTF 39 X = OTf / \

421 = pgll; X = OTF 40X =PFq 461 = cu'

431 =pt' if (F?:F 471 = Ag'
R e
Compound 39 40 41 42 43 44 45 46 47 48
Synthesis v v v v v v v v v v
Characterization [NMR] v v v v v v v v v v
EA v v v v v v v v v v
ESI-MS / / v v v v v X v v
Crystal Structure / / v v v v v v v v
UV-Vis / / X X X X X X X X
DFT X X X X X X X X X X
Biological Studies v v X v X X X

[] Data available, [X] Missing/ not obtained, [/] compound available if needed, [] partially completed.
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Figure 27. ORTEP-style representation of the cationic fragment of complex 45. Hydrogen atoms and hexafluoro-
phosphate anions are omitted for clarity. Ellipsoids are shown at a 50% probability level.

Figure 28. ORTEP style representation of the cationic fragment of 46 with ellipsoids shown at a 50% probability
level. Hydrogen atoms and hexafluorophosphate anions are omitted for clarity. The dashed line indicates the me-
tallic interactions.

gure 28. ORTEP style representation of the cationic fragment of 46 with ellipsoids shown at a 50% probability level.
Hydrogen atoms and hexafluorophosphate anions are omitted for clarity. The dashed line indicates the metallic
interactions.

5. Conclusion and Outlook

onclusion and Outlook

the course of this thesis, various novel macrocyclic tetra-dentate- and open-chained NHC
ligand systems with distinct electronic properties have been synthesized and characterized.
These ligands were applied in the synthesis of a range of transition metal complexes, including
iron and group 10/11 metals. While the iron complexes were specifically designed for epoxida-

tion catalysis, their catalytic performance remains to be investigated in future studies. In con-
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trast, the group 10/11 transition metal complexes were investigated for their potential applica-
tion in medicinal chemistry, particularly for their antiproliferative effects on cancer cells. Addi-
tionally, a pipetting robot called “MULA” has been developed for improving laboratory work-

flows and enhancing the reproducibility of experimental results.

e benchmark ligand system used for the epoxidation catalysis by Kiihn (Inorg. Chem. 2015,
54, 3797-3804) was modified to fine-tune the NHC donor strength and optimize the catalytic
properties of the respective iron complexes. The decreased activity of the catalyst seems ben-
eficial for the epoxidation of more challenging olefins as substrates compared to cis-cy-
clooctene. Therefore, phenyl groups and fluorine-substituted phenyl groups have been intro-
duced as backbone modifications to decrease the NHC donor strength via the -M effect of the
phenyl group and further reduced through the -I effect of the fluorine substitution. Both ligands
are purely methylene bridged to provide comparability of the ligands and have been solely

utilized for the synthesis of Fe(ll) and Fe(lll) complexes so far.

ditionally, a methylene-ethylene-bridged ligand harboring a naphtho[2,3-d] imidazolium frame-
work was developed to extend the aromatic system, enhancing stability under oxidative con-
ditions. This ligand is ethylene methylene bridged and was designed to explore whether the
trends observed with the benzimidazole system (J. Catal. 2020, 391, 548-561) would persist.

lely ethylene-bridged ligands with saturated and unsaturated backbones were also synthe-
sized to explore the influence of electronic properties and flexibility in epoxidation catalysis.
The ethylene-bridged ligands have also been utilized to synthesize various group 10 and 11
complexes. Pd(ll), Pt(Il), and Au(lll) complexes were obtained with the cyclic saturated ligand
and a Pd(ll) complex with the unsaturated ligand and applied in a biological study for antipro-
liferative effects on cancer cells. In addition, Pd(ll) and Pt(Il) complexes with ethylene-bridged
open-chained unsaturated ligands were also tested. The study revealed the Au(lll) complex
induces apoptosis in SK-N-AS cells (human neuroblastoma cell line) and overcomes cisplatin
resistance in vitro in cisplatin-resistant SK-N-AS cells, although at a relatively high concentra-

tion.

pipetting robot named “MULA” has been developed and validated for accuracy in accordance
with DIN EN ISO 8655 standards. Special attention was placed on the easy use and improving
the laboratory workflows. For instance, MULA facilitates accurately timed sampling in catalytic
setups under oxygen free conditions, enables high-throughput screening to optimize solvent
ratios for improved crystal growth, minimizes pipetting errors during repetitive tasks, and en-

sures precise pipetting for small-scale NMR experiments.

ture research on the epoxidation catalysis topic should focus on the catalytic investigation of
the synthesized iron complexes and the synthesis of the respective iron complexes, especially

for the saturated and unsaturated backbones systems, to assess the impact of the system
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flexibility and the electronic effects. This could be helpful for the development of future strate-
gies for improving the catalytic performance of iron NHC complexes. Additionally, detailed DFT
calculations should be considered to analyze whether the electron density on the iron center
has such a significant influence or if other parameters might have a considerably greater im-
pact, e.g. the stability of the ligand under oxidative conditions or the ligand flexibility. Also, DFT
calculations on the epoxidation mechanism could provide a deeper understanding of the epox-
idation and help to develop better strategies to improve the catalytic performance of the iron
NHC complexes. In addition, a high-throughput screening of various substrates for the epoxi-

dation catalysis could be conducted with MULA.

rther research in medicinal chemistry should focus on exploring the methylene-ethylene-
bridged naphtho[2,3-d] imidazolium system and synthesizing respective silver and gold com-
plexes to leverage the luminescence properties of the ligand. Additionally, future fluorescence
studies could provide valuable insight into the underlying mechanism by locating the respective

complexes.

reover, the cuprophilic interactions of the synthesized Cu(l) complex based on the 4,5-dime-
thylimidazole system (J. Catal. 2020, 391, 548-561) should be investigated for its potential

application in the electroreduction of CO,to CHa.
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Synthesis and characterization of the first two cyclic ethylene-bridged tetradentate NHC ligands, with an
unsaturated (imidazole) and saturated backbone (2-imidazoline), are described. Complexes of both
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mitochondrial and ROS pathway and overcomes resistance to cisplatin in vitro.

Introduction

N-heterocyclic carbenes (NHCs), first described in 1991," have
found many applications.” There are several structural features
that allow the tuning of their electronic properties. Ring size,
the adjacent heteroatoms, N-substituents, and the backbone
can be modified. Changing one or more structural properties of
a NHC ligand can lead to significantly different reactivities and
stabilities of the resulting complexes.® Often several NHC units
are combined in multidentate ligands, making use of the
chelating effect, and a plethora of multidentate NHC metal
complexes has been reported.*®
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Our group has developed several bidentate and cyclic tetra-
dentate NHC ligands. The respective transition metal
complexes have been applied e.g. in medicinal chemistry®” and
epoxidation catalysis.®* While the bidentate ligands can form
open-chain tetracarbene complexes,®® the tetradentate ligands
give cyclic tetracarbene compounds. Most commonly applied in
our recent examinations is the calix[4]imidazolium ligand
precursor (a, Fig. 1)."° Its iron complex (c) can be used as olefin
epoxidation catalyst achieving unprecedented activity.* Coinage
metal tetracarbene complexes (and metal NHC complexes in
general”) have been investigated regarding their anti-
proliferative activity and selectivity against cancer cells (b, d-f,
Fig. 1).%7
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Fig. 1 Tetracarbene ligand precursor a and derived transition metal
complexes b—f.
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In this study, the scope of multidentate NHC ligands is
extended with an ethylene-bridged bisimidazolinium ligand
precursor and two cyclic ethylene-bridged tetradentate NHC
ligands, with an unsaturated (imidazole) and saturated back-
bone (2-imidazoline). Pd", Pt" and Au™ tetracarbene complexes
containing the novel ligands are synthesized, characterized and
applied in preliminary medicinal studies regarding their activity
in inducing apoptosis in malignant cells. Finally, the synthetic
attempts to a calix[4]imidazolinium macrocycle (structurally
analog to ¢ but with a saturated backbone) are described,
because there is an increasing demand for reliable training
data, including data on negative outcomes, for machine
learning systems in chemistry."®

Especially the two new macrocyclic ligand precursors are
intended to lay the foundation for electronic comparisons
induced by the different backbone in future studies. The
unsaturated backbone of the imidazole moiety causes partial
aromaticity, increasing NHC stability by ca. 100 k] mol~*.%* A
saturated backbone, in turn, can lead to higher basicity because
the electron density is more concentrated on the C2 carbene
carbon atom due to the lack of m-interactions.”

Results and discussion

The synthesis of a saturated macrocyclic ligand precursor
similar to ¢, but containing 2-imidazoline moieties instead of
imidazole, calix{4]imidazolinium, was pursued parallel to the
synthesis of the other ligand precursors. However, the synthesis
was not successful with the chosen synthetic approaches as
described in the ESL.}

Synthesis and characterization of H,L3

H,L3 is based on the literature known ethylene-bridged imi-
dazoline moiety (1).>* Alkylation of 1 with Mel in MeCN at 82 °C,
followed by an anion exchange with NH,PF in water, gives
H,L3 in 91% yield (Fig. 2).

Synthesis and characterization of H,L5/6 and H,L8/L9

For the preparation of H4L5/6 and H,L8/9, a slightly modified
literature procedure for similar macrocycles was used (Fig. 3).*
Ring closure to form the macrocyclic imidazolium salt a is
commonly achieved with CH,(OTf),,* but also CH,Br, is re-
ported.>* Here the ethylene-bridged imidazoline 1 (ref. 23) and
the ethylene-bridged imidazole 7 (ref. 25) are reacted with
ethylene bistriflate (4) under dry conditions at —45 °C over
a period of 5 h in dry MeCN for H,L5 and H,L8 (see ESIt).

Ik \ Bk

NN </N] < ]
= Mel N _ NH,PFs S w
N - . S 21 _— S 2PF,

(MeCN), reflux, 4 h (H0)
[N’) ™ ™
i i
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Fig. 2 Synthesis of ligand precursor H,L3 via alkylation and anion
exchange.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

4* 4*
I\ NN —l NN _\
NN TO~~or ' =N NHPF, ' =N
EN> a . 2 2 401 Hdo 5 2 2 4PFy
D, (MeCN) 45 °C, 5 h, r.,72 h; or N N, (H,0) N N,
N (Acetone), -90 °C, 1 h, rt, 72 h C\N’\,N@ C\N’\’N@
1 Hyls HyL6
& 4
=\ NN \_l NN \_l
NN TIoO_~, IN =~ 7 &

s G o N N _ NHPFs 'S SN -
EN> S S O sorf e aPF
W (MeCN) -45 °C, 5 h, r.,72 h Nz N 2 N N

N (ONNL N2

7 Hls HeL9

Fig. 3 Synthesis of ligand precursors H4L5/6 and H4L8/9 via ring
closure with ethylene bistriflate and anion exchange.

The synthesis of H,L5 and H,L8 yields a mixture of a 20-
membered macrocycle (87% H,L5 and 90% H,4L8, as deter-
mined by NMR), consisting of four imidazole (C[4]) units, and
a 30-membered macrocycle (13% H,4L5, 10% H,L8) consisting of
six imidazole (C[6]) units (see ESIT). Separation attempts of C[4]
and C[6] via column chromatography, precipitation or subli-
mation were not successful. However, by increasing the cooling
period during the addition of the ethylene bistriflate at —45 °C
to a total of 5 h, the purity of the kinetically preferred C[4] unit
could be easily increased up to 98% C[4] for H4L5 and in case of
H,L8 an increase up to 100% (ESIT). Due to the absence of
similar macrocyclic imidazolinium compounds, H,L5 is
compared to a and H,L8 in the following.?

Relative to a, all signals of H,L5 and H,L8 are upfield shifted,
indicating a higher electronic density due to the +I effect of the
ethylene bridge leading to an increased shielding effect in the
NMR.**?¢ The higher upfield shift of Hy,L5 compared to H,L8
can be explained by the electronic inducing effect of the satu-
rated bond.?*?%*”

Unlike in "H-NMR, each individual **C signal of H,L8 in
DMSO-d; is in the same range as the signals obtained for the
macrocyclic compound a.'® However, in case of H4L5, opposite
to the "H-NMR, the C2 carbon resonance at 159.16 ppm is
downfield shifted compared to H,L8 and a (H,L8, A6 =
22.08 ppm, a, Ad =< 22.0 ppm), thus contradicting expectations.
According to literature and as described by H. V. Huynh, the
hypothetical free carbene of the imidazoline ligand H,L5
should be a stronger o-donor than H4L8, so an enhanced
upfield shift of the C2 signal of H,L5 should have been
detectable.*®**?* Interestingly this expectation is not met here,
and apparently other factors play a role. Every other resonance
in the *C-NMR is upfield shifted."

Salt metathesis of the formed macrocyclic salts can be per-
formed with NH,PFs to increase the solubility in organic
solvents and as additional purification step.>** Thus, an anion
exchange in water towards PF,~ is conducted with H,L5 and
H,L8, resulting in H4L6 (81%) and H,L9 (88%).

Synthesis and characterization of complexes (Pd/PtL3, PdL5/6,
Pd/PtL8, Pd/AuL9)

A well-established route to obtain NHC complexes is to convert
the corresponding imidazolium salts with group 10 metal
acetates. In this reaction, the acetate serves as an internal base
capable of deprotonating imidazolium- and imidazolinium

RSC Adv, 2024, 14,10244-10254 | 10245
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salts to form NHCs, which subsequently coordinate to the
metal.**'"** An alternative route is via a silver transmetalation.**
In the first approaches, attempts were made to synthesize the
respective Ag' complex with H,L3 to obtain a dinuclear structure
similar to already published open chain bis-NHC-
complexes.®*>** However, no product formation was observed
in our case. Either no reaction took place or complex signals
were observed in the aliphatic region of § = 1.9-4.4 ppm in the
'H-NMR after purification, indicating the decomposition of
H,L3. Several other conditions with different Ag'-salts and
addition of sodium acetate as internal base at different
temperatures were tested without success. A possible problem
might be the stability of the Ag'-complex. Another issue might
be hydrolysis of imidazolines under acidic and basic condi-
tions.***” It has been proposed in literature that the moisture in
the solvent can react with sodium acetate to generate hydroxide
ions which can attack the electrophilic center of the C2 carbon
and lead to ring-opening products, rather than nucleophilic
attacking the acidic proton at the C2 carbon.*® Therefore, the
next attempts were conducted under moisture-free reaction
conditions by using dried solvents. Even the direct metalation
with palladium(u) acetate or palladium(u) chloride under dry
reaction conditions did not lead to the desired product. The
focus was then shifted to a combination of the transmetalation
route using Ag,O in situ with the direct metalation, by applying
the respective metal precursor and sodium acetate as a mild
base in dry solvents (Fig. 4).

The absence of the acidic imidazolinium proton signal and
appearance of characteristic carbene carbon signals confirms
the successful formation of PdL3 and PtL3. Unfortunately,
despite several attempts, a clean elemental analysis for PtL3
could not be obtained. Also, the "H-NMR of PtL3 shows some
impurities, which could not be identified and no *°>Pt isotope
coupling phenomena was observed in the ">C-NMR.

The carbene carbon signal of PdL3 at 194.29 ppm in DMSO-
de [PtL3; 188.38 ppm in CD3;CN], is surprisingly downfield
shifted compared to other Pd(u) bis-NHCs reported in litera-
ture.***® Due to the theoretically stronger o-donation of the
imidazolinylidene ligand H,L3 compared to its unsaturated
analog, an upfield shift of the *Cyyc signal was expected.
Literature indicates that the significant downfield shift of the
carbene carbon resonance from imidazolium to imidazolinium
compounds is a general phenomenon.***"*> Another interesting
fact is that the analytic data, including HR-ESI-MS and
elemental analysis, are not supporting a dinuclear complex or
a mono-carbene complex as expected, but indicate that PdL3
has rather a [Pd(L3),](PFe), structure similar to e. This is further

+N 2
4 ] -
N N
<N a) Ag,0, NaOAc, c - :R
_ (MeCN), rt. 1 h NN -
2 PFg 2 2PFs
N b) Metal Precursor [IV1] N\/ \7N
f\) (MeCN), 80 °C, 3d On- N
N
W3 L3, 1 = Pd, Pt

Fig. 4 General synthesis of Pd/PtL3.
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Fig. 5 ORTEP-style representation of the cationic fragment of
complex PdL3. Hydrogen atoms and hexafluorophosphate anions are
omitted for clarity. Thermal ellipsoids are shown at a 50% probability
level. Selected bond lengths (A) and angles (°): C1-Pd1 2.039(2); C7-
Pd12.038(2); C7_a—Pd1-C7 180.0; C7-Pd1-C1_a 91.64(9); C7-Pd1-
C188.36(9), C7_a—Pd1-Cl_a—-N2_a 55.30.

confirmed by single-crystal X-ray diffraction (SC-XRD). The
PdL3 complex displays a distorted square planar structure. Two
L3 ligands coordinate to the Pd center, resulting in an open-
chain tetracarbene complex of similar geometry like the cyclic
complex e.** The Pd-C (2.039 A, 2.038 A) distances are in good
accord with palladium(u) NHC complexes reported in litera-
ture.>»* The alkyl groups of the ligand L3 adopt a syn confor-
mation in the solid state, while the imidazole rings are tilted by
55.30° out of the palladium square plane (Fig. 5).

The PtL3 complex exhibits a similarly distorted square
planar structure compared to PdL3. The Pt-C (2.033 A, 2.039 A)
distances are comparable to similar literature known group 10
NHC compounds.**™*” The alkyl groups of L3 also adopt a syn
conformation, while the imidazole rings are tilted by 50.53° out
of the palladium square plane as in PdL3 (Fig. 6).

Complex PdL5/6 and PdL8/9

Since H,L5 and H,L8 are quite similar to other macrocycles (a),
it seemed suitable to synthesize PdL5 and PdL8 according to
alike compounds via the direct metalation route.** Therefore,
H,L8 was first converted with Pd(OAc), in a mixture of dry

Fig. 6 ORTEP-style representation of the cationic fragment of
complex PtL3. Hydrogen atoms and hexafluorophosphate anions are
omitted for clarity. Thermal ellipsoids are shown at a 50% probability
level. Selected bond lengths (A) and angles (°): Pt1-C12.0337 (18); Pt1—
C72.039 (6), C1_a-Pt1-C1180.00(7); C1-Pt1-C7_a 91.2(5); C1-Ptl-
C7 88.8(5), C7_a—Pd1-Cl_a—-N2_a 50.53°.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 General synthesis of PdL5/6, Pd/PtL8 and Pd/AuL9.

DMSO/MeCN (1:1) at 40 °C for 16 h.** However, no product
formation was observed after work-up. Several other conditions
such as increasing temperature and reaction time led to the
absence of the imidazolium protons and the formation of new
product signals in the '"H-NMR after 4 d at 80 °C. Still these
intensities were very low, and no product could be isolated.
Another approach was tried via the transmetalation route with
Ag' salts, but this also led to no product formation. Finally, both
PdL8 (50%, Fig. 7) and PdL5 (3%) could be obtained by applying
the same reaction conditions as for the already synthesized
complexes PdL3 and PtL3. The yield of the imidazolinylidene
tetracarbene complex could be increased to 46%, by using H,L6
instead of H4L5, resulting in PdL6.

Again, the absence of the acidic position 2 proton signals in
the '"H-NMR and appearance of the carbene carbon peaks
confirm the formation of Pd(u) carbene complexes. The
observed chemical shift of PdL8 is in the typical range of Pd(u)
tetra-NHC compounds and indicates the formation of
a complex with similar coordination sphere as e.****> The 'H-
NMR of PdL5 in CD;CN shows three signals, with two of them
in a similar range to PdL8 and one upfield shifted signal of the
backbone protons. As already mentioned in the discussion of
H4L5, the *C-NMR of PdL5 is contrary to expectations. The
carbene carbon of PdL5 (191.30 ppm) is surprisingly strong
downfield shifted compared to PdL8 (165.84 ppm) and in
a similar range to the carbene carbon of PdL3 (195.6 ppm in
CD;CN). Literature indicates that the significant downfield shift
of the carbene carbon resonance from imidazole to imidazoline
compounds is a general phenomenon.*®**> The uncertainty of
a "*C-NMR measurement is expected to be below 0.1 ppm; by
using three times the weighted standard deviation, a difference
of >0.4 ppm is required for a significant difference that exceeds
the statistic uncertainty.>*® Therefore, PdL5 (191.30 ppm in
CD;CN) and PdL8 (165.84 ppm in CD3;CN) show a sufficiently
different chemical shift to allow its discussion. In general, the
normal NHC unit (without any modification) of the tetra-
carbene ligands is in a range of rather low to negligible -
backdonation, hence the changes in electronic properties are
dominated by the o-donation of the tetracarbenes.*** According
to literature, the imidazoline ligand L5 should be in general
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Fig. 8 ORTEP-style representation of the cationic fragment of
complex PdL9. Hydrogen atoms and hexafluorophosphate anions are
omitted for clarity. Thermal ellipsoids are shown at a 50% probability
level. Selected bond lengths (A) and angles (°): C1-Pd 2.019(2), C1-
Pd1-Cl_b 172.03(12), C1-Pd1-Cl_d-N2_d 53.62, C5-Pd1-C5_b
98.97°.

PAN

a stronger o-donor than L8, so an enhanced upfield shift of the
carbene signal would have been detectable.>?***?* Interestingly,
this expectation is also not met here, and apparently other
factors may play a role, as already observed with PdL3 and PtL3.
Therefore, further investigations on this subject, e.g. by means
of DFT calculations, have to be carried out, since only conjec-
tures can be made with the present analytical data. The
elemental analysis and HR-ESI-MS for PdL8 are in accord with
a composition [Pd(L8)](OTf), similar to e. It needs to be noted
that no clean elemental analysis of PdL6 could be obtained.
However, the elemental analysis and HR-ESI-MS of PdL6 are in
accordance with the composition [PdL6](PFs),. Due to unsat-
isfying results in crystallization of PdL8, an anion exchange in
water towards PFs~ was conducted, resulting in PAL9 (41%).
Single crystals suitable for SC-XRD were obtained by slow
diffusion of Et,O into MeCN solution of PdL9. As expected, the
Pd(u) ion is coordinated in a nearly square planar fashion with
C-Pd-C angles deviating from 180° by ~8°, thus lifting the
metal slightly above the carbene carbon atom plane (Fig. 8).
However, due to the C,-bridge, the ligand is strongly bent (C5-
Pd1-C5_b = 98.97°) and adopts a crisp-shape, while tilting the
imidazole rings 53.62° in an alternating pattern out of the
palladium square plane.” The Pd-C distance (2.019 A) is
comparable to those of other cyclic Pd(u) tetracarbene
compounds reported in literature.*>**345-47

In the following Table 1 the M—Ccarbene bond lengths [A], the
Cearbene=M—Cearbene angle [°], the tilt of the NCN unit [°] of the
complexes Pd/PtL3 and PdL9 and additionally the Cprigge—M-
Chridge angle [°] for PAL9 are summarized.

Table 1 Summary of the M=Ccamene bond lengths [Al, the Ccarpene—
M—=Ccarbene angle [°], the tilt of the NCN unit [°] of the complexes Pd/
PtL3 and PdL9 and the Cyigge—M—Chyiage angle [°] for PdL9

Compound PdL3 PtL3 PdL9
M-Cearbene [A] 2.038|2.039 2.033/2.039 2.019
Ccarbenefoccarbene [O] 180 180 172.03
Tilt NCN unit [°] 55.30 50.53 53.62
Cbridge_M_Cbridge [0] - - 98.97

RSC Adv, 2024, 14,10244-10254 | 10247
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Complex PtL8

Applying the same reaction conditions and work-up methods to
Pt(MeCN),Cl, instead of Pd(OAc), results in the formation of
PtL8 (25%,Fig. 7). The absence of acidic proton signals in the
'"H-NMR and the appearance of the carbene '*C-peak at
159.39 ppm in CD;CN confirms the formation of the respective
Pt(u1) complex. The chemical shift of the carbene carbon is in
accordance with Pt(u) tetra-NHC complexes previously reported
in literature and is slightly shifted to the upfield compared to
PAL8 ("*Cnpic in CD;CN at 165.84 ppm) by 6.45 ppm.***%*° No
195pt isotope coupling was observed. The 'H-NMR in CD;CN
shows similar signals compared to PdL8, where the bridge
protons also split into two multiplets at 5.01 and 4.44 ppm. In
addition, HR-ESI-MS is in accordance to a similar composition
as PdL8. Despite multiple attempts, no single crystals suitable
for SC-XRD were obtained. However, the discussed analytical
data strongly support a similar structure compared to PAL8 and
similarly structured tetracarbene ligand.®**

Complex AuL9

For the synthesis of AuL9 (Fig. 7), the same reaction conditions
were applied as reported in the literature for similar
complexes.** Therefore, H,L8 was converted with KAuCl, and
NaOAc in dry DMSO under exclusion of light at 100 °C for 5 h.
After the work-up, including an ion exchange to PFs~ as a puri-
fication step, AuL9 (47%) was obtained. The absence of acidic
proton signals in the "H-NMR and the appearance of a new *C-
peak at 146.03 ppm in CD3;CN confirm the formation of the
respective Au(m) complex. The chemical shift of the carbene
carbon is in accord with Au(m) tetracarbene complex (e) previ-
ously reported in literature and slightly downfield shifted by
1.79 ppm when compared to e.** Furthermore, the backbone
carbons are also slightly downfield shifted by 0.68 ppm. The 'H-
NMR in CD;CN shows similar signals compared to complex
PdL8 and PtL8 with the backbone protons at 7.47 ppm and the
bridge protons as two multiplets in close proximity at 4.83 and
4.71 ppm. Both elemental analysis®* and HR-ESI-MS are in
agreement with the composition [Au(L15)](PFe);. Although no
single crystals suitable for SC-XRD were obtained, the discussed
analytical data strongly support the coordination of one tetra-
carbene ligand similar to PdL9.

Biological evaluation

Induction of apoptosis as cell death type

PdL3, PdL8, AuL9 and their respective protonated ligand
precursors were tested for their apoptotic effects on Nalm-6 cells
(human B cell precursor leukemia cell line) and SK-N-AS cells
(human neuroblastoma cell line) at different concentrations
and quantified by the nuclear DNA fragmentation by flow
cytometry analysis. PdL3 and PdL8 as well as the ligand
precursors do not show any apoptosis inducing effects in Nalm-
6 cells and SK-N-AS cells (see ESIT). AuL9 shows no apoptotic
effect in Nalm-6 cells, but significant apoptosis induction by
AulL9 is detected in SK-N-AS cells (Fig. 9A); therefore, the effect
of AuL9 in SK-N-AS cells was further characterized.
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Fig. 9 (A) AuL9 induces apoptosis in SK-N-AS cells. The cells were

treated with different concentrations of AuL9 and incubated for 96 h.
Nuclear DNA fragmentation was analyzed. (B) To exclude unspecific
cytotoxic effects, such as necrotic cell death, the viability of SK-N-AS
cells was determined by measurement of LDH release into the
medium after 2 h of incubation with different concentrations of AuL9.
No significant LDH release could be detected in cells treated with AuL9
up to a concentration of 100 uM. Values are given as mean% of DMSO
control & SD (n = 3). (C) The inhibition of proliferation of AuL9 treated
SK-N-AS cells was measured after 48 h using the CASY Cell-Counter
System. A significant inhibition of cell growth was observed at
concentrations as low as 10 uM. Inhibition of proliferation is given in
mean¥% of control & SD (n = 3); *: p < 0.05 vs. DMSO, t-test.

To exclude necrotic effects of AuL9, lactate dehydrogenase
(LDH) leakage from SK-N-AS cells after 2 h incubation with AuL9
was measured. LDH is released from the cell in case of necrosis
and can be detected in the cell culture medium in case of loss of
cell integrity and thus serves as a necrosis indicator.® AuL9
shows no significant non-specific cytotoxic effects on SK-N-AS
cells in the relevant concentration range up to 100 uM (Fig. 9B).

In addition to apoptosis induction, it was tested whether
Aul9 can inhibit the proliferation of malignant cells. For this
purpose, SK-N-AS cells were incubated with different concen-
trations of AuL9 for 48 hours. The proliferation inhibition was
determined by comparing the total cell number of vital cells of
the DMSO control with the total cell number of vital cells of the
treated cells. The results show that AuL9 inhibits cell prolifer-
ation of SK-N-AS cells in a dose-dependent manner (Fig. 9C). A
concentration of 50 pM AuL9 causes nearly 100% inhibition of
proliferation, indicating G1 arrest.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For the investigation of the mechanism of action of AuL9,
the mitochondrial membrane potential of SK-N-AS cells was
measured after 48 h incubation with AuL9. It was shown that
the mitochondrion and thus the intrinsic apoptosis pathway
plays at least a partial role in the effect of AuL9 (Fig. 10A).

To further characterize the role of mitochondria in AuL9-
induced apoptosis, the apoptosis pathway mediated by reactive
oxygen species (ROS) was investigated. Therefore, N-acetylcys-
teine (NAC) as a known ROS inhibitor and H,0,, which belongs
to the ROS, as a positive control was investigated. It was shown
that apoptosis induction could be significantly inhibited by
NAC. It can therefore be concluded that the generation of ROS
plays a role in the AuL9-induced apoptosis (Fig. 10B). However,
it is not possible in the present state to be sure how the ROS are
generated and whether AuL9 directly leads to an increased ROS
production or triggers pathways that result in the generation of
ROS.

Overcoming cisplatin resistance

Cisplatin is a well-known chemotherapeutic agent for the
treatment of many different types of cancer.* The development
of resistance in tumor cells is a major problem in therapy and is
usually the limiting factor in the cure of cancer patients.>

>
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Fig. 10 (A) The mitochondrial membrane potential in SK-N-AS cells
was impaired by Aull15 treatment, which implicates mitochondrial
pathway involvement in apoptosis induction. The mitochondrial
membrane potential was measured by flow cytometric analysis in SK-
N-AS cells after 48 h of incubation with different concentrations of
AuL15 and staining with the cationic dye JC-1. Values are mean% of
cells with low mitochondrial membrane potential + SD (n = 3); *: p <
0.05 vs. DMSO, t-test. B The induction of apoptosis in SK-N-AS cells in
response to AuL15 treatment was shown to be dependent on the ROS
mediated pathway. The cells were incubated for 72 h with 50 uM H,O,
as a positive control or different concentrations of AuLl15 with or
without pretreatment of the cells with the ROS inhibitor N-ace-
tylcysteine (NAC, 5 mM) 1.5 h prior to substance addition. Nuclear DNA
fragmentation was analyzed by flow cytometric analysis. Values are
mean¥% of apoptotic cells + SD (n = 3); *: p < 0.05 vs. DMSO, t-test.
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Fig. 11 SK-N-AS and SK-N-AS cisplatin resistant cells were treated
with different concentrations of AuL15 and incubated for 96 h. It is
shown that AuL9 was also effective in inducing apoptosis in cisplatin
resistant cells, thus overcoming resistance. 8.25 uM cisplatin has been
used as a positive control to prove resistance. Nuclear DNA frag-
mentation was analyzed by flow cytometric analysis. Values are
mean% of apoptotic cells + SD (n = 3); *: p < 0.05 vs. DMSO, t-test.

Therefore, it is of great importance for drug development that
new agents are able to overcome cytostatic drug resistance. In
addition to SK-N-AS cells, AuL9 was tested on cisplatin resistant
SK-N-AS cells and cisplatin resistance overcoming could be
demonstrated (Fig. 11). In a previous characterization of the
cisplatin resistant SK-N-AS cells, procaspase-8 under expression
was shown.”® The cisplatin resistance overcoming of SK-N-AS
cells indicates that procaspase-8 has a minor role in AuL9-
induced apoptosis.

Conclusion and outlook

A synthetic approach to a calix[4]Jimidazolinium macrocycle as
saturated analog to a is presented. The synthesis of two new
macrocyclic ligand systems, being bridged by ethylene groups
and containing imidazoline (H,L5/6) and imidazole moieties
(H4L8/9) are discussed. In addition, a novel bisimidazolinium
ligand precursor (H,L3) is described. All complexes (Pd/PtL3,
PdL5/6, Pd/PtL8, Au/PdL9) with their respective ligands
synthesized in this work are not accessible via the direct met-
alation of the respective ligand, due to irreproducible or unre-
liable results, except for AuL9. Even the route via the silver salt
transmetalation does not lead to reliable results. The silver
complexes of the respective ligands could not be isolated,
probably due to instability of the respective complexes. There-
fore, a modified synthetic method has been established. Here,
in situ transmetalation with silver oxide is used in combination
with the metal precursor and an excess of sodium acetate as
a mild base, resulting in the corresponding complexes.
Furthermore, the complexes PdL3, PdL8, AuL9 and their
respective ligands were tested for their ability to induce
apoptosis on Naml-6 and SK-N-AS cells. According to the
experiments performed, the data suggest that AuL9 is capable of
inducing apoptosis in malignant cells via the mitochondrial
and ROS pathway. However, so far, an effect could only be
observed on SK-N-AS neuroblastoma cells. In addition, a rela-
tively high dose of AuL9 is required to induce apoptosis in
neuroblastoma cells, which could be challenging for clinical
applicability. AuL9 is able to overcome resistance to cisplatin in
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neuroblastoma cells (SK-N-AS) in vitro. Further characterization
experiments would be required to determine the exact mecha-
nism of action of AuL9, for example identification of molecular
targets that are involved in the AuL9 induced apoptosis, as well
as the selectivity for cancer cells.

Experimental section
General procedures and analytical methods

Unless otherwise stated, all manipulations were performed
under normal atmosphere without dried and degassed chem-
icals. All syntheses regarding the complexes were conducted
under the exclusion of light. Every work-up was performed
under normal atmosphere without dried and degassed chem-
icals; the complexes' work-ups were conducted in addition
under the exclusion of light unless otherwise stated. Purifica-
tion, in case of the Pt and Pd complexes, is achieved by dis-
solving the crude product in MeCN and filtering it through basic
aluminum oxide to remove impurities. Acidic aluminum oxide
promotes the decomposition of the complexes while pH-neutral
aluminum oxide leads in smaller yields.® All obtained
complexes are air- and water stable; however, PtL3, PtL8 and
AuL9 decompose after extensive exposition to light. Solvents
were obtained water-free from a MBraun solvent purification
system and stored over molecular sieves (3 A). The procedures
for novel compounds obtained during the synthetic approaches
to the saturated macrocyclic ligand precursor, containing 2-
imidazoline moieties instead of imidazole, calix[4]imidazoli-
nium, (2-imidazoline, N-benzyl-2-imidazoline, 3,3/-
methylenebis(1-benzyl-2-imidazolinium)dibromide,

N',N',N? N*-tetrabenzylethane-1,2-diamine, tert-butyl (2-ami-
noethyl)carbamate, tert-butyl 2-imidazoline-1-carboxylate) are
stated in the ESL{ N-Benzylethylenediamine (12),°° ethyl-
enebis(trifluoromethanesulfonate)  (4),° 1,1’-ethylene-di-2-
imidazoline (1)** and 1,1-ethylenebis-1H-imidazolyl (7)*>*
were synthesized according to literature procedures. All other
reagents were purchased from commercial suppliers and used
without further purification. NMR spectra were recorded on
a Bruker Avance DPX 400 ("H-NMR, 400 MHz; "*C-NMR, 100
MHz; 'F-NMR, 376 MHz) and chemical shifts are given in
6 values in ppm (parts per million) relative to TMS (tetrame-
thylsilane) and reported relative to the residual signal of the
deuterated solvent.®* Elemental analysis (C/H/N) were obtained
by the Microanalytical Laboratory at Technische Universitét
Miinchen. Electrospray ionization mass spectrometry (ESI-MS)
data were acquired on a Thermo Fisher Ultimate 3000 and
with higher resolution (HR-ESI-MS) on Exactive Plus Orbitrap
from Thermo Fisher.

Synthetic procedures

Alkylbisimidazoline diiodide (2). 1 (5.00 g, 30.0 mmol, 1.00
eq.) is dissolved in MeCN (300 mL) and MelI (213 g, 1.50 mol,
50.0 eq.) is added. The resulting reaction mixture is heated to
reflux for 4 h. After cooling to ambient temperature, all volatile
compounds are removed in vacuo. The resulting crude material
is redissolved in a small amount of MeCN (5 mL) and an off-
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white solid is precipitated after the addition of Et,O (40 mL).
The crude material is collected via centrifugation and washed
with (3 x 5 mL) Et,O. After removal of all volatile compounds in
vacuo, 2 is obtained as an off-white solid (11.1 g, 24.7 mmol,
82%). 'H-NMR (400 MHz, DMSO-dg) 6 (ppm) = 8.54 (s, 2H, N-
CH-N), 3.91 (s, 8H, CH;-N-CH,-CH,), 3.70 (s, 4H, CH,-CH,),
3.12 (s, 6H, CH;). *C-NMR (101 MHz, DMSO-dg) 6 (ppm) =
159.12 (N-CH-N), 50.96 (C(backbone))s 48-70 (Cipackbone)), 45.02
(CH,-CH,), 35.08 (CH3). Elemental analysis: for C;oH,0I,N4 (%)
anal. calc.: C: 26.68, H: 4.48, N: 12.45, found: C: 26.66, H:
4.48, N: 12.39.

Alkylbisimidazolinium hexafluorophosphate (H,L3). 2
(100 mg, 222 pmol, 1.00 eq.) is dissolved in H,O (1 mL) and
added to a solution of NH,PF, (217 mg, 1.33 mmol, 6.00 eq.) in
H,O (1 mL). The resulting white precipitate is collected, washed
three times with H,O (2 mL, 2 mL, 1 mL) and dried subse-
quently in vacuo. Without further purification, the titled
compound H,L3 is obtained as a white solid (98 mg, 202 mmol,
91%). 'H-NMR (400 MHz, DMSO-dg) 6 (ppm) = 8.39 (s, 2H, N-
CH-N), 3.88 (s, 8H, CH;-N-CH,-CH,), 3.67 (s, 4H, CH,-CH,),
3.11 (s, 6H, CH;). "*C-NMR (101 MHz, DMSO-ds) ¢ (ppm) =
158.77 (N_CH_N)’ 50.36 (C(backbone))’ 48.12 (C(backbone))’ 44.55
(CH,-CHy,), 34.43 (CH;). ">’F-NMR (376 MHz, DMSO-ds) 6 (ppm)
= —70.15 (d, YJo_r = 713 Hz, PFs ). Elemental analysis: for
C10H0F12N, P, (%) anal. calc.: C: 24.70, H: 4.15, N: 11.52, found:
C: 24.28, H: 4.01, N: 11.17.

Calix[4](-Et-Et-)imidazoliniumtrifluoromethanesulfonate
(H4L5). 1 (1.00 g, 6.17 mmol, 2.00 eq.) is dissolved in dry MeCN
(1.5 L), cooled to —45 °C and a solution of 4 (2.02 g, 6.20 mmol,
2.01 eq.) in dry MeCN (50 mL) is added dropwise over 6 h. After
the addition, the reaction mixture is stirred for 72 h at ambient
temperature. All volatile compounds are removed in vacuo and
the resulting crude material is dried subsequently in vacuo.
Without further purification the titled compound H,L5 is ob-
tained as an off-white solid (1.50 g, 1.54 mmol, 50%). Note:
everything is conducted under inert conditions. "H-NMR (400
MHz, DMSO-de) 6 (ppm) = 8.46 (s, 4H, N-CH-N), 3.95 (s, 16H,
CHy(briage/backbone)); 3-74 (s, 16H, CHy(bridge/backbone))- - C-NMR
(101 MHz, DMSO-d¢) 6 (ppm) = 159.16 (N-CH-N), 120.80 (q,
Jior-13c = 320 Hz, OTf), 48.15 (CHj(pridge/backbone))y 44.54
(CH,~CHo(pridge/backbone)- — F-NMR (376  MHz, DMSO-d)
6 (ppm) = —77.74 (CFs;). Elemental analysis for
C14H;36N30,,F1,S, (%) anal. calc.: C 29.27; H 3.68; N 11.38; S
13.02 found: C 29.37; H 3.67; N 11.01; S 13.12.

Calix[4](-Et-Et-)imidazoliniumhexafluorophosphate
(H4L6). H,L5 (300 mg, 304 pmol, 1.00 eq.) is dissolved in H,O
(50 mL) and added to a solution of NH,PF (223 mg, 1.37 mmol,
4.50 eq.) in H,O (50 mL). The resulting white precipitate is
collected, washed three times with H,O (10 mL, 7 mL, 5 mL),
Et,0 (3 mL, 2 mL) and dried subsequently in vacuo. Without
further purification, the titled compound H4L6 is obtained as
a white solid (240 mg, 248 pumol, 81%). However, a small
amount of OTf ™ is still detectable in the "*F-NMR. "H-NMR (400
MHz, DMSO-de): 6 (ppm) = 8.44 (s, 4H, N-CH-N), 3.93 (s, 16H,
CH,(backbone) CHa, (bridge))s 3-72 (S, 16H, CH, (pridge)/CHa (backbone))-
'H-NMR (400 MHz, CD;CN): 6 (ppm) = 7.98-7.82 (m, 4H, N-
CH-N), 4.00-3.82 (m, 16H, CH, (backbone)/CHz, (bridge)), 3-73-3.65

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(m, 16H, CH, (bridge)/CHz,(backbone))- - F-NMR (376 MHz, CD;CN):
6 (ppm) = —72.45 (d, YJp_p = 713 Hz, PF, ). ESI-MS: m/z = calc.
for [H,L6-PF, |": 823.20 ([M-PF, ]"); found: 822.94; calc. for
[H4L6-2PF, |": 339.11 ([H,L6-2PF |"); found: 339.12.

Calix[4](-Et-Et-)imidazoliumtrifluoromethanesulfonate
(H4L8). 7 (1.00 g, 6.17 mmol, 2.00 eq.) is dissolved in dry MeCN
(1.5 L), cooled to —30 °C and a solution of 4 (2.02 g, 6.20 mmol,
2.01 eq.) in dry MeCN (100 mL) is added dropwise over 5 h. After
the addition, the reaction mixture is stirred for 72 h at ambient
temperature. All volatile compounds are removed in vacuo and
the resulting crude material is washed eight times with cold
acetone (10 mL, 5 mL, 5 mL, 3 mL, 3 mL, 2 mL, 2 mL, 1 mL) and
dried subsequently in vacuo. Without further purification, the
titled compound H,L8 is obtained as a white solid (1.50 g,
1.54 mmol, 50%). 'H-NMR (400 MHz, CD;CN) 6 (ppm) = 8.57 (t,
*J = 1.6 Hz, 4H, N-CH-N), 7.39 (d, %] = 1.7 Hz, 8H, CH), 4.71 (s,
16H, CH,). *C-NMR (101 MHz, CD;CN) ¢ (ppm) = 138.49 (N-
CH-N), 124.49 (HC=CH), 121.80 (q, “J1op—13c = 320 Hz, OTf"),
50.14 (CH,-CH,). "’F-NMR (376 MHz, CD;CN) é (ppm) = —79.32
(CF;). "H-NMR (400 MHz, DMSO-d¢) 6 (ppm) = 9.00 (t, ¥J =
1.7 Hz, 4H, N-CH-N), 7.57 (d, / = 1.6 Hz, 8H, CH), 4.74 (s, 16H,
CH,). "*C-NMR (101 MHz, DMSO-d,) ¢ (ppm) = 137.08 (N-CH-
N), 123.28 (HC=CH), 120.66 (q, “J1or—13c = 320 Hz, OTf ), 49.24
(CH,-CH,). Elemental analysis for C,,H,3NgO1,F1,S, (%) anal.
calc.: C 29.54; H 2.84; N 11.54; S 13.13 found: C 29.54; H 2.84; N
11.54; S 13.25. ESI-MS: m/z [H,L8-40Tf |** calc.: 95.06, found:
94.91, [H,L8-30Tf J** calc.: 176.39, found 176.36, [H,L8-
20Tf " cale.: 339.07, found: 339.22, [H,L8-10Tf |'* calc.:
827.03, found 826.93.

Calix[4](-Et-Et-)imidazoliumhexafluorophosphate (H,L9).
H,L8 (3.20 g, 3.28 mmol, 1.00 eq.) is dissolved in H,O (300 mL)
and added to a solution of NH,PF (3.20 g, 19.66 mmol, 6.00 eq.)
in H,O (50 mL). The resulting white precipitate is collected,
washed three times with H,O (10 mL, 7 mL, 5 mL) and dried
subsequently in vacuo. Without further purification, the titled
compound H,L9 is obtained as a white solid (2.80 g, 2.85 mmol,
88%). "H-NMR (400 MHz, CD;CN) d (ppm) = 8.44 (t, *] = 1.6 Hz,
4H, N-CH-N), 7.33 (d, %] = 1.7 Hz, 8H, CH), 4.70 (s, 16H, CH,).
9F-NMR (376 MHz, CD;CN) 6 (ppm) = —72.30 (d, ‘Jgp = 713 Hz,
PF¢"). "H-NMR (400 MHz, DMSO-d) 6 (ppm) = 9.00 (s, 4H, N-
CH-N), 7.55 (d, ¥J = 1.6 Hz, 8H, CH), 4.73 (s, 16H, CH,). *C-
NMR (101 MHz, DMSO-ds) ¢ (ppm) = 137.26 (N-CH-N),
123.49 (HC=CH), 49.44 (CH,-CH,). Elemental analysis for
CooH,gNgF,4P, (%) anal. calc.: C 25.01; H 2.94; N 11.67; S 0.00
found: C 25.08; H 2.90; N 11.31; S 0.00.

PA[C"'Cipni(Me),C™ Cimmi(Me),]hexafluorophosphate  (PdL3).
Ag,0 (150 mg, 648 pmol, 1.05 eq.) is added to a solution of H,L3
(300 mg, 617 pmol, 1.00 eq.) and NaOAc (202 mg, 2.47 mmol,
4.00 eq.) in dry MeCN (15 mL) and stirred for 1 h at ambient
temperature, followed by the addition of Pd(OAc), (145 mg, 648
pmol, 1.05 eq.). The resulting reaction mixture is heated to 80 ©
C for 3 d. After cooling to ambient temperature, the reaction
mixture is filtered over a short plug of basic aluminum oxide.
The filter column is eluted with MeCN (20 mL) and all volatile
compounds are removed in vacuo. The resulting crude material
is resuspended in MeCN (5 mL) and centrifuged. Upon the
addition of Et,O (20 mL) to the supernatant, a white solid is
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precipitated. The crude material is collected via centrifugation,
washed with Et,O (3 x 5 mL), redissolved in MeCN (5 mL) and
precipitated with Et,O (15 mL). After drying in vacuo, the titled
compound PdL3 is obtained as an off-white solid (140 mg, 178
umol, 29%). Single crystals suitable for SC-XRD were obtained
by slow diffusion of Et,O into MeCN solution of PdL3. "H-NMR
(400 MHz, CD;CN) 6 (ppm) = 4.32-4.22 (m, 4H, CHj(packbone)),
3.71-3.51 (m, 20H, CH,~CH,, CHy(packbone))s 2-97 (S, 12H, CHs).
3C-NMR (101 MHz, CD;CN) é (ppm) = 195.6 (N-C-N), 51.72
(C(bridge)y C(backbone))’ 51.26 (C(bridge)’ C(backbone)); 46.5 (CHz)y
37.62 (CHj3). ">F-NMR (376 MHz, CD;CN): 6 (ppm) = —72.94 (d,
p_g = 706 Hz, PF). "H-NMR (400 MHz, DMSO-d¢) ¢ (ppm) =
4.35-4.13 (m, 4H, CHy(packbone))s 3-82-3.57 (m, 20H, CH,~CH,,
CH(backbone))s 2.95 (s, 12H, CHz). *C-NMR (101 MHz, DMSO-d,)
& (ppm) = 194.29 (N-C-N), 50.94 (Cipriage)y Clbackbone))s 50.56
(Cbridge)y Cibackbone)), 45.76 (CH,), 37.17 (CH;). Elemental anal-
ysis: for CpoH36F24NgP,Pd; (%) anal. calc.: C: 30.60, H: 4.62, N:
14.28, found: C: 30.93, H: 4.55, N: 14.14, S: 0.00. HR-ESI-MS: m/z
[PAL3-2PFs J** calc.: 247.1044, found: 247.1039, [PAL3-PF, |"
calc.: 639.1735, found: 639.1720.

Pt{C*'Cimni(Me),CF'Cimi(Me), Jhexafluorophosphate  (PtL3).
Ag,0 (150 mg, 648 umol, 1.05 eq.) is added to a solution of H,L3
(300 mg, 617 umol, 1.00 eq.) and NaOAc (202 mg, 2.47 mmol,
4.00 eq.) in dry MeCN (15 mL) and stirred for 1 h at ambient
temperature, followed by the addition of PtCl, (145 mg, 648
pumol, 1.05 eq.). The resulting reaction mixture is heated to 80 °©
C for 3 d. After cooling to ambient temperature, the reaction
mixture is filtered over a short plug of basic aluminum oxide.
The filter column is eluted with MeCN (20 mL) and all volatile
compounds are removed in vacuo. The resulting crude material
is resuspended in MeCN (5 mL) and centrifuged. Upon the
addition of Et,O (20 mL) to the supernatant, a white solid is
precipitated. The crude material is collected via centrifugation,
washed with Et,0 (3 x 5 mL) and redissolved in MeCN (5 mL)
and precipitated with Et,O (15 mL). After drying in vacuo, the
titled compound PtL3 is obtained as an off-white solid (23 mg,
26 pmol, 4%). Single crystals suitable for SC-XRD were obtained
by slow diffusion of Et,O into MeCN solution of PtL3. Note;
a clean EA could not be obtained, and the NMR includes
impurities. "H-NMR (400 MHz, CD;CN) 6 (ppm) = 4.35-4.26 (m,
4H, CHZ(backbone)); 3.72-3.51 (m, 20H, CH,-CH,, CHZ(backbone))y
2.94 (s, 12H, CHj;). "*C-NMR (101 MHz, CD;CN) é (ppm) =
188.38 (N-C-N), 51.47 (d, Cpriage)s Cpackbone))s 46.39 (CH,), 37.44
(CHL).

Pd[(cC*CC"'Cipn;)OTH] (PAL5). Ag,0 (155 mg, 670 pmol, 2.20
eq.) is added to a solution of H,L5 (300 mg, 305 umol, 1.00 eq.)
and NaOAc (200 mg, 2.42 mmol, 8.00 eq.) in dry MeCN/DMSO
(12 mL 1:1) and stirred for 1 h at ambient temperature, fol-
lowed by the addition of Pd(OAc), (71.8 mg, 320 umol, 1.05 eq.).
The resulting reaction mixture is heated to 80 °C for 3 d and is
filtered, after cooling to ambient temperature, over a short plug
of basic aluminum oxide. The filter column is eluted with MeCN
(100 mL) and all volatile compounds are removed in vacuo. The
resulting oily solution (still approx. 6 mL of DMSO remaining) is
resuspended in MeCN (6 mL) and centrifuged. Upon the addi-
tion of Et,O (25 mL) to the supernatant, a brown/black solid is
precipitated. After another addition of Et,O (120 mL) a white
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solid is precipitated. The white crude material is collected via
centrifugation, washed with Et,O (3 x 5 mL) and redissolved in
MeCN (5 mL). After purification [3 times dissolving in MeCN (4
mL) and precipitating with Et,O (~15 mL)] and removing all
volatile compounds in vacuo, the titled compound PdL5 is ob-
tained as an off-white solid (7.00 mg, 8.87 umol, 3%). "H-NMR
(400 MHz, CD;CN): 6 (ppm) = 4.10-4.00 (m, 8H, CHy (bridge)),
3.76-3.54 (m, 16H, CHy (backbone))s 3-52-3.45 (M, 8H, CHy (bridge))-
3C-NMR (101 MHz, CD;CN): 6 (ppm) = 191.3 (N-C-N), 51.0
(CHZ,(bridge)/CHZ,(backbone)); 47.4 (CHZ,(backbone)/CHz,(bridge))- 19F'
NMR (376 MHz, CD;CN): ¢ (ppm) = —79.33 (CF;). ESI-MS: m/z
= calc. for [PAL5-OTf ]": 639.13 ([PAL5-OTf |"); found: 639.44;
calc. for [PAL5-20Tf ]": 245.09 ((M-20Tf ["); found: 245.20.
Pd[(cC*'CC*'Cipmi)PF6] (PAL6). PAL6 is synthesized analog to
PdL5; by converting H,L6 (230 mg, 238 pmol, 1.00 eq.) with
Ag,0 (121 mg, 522 pmol, 2.20 eq.) in dry MeCN (4 mL) while
stirring for 1 h at ambient temperature, followed by the addition
of NaOAc (156 mg, 1.90 mmol, 8.00 eq.), Pd(OAc), (56.0 mg, 249
pumol, 1.05 eq.) and is heated at 75 °C for 4 d. After purification
[3 times dissolving in MeCN (4 mL) and precipitating with Et,O
(~15 mL)] and removing all volatile compounds, PdL6 is ob-
tained as a pale-yellow solid (85.0 mg, 109 pmol, 46%). "H-NMR
(400 MHz, CD;CN): 6 (ppm) = 4.13-4.02 (m, 8H, CHy (bridge)),
3.78-3.60 (m, 16H, CHy (backbone))s 3-52-3.46 (M, 8H, CHy (bridge))-
9F-NMR (376 MHz, CD;CN): 6 (ppm) = —72.78 (d, Jps1_r10 =
707 Hz, PFg) elemental analysis for C,oH;3,F;,NgP,Pd (%) anal.
calc.: C 30.76; H 4.13; N 14.13; found: C 29.50; H 4.07; N 14.35.
ESI-MS: m/z = calc. for [PAL6-PF, |": 635.14 ((M-PF, " |"); found:
635.21. HR-ESI-MS: m/z [PAL6-2PFs ** calc.: 245.0887, found:
245.0890, [PdL6 + H,0-2PF¢ *' calc.: 254.0940, found:
254.0944, [PdLG—PF{]+ calc.: 635.1422, found: 635.1425, [PdL6
+ H,0-PF; | cale.: 653.1527, found: 653.1534.
Pd[(cC**'CC*'C)OT{] (PdL8). Ag,O (74.7 mg, 322 pmol, 1.05
eq.) is added to a solution of H,L8 (320 mg, 307 umol, 1.00 eq.)
and NaOAc (202 mg, 2.46 mmol, 4.00 eq.) in dry MeCN (15 mL)
and stirred for 1 h at ambient temperature, followed by the
addition of Pd(OAc), (72.4 mg, 322 umol, 1.05 eq.). The result-
ing reaction mixture is heated to 80 °C for 4 d. After cooling to
ambient temperature, the reaction mixture is filtered over
a short plug of basic aluminum oxide. The filter column is
eluted with MeCN (50 mL) and all volatile compounds are
removed in vacuo. The resulting crude material is resuspended
in MeCN (5 mL) and centrifuged. Upon the addition of Et,O (20
mL) to the supernatant, a white solid is precipitated. The crude
material is collected via centrifugation, washed with Et,O (3 x 5
mL) and redissolved in MeCN (5 mL). After the precipitation
with Et,O (15 mL) and drying in vacuo, the titled compound
PdLS8 is obtained as an off-white solid (119 mg, 153 pmol, 50%).
"H-NMR (400 MHz, CD;CN) § (ppm) = 7.20 (s, 8H, CH), 5.02-
4.93 (m, 8H, CH,), 4.47-4.39 (m, 8H, CH,). ">*C-NMR (101 MHz,
CD,CN) 6 (ppm) = 165.84 (N-C-N), 123.77 (CH), 49.11 (s, CH,-
CH,). "H-NMR (400 MHz, DMSO-d¢) 6 (ppm) = 7.52 (s, 8H, CH),
5.05-4.95 (m, 8H, CH,), 4.52-4.42 (m, 8H, CH,). ">*C-NMR (101
MHz, DMSO-d¢) ¢ (ppm) = 163.80 (N-C-N), 123.32 (CH), 48.14
(CH,-CH,). Elemental analysis for C,gHpgNgF,,P4 + 1 MeCN (%)
anal. calc.: C 35.07; H 3.31; N 15.33; S 7.80 found: C 35.26; H
3.21; N 15.73; S 7.82. HR-ESI-MS: m/z [PAL8-20Tf |** calc.:
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241.0574, found: 241.0570, [PAL8-OTf | calc.: 631.0674, found:
631.0658.

Pd[(cC™CC"'C)PF¢] (PAL9). PAL8 (95 mg, 122 umol, 1.00 eq.)
is dissolved in H,O (35 mL), after the addition of NH,PF,
(50.0 mg, 305 pmol, 2.5 eq.) a white precipitate is collected via
centrifuge and washed three times with H,O (5 mL, 3 mL, 3 mL)
and Et,O (10 mL, 5 mL, 3 mL). After drying in vacuo, the titled
compound PdL9 is obtained as an off-white solid (39 mg, 50
umol, 41%). Single crystals suitable for SC-XRD were obtained
by slow diffusion of Et,O into MeCN solution of PAL8. "H-NMR
(400 MHz, CD;CN) é (ppm) = 7.22 (s, 8H, CH), 4.97 (m, 8H,
CH,), 4.43 (m, 8H, CH,). ">’F-NMR (376 MHz, CD;CN) ¢ (ppm) =
—72.93 (d, YJgp = 713 Hz, PFs ). HR-ESI-MS: m/z [PAL9-2PF, |**
calc.: 241.0574, found: 241.0570, [PAL9-PF, " calc.: 627.0796,
found: 627.0782.

Pt[(cC**'CC"*C)OTH] (PtL8). Ag,0 (209 mg, 900 umol, 2.20 eq.)
is added to a solution of H,L8 (400 mg, 410 pmol, 1.00 eq.) and
NaOAc (202 mg, 2.46 mmol, 4.00 eq.) in dry MeCN (30 mL) and
stirred for 1 h at ambient temperature, followed by the addition
of Pt(MeCN),Cl, (156 mg, 450 pmol, 1.10 eq.). The resulting
reaction mixture is heated to 80 °C for 3 d and is filtered, after
cooling to ambient temperature, over a short plug of basic
aluminum oxide. The filter column is eluted with MeCN (50 mL)
and all volatile compounds are removed in vacuo. The resulting
crude material is resuspended in MeCN (5 mL) and centrifuged.
Upon the addition of Et,O (20 mL) to the supernatant, a white
solid is precipitated. The crude material is collected via centri-
fugation, washed with Et,0 (3 x 5 mL) and redissolved in MeCN
(5 mL). After the precipitation with Et,O (15 mL) and drying in
vacuo, the titled compound PtL8 is obtained as an off-white
solid (90 mg, 103 pmol, 25%)."H-NMR (400 MHz, CD;CN)
6 (ppm) = 7.19 (s, 8H, CH), 5.11-4.94 (m, 8H, CH,), 4.50-4.38
(m, 8H, CH,). "H-NMR (400 MHz, DMSO-d) 6 (ppm) = 7.49 (s,
8H, CH), 5.06-4.97 (m, 8H, CH,), 4.54-4.44 (m, 8H, CH,). *C-
NMR (101 MHz, CD;CN) 6 (ppm) = 159.39 (N-CH-N), 123.58
(HC=CH), 48.86 (CH,-CH,). F-NMR (376 MHz, CD;CN)
6 (ppm) = —79.27 (CF;). HR-ESI-MS: m/z [PtL8-20Tf |** calc.:
285.5881, found: 285.5864, [PtLS—Ong]+ calc.: 720.1287, found:
720.1264.

Au[(cC*CC*C)PF¢] (AuL9). H,L8 (500 mg, 458 pmol, 1.00
eq.), KAuCl, x 2H,0 (209 mg, 505 pmol, 1.05 eq.), and NaOAc
(197 mg, 2.41 mmol, 5.00 eq.) are suspended in dry DMSO (5
mL). The resulting reaction mixture is stirred for 5 h at 100 °C
and filtered at ambient temperature. MeCN (5 mL) is added to
the filtrate. After the addition of Et,O (30 mL) to the solution,
white solid precipitated. It is washed with MeCN (3 x 5 mL) and
DCM (2 x 5 mL) and after the removal of all volatiles in vacuo,
the solid is dissolved in H,0O (2 mL) and added dropwise to
a solution of NH,PF; (353 mg, 2.17 mmol, 4.00 eq.) in H,O (5
mL). The resulting white precipitate is collected and washed
with H,O (3 x 5 mL) and after removal of all volatiles in vacuo,
the titled compound AuL9 (230 mg, 228 mmol, 47%) is obtained
as a white solid. "H-NMR (400 MHz, CD;CN) ¢ (ppm) = 7.47 (s,
8H, CH), 4.89-4.77 (m, 8H, CH,), 4.76-4.66 (m, 8H, CH,). **C-
NMR (101 MHz, CD,;CN) é (ppm) = 146.03 (N-CH-N), 125.92
(HC=CH), 48.58 (CH,-CH,). Elemental analysis for C,oH,4-
AuFgNgP; x 0.1 MeCN (%) anal. calc.: C 24.62; H 2.70; N 11.11;
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S 0.00 found: C 24.82; H 2.78; N 11.15; S 0.57. HR-ESI-MS: m/z
[AUL9-3PF; J** calc.: 191.0591, found: 191.0587, [AuL9-PF |"
calc.: 863.1068, found: 863.1038.
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ARTICLE INFO ABSTRACT
Keywords: The implementation of automation has already had a considerable impact on chemical and
3D printing pharmaceutical industrial laboratories. However, academic laboratories have often been more

Liquid handling

‘ ! reluctant to adopt such technology due to the high cost of commercial liquid handling systems,
Micro-syringe

although, in many instances, there would be a huge potential to automate repetitive tasks,

Chemist; g - . . A
Biology Y resulting in elevated productivity. We present here a detailed description of the setup, validation,
Pipetting and utilization of a multifunctional liquid automation (MULA) system that can be used to auto-

mate various chemical and biological tasks. Considering that such a setup must be highly cus-
tomizable, we also designed MULA with respect to modularity, providing detailed insight as far as
possible. Including all 3D-printed parts and the used Hamilton gastight micro syringe, the total
construction cost is approximately 700 €. This allows us to achieve a highly reliable and accurate
system that exceeds the precision of a classical air displacement pipette while still retaining the
ability to use closed vial (septa) setups. To encourage other groups to adopt this setup, detailed
instructions and tips for every step of the process are provided, along with the complete CAD
design of MULA and control code, which are freely available for download under the CC BY NC
3.0 license.

Specifications table.

Hardware name MULA (Multifunctional liquid automation)

Subject area Engineering and materials science

Chemistry and biochemistry

Medical (e.g., pharmaceutical science)

Biological sciences (e.g., microbiology and biochemistry)
Biological sample handling and preparation

Syringe manipulation

Hardware type
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(continued)

Hardware name MULA (Multifunctional liquid automation)

e Liquid and gas handling

No commercial analog is available.
CCBY NC 3.0

700 €
https://doi.org/10.17632/3m3t4{9ft3

Closest commercial analog
Open source license

Cost of hardware

Source file repository

1. Hardware in context

In the past decade, the development of automated systems has become increasingly important in daily laboratory operations,
particularly for highly repetitive experiments like high throughput liquid handling work, which are prone to errors resulting especially
from human influence.[1-6] A significant challenge faced by chemists and life scientists is achieving reproducible results.[7,8] A meta-
analysis published in 2015 for the years 2011 to 2014 revealed that less than half of the data produced is reproducible, leading to
substantial costs and time-consuming experiments, especially in drug research.[9] In the United States alone, over 28 billion[8,9]
dollars are spent on non-reproducible preclinical research. However, even small enhancements in reproducibility or consistency could
yield significant returns on investments in terms of cost reductions and time spent on drug development [8].

One potential solution is the deployment of liquid-handling robots, which offer consistent performance and operate 24/7. These
robots boost throughput, document each step, lower labor costs, ensure a safer lab operation, and provide high precision and accuracy.
[1,4] While companies like Hamilton, Chemspeed Technologies, Mettler Toledo, Tecan and AmigoChem already offer such robots, they
require a significant budget and space for implementation and are optimized for rather specialized tasks.[4,10-12] If the assignment
changes often, those robots are rarely appropriate and lack flexibility for easy modification or variation. Additionally, personnel must
be trained for each company’s specific system, as competing systems usually have no compatibility. In addition, technical support
tends to prioritize larger industries more often than smaller university labs. When these robots require maintenance, they are usually
not easy to fix, and the costs can be substantial, creating a significant burden for smaller groups with limited budgets. Furthermore, the
customers can be very frustrated about the large downtimes of machines that are crucial for experiments. Simultaneously, there has
been a rise in the use of G-code devices, including 3D printers, computer numerical control (CNC) routers, and laser engravers, which
can achieve linear movements in a simple manner. Thanks to the RepRap project, the cost of these devices has significantly decreased
in the last 15 years, making them accessible even to the general consumer.[13] Their potential for scientific purposes, including
chemical synthesis[14], simplifying chromatographic processes[15], liquid handling[16], and fabricating functional materials[17] isa
testament to their versatility and cost-effectiveness. On the other hand, commercial systems for liquid handling are often too expensive
for the average academic research laboratory and lack the individual customization options of do-it-yourself (DIY) systems. Alter-
natives for specific experiments based on open-source 3D printing technology[18-20] have emerged, which are pretty similar to
commercial ones; however, due to the open-source basis, the costs and makes are reduced, and the possibility for specially tailored
robots for specific experiments is possible. By investing in versatile and cost-effective alternatives, laboratories can foster innovation
while minimizing financial strain. Ultimately, embracing a more adaptable approach to automation will enable researchers to focus on
discovery and innovation rather than logistical constraints and repetitive work, e.g., pipetting of defined volumes. Complementing
already existing DIY liquid handling systems such as EvoBot[21], FINDUS[22], BioCloneBot [23] and OSMAR[24], we started
developing MULA (Table 1). MULA represents a step forward in laboratory automation, offering a mixture of affordability, flexibility,
highly customizable, and user-friendliness. It is designed for the needs of smaller labs and academic institutions in mind. The high
customizability of MULA allows researchers to make easy modifications for new procedures or experiments without the need for costly
overhauls or specialized training. In this manuscript, we present a detailed documentation of MULA and its setup, validation, and
utilization as a multifunctional liquid automation robot with the intent of helping researchers focus on discovery and advancement
without the constraints of high costs and inflexible equipment.

2. Hardware description

As the name implies, MULA (multifunctional liquid automation) is a highly modular and customizable framework that can be built

Table 1

List of DIY systems already published and compared to this work.
Name, reference OSMAR [24] EVO-BOT[21] FINDUS[22] BioCloneBot[23] MULA (this work)
Structural parts made Laser-cutting Laser-cutting 3D-printing 3D-printing 3D-printing

via
Mainboard, Firmware

Control via

Fluid dispensing via
Proposed cost

MKS Gen-L, custom
Marlin
Autolt, Hype!terminal

Microsyringe & Needle
$700AU

MEGA 2560 R3, custom
Marlin

Python script on Raspberry
Pi

Plastic-syringe & Needle
$600

ESP8266 12F,
custom
Python script

Pipette & Tip
$400 -+ pipette

MKS Gen-L, custom

Custom C#
frontend
Microsyringe & Tip
<$2000CAD

BTT Octopus, custom
Marlin
Python script, Pronterface

Microsyringe & Needle
~ 700€
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Fig. 1. CAD model of MULA: a) assembled frame with 3D-printed parts (orange) and 2040 V-slot profiles (white); b) Sampling head of MULA. For
visibility reasons, some parts, like the electronics board case, are not depicted in this illustration. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
P =\ MULA
. experiment)
. — A

A

User PC (Python, Pronterface) Controllerboard (marlin firmware) NEMA 17
' Stepper motors
" @ N/
Sensors/Buttons

Scheme 1. Command-chain overview of MULA: The user inputs parameters to the PC, which are transformed into G-code commands, which the
software then sends to the control board. The firmware on the board uses these instructions to control the stepper motors, which make MULA move
accordingly and conduct the experiment.

in various sizes and for different applications. The robot is built with a cartesian motion system, which is the most common for DIY and
commercial liquid handling systems, although there are some interesting exceptions [25]. The system has four movable axes. X- and Y-
axes are both horizontal and use a timing belt mechanism, with the X-axis being duplicated. The two remaining axes are both vertical,
using a lead screw (I-axis) and a geared timing belt (Z-axis) mechanism. All axes use 2040 V-slot profiles and V-slot wheels to support
linear motion. We have decided to use a timing-belt mechanism with a 3:1 gear ratio for the Z-axis to combine the Z- and I-axis on one
2040 V-slot profile, making the head very compact. Fig. 1 depicts this elegant approach, which makes this system easy to assemble and
more compact than other DIY approaches.[24] The X-, Y-, and Z-axes control the movement of the syringe, while the I-axis controls the
movement of the syringe plunger. Since we have constructed MULA like a 3D printer, we wont discuss the accuracy and reliability of
the timing belt mechanisms of the X-, Y- and Z-axis but instead focus on the liquid handling ability. MULA contains a Hamilton micro
syringe with a removable needle instead of an air displacement pipette since we plan to use this system with closed vials (septa) and
notice during testing that air displacement pipettes are not ideal when using non-aqueous liquids. As a bonus, when using a gastight
syringe, this system is also able to handle gases. We configured MULA with a sampling area measuring 41 cm on the Y-axis, 56 cm on
the X-axis, and 10 cm on the Z-axis, although this can be easily adapted as described later. To adapt to different experimental con-
ditions, we have designed a modular rack system that slides into regular aluminum profiles. The template of this rack as well as the
rack-top part is supplied as a.step file and can easily be adjusted by common CAD tools. We provide a template for a 30-vial rack for GC
vials. NEMA 17 stepper motors are employed on all axes due to their good availability and documentation. The BTT Octopus board
with custom marlin firmware is used via a computer for motion control to run the stepper motors. Combining this specific board with
the used Trinamic 2209 drivers allows to use a sensorless homing procedure for all axes except the Z-axis, reducing the number of limit
switches and the associated wiring.”? Sensorless homing is also achieved for the syringe plunger (I-axis), which improves reproduc-
ibility and user experience and reduces the need to manually recalibrate the position of the syringe plunger when an accident happens.
In general, it can be assumed that the ability to home the machine is a significant safety and convenience feature, which we considered

2 For more info visit https://marlinfw.org/docs/hardware/tmc_drivers.html (2024, June 26).
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as missing on other DIY systems.[24]| Furthermore, the board can control up to 8 individual stepper motors, allowing for further
upgrades (as depicted in the outlook) since we currently only use 5 Motors (X1, X», Y, Z, I). By using G-code instructions, the machine
we designed is controlled using open-source and freely available software (Marlin, Pronterface), just like other machines such as 3D
printers, CNC routers, and laser cutters. The complete process of communicating with MULA is depicted in Scheme 1.

While prototyping this machine, we developed several improvements over comparable DIY systems such as OSMAR and EVO-bot.
Hamilton gastight syringes (although relatively costly) with removable needles make the system described in this work very versatile
and durable, especially when dealing with liquids other than water (organic solvents like dichloromethane corrupt plastic syringes
very quickly). Moreover, we want to highlight the high accessibility of this machine since all custom parts can be 3D-printed using a
regular desktop 3D printer. There is no need for soldering or laser-cutting parts, which require harsh safety precautions and might not
be accessible to smaller universities. Furthermore, our setup is compact, modular, user-friendly and simple to maintain and assemble.

In Summary:

e Accessible, simple to construct, easy to maintain and control
e Highly customizable

e Potential for further upgrades (see outlook)

e Cheap and modular system for automatic liquid handling

3. Design files

This section encompasses the 3D-printed components and firmware utilized in the construction and operation of MULA. As
mentioned above, one advantage of our approach is that it does not require the use of sophisticated machines such as CNC routers and
laser engravers. Instead, a basic desktop 3D printer is sufficient to create all custom parts.

3.1. 3D-printed parts

The files were printed with Prusament PETG on a Prusa I3 MK3S+ printer with a 0.6 mm nozzle. To increase the mechanical strength
of all parts, the perimeter count was increased to 4 in PrusaSlicer. We printed the X- and Y-gantry and all stepper motor mounts with 80
% infill and 0.3 mm layer height. All other parts were printed with 40 % infill and 0.3 mm layer height. Besides all parts’ .stl and .step
files, we also provide the .3mf files (ready to print) with our settings in the repository. The 3D-printed parts make up a large part of the
machine we developed. We have designed all 3D-printed parts to limit the number of different screw sizes where possible. Therefore,
M4x10 and M3x10 screws are used to mount compounds to the aluminum profiles and attach stepper motors, respectively. There are
three principal categories of parts:

e Mount: Those parts are mounted to the frame to support relevant mechanical or electronic structures
e Gantry: Those parts are incorporated in timing belts and are needed for the movement of the axes
e Spacer: Those parts are needed to fill gaps between other parts

Gantry_X contains several holes to mount the V-slot wheels and the timing belt and connect the Y-axis profile. Gantry_Y is a slightly
more complex part to attach the V-slot wheels for the Y-axis, the timing belt of the Y-axis, but also the V-slot wheels for the Z-axis and
the timing belt of the Z-axis. Gantry_Y_mount incorporates a mount for a cable drag chain. Furthermore, there are four mounts for the
stepper motors (X_left, X right, Y, I), accounting for different axial mounting conditions. Although they have a similar design, they are
clearly distinguishable from each other.

For the Z-axis, a gearbox-like mount is utilized for the stepper motor, which is built from the two Z_Gearbox parts (A and B). Next,
since the timing belt must be connected to an idler pulley at the other end of the axis, the Idler_ mount part is needed for each one of the
four axes employing a timing belt mechanism. The mounting of the micro syringe the frame is conducted using three parts: Syrin-
ge_mount is a parametric part that can be adapted for different syringe sizes and keeps the main body of the syringe connected to the I-,
Z-axis profile; Plunger_mount, on the other hand, is another parametric part responsible for securing the plunger of the syringe to the I-
axis gantry (there are also two versions for plungers with or without threads); Lastly, the Syringe_bracket parts are used to secure the
syringe body to the Syringe_mount part. Then, there are 4 different parts needed for the pipetting area: 30Vial_rack and 96Well rack,
which contain the sample and solvent vials. They slide into the pipetting area profiles and can easily be customized. 30Vial_top is
mounted on top of the pipetting area profiles and is needed to keep the vials in place when working with septa. The two parts named
Rack_mount (A and B) are needed to connect the pipetting area profiles to the main frame and thus ensure a consistent location of all
vials during the experiments. The small part labelled Endstop_mount is employed on the Z-Axis to mount the endstop switch to the Z-
Axis profile. Lastly, the spacer parts (M5_Spacer_6, M5_Spacer_7, M4_Spacer_12 and M5_Spacer 14) are needed for encapsulating
screws in different parts of the machine.

3.2. Software

3.2.1. Calculation of important parameters
Several parameters must be specified in the original marlin firmware when building a custom variant of MULA. While a large part of
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Table 2
Software and hardware parameters and resulting calculated steps/mm for all axes of MULA.
Axis Micro- Steps/Revolution (1.8° Slope (lead Motor pulley Distance teeth GT2 Gearbox ratio Calculated steps/
stepping resolution) screw) teeth (Ty,) belt (b) ® mm
XY 16 200 - 20 2 mm 1 80
Z 16 200 — 20 2 mm 3 240
I 16 200 8 mm — - 1 400
Table 3
Custom modifications to the marlin firmware.
File Line Modification Purpose
Config.h 174-188 Change the relevant (X, Y, Z, X2, I, EO) driver types to: TMC2209 Enables sensorless homing
216 Comment (add “//” before): #define AXIS4 rotates Use linear motion for the syringe plunger
886, 894 Uncomment (remove “//” before): USE_IMIN_PLUG USE_ZMAX_PLUG Enables endstops on I- and Z-axis
964, 971 Change to: Invert logic of end-stop and probe to
Z_MAX_ENDSTOP_INVERTING true align with hardware setup
Z_MIN_PROBE_ENDSTOP_INVERTING true
1019, 1026, Change to: To accommodate for the additional axis,
1039, 1285 DEFAULT _AXIS_STEPS_PER_UNIT { 80, 80, 240, 400, 400} enter the previously calculated steps/mm
DEFAULT MAX_FEEDRATE { 5000, 5000, 2000, 200, 200} and set speed and acceleration
DEFAULT_MAX_ACCELERATION { 500, 500, 300, 100, 100}
NOZZLE_TO_PROBE OFFSET { 10, 10, 0, 0}
1125 Comment (add “//” before): #define Z_ MIN_PROBE_USES_Z_MIN_ENDSTOP_PIN Enables homing on Z-axis
1165 Uncomment (remove “//” before): FIX MOUNTED_PROBE Enables homing on Z-axis
1412, 1424 Uncomment (remove “//” before): I ENABLE_ON ODISABLE I false Enables I-axis
1444, 1485 Change to: Ensure that the Z-axis moves in the right
INVERT _Z DIR true direction
Z HOME DIR 1
1445, 1486 Uncomment (remove “//” before) and/or change to: Enables correct homing for the syringe
INVERT_I_DIR true plunger
I HOME DIR -1
1496, 1497,  Change to: Sets the software limits for the sampling
1505 X_BED_SIZE 500 area; Can be disabled afterwards by the
Y_BED_SIZE 350 M221 G-code command (not
Z_MAX_POS 75 recommended!)
1506, 1507 Uncomment (remove *//” before) and change to: I MIN_POS 0 Sets a software limit of 100 mm for the
I_.MAX_POS 100 syringe plunger
1887 Change to: Sets the speed for the homing procedure
HOMING_FEEDRATE MM _M { (50%60), (50%60), (10*60), (10*60)} and includes the plunger axis
Config_adv. 500, 502, Uncomment (remove “//” before) and/or change to: Configures the Fan that cools the stepper
h 506, 507, USE_CONTROLLER_FAN drivers
513 CONTROLLER_FAN_PIN FAN2_PIN
CONTROLLERFAN_SPEED_ACTIVE 170
CONTROLLERFAN_SPEED_IDLE 30 CONTROLLER _FAN_EDITABLE
773 Uncomment (remove “//” before): #define INVERT_X2_VS_X_DIR To make the second X-axis motor turn in
the right direction
837, 838 Change to: HOMING_BUMP_MM { 0, 0, 3, 0} Settings for sensorless homing; Only the
HOMING_BUMP_DIVISOR { 2, 2, 4, 2 } non-sensorless Z-axis backoffs during
homing
844 Uncomment (remove “//” before): #define HOME_Z_FIRST Ensures that the z-axis is up before
homing other axes
1014 Change to:
AXIS_RELATIVE_MODES {false, false, false, false, false}
1039 Change to: Ensures that the Z-axis wont lower when
DISABLE_INACTIVE _Z false inactive
1264 Change to:
MANUAL_FEEDRATE { 5060, 5060, 4*60, 460, 460}
3078 Change to:
CHOPPER _TIMING CHOPPER_DEFAULT _24V
3113, 3178 Uncomment (remove “//” before): Enables sensorless homing
MONITOR _DRIVER_STATUSSENSORLESS HOMING
3182, 3184, Uncomment (remove “//” before) and/or change to: Sets the sensitivity for sensorless homing;
3190, 3222 X_STALL _SENSITIVITY 100 this can be changed afterwards using the
Y_STALL _SENSITIVITY 100 M914 G-code command
I_STALL_SENSITIVITY 100 TMC_DEBUG
Pins.h 54, Change to: Enables the I-axis

I_DIAG_PIN PG11

(continued on next page)
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Table 3 (continued)

File Line Modification Purpose

140 ff. Enables the I-axis

[J#ifdef I_STALL_SENSITIVITY
| e I_STOP_PIN I_DIAG_PIN

E3_DIAG_PIN // PWRDET

E3_DIAG_PIN /

~

PWRDET

~

I_DIAG PIN // Z-STOP

f I_MAX PIN
e I_MAX PIN E3_DIAG_PIN // PWRDET

I_DIAG PIN // Z-STOP

2009 ff. Enables the I-axis

PG4 // MOTOR 3
PC1l

#define I_ENABLE_PIN PAO
213 #endif
214 H#ifndef I_cs_PIN
215 #define I_CS_PIN PC7
—#endif

the settings will remain unchanged, there are some parameters that likely deviate. This includes the size of the sample area, the choice
of stepper drivers (Note again that only TMC2209 and 2226 drivers support sensorless homing!), the sensitivity for sensorless homing
and the default axis-steps per mm. Besides the dimension of the sample area (which is calculated in Chapter 5), another important
parameter to specify in the firmware is the correct correlation between motor steps and mm. We want to demonstrate how we

calculated this parameter in the following to make it as easy as possible to adapt the system to other possible configurations:

steps __ Steps/Revolution x Microstepping <r
mm Tm x b

steps __ Steps/Revolution x Microstepping
mm Slope

Table 2 includes the used parameters and calculated steps/mm for our build. With the correct correlation between motor steps and
mm, the movement of the X-, Y-, and Z-axis can be controlled precisely. Besides the different correlation of steps/mm, for the two
different transmissions from rotational to linear motion (timing belt and lead screw), there are other factors to consider, such as
longevity and accuracy. [26] The sensitivity for homeless probing (STALL_SENSITIVITY) was determined empirically. We found a
value of 100 suitable for all axes, but this might differ in other builds.®

For the belt movements (X, Y, Z) we used the formula:

For the movements of the lead screw (I), we instead used:

3.2.2. Modifications to the marlin firmware
In Table 3, we briefly comment on the parameters that we have changed from the original marlin configuration from the board
manufacturer.

3.2.3. Flashing/Compiling of the firmware

MULA is controlled by a BTT Octopus 1.1 board, which is otherwise used to control DIY 3D printers. In order to send commands, the
board requires a USB cable connection to a PC and the correct firmware. We recommend using a micro-SD card containing the
Firmware.bin file according to the board’s manual to flash the correct firmware to the Octopus board. The MULA marlin firmware
build can be found in the repository. To reproduce our setup without significant changes, our Firmware.bin can be directly used (note
that you can change many of the settings, such as the axis steps-per-unit via G-code commands in Pronterface: see https://marlinfw.
org/meta/gcode/). However, if it is necessary to adjust the machine’s dimensions or change the control board or stepper driver type,
we advise recompiling the firmware from scratch using the VSCode editor and the platformIO IDE extension. Scheme 2 illustrates the
decision tree for firmware flashing/compiling. A brief guide for setting up VSCode editor accordingly is available in the assembly
manual, although this process is generally very well documented. Note that we have changed several parameters from the stock marlin
configuration so that the user can adapt the firmware by changing the provided config.h and config_adv.h and the pins_BTT_OCTO-
PUS_COMMON.h files.

3.2.4. Prerequisites for Machine control on windows

When the correct firmware is flashed and the electronics are connected properly, the board is ready to receive G-code commands
(like a 3D printer) from the computer via USB. In 3D printing, the G-code file is generated in the slicer, where a complex algorithm

3 For more information visit https://marlinfw.org/docs/gcode/M914.html (2024, June 26).
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Prerequisites Firmware considerations Flashing
Y (c
Different dimensions or Adapt our existing
other significant changes configuration files (config.h;
(such as other board, other config_adv.h and pins.h) and
drivers, other orientation of recompile Firmware with
L the motors, double Z axis) ) L Vscode editor ) Flealh e Binwaie s Gle
to the board via a micro-SD
( D card
Same physical dimensions Simply use our precompiled
and setup firmware (Firmware.bin)
< 4 < 4

Scheme 2. Decision tree for the steps to flash the firmware to the control board.

generates the G-code file layer by layer based on the object’s geometry. In our case, we had to approach the G-code generation
differently. Therefore, we created a primitive slicer equivalent with an intuitive GUI that allows for straightforward input of all
relevant parameters and then generates the respective G-code file. We are providing those programs as executables (.exe) files to
eliminate the need to establish a working Python environment, which might overcharge inexperienced users. However, we still provide
the original Python scripts in the repository for experienced users. The free software Pronterface should also be installed (from https://
github.com/kliment/Printrun/releases) for initial calibration, manual control and sending of the G-code files.

3.3. Design files summary

Design file name File type Open source license Location of the file
MULA _complete STEP / F3D (Fusion 360) CCBY NC 3.0 Mendeley Data repository: https://doi.org/10.17632/3m3t4f9ft3
MULA Paranetric_syringe STEP / F3D (Fusion 360) CCBY NC 3.0 Mendeley Data repository
Gantry_X STL CCBY NC 3.0 Mendeley Data repository
Gantry Y STL CCBYNC 3.0 Mendeley Data repository
Gantry_Y_mount STL CCBY NC 3.0 Mendeley Data repository
Stepper_mount_X_left STL CCBYNC3.0 Mendeley Data repository
Stepper_mount_X_right STL CCBY NC 3.0 Mendeley Data repository
Stepper_mount_Y STL CCBY NC 3.0 Mendeley Data repository
Stepper_mount_[ STL CCBYNC 3.0 Mendeley Data repository
Z_Gearbox A STL CCBYNC 3.0 Mendeley Data repository
Z_Gearbox_B STL CCBYNC 3.0 Mendeley Data repository
Idler_mount STL CCBY NC 3.0 Mendeley Data repository
GT2 Belt_clip STL CCBY NC 3.0 Mendeley Data repository
Syringe_mount_100uL STL CCBYNC 3.0 Mendeley Data repository
Plunger_mount_100uL STL CCBY NC 3.0 Mendeley Data repository
Syringe_bracket_100uL STL CCBY NC 3.0 Mendeley Data repository
Syringe_mount_250uL STL CCBYNC 3.0 Mendeley Data repository
Plunger_mount_250uL STL CCBY NC 3.0 Mendeley Data repository
Syringe_bracket_250uL STL CCBY NC 3.0 Mendeley Data repository
Syringe_mount_1000pL STL CCBY NC 3.0 Mendeley Data repository
Plunger_mount_1000pL STL CCBY NC 3.0 Mendeley Data repository
Syringe_bracket_1000uL STL CCBY NC 3.0 Mendeley Data repository
Syringe_mount_2500uL STL CCBY NC 3.0 Mendeley Data repository
Plunger_mount_2500uL STL CCBY NC 3.0 Mendeley Data repository
Syringe_bracket_2500uL STL CCBY NC 3.0 Mendeley Data repository
30Vial_rack STL CCBY NC 3.0 Mendeley Data repository
96Well_rack STL CCBY NC 3.0 Mendeley Data repository
30Vial_top STL CCBY NC 3.0 Mendeley Data repository
Rack_mount_A STL CCBYNC3.0 Mendeley Data repository
Rack_mount_B STL CCBY NC 3.0 Mendeley Data repository
Rack_mount_5mm_acrylic. A STL CCBY NC 3.0 Mendeley Data repository
Rack_mount_5mm_acrylic_B STL CCBYNC3.0 Mendeley Data repository
Endstop_mount STL CCBYNC 3.0 Mendeley Data repository
M5_Spacer_6 STL CCBY NC 3.0 Mendeley Data repository
M5_Spacer_7 STL CCBY NC 3.0 Mendeley Data repository
M4 Spacer_12 STL CCBYNC3.0 Mendeley Data repository
M5_Spacer_14 STL CCBY NC 3.0 Mendeley Data repository
Liquid_handling.exe executable CCBY NC 3.0 Mendeley Data repository
Volume_calibration.exe executable CCBY NC 3.0 Mendeley Data repository
Liquid_handling.py Python script CCBY NC 3.0 Mendeley Data repository

(continued on next page)
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(continued)
Design file name File type Open source license Location of the file
Volume_calibration.py Python script CCBY NC 3.0 Mendeley Data repository
config.ini Configuration file CCBY NC 3.0 Mendeley Data repository
MULA Marlin firmware Software package CCBY NC 3.0 Mendeley Data repository

4. Bill of materials summary

The complete bill of materials can be found in the supplementary information. The total cost of all parts is 676.83 € in Germany,
including the Hamilton gastight syringe and needle, as well as 1 kg of PETG filament. The cost of the tools and a 3D printer, as well as a

PC for control, is not included.

5. Assembly instructions

Different angles of the CAD model are depicted in Fig. 2. To make the assembly of our system as straightforward as possible, we
have eliminated the need for special tools and techniques like soldering. Since almost all necessary parts are 3D-printed, basically all

b)

Fig. 2. CAD model of MULA in different orientations: a) Diagonal view b) side-view c) top-view.

Fig. 3. Assembled structural frame of our implementation of MULA: A double cuboid made from 2040 Nut 6 aluminium profiles with dimensions of
800 x 600 x 600 mm. 2040 V-slot profiles are illustrated in white.
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that is needed to build MULA is a set of hex keys, some pliers, and a wrench. If not available in the right length, the aluminum profiles
and the hardened steel rod can be cut to the correct length in your mechanic’s department or local hardware store.

Timing Belts: To cut the correct length of the timing belt, we recommend using the formula L[mm| = 2(n+ 150), where n is the
length of the profile in mm. This accommodates the space needed for the idler- and stepper pulleys. It might be easier to connect the
timing belt to the gantry plate with the provided clips or cable ties before assembly; however, connecting the belt to the already
assembled and mounted gantry plate is also possible (and necessary later for the z-axis).

Hammer nuts: To ensure proper mounting to the frame, make sure the hammer nuts are aligned correctly. The flat side of the nut
should be in contact with the aluminum profiles.

Sampling area: If MULA needs to be designed with respect to the effective sampling area X; x Y x Z, the following formulae can be
used to estimate the actual dimensions X x Y x Z of the frame, from which the actual lengths of the aluminum profiles are calculated as
described in the next chapter:

X =X, + 240 mm|Y = Y, + 220 mm|Z = Z; + 100 mm

Assembly manual: Since we wanted to make the assembly as easy as possible, we have created a detailed illustrated assembly manual,
which we provide with the article in the supplementary information.

Aluminium profiles and frame assembly (assembly manual pages 1-3).

Most of the frame is assembled from standard 2040 aluminum extrusions as depicted in Fig. 3. However, the profiles where the two
X-axis gantries are mounted should have a 2040 V-slot type. The profiles of the main frame are connected to each other with 90° corner
brackets (in our case, made from metal but could also be 3D-printed), M4x10 screws and M4 hammer nuts. The main build has a frame

Table 4
Formulas to calculate the correct lengths and parts for the frame.

Category Our Build (800 x 600 x 600 mm) Parametric double cuboid (X x Y x Z) Parametric cuboid (X x Y x Z)

Motion

2 x 800 mm 2040 V-Slot
1 x 700 mm 2040 V-slot
1 x 200 mm 2040 V-Slot

2 x X mm 2040 V-Slot
1 x (Y4100 mm) 2040 V-Slot

1 x (Z/2 - 100 mm) 2040 V-Slot

2 x X mm 2040 V-Slot
1 x (Y4100 mm) 2040 V-Slot
1 x (Z - 100 mm) 2040 V-Slot

Frame 2 x 800 mm 2040 2 x X mm 2040 2 x X mm 2040
2 x 760 mm 2040 2 x (X — 40 mm) 2040 4 x (Y — 80 mm) 2040
6 x 520 mm 2040 6 x (Y — 80 mm) 2040 4 x (Z — 40 mm) 2040
4 x 560 mm 2040 4 x (Z — 40 mm) 2040 24 x corner brackets
44 x corner brackets 44 x corner brackets 48 x M4 x 10 screw
88 x M4 x 10 screw 88 x M4 x 10 screw 48 M4 hammer nut
88 M4 hammer nut 88 M4 hammer nut

Rack 2 x 600 mm 2040 2 x Y mm 2040 2 x Y mm 2040

2040 V-Slot Idler
X-Axis gantry .
Stepper mount (X)

Fig. 4. CAD model of the assembled X-axis. Note that several parts were omitted, including screws, pulleys and belts.

2040 V-Slot
Bumper / .

y Stepper mount (Y)
Y-, Z-Axis gantry

Fig. 5. CAD model of the assembled Y-axis. Note that several parts were omitted, including screws, pulleys and belts.
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Gearbox

Stepper mount (I)
2040 V-Slot

I-axis gantry
Y-, Z-axis gantry (already assembled)

Syringe mount Idler

Fig. 6. CAD model of the assembled I-, Z-axis. Note that several parts were omitted, including screws, pulleys and belts.

size of 800 x 600 x 600 mm. However, if adjustment of the dimensions is planned to build MULA with the dimensions X x Y x Z (note
that this is the size of the frame, not the sampling area), it is necessary to calculate the length of the 2040 profiles according to Table 4.
V-Slot profiles are used to support the moving parts. We recommend cutting the Y-axis profile to Y4100 mm and the Z-axis profile to Z/
2 — 100 mm for the double cuboid and Z — 100 mm for the cuboid (if the Z-axis is too long here, the syringe might drop to the bottom
every time the motors are disabled).

For example, our implementation was designed to have a sample area of 380 mm in the Y-direction, leading to a total frame size of
600 (380 + 220) mm. The 2040 Y-axis V-slot profile then has a total length of 700 (600 + 100) mm.

X-Axis assembly (assembly manual pages 6-13,Fig. 4).

To assemble the X-axis, the first step is to assemble and mount the two X-axis gantries to the frame and continue by mounting the
stepper motors and idler pulleys. Then, feed the belt over the pulleys and secure it to the gantries using zip-ties or 3D-printed clips.
Lastly, attach two M4x10 screws and M4 hammer nuts on each gantry, where the y-axis profile will be connected later.

Y-Axis assembly (assembly manual pages 15-23,Fig. 5).

The Y-axis assembly is very similar to the X-axis; one Y-axis plate is assembled as described below. After this, connect the second Y-
axis plate and attach the Y-axis gantry to the Y-axis profile. Then, attach the assembled Y-axis stepper mount and idler mount to the Y-
axis profile. Proceed with the timing belt and secure it as described in the X-axis assembly. Lastly, attach the assembled Y-axis to the
two X-axis gantries.

Fig. 8. Drag chain setup of MULA.

I-, Z-Axis assembly (assembly manual pages 24-41,Fig. 6).
The I-, Z-axis assembly begins with the Z-axis stepper gearbox assembly and attachment of the gearbox to the I-, Z-axis profile.

10
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UART MODE
B heacvet Y

¥IMOd

¥3IM0d-a38

wi) at) &) 1

Z-Endstop

Fig. 9. Octopus control board; with a) showing the fan connector and fan power jumper (12 V). b) Show the driver’s settings for UART mode. c)
showing the sensorless DIAG Pings and the connected cable for the Z-endstop. The connected stepper motors to the X;-,Y-, Z-, I- and X,-axes are
shown on the top left (more information at https://3dwork.io/en/btt-octopus/).

Then, attach the assembled I-axis stepper mount and I-axis gantry to the Z-axis profile. Next, mount the assembled idler mount to the
lower end of the Z-axis profile and prepare the timing belt. Using a 200 mm long V-slot profile, we use around 700 mm of timing belt
according to the aforementioned formula. Note that we had problems in sourcing the Acme nut block for the lead screw due to it only
being available as part of an Openbuilds C-beam assembly. However, we found a 3D-printable version of the part that can be used as a
replacement when printed from PETG." We have created different mounts for Hamilton gastight syringes (100, 250, 1000 and 2500 pL).
Note that the two larger volume syringe plungers have a thread in the plunger, and the smaller ones do not. We designed two variants
of the Plunger_ mount to accommodate this. Due to simpler detachment, we recommend using the threaded plunger when possible.
Insert and mount the syringe into the Syringe_mount and secure it with the Syringe_bracket parts. Lastly, attach the assembly to the I-,
and Z-axis profile and verify that the plunger can be attached to the Plunger mount using a M3x8 screw.

Rack assembly (assembly manual pages 42-48,Fig. 7).

Attach the 30Vial_top part to one profile. Then, slide the 30Vial_rack into the aluminum profile (sometimes, the remains of support
structures must be removed first; slide the rack back and forth on the profile until it moves smoothly). To ensure that the moveable rack
does not move too far, align the rack with the holes of the Rack_top part and then secure it with a Bumper_30mm part. We have
designed two variants of the Rack_mount (A/B) parts; one accommodates a 5 mm acrylic plate beneath the profiles, and the other one
does not. Slide the second profile into both the top part and the moveable rack. Add two Rack_mountA/B parts and mount the assembly
to the main frame. Make sure that the rack still can be removed. Then, attach the two remaining Rack_mountA/B parts on the other side
of the rack to finish the rack assembly.

Cable and board management (assembly manual pages 50, 51,Fig. 8).

Two drag chains are used for proper cable management. One is mounted to the head of MULA on the Y-gantry_mount part with an
M3x10 screw and on the Y-axis profile, while the other is also mounted to the Y-axis profile and to the Stepper_mount _right with an
M4x16 screw.

Furthermore, we have incorporated the octopus control board in a 3D-printed case, which is then mounted to the frame to make the
setup cleaner and better manage the cables from the board. We used an available case from Thingiverse® that suited our needs well.

Electronic assembly and validation (assembly manual pages 55-56,Fig. 9).

To ensure a safe and reliable operation, the assembly of the electronic part of MULA must be conducted carefully and with caution.
Five or more Trinamic 2226 (or similar) drivers must be installed on the controller board after ensuring that the configuration jumpers

4 For more information visit https://www.thingiverse.com/thing:2607994 (2024, June 30).
5 For more information https://www.thingiverse.com/thing:5463756 (2024, June 30).
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Driver:
Microstepping
Motor: Steps/revolution
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Slope lead screw
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Backlash
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Scheme 3. Overview of the correlation of steps, mm and pL.

under each driver are set for UART mode, as depicted in Fig. 9b). Note that there is a free driver slot between the I- and X,-axis drivers;
this is where the driver for the extruder can be mounted. Then, the plugs from the stepper motors are connected to the board, as
depicted at the top of Fig. 9. Since we are currently not using a double Z-axis, the 4th motor connector from the left side must be left
empty. Furthermore, the power connectors and an emergency button are connected to the board. Then, the stallguard diagnostic
jumpers and Z-endstop connector must be configured according to Fig. 9c. Lastly, the fan connector and fan power jumper must be
configured according to Fig. 9a. After connecting all the electronics, the following steps are recommended to eliminate the possibility
of false connections or other issues with the setup:

Firmware Flashing and Check: Prepare the firmware as previously described and flash it to the board by inserting the micro-SD
card and powering it. Further information can be found in the control board manual (https://github.com/bigtreetech/BIGTREETECH-
OCTOPUS-V1.0;page 20/21). Then, check if the flash was successful by removing the micro-SD card from the board and reinserting it
into your PG; if the flash was successful, there should now be a file named FIRMWARE.CUR. It is unnecessary to place the micro-SD
card back into the octopus board unless you want to flash a new firmware (in that case, just copy the new FIRMWARE.bin file to it). You
can now connect the board to the PC using the provided USB-C cable. In the device manager, you should find the assigned COM port of
the board, which must be selected in Pronterface in the next step.

Endstop Check: send the M119 command via Pronterface’; with our configuration, you should see the parameter z_max change
from open to TRIGGERED when pressing the Z-axis end-stop switch and resending the M119 command.

Driver/Stepper Check: send the M122 command via Pronterface’; this should display some information for all configured stepper
motors; when the driver and motor of one axis are installed correctly, all axes should be listed here.

Homing Check: The machine is ready to conduct a first homing sequence using Pronterface when all previous checks give good
results. Make sure that nothing is obstructing the movement of the machine! Then, pressing the homing symbol will home all axes
(Note: The Z-axis should always home first!). When the machine is not moving as expected, you can always press the emergency power
cutoff and either adapt the firmware (invert homing directions) or check the wiring of the stepper motors before trying again.

Volume correlation

For the movement of the syringe plunger, the unit mm is unsuitable since the user wants to specify a volume instead of a length.
Therefore, a correlation between the linear motion of the plunger I-axis (in mm) and the actual dispensed volume (in pL) is crucial.
Scheme 3 gives an overview of the parameters and other considerations to obtain a correlation between motor steps and dispensed pL.
We are introducing this correlation not in the firmware. Instead, the Python script calculates the distance of the plunger according to
the volume input and generates the appropriate G-code commands. In the following paragraph, the basic theory behind this approach
is demonstrated:

To calculate the volume of the syringe displaced when moving the plunger 1 mm, the inner diameter (d) of the used syringe must be

obtained from the manufacturer. Then, with the formula: ’Z—T =—1  ford = 4.61 mm as in our case, we get a theoretical

0

¢ More information on https://marlinfw.org/docs/gcode/M119.html (2024, June 30).
7 More information on https://marlinfw.org/docs/gcode/M122.html (2024, June 30).
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a) Serial Connection c) Execute G-code

Select Connect Open G-Code
COM-port to MULA file

o g g

Fie W Adnced Settings Help Start
[Fon cons—~ 15200 -m ] ¢|

TV 8000 T 22000 - < Experiment

Y

o@
Move X-, E’ P 6. Type
Y-axis x X 3 MOV.e M114
Z-axis and Send
Homing
(all axes) Y send

b) First-vial calibration (either home or move Z-axis up after 6.
to avoid bending the needle!)

Scheme 4. Pronterface tutorial: a) When opening Pronterface, the first step is always to establish a serial connection. In our case, COM-Port 3 is
assigned to MULA. However, this can differ between setups. b) To conduct a first-vial calibration, start by homing all axes and then manually move
the X- and Y-axis to the right position above the vial. Lower the Z-axis to verify and then request the position of the head by sending the M114

command via the terminal. ¢) To execute a G-code file, simply load the file and click the button labeled “Print” to start the experiment.

Table 5

Explanation of parameters in the config.ini file.

Parameter in the config.ini file

Purpose

min/max_volume
theoretical_factor,
backlash_correction
viall_x/y, solventl x/y, waste_x/y
Number_of_solvents dx_s/dy s,
increment_y
vials_per_row, columns
Z_min, Z_max
Z_slow

Min/max volume that should be handled with the installed syringe
See the previous paragraph about volume calibration

Position of 1st sample vial, 1st solvent vial and waste

Number of solvent positions in the used rackThe relative distance of vials and solvents in the rack, used by the script to

calculate the positions of all other vials and solvents
Number of vials in the rack in Y (vials_per_row) and X (columns) direction

Absolute minimum and maximum coordinates of the Z-axis Coordinates of the Z-axis for layering (not in contact with

liquid)

Fz, Fxy Speed for Z- and XY-movements
Fa_push, Fa_pull, Fa_slow Plunger feed rate (speed) during pull- and push movements

correlation factor of around 0.06 ’:—’L", meaning that the [-axis has to move 0.06 mm (or 0.06 mm x 4005%; = 24 steps) [see chapter

3.2.2] to dispense 1 pL. Therefore, with a 1000 uL syringe, we can achieve a theoretical volume resolution of stﬁps ~ 0.0417 pL. If that

is not enough, one could always further increase the micro-stepping of the I-axis (or better change to a smaller syringe). Keep in mind
that a micro syringe will quickly lose accuracy with volumes smaller than 10 % of the maximum volume. However, during testing with
only the theoretical correlation factor, we found that there was an absolute systematic error of around 25 pL for all tested volumes. A
possible explanation for this observation might be the backlash of the plunger axis. For a detailed explanation of backlash in the field of
liquid handling, please consider this article. [27] To tackle this error, a backlash correction is conducted with
absolute systematic error [uL] x theoretical_factor i = backlash_correction [mm]]. This procedure is detailed in the paragraph for vol-

ume calibration.
6. Operation instructions
6.1. Software

In Section 3.2, the requisite configuration of the control board has been delineated, encompassing driver installation and firmware
upload. Once the aforementioned procedures have been completed, it is possible to utilize any software that facilitates serial
communication in order to control MULA. Pronterface is our software of choice for accepting and executing G-code files. The software
is used in two different ways. The first step is establishing a serial connection with the marlin control board. This is achieved by
selecting the correct COM-port (when connecting MULA with a USB cable, the assigned COM-port appears in the port selection in the
Pronterface) and clicking the Connect button (Scheme 4a). Then, the user can either load the G-code file and start an experiment by
clicking the Print button or manually home the machine and conduct the first-vial calibration by moving the axes and sending the M114
command when at the correct positions to request the coordinates. The process of executing G-code files or conducting first-vial
calibration is depicted in Scheme 4b) and c).

To generate a custom G-code file with the provided executables, the following things must be considered:

The config.ini file: This file stores many relevant parameters for vials, machine settings, and syringe size and is read by the
executable every time it is launched. Ensure that the executable and the configuration file are in the same folder and that the correct
configuration file is loaded. Due to changes in experiments, regular modification of this file is inevitable. In Table 5, the relevant
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e Syringe Volume Calibration

Number of vials for 10% volume:

Number of vials for 50% volume:

Number of vials for 100% volume:

() Initial Flush

(] Leading Air Gap

(C) Non Contact

Backlash correction: 1.3 mm

Syringe size: 1000 pL

Generate G-Code

HardwareX 20 (2024) e00581

Fig. 10. The Syringe Volume calibration.exe file. The software, as depicted, gives the possibility, depending on which syringe is installed, to take
10%, 50%, or 100% of the maximum volume. In addition, the user can choose between different pulling modes to calibrate the syringe.
Furthermore, the backlash correction can be calibrated as well by changing the config file.

e Liquid Handling System

Save Method Load Method

Add Vial  Remove Vial

Position Solvent_1

Vial 01:

Vial 02:

Vial 03:

Vial 04:

Vial 05:

Vial 06:

Vial 07:

Vial 08:

Vial 09:

Vial 10:

@ vial after Vial [ Solvent after Solvent Vials: 10
[JSlow Solvent2 [)Slow Solvent3 [)Slow Solvent 4
(7] Flush (7] Flush (7] Flush
() Flush (T Flush () Flush
() Flush (") Flush () Flush
(O Flush (0 Flush () Flush
() Flush () Flush () Flush
() Flush (CJ Flush () Flush
(7] Flush (] Flush (7) Flush
() Flush (CJ Flush () Flush
() Flush () Flush () Flush
() Flush () Flush () Flush

Fig. 11. GUI of the program for general liquid handling.

parameters in the config file are briefly explained.

The Volume calibration.exe file: For general calibration of syringes, we have created a GUI to generate G-code instructions for
MULA (Fig. 10). The user can pull 10 %, 50 %, and 100 % of the maximum volume of the installed syringe as defined in the config file.
By default, the user can fill a maximum of 30 vials in total with the installed rack. Furthermore, the user can choose between different
modes, such as initial flush, leading air gap, and non-contact dispensing, while calibrating the syringe. It is also possible to use all the
different pull methods at once. In our testing, using the Initial flush setting gives higher reproducibility; therefore, for volume cali-
bration, we always use the initial flush mode at the beginning. MULA will then flush the installed syringe by default three times with
the chosen fluid. In addition, the user can adjust the backlash correction in the config file and fine-tune the calibration of the syringe.

The Liquid handling.exe file: For general liquid handling tasks, we have created an intuitive GUI to generate G-code instructions
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vials_per_row

1stsolvent columns

solvent_y_increment

number_of_solvents

Fig. 12. Visual explanation of several parameters from the Rack section in the configuration file. For the depicted 30Vial rack, the following values
are given: vials_per_row = 10; columns = 3; dx_s, dy_s = 15 [mm], solvent_y_increment = 35 [mm], number_of solvents = 4 (when the waste is
located somewhere else; otherwise set to 3 and calibrate the position of the most right solvent as waste coordinates.

for MULA (Fig. 11). Users can save or load a method with the respective buttons, as in commercial implementations. By default, there
are 10 vials in the GUI, and the number of vials can be adapted by interacting with the two buttons to add or remove vials. Then, there
are two modes of how MULA can handle the task: Vial after Vial and Solvent after Solvent. In the first mode, MULA fills one vial after
another with all selected solvents, whereas in the second mode, it is ensured that all vials are filled with one solvent type before
changing to the next solvent. This largely eliminates the need for flushing operations. Checkboxes for flushing operations are on the
right side of each volume input window (white square; input in pL). If those are selected, MULA will flush once before executing the
respective pipetting task. Lastly, by ticking the slow checkbox for a solvent type, all dispensing operations for that solvent will happen
at areduced speed and with contact-free dispensing (needle not in contact with liquid). This is especially useful when layering miscible
solvents for crystal growth experiments.

6.2. Hardware

Safety considerations: The described machine deals with micro syringes with sharp needles that can be hazardous. The risk is even
higher if the micro syringe samples are corrosive or poisonous liquids or gases. As the user must assemble the syringe driver in the
presented setup, it is crucial to exercise care and attention to ensure proper operation and avoid exposing people to unnecessary risks.
Furthermore, injuries can happen from the moving parts. Immediately press the emergency cutoff in the case of an emergency.

Positioning of the machine: The machine should be located on a flat surface, and ideally, dampeners should be mounted to the
bottom of the frame to reduce vibrations. Verify that nothing obstructs the movement of the axes by carefully moving the head in all
corners.

Dry run: Before attaching the needle to the syringe and connecting the plunger to the I-gantry, we suggest trying a dry run to
validate all axes’ correct function and homing and ensure no cable is stuck.

Fig. 13. Solvent layering experiments with MULA: a) optimization of the best dispensing velocity. Interestingly, going very slow did not yield the
best results because the liquid then simply dropped down from the needle, disturbing the lower layer. We have found that a feed rate of 240 works
best with a type 5 needle tip to ensure the liquid is dispensed via the glass vial wall. b) Single crystals of D-glucose after several layering attempts of
a saturated aqueous D-glucose solution with acetone.
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Fig. 14. Validation results of MULA in comparison to an air displacement pipette with water and acetonitrile (ACN) as solvents. a) Both MULA and
the tested pipette show comparable accuracies within the ISO 8655 limits when water is used as a solvent. However, when an organic solvent like
ACN is of interest, MULA delivers significantly better accuracy. b) For small volumes (100 uL), MULA delivers slightly better repeatability between
measurements. For larger volumes (500, 1000 pL), interestingly, under the tested conditions, the pipette fails to fulfill the ISO 8655 limits, while
MULA again yields significantly lower repeatability errors.

First-vial calibration: For a safe and reliable machine operation, it is critical to calibrate the absolute positions of the relevant 1st
vial locations (sample, solvent and waste) in the removable rack when the needle is connected to the syringe (Fig. 12). Any
misalignment can result in damage to the syringe needle. This can be accomplished after needle attachment by moving the syringe
horizontally to the desired position in Pronterface and then slowly lowering the Z-axis (and readjusting the horizontal position) until it
is in the middle of the vial opening. Command M114 can then be used to determine the absolute position of the vial. It is advisable to
exercise caution during this procedure. Once the position of the first vial has been optimally adjusted, it must be stored in the config.ini
file. Repeat this procedure also for the first solvent vial and the position of the waste. Don’t forget to save the config.ini file afterwards.
Despite the care taken during the initial positioning, it is virtually impossible to completely avoid accidents when dealing with micro
syringe sampling because penetrating through septa can cause the needle to bend, necessitating either straightening or replacing with a
new needle. Following the replacement of the needle, it is again essential to conduct a first-vial calibration.

Volume calibration: When absolute volume accuracy is critical for your work, volume calibration is recommended for each
syringe-needle combination to accommodate for variations of the inner syringe diameter and backlash of the I-axis. This is done
gravimetrically by weighing vials before and after the liquid handling task and adjusting the theoretical factor and/or backlash
correction in the config.ini file:

. If not done already, set the volume correlation factor in the config.ini file to the theoretical factor

. Download the Excel template for volume calibration

. Measure the weight of the empty test vials before the experiment

. Conduct at least 3 samples each for 10 %, 50 % and 100 % of the total syringe capacity with the solvent of your choice

. Measure the weight of the test vials after the liquid dispensing and calculate the mass of only the liquid

. Calculate the volume of liquid using the correct density and compare with the target value

. If the measured volume is too low, increase the value for backlash_correction according to the aforementioned formula and vice
versa.

NO U WNH-

Syringe and needle configuration: Vials with thicker septa may present a challenge when attempting to puncture them using
syringes with relatively thin needles (e.g. RN 26). Additionally, previously bent needles from accidents may prove more difficult to
penetrate septa compared to new, straight needles. It is, therefore, necessary to conduct a trial-and-error process to identify the optimal
combination of syringe and septum. Other than previously shown [24], Hamilton micro syringes with a type 2 needle tip were found to
clog with silicone parts from the septum (soaking in toluene usually works to remove silicone remains from the needle) therefore, we
investigated type 5 needles, which were highly reliable when used with 1.0 mm 55° shore A silicone/PTFE septa. Note that storing a
separate config.ini file for each syringe size is a good practice when switching between several syringes.

7. Validation and characterization

There are several methods for growing single crystals for single-crystal X-ray diffractometry. Besides diffusion and cooling of a
saturated solution, layering of two different solvents is a common technique to obtain the desired crystals. However, finding suitable
solvents and solvent ratios can be very tiring and tricky. Using MULA, we conducted a high-throughput screening for crystal growth
after optimizing the speed of adding the second layer. This is illustrated in Fig. 13a, where an aqueous solution of methylene blue is
layered with acetone. We then used the slow checkbox for the liquid handling script with a type 5 needle (hole on the side; the liquid is
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dispensed slowly via the glass vial wall) to automatically layer different volumes of acetone on top of a saturated glucose solution. This
gave us beautiful crystals that we then analyzed to obtain a suitable molecular model for D-glucose, as depicted in Fig. 13b). Note that
the execution of this experiment by MULA is also demonstrated in a short, detailed video that can be found in the repository. When
screening multiple different solvent mixtures, using an automated liquid handler like MULA thus can save the user several hours of
manual pipetting.

Furthermore, we tested the liquid handling performance according to DIN EN ISO 8655. The tests were performed via contact
dispensing (needle in contact with liquid) using a 1000 uL. Hamilton Gastight syringe with a removable needle (RN) in size 22 with a
type 2 tip. As recommended in the ISO norm, we have conducted 10 measurements for each of the three specified volumes: 100 pL (10
%), 500 uL (50 %) and 1000 uL (100 %). Distilled water and HPLC-grade acetonitrile were used for the testing to further demonstrate
the versatility of this system. For comparison, we had a trainee conduct the same experiments with a calibrated 1000 pL air
displacement pipette. We then calculated the accuracy (A) and coefficient of variation (VC) according to the formulas for statistical
quality control of air displacement pipettes. Those experiments again highlighted the advantages in accuracy and repeatability of
MULA over classical air-displacement pipettes, especially for volatile liquids like acetonitrile, as depicted in Fig. 14.

To conclude, we have found automatic liquid handling using MULA to be superior to manual pipetting with an air-displacement
pipette in the experiments that were conducted. Due to its simplified nature and control, MULA has some limitations. The control
via open-loop-control (no direct feedback from MULA) might result in problems for more elaborate experiments. Currently, only one
rack is supported simultaneously during an experiment (although this is rather a software limitation than a hardware limitation and
can be resolved in the future), making more complicated experiments not feasible at the moment. Another limitation is that only one
syringe can be integrated so far. However, this is currently being investigated since the hardware and electronic configuration can
include a second individual Z-, I-Axis. Such a dual-syringe setup is useful for parallelizing experiments or excelling in dilution ex-
periments, where both very large and very small volumes are transferred. Also, as an outlook, the ability to connect three more stepper
motors to the control board enables creative users to complement the herein-reported modes with further improvements, such as a
stepper-controlled centrifuge or a stepper-controlled sliding mechanism for lifting or locking vials in racks. Finally, our group is
currently not only investigating the ability to conduct time-specific experiments (kinetic experiments) for different homogenous
catalyzed reactions but also enabling a close-loop-control (direct feedback) setup by using a custom Python script to control MULA
directly via serial communication.
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