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SUMMARY

Methanol dehydrogenase (MDH) is an enzyme responsible for catalyzing the two-electron oxidation
of methanol to formaldehyde. It belongs to the family of the quinoproteins which utilize quinone-
containing compounds such as pyrroloquinoline quinone (PQQ) as prosthetic groups in their active
sites. For a long time, it was assumed that most methanotrophic and methylotrophic bacteria
metabolize methanol solely through the well-known calcium(Il)-dependent MDH. However, recent
discoveries have unveiled that certain strains are strictly lanthanide-dependent due to a second type
MDH, which carries a lanthanide(Ill) ion in its active site. Lanthanides were traditionally considered
biologically irrelevant, but this and further recent findings have demonstrated that lanthanide

utilizing bacteria not only exist, but are also widespread in nature.

The goal of this thesis was the synthesis of PQQ-based ligands and the characterization of their
metal complexes as functional models for calcium and lanthanide-dependent MDHs. Possible
differences between the metals and their interactions with various ligands were evaluated.
Furthermore, the ability of the model complexes to facilitate alcohol oxidation was studied. An
additional project aimed to develop a new and optimized analytical method for monitoring the

progress of alcohol dehydrogenation reactions.

Chapter I provides an encompassing introduction to lanthanides in a broader context, emphasizing
crucial aspects of lanthanide biochemistry, with a specific focus on calcium(Il)- and lanthanide(IIl)-

dependent MDH enzymes.

Considering that the investigation of biomimetics could shed some light into fundamental aspects of
structure and reactivity of their biological counterparts, Chapter II deals with the synthesis of different
PQQ-based compounds as ligands for MDH-inspired biomimetics. Based on the total synthesis of
PQQ published by Corey and Tramontano,!!! two novel PQQ derivatives bearing methyl and ketone
groups instead of carboxylic acid moieties were synthesized. In addition, various ligands were

synthesized through amide coupling of PQQ dimethyl ester with different co-ligands.

Chapter III focuses on the coordination chemistry of PQQ derivatives with biologically relevant metal
ions such as alkaline earth metal ions and lanthanide ions. Understanding the nature of interaction
between the ligands and metal ions is crucial for advancing the field of MDH biomimetics. "H NMR
investigations with ligand PQQMe:-1-aza-15-crown-5 gave evidence for a metal ion coordination at
the biologically relevant pocket of PQQ. In addition, UV-Vis titration studies demonstrated different
lanthanide(IIl) selectivity patterns as well as different chelator affinities for different ligands.

Moreover, the chapter gives a short overview of the luminescent properties of different europium(III)



complexes and presents the results of a gas phase characterization of PQQ and lanthanide-PQQ-crown

ether ligand complexes.

Chapter IV presents the spectroscopic evaluation of PQQ-based biomimetic complex systems capable
of facilitating the oxidation reaction of benzylic alcohols to the respective aldehydes. The
investigations were conducted employing methods such as NMR, EPR and GC-MS. Thereby, the
importance of ligand nature, charge and size of the complex cation, as well as counterions and base
were demonstrated. Furthermore, a PQQ-based radical was observed under substrate turnover
conditions. Finally, a new method for analyzing the progress of alcohol oxidation reactions was

evaluated using GC-MS.
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CHAPTER I INTRODUCTION 1

I. INTRODUCTION

“The seeds of technology”,? “the vitamins of modern industry”Bl — these are just a few of the
designations used to describe the lanthanides (Ln) — the elements usually represented near the bottom
of the periodic table, which constitute crucial components integrated into a diverse array of everyday
applications. However, the impact of lanthanides on biological systems remained insufficiently
explored for years. Since their initial discovery in the late 1800s, it was generally assumed that these
elements had no role in biology because of their low solubility in neutral water, which limits their
bioavailability. This led to the dismissal of the possibility of an evolutionary adaptation favoring
lanthanide-dependent biochemistry.[*”] As a consequence, the essential biological role of the
lanthanides remained undiscovered until 2011. Subsequent investigations have revealed, however,
that some lanthanides serve as vital cofactors for bacterial enzymes, overturning prior assumptions
that these elements are biologically inert.38-10 These young breakthroughs have emerged to a major
and rapidly expanding research area, shedding light on the widespread presence of lanthanide-

utilizing organisms in the environment and recognizing the lanthanides as the “new life metals”.[!

1. Lanthanides

The lanthanide series includes the 14 elements from cerium to lutetium and together with lanthanum
(by common usage also numbered among the lanthanide series although “lanthanide” means “like
lanthanum”) and the chemically similar scandium and yttrium makes up the group known as rare
earth elements (REEs). Unlike their name suggests, the rare earth elements are not as rare as it may
seem.['!l The REEs are relatively abundant in the earth’s crust and particularly the lightest REEs (Sc, Y,
La, Ce, Pr, Nd) are found in concentrations comparable to other important metals like copper, zinc,
and lead.">4 Even the occurrence of the two least abundant ones, thulium and lutetium, is higher

than the one of bismuth, gold, silver or platinum.[s!

In 1869, when Mendeleev first introduced his periodic table, it only featured lanthanum, cerium and
didymium (now recognized as a mixture of praseodymium and neodymium), along with another
mixture blend resembling erbium and yttrium.['e-'8 It took a little over a century to isolate and

characterize the remaining non-radioactive lanthanides, with lutetium being the final one in 1907. The
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radioactive promethium, which lacks natural stable isotopes, was first synthesized after World War II
in 1947.1¥1 The pronounced similarity among the lanthanides made their classification and eventual

separation a highly challenging endeavor.

Abundance in crust (ppm):
70 05

Increasing Lewis acidity Increasing ionic radius

®

ooo-0eeeeeesee

1, v 11, 111
Light REEs (LREEs)

Heavy REEs (HREEs)

B known to be used by most lanthanide-utilizing organisms B known to be used by some organisms M utilization not known

Figure 1.1: The elements of the lanthanide series and their properties. The elements are scaled by ionic radius (Ln’*,

CN =9).100 The crustal abundances are depicted on a scale from blue (most abundant) to gray (least abundant).'"! Pm has no
stable isotopes. Lewis acidity increases across the series from left to right in conjunction with decreasing ionic radius. All
lanthanides are commonly found in the +III oxidation state, with Ce and Eu being the only ones capable of adopting different
oxidation states under biologically accessible conditions (+IV and +II, respectively).1%1 The lanthanides are conventionally
subdivided into two primary groups, light (LREEs, La to Eu) and heavy (HREEs, Gd to Lu). Among lanthanide-utilizing
organisms, it has been demonstrated that mainly the lighter lanthanides are utilized by all presently known species, while the
heavier lanthanides are either less preferred by certain lanthanide-utilizing organisms or have not been observed to have any
known biological utilization.!! Adapted from Cotruvo,1?! Featherston et al.>® and Mattocks et al.24]

The elements following lanthanum are commonly referred to as the 4f elements, owing to their
distinctive electronic configuration. Their electrons exhibit a partial occupancy of the inner 4f orbitals,
which are well shielded by the electrons in the filled 5s, 5p, 6s and, in the cases of cerium, gadolinium
and lutetium, also 5d subshells. Consequently, the 4f shell is not actively involved into the chemical
bonding, leading to predominantly ionic character of the lanthanide complexes. As a result, the
coordination numbers (CNs) and complex geometries are defined primarily by steric properties and
almost not by electronic ones.l"”) Due to the absence of strong ligand field effects, the coordination
chemistry of the lanthanides has only a limited degree of predictability.?s! Coordination numbers
generally range between 3 and 12, with 8 and 9 being the most common.?!! In addition, the
lanthanides behave as hard Lewis acids, hence a coordination with hard bases with highly
electronegative donors is favored.[?! In this context, the order of preference for donor atoms follows O
>N > S. Thus, in a biological environment for example, preferred ligands would be either the carboxyl

groups of proteins or the phosphate groups of nucleotides and nucleic acids. 2!l

Another crucial characteristic of the lanthanide series, widely addressed in textbooks on this subject, is
a phenomenon referred to as lanthanide contraction.28 It describes the decrease in the internuclear
distance between a lanthanide ion and a set of ligand atoms as the atomic number of the lanthanide
ion increases.¥] This has conventionally been attributed to the electron cloud contracting as the
nuclear charge increases.[?! The magnitude of the lanthanide contraction depends on the number of

ligand atoms attached to the cation, i.e. the CN, whereby for a higher CN a more pronounced
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contraction may be observed.[?% Trivalent lanthanide ions can accommodate variable CNs and the
disparity between the radii for CNs 6 and 12 is approximately 30 pm, which makes Ln* ions highly
adaptable to diverse coordination environments.31l While much of the literature centers on Shannon’s
published Ln®* ionic radii,?! the lanthanide contraction remains a subject of ongoing investigations in
recent analyses.[?82321 Moreover, many reviews have discussed the significance of the lanthanide
contraction in fields such as lanthanide separation,!'2% coordination chemistry,?! and biology.[634
Notably, the ionic radii of the elements situated in the middle of the lanthanide series are analogue to
that of calcium(Il).?!] Consequently, the lanthanide contraction exerts an influence not only on the
chemical synthesis of lanthanide complexes, but also on biological systems.?! Thus, trivalent
lanthanum ions may function as analogues to calcium in biological contexts, potentially displacing
calcium in various proteins, including enzymes and cell membranes.35%l! Furthermore, in comparison
to calcium, the lanthanides are assumed to serve as superior catalysts, owing to their stronger Lewis
acidity.¥ Additionally, the substitution of calcium with lanthanide ions can unlock a variety of

spectroscopic techniques that can offer insights into the biochemical behavior of biological systems. 2]

Nevertheless, due to their subtle variations in ionic radius and coordination number, factors that also
contribute to their co-occurrence in rare earth-bearing minerals, the separation of the REEs presents a
formidable challenge, demanding significant energy inputs.l12373 Additionally, concerns regarding
environmental contamination have been documented in close proximity to rare earth processing
facilities.*>4) Conventional hydrometallurgical liquid-liquid extraction techniques employed in REE
production yield substantial quantities of hazardous, radioactive and heavy metal contaminated
waste, and require numerous purification stages to attain high-purity individual RE oxides.[341-4]
Given these chemical, ecological, and economic considerations, the development of novel,
environmentally sustainable methods for the separation of REEs is a paramount objective.[3! Recently,
several promising advancements have been presented, providing exciting prospects for REE

separation and recycling. 445

Interestingly, during the first 150 years of their documented existence, the rare earth elements held
primarily scientific significance. It wasn’t until the middle of the 80s that the first magnets containing
REEs became available on the market.[’! This development marked a monumental expansion in their
applications. Owing to their extraordinary physical properties, REEs have since gained increasing
importance, proving irreplaceable in numerous fields including medicine, high-tech industries, and
sustainable energy solutions (Figure 1.2).33%-61 Nowadays, rare-earth magnets are ubiquitous,
powering electric engines, speakers, wind turbines, smartphones, and hard disk drives.!®! Beyond
magnets, rare earths play an integral role in diverse applications, comprising essential components in
metal alloys, phosphors, glasses, ceramics, and polishing agents. Moreover, these elements are

frequently employed as contrast agents!62-¢7] and for radioisotopic labelling, (%8¢ in addition to playing
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pivotal roles in cutting-edge technologies such as photoactive processes”7!l and small molecule

catalysis.[7273

Nd, Pr, Sm (Th, Dy) Eu, Y, Th, Nd, Er, Gd (Ce, Pr)
Motors \..:f .
Disc drives 1 BIEEEY phos.phn.rs
MRI Fluorescent lighting
B . Medical imaging La, Ce (Pr,Nd) e
ower generaticn Lasars —ﬁ I
Microphones and speakers . .
p P Fiber optics = Petroleum refining

Magnetic refrigeration i
Catalytic converter

Diesel additives

MAGNETS PHOSPHORS Chemical processing

Industrial pollution scrubber

m CATALYSTS

OTHER METAL ALLOYS GLASS & POLISHING

Ce, La, Pr, Nd, Gd, Er, Ho
Polishing compounds
Decolorizers/colorizers
UV resistant glass
X-ray imaging @

Figure 1.2: Application of the rare earth elements in different fields. Adapted from a British Geological Survey report.>!

CERAMICS

The impact of lanthanides on biological systems had long been overlooked. Only a handful of studies
hinted at their potential biological significance, highlighting their stimulatory effects on certain plants
and bacteria.l”*7¢ In 2004, there was a hypothesis proposing that lanthanides might surpass calcium in
their role within enzymes. However, it was then suggested that their limited bioavailability had
hindered the evolution of lanthanide-dependent enzymes.[! Despite their relatively abundant
presence in the earth’s crust, the lanthanides exhibit very low solubility in water at near-neutral pH
levels.”7l Nevertheless, this solubility is notably higher than that of iron(Ill), a commonly accessed
element by bacteria, plants, and fungi through small-molecule siderophores.[’87I There are numerous
biological advantages to utilize lanthanides such as their high oxidation state and Lewis acidity which
turn them into valuable catalysts. Additionally, their wide abundance, relatively large ionic sizes, and
high coordination numbers enable selective acquisition from the environment.1?l All these distinctive
characteristics render the lanthanides potentially biologically accessible, from a chemical point of
view.[8081] It was not until 2011 that the first biochemical evidence supporting lanthanides as intrinsic
metals in bacterial enzymes was reported.®! This discovery inaugurated a whole new research area,
formally acknowledging lanthanides as newcomers in the field of cell biology, standing alongside

with previously recognized metals such as calcium, iron and zinc.l%!
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2. Calcium and Lanthanide-Dependent Alcohol Dehydrogenases

Methanol dehydrogenase (MDH) is a soluble periplasmic quinoprotein, which plays an integral part
in the metabolism of methylotrophs and methanotrophs, which are microorganisms with the ability to
utilize Ci-compounds such as methanol and methane as their sole energy source.>% Thereby, MDH
catalyzes the two-electron oxidation of methanol to formaldehyde.83-85 The first MDH was discovered
and isolated by Anthony and Zatman in 1964.8384 Since then, it has undergone thorough study by
many research groups with the perspective of characterizing its structure, function and catalytic
mechanism. MDH bears a redox cofactor called pyrroloquinoline quinone (PQQ, Figure 1.3) in its
active site to sequentially transfer two electrons to its physiological electron acceptors cytochrome ct
(Scheme L.1). 8687 PQQ, which is the only known example for a cofactor where the prosthetic group is

non-covalently bound, is part of many bacterial dehydrogenases.!5”]

Figure 1.3: Structure of pyrroloquinoline quinone (PQQ) and its numbering scheme.!® PQQ is an aromatic tricyclic o-
quinone, which functions as a redox cofactor for many quinoprotein dehydrogenases.’®-%1 It is also known under its trivial
name “methoxatin”. It was first isolated in 1964 from GDH and MDH.1®8384%1 The first X-ray crystal structure of PQQ was
reported in 1979 by Salisbury et al.l’"! followed by PQQ’s extensive chemical characterization by Duine and coworkers in the
80’s.1391

red

MeOH cytochrome ¢’

electron acceptor
o

cytochrome ¢

Scheme 1.1: Catalytic cycle of methanol oxidation by MDH (M"* = Ca?* for MxaF and Ln’* for XoxF-MDH).

In addition to PQQ, the active site also incorporates a metal ion acting as a Lewis acid. For over
50 years, it was widely believed that methylotrophic bacteria catalyze methanol oxidation by only
using the well-known Ca?-dependent MxaF-type MDH, encoded by the mxaF gene.l2% However,
genome sequencing studies on several methylotrophs, such as Methylorubrum extorquens AM1, led to

the identification of gene homologs of mxaF, subsequently annotated as xoxF.*l The investigation into
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xoxF revealed an approximately 50% sequence identity with the mxaF gene, prompting the assumption
that xoxF encodes a second PQQ-linked dehydrogenase.l'0101 Even though metaproteogenomic
analyses demonstrated the abundance of XoxFs proteins in the plant phyllosphere,[1?] the exact role of

the xoxF genes remained cryptic for years.[6239]

Eventually, two seminal publications from 2011 by Kawai and coworkers marked the beginning of a
wave of groundbreaking discoveries. They observed that the addition of lanthanum(Ill) and
cerium(Ill) to the cultures of Methylobacterium radiodurans and Bradyrhizobium sp. MAFF211645 had a
significant impact on the activity of a MDH-type protein.91 It was established that the XoxF-type
MDH, encoded by the xoxF gene, plays a pivotal role in the activity of the bacteria in the presence of
lanthanides, providing the initial evidence for the physiological function of these metals in living
organisms. A year later, Nakagawa et al. demonstrated that M. extorquens AM1 could thrive on
methanol with La®* instead of Ca?.I¥l This led to the conclusion that XoxF functions as a La¥-

dependent methanol dehydrogenase in the bacterial metabolism of M. extorquens AM1.

However, in 2014 Op den Camp and coworkers published the most insightful results that
unequivocally confirmed the environmental significance of the lanthanides.!'”) The research team
conducted a comprehensive study of the recently discovered acidophilic methanotrophic bacteria
culture Methylacidiphilum fumariolicum SolV, initially found in 2007 in the Solfatara,'®! a shallow
volcanic crater at Pozzuoli near Naples. The strain thrives on methane, even in environments with pH
levels as low as 0.8 — considerably lower than the optimal pH range for any previously documented
methanotroph.'®l Op den Camp and coworkers demonstrated that SolV was unable to grow in
laboratory cultures without the addition of mud pot water from its original habitat to the growth
medium. Trace metal analysis of this water revealed high concentration of lanthanides, reaching up to
2-3 uM higher than those found in other ecosystems, yet still characteristic of highly acidic
environments. Given the environmental conditions of the fumaroles, with temperatures up to 70 °C
and pH values down to 1.8,11%l the requisite solubility for lanthanides was met.['! The research team
substituted the mud-pot water with lanthanide salts thereafter, prompting exponential growth in the
strain. This crucial observation led to the conclusion that lanthanides are indeed the essential growth
determinant for this particular strain. Purification and subsequent crystallization of the XoxF-MDH
from this strain revealed a lanthanide ion (good convergence with Ce®) in the active site, directly
coordinated to PQQ. Presently, four different XoxF-MDH crystal structures can be found in the
literature: in addition to the Ce-MDH and Eu-MDH from M. fumariolicum SolV, a La-MDH from
Methylomicrobium buryatense 5GB1C and Nd-MDH from Methylacidimicrobium thermophilum AP8 have

been reported.[10,105-107)
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With a crystal structure of XoxF in hand, a direct structural comparison between the lanthanide-
dependent and the canonical calcium-dependent MDH was possible. MxaF, a heterotetrameric azf3:
protein, comprises two large and two small subunits. Each heavier a-subunit (66 kDa) carries one
PQQ and one calcium(II) ion, which together play an essential role for the enzymatic activity. The (3-
subunit on the other hand is smaller with a molecular mass of 8.5 kDa and its function is elusive.[#7,108]
Interestingly, the genomic organization of XoxF is simpler, as it does not engage with a small subunit,

but rather forms an o2 homodimer.[10,108]

Glul72

Glu177 » 7
S Asn256

Asn261 @_, @

Figure 1.4: Active sites of MxaF-MDH from M. extorquens AM1 (left; PDB: 1H41)'%) and XoxF-MDH from M.
fumariolicum SolV (right; PDB: 6FKW).11%] [mages generated with the UCSF Chimera package.11°

While both, lanthanides and calcium share similarities in their coordination chemistry properties as
hard Lewis acids, the lanthanides often exhibit higher coordination numbers. These coordination
chemistry preferences are distinctly reflected in the active sites of MDH enzymes. In the case of MxaF
(Figure 1.4, left), Ca? is tridentately coordinated to the C-5 quinone oxygen, N-6 pyridine nitrogen and
the C-7 carboxyl group of PQQ, bidentately by a glutamate residue and monodentately by an
asparagine.'l In XoxF’s active site (Figure 1.4, right), a high degree of structural conservation is
evident in the amino acid’s position in the sequence and spatial orientation in the structure. However,
there is only one striking difference — the active site of XoxF features an additional bidentate aspartate
residue, replacing an alanine found in MxaF. This alteration aligns with the preference for higher
coordination numbers of the trivalent lanthanides compared to the divalent calcium.['0106108] This
specific amino acid has been demonstrated as crucial for the coordination of the lanthanide ion,
thereby playing an essential role in enzyme activity.l'?l XoxF appears to exhibit greater catalytic
efficiency compared to MxaF, which is thought to be attributed to the enhanced activation of the redox

cofactor PQQ by the lanthanide ion.[10.106113]

There are two major types of lanthanide-utilizing bacteria: those that possess only the xoxF gene,

rendering them strictly dependent on lanthanides, like M. fumariolicun SolV, and those possessing
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both mxaF and xoxF genes, like M. extorquens AM1."4 In microorganisms that have the ability to
employ both proteins, the expression of xoxF and mxaF is inversely regulated, i.e. the concentration of
lanthanides in the environment influences the level of transcription. When Ln?" are absent from the
growth medium (or only present at sub-nanomolar concentrations), xoxF expression is suppressed
while mxaF expression is heightened. Conversely, if Ln® are available in nanomolar or higher
concentrations, mxaF expression is down-regulated and xoxF is significantly up-regulated.[12113] This
particular feature to transition between the different metabolic pathways has been called the

“lanthanide-switch”.[6:115-117]

However, it is important to highlight that different lanthanides do not consistently lead to similar
growth rates in lanthanide-utilizing bacteria.l! Specifically, the more abundant, early lanthanides (La
to Sm) have been demonstrated to enhance growth and promote MDH activity.l619 Recently,
Daumann and coworkers investigated the effects of the lanthanide contraction on the catalytic
efficiency of XoxF.8] Through a combination of DFT calculations and kinetic analyses, they
demonstrated that while Lewis acidity and cofactor activation play crucial roles in MDH activity, they
are not the sole determining factors. Considerations also extend to preferences in coordination
numbers, rates of ligand exchange, substrate orientation and activation, as well as hydrogen

bonding.[118]

3. Further Insights into the Lanthanide Biochemistry

Since the initial identification and characterization of the first lanthanide-dependent MDH enzyme,
our understanding of the significance of the lanthanides in the microbial realm has steadily
progressed.®] Subsequent investigations have shown that, apart from extremophiles thriving in
lanthanide-rich environmental niches, a wide array of microorganisms in various ecosystems carry the
gene that encodes for lanthanide-dependent metalloenzymes."”! Scientists have since discovered that
lanthanide-dependent bacteria are widespread in marine habitats, soils, and the phyllospheres of
plants.[108120-1241 Furthermore, it has been postulated that lanthanides may play a crucial role in other
types of alcohol dehydrogenases. In 2016, Good et al. presented a study focused on the first non-XoxF-
type alcohol dehydrogenase, which relies on lanthanides as cofactors.?s] This ExaF enzyme showed to
be a highly effective PQQ-dependent ethanol dehydrogenase, significantly expanding our
understanding of the pivotal role that lanthanides play in bacterial metabolism. This finding not only
extends the relevance of lanthanides beyond methanol dehydrogenases, but also illuminates their

significance in the broader context of multicarbon metabolism.
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Later, the scope of lanthanide-utilizing bacteria was expanded beyond the methylotrophs. In 2017,
Wehrmann et al. reported that one of the two PQQ-dependent alcohol dehydrogenases (PedH)
produced by the soil-dwelling model organism Pseudomonas putida KT2440 also relies on Ln* as a
crucial cofactor.l'?! This study underscored the pivotal role of lanthanides in bacterial metabolism.
Nevertheless, numerous questions persist regarding the specific mechanisms by which the lanthanides
are selectively recognized, acquired, and utilized in biological systems.!'?”] In 2018, Cotruvo et al.
reported the discovery and thorough characterization of the first highly selective Ln*-binding protein,
other than an alcohol dehydrogenase, known as lanmodulin (LanM), which was isolated from M.
extorquens AM1. This protein exhibits a remarkable ability to selectively bind lanthanides, '8! akin to
the well-known Ca? calmodulin. Within LanM, three carboxylate-rich metal-binding sites exhibit a
picomolar affinity for Ln®, alongside one site displaying a micromolar affinity. Most notably, there is a
striking hundred-million-fold selectivity for Ln* over Ca?. This study represents a milestone,
providing the initial biochemical and structural insights into how biological systems discern low-

abundance lanthanides from the more prevalent calcium.

While it is evident that lanthanides are indeed taken up by the lanthanide-dependent microorganisms,
as indicated by the response of numerous methanotrophs and methylotrophs to these elements, the
precise mechanism remains elusive.'”l The lanthanide uptake presents a particularly formidable
challenge due to their poor solubility and difficult extraction from mineral sources in which they are
embedded. Consequently, several researchers have postulated that some lanthanide-utilizing
organisms may deploy small chelators (“lanthanophores” or lanthanide carrier) to facilitate the
acquisition of the Ln® ions.16108122123128] This process would be resembling to bacterial chelator-
mediated uptake mechanisms for metals like iron and copper, which employ siderophores!”s7 and
chalkophores, '] respectively. The issue about the lanthanide uptake serves as an illustrative example
of how, despite the substantial advancements in our knowledge about lanthanide-utilizing organisms
over the past decade, there still exists a considerable amount of unknown territory and numerous

questions yet to be addressed.
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II. SYNTHESIS OF PQQ DERIVATIVES AND LIGANDS

1. Synthesis of PQQ Derivatives

The following section is part of the publication:
Modular Synthesis of New Pyrroloquinoline Quinone Derivatives

Rachel Janfien, Violeta A. Vetsova, Dominik Putz, Peter Mayer and Lena ]J. Daumann

Published in: Synthesis 2023, 55, 1000-1006.

Copyright (2023), Rights managed by Georg Thieme Verlag KG Stuttgart, New York.

Abstract. Pyrroloquinoline quinone (PQQ) is an important cofactor of methanol dehydrogenases and
glycose dehydrogenases. In addition, isolated PQQ is used as a central component in sensors and
biomimetic complexes. The synthesis of PQQ derivatives is of interest for developing new alcohol
oxidation catalysts and redox sensors. This work describes a modular synthesis for derivatives of PQQ
bearing methyl and ketone groups instead of carboxylic acid moieties. These modifications reduce the

possible coordination sites of PQQ for metal ions outside the protein environment.

Pyrroloquinoline quinone (PQQ) is an aromatic tricyclic o-quinone, which functions as a redox
cofactor for many quinoprotein dehydrogenases.[8%092%4%] [n methanol dehydrogenase (MDH), for
example, PQQ is reduced to its quinol form, concurrently to the oxidation of methanol. In addition,
PQQ can be found in glucose dehydrogenase, an enzyme that is routinely used as a sensor for glucose
or other biomolecules.[130131 As well as PQQ), the active sites of these enzymes contain a Lewis acid,
like calcium(Il) or a lanthanide(Ill) ion (Ln), for cofactor and substrate activation.!011l PQQ has
recently attracted new interest, not only for its role in biological systems together with lanthanides,
but also as chelator for Ln separation or as sensor for Hg(II) or L-fucose.[*#132133] In addition, model
complex studies have been aimed toward understanding the activation of PQQ by Lewis acids (Ca or
Ln).13+136] In the biological systems, PQQ coordinates metal ions in the ONO pocket and can be
considered one of the few natural pincer ligands.'¥] It has been shown that outside a protein

environment PQQ acts as a versatile ligand, often forming coordination networks or dimers with one
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or more carboxylic acid moieties.*138-1401 Thus, for catalyst design and for generating monomeric
PQQ-metal complexes, the functionalization of certain residues, but especially the moieties not
involved in metal ion coordination in vivo, is often necessary to modify the cofactor. Hudson and
coworkers has previously reported the synthesis of several PQQ isomers, where the pyridine moiety
or pyrrole ring were flipped by 180 degrees.['ll Only one of the isomers retained the ONO pocket and
the derivative still featuring the carboxylates, which often lead to unwanted dimer or coordination

network formation.

CO,H CO,Me CO,Me
HO,C  HN—( MeOC  HN—( HN—
= = =
o] . .
HO,C™ N o MeO,C~ N o) MeO,C~ N o
0
PQQ PQQMe; PmeQQuewm

Chart 11.1: PQQ and related derivatives discussed in this study.

In this work, we report the synthesis of two PQQ derivatives PMmeQQmem (methyl ester-substituted
pyrrole, methyl ester- and methyl-substituted quinoline quinone) and PxQQwmem (ketone-substituted
pyrrole, methyl ester- and methyl-substituted quinoline quinone), which could be potentially used as
ligands in quinoprotein-inspired model complexes or as starting materials for advanced sensor
development. Compared to PQQ itself, the derivatives possess fewer alternative coordination sites for
metal cations, albeit still retaining the ONO pocket for metal coordination. The synthetic route was
adapted from the total synthesis of PQQ published by Corey and Tramontano,!!! which includes the
formation of the trimethyl ester of PQQ (PQQMes) as an intermediate; this was previously often used
as a model for MDH. #2144 In the active site of MDH, the carboxylic functions of PQQ are occupied by
interactions with amino acids.!''!l For the trimethyl ester, the literature presents a seven-step synthesis
with an overall yield of approximately 22%.1 Other authors published partly similar syntheses, as
well as alternative approaches,[#5-151 but the cofactor PQQ itself could also be obtained by
fermentation.['®? The derivatives aimed for in this work, however, require adjustments within the

synthesis, wherefore we established the adapted procedure described herein.

The first step toward the new derivatives was performed according to the PQQ synthesis by Corey
and Tramontano!!l by starting from 2-methoxy-5-nitroaniline (1). As described, the amino group was
protected with a formyl group using in situ generated acetic formic anhydride (Scheme IL.1). In a
difference to the literature report, the paste-like reaction mixture was stirred with an overhead stirrer,
resulting in an almost quantitative yield of 2. Product 2 was then reduced with Hz and Pd/C to yield

the aniline derivative 3 in good yield (87%, Scheme II.1).
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NO, o] NO, NH,
oé\ok Pd/C (0.5 mol%), H,
H,N 0 °C to r.t., overnight Oé\N EtOH, 65 °C, 3 h oé\H
OMe H OMe OMe
1 2:99% 3:87%

Scheme 11.1: N-formylation of 2-methoxy-5-nitroaniline (1) and palladium-catalyzed reduction of nitro compound 2 to
aniline derivative 3.

Methyl 3-oxobutanoate (4), which was needed for the next step, had to be prepared prior to the
synthesis. Therefore, reactant 4 was synthesized according to a literature procedure!’®®! and obtained in

65% yield.

In the literature procedure,! the ensuing Japp-Klingemann reaction of 3 and 4 to form the ester-
substituted arylhydrazone 5 was reported to give up to 80% yield. Various attempts to repeat the
published result were discarded for two reasons: either the high yields described in the paper could
not be reproduced or the reaction yielded a mixture of the ester- and ketone-substituted hydrazones 5

and 6 that was difficult to separate.

HCI (0.3 M) HCI (0.3 M)
_ B ~ NaNO, NaNO, -~ _
o O 0°C O 0°C o O
N, .
N Nen
- 3 [
o”N
KO KOH OMe
 MeOHM,0 (1:1) M MeOH/H,0 (1:1) - B
0°C 0°C,6h
0°Ctort. 0°Ctort.
overnight overnight
fo) O
MGO)Y )S‘/
N.
Noyn NH
0“>N Oé\m
Ho Ome OMe
5:74% 6:72%

Scheme I1.2: Formation of ester- and ketone-substituted arylhydrazones 5 and 6.

While investigating the different outcomes in comparison to the literature, we found that the ester-
substituted compound 5 can be synthesized exclusively if the reaction scale is kept under
approximately 5 mmol, whereas higher scales led to a mixture of both products. Further optimization
of the reaction protocol, such as changes to the addition speed and method, showed that a transfer

cannula is most suited to allow constant cooling of the diazonium salt suspension while maintaining a
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slow addition speed. With this setup, 5 was afforded in 74% yield (Scheme IL2). Differentiation
between the ester- and ketone-substituted products can be achieved by distinct treatment of reactant 4.
To obtain the ketone-substituted product 6 exclusively and in good yield (72%), precursor 4 was
saponified with 1.2 equiv. KOH at 0 °C overnight prior to addition (Scheme II.2). Saponification can
also be achieved at room temperature within approximately 1 h. However, the yields are lowered
significantly if either solution is not cooled and kept at low temperatures throughout addition. In the
case of 5, the elongated time needed for slow addition and insufficient cooling at higher reaction scales
might be why mixtures are obtained because some of reactant 4 could be saponified. It should also be
mentioned that higher concentrations of hydrochloric acid lead to deprotection of the formylated

amino group in both reactions.

In a reaction known from Fischer indole syntheses, ' the afforded hydrazones were converted by
temperature- and acid-mediated indolization (Scheme II.3). Products 7 and 8 were synthesized in 60%
and 56% yield, respectively, and subsequent deprotection of the amino group by using hydrochloric

acid afforded 9 (84%) and 10 (79%).

(0] (0]
R ‘ R R
HN HN
N NH HCO,H \ conc. HCI \
_—
70 °C, overnight acetone/H,0 (24:1)
4\ 04\” 70°C,ab HoN
oo N OMe OMe
OMe
5, R=0CH; 7:60%, R = OCHj 9: 84%, R = OCHj3
6, R =CHj; 8:56%, R = CHj3 10: 79%, R = CH3
(0]
R 1.12, CHCI3 60 °C, 6 d
HN A 2.HCl,rt,1h
- -
NS
N
OMe
PmeQQuem: 31%, R = OCH3 13: 71%, R = OCH3
PxQQuen: 46%, R = CH, 14:69%, R = CH,

Scheme 11.3: Fischer indolization of 5 and 6 to amino idoles 7 and 8 and subsequent deprotection of the amine group,
Doebner-Miller reaction and subsequent dehydrogenation of 9 and 10 to form precursors 13 and 14, and oxidation reaction of
13 and 14 to form PmeQQmem and PxQQmem. Reaction conditions: (a) 2 h for 9; (b) 90 min for 10; (c) acetonitrile/water
(4:1), 0 °C, 30 min for PMmeQQumenm; (d) acetonitrile/water (3:1), 0 °C, 40 min for PkQQMem.

For the introduction of the third ring, Corey and Tramontano!" used an «,f-unsaturated carbonyl
derived from dimethyl 2-oxoglutarate in a Doebner-Miller typel'® reaction. As the desired PQQ
derivatives contain a methyl group instead of an ester function, a suitable reactant was synthesized by

a similar procedure to that described in the literature. Thus, methyl levulinate (11) was treated with
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bromine, and after removal of the resulting hydrogen bromide with a nitrogen gas flow, a double
bond was established by an elimination reaction induced by triethylamine, affording product 12
(Scheme I1.4). In contrast to the literature procedure, dry chloroform and reaction under a nitrogen
atmosphere afforded better yields than the reaction performed in dichloromethane. The purification of
this reaction, however, was nontrivial owing to the low melting point of the product. In solution, the
product 12 can co-evaporate during removal of solvents in a conventional rotary evaporator at 40 °C.
Therefore, the reaction mixture was carefully concentrated in a rotary evaporator at room
temperature, but the solvent was not completely removed. The remaining brown liquid was then
distilled by using a SCHLENCK tube and a cooling finger, resulting in the disposition of the product as
colorless crystals, while the remaining solvent was captured in a connected cooling trap. Once
obtained in solid form, the crystals were scraped off and could be dried under high vacuum. Product

12 was obtained in 44% yield.

Q Br, Et3N 9
2, El3
MeOM pT— MGON
o) 3 o o
1 12: 44%

Scheme 11.4: Bromination and subsequent elimination of methyl levulinate to form 12.

With this product at hand, the Doebner-Miller reaction with amino indoles 9 or 10 and 12 was
performed. It was found that higher temperatures were needed, as previously described; therefore,
dichloromethane was substituted with chloroform. In addition, the reaction time was extended to 6-7
days until TLC indicated full consumption of the starting material. To fully convert the intermediate,
in situ formed hydrogen chloride was bubbled through the reaction mixture. After purification, the
desired tricyclic products 13 and 14 were afforded in yields of 71% and 69%, respectively (Scheme
11.3).

In the final step, oxidation into the quinones was performed by using ceric ammonium nitrate (CAN).
In contrast to the previously reported PQQMes, however, the products exhibit lower solubility in
water, precipitate from the reaction mixture, and can be filtered off and washed without further
purification. The target molecules PMmeQQmem and PxQQmem were obtained in 31% and 46% yield,

respectively.

In summary, we have successfully adapted the synthetic route towards PQQMes and present herein
two new PQQ derivatives, which may be useful in chemical investigations of the cofactor methoxatin
in enzymatic contexts or as sensor moieties. The modification on the quinoline ring reduces the
possible coordination sites that the PQQ derivatives can exhibit in solution in addition to the
biologically relevant binding sites. The exchange of functional groups on the aromatic structure could

also have an impact on the redox properties or kinetics of PQQ for alcohol oxidation.
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2. Synthesis of PQQ Aza-Crown Ligands

Biomimetic chemistry has its primary focus on the synthesis and detailed characterization of small
analogues of enzymes, which resemble either their functional or structural and spectroscopic
properties.l1%6-1611 The investigation of such models or synthetic analogues could shed some light into
fundamental aspects of structure, spectroscopy, magnetic and electronic features, reactivity and
chemical mechanism of their biological counterparts.[' The model systems usually show significantly
lower activity than their corresponding native metal-containing sites, however, systematic and
targeted variations in coordination geometry, ligation or local environment in the synthetic models
could provide useful information about the factors that influence the enzyme reactivity.[5$1 The
design of synthetic analogues is nontrivial and the process is often iterative in order to improve, if
required, the accuracy of the model.l'%1¢0] Typical functional groups, which often occur in the natural
compounds, are carboxylates, phosphates, amines, imines, amides, ethers, hydroxyls, phenols and
heterocyclic groups. Hence an accurate synthetic model should either incorporate or mimic these
functionalities. In the last years, many research projects focused on the interaction of f-elements with

organic ligands carrying binding sites related to those of biomolecules.[162]

CO,Me CO,Me CO,Me
MeO,C HN \ MeO,C HN 3 MeO,C HN \
TFA/H,0 (2:1) (COCl),
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15 16 17

CO,Me
0"\ MeO,C HN {
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Scheme 11.5: Synthetic route to ligand PQQus-s reported by Itoh and Fukuzumi.1%! Compound 15 is available only as a
synthetic intermediate of the total synthesis of PQQ reported by Corey and Tramontano.l!]

With the perspective to obtain more knowledge about the nature of the interactions in the active site of
XoxF- and MxaF-MDH, studies of several structural model complexes were described in the
literature.[143144164-166] Twenty years ago Itoh and Fukuzumi developed a synthetic functional model of
the calcium-dependent alcohol dehydrogenase, which incorporates a PQQ moiety coupled through an
amide linkage at the C-7 position to an 1-aza-15-crown-5 ether (Scheme I1.5).1'¢3l Thus, the crown ether

oxygen atoms in ligand PQQMe:z-1-aza-15-crown-5 (PQQ1s-5) mimic the amino acid donor atoms of



16 SYNTHESIS OF PQQ DERIVATIVES AND LIGANDS CHAPTERII

MDH and coordinate calcium(Il) in addition to PQQ. The study examined the coordination ability of

PQQ1s-s towards various alkaline earth metal ions.

In order to expand this study and unravel the possible differences of lanthanides over calcium in
alcohol oxidation reactions, the following project aimed to synthesize ligand PQQ1ss and investigate
its interaction with various Ln® salts. In addition, a second model ligand PQQMe:-1-aza-18-crown-6

(PQQ1s-) was synthesized, using the larger 1-aza-18-crown-6 ether.

2.1. PQQMe:-1-aza-15-crown-5 (PQQ1s-5)
The following section is part of the publication:

Pyrroloquinoline Quinone Aza-Crown Ether Complexes as Biomimetics for Lanthanide and

Calcium Dependent Alcohol Dehydrogenases

Violeta A. Vetsova, Katherine R. Fisher, Henning Lumpe, Alexander Schéafer, Erik K. Schneider,

Patrick Weis and Lena J. Daumann
Published in: Chem. Eur. ]. 2021, 27, 10087-10098.

Reprinted under Creative Commons Attribution Non-Commercial-No-Derivatives License CC BY-

NC-ND.

Results and Discussion
Ligand synthesis

Based on the work of Itoh and Fukuzumil!63l an aza-crown ether was attached to the PQQ scaffold. As
precursor 16 is only available in low yields through an 8-step synthesis, the usage of methylated and
selectively hydrolyzed PQQMe:2 as a precursor starting from PQQ was evaluated.l'¥”] We have
previously reported the facile isolation of pure PQQ at low-cost from vitamin capsules.!3¢ The further
advantage of PQQMez: is that the quinone moiety is already formed, avoiding the oxidation with ceric
ammonium nitrate (CAN), and thus introduction of possible cerium traces to the system. Duine et al.
described direct methylation of PQQ by Me2SO4 and K2COs but used a very small scale of only 0.5 mg
PQQ starting material.l'®! The method was tested on a 50 mg scale and gave analytically pure
PQQMes as an orange solid in 91% yield. The scale was successively increased in further reactions and
can easily be run in a 500 mg scale, with only a slightly decreased yield of 86%. PQQMes was then
selectively hydrolyzed, using TFA (Scheme 11.6).11¢! The product PQQMe: precipitated after addition

of water with isolated yields over 90%.
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Scheme 11.6: Conversion of PQQ to PQQMes followed by acidic hydrolysis in position C-7 to PQQMe:.
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Scheme 11.7: Amide coupling between PQQMe: and 1-aza-15-crown-5 using CDI.

The aza-crown ether precursor was then coupled to PQQMe: using 1,1’-carbonyldiimidazole (CDI;
Scheme I1.7). This coupling reagent has the advantage of producing only CO: and imidazole as
byproducts which can easily be removed (for further discussion on different amide coupling reagents
see chapter I1.3.). Nevertheless, the purification of ligand PQQ1ss showed to be challenging. The
implementation of the purification conditions proposed by Itoh and Fukuzumi,'®! which involve
column chromatography with silica and a 80:20 EtOAc/EtOH mixture as an eluent, did not give a pure
product. Unfortunately, variation of the eluent, including the use of different solvent systems such as
CH:Clz/MeOH and EtOAc/iso-hexane, did also not lead to the separation of the product from the
impurities in our hands. It should be mentioned that the silica exhibited a greenish color after every
purification attempt. A sample of the stationary phase was analyzed by CW EPR and showed radical

formation, thus this purification method was abandoned (Figure I1.1).

T T T T T T T T T T T
338 340 342 344 346 348

Magnetic field (mT)

Figure I11.1: CW EPR spectrum at X-band (9.5 GHz) of a sample from the stationary phase, after a flash column
chromatography of the crude ligand PQQus-s has been performed.
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However, experiments have shown that PQQ1ss could be partially precipitated by addition of water to
the crude product. The NMR spectra showed no major impurities except for traces of H2O, DMF and
CH2Cl2 and the elemental analysis was in good agreement with the calculated values. Thus, we hope
this new and convenient synthesis route with only 3 steps instead of 11 steps to ligand PQQus-s (33%

instead of 0.6% overall yield) will provide fast access to future PQQ-based model complexes of MDH.

2.2. PQQMe:-1-aza-18-crown-6 (PQQ1s-s)

Considering the preference of the lanthanides for higher coordination numbers, this project aimed the
synthesis of a further PQQ-aza based ligand incorporating a bigger aza-crown cavity. Thus, the ligand
PQQMe»-1-aza-18-crown-6 (PQQ1s-) was synthesized from PQQ dimethyl ester (PQQMez) and 1-aza-
18-crown-6 using CDI and TEA (Table IL.1, for further discussion on different amide coupling reagents
see chapter I1.3.). Due to the good solubility of PQQ1s- in water, however, the product could not be
precipitated from the crude mixture, as described in the experimental procedure for ligand PQQ1ss.
Nonetheless, the NMR spectra of the crude product showed no major impurities and the elemental

analysis was in good agreement with the calculated values with small deviations caused by residual

water or DMF.
Table I1.1: Amide coupling between PQQMe: and 1-aza-18-crown-6.
CO,Me
MeO,C HN
\ 1-aza-18-crown-6
= | e
HOL,C™ N o
o]
PQQMez PQQ18.6
Entry Reagent Base Solvent  Temperature Time  Yield (%)
1 CDI TEA DMEF r.t. 24 h 60
2 EDC-HCI, HOBt-H-0 TEA DMEF 0°Ctor.t. 6d 39

In addition, an EDC-HCI/HOBt-H20 mediated coupling reaction was examined with the aim of
increasing the product yield. Both NMR and TLC indicated the formation of the product, however
even after 6 days the starting materials were not completely consumed and no further product was
formed. Hence, the reaction was quenched, worked up and the crude product was purified by flash
column chromatography (DCM/MeOH, gradient from 99:1 to 94:5, Rt = 0.32). The product was isolated
in a relatively low yield of 39%. Therefore, for all further studies on ligand PQQ1s the CDI mediated
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coupling reaction was applied. Thus, starting from PQQ), the ligand was synthesized in 3 steps with an

overall yield of 50%.

3. Synthesis of Ligand Lroo

In 2018 the group of Schelter reported the first synthetic functional model of lanthanide-dependent
alcohol dehydrogenase based on ligand Loo, which incorporates a directing and sterically bulky
chelator 19, coupled to a PQQ related quinoline quinone 20 (Scheme II.8).116] The X-ray crystal
structure of the complex [La(Log)(NOs)3] (21) revealed metal ion binding similar to the coordination
arrangement found in MDH, where PQQ acts as a tridentate ligand with O-5, N-6 and O-7" as donors.
Additionally, cyclic voltammogram investigations revealed a shift to higher potentials upon La%
coordination for the quinone/semiquinone reversible couple of Loo, which reflected the stabilization of
the semiquinone anion state by the metal ion. Furthermore, the stoichiometric as well as catalytic
dehydrogenation of a benzyl alcohol was studied under neutral and mildly basic conditions and it
was indicated that both La* as well as ligand are required for a catalytic turnover. Finally, both, the
hemiketal and hydride transfer mechanism pathways for the alcohol oxidation reaction of the
functional model were calculated using DFT and it was shown that the hydride transfer was preferred

with either a weak base or without a base.

z
o

[La(THF)4(NO3)s]

(¢}
> _—
Oﬁ) NCy, DCM,rt., 1h @[ o CH3CN, rt, 1h
N/\f

19 Laa 21
Scheme I1.8: Synthesis of model ligand Log and its La**-complex [La(La)(NOs)s] (21).1166]
To further expand the studies on lanthanide-dependent alcohol dehydrogenases, this project aimed to

afford a Loo inspired ligand with integrated PQQ moiety instead of the quinoline quinone 20. The

five-step synthesis of chelator 19 has been discussed in detail in my Master Thesis (Scheme I1.9).01701
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Br BnNH, HN NCy,
O HNCy, o K,CO3 NH,4CO,H, Pd/C
Br4<> > _— > NWNCYz —_ > O 0
gr DCM, -30 °C, 20 min CH3CN, 90 °C, 6 h EtOH, 80 °C, 1 h
NCy, ¢ o NCy,
NCy>
22: 49% 23:79% 24:97%

NO,
NH, NO, ©[
F
( INWNCW H,, Pd/C C :NWNCyZ KoCOs
(0]

o EtOH, rt., 2h o o 110 °C, 22 h

NCy, NCy,

19: 80% 25: 50%

Scheme 11.9: Five-step synthesis of chelator 19.

With chelator 19 in hand, different strategies for the coupling with the PQQ scaffold were
investigated. The first attempt was inspired by the synthetic route to ligand PQQsss previously
described by Itoh and Fukuzumi (Scheme IL.5).1163 Starting from the PQQ precursor 15 from Corey’s
total synthesis, ! a selective hydrolyzation of the methyl ester functionality at C-7" using TFA had to be
performed, a procedure also presented and discussed in a previous work by Itoh et al. in 1987.11¢
According to the literature, the second and the third ester groups also undergo a hydrolysis at higher
temperatures, hence it is important to maintain the temperature at or below 60 °C in order to

hydrolyze selectively at C-7".

Table I1.2: Selective ester hydrolysis of 15 to 16.

CO,Me CO,Me
MeO,C HN \ MeO,C HN N\
TFA/H,0 (2:1)

= _— =

~ 60 °C ~

MeO,C N HO,C N
OMe OMe

15 16

Entry Reaction scale (mg)  TFA/H:0 volume (mL) Time (h)  Yield (%)

1 100 5 24 -
2 100 5 48 -
3 100 1 3 -
4 100 1 24 52
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Unfortunately, the attempt to reproduce the synthesis using the conditions published in the previous
works failed to accomplish and led to the reisolation of the starting material (Table I1.2, Entry 1 and 3).
Variation of the reaction scale to the TFA/H2O volume ratio showed that the reaction mixture
concentration as well as the reaction time play an essential role for the reaction outcome. As shown in
Table II.2 (Entry 4), the desired product 16 was obtained in a moderate yield from a reaction
performed on a 100 mg scale employing 1 mL of the TFA/H20 (2:1) mixture and stirred at 60 °C for
24 h.

According to the literature,! all of the three ester groups in 15 undergo a saponification reaction at
60 °C under alkaline conditions. However, it was shown on analogue compounds that a selective ester
hydrolysis could be performed in the presence of potassium carbonate at low temperatures.!'”!l
Therefore, an attempt was made to convert 15 to 16 using diluted potassium carbonate solution at 0 °C
(Scheme 11.10). Unfortunately, the desired product could not be observed, hence it was decided to

further apply the TFA hydrolyzation method described above.

CO,Me CO,Me
MeO,C HN MeO,C HN
z \ 0.1 M K,COj 2 N
= > =
x MeOH, 0 °C to r.t., overnight >
MeO,C N HO,C N
OMe OMe
15 16

Scheme 11.10: Attempted selective ester hydrolysis of 15 with potassium carbonate.

With the single-hydrolyzed PQQ intermediate 16 in hand, an attempt to form the ligand precursor 26
was made. As shown in Scheme II.11, 16 had to be activated by treatment with oxalyl chloride and the

resulting acid chloride intermediate 17 had to be coupled to chelator 19.

g
NC
N/ﬁ( Y2
o

o) CO,Me
MeO,C HN
NCy, 2 \
CO,Me CO,Me =
MeO,C HN 2 MeO,C HN \ 19 0 N
(CocCl), DMF N
Z —2h> = NH OMe
HOLC \N benzene, r.t., o) \N DCM, r.t,, 23 h @: NCy,
N

OMe cl OMe
o%[) o)

NCY2

16 17 26

Scheme 11.11: Attempted coupling reaction of PQQ precursor 16 and chelator 19 to ligand precursor 26.

Unfortunately, the attachment of both building blocks failed to accomplish as shown by 'H NMR and

ESIL. Although the reaction is known to proceed on intermediate 17 with other amines such as 1-aza-
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15-crown-5,[163] either no conversion or slow decomposition of the starting materials were observed

under the examined conditions.

A further attempt to attach the chelator 19 to PQQ was made starting directly from PQQMe: (Scheme
I1.12). Unfortunately, the treatment with oxalyl chloride led once more to undesirable side reactions

and the ligand Lroo could not be obtained.

@[NHZ
NC
N/ﬁf Y2
(6} (¢]

NCy,

19
(Cocly, DMF

benzene, r.t.,, 2 h DCM, r.t., 23 h

PQQMe, 27 Lpaa

Scheme 11.12: Attempted coupling reaction of PQQMe:z and chelator 19 to ligand Lrgq.

Since it was shown that coupling with oxalyl chloride was not feasible for the described system, an
alternative method towards the ligand preparation was examined using a different activation agent.
PyBOP  (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexaflorophosphate) is a hydroxy-
benzotriazole-based onium salt coupling reagent widely used in peptide synthesis and it is well
known for its useful activating properties.l'” In comparison to the reactions with the analogue reagent
BOP (benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate), the reactions with
PyBOP do not produce HMPT (hexamethylphosphoramide) as a carcinogenic side product (Chart
I1.2).1172]

D PFg PFg
\

iy A
. |
p/P\ N S)/F\’ N o//P\/ ~
N N N\ N\ N—
LG /
N N
PyBOP BOP HMPT

Chart 11.2: Molecular structures of PyBOP, BOP and HMPT.

During the PyBOP mediated one-pot amidation reaction (Scheme I1.13), a base such as TEA or Hiinig's
base deprotonates the carboxylic acid, which reacts with PyBOP to form an activated
acylphosphonium species and hydroxylbenzotriazole. Subsequently, the hydroxybenzotriazole moiety
attacks the activated acid to form a reactive benzotriazole ester, which subsequently reacts with the

amine.[173]
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Scheme 11.13: Amide bond formation using PyBOP as a coupling reagent. Reaction scheme adapted from literature.[173]

As shown in Scheme 1I.14, PQQ dimethyl ester (PQQMe:z) was coupled successfully to chelator 19 in

the presence of PyBOP and triethyl amine in dry DMF to yield the desired ligand Lroo.

CO,Me
MeO,C  HN—(

CO,Me
MeO,C  HN—{

Qe
NCy» PyBOP, TEA N 0]
= ‘ + N/ﬁ( B NH 0
- OY o DMF, rt, 3h @[
HO,C™ 'N o NC
NCy, NN v2

PQQMe, 19 Leaa

Scheme 11.14: Coupling reaction of PQQMe:z and chelator 19 to ligand Lrog using PyBOP and TEA.

The reaction progress was monitored by TLC and a complete consumption of the starting materials
was indicated within 3 h. The formation of the ligand was verified by ESI-mass spectrometry as well
as X-ray analysis of a single crystal (Figure I1.2). However, purification of the crude mixture was
necessary, since 1,1’,1”-phosphoryltripyrrolidine was generated as a by-product during the reaction.
Unfortunately, the purification showed to be challenging, since the crude mixture exhibited only low
to no solubility in ethyl acetate, acetonitrile, 1,4-dioxane, methyl tert-butyl ether, diethyl ether and
toluene. Different purification methods such as recrystallization and trituration from boiling solvents
or solvent systems as well as filtration over a pad of Celite or silica were tested, however the 'TH NMR
analysis of the product still indicated a significant amount of contamination. Furthermore, purification
attempts by flash column chromatography with different eluent systems were made, including ethyl
acetate/iso-hexane/TEA, DCM/MeOH or a combination thereof. However, a clean '"H NMR spectrum
could not be obtained. The only method, which showed to be promising, was crystallization by vapor
diffusion using DCM and diethyl ether, nonetheless product crystals could only be obtained in a scale

of 5.0 to 8.0 mg.
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Figure I1.2: Crystal structure of ligand Lpoo.

To avoid the need for elaborate purification methods, an alternative coupling approach was examined.
The coupling reagent 1,1’-carbonyldiimidazole (CDI) was considered as a suitable candidate, since it

allows one-pot amide formation with only water-soluble by-products.l'74

o]
NQXN\;\\/N
o cDl o (6] O (0] (0]
)k( Lo+ o/, —= "IN ¢ ki RPN
R”OOH R” 0 HND LN =/\__/ N N\ N
co, * HNQN
)CL R'—NH, i
R N/\\N T» R H,R
l/
HNTRy
l/

Scheme 11.15: Amide bond formation using CDI as a coupling reagent. Reaction scheme adapted from literature.l'73!

As shown in Scheme II.15, the reaction mechanism involves the formation of an acyl carboxy
imidazole and imidazole, which readily react to give an activated acylimidazole species. A
nucleophilic attack at the activated carbon by an amine leads to amide bond formation and

elimination of imidazole, which can be easily removed by an aqueous work up.

Various reaction conditions for the coupling of PQQMe: and chelator 19 were examined, including the
use of different amounts of reagents, different solvents, temperature and time (Table IL.3).
Unfortunately, the formation of the desired product Leoo was not successful and not even traces of it
could be found in the crude mixture. The CDI-mediated amide coupling reaction showed to be
convenient for the formation of ligand PQQ:s5 (see Chapter I1.2.), however the coupling of PQQMe:
and chelator 19 could not be implemented. By comparing both reactions, some differences in the co-

ligands could be noted, which were initially considered as the reason for the different reaction
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outcomes. 1-Aza-15-crown-5 ether is an aliphatic secondary amine and chelator 19 on the contrary is
an aromatic primary amine. However, various literature reports show that CDI-mediated amidation
reactions can be successfully conducted on aromatic primary amines and aromatic carboxylic acids.!'7>-
1771 Thus, there should be another reason for the unsuccessful conversion under the examined

conditions. Due to time reasons, however, further investigations of this method were abandoned.

Table 11.3: Investigated reaction conditions for the coupling of PQQMez and chelator 19 using CDI and TEA.

CO,Me
MeO,C  HN—(

CO,Me NH, = ‘
MeO,C  HN— ©[ . O ANy o
NCy, CDI, TEA
N
& + N — NH o)
S N X
HO,C™ 'N o NC
5 NCy, N
Oﬁ) )
NCy,
PQQMe, 19 Lpaa

Entry CDI (equiv.) TEA (equiv.) Solvent  Temperature Time (h) Yield (%)

1 1.2 2.0 DMF r.t. 24 -
2 1.2 2.0 DMF 60 °C 24 -
3 1.2 4.0 DMF r.t. 2 -
4 1.2 4.0 DMF r.t. 120 -
5 1.9 - THF 80 °C 24 -
6 24 4.0 DMF 60 °C 24 -

In search of an optimal coupling reagent for the synthesis of ligand Leoo, 1-ethyl-3-(3'-
dimethylamino)carbodiimide hydrochloride salt (EDC-HCI) was considered as a promising
candidate.l'”8 As shown in Scheme II.16, an O-acylisourea species can be formed by reacting EDC-HCl
with a carboxylic acid. In the presence of an amine, the O-acylisourea can directly react to the
respective amide and urea by-product, which can be eliminated by aqueous work up. However, the O-
acylisourea often gets converted to the unreactive N-acylurea by racemization and acetyl transfer.
Hence, hydroxybenzotriazole (HOBt) is commonly used in combination with EDC-HCI, since it can
react fast to a HOBt-activated ester, thus avoiding side reactions.l'”! This intermediate exhibits an
increased electrophilicity of the carbonyl resulting from the electron-withdrawing character of the

OBt-moiety, thus enabling the amide bond formation with a wide range of nucleophiles.
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Scheme 11.16: Amide bond formation using EDC-HCI and HOBt as coupling reagents. Reaction scheme adapted from
literature.l1731

Therefore, two different reaction conditions were investigated using EDC-HCl and HOBt-H:0 and the

successful formation of Leog was determined by TLC and ESI (Table 11.4).
Table I1.4: Investigated conditions for the coupling of PQQMezand chelator 19 using EDC-HCI and HOBt-H:O.

CO,Me
MeO,C HN \

CO,Me NH, ‘
MeO,C  HN \ ©[ c o Sn o
NCy, EDC-HCI, HOBtH,0
@ N N > NH 0
HO,C” N o Oﬁ’) ° @:
2 NC
NCy, N
O\\x) 0

NCy,

PQQMe, 19 Lpaa
Entry Solvent Temperature Time (h) Yield (%)
1 DMF r.t. 48 602
2 DCM r.t. 2 56>

a. Yield related to the crude product.
b.  Yield related to the product purified by flash column chromatography.

In the ESI-mass spectra of the crude mixture from the first reaction (Entry 1, Table II.4), the desired
product Leoo was observed in the positive (m/z = 891.4673, calc. 891.4651) and negative (m/z =
889.4509, calc. 889.4506) ionization mode. Furthermore, a mass which corresponds to the water adduct

could also be observed in the negative (m/z = 907.4623, calc. 907.4611) ionization mode as well as in the
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positive ionization mode together with a sodium ion (m/z = 931.4599, calc. 931.4576). Moreover, the
mass of the methanol adduct (m/z = 921.4779, calc. 921.4768) was also found, probably due to traces of
methanol in the instrument. The observed species show the ability of the ligand, similar to

PQQ,97142180181] to readily form adducts with different nucleophiles.

In order to purify the crude product from the second reaction (Entry 2, Table 11.4), a flash column
chromatography was performed, using a mixture of diethyl ether and iso-hexane (80:20) as an eluent.
It should be mentioned, that the use of pressure during the run of the column could lead to poor
separation of the main product from the impurities, hence it is recommended to run the column by
gravity and not by using a flash purification system. A TLC of the collected product fractions did not
indicate any impurities, however, as already discussed above, the 'H NMR spectrum of the product
still showed plenty of additional signals. Considering the ability of the ligand to form adducts with
various nucleophiles such as water and methanol, it can be assumed that the formation of these

species could be the reason for the ambiguous NMR spectra.

9
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Figure 11.3: 1H NMR spectra of ligand Lrqg in CD:Cl2 at room temperature. The red spectrum was taken right after the
sample preparation and the blue spectrum was obtained by measuring the same sample after 1 day.

As shown in Figure I1.3, a spectrum was recorded immediately after the sample preparation and it
showed only signals, which could be assigned to the ligand according to their number and integral
values. However, even after short time a second set of signals has appeared, making the interpretation
of the spectrum difficult. Often the presence of rotamers in a solution can complicate the NMR
analysis,['82l however, in this case a doubling of almost every signal can be observed. This observation
further supports the assumption of the existence of some Lrog adducts or an equilibrium between the

ligand and a dimer of it.
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In addition, the solid was analyzed by CW EPR and as shown in Figure 1.4, a low intensity signal was
observed indicating the presence of some small amount of radicals in the sample. Together with the
observations made by NMR, the results let suspect that the radical species could undergo some self-

association processes in solution.

r T T T T 1
340 342 344 346 348 350

Field (mT)

Figure 11.4: CW EPR spectrum at X-band (9.5 GHz) of ligand Lroq at room temperature.

To summarize, ligand Lroo was synthesized through an EDC-HCI/HOBt-H2O-mediated amide
coupling between PQQMe: and chelator 19 in a yield of 56%. Different purification methods were
investigated, however the '"H NMR analysis of the compound showed the presence of multiple species
in solution. Thus, future experiments should focus on the identification of these species and the
removal of the radicals present in the product. This could be achieved by either exploring alternative
synthetic routes, handling and analyzing of the product under air- and water-free conditions or

changing the purification methods.

4. Synthesis of PQQMe:-Diethyl 3,3'-azanediyldipropionate

With the objective to further expand the library of PQQ-based ligands for MDH-biomimetic
investigations, a ligand incorporating PQQ dimethyl ester (PQQMez) and diethyl 3,3'-
azanediyldipropionate (28) was synthesized (Scheme II.17). A structural advantage of the model
compound PQQMe»-Diethyl 3,3"-azanediyldipropionate (PQQpepe) is the incorporation of two flexible
pendant coordinating arms, that can direct the coordinating cavity to the desired PQQ position. The

amidation reaction using CDI and TEA proceeded successfully and yielded 61% of ligand PQQuoeoe.
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CO,Me
MeO,C  HN
CO,Me \
MeO,C  HN =
) EtO N OEt CDI, TEA N |
= + W W _— > N o)
~ ‘ o o DMF, r.t., overnight EtO N 0
HO,C” N o) N
o] o] OFEt
o]
PQQMe, 28 PQQpepp: 61%

Scheme 11.17: Coupling of PQQMe:z and diethyl 3,3’-azanediyldipropionate (28) to ligand PQQpepp using CDI and TEA.

With PQQoeor in hand, a further modification was attempted, aiming at the synthesis of a ligand with
two flexible pendant carboxylic arms. Previously Itoh et al. presented a procedure for the
regioselective hydrolysis of the methyl ester functionality at C-7” of PQQMes whereby the ester
groups at positions C-9” and C-2" have been preserved.['®! Therefore, this procedure was also applied
on ligand PQQpoepr with the objective to hydrolyze the ethyl ester functionalities of the diethyl 3,3’-
azanediyldipropionate moiety by retaining the two methyl ester groups of PQQ. Hence, a mixture of
TFA and water (2:1) was added to PQQpepr and the reaction mixture was stirred at 60 °C overnight.
According to the mass spectrometric data, the desired product 29 was successfully synthesized.
Unfortunately, addition of water did not result in precipitation of the pure product, as known from
the experimental procedure towards the synthesis of PQQMe2. Therefore, a work-up procedure
including extraction with DCM from neutral and acidic aqueous solutions was performed and the
NMR spectra indicated only some minor impurities in the upfield region. In order to purify the
product, a semi-preparative HPLC (H20:0.1 %TFA/CHsCN, 90:10 - 60:40) was performed, however,
the 'H NMR spectra indicated impurities in the collected product fractions. For time reasons, the
purification attempts of 29 were not carried out further, however future trials could include the use of

different column sizes, stationary phase materials or solvent gradients.

CO,Me CO,Me
MeO,C HN A\ MeO,C HN A\
g g
TFA/H,0 (2:1)
°© \N (0] —_— © \N (o)
60 °C, 24 h
EtOT(\/N 0] J HOT(\/N (o)
0 j}‘(OEt 0 W}(OH
(0] 0]
PQQpepp 29: 81%

Scheme 11.18: Selective ethyl ester hydrolysis of PQQpepp to 29.
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5. Synthesis of PQQMe:H>

As part of her bachelor thesis, conducted under my supervision, Sophia Glocker examined the
synthesis of the reduced PQQMe: species PQQMe:zH: as a reference for analytical studies. Thereby, a
procedure originally reported for the reduction of PQQ by Ikemoto et al., was applied. PQQMe: was
suspended in water and the mixture was added dropwise to an acidic aqueous solution of L-(+)-
ascorbic acid at 10 °C over 1h (Scheme II.19). The mixture was than stirred overnight at room
temperature and after filtration of the precipitated solid, PQQMe:H: was obtained in 65% yield as red-
brown solid. The successful formation of the species was confirmed by NMR and IR spectroscopy as

well as elemental microanalysis.

CO,Me CO,Me
MeO,C HN N\ MeO,C HN N\
L-(+)-ascorbic acid, HCI (2 M)
= - =
~ | H,0,10°Ctort, 24 h ~
HO,C™ 'N 6} HO,C™ N OH
(o) OH
PQQMe, PQQMe,H,: 65%

Scheme 11.19: Reduction of PQQMe: with L-(+)-ascorbic acid to PQQMe2H>.

6. Synthesis of PQQMe:-DFO

Reasoning that the synthesis of XoxF-MDH-inspired model ligand should regard the distinct
preference of the lanthanides for hard oxygen donors,['83184 siderophore-based ligands could be
considered as good candidates. In the last decades different siderophore inspired ligands have been
reported to efficiently chelate lanthanides and actinides.[85-%] Siderophores are small compounds
produced by bacteria, fungi and graminaceous plants with an extremely high affinity for Fe3 [l Thus,
their main and essential function is to mobilize iron sources from the environment. However, in
addition to iron(Ill), other di- and trivalent metal ions such as lanthanides(IIl) can also bind to the
siderophores.l21%] The strong tendency of siderophores to bind these highly charged metal ions
reflects the hard oxygen donor atoms present in their respective structures which include catecholates,
hydroxamates, carboxylates and amides.['®?] Deferoxamine (DFO) is a trihydroxamate siderophore and
recent studies have shown that lanthanides are able to form stable complexes with DFO (Chart

I1.3).[192,194]
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Chart I1.3: Structure of deferoxamine B (DFO). DFO is a member of the family of the hydroxamate siderophores. Three
hydroxamate groups are responsible for the binding to Fe3* as well as to trivalent lanthanides. A recent study of the stability
constants of lanthanide-DF O-complexes showed that the entire lanthanide series, except for Ce3* and Pm?3*, exhibits a
complexation with a seawater ionic strength.1%4

Hence, this project aimed to afford a PQQ-based ligand with integrated DFO scaffold. In order to
estimate the coordination capacity of ligand PQQMe2-DFO (PQQporo) with lanthanides, a calculation
with Spartan was performed by Lena Daumann. As shown in Figure IL5, the lanthanum ion has a
nona-coordinate geometry and the ligand, which encircles the metal, allows PQQ to come in close
proximity. The bond lengths between the La%* ion and the cofactor are 2.6 A (La3-05), 2.7 A (La*-N6)
and 2.7 A (La*-N-(amide)). These values of the atom distances are fairly close to those in the enzyme:

2.6 A (Ce-05), 2.8 A (Ce-N6) and 2.7 A (Ce-O7).1101

Figure 11.5: Spartan optimized structure of La’* coordinated PQQpro with deprotonated amide bond between PQQ and
DFO. Image generated with the UCSF Chimera package.!"'%]

For the coupling reaction of PQQMe: and DFO over an amide bond, PyBOP was used as activating
reagent and TEA as base (Table IL5, Entry 1). DFO is commercially available as DFO mesylate
(DFOM). Mass spectrometric analysis of the crude product verified the successful formation of the
desired ligand PQQpro. Unfortunately, the attempt to purify the product by flash column
chromatography, using a very polar eluent mixture of DCM and methanol was not successful.
Reasoning that the coupling reaction with PyBOP would complicate the purification of the desired
product, because of the side products formed during the reaction (see Chapter 11.3.), an alternative

approach was chosen.



32 SYNTHESIS OF PQQ DERIVATIVES AND LIGANDS CHAPTERII

Table I1.5: : Coupling of PQQMez and DFO mesylate to ligand PQQpro.

CO,Me
COMe MeO,C HN \
MeO,C  HN—( DFOM g
Z - = oo o |
| )Ok o) OH N
HO,C™ N 0 )WN NH 0
N N
I o?/vé'* I \/\/\}2
PQQMe, PQQpro
Entry Reagent Base Solvent Temperature  Time (h)  Yield (%)
1 PyBOP TEA DMF r.t. 18 n.d.
2 EDC-HCI, HOBtH0 TEA DCM 0°Cto 60 °C 72 0
3 CDI TEA DMSO/DMF 60 °C tor.t. 24 n.d.

The EDC-HCI/HOBt-H20O-mediated amide coupling reaction described in the previous chapter
promised to be successful, thus the procedure was examined towards the synthesis of ligand PQQpro.
Various reaction temperatures, solvent volumes and reaction times were investigated (Table IL.5, Entry

2), however, the effort to couple PQQMe: and DFO was not successful.

In 2018 Laurent and coworkers reported the synthesis of DFO linked aromatic ligands, using CDI and
TEA for the amide bond formation.['! This coupling reagent produces imidazole as a side product,
which is soluble in water and can be easily removed from a crude mixture by applying standard
work-up procedures. As shown in Table IL.5 (Entry 3), PQQMe: was stirred with CDI at 60 °C for 1 h.
Subsequently, the activated acid was added dropwise to a stirring solution of DFO mesylate and TEA
in DMSO, which was also stirred for 1 h at 60 °C. Finally, the reaction mixture was stirred at room
temperature overnight. The successful formation of the ligand was verified by ESI-mass spectrometry,
where a product signal was observed in both positive (m/z = 901.3963, calc. 901.3938) and negative
(m/z = 899.3786, calc. 899.3792) ionization mode. However, the work-up and purification attempts
were unsuccessful due to the insolubility of crude mixture in aqueous and organic solvents, except for
methanol which on the other hand is known to form adducts with the PQQ moiety. Reversed phase
column chromatography, using water and acetonitrile (50:50), as well as normal phase column
chromatography, using DCM and methanol (90:10), were performed, however the desired product
could not be isolated. Further investigations on this project would be focused on developing a
convenient purification method for ligand PQOQporo, including HPLC purification attempts and

crystallization experiments.
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III. COORDINATION CHEMISTRY OF PQQ DERIVATIVES AND LIGANDS

1. Introduction

For a long time, it was widely believed that only calcium serves as Lewis acid for the activation of
PQQ in methanol dehydrogenases.®”] However, recent findings have overturned this conception. It
has come to light that numerous methanol-oxidizing bacteria possess the ability to produce not only
the extensively studied calcium-dependent MDH, but also a second one, which employs lanthanide

ions instead of calcium.[136]

The lanthanide-utilizing bacteria fall into two primary categories: those that possess only the gene for
the Ln-MDH and those who carry genes for both Ln- and Ca-MDH enzymes, xoxF and mxaF
respectively.l!l The second type of bacteria exhibit the remarkable capacity to switch between both
genes based on the metal ion availability in the environment, with preference for Ln-MDH
expression.['s] This intriguing phenomenon has been termed the “lanthanide switch”.[11611719197] [n
addition, studies have shown that these bacteria exhibit different preferences for lanthanides, and the
selection of a specific lanthanide has repercussions on their growth rate and also the activity of the
alcohol dehydrogenase.[10106115117,118126198199] However, it was shown that all known strains prefer the
early lanthanides.[22115] This implies that this tendency is influenced not solely by the bioavailability
of the lanthanides, but also by their coordination, chemistry and physical properties.l?2l Recent studies
utilizing classical molecular dynamics simulations, in conjunction with fragment molecular orbital

analysis, as well as DFT calculations support this assumption. [118200]

Figure II1.1: Possible coordination sites in solution and numbering scheme of PQQ.[88201]
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In the last years, many research projects have underscored the essential role of biomimetics in
understanding the dynamics of enzyme active sites. Consequently, functional model studies are
regarded as a crucial tool for gaining deeper insights into the nature of interactions occurring within
the active sites of XoxF- and MxaF-MDH. While utilizing PQQ to coordinate metal cations appears to
be the most direct approach in this case, it should be considered that there is a challenge associated
with designing analogues of MDH active sites. PQQ has several donor groups, thus providing several
binding sites for metal ions (Figure III.1). The coordination pattern observed in dehydrogenase
enzymes that have been crystallographically analyzed from both Ca-dependent and Ln-dependent
bacteria features a tridentate PQQ which coordinates the metal ion as a pincer ligand via a carboxylic
acid moiety (O-7’), a pyridyl nitrogen (N-6) and a quinone oxygen atom (O-5).[10106107111.202] However,
studies on PQQ with several transition metals as well as sodium ions have demonstrated that,
depending on the specific metal ion and the accompanying ligands, all three possible binding sites of
PQQ can be occupied outside of the enzymatic environment.[140201203-201 To overcome this potential
problem, the design of an active site model required a judicious choice of ligands, hence several
studies in this field employed structural model complexes based on either PQQ derivatives or PQQ

analogue compounds.[143,144163,164,166]

As mentioned in the previous chapter, the group around Itoh and Fukuzumi investigated several
synthetic functional models of calcium-dependent alcohol dehydrogenases in the past.[42-144163164] The
study based on the aza-crown ligand PQQ1ss examined its coordination ability towards various
alkaline earth metal ions and NMR investigations indicated that the binding position of Ca? to PQQ is
the same as in the natural counterpart (site 1).[1¢® Thereby, a significantly high binding constant for
1:1-complex formation between PQQiss and Ca? was determined, showing that Ca?* binds to the
quinone most strongly among the examined metals (Table III.1). The experimental data together with
the results from a computer simulation pointed the importance of the ionic radius for the complex
formation. The authors assumed that larger metal ions such as Sr?* and Ba? tend to induce a strain
around the metal binding site and the smaller Mg?* ion may be too small to bring the PQQ moiety and
the crown ether ring together. In addition, UV-Vis titration experiments were carried out with
PQQMes, revealing a similar trend in the binding constants for alkaline earth metal ions as observed
in the model system based on PQQ1s.144l Nonetheless, a comparison of the binding constants between
both ligand systems highlights a substantial improvement in the metal ion binding capacity of ligand
PQQ1s5 due to the inclusion of the crown ether ring into the PQQ molecule. In addition, as anticipated,

the carboxyl group at C-7" in PQQMe: also has an enhancing effect on the binding constant for Ca?-.
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Table I11.1: Metal ion binding constants reported by Itoh and Fukuzumi.[144163]

K (M)
Metal ion
PQQsss PQQMes PQQMe:
Mg 72 <5 -
Ca2 210 000 1900 5700
Sr2+ 110 000 590 -
Ba?* 40 000 380 -

In order to gain a deeper understanding into the chemistry of PQQ and its interaction with
lanthanides, Lumpe et al. conducted a comprehensive study on PQQ, involving a thorough
examination through NMR, IR and UV-Vis spectroscopic techniques.l’¥! Additionally, they
characterized the water adduct of PQQ and investigated the metal ion coordination behavior of PQQ
in solution using lanthanides and calcium. The studies indicated that the coordination of lanthanides
in non-aqueous solvents occurs within the biologically relevant pocket (site 1). Furthermore, a UV-Vis
study revealed that despite the similar chemical properties of lanthanides, the difference in ionic radii
along the series affect the electronic structure of the cofactor. In a following study by the same
research group, it was found that complexes with early lanthanides are preferentially formed with

PQQ.1*I This behavior resembles the preference for early lanthanides by Ln-utilizing bacteria.

Inspired by the natural counterpart, the work outlined in this chapter seeks to enhance our
comprehension of the coordination chemistry of PQQ derivatives with biologically relevant metal ions
such as alkaline earth metal ions and lanthanide ions. This knowledge is crucial for advancing the

field of MDH biomimetics.
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2. Interaction of PQQ1ss with Lanthanide and Alkaline Earth Metal Salts

The following section is part of the publication:

Pyrroloquinoline Quinone Aza-Crown Ether Complexes as Biomimetics for Lanthanide and

Calcium Dependent Alcohol Dehydrogenases

Violeta A. Vetsova, Katherine R. Fisher, Henning Lumpe, Alexander Schafer, Erik K. Schneider,

Patrick Weis and Lena J. Daumann
Published in: Chem. Eur. . 2021, 27, 10087-10098.

Reprinted under Creative Commons Attribution Non-Commercial-No-Derivatives License CC BY-

NC-ND.

Results and Discussion
Metal ion coordination

Initial efforts were focused on the reproduction of the results from Itoh and Fukuzumi, 'l who had
used UV-Vis spectroscopy and calcium perchlorate salts, and comparison with the respective
lanthanide perchlorate precursors. However, this turned out to be more challenging than anticipated
due to highly fluctuating UV-Vis signatures of the PQQ moieties, the hygroscopic nature of the
lanthanide perchlorates and thus a fluctuating water and metal content, which made titrations and
data evaluation cumbersome. Lumpe and Daumann have previously reported the problems when
assigning species in the UV-Vis spectra of PQQ with lanthanide salts as multiple species such as the
PQQ-H20 adduct can form with trace amounts of water with their own unique UV-Vis signatures.['3
In addition, all attempts to obtain single crystals of the metal complexes of PQQ1ss suitable for X-ray
analysis were unsuccessful (see chapter VI.1.), a circumstance that showed to be a common problem in
this and previous studies focusing on the metal interactions with PQQ and PQQ derivatives.[4136163]
Hence, the interaction of PQQ1ss with metal salts was examined using NMR spectroscopy. The metal
ion coordination behavior of PQQMe:-1-aza-15-crown-5 (PQQsus-5) in acetonitrile solution was
investigated using barium(Il) and calcium(ll) salts as well the first and last lanthanides from the series,

lanthanum (III) and lutetium(III), which are also both diamagnetic (Figure I11.2).
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Figure I11.2: 'TH NMR spectra of ligand PQQ1s-5 (6.5 mM) without metal salt (red) and in the presence of 2.0 equiv.
barium(Il) triflate (blue), calcium(II) triflate (green), lanthanum(IIl) triflate (yellow) or lutetium(1Il) triflate (purple) in
CDsCN. The methylene proton resonance with the highest intensity in the crown ether multiplet is marked with (*) for

clarity.

Table I11.2: Selected "TH NMR resonances (ppm) of PQQus-s in CDsCN and resonance shifts (ppm) after the addition of

different metal triflates.

Position 6 (PQQis5)  Ad (Baz) Ab (Ca?) Ab (La3) Ab (Lu3)
1 12.60 0.0 0.05 0.05 0.09
8 8.34 0.12 0.26 0.85 1.11
3 7.31 0.06 0.08 0.09 0.09
9'-Me 4.08 0.03 0.05 0.04 0.05
2'-Me 3.91 0.02 0.03 0.02 0.03
1 12.60 0.0 0.05 0.05 0.09

The addition of solid calcium(Il) triflate to the ligand in acetonitrile resulted in an instant color change

from orange-yellow to red (UV-Vis spectra demonstrating the absorption change of the ligand upon

addition of metals are provided in the Supporting Information, Figure V1.2). In the 'H NMR spectrum,
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the H-8 proton of the ligand showed a strong downfield shift (A6 = 0.26 ppm) upon complexation with
Ca?, which was larger than the shift of the H-3 proton (A6 = 0.08 ppm). The values are very close to
those reported by Itoh et al. for PQQuss and calcium perchlorate (Ao = 0.22 and 0.06 ppm,
respectively).[1¢3] The resonances of the methyl ester protons at the 9" and 2’ positions were only
slightly influenced upon Ca? binding (A6 = 0.05 and 0.03 ppm, respectively). The methylene proton
resonances of the crown ring on the other hand, showed a clear change in the presence of Ca?,
whereby shifts in both directions, downfield as well as upfield were observed. The tendencies of the
chemical shifts in 'TH NMR suggest that the interaction between Ca?* and ligand PQQ1s-s takes place at
the crown ether moiety and most probably at the C-5 quinone carbonyl oxygen as well as at the N-6
pyridine nitrogen. Similar shifts were observed upon addition of barium(Il) triflate to the ligand
solution (Table III.2), albeit with a slightly different shift of the crown ether methylene protons (Figure
I1.2).

The addition of Ln®* salts to the solution of PQQ1ss resulted in a color change from orange-yellow to
dark red (Figure V1.2). The obtained 'H NMR spectra showed a very strong metal induced shift of H-8
(La®: A6 = 0.85 ppm and Lu’*: Ao =1.11 ppm) and a signal broadening. Similar to the experiment with
Ca?, the H-3 resonance was less shifted in the presence of a Ln* ion (A6 = 0.09 ppm). However, a
major difference in the ligand '"H NMR spectra upon comparison of the divalent alkaline earth metal
ions and the trivalent lanthanides emerged by comparing the changes in the crown ether resonances
(Figure II1.2). The addition of lanthanide(Ill) triflates resulted only in a small shift of the proton
resonance at 3.58 ppm (La*: Ao = 0.01 ppm and Lu®: A6 = 0.0 ppm, albeit these values are at best
estimates as significant signal broadening prevented exact assignment), the alkaline earth metal ion
salts on the contrary induced shifts of 0.34 ppm for Ba? and 0.41 ppm for Ca?. In the ¥C NMR spectra,
the addition of metal salts to the ligand caused strong resonance shifts and signal disappearance in the
case of the lanthanides (Figure IIL.3). However, the carbon resonance at C-8 showed a relatively large
downfield shift for all four metal ions, while the chemical shift of C-3 was rather small (Table III.3).
Thus, this observation further supports the assumption for a metal coordination at the correct binding

pocket of PQQ.
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Figure II1.3: 3C NMR spectra of ligand PQQ1s-5 (6.5 mM) without metal salt (red) and in the presence of 2.0 equiv.
barium(1I) triflate (blue), calcium(II) triflate (green), lanthanum(IIl) triflate (yellow) or lutetium(III) triflate (purple) in
CDsCN.

Table I11.3: 3C NMR resonances (in ppm) of PQQ1s-5 in CD3CN and resonance shifts (in ppm) after the addition of different
metal triflates.

Position 0 (PQQ1s-5) A0 (Ba?) Ao (Caz) A6 (La3) A6 (Lu3)

9 168.9 -0.8 -1.0 -1.0 -
2' 161.2 -0.3 -0.3 -0.3 -
8 130.4 1.2 1.9 3.2 4.5
3 115.0 0.2 0.3 0.6 0.8
9'-Me 55.3 0.3 0.4 0.5 0.6
2'-Me 53.1 0.1 0.1 0.2 0.2

* No signals could be observed in the HMBC spectra of the ligand in the presence of Lu3*.

Impact of the counterions on the complex species

To study the possible impact of counterions and to gain more insight into the structures and stabilities
of the different species present in solution prior to the reaction with alcohols, we performed mass
spectrometry and ion mobility experiments in combination with density functional (DFT) calculations.
The concentrations of ligand PQQ1s5 and the metal salts were each 0.5 mM in acetonitrile. The metal
salts used were Ba(OTf)2 and Ba(NOs),, Ca(OTf)>H20 and Ca(NOs)2-4H20, Ln(OTf)s-3H20 and
Ln(NOs)s:6H20 (Ln = La, Lu).
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After mixing ligand PQQ1s.5 and the respective Ln salt (nitrate, triflate) in acetonitrile and performing
electrospray ionization in positive mode we observed both the [PQQ1s5+Ln+X]? dication (Ln = La, Lu;
X = NOs, CF3503) and [PQQus5+Ln+2X]* monocation. Interestingly, we cannot detect the complex
without counterions, i.e. [PQQ1ss+Ln]*, in line with the expected strong electrostatic interaction. To
gain more information on the structure and bond strength of the complex, we performed collision
induced dissociation (CID) experiments. Therefore, we isolated the dication [PQQus-s+Ln+X]?* in the
ion trap of the LTQ Orbitrap-instrument, resonantly excited the oscillatory motion of the ions and
collided them with helium background gas in the trap. As shown in the Supporting Information
(Figure VI1.3), we recorded fragment mass spectra as function of the excitation energy (in instrument
specific units of normalized collision energy). Independent of counterion (nitrate vs. triflate) and
lanthanide (La vs. Lu) we observe CH3OH-loss as dominant fragmentation channel. This implies that
it is easier to break the covalent bond to one of the methoxy-groups in PQQ (plus hydrogen
rearrangement) than to break the ionic bond to the counterion. While we observe no nitrate loss at all,
we observe for the triflate some CF250s-loss as minor channel (with ca. 15% relative intensity for La
and 5% for Lu) indicating a stronger bond strength of the nitrates, and highlighting the potential

different species present during methanol oxidation, depending on the chosen counterion.

The corresponding complexes with divalent metals [PQQiss+tM+X]* (M = Ca, Ba; X = NOs, CFsSOs)
show a fragmentation pattern that is even more dominated by CHsOH-loss (Figure VI.4). In all cases
this channel accounts for >93% fragment intensity. Counterion loss is negligible (<3%). This implies
that the bond strength of the counterions with Ca? and Ba?" is comparable to the bond strength with
the lanthanide complexes.
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Figure 111.4: (A) Mobilograms of [PQQus-5+La+NOs]** (blue) and [PQQ1s-5+Lu+NOsJ?* (red) along with calculated CCS for
five DFT optimized candidate structures. The CCS of the lowest energy isomer (1) is indicated by a full line, the others by
dashed lines. (B) DFT-optimized structures along with relative energies. Isomer 1 is clearly favored based on both CCS and

relative energies.
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To resolve the structure of the complexes we combined DFT-calculations and gas phase ion mobility
measurements (IMS). By comparing experimental (IMS) and calculated (DFT) collision cross sections
(CCS) we can assign the dominant isomers of the [PQQuss+Ln+tNOs] complexes (in gas phase, as
dications), see Figure II1.4 for Ln = La and Lu. We find that in both cases structure 1 (Ln% coordinated
by counterion, crown ether moiety as well as the C-5 quinone carbonyl oxygen and the N-6 pyridine
nitrogen) is by far the most stable isomer, its calculated CCS agrees with the experimental value
within the experimental error of ca. 1%. The other isomers can be ruled out based on both CCS and
relative energies. Furthermore, the Lu complex has a slightly smaller CCS which is expected due to the

lanthanide contraction. For the triflates we find a similar structure.

3. Spectroscopic Studies with PQQ Derivatives and Lanthanide Salts

3.1. Interaction of PQQ1ss with Lanthanide Salts

As part of this project, a PQQ ligand (PQQ1s6) with a bigger aza-crown cavity was synthesized as
described in chapter I.2. and analyzed together with different lanthanides. In order to find the best
conditions for the intended spectrophotometric metal titrations, several preliminary experiments were

conducted.

When examining lanthanide complexation in non-aqueous solutions, one potentially overlooked
concern is the incomplete dissociation of the metal salt used to carry out the experiments.
Consequently, a crucial aspect of thermodynamic investigations regarding lanthanide complexation in
organic media involves the choice of a starting salt which can assure the most precise understanding
of the speciation in the solution.[?!® Thus, several UV-Vis experiments with ligand PQQus in the
presence of various lanthanum(IIl) salts were conducted (see chapter VI.3.). Acetonitrile was the
solvent of choice for the measurements, since the ligand shows a good solubility in it and does not
form hemiketal adducts with it. Eventually, lanthanide(Ill) nitrates were chosen as metal salts for the
spectroscopic studies described in this chapter since they are soluble in acetonitrile, commercially

available and do not form any precipitations with the ligand.

Furthermore, the absorption behavior of the ligand in the presence of La* was evaluated over a
defined period of time. Hence, an acetonitrile solution of PQQuss with 2.0 equiv. of lanthanum(III)
nitrate was measured right after the addition of the metal salt to the ligand as well as over 3 h (Figure
VL.9). The position of the significant absorption band around 370 nm did not change over time and
thus it could be assumed that no additional species were formed, a circumstance which permits direct

and unimpeded metal titration absorption measurements. In addition, further analysis showed that
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the UV-Vis spectrum of the complex solution is only slightly influenced by temperature increase
(Figure V1.9). A solution of PQQ1s-¢ with 2.0 equiv. of lanthanum(III) nitrate was measured at different
temperatures whereby each temperature was maintained for 1 h before further increasing it and
during this time no absorption change could be observed. The absence of isosbestic points or
overlapping transitions rather suggests that no further species were formed within the temperature

gradient.

Subsequently, a UV-Vis titration of PQQ1ss with La* was conducted. Upon incremental addition of
La® (0 to 10 equiv.), the absorption band at 354 nm gradually shifted to 370 nm (Figure IIL.5). A plot of
the absorption change at 386 nm versus the added metal equivalents showed a saturation after the

addition of 2.0 equiv. La.
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Figure I11.5: Titration of PQQus-s with increasing amounts of La(NO3)3:6H20 in acetonitrile at 25 °C (left) and plot of the
absorption change at 386 nm vs. the La** equivalents added to the ligand (right).
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Figure I11.6: Titration of PQQus-s with increasing amounts of Lu(NO3)3-6H20 in acetonitrile at 25 °C (left) and plot of the
absorption change at 386 nm vs. the Lu’* equivalents added to the ligand (right).
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As the ligand was treated stepwise with increasing amounts of lutetium(Ill), the absorption band at
354 nm gradually shifted to 367 nm. However, the plot presented in Figure IIL.6 shows a rather
ongoing absorption increase at 386 nm, thus implying that the complex is not fully formed and there is

still unbound ligand present in the solution.

In addition, UV-Vis titration experiments were performed with all of the remaining lanthanides
(excluding Pm), whereas a trend could be observed (Appendix, Figure VI.12 to Figure VI.15). When
titrating PQQ1s-¢ with up to 10 equiv. of the early lanthanides (Ce to Nd), a system saturation was
achieved, however, the saturation point gradually shifted to higher metal concentrations with
increasing atomic number of the metal. Thus, the absorption change plots for metals from Eu to Yb

show a similar curve trend as with Lu.

With the results from the spectrophotometric titrations in hand, an attempt to determine the binding
constants for the lanthanide complexes of PQQ1ss was made. One possibility to calculate the binding
constant K of a complex is to process the data from spectrophotometric titrations using the Benesi-
Hildebrand equation, a method which is often applied in the literature to determine the binding
constants of various complexes or to study the host-guest inclusion interactions in supramolecular
structures.?-220 When assuming a 1:1 stoichiometry for the ligand-metal complexation, the
association constant K of the complex can be determined using the Benesi-Hildebrand equation 1,121
where A and Ao represent the absorbance of the ligand at a certain wavelength in the presence and
absence of a metal cation (Mn).[216221] Amax is the saturated absorbance of the ligand in the presence of
excess amount of metal.
1 1 1

= + 1
A= Ay K(Amax— Ag)M™] | Apax — Ay M

Plotting of 1/(A-Ao) versus 1/[M™] should give a linear relationship, where the intercept is equal to

1/(Amax-Ao) and the binding constant K is equal to the intercept divided by the slope.[216221]

However, there are several problems and limitations associated with using this approach, which
should be taken under consideration. The first one is the requirement for the 1:1 stoichiometry of the
complex. In addition, it is assumed that the total concentration of the metal ions equals with the free
unbound concentration of the metal (ergo the total concentration of the metal should be much higher
than the total concentration of the ligand).l??2l Moreover, the method involves the assumption that the
complex is fully formed at the end of the titration. These assumptions are often not valid. Nonetheless,
the method could still provide some information about possible trends among the evaluated systems

and, when used properly, some insights about the nature of the metal-to-ligand binding behavior.
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To ascertain whether the requirement for a 1:1 ligand to metal ratio for the PQQus.¢/Ln* complex
present in solution is fulfilled, several spectroscopic techniques were employed. According to the
literature, a widely adopted approach for determining the stoichiometry of an observable
complexation of two species is the method of continuous variation, commonly referred to as the Job
plot.[22224] Instead of varying the concentration of one component at a time, the method of continuous
variation maintains the total concentration of added ligand and metal salt constant while altering their
relative proportions. The absorbance of each solution is measured and plotted against the mole
fraction of either the metal or the ligand. Thus, with the use of UV-Vis spectroscopy and the
continuous variation technique, the stoichiometry of the complex produced in solution by the
interaction of La% with PQQ1ss was evaluated (Figure IIL.7). After subtraction of the absorption of the
free ligand (at 377 nm) from the absorption of the complex, the Job plot afforded a maximum at y =
0.5, suggesting complex formation at a La’* to ligand ratio of 1:1. However, it should be noted that the

method does not distinguish 1:1 and 2:2 stoichiometries.
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Figure 111.7: Spectrophotometric analysis for determination of the PQQus-6-to-La’* molar ratio by the method of continuous
variation (left). Job plot of the corrected absorbance at 377 nm vs. the mole fraction of [La*>*] (right).

Furthermore, the composition of the complex was confirmed by the mole ratio method.??! Thereby,
mixtures of solutions were prepared with a constant concentration of lanthanum(lll) and variable
ligand concentration. After spectrophotometric analysis of the solutions, the resulting plot of
absorbance versus the mole ratio of the reactants are characterized by two straight lines of different
slopes that intersect at the point of the mole ratio which characterizes the complex species. As shown
in Figure II1.8, the UV-Vis analysis of PQQ1s.s and La* gave a mole ratio of 1:1. However, it should be
noted that both the Job plot and mole ratio method come with their own set of challenges. One
significant issue arises from the red shift absorption of the complex, which overlaps with the existing

peaks of the non-complexed ligand, which complicates the analysis of the complex stoichiometry.
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Given the absence of isosbestic points and the overlapping transitions, a correction of the absorbance
values was carried out in order to plot the data as accurate as possible. However, depending on the
wavelength chosen for the plots, the shapes of the curves varied significantly, making most of them
unsuitable for the determination of the complex stoichiometry (Figure VI.10, Figure VI.11). Hence, the

presented results have to be interpreted with caution.
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Figure 111.8: Spectrophotometric analysis for determination of the PQQis-s -La>* complex stoichiometry by the mole ratio
method (left). Plot of the corrected absorbance at 386 nm vs. the [PQQus-6]:[La’*] mole ratio (right).

Recently, Alexander Schéfer, Erik Schneider and Patrick Weis from the Karlsruhe Institute of
Technology (KIT) performed mass spectrometry on acetonitrile solutions of PQQ1s-s in the presence of
different lanthanide(Ill) nitrates. Thus, they were able to obtain mass spectra from Ln-PQQus--

complex species with either one or two nitrates as counterions (Figure IIL5).
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Figure I11.9: ESI spectra of [La(NO3)(PQQus-6)]** and [La(NO3)2(PQQus-6)]* measured by Alexander Schifer, Erik Schneider
and Patrick Weis (KIT).

With several experiments suggesting that the 1:1 ligand-to-metal stoichiometry requirement is fulfilled

for this ligand, the Benesi-Hildebrand method was applied. As shown in Figure III.10, the Benesi-
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Hildebrand plot for the La3*-PQQ1s.s system gave a good linear correlation between the plotted values

with a R? of 0.995. The binding constant K was determined as 52644 M- or log K = 4.721 (Table IIL.4).

Intercept 3.05463 + 0.0057 Intercept 2.4348 +0.01756
3.45 - |Slope 5.80238E-5 + 1.4 7.0 - |Slope 6.86028E-4 +4.2704
R-Square(COD) 0.99533 " R-Square(COD) 0.99969
3.40 ~ 6.5
6.0
3.35
S —
< < 55
< 330 <
T ~ 5.0
3.25
4.5
3.20 40
| ]
3- 1 5 T T T T T 1 35 T T T T T 1
2000 3000 4000 5000 6000 7000 2000 3000 4000 5000 6000 7000
1/[La®] 1/[Lu®

Figure 111.10: Benesi-Hildebrand plots of 1/(A-Ao) versus 1/[Ln3*] for determination of binding constants K for PQQ1s-
complexes (Ln: La, Lu). The Ln3 concentrations used for the plot were from 0.00015 to 0.0005 M (3.0 to 10 equiv.).

The method was then further applied to calculate the binding constants for all remaining lanthanides
in the series, using the results from the UV-Vis titrations, presented above (Figure VI.16 and Figure

VL17).

Table I11.4: Calculated binding constants K from titration experiments of PQQus-s with different lanthanide nitrates in
acetonitrile at 25 °C.

Ln3+ K (M) log K R2
La 52644 4.721 0.995
Ce 18120 4.258 0.977
Pr 8159 3.912 0.985
Nd 5232 3.719 0.995
Sm 5117 3.709 0.991
Eu 4342 3.638 0.993
Gd 3334 3.523 0.991
Tb 2915 3.465 0.995
Dy 2673 3.427 0.998
Ho 2754 3.44 0.999
Er 2773 3.443 0.999
Tm 3125 3.495 0.999
Yb 3230 3.509 0.999

Lu 3549 3.55 0.999
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Although all plots gave good linear relationships between the plotted parameters, the obtained values
for the Ln% ions from Sm to Lu should be interpreted with caution, since it could not be ensured, if the
complexes were fully formed at the end of the titrations due to the absence of clear saturation points.
In order to verify the results, titrations with higher amounts of Ln* should be performed and
evaluated. Nonetheless, the obtained preliminary results show an interesting trend among the series,

which was also observed in the literature for other macrocyclic systems.[226-228]
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Figure 111.11: Comparison of the calculated binding constants K from titration experiments of PQQis-s with different
lanthanide nitrates in acetonitrile at 25 °C (left) and a plot of the estimated log K values versus the effective ionic radii® of
6-coordinated Ln ions (right).

Due to the increased charge density of the smaller Ln3* ions, which enhances metal-ligand electrostatic
interactions, most ligands usually possess a higher affinity for those ions.[?! However, some ligands,
mainly aza-crown ligands, show a rarely observed reverse-size selectivity pattern and a
thermodynamic preference for the large over small Ln® ions.[??72l The determined binding constant
values for PQQiss rather show a ligand affinity of the second type (Table III.4, Figure IIL.11).
Throughout the Ln* series the stability decreases (from La® to Gd?**), reaches a bottom (Tb* to Er?),
and then slightly increases again (Tm? to Lu®*). The results suggest a possible ligand-cavity-ion-size
relationship, however, previous reports show that there are further factors that contribute significantly
to the binding of cations by the crown ether ligands, e.g. the solvation enthalpies and entropies of the
cation and the ligand, the number of donor atoms participating in the binding and the conformation of
the bound and unbound macrocycles.?® The reported stability constants for a benzyl aza-18-crown-6
ether with trivalent lanthanide ions (La% to Gd?*) for instance show that the complex stability increases
with the decrease in the radius of the lanthanide ions.[?*!l On the other hand, Hu et al. recently reported
the synthesis of a diaza-18-crown-6 ligand with two picolinate donor arms with an unusual selectivity
pattern, which decreases from Ce to Dy, and increases again from Ho to Lu.[?! Hence, it could be

assumed that additional pendant arms containing additional donor atoms could strongly affect the
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cation binding ability and selectivity of a crown ether ligand. Therefore, it could be assumed that the
selectivity pattern of ligand PQQus- is not solely formed by the aza-crown moiety but rather by its

assembly with the PQQ dimethyl ester.

3.2. Interaction of PQQMe: with Lanthanide Salts

In order to extend our knowledge about the coordination aspects between PQQ and the trivalent

lanthanide ions, further PQQ-based ligands were examined and compared in addition to PQQ1s-s.

PQQMe: is a well-known PQQ derivative comprising two ester functionalities and a carboxy acid at
the pyridine ring. The spectrophotometric titration experiment conducted with 0 to 5.0 equiv.
lanthanum(III) nitrate resulted in a gradual shift of the absorption band at 358 nm to 376 nm and a
slight absorption decrease. By plotting the absorbance at 386 nm versus the added amount of La*, a
nonlinear regression indicated the occurrence of a system saturation after the addition of 2.0 equiv.

metal salt (Figure I11.12).
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Figure 111.12: Titration of PQQMe:z with increasing amounts of La(NO3)3:6H20 in acetonitrile at 25 °C (left) and plot of the
absorption change at 386 nm vs. the La>* equivalents added to the ligand (right).

In addition, UV-Vis experiments with PQQMe: were conducted in the presence of Ce, Pr, Sm, Eu, Gd,
Tb, Dy, Tm and Lu and the respective spectra are presented in the Appendix (Figure VI.18 to Figure
VI1.20). The results show that in the case of Ce and Pr, an absorption saturation is reached upon adding
approximately 2.0 equiv. of metal salt, similar to La. Interestingly, it was shown that with all other
lanthanides only 1.0 equiv. was required to saturate the system, a circumstance that points to a higher

affinity of PQQMe: towards later lanthanides.

Assuming a 1:1 complex formation for the Ln-PQQMe: system, binding constants were calculated

using the Benesi-Hildebrand method (Table IIL.5, Figure VI1.21 and Figure V1.22). As shown in Figure
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III.13, the stability increases across the series (La* to Sm3"), reaches a plateau (Eu®, Gd*), and then
declines (Tb*, Dy?*). The calculated log K values for Tm?* and Lu®** were found to be higher than the
binding constants estimated for the early lanthanides. Moreover, these values deviate from the trend
observed among the lanthanides from La3* to Dy?. This discrepancy could imply a distinct binding
configuration with the ligand, possibly attributed to the increased Lewis acidity and the smaller ionic

size of these two cations.

Table I11.5: Calculated binding constants K from titration experiments of PQQMe: with different lanthanide nitrates in
acetonitrile at 25 °C.

Ln3 KM?) log K R?
La 46316 4.666 0.999
Ce 59735 4.776 0.993
Pr 78640 4.896 0.981
Sm 114535 5.059 0.998
Eu 129126 5.111 0.984
Gd 133988 5.127 0.995
Tb 115857 5.064 0.997
Dy 92481 4.966 0.999
Tm 118067 5.072 0.993
Lu 122520 5.088 0.843
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Figure 111.13: Comparison of the calculated binding constants K from titration experiments of PQQMe: with different
lanthanide nitrates in acetonitrile at 25 °C (left) and a plot of the estimated log K values versus the effective ionic radii? of

6-coordinated Ln ions (right).
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Overall the estimated values for the Ln? ions from La? to Dy? show a trend in the PQQMe>-chelator
affinity, which strongly differs from that of PQQus.s. Thus, this observation further underlines the

importance of the ligand design when studying biomimetics.

Previously, Itoh and Fukuzumi have determined the equilibrium constants Kadda for the hemiacetal
formation in PQQ derivatives in the presence of alkaline earth metal ions via UV-Vis investigation.!'4>-
1441631 There is a particular interest in exploring this reaction in the presence of lanthanide cations, as it
might play a pivotal role in the initial stages of MDH’s catalytic mechanism. During her bachelor
thesis, conducted under my supervision, Sophia Glocker carried out UV-Vis titration experiments by
incremental addition of substrate to PQQMe: in the presence of Ln3. The measurements were
conducted using methanol, which serves as the natural substrate in MDH. Since the previous UV-Vis
examinations demonstrated that the PQQMez-Ln® system became saturated after the addition of
approximately 2.0 equiv. of metal nitrate, the substrate titration experiments were performed by
dissolving PQQMe: (1.0 equiv.) and Ln(NOs)s:6H20 (2.0 equiv.; Ln: La, Eu, Lu) in acetonitrile.
Subsequently, an excess of methanol was added stepwise to the solution, with a UV-Vis spectrum
recorded after each addition. With increasing amounts of methanol, the maximum at 260 nm exhibited
a slight shift, which coincided with an absorption decrease in the presence of La® and an increase in
the presence of Eu* and Lu® (Figure V1.23). Across all titrations, the shoulder at 280 nm disappeared
and the maximum at 372 nm shifted towards higher wavelengths. Interestingly, these changes were
observed alongside isosbestic points. Upon examining the saturation curves (plot of absorbance at
372 nm vs. added methanol concentration) for La%, Eu® and Lu¥, it became evident that the systems
reached saturation after the addition of 4000 equiv. of methanol. Subsequently, using the recorded
UV-Vis data, equilibrium constants Kai¢ were calculated employing the Benesi-Hildebrand equation
(Figure VI.24). The highest Kaia was measured in the presence of La* (42.6 M), followed by Eu®
(22.8 M) and Lu* (4.6 M1).

Table I11.6: Hemiacetal formation constants determined by the titration of methanol to PQQMe: in the presence of 2.0 equiv.
Ln(NOs)3:6H20 in acetonitrile at 25 °C.

Ln3+ Kada (M) R?
La 42.6 0.996
Eu 22.8 0.998
Lu 4.6 0.998

La® demonstrated the highest efficiency in promoting the C-5 hemiacetal formation, followed by Eu®
and Lu®. Itoh and Fukuzumi reported that, in comparison to Mg, Sr** and Ba?*, Ca?* exhibited the

most significant enhancement of the C-5 hemiacetal formation in related PQQ derivatives.l'* This
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could potentially be attributed to the good stabilization effect of Ca?* on the hemiacetal. The authors
proposed that due to steric repulsion, Sr** and Ba?* exhibit comparatively smaller effects in stabilizing
the hemiacetal. This finding contradicts the current results, as a decrease in equilibrium constant was
observed within the lanthanide series. Evidently, various factors seem to influence the hemiacetal
formation, including the Lewis acidity, which increases within the lanthanide series. Given that the
methanol addition marks the initial step in one of the proposed MDH mechanisms (addition
elimination mechanism), these results imply that the different metal cations may exert distinct effects

on this crucial step.

3.3. Interaction of other PQQ Derivatives with Lanthanide Salts
UV-Vis measurements

To further study the coordination behavior of lanthanum(Ill) in the biomimetic systems, UV-Vis
titrations with other PQQ-based ligands were performed. As shown in Figure IIL14, a
spectrophotometric titration was conducted with PQQ1ss and the quinone absorption band at 353 nm
shifted to 369 nm upon the incremental La* addition. A plot of the absorbance at 386 nm showed the

occurrence of a saturation after the addition of approximately 20 equiv. La®.
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Figure 111.14: Titration of PQQus-s with increasing amounts of La(NOs)3-6H20 in acetonitrile at 25 °C (left) and plot of the
absorption change at 386 nm vs. the La*>* equivalents added to the ligand (right).

As the trimethyl ester of PQQ was treated with lanthanum(IIl) nitrate (Figure III.15), the absorption
band at 357 nm shifted to 382 nm. By plotting the absorbance at 386 nm versus the added amount of
La®*, a nonlinear regression indicated the occurrence of a system saturation after the addition of

approx. 150 equiv. metal salt.
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Figure II1.15: Titration of PQQMes with increasing amounts of La(NO3)3-6H20 in acetonitrile at 25 °C (left) and plot of the
absorption change at 386 nm vs. the La** equivalents added to the ligand (right).

With the perspective to further broaden the scope of PQQ-ligands, a ligand incorporating 3,3'-
azanediyldipropionate was synthesized as described in the previous chapter. Thus, PQQpeor
incorporates two flexible pendant arms, which could possibly direct the metal ion coordination to the
desired PQQ position which resembles the natural binding position in MDH. As shown in Figure
III.16, upon incremental addition of La* (0 to 300 equiv.), the absorption band at 354 nm gradually
shifted to 368 nm. A plot of the absorption change at 386 nm versus the added metal equivalents

showed a saturation after the addition of approx. 150 equiv. La®.
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Figure I11.16: Titration of PQQpepp with increasing amounts of La(NOs)3-6H:0 in acetonitrile at 25 °C (left) and plot of the
absorption change at 386 nm vs. the La3* equivalents added to the ligand (right).

Recently, we described a route towards the synthesis of a novel PQQ derivative (PmMmeQQmem) which
incorporates two methyl ester functionalities at C-2 and C-7 respectively and a methyl group at C-9.2%2
As shown in Figure III1.17, the UV-Vis spectrum of the unbound PmeQQwmem exhibits a different

absorption character compared to all other ligands described in this report so far. For example, the
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most distinctive absorption band observed in the spectra of the PQQ-ligands around 354-358 nm, is
either missing or strongly blue shifted. In PMeQQmem the absorption band at 316-327 nm exhibits two
maxima, and the high-intensity absorption band around 276 nm only one. In addition, a low-intensity
absorption maximum around 435 nm can also be observed. The changes in the UV-Vis spectrum of
PmeQQwmem compared to the other PQQ-ligands most probably result from the substitution of the ester
functionality through a methyl group at the quinoline moiety, which assumedly affects the m-system
of the compound. In order to better understand the exact nature of the electronic transitions in the
system, however, DFT calculations should be performed in addition to the UV-Vis measurements. As
PmeQQwmem was treated stepwise with increasing amounts of lanthanum(Ill) nitrate (Figure I11.17), the
absorption maximum at 315 nm disappeared, the maximum at 327 nm decreased and a shoulder
around 350 nm has appeared. The absorbance of the shoulder was subsequently plotted towards the
amount of La® added to the ligand and a complex saturation after the addition of approx. 30 equiv.

La3* could be observed.
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Figure 111.17: Titration of PmeQQmem with increasing amounts of La(NOs)s-6H20 in acetonitrile at 25 °C (left) and plot of
the absorption change at 350 nm vs. the La** equivalents added to the ligand (right).

Assuming a 1:1 complex formation for the La®* complexes of PQQiss, PMeQQwmem, PQQpepr and
PQQMes, binding constants were calculated using the Benesi-Hildebrand method (Figure VI.25 and
Figure V1.26) and were compared to those of PQQ1s.c and PQQMe: (Table II1.7 and Figure II.18). As
shown in Figure III.18, the highest K value among the different ligand systems in the presence of La®
was determined for PQQsss, followed by PQQMe:. Afterwards a strong decrease in the K values with
a magnitude of approx. 40000 M-! can be observed. The hard Lewis base character of the carboxylic
functionality in PQQMe: makes it a suitable ligand for the complexation of trivalent lanthanide ions,
hence the difference between the affinities of PQQMez, PQQpeor and PQQMes for La’* is allegeable.
However, the significant difference between the K values of PQQ1ss and PQQus-s is rather interesting.

Presumably, the additional donor atom in PQQ1ss has an impact on the enhanced complex stability,
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despite the fact that the ligand-cavity-ion-size relationship should be more favorable in the case of

PQQ1ss5. Nonetheless, as discussed in the previous chapter, there are further criteria which affect the

complex stability.

Table I11.7: Calculated binding constants K from titration experiments of different ligands with lanthanum nitrate in

acetonitrile at 25 °C.

Ligand K (M) log K R?
PQOQ1s- 52644 4.721 0.995
PQQMe: 46316 4.666 0.999
PQQsss 3264 3.514 0.999
PMEQQMEM 2619 3.418 0.998
PQOQpoepr 614 2.788 0.996
PQQMes 379 2.579 0.999
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Figure 111.18: Comparison of the calculated binding constants K from titration experiments of different ligands with

lanthanum(I1I) nitrate in acetonitrile at 25 °C.

In addition, Lroo was subjected to UV-Vis measurements in the presence of lanthanum(Ill) nitrate.

Given the low solubility of the ligand in acetonitrile, a stock solution with 7% DMEF in acetonitrile was

prepared. As shown in Figure II1.19, the spectrum of the unbound ligand has an absorption maximum

at 371 nm. Upon incremental addition of La% (0 to 10 equiv.), the maximum was gradually blue

shifted to 361 nm and a shoulder at 282 nm has appeared. A complex saturation was reached with

4.0 equiv. La®.
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Figure 111.19: Titration of Lregwith increasing amounts of La(NOs)3-6H20 in acetonitrile/ DMF at 25 °C (left) and plot of
the absorption change at 386 nm vs. the La* equivalents added to the ligand (right).

An attempt for binding constant determination was made using the Benesi-Hildebrand method,
however, as shown in Figure III.20 the plot resulted in a non-linear regression. Thus, the binding
constant could not be estimated. One possible reason for this observation could be a different complex

stoichiometry.
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Figure 111.20: Benesi-Hildebrand plot of 1/(A-Ao) versus 1/[La%*] for the attempted determination of binding constant K for
Lrog. The La’* concentrations used for the plots were from 0.0001 to 0.0005 M (2.0 to 10 equiv.).

Utilizing the Nash method (equation 2),2%3l where A and Ao represent the absorbance of the ligand at a
certain wavelength in the presence and absence of a metal cation (M™), and L and ec are the molar
absorptivities of the ligand and the complex, respectively, a 1:1 stoichiometry has been ruled out, since
a plot of the reciprocal of the metal concentration against the reciprocal of one minus the absorbance
ratio did not result in a linear plot (Figure II1.21, left). According to Nash, the formation of a single
more complicated species LMn could be expressed by raising the reciprocal of the metal concentration

to the n’th power. As shown in Figure II1.21 on the right, a straight line was observed by plotting the



56 COORDINATION CHEMISTRY OF PQQ DERIVATIVES AND LIGANDS CHAPTER III

square of the reciprocal of the metal concentration against the reciprocal of one minus the absorbance

ratio, thus suggesting the formation of a Lrog-Laz species.
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Figure II1.21: Nash Plot plot of 1/(1-(A/Ao)) versus 1/[La*>] (left) and 1/[La*> J? (right) with the spectrophotometric data from
the Lroo-La®* titration experiment.

Luminescence Measurements

To further study the spectroscopic behavior of the PQQ derivatives and their interaction with

lanthanides, luminescence measurements were performed.

Ligand-sensitized luminescent lanthanide(Ill) complexes possess distinctive photophysical
characteristics, rendering them promising contenders for a diverse array of applications.['86] These
include deployment as luminescent sensors,?%#2%! as shift reagents for NMR spectroscopy,?! in
medical diagnostics and for optical cell imaging.16567.237-231 With the 4f electrons of the lanthanides not
being in the outermost orbitals, they are well shielded by electrons in the filled 5s, 5p, 6s and in the
cases of gadolinium and lutetium also 5d subshells. This electronic arrangement preserves the
magnetic and spectroscopic properties of the lanthanides even upon ionization or binding.
Consequently, the emission wavelengths of the lanthanides remain largely unaffected by the
surrounding matrix and ligand field, resulting in sharp, line-like emission bands with the same
fingerprint wavelengths. However, the f-f electron transitions are formally forbidden by the spin and
Laporte rules, which means that lanthanide ions are not typically directly excited. Indirect excitation

can be accomplished via the antenna effect. A fluorophore (sensitizer molecule or antenna) is typically
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an organic compound, which absorbs light and transfers energy to the lanthanide ion (Figure II1.22).
The antenna yield energy through high molar absorption to the short-lived singlet excited state (51),
which can subsequently undergo intersystem crossing to the longer-lived triplet state (T1). From the
triplet state, the fluorophore transfers energy to the excited >Dy state of the lanthanide (sensitization).
Electronic radiative transitions from the excited °Dj state to the ground 7F; state of the lanthanide result
in luminescence emission, characterized by a series of bands in the UV (Gd?*), visible (Eu* and Tb3*)
and near-IR (Dy?** and Sm?*) wavelengths. Nevertheless, the formation of the lanthanide excited state is
a reversible process and the extent of the luminescence is contingent on factors such as the population
of Ti, the energy difference between the excited state of the antenna and that of the lanthanide, the
distance between the antenna and the lanthanide, and the number of coordinated water molecules.[2401
The coordination of water reduces the excited state lifetimes of the Ln®* ions through nonradiative
vibrational energy transfer to the high-frequency O-H oscillator. Consequently, the number of water

molecules coordinated to the Ln® center significantly influences lanthanide emission. 62!
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Figure 111.22: Electronic energy level diagrams for Tb* and Eu®. Adapted from Orcutt et al. 2401

Luminescence measurements were employed with the aim to further characterize the synthesized
PQQ ligands and their interaction with lanthanide ions in solution. Thus, solutions of the ligands were
prepared in acetonitrile and europium(Ill) nitrate was added in stoichiometric ratio. The spectra were
collected right after the addition of the metal salt to the ligand. In order to observe Eu® emission, a
time-resolved fluorescence (TRF) measurement was conducted, whereby the detection of emitted light

was taking place after excitation (Aex = 350 nm) had occurred.
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Figure 111.23: TRF emission spectra (ex. 350 nm) of freshly prepared solutions of different PQQ-based ligands in the presence
of 1.0 equiv. Eu(NO3)3-6H:20 in acetonitrile.

As shown in Figure II1.23, the characteristic Eu®* emission could be observed around 616 nm. The
lowest and quasi negligible emission intensity was detected in the solutions containing PQQMe: and
PQQMes and the highest emission intensity could be assigned to the samples including the novel
PQQ derivatives PkQQwmem and PMeQQmem. These observations underline once more the importance of
ligand design and fine-tuning for the properties of the complex species. The changes of PQQ'’s
electronic properties observed in the ligands PxQQwmem and PMeQQwmem through the substitution of the
ester functionalities cause a shift of the ligand’s triplet states to higher energies, making them notably
good antennas for Eu®. In addition, the presence of co-ligand functionalities, like in the ligands
PQQpoepr, PQQ1ss and PQQ1s-s, also influences the triplet states causing a slight energetic increase.
Surprisingly, the solution containing ligand Leroo and europium(Ill) nitrate did not show any
luminescent properties, despite the variation of the excitation wavelength as well as the delay time.
Nonetheless, as discussed in the previous chapter, the composition of the ligand could not be clearly
determined due to the presence of radicals which can possibly undergo some self-association
processes. In addition, the UV-Vis studies conducted with Leoo also suggest a different ligand-to-
metal interaction in comparison to the other ligands discussed in this study. Hence, the result from the
TRF experiment with Lroo further confirms the assumption for a different complex composition than
anticipated. Thus, future experiments should primarily focus on the identification of this species

before conducting any further luminescence measurements.

Based on these results, a future collaboration project with the Seitz group (University of Tiibingen)
within CRC 1573 will focus on the photoluminescence characterization of the luminescent PQQ-Eu?
complexes, including exact determination of the triplet states and calculation of luminescence

lifetimes. Furthermore, in future collaborations the complexes could also undergo biocompatibility
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testing and subsequently be considered for assessment as sensors for monitoring the uptake of

lanthanides by bacteria.

4. Gas Phase Characterization of Lanthanide Complexes

The following section is part of the publication:
Ion Mobility Studies of Pyrroloquinoline Quinone Aza-Crown Ether-Lanthanide Complexes

Alexander Schifer, Violeta A. Vetsova, Erik K. Schneider, Manfred Kappes, Michael Seitz, Lena ].

Daumann and Patrick Weis
Published in: J. Am. Soc. Mass Spectrom. 2022, 33, 722-730.

Reprinted with permission. Copyright (2022) American Society for Mass Spectrometry.

Abstract

Lanthanide-dependent enzymes and their biomimetic complexes have arisen as an interesting target
of research in the past decade. These enzymes, specifically, pyrroloquinoline quinone (PQQ)-bearing
methanol dehydrogenases, efficiently convert alcohols to the respective aldehydes. To rationally
design bioinspired alcohol dehydrogenation catalysts, it is imperative to understand the species
involved in catalysis. However, given the extremely flexible coordination sphere of lanthanides, it is
often difficult to assess the number and nature of the active species. Here, we show how such
questions can be addressed by using a combination of ion mobility spectrometry, mass spectrometry,
and quantum-chemical calculations to study the test systems PQQ and lanthanide-PQQ-crown ether
ligand complexes. Specifically, we determine the gas-phase structures of [PQQH:]-, [PQQHz+H:0],
[POQQH2+MeOH]-, [PQQ1s5+H]*, and [PQQ1s5+Ln+NOs]* (Ln = La to Lu, except Pm). In the latter case,
a trend to smaller collision cross sections across the lanthanide series is clearly observable, in line with
the well-known lanthanide contraction. We hope that in the future such investigations will help to
guide the design and understanding of lanthanide-based biomimetic complexes optimized for

catalytic function.
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4.1. Introduction

It was long assumed that lanthanide(Ill) ions, in spite of their similarity to calcium(ll) in size, acidity,
and coordination behavior, do not contribute to life on earth in the form of enzymes.!* However, in
2007, in the volcanic mud pot of Solfatara, a bacterium (Methylacidiphilum fumariolicum, SolV) was
discovered that could only be cultivated in the laboratory by addition of water from its original
habitat.['®! Eventually, it turned out that the high lanthanide concentrations (uM) in the mud pot
water were responsible for the bacterial growth.l'”) In the past decade, it has been shown that
lanthanides play an important role in the active sites of methanol dehydrogenases (MDH), enzymes
that catalyze the oxidation of methanol to formaldehyde in the context of the Ci metabolism in
bacteria.l3¢-9221211 Despite their chemically very similar properties, the choice of lanthanide shows a
sometimes considerable influence on the metabolism and thus on the growth of bacteria with the
corresponding lanthanide-containing enzymes. Thus, it is mainly the early lanthanides that stimulate
growth.l!l The metal cation on the active site of MDH contains a cofactor called pyrroloquinoline
quinone (PQQ).l In addition to catalyzing the conversion of methanol to formaldehyde, there is
another interesting aspect to the PQQ chemistry. Lumpe et al. were recently able to show significant
selectivity when precipitating lanthanide ions from aqueous solution by the addition of PQQ.* For
this purpose, the resulting precipitate from a solution with lanthanum and another lanthanide (Ce-Lu)
was analyzed, and depending on the element, La/Ln ratios between 4:6 (Ce) and 7:3 (Lu) were
observed. Since it is already known that some aza-crown ethers also prefer the complexation of early
lanthanides and that their complexes undergo a structural change in the series of lanthanides,??”] the
combination of PQQ and an aza-crown ether in a single molecule is the logical next step. The ligand
PQQMez-1-aza-15-crown-5 (PQQ1ss, see Figure 1I1.24) was first synthesized in 2000 by Itoh and
Fukuzumi by coupling of a PQQ precursor with an aza-crown ether.l'®l Recently, Vetsova et al.
reported an improved synthesis route toward this ligand and investigated its lanthanide complexing
properties as well as their ability to oxidize alcohols to aldehydes.!'* These studies comprised the
combination of both condensed and gas-phase methods, such as UV-Vis, NMR, and EPR
spectroscopy, as well as ion mobility mass spectrometry (IMMS) and collision-induced dissociation
(CID) studies. It turned out that the reaction yield depends not only on the metal center but also on the
choice of counterion and base. Since in the condensed phase the chemical environment is not as well-
defined as one might hope (various interconverting conformers, protomers, solvent adducts are often
simultaneously present), gas-phase studies offer the opportunity to probe the intrinsic molecular

properties in a better controlled environment.
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PQQH, PQQys s

Figure 111.24: Structures of neutral PQQ (PQQHs3) and PQQ1s-s. Active site of Nd-MDH isolated from
Methylacidimicrobium thermophilum AP8 (PDB: 706Z). Shown are truncated coordinating amino acid residues; the
cofactor PQQ and MeOH are shown in a stick representation and neodymium as a green sphere. 177!

The focus of this gas phase study is therefore on the structure of isolated PQQ and lanthanide-PQQ:s-s
complexes (for all lanthanides except Pm, while the preceding study!'** focused on La and Lu) with a
well-defined number of solvent molecules and counterions. For this purpose, we use a combination of
ion mobility spectrometry, mass spectrometry, and quantum-chemical calculations. This methodology
has been applied by us and others to reveal the structures of molecular ions and complexes as well as
reaction intermediates.[?#-243] Note that IMS-based structure determination in the gas phase (in contrast
to NMR in condensed phase) is still a rapidly developing field which requires validation for new
substance classes which have not yet been extensively addressed (such as lanthanide complexes). The
fairly rigid structure of deprotonated [PQQHo:]- thus represents an ideal test system for the ion
mobility method. Here, we apply it to more flexible ions such as solvent and counterion adducts with

and without lanthanides.

4.2. Experimental Section
Instrumentation

The ion-mobility measurements were performed with a Bruker timsToF instrument. The operating
principles of trapped ion mobility spectrometry (TIMS) are described elsewhere.?*4l Briefly, an ion
packet is pulse injected into an electrodynamical trap (the so-called TIMS tunnel) filled with a flowing
buffer gas (N2). The resulting drift motion is compensated by a variable electrostatic field. The
different types of ions contained in the packet are separated in space according to their mobility and
eluted by ramping the field. In all experiments, we operated the instrument at the highest feasible
mobility resolution (ca. 150-200) by using the slowest feasible ramp speeds (via narrow ion mobility
windows and long ramp times of 500 ms). The TIMS tunnel is coupled with a quadrupole mass filter
and a TOF-MS (resolution >25000) that is operated with a high repetition rate (several kHz). The
resulting 2D ion mobility-m/z data are deconvoluted into mobilograms with the instrument software

(Data Analysis 5.0). For ion mobility and mass calibration we use Agilent TuneMix, a mixture for
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fluorinated phosphazenes, with the high precision mobility data of Stow et al. as reference.?*! Jon
mobilities are translated into experimental collision cross sections ("™SCCSnz) with the Mason-Schamp
equation.?*! The ™SCCSny, in turn, can be directly compared with theoretically modeled collision
cross sections and thus enable structure determination in gas phase. The simultaneous occurrence of
several isomers can be inferred, independent of any modeling, if bi- or multimodal mobilograms are
observed or if peaks are significantly broader than the experimental resolution. Experiments were

performed both in positive and negative mode (see below).

Theoretical Modeling

In order to identify the relevant isomers/conformers we performed density functional theory (DFT)
calculations with the Turbomole packagel?%24! using the TPSS functionall?*-2%3l and def2-SVPI254-25
basis set.l?”] For each species considered, we created a series of 10-20 meaningful starting geometries
(differing in deprotonation site, conformation of the central PQQ-unit, relative orientation of
counterion, and solvent adduct). These geometries were constructed and preoptimized at force-field
level with the Avogadro packagel® and used as xyz-coordinate input files for the DFT-based
geometry optimization. All geometries are fully optimized without any symmetry restrictions. Often,
different starting geometries converge to the same final geometry. The Turbomole output comprises
optimized xyz-geometries and relative energies. Since DFT calculations are known to give accurate
geometries, but less reliable energies, we consider in the following at least all structures as reasonable
candidates that are within 1 eV to the one found to be lowest in energy. Based on these candidate
structures, we simulate theoretical collision cross sections. For this purpose, we perform trajectory
method calculations to model the drift motion of the respective molecular ion in the buffer gas (N2).
For this, the ion-buffer gas interaction is modeled by a Lennard-Jones (L]) potential plus ion-induced
dipole and ion-quadrupole interaction with element-specific L] parameters. The ion-induced dipole
and ion-quadrupole interaction depend on the partial charge distribution of the drifting ion, we obtain
these values by a Mulliken population analysis based on the DFT calculation. With these input
parameters, a large number (ca. 106) of ion-buffer gas trajectories is calculated, the thus obtained
scattering angles are numerically integrated, and finally, a theoretical cross section theCCSnz is
obtained. The closer the theoretical and experimental cross sections and the lower the relative energy
of the respective structure, the more likely it is the dominant species in the experimental mobilogram.
All calculations were performed with the IMoS package (IMoS 1.09) with the standard L] parameters

implemented.[260-262]
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Sample Preparation

PQQHs was obtained via extraction from Dr’s Best vitamin capsules as a disodium salt and obtained in
its fully protonated form as described previously.[3! The PQQ1ss ligand was synthesized and purified
as described elsewhere.[l The lanthanide nitrates were obtained from Sigma-Aldrich (Germany). The
metal-ligand complex was formed by adding the respective Ln® salt to a solution of PQQ:1ss

(acetonitrile, 0.5 mmol/L, 1:1 ratio).

4.3. Results and Discussion

Upon electrospray ionization of a solution of PQQHs in DMSO (with 1% v/v H2O and MeOH) we
obtain in negative mode [PQQH:], [PQQH:+H20]-, and [PQQH:+MeOH]~. The corresponding

mobilograms are shown in Figure II1.25.
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Figure 111.25: Typical mobilograms of [PQQH:]-, [PQQH2+H:0]", and [PQQH:+MeOH]".

In all cases, we observe one narrow peak with a peak width corresponding to the instrumental
resolution of ca. 200. This can be interpreted in three ways: (1) Only one isomer ion is created upon ESI
or (2) several isomers are present, but their CCS differ by less than 0.5% (ca. 1 A2). (3) Several isomers
with larger CCS differences are present, but they interconvert much faster than the time scale of the
experiment (500 ms). To shed more light on this issue, we calculated theoretical CCS (%ecCCSn2) based
on DFT-optimized structures (see Figure II1.26) and Mulliken charges. The results are summarized in

Table III.8.
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Structure 1a Structure 1b Structure 1c Structure 2 . Structure 3 .
TheoCCSy, 161.3 A2 TheoC(CS,, 160.9 A2 TheoC Sy, 162.4 A? TheaCCSy, 164.7 Az Thee(CS,, 160.0 A2
Rel. Energy 0eV Rel. Energy 0.02 eV Rel. Energy 0.35 eV Rel. Energy 0.55 eV Rel. Energy 0.93 eV

Figure 111.26: Calculated structures, relative energies and calculated collision cross sections for [PQQH:]". The blue arrows
highlight the differences between structures 1a, 1b, 1c, and 2.

Table I11.8: Comparison of calculated and experimental CCS for [PQQH-]J".

TIMSCCSn2 (A?)  Structure  theCCSn2 (A2)  Relative Energy (eV)

la 161.3 0
1b 160.9 0.02
[PQQH2]- 159.5+0.5 1c 162.4 0.35
2 164.7 0.55
3 169.9 0.93

[PQQH:]-

The experimental ™SCCSxs is 159.5 + 0.5 A2 In the lowest energy candidate structure that we obtain
(structure 1a) N1 is deprotonated, all three carboxylic acid groups remain protonated, and there are
two hydrogen bonds to N1 and N6 (for the numbering of the respective atoms see Figure II1.24). This
structure has a hecCCSn2 of 161.3 A2 which is ca. 1% above the experimental value. Structure 1b is a
conformer thereof with the hydrogen of the carboxylic group at C2 rotated (see Figure I11.26, arrow).
Both energy (+0.02 eV) and CCS (160.9 A?) are basically unchanged. Structure 1c is another conformer
of 1a, the carboxylic group at C7 is rotated, and therefore, there is no hydrogen bond to N6 (see Figure
I11.26, arrow). This increases the energy by 0.35 eV, and the teCCSn: is increases slightly to 162.4 Az,
Based on CCS alone, we cannot distinguish between these structures. Regarding structures la-1c, it
might be counterintuitive that N1 is deprotonated instead of the carboxylic acid function at C9 (note
that the latter is more acidic in condensed phase). This reflects the fact that in aqueous solution a
COO- function can be stabilized more efficiently by solvent molecules. This stabilization is missing in
the gas phase. In order to shed more light on this issue we performed some geometry-restricted DFT-
calculations. We increased the O-H distance from its optimized value of 1.07 A (with a corresponding
N-H distance of 1.46 A) up to 1.5A and optimized the remaining degrees of freedom. The
corresponding N-H distance decreases to ca. 1.1 A (consistent with a covalent bond), but the energy

increases by ca. 0.14 eV (see Figure VI.30). A similar discrepancy between the preferred protonation
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sites (O vs N) in both the liquid phase and gas phase is already known in the literature.?®®l In structure
2, the C7 carboxylic group is deprotonated and N6 protonated. This structure is 0.55 eV higher in
energy and has a cross section of 164.7 A?, i.e., ca. 3% above the experimental value. Again, there is an
isoenergetic conformer with the C2-carboxylic group rotated, analogous to structure 1a vs 1b (not
shown). For a C7-carboxylic group the H-N6 distance variation is determined by geometry-restricted
DEFT calculations (see Figure VI.31). Other structures are even higher in energy, such as structure 3,
+0.93 eV (carboxylic acid group at C2 deprotonated), and have significantly larger CCS: 169.9 A2, ca.
7% above experiment. Therefore, such protomers can be ruled out on the basis of relative energy and
CCS. (Compare a similar combined IMS, cryo-IR, DFT study on biliverdin, where only conformers
within 0.2 eV to the lowest are observed in experiment).?*!l To summarize, with the combination of
DFT-based geometry optimization and trajectory calculations we can reproduce the experimental CCS
for [PQQH-2]- within 1% if we take only the lowest energy structures calculated (la and 1b) into
account. This validates the method and the choice of input parameters (L] parameters, Mulliken

charges, see above).

[PQQH+H:O]- and [PQQH:+MeOH]-

In a second step, we investigated the formation of solvent/reactant adducts with PQQHs by adding
small amounts of water and methanol (1% v/v) to the solution of PQQHs in DMSO, respectively. In
both cases, the adducts are formed in intensities sufficient to measure their CCS. On first sight, this is
surprising since the ions have to pass the desolvation region and transfer capillary heated to 300 °C
(the high temperature is necessary to remove the DMSO). The resulting [PQQH2+H>O]- anion has a
TIMSCCSne2 of 164.7 A2 Compared with the 159.5 A2 for the bare [PQQH:]" anion, this is an increase of
only 3%, although the overall number of atoms in the ion increases by 10%, from 29 to 32. This implies
a rather compact structure of the water adduct. From condensed-phase NMR measurements it is
known that the carbonyl group at C5 readily adds water to form a geminal diol.l'%264 The C4 group
can also be attacked by nucleophiles as was shown by Itoh et al.l1%%! We performed DFT optimizations
for various protomers of both C5-dioles but also for noncovalently bound water adducts. The results
are summarized in Table II1.9 and Figure II1.27. The lowest energy structure is a C5-diol (structure 1)
with a cross section of 163.8 eV, slightly below the experimental value of 164.7 A2 A conformer thereof
(structure 2, protonated carboxylic group at C7 rotated) has one hydrogen bond less, is therefore
0.36 eV higher in energy, and has a ™SCCSn: of 165.6 A, slightly above the experimental value. It is
likely that the two conformers can interconvert by rotation around the C7-C7’ single bond on the time
scale of the CCS measurement, and we therefore measure a time average. A C4-diol, as proposed by

Itoh et al.s3 (structure 3), has a very similar CCS (164.4 A?), but it is 0.27 eV above structure 1.
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Noncovalently bound water adducts (structures 4 and 5) come very close in energy to structure 1
(+0.06 eV and +0.14 eV). Taking their uncertainty into account, we cannot distinguish between
covalently and noncovalently bound adducts on the basis of DFT-based energies alone. However, the
TIMSCCSn2 of the noncovalently bound water adducts are significantly larger, 169.0 and 169.1 A2, and

therefore, structures 4 and 5 can be ruled out.

Table I11.9: Comparison of calculated and experimental CCS for [PQQH2+H20]-.

TMSCCSnz (A?)  Structure theo CCSn2 (A2) Relative Energy (eV)

1 163.8 0
2 165.6 0.36

[PQQH:+H:0]- 164.7 £0.5 3 164.4 0.27
4 169.0 0.06
5 169.1 0.14

Structure 1 Structure2 Structure 3 Structure 4 Structure 5
TheaCCSy, 163.8 A2 TheaCCSy, 165.6 A7 TheoC Sy, 164.4 A2 Thea((S,, 169.1 A2 TheaC (S, 169.0 A2
Rel. Energy  OeV Rel. Energy 0.36eV Rel. Energy 0.27 eV Rel. Energy 0.06 eV Rel. Fnergy 0.14 eV

Figure 111.27: Calculated structures, relative energies and calculated collision cross sections for [PQQH2+H20].

For [PQQH2+MeOH]- as well, we obtain a single, narrow peak corresponding to an experimental CCS
of 170.1 A2 see Figure I11.25. As for the PQQ-water adducts, we take both covalently (at C5 and C4)
and noncovalently bound structures into account in our DFT geometry optimizations. The results are
summarized in Table IIL.10 and Figure IIL.28. Interestingly, in this case the noncovalently bound
adduct with the methanol molecule associated with the C9' carbonyl group by a hydrogen bond
(structure 4) turns out to be lowest in energy. Within 0.1 eV we find two other isomers: structure 5
(+0.05 eV), another noncovalently bound adduct (MeOH hydrogen bonded to O4'), and structure 1
(+0.09 eV) with the methanol covalently bound to the carbonyl group at C5 as a hemiketal. A C4
hemiketal (structure 3) is significantly higher in energy by 0.25eV. Structure 2 (+0.43eV) is a
conformer of structure 1 with one hydrogen bond less. Based on the ion mobility data, we rule out the
noncovalently bound isomers (theeCCSn2 = 175.7 A2 and 176.0 A2, respectively versus ™SCCSn: =

170.1 A2). On the other hand, we confirm the covalently bound structures, since their CCS agree within
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the experimental uncertainty with the measurement. Among these, structure 1 is clearly favored based

on energy and CCS.

Table 111.10: Comparison of calculated and experimental CCS for [PQQH2+MeOH].

TIMSCCSnz (A?)  Structure theo CCSn2 (A2) Relative Energy (eV)

1 169.9 0.09
2 171.1 0.43
[PQQH2+MeOH] 170.1+0.5 3 171.8 0.25
4 175.7 0
5 176.0 0.05

< 5 B o

Structure 1 Structure 2 Structure 3 Structure 4 Structure 5
Thea(CSy, 160.9 A2 Theo(CS,,, 171.1 A2 Thea(CS,, 171.8 A2 Thea(CSy, 175.7 A2 Thea(CCS,, 176.0 A2
Rel.Energy  0.09 eV Rel. Energy 0.43 eV Rel. Energy 0.25eV Rel. Energy 0eV Rel. Energy 0.05 eV

Figure 111.28: Calculated structures (top and side views), relative energies, and calculated collision cross sections for
[PQQH:+MeOHTJ.

[PQQuss+H]*

The mobilogram of [PQQuss+H]* consists of three distinct peaks, the largest centered at 225.2 A2 and
two smaller peaks at 222.4 and 228.2 A2, respectively, see Figure I11.29 and Table IIL.11. This implies
that there are at least three protomers/conformers that do not interconvert on the time scale of our ion
mobility measurement, i.e., within ca. 0.5s. Note that the relative intensities, but not the peak
positions, depend somewhat on the choice of TIMS parameters (see Figure VI.32). We performed a
series of geometry optimizations and found a total of 15 different structures within 1 eV. In the lowest
energy structure (Figure II1.30, structure 1) the extra proton is bound to the pyridine-nitrogen N6 and
via a hydrogen bridge to Oa on the crown ether group (cf. Figure I11.24). The arrangement is such that
the PQQ and crown ether units are slightly tilted. The theCCSn2 of this structure is 229.0 A2, which is

ca. 2% below the main peak in the mobilogram. Structure 2 is a variant thereof with a hydrogen bridge
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to Os instead. Both relative energy (+0.1 eV) and CCS (228.8 A?) are similar to structure 1. We find
several conformers (= local minima) in our geometry optimizations that differ by the relative
orientations of the methyl ester groups. Their CCS are close to 229 A2 Somewhat higher in energy
(+0.43 eV) we find a structure (3) with the extra proton between Os and O5. As a consequence, this
structure is rather flat and therefore has a somewhat larger CCS of 233.3 A2, This structure could be
responsible for the third peak (at 228.2 A?) in the mobilogram, if we accept a deviation of ca. 2%. A
more compact geometry (structure 4, 226.4 A?) is obtained by protonation at N6 and hydrogen bond to
Oa. As a consequence, the crown ether is folded back to the PQQ unit with an angle of ca. 60°; see
Figure II1.30. This structure can explain the first peak in the mobilogram if we accept a 2% deviation
between experiment and calculation, as before. However, this structure is ca. 0.55 eV higher in energy.
To summarize, due to the rather flexible crown ether function a series of non-interconverting
structures with similar energy but different CCS is feasible and obviously realized in the experiment
as can be seen by the trimodal mobilogram. The calculations can reproduce the main features. A
temperature-dependent NMR experiment of PQQ1ss in acetonitrile supports the high flexibility of the

aza-crown moiety (Figure VI.33).

Intensity [a.u.]

[PQQ,; s+H]*

218 220 222 224 226 228 230 232 234
TlMSCCSNZ [AZ]

Figure 111.29: Typical mobilogram of [PQQus-5+H]".

Table I11.11: Comparison of calculated and experimental CCS for [PQQus-s+H]*.

TIMSCCSn2 (A?)  Structure  theCCSnz2 (A?)  Relative Energy (eV)

2224+05 1 229.0 0
2 228.8 01
[PQQsss+H]* 2252+0.5
2282+05 3 2333 0.43
4 226.4 055




CHAPTER III COORDINATION CHEMISTRY OF PQQ DERIVATIVES AND LIGANDS 69

g ghe g B
Wt gt e F

Structure 1 Structure 2 Structure 3 Structure 4
TheeCCS,,, 229.0 A2 TheoCCS,, 228.8 A2 TheoCCs,,, 233.3 A2 TheoCCS,, 226.4 A2
Rel. Energy 0eV Rel. Energy 0.1eV Rel. Energy 0.43 eV Rel. Energy 0.55eV

Figure 111.30: Calculated structures (top and side views), relative energies and calculated collision cross sections for [PQQ1s-
s+HJ*. The blue circle indicates the protonation site.

[PQQ155+Ln+NOs]2

PQQ1s5 easily forms metal complexes upon addition of M or M salts. With lanthanide(III) nitrates
we observe upon electrospray ionization the formation of complexes of the form [PQQ1s5+Ln+NOs]?.
The nitrate counterion is strongly bound: upon collision-induced dissociation no NOs%- or NO2~ loss
is observed.l3¥ We see instead predominantly loss of MeOH, most likely from one of the ester
functions in PQQuss. Furthermore, we do not observe the complex ion without counterion, i.e.,
[PQQ1ss+Ln]**. The mobilograms of all [PQQ1ss+Ln+NOs]* complexes are rather simple with one

narrow peak (Figure II1.31).

[PQQ,; ;+Gd+NO,]**

Intensity [a.u.]

275 280 285 290 295
TIMSCCSN2 [A2]

Figure 111.31: Typical mobilogram of [PQQ1s-5+Ln+NOs]?*, shown for Ln = Gd. Only one narrow peak is observable close to
the instrumental resolution. Basically, the same mobilograms (one narrow peak) are obtained for all Ln = La to Lu.

For La we obtain a ™SCCSn2 of 281.8 + 1.5 A2 There is a clear trend to smaller CCS when going from
La to Lu, in line with the well-known lanthanide contraction. For Lu we obtain 278.7 + 1.5 A2 see

Figure II1.32. Note that the 1.5 A2 uncertainty contains both calibration and statistical errors. Since we
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determine the CCS of all [PQQ155+Ln+NOs]?* ions (Ln = La to Lu, except for Pm) under identical
conditions, the relative uncertainties are well below 1 A2, We expect the lanthanide ion to interact with

the electronegative oxygen and nitrogen atoms of the PQQ- or crown ether moiety, and nitrate

counterions.
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—e— experiment o structure 1 structure 2 structure 3 ~— structure 4 structure 5
Figure II1.32: (Left) Experimental and calculated CCS of [PQQus-5+Ln+NOs]?* for Ln = La to Lu. Black circles: measurement.
The error bars (+0.5%) comprise statistical and calibration errors. Since all measurements were performed at identical
conditions (temperature, voltages across the TIMS-tunnel, ramp speed), we expect the relative errors to be even smaller, ca.

0.3%. The red circles correspond to the structure that has been found to be lowest in energy. The other symbols correspond to
structures with higher energies. (Right) Relative energies of DFT-optimized structures.

To determine the dominating geometry, we performed DFT-based geometry optimizations with the
formalism described above. The results are summarized in Figure II1.33 with lanthanum as an
example. The other lanthanides show very similar, isostructural geometries. In the lowest energy
structure (structure 1, Figure II1.32, Figure II1.33 and Table II1.12), Ln is 9-coordinate with PQQ1s.s
acting as a heptadentate ligand (five donors of the aza-crown ether, pyridine nitrogen N6, quinone-
oxygen at C5) and a chelating nitrate binding in bidentate fashion. In order to obtain a more
quantitative idea about the coordination geometry and the trends along the lanthanide series, the
DFT-optimized structures of all lanthanide complexes were investigated with a continuous shape
measure (CShM) approachl?52¢7l using the computer program SHAPE 2.1.2681 All 13 idealized
reference geometries implemented in SHAPE 2.1 for coordination number 9 were taken into account,
and the corresponding numerical value S for the CShM was calculated.?¢270] S can theoretically range
between 0 (perfect fit to the ideal reference geometry) and 100 (no geometric similarity). Smaller S
indicates smaller average deviation from the reference geometry. Table V1.8 shows the CShM values S
for the seven reference geometries with the S smallest values. According to the analysis, the
coordination geometries are relatively irregular and cannot be well described as being close to a
particular ideal polyhedron. The smallest S (values for all lanthanides are found for the capped
square-antiprismatic (CSAPR-9: 4.79 > S > 2.81) and the muffin-shaped (MFF-9: 448 > S > 2.68)

geometries.2270 In addition, the distances Ln-X (X = O, N) in the inner coordination spheres of the
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lanthanides decrease as expected by 6.5% and 9.1% for individual bond lengths. This manifestation of
the lanthanide contraction is perfectly within the normal range of trends found in the crystal
structures of isostructural lanthanide complex series, 20252711 which is a very good indicator of the

quality of the DFT calculations.

Structure 1 Structure 2 Structure 3 Structure 4 Structure 5
TheorCs,,, 282.7 A2 Theogcs,, 279.4 A2 TheoCCs,, 278.5 A? Theoccs, , 288.7 A2 TheoCCs,, 276.2 A?
Rel. Energy 0eV Rel. Energy 1.20 eV Rel. Energy 0.95 eV Rel. Energy 1.66 eV Rel. Energy 2.45 eV

Figure 111.33: Calculated structures (top and side views), relative energies, and calculated collision cross sections for [PQQ1s-
5+La+NOs]*. The nitrate group is marked in yellow, lanthanum light blue.

Structure 1 of [PQQuss+La+NOs]* has a theCCSnz of 282.7 A2 which is within 1 A2 (0.3%) of the
experimental value of 281.8 A2. We performed similar geometry optimizations for all lanthanides. In
each case this structural motif is far more stable than other isomers (by more than 0.5 eV). Calculated
and experimental CCS deviate by less than 1% (except for Sm, 1.2% and Gd, 1.2%), see Figure II1.32
and Table II1.12.

Besides this structure, we found four other energy minima: structures 2 and 3 are similar to structure
1, inasmuch as the metal atom is coordinated to the four crown ether oxygens as well as to N6 and the
neighboring quinone-oxygen, and the nitrate counterion, but in a different relative orientation, see
Figure II1.33. In structure 2, the nitrate and PQQ group are almost coplanar and on opposite sides of
the metal atom, separated by the crown ether group. This structure is between 1.20 eV (La) and
0.55 eV (Lu) higher in energy than structure 1. Its calculated CCS deviates more (between 0.9 and
1.5%) from experiment than what we observe for structure 1. In structure 3, both nitrate and the PQQ
unit cover one side of the metal center and the crown ether the other side. Depending on the
lanthanide, this structure is between 1.1 eV (Yb) and 1.7 eV (Ce) higher in energy than structure 1. Its
cross section is on average ca. 2% below the experimental value. In structure 4, the metal center is not
bound to N6 and the quinone-oxygen; i.e., it is here only complexed by the crown ether and the
nitrate. This structure can be clearly ruled out: it is always more than 1.1 eV above structure 1, and its
cross section on average ca. 2% above the experimental values (see Table III.12). We found a fifth
structure with the metal center coordinated to both quinone-oxygens and only two of the oxygens of

the crown ether. For all lanthanides it is more than 2 eV higher in energy, its cross section is more than
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2% below the experiment can therefore be ruled out as well. To summarize, both on the basis of

relative energy and cross section structure 1 is clearly favored.

Table I11.12: Comparison of calculated and experimental CCS for [PQQus-5+Ln+NOs]**.

Exp Structure 1 Structure 2 Structure 3 Structure 4 Structure 5

fACZ? fACZ? AE (eV) fAC: AE (eV) (C:: AE (eV) ((::: AE (eV) ((::2)8 AE (eV)
La 281.8 282.7 0 279.4 1.20 2785 0.95 288.7 1.66 276.2 245
Ce 282.6 280.7 0 279.1 0.96 276.7 1.13 286.9 1.70 275.3 245
Pr 282.2 280.4 0 278.0 1.04 278.6 1.18 286.4 1.59 274.2 2.55
Nd 281.8 279.9 0 280.1 1.10 275.8 1.38 287.2 1.56 273.2 2.77
Pm 280.4 0 277.8 0.93 2774 1.16 285.8 1.46 273.6 2.41
Sm 281.4 278.2 0 2775 0.84 2749 1.11 285.0 1.46 275.1 2.38
Eu 280.2 279.0 0 276.5 0.80 273.9 1.05 284.8 1.28 276.6 2.17
Gd 281.4 278.0 0 277.7 0.86 273.9 1.16 285.0 1.34 274.7 2.33
Tb 281.2 278.5 0 278.5 0.80 275.9 1.37 284.9 1.42 273.4 2.50
Dy 279.9 279.8 0 277.7 0.72 275.2 1.30 286.0 1.31 273.2 2.37
Ho 280.4 279.8 0 276.5 0.89 277.0 1.55 283.7 1.23 2744 2.42
Er 279.8 278.4 0 277.3 0.72 275.0 1.41 284.9 1.36 273.9 2.58
Tm 279.9 278.3 0 277.7 0.82 273.0 1.40 284.0 1.19 274.0 2.39
Yb 279.1 278.8 0 275.7 0.61 273.3 1.28 282.7 1.11 273.9 2.18
Lu 278.7 277.3 0 276.8 0.55 274.8 1.33 283.7 1.24 273.5 2.56

4.4. Conclusions

By a combination of ion-mobility measurements and quantum-chemical calculations we were able to
identify the relevant gas-phase structures of different PQQ derivatives and their complexes with
solvent molecules, lanthanide(IIl) ions, and nitrate counterions. To the best of our knowledge, this is
the first ion-mobility measurement across the complete series of complexes with lanthanide metal
centers (except promethium). Even though there is only one lanthanide atom in the complexes
comprising a total of 74 atoms, the trend to smaller CCS across the series is clearly observable (both
experimentally and in the DFT-based geometry optimizations), in line with the well-known lanthanide
contraction. PQQ is a notoriously difficult ligand to study, as it reacts readily with a number of
nucleophiles and shows complex speciation (including its different redox and protonation states) in
solution. Here, we confirm the high reactivity of C5 toward nucleophiles (H20 and MeOH) in the gas
phase and assign structures that are in line with the reported solution models. In a second step, we
investigated lanthanide complexes of a PQQ-inspired ligand that has previously been used as a
biomimetic model for the alcohol oxidation in methanol dehydrogenases.['3% To evolve highly specific

and well-defined lanthanide and quinone-based catalysts it is pivotal to understand different species,
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isomers, and structures that may arise during catalysis. Here, we develop a benchmark for the study
of such model systems and catalysts in the gas phase which can give hints into the function and

optimal design of future biomimetic catalyst systems.

5. Conclusion

In summary, PQQ1s-5 was evaluated as a synthetic model for the active site of quinoprotein alcohol
dehydrogenases, whereby the binding of Ba%*, Ca?, La* and Lu®* have been examined by NMR
spectroscopy. The results gave evidence for a metal ion coordination at the biologically relevant
pocket of PQQ (site 1). To gain more information on the structures and impact of counterions of the
complexes, collision induced dissociation (CID) experiments were performed and it was observed that
the nitrates are more tightly bound than the triflates. In addition, a combination of DFT-calculations
and ion mobility measurements (IMS) was applied to resolve the structure of the complexes in the gas

phase.

Furthermore, UV-Vis titrations of PQQ1ss and PQQMe: with different Ln* ions were performed and
binding constants were evaluated using the Benesi-Hildebrand method. Different Ln3* selectivity
patterns were observed for PQQ1ss and PQQMe:z. Moreover, the methanol addition to PQQMe: was
investigated and equilibrium constants Kada for the hemiacetal formation were determined. The results
indicate an enhancement of the investigated reaction in the presence of La¥, followed by Eu’* and Lu’.
Future research could focus on elucidating the steric effects of various alcohols on the hemiacetal

formation.

UV-Vis titrations of further ligand platforms with La% were conducted and the calculated bindings
constants were compared. The highest chelator affinities for La* were observed in the case of PQQ:s-6
and PQQMez, followed by PQQ1ss and PmeQQwmem. The lowest binding constants were calculated for
PQOQpoepr and PQQMes. In addition, UV-Vis experiments were conducted with ligand Lroo, however,
the analysis of the collected data suggested a different complex speciation than originally anticipated.

Using the Nash method, a 2:1 stoichiometry was proposed for the respective La* complex.

Nevertheless, it should be noted that the Benesi-Hildebrand method is considered outdated and prone
to errors.???l With modern computer-based non-linear regression methods, these problems can be
avoided,?2272 thus the purchase and application of such software programs could be considered as an

outlook for this project.
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For further characterization of the PQQ-based ligands, time-resolved fluorescence measurements were
conducted with the respective Eu®* complexes in acetonitrile. While for PQQMe: and PQQMes a very
low emission intensity was observed, the novel PQQ derivatives PkQQmem and PmMeQQwmem showed to
be very good antennas for Eu’ since high intensity bands at 616 nm were observed. These

observations will be the start of future collaborations within our collaborative research center.

Recently, a collaboration project with Patrick Weis, Manfred Kappes, Michael Seitz and coworkers
resulted in publication discussing lanthanide complexes of PQQ15.5.1%! The analytical methods applied
for the investigations included a combination of ion mobility spectrometry, mass spectrometry and
quantum-chemical calculations. Thereby, the gas-phase structures of [PQQH:], [PQQH:+H:0]J,
[PQOH2+tMeOH] and [PQQuss+H]* were determined and the high reactivity of C-5 toward
nucleophiles was confirmed. In addition, a temperature-dependent NMR experiment was conducted
with PQQ1ss in CDsCN. The results pointed on a flexible crown ether moiety exhibiting different
possible conformations. In solution the molecule rapidly interchanged among the conformations,
however the fluxionality could be reduced at low temperatures, which resulted in sharp hydrogen
atom resonances. Furthermore, structures of [PQQus5+Ln+NOs]?* complexes were discussed more in
detail and it should be noted that no complex ion was observed without counterion. A DFT-based
geometry optimization was performed in order to determine the dominating geometry. It was shown
that all lanthanide complexes show very similar, isostructural geometries. In the lowest energy
structure however, the lanthanide(Ill) cation has a coordination number of 9. Thereby, PQQ1s5 acts as
a heptadentate ligand, whereby five donor atoms come from the aza-crown ether, one from the
pyridine nitrogen N-6 and one from the quinone-oxygen at C-5. Additionally, a nitrate counterion acts
as a bidentate ligand. Such kind of studies are anticipated to enhance our understanding of various
species, isomers and structures associated with the lanthanide-based biomimetic complexes. This, in

turn, will offer valuable insights for design and optimization of catalyst systems in future.
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IV. ALCOHOL OXIDATION

Parts of this chapter have appeared in the publication:

Pyrroloquinoline Quinone Aza-Crown Ether Complexes as Biomimetics for Lanthanide and

Calcium Dependent Alcohol Dehydrogenases

Violeta A. Vetsova, Katherine R. Fisher, Henning Lumpe, Alexander Schéafer, Erik K. Schneider,

Patrick Weis and Lena J. Daumann
Published in: Chem. Eur. ]. 2021, 27, 10087-10098.

Reprinted under Creative Commons Attribution Non-Commercial-No-Derivatives License CC BY-

NC-ND.

1. Introduction

In the metabolism of methylotrophs and methanotrophs, methanol dehydrogenases (MDH) catalyze
the two-electron oxidation of methanol to formaldehyde.# Although many MDH species have been
extensively examined over the years, the exact mechanism of alcohol oxidation still remains
controversial.'%l Based on computational, 2642732761 bjomimeticll431441631¢6] and crystallographic
studies,?”7] however, two mechanisms have been frequently mentioned (Figure IV.1). The first one
involves a base-catalyzed nucleophilic addition of methanol to the quinone C-5 of PQQ to form a
hemiketal intermediate. The second mechanism consists of a base-catalyzed proton abstraction from

methanol in concert with a hydride transfer from the substrate to the C-5 of PQQ.

The difficulty to trace the catalytic mechanism by kinetic and spectroscopic investigations results from
the lack of intermediates that can readily be detected.®”] Isolated enzymes contain the cofactor PQQ
either in the fully reduced form or as a semiquinone.!'"l Nonetheless, the presence of the semiquinone
form is indicative of a two-step reoxidation of PQQ through two single-electron transfers to the
electron acceptor cyctochrome ¢ (cyt cr).'%278] In addition to PQQ, two further components in the
active site have been suggested to be essential for the catalysis. The first one is an aspartate (Asp3% in
MxaF and Asp?® in XoxF), which functions as a base, and the second key component is the active site
metal (Ca?, respectively Ln*), which acts as a Lewis acid for activation of PQQ's carbonyl C-5.108]
Throughout the lanthanide series (from La to Lu) the Lewis acidity increases, due to the decreasing

ionic radius, caused by the lanthanide contraction. If the kinetic reaction was solely dependent on the
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Lewis acidity of the metal ion, the specific activity of MDH should increase with the late lanthanide
ions in the active site. However, the experimentally observed low specific activity or even the absence
of any for the late lanthanide ions showed that Lewis acidity and activation of the C-5 carbonyl bond

is not the only factor that needs to be considered.!"#l

Addition-Elimination Mechanism ‘ Hydride-transfer Mechanism
(Hemiketal Mechanism)

HO,C

Figure IV.1: Initial key steps of the two proposed mechanisms for the dehydrogenation reaction in MDH with x = 3 for
lanthanide ions and x = 2 for calcium.

Several functional model investigations have been reported in the past years, which discussed the
mechanism of alcohol oxidation in order to broaden the knowledge of the MDH enzymes. In 2000 Itoh
and Fukuzumi reported the results of a comprehensive UV-Vis study based on ligand PQQ:ss and
alkaline earth metal ions whereby supporting evidences for the addition-elimination mechanism
through the C-5 hemiacetal intermediate were provided. The paper demonstrated enhanced ethanol
addition to PQQ1ss through Ca? coordination in acetonitrile, as the calculated equilibrium constant
was six times higher (1.2 M) than without the metal ion (0.2 M). In addition, the conversion of the
quinone [Ca(PQQ1550Et)]* to the corresponding quinol [Ca(PQQ1s5H2)]* was presented and it was
shown that the addition of the base diazabicycloundecene (DBU) accelerates the ethanol oxidation to

acetaldehyde (Scheme IV.1).

CO,Me

+ EtOH
[e) N ‘ o
&‘*MZ*’O - EtOH
( I,o\_/o\ﬁ
)
M(PQQ;5.5)]* [M(PQQ45.50E)]** M(PQQ45.5H2)1**

Scheme 1V.1: Proposed addition-base catalyzed elimination mechanism for the oxidation of ethanol by Itoh and Fukuzumi.[163]

A comparison of the rate constants, determined for the different alkaline earth metal ions examined in
this study, demonstrated a stronger catalytic effect of the larger metal ions (k = 1.7 M1 s (Ca?), k =
58 M1 s1 (S1%), k = 2800 M1 s (Ba%)). Based on these results, the authors assumed that the binding of

larger metal ions such as Ba?* and Sr?* to the hemiacetal of PQQ forces the added alcohol moiety closer
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to the C-4 quinone carbonyl oxygen than in the case of Ca?, making the a-proton abstraction by the

carbonyl easier (Figure IV.2).

Figure 1V.2: Base catalyzed a-proton abstraction from alcohol substrate proposed by Itoh and Fukuzumi.l'63]

In 2018 McSkimming et al. reported the first synthetic functional model of lanthanide-dependent
alcohol dehydrogenase based on ligand Lrgo.l'%l The oxidation of 4-methylbenzyl alcohol to 4-methyl
benzaldehyde through lanthanum(Ill) coordination to Lroo was demonstrated and it was shown that
this process can be accelerated by addition of either 2,6-lutidine or DBU. Furthermore, complementary
computational studies on the alcohol oxidation mechanism presented evidences that the hydride
transfer pathway is clearly favored with either a weak base (2,6-lutidine) or without a base (Scheme
IV.2). In the presence of DBU, however, a reduction in the energy barrier was observed for the

aldehyde elimination making this pathway energetically possible.

— — %

HO™ > Tol
—_— o H H
A(NO3), /LTol
/ /H
O\N/O
L O _
[La(Laq)(NO3)s] [La(LaqH)(NO3)s]
— ot
= I + 2,6-lutidine
! OH -2, 6 lutidine
‘,’{ ! _.OH X
La(N03)3 ‘
=

[La(LaqH2)(NO3)s]

Scheme 1V.2: Proposed hydride-transfer mechanism for the oxidation of 4-methylbenzyl alcohol by Schelter et al.1%! The
tetracyclohexyl-3-(2-aminophenyl)pentanediamide moiety is omitted for clarity.

Recently, Luo et al. showed that the semiquinone-lanthanum complex [La(0-Q"™-)2] can also serve as an

efficient catalyst for the oxidation of alcohols under aerobic conditions.!?””l The catalysis was initialized
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by reduction through single electron transfer of the ortho-quinone ligand 0-Q after coordinating with
Lals. A screening of different conditions showed that the addition of a base did not have an obvious
effect on the reaction outcome and a kinetic isotope effect was observed on both O-H and C-H of
benzylic alcohol. Based on this and further experimental observations, the authors proposed a coupled
proton-hydride transfer mechanism instead of stepwise deprotonation and hydride transfer for the

oxidation of alcohols (Figure IV .3).

Coupled proton-hydride transfer

+

hydride transfer
HO

proton coupled
0-Q electron transfer 0-Q

Figure 1V.3: Proposed coupled proton-hydride transfer mechanism by Luo et al.l27]

In addition, a Lewis acid screening showed that all lanthanide triflates were able to catalyze the
reaction. However, no trend in terms of achieved yields could be observed across the lanthanide
series, since the highest yields were calculated for La (89 %), Yb (80%) and Lu (72 %), whereas some
members of the early lanthanides like Ce and Nd showed lower yields of 44%. Moreover, the
experiment performed with calcium triflate showed no substrate conversion at all. Given the fact that
the pyridine (and pyrrole) moiety is lacking in ligand 0-Q and the coordination of Ln is taking place at
both quinone oxygens, the system cannot be considered a true MDH biomimetic. Nevertheless, the
study presents an interesting use of both quinones and lanthanides in alcohol oxidation reaction and
together with previous studies on different PQQ surrogates it further underlines the importance of the

cofactor structure for the processes taking place in the active site of the enzyme. /25

So far only MDH biomimetics containing either alkaline earth ions or lanthanum have been
reported.l142-144163164166] Jn order to unravel the possible differences of lanthanides over calcium in
alcohol oxidation reactions, this project aims to evaluate the ligand PQQ1ss and the respective Ca?,
Ba?, La%* and Lu®* biomimetic complexes. A further goal of this chapter is to answer the question
whether a similar trend in alcohol oxidation activity, where only the early lanthanides are active in
MDH enzymes and relevant for bacteria, could also be found for the biomimetic system. In addition,
the change in the oxidation rate of benzyl alcohol will be studied by replacing the substrate with
benzyl alcohol-a,a-d2. And finally, different PQQ based ligands with different geometries and

functionalities will be investigated and compared.
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2. Product Analysis with 2,4-DNPH

In related publications by Itoh and coworkers,[143144163] the successful alcohol oxidation by PQQ
derived model compounds was verified through isolation of oxidation products as their 2,4-
dinitrophenylhydrazone derivatives on a preparative scale. Based on these reports, a first attempt to
analyze the products of the reaction of PQQs1s.s and methanol in the presence of europium(lll) triflate
and DBU was made, using 2,4-dinitrophenylhydrazine (2,4-DNPH). 2,4-DNPH is a reagent widely
used for the determination of carbonyl compounds through formation of the corresponding 2,4-

dinitrophenylhydrazones.[281.282]

By using standard SCHLENK techniques, PQQ1ss (1.3 x 104 M) was dissolved in dry acetonitrile
(40 mL). Eu(OTf)s (1.3 x 10*M) was added, causing a color change from yellow to brown. The
subsequent addition of anhydrous methanol (1.5 M) resulted in a second color change from brown to
light yellow. To start the reaction, DBU (2.4 x 10 M) was added and the resulted bright yellow
solution was stirred for 30 min at room temperature. In separate flasks, attempts to dissolve 2,4-
dinitrophenylhydrazine (33 wt.% H20) in either dry acetonitrile, water or HCl (10%) failed. 2,4-DNPH
dissolved only partially in CHsCN, thus a solution of the hydrazine with unknown concentration was
given to the reaction mixture containing PQQ1s.5, Eu®, methanol and DBU. The solution changed its
color from bright yellow to dark green. The reaction mixture was stirred for 2 h at room temperature.

An aliquot of the solution was analyzed by LC-MS (Figure VI1.35).

NO,

30

Figure 1V.4: Structure of the PQQus-5-2,4-dinitrophenylhydrazine adduct 30. Calculated exact mass for
[C32H34N7Oul*: m/z = 740.2158.

Unfortunately, neither the mass of the desired formaldehyde-2,4-DNPH (calc. m/z = 211.0462) nor the
mass of a europium(Ill) complex of PQQiss could be found in the mass spectrum. According to the
literature, ] low yields of formaldehyde-2,4-DNPH are attributed to the instability of formaldehyde
under the used experimental conditions. Therefore, it cannot be concluded that the oxidation reaction
of methanol was unsuccessful only by evaluating the results from the LC-MS analysis. As shown in
Figure VI.35, the mass of the free ligand as well as its water adduct were also found in the mass

spectrum. Additionally, the mass of a further compound was detected, which could be assigned to the



80 ALCOHOL OXIDATION CHAPTER IV

Schiff base adduct of PQQsss with 2,4-DNPH. Considering the electron-withdrawing nature of the
pyridine moiety and the coordination to Eu®, the C-5 position of PQQ1ss is very reactive towards
nucleophilic reagents. Thus, the carbonyl oxygen at C-5 position can be substituted by 2,4-
dinitrophenylhydrazine via a hydrazone bond, leading to the formation of compound 30 (Figure IV .4).
A related structure, consisting of PQQ dimethyl ethyl triester and 2,4-DNPH, was already described in

the literature, 283 proving the tendency of PQQ-derived compounds to undergo this kind of reactions.

Reasoning that the formation of compound 30 can interfere the detection of oxidation products, an
alternative method should be applied. Inspired by a study on a different functional model for alcohol
dehydrogenases by Schelter and coworkers, 66! a different approach for product analysis was
employed. Hence, a benzyl alcohol was used as a substrate in the catalytic reaction of PQQ1ss. The
method involves reaction progress monitoring by 'H NMR, which allows a decisive detection of

oxidation products.

3. PQQsus Complexes as Biomimetic Systems

Alcohol oxidation

In the course of this study, the ability of the PQQ1ss-based model complexes to oxidize alcohols was
investigated using '"H NMR, a method that had been previously successfully used by Schelter and
coworkers.l! Previous studies on related systems suggest, that alongside the model complex, the
addition of a base accelerates the dehydrogenation of alcohols.l1#31441631¢] Hence, the NMR
experiments reported in this study were performed with DBU as a base, unless otherwise stated.
Furthermore, hexamethyldisiloxane (TMS20) was used as an internal standard. All reaction mixtures
were degassed prior to the addition of the base, to remove air oxygen of the system, which could

possibly act as a terminal oxidant.

First, a control reaction with ligand PQQ1ss, 4-methyl benzyl alcohol and DBU was performed. The
reaction progress was monitored over 16 h, however, no traces of substrate turnover could be
detected. This underlines the essential role of a Lewis acid for the activation of PQQ and possibly for
substrate orientation and activation during alcohol oxidation. The second control reaction further
demonstrates the importance of the PQQ function in the ligand PQQsiss for the oxidation of the
alcohol: when lanthanum(IIl) triflate, 4Me-PhCH-OH and DBU were mixed and monitored over 24 h,
no oxidation product 4-methyl benzaldehyde was formed, confirming the assumption that both PQQ-

ligand and Lewis acid are required for alcohol oxidation.
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PQQqs.5
metal salt H

OH base
o
CD3;CN, TMS,0, r.t,, 24 h

Scheme 1V.3: Dehydrogenation reaction of 4-methylbenzyl alcohol to 4-methyl benzyl aldehyde.

With both control reactions in hand, the ability of the model system to promote the oxidation of
alcohols to aldehydes was examined, using different metal salts. First, the dehydrogenation reaction of
4-methylbenzyl alcohol shown in Scheme IV.3 was performed using lanthanum(Ill) triflate and DBU.
Here, 4-methyl benzaldehyde was obtained in 37% + 5% yield after 24 h. Subsequently, the progress of
the dehydrogenation reaction was examined in the presence of Lu’*. As confirmed by the spectra, the
later lanthanide Lu®* was also able to facilitate the oxidation of the alcohol, however the product yield
after 24 h was only 14% + 2%. Later it was shown, that the recorded '"H NMR spectra of the reaction
mixture containing Ca? showed a higher conversion of the substrate to the corresponding product
compared to the Ln®. After 24 h, a yield of 69% + 11% was calculated for 4Me-PhCHO. The ability of
the alkaline earth metals to promote the dehydrogenation reaction of the alcohol more effectively than
the lanthanides was further confirmed through the measurement of the model system containing Ba?*.

Here, a product yield of 87% + 10% was detected after 24 h.
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Figure IV.5: Calculated yields of 4Me-PhCHO from the dehydrogenation reactions of 4Me-PhCH20H (26 mM) by ligand
PQQis-5 (6.5 mM) and DBU (13 mM) in the presence of barium(II) triflate (13 mM), calcium(II) triflate (13 mM),
lanthanum(11I) triflate (13 mM) and lutetium(III) triflate (13 mM).

By comparing the calculated yields of the experiments with all four different metal salts, a clear trend
can be observed (Figure IV.5). The model complexes with calcium(ll) and barium(II) were able to
accelerate the formation of the product more efficiently in comparison to the two chosen lanthanide
ions. Furthermore, it was shown, that the representative of the early lanthanides was also able to

promote the conversion of the alcohol faster than the later one, a result that is consistent with the
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natural MDH enzyme systems.['8] Different factors as for example the stronger Lewis acidity and the
smaller ionic radius of lutetium(Ill) could be considered as a possible explanation for this observation
although this might be counterintuitive at first glance. The role of the metal ions here is to act as Lewis
acid and activate the C-5 carbon of PQQ as well as possibly facilitating the orientation and activation
of the substrate by deprotonation of the alcohol moiety. It is however possible, and this was
demonstrated by several computational studies, that Lu® is too small to effectively bind to
PQQ.m8200284 Moreover, the NMR investigations of the metal interactions with ligand PQQss-s
described in the previous section suggests a slightly different coordination environment for Ca? and

Ba?" in comparison to the Ln* ions.

Itoh and Fukuzumi have previously suggested that, assuming that the reaction mechanism goes
through the formation of a hemiketal species, the binding of larger ions such as Ba? and Sr? to PQQ as
well as the pushing effect of the crown ether group from the back can force the added alcohol moiety
closer to the C-4 quinone carbonyl oxygen, facilitating the a-proton abstraction by the carbonyl
oxygen (Figure IV.2).63l Here, the results obtained in the experiment with Lu%, would support this
assumption, however, the large difference between the yields of the reactions with Ca? and La®
suggests that additional factors could be involved as well. The most obvious difference is the charge,
and it seems plausible that electrostatic effects and possibly attraction to other co-ligands (counterions,
solvent molecules) could impact binding and conversion of alcohols. After all, the 1-aza-15-crown
ligand platform does not account for the negative charges of the amino acids. However, especially for
Ln-MDH (XoxF-MDH) it has been shown that the additional, negatively charged, aspartate residue in

the active site is essential for Ln-binding and substrate turnover.12l

In addition, the impact of the base on the dehydrogenation reaction of 4-methylbenzyl alcohol
accelerated by ligand PQQ1ss and lanthanum(IlII) triflate was examined, whereby DBU (pKa= 24.3 in
CHsCNI289l) was substituted for a different base. The impact of the base was examined using 2,6-
lutidine (pKa= 14.4 in CHsCN,2%9]) and pyridine (pKa= 12.5 in CHsCN,2%]). The obtained yields after
24 h are comparable with the yield calculated for DBU (38% =+ 2% and 41% * 2%, respectively). In the
absence of a base, it was shown, that the alcohol oxidation to the respective aldehyde was still
successful, however, a yield of only 17% + 5% was achieved after 24 h. This observation is close to that
made by Schelter and co-workers in a related functional system,l'%] and shows that the base
accelerates the dehydrogenation reaction but it is not absolutely necessary for a successful product

formation.

To test the ability of the model system with a different counterion to accelerate the conversion of
alcohols to aldehydes, the dehydrogenation reaction of 4-methylbenzyl alcohol by PQQ1ss and DBU

was examined in the presence of lanthanum(IIl) nitrate. The spectra monitoring the reaction progress



CHAPTERIV ALCOHOL OXIDATION 83

over 24 h showed that the oxidation of the alcohol was successful, and the corresponding aldehyde
was produced in a yield of 20% + 1 %. However, it should be noted that the addition of DBU to the
reaction mixture led to formation of a precipitation, which may be also the reason for the lower yield

of the experiment when comparing it to that performed in the presence of a triflate salt (Figure IV.6).

= La(OT),

= La(NO,),
354 }

T T T T T T T
0 200 400 600 800 1000 1200 1400

Time (min)

Figure 1V.6: Calculated yields of 4Me-PhCHO from the dehydrogenation reactions of 4Me-PhCH20H (26 mM) by ligand
PQQ15-5(6.5 mM) and DBU (13 mM) in the presence of lanthanum(III) triflate (13 mM) and lanthanum(I1I) nitrate
(13 mM).

EPR investigation

Recently, Luo et al. have reported in their preprint that a semiquinone anionic radical species forms
upon coordination of Lals with the ortho-quinone 0-Q in acetonitrile (Figure IV.3).?”! An EPR
spectrum of the system showed the presence of an organic radical species with g = 2.003, which could
not be observed in absence of the metal salt. Furthermore, the emergence of traces of radicals when
PQQ and lanthanide salts are combined has been observed previously by Daumann and co-workers
(see note in the Supporting Information).*l Hence, we analyzed the reaction mixtures of the
dehydrogenation reactions described in the previous section as well as all reaction components for

possible radicals.

Control experiments were undertaken to see if the formation of radical species could be observed
without the presence of metal ions and other components considered necessary for substrate turnover.
X-band CW EPR spectra were recorded under the given conditions for ligand PQQ:s-s only, ligand
with the addition of DBU and, finally, ligand with the addition of DBU and 4-methylbenzyl alcohol
(Figure IV.7). X-band CW EPR spectra were also recorded for the empty tube and solvent to ensure

that any signal detected was genuine.
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Figure IV.7: CW EPR spectrum at X-band (9.5 GHz) of (A) ligand PQQ1s-5 (25 mM), (B) ligand PQQ1s-5 (25 mM) with
addition of DBU (50 mM) and (C) ligand PQQ1s-s (25 mM) with addition of DBU (50 mM) and 4-methylbenzyl alcohol
(100 mM) at room temperature. The spectra were normalized in each case.

There was no detectible organic radical for ligand PQQ1ss only. However, for the ligand with base and
for the ligand with base and alcohol a very small amount of organic radical could be detected, both
with an observable g value of 2.005 (ca. + 0.0005). It was not possible to calculate the peak-to-peak
linewidth either due to the lack of resolution from the low concentrations of radical present. Any
radical that could be detected upon addition of base, as well as base and alcohol, demonstrates the
general tendency of PQQ species to readily form a radical. A more detailed explanation for the
formation of small quantities of this radical under these conditions is not explored in this paper, but
the reader might want to refer here to the electrochemistry and EPR investigation of PQQ trimethyl

ester derivatives in the presence and absence of calcium(Il) by Itoh and Fukuzumi.!?s¢

CW EPR spectra of ligand PQQ1ss bound to Ba*, Ca%, La* and Lu’* with addition of DBU and 4-
methylbenzyl alcohol were recorded. The effective g values and peak-to-peak linewidths were
extracted and are given in Table IV.1. The g values are consistent with the isotropic g values obtained
for the semiquinone radical species observed in alcohol dehydrogenases in the literature.[??2%] For
PQQ trimethyl ester derivatives this value was reported to be around 2.004 in CH3CN or CH2Cl..[2%¢]

The approximated error in the g value is + 0.0005 and in the peak-to-peak linewidth is + 0.05 MHz

Table IV.1: Extracted g values, peak-to-peak linewidths, T1and Tz relaxation times, and amount of spins per metal ion for
different metal ligand PQQus-s species with DBU and 4-methylbenzyl alcohol added.

. Linewidth Calculated T:  Calculated T Am-ount of
Metal ion g value peak-to-peak [ns] [ns] spins per
[MHz] metal ion
Ba 2.003 0.6 365 44 1.81x103
Ca 2.005 0.5 170 312 1.82x104
La3* 2.003 14 57 151 2.34x10+

Lu® 2.003 1.6 38 2 4.44x10°
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Peak-to-peak linewidths are fitted based on a Gaussian distribution. The recorded and subsequently
simulated spectra are shown below and were normalized in each case (Figure IV.8). There was
significantly less radical signal for the Lu® species, as it can be seen from the poor signal-to-noise ratio
and the amount of spins per metal ion are given in Table IV.1 (the absolute spin and spin
concentration values are also given in Table IV.2). The trend in the amount of spins per metal ion can
be seen in Table IV.1 and in the bar chart shown in Figure IV.9. The large amount of radical formed for
Ba? correlates surprisingly with the reactivity trend which could suggest that radicals are formed as
part of the mechanism. However, this is difficult to be certain of as La** and Ca? have values on the
same order of magnitude as one another despite a difference in their reactivity. It should be noted here
that samples for CW EPR measurements were not flash frozen at certain time points, but rather
prepared and measured and thus could reflect somewhat different time points in the reaction. The
Eu?* analogue with ligand PQQ1ss, DBU and 4-methylbenzyl alcohol was also measured but did not

produce any detectable EPR signal.
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Figure IV.8: CW EPR spectrum at X-band (9.5 GHz) of ligand PQQ1s-5 (25 mM), 4-methylbenzyl alcohol (100 mM) and
DBU (50 mM) in the presence of (A) barium(Il) triflate (50 mM), (B) calcium(Il) triflate (50 mM), (C) lanthanum(III)
triflate (50 mM) or (D) lutetium(III) triflate (50 mM) at room temperature. The spectra were normalized in each case.
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Table IV.2: : Extracted absolute spin and spin concentration values for different metal ligand PQQus-s species with DBU and
4-methylbenzyl alcohol added.

Metal ion Absolute number of spins  Spin concentration (mm-)
Ba2* 4.86x1015 3.64x104
Ca? 3.64x1014 2.80x1013
La3* 8.68x1014 5.53x1013
Lu3* 6.82x1013 6.82x1012
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Figure 1V.9: Amount of spin per thousand metal ions for the CW EPR spectra at X-band (9.5 GHz) of ligand PQQ1s-5, 4-
methylbenzyl alcohol and DBU in the presence of different metals ions.

In order to test how varying the metal ion affected relaxation time, 2D CW EPR experiments were
performed. Here the microwave power was incrementally increased by varying the microwave
attenuation from 2.0 dB (in the case of Ba?* 6.0 dB) to 25.0 dB and the peak-to-peak amplitude and
peak-to-peak linewidth were recorded for Ba%, Ca*, La* and Lu®** with ligand PQQss, DBU and 4-
methylbenzyl alcohol in each case (Figure IV.10). A rest time of 3000 ms was used between each
subsequent measurement, so as to avoid unwanted heating of the sample. By observing both the in
peak-to-peak linewidth and peak-to-peak amplitude with microwave power, we could subsequently
calculate T1 and T relaxation times for each of the radical systems (Table IV.1).12892%1 For calculating T1
and T2, we assumed in each case that the line-broadening was inhomogeneous. We could reasonably
make this assumption as there was unresolvable hyperfine coupling of the radical to nitrogen and

hydrogen atoms in the PQQ moiety of the molecule for all the spectra at this temperature.
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Figure IV.10: CW EPR spectrum at X-band (9.5 GHz) of ligand PQQ1s-5 (25 mM), 4-methylbenzyl alcohol (100 mM) and
DBU (50 mM) in the presence of (A) barium(Il) triflate (50 mM), (B) calcium(II) triflate (50 mM), (C) lanthanum(III)
triflate (50 mM) or (D) lutetium(IlI) triflate (50 mM) at room temperature and at different microwave powers.

As presented in Table IV.1. both T1 and T: decrease significantly upon the insertion of a Ln* ion
compared to Ca?, and the relative relaxation rates therefore increase. The effect is greater for Lu®
compared to La®. This is also observed in the NMR as the proton resonances in the spectra from the
Lu* analogue are broader and more greatly shifted than for La*. Ba** has a longer T1 time but a
shorter T2 time when compared to Ca?. The data shows that inserting different metal ions significantly
affects the peak-to-peak linewidth. There is also a small shift in the g value depending on whether Ca?*
or another metal is bound. Whilst Ba?* has a similar g value to the Ln* ions, its T1 and linewidth are
more similar to that of Ca?. This potentially suggests that the Ca? and Ba? may be coordinated
differently compared to the Ln* ions as suggested by the results of NMR experiments. However, more
advanced experimental techniques would be needed to confirm this. For the Eu® ligand PQQss-, base
and alcohol complex no CW EPR spectrum is observed as Eu®* may be causing the radical to relax too
quickly to be measured effectively due to paramagnetic relaxation enhancement.291-2%1 Another reason

could be that there is additional redox chemistry occurring involving both Eu?" and Eu®* species.
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EPR measurements under different reaction conditions

CW EPR spectra were measured at room temperature of La*, ligand PQQs1ss and DBU without 4-
methylbenzyl alcohol under oxygen, with 4-methylbenzyl alcohol with oxygen, nitrogen and under
ambient conditions and with 4-methylbenzyl alcohol under ambient conditions with pyridine used as
base rather than DBU. The amount of spin per million metal ions was calculated (Table IV.3 and

Figure IV.11).

Table IV.3: Extracted g values, linewidths, spin concentration, absolute number of spins and relative amount of spins per
metal ion for La3* ligand PQQ15-5 species.

Relati
Linewidth Spin Absolute canve
. ] amount of
Species gvalue peak-to-peak concentration number of .
. spins per
[MHz] (mm?-3) spins .
metal ion
La3* with DB
_ Lawith DBU, 2.003 1.4 1.09x10'5 1.73x101 1.83x103
nitrogen and alcohol
3+ 1
LawithDBUand ), 15 7.3x1013 8.5x101 4.79x103
oxygen
La3* with DB
a* with DBU, 2.003 1.6 1.34x101 1.68x10 8.88x10
oxygen and alcohol
La3* with DBU,
alcohol under 2.003 14 5.53x1013 8.68x1014 3.67x1073
ambient conditions
La%* with pyridine,
alcohol and ambient 2.003 1.3 2.79x1013 2.63x1014 1.85%x10-3
conditions
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Figure IV.11: Relative amount of spin per million metal ions for the CW EPR spectra at X-band (9.5 GHz) of (A) ligand
PQQi1s-5 and lanthanum(11I) triflate under different reaction conditions and (B) ligand PQQus-s5, lanthanum(IlI) triflate, 4-
methylbenzyl alcohol and different bases.
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The g value in each case was 2.003 (approximately + 0.0005). There is a slightly larger amount of
radical present when alcohol is added compared to when no alcohol is added. This could suggest that
there may be radicals formed as part of the reaction mechanism. However, the organic radical is still
present even without alcohol, again showing that PQQ species tend to form radicals readily when
exposed to various conditions. There is a greater amount of radical when oxygen is present compared
to when it is absent (under nitrogen conditions). This could be due to reoxidation of the ligand by
oxygen producing a larger amount of semiquinone radical. This highlights the importance to run
control reactions both under inert atmosphere as well as in air or at least consider the impact of radical
formation and oxygen on these types of reactions. However, it should be noted that the obtained
numbers are only estimations, since these values cannot be calculated exactly due to a small amount of
evaporation when gases are bubbled through as well as possible different time points at which the

experiments were taken. Every effort was made to minimize these effects.

4. Kinetic Isotope Effect

One of the most essential tools for investigating catalytic mechanisms or providing deeper insights
into the transition states in chemical and enzymatic reactions is to measure kinetic isotope effects
(KIEs).1294-2971 This method is often applied in biological, organic and physical chemistry,®8! and it can
be detected by applying different techniques such as liquid scintillation counting, mass spectrometry,

nuclear magnetic resonance spectroscopy and polarimetry.[2%]

KIEs can be used to interpret which bonds are being broken, formed or rehybridized during the rate
determining step of a reaction.?®! Since the KIEs are expressed as the change in the reaction rate when
replacing an atom with a heavy isotope, the most common way to investigate isotope effects is by
replacing a hydrogen atom with a deuterium in either the substrate or solvent.[?42%2% Thereby, the
KIE values can be calculated from the ratio between the rate constants with deuterated (kp) and

undeuterated (ku) substrates or solvents according to equation 3.

KIE = 2 3)

It can be distinguished between two types of KIE, primary and secondary, depending on the location
of the isotopically labelled atom.[29429%6298291 A primary KIE occurs when a bond is formed or cleaved to
the isotopic atom during the reaction. A secondary KIE on the other hand, arises from isotopic

substitution of an atom at position which is not directly involved in bond cleavage or formation.
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Hence, the magnitude of the secondary KIEs is usually smaller than primary KIEs.[2%! Furthermore,
the KIE can also be classified as normal or inverse, whereby the normal describes reactions where the
lighter isotope reacts faster than the heavier one (ku/ko > 1). The inverse KIE occurs when the heavier
isotope reacts faster than the lighter one (ku/kp < 1). If the ratio between ku and kb equals 1, it can be
concluded that there is no isotope effect and the bond with the isotopic substitution is not involved in

the rate determining step of the reaction.>*’]

In 2022 Luo et al. reported a KIE observed on O-H (KIE = 1.40) and C-H (KIE = 2.19) of benzylic
alcohol when studying a catalytic system comprised of the ortho-quinone ligand 0-Q and
lanthanum(Ill) triflate.?”””! Based on these observations, the authors proposed a proton-coupled

hydride transfer instead of stepwise deprotonation and hydride transfer.

In order to gain some insights into the mechanism of the alcohol oxidation reaction discussed in this
project, a series of stoichiometric reactions were carried out with benzyl alcohol and benzyl-a,a-d:
alcohol (Scheme IV .4). The reason for choosing an alcohol with deuterated a position is that on the one
hand C-H bonds do not generally undergo exchange in the absence of an external reagent or catalyst
(in contrast to N-H and O-H bonds),!*”l and on the other hand the hydrogen atoms at this position are
being suggested to play a key mechanistic role during the alcohol oxidation reaction in MDH (either

for the hydride transfer or for the base-catalyzed proton abstraction)."]

La(OTf);3-3H,0

H
OH DBU
[0}
CD3CN, TMS,0, rt,, 2 h

b D La(OTf)3-3H,0 D

DBU
OH o]
CD4CN, TMS,0, rt., 2 h

Scheme 1V .4: Dehydrogenation reactions of benzyl alcohol (top) and benzyl-a,a-dz alcohol (bottom,).

Several reactions with alcohols in various concentrations under identical reaction conditions were
performed and monitored by 'H NMR. By comparing the initial reaction rates a clear trend was
observed - the deuterated alcohol reacted slower than the undeuterated counterpart and a KIE value
of 2.61 was determined (Figure IV.12). Thus, an indication was given that a cleavage of a C-H a-

hydrogen atom bond is involved in the rate limiting step of the alcohol oxidation reaction.
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Figure 1V.12: Initial rates versus substrate concentration for the reaction of PQQus-s (6.4 mM), lanthanum(III) triflate
(12.9 mM) and DBU (12.8 mM) with benzyl alcohol (blue) and benzyl-a,a-dz alcohol (red).

In order to support or reject the proposed mechanistic pathways, however, a comparison between the
experimental and theoretical KIE values should be performed.*® Furthermore, future KIE analysis
should also include experiments with various DBU concentrations, in order to investigate if the

change in the base concentration will affect the KIE value obtained in the experiment described above.

5. Investigations with Various PQQ-based Ligands

In the course of this project, the oxidation of 4-methylbenzyl alcohol was investigated using different
PQQ-based ligand systems (Scheme IV.5). The reaction progress was monitored via 'H NMR and all
experiments were performed with DBU as base, which was shown to accelerate the alcohol
dehydrogenation.[134143144163.166] Furthermore, hexamethyldisiloxane (TMS20) was used as an internal
standard. The reaction mixtures were degassed prior to the addition of the base, to remove air oxygen
of the system, which could possibly act as a terminal oxidant. All experiments were run parallel in the

same day to assure comparable reaction conditions (e.g. same room temperature).

ligand
La(NO3)36H,0 H

OH DBU
e}
CD3CN, TMS,0, r.t., 24 h

Scheme 1V.5: Dehydrogenation reaction of 4-methylbenzyl alcohol to 4-methyl benzaldehyde. The reaction was performed
with six different ligands - PQQ1s-5, PQQus-s, PQQoepr, PQQMez, and PQQMes.
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First, a dehydrogenation reaction of 4-methylbenzyl alcohol was performed using PQQsss,
lanthanum(Ill) nitrate and DBU. The experiment resulted in the successful formation of 4-methyl
benzaldehyde in 24% yield after 24 h (Figure IV.13). The yield is close to that observed in the studies
discussed in chapter IV.3. for the same system, where a yield of 20% was achieved.[’*l When the
alcohol oxidation reaction was performed in the presence of PQQ:1s-, a considerable higher conversion
to the respective aldehyde was observed when comparing it to that observed in the experiment with
the smaller crown ether ligand. After 24 h, a yield of 50% was calculated for 4-methyl benzaldehyde
(Figure 1V.13). The results could possibly correlate to the observations made by the UV-Vis
experiments, described in chapter II.3. For all dehydrogenation reactions, 2.0 equiv. of La% were used,
however the titration experiment of PQQ1ss with La* showed a saturation upon the addition of 10 to
20 equiv. of metal salt (Figure II.14). In contrast, the UV-Vis absorption spectra of PQQus-s with
lanthanum(Ill) indicated a full complex formation after the addition of 2.0 equiv. of metal salt Figure
IIL.5. Assuming that the La*-PQQ1ss complex was only partly formed, the lower yield of converted

alcohol in the 'H NMR experiment could be explained.
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Figure 1V.13: Calculated yields of 4-methyl benzaldehyde from the dehydrogenation reactions of 4-methylbenzyl alcohol
(25 mM) by different ligands (6.3 mM), lanthanum(IIl) nitrate (12.5 mM) and DBU (12 mM).

In addition, the ability of the ligands PQQpeor and PQQMes to facilitate the alcohol oxidation in the
presence of lanthanum(Ill) and DBU was examined. Both experiments resulted in a successful
aldehyde formation and yields of 18% and 24% respectively were calculated after 24 h (Figure IV.13).
However, previous UV-Vis titration experiments showed that the ligands PQQpeor and PQQMes
similar to PQQ1s5 are not fully bound to a complex in the presence of only 2.0 equiv. La* and much
higher metal concentrations are required to reach a saturation (Figure III.16 and Figure II.15). On the
other hand, if 10 to 20 equiv. of metal salt are required for the full formation of the La¥-PQQ:1s

complex and 100 to 150 equiv. for the La*-PQQMes complex, the achieved yields during the
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dehydrogenation experiments are quite similar, suggesting that additional factors should also have an

impact on the reaction progress apart from the complex quantity present in the solution.

The conversion of 4-methylbenzyl alcohol was then further studied using PQQMe: as a ligand. Similar
to PQQus-, the absorption spectra of PQQMe: showed a system saturation after the addition of
2.0 equiv. La®* (Figure 1I1.12). In addition, the dehydrogenation of the alcohol showed a very similar
reaction progress as well and a yield of 16% was reached after 4 h from the reaction start. However,
during the experiment a precipitation had occurred, which led to signal broadening and made the

further spectra analysis unfeasible.

Lpaq
M(NO3),-xH,0 H

OH DBU
o)
CDsCN, TMS,0, r.t.,, 24 h

Scheme 1V.6: Dehydrogenation reaction of 4-methylbenzyl alcohol to 4-methyl benzaldehyde by Lrog and DBU in the
presence of either Ca(NOs)24H:0 or La(NOs)3-6H:0.

In the previous chapter I1.3. the different pathways for the synthesis of ligand Lroo were discussed.
However, the purification of the crude product showed to be challenging and the 'H NMR spectra of
the product showed a plenty of additional signals. Considering the ability of PQQ to form addition
products with various nucleophiles like water and methanol, it could be assumed that the formation
of this species could be the reason for the presence of additional resonance signals in the 'H NMR
spectrum of Leoo. Moreover, an assumption was made that ligand Loo undergoes self-association
processes in solution. Nonetheless, the ability of Leoo to mimic the function of an alcohol
dehydrogenase was studied using lanthanum(Ill) as well as calcium(Il) nitrate (Scheme IV.6).
Compared to the previous ligands discussed in this study, Lroo showed to be only low soluble in
acetonitrile. Even the addition of a metal salt could not enable the formation of a clear solution.
However, an alcohol dehydrogenation attempt was started with the intention to investigate
qualitatively, if the alcohol conversion would be possible under the given conditions. The recorded
spectra showed that even after 1 h after the start of the reaction, 4-methyl benzaldehyde was formed
thus confirming that both La% as well as Ca?" could be used in combination with Lroo as functional
models. Nonetheless, the reaction conditions should be optimized in order to enable a quantitative
analysis of the product formation. The first step in this direction should be the evaluation of a suitable

solvent for the oxidation reaction.
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6. Method Development for Monitoring of Alcohol Oxidation

By comparing the results of different reports in the field of modeling the active site chemistry of
alcohol dehydrogenases, it becomes apparent that there are more than a few different factors, that
impact the processes taking place during enzyme activation and alcohol oxidation.!34136144163279]
Ligand design, charge and size of the metal ions, Lewis acidity as well as counterions are some of
those, which have already shown to have an effect on the dehydrogenation reaction outcome in
different biomimetic systems. Hence, it is of great importance to further investigate and model the

active site environment in the biological counterpart by means of biomimetic studies. 301

The main goals of the current project are on the one hand, to develop a general standard analytical
method for monitoring, examination and comparison of dehydrogenation reactions under different
reaction conditions and on the other hand, to find a model system which models as precisely as
possible the characteristics of the respective enzyme and thus study more in detail the oxidation
mechanism. The search for an accurate model system will include a screening of PQQ based ligands
with different geometries and functionalities, some of which were already discussed in chapter II. The
screening will aim to investigate the system in connection with alcohol oxidation rates and/or
achieved product yields after a certain reaction time. In addition, a metal salt screening of the entire
lanthanide series (excluding Pm) should be performed, in order to compare the model system

performance with the XoxF-MDH preference for early lanthanides.[118]

In their previous studies on calcium-dependent alcohol dehydrogenases, Itoh and Fukuzumi focused
on evaluation of different model systems using UV-Vis spectroscopy.[14-144163164l However, the highly
fluctuating UV-Vis signatures of the PQQ moieties (due to possible formation of adducts with various
nucleophiles) make UV-Vis titrations and data evaluation difficult.l'3+136] Recently, we have reported
the results of a comprehensive study on a PQQ aza-crown-based model system, whereby 'H NMR
was used for monitoring of the alcohol oxidation progress.'*l By applying this spectroscopic
technique, we were able to calculate product yields at different reaction times and to compare the
impact of different conditions on the reaction outcome. Nevertheless, this method could also set some
certain limits. First of all, the progress of reactions with short reaction times (under 3 min) could not be
monitored due to the instrument acquisition process. Secondly, reactions taking place in the NMR
tubes could not be stirred, which could possibly affect the reaction rates. Thirdly, for NMR
experiments deuterated solvents are required which are considerably more expensive than the
undeuterated ones. And fourthly, the fact that all spectra should be measured by the NMR facility
results in a low number of experiments which can be performed at a time. Therefore, the focus was set

on developing a new analytical procedure, which would allow a fast screening of different reaction
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conditions and would give us the possibility to design new experiments. GC-MS was employed as the

analytical method of choice.

6.1. Experimental Considerations

With a suitable GC-MS substrate/product separation method in hand (see chapter V.3.9.),
considerations about the experimental procedure for performing and monitoring of the
dehydrogenation reactions were made. For every reaction batch, a ligand stock solution was given in a
GC vial and was diluted with acetonitrile. The metal salt was added to the solution and the vial was
closed with a cap with a septum. Subsequently the reaction mixture was degassed by using an
ultrasonic bath and nitrogen. Finally, degassed alcohol and base solutions were added and the vial
was shaken to ensure complete mixing. Subsequently, the vials were given in a thermoshaker and
were shaken for a certain reaction time at 28 °C. First it was decided to directly measure the reaction
mixture samples without any further purification steps. Thus, it was intended to minimize the errors

which could possibly occur from some additional purification steps.

Multiple screenings of the dehydrogenation reaction of 4-methylbenzyl alcohol were performed under
variation of the reactant ratios (ligand, metal salt and base). However, an unexpected observation was
made as a reaction with PQQ1s-, 45 equiv. lutetium(IIl) nitrate and DBU was performed. The reaction
resulted in a conversion of 70% after only 1 h. Initially it was assumed that the increased Lewis acidity
of the reaction mixture through the addition of higher amounts of Lu** could be the reason for the
accelerated alcohol conversion and not the nature of the PQQ-Ln complex present in the solution.
Nonetheless, previous reports give evidences that reactions performed with Lu® proceed generally
slower (14% after 24 h for the system comprising of PQQuss, lutetium(Ill) triflate and DBU in
CDsCN).1134 However, it should be noted that during the GC-MS measurement an injector temperature
of 280 °C was used, which in combination with the increased Lewis acidity of the solution and the
biomimetic complex present in the mixture could also have an impact on the alcohol oxidation. In
order to examine this conjecture, a control reaction was performed under a ligand exclusion and in the
presence of lanthanum(III) nitrate. As discussed in our recent publication,!’* both PQQ-ligand and
Lewis acid are absolutely required for alcohol oxidation at room temperature. However, the control
reaction monitored by the GC-MS resulted in alcohol conversion to the respective aldehyde and gave
a yield of 21% after 1 h. This observation was in contradiction with the previous results obtained by
NMR. Considering that the previous experiments were performed using lanthanum(IIl) triflate and
the reaction performed on the GC-MS was in the presence of lanthanum(IIl) nitrate, a second control

measurement was conducted.
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Figure 1V.14: 'H NMR spectra of the attempted dehydrogenation reaction of 4-methylbenzyl alcohol (140 mM) by
lanthanum(1II) nitrate (31 mM) and DBU (5.9 mM) in CD3CN and a reference spectrum of 4-methyl benzaldehyde.

As shown in Figure IV.14, a dehydrogenation reaction of 4-methylbenzyl alcohol in the presence of
lanthanum(IlI) nitrate and DBU was attempted and monitored by '"H NMR, however, even after 24 h
there were no traces of substrate turnover. In both reactions, the one monitored by the GC-MS and the
one analyzed by '"H NMR, the same alcohol to metal salt ratios were used and both were conducted in
acetonitrile as a solvent (CHsCN and CDsCN respectively). The concentrations of both solutions were
different, since they had to be adapted to the respective analytical method. Consequently, two
assumptions could be made based on the obtained results. The first one suggested that the high
injector temperature of the GC-MS (280 °C) could possibly have a promoting effect on the alcohol
conversion in combination with a Lewis acid even in the absence of a PQQ-derived ligand. On the
other hand, another explanation could be a contamination of the instrument through some PQQ
residuals, since all samples were directly injected into the system without initial work-up. These
residuals, in combination with the metal salt, could then possibly accelerate the alcohol oxidation.
However, the yield of 21% obtained in the first control reaction can be considered as rather high based
on previous observations, thus the assumption about the contamination impact on the reaction
outcome does not seem plausible. Moreover, an experiment conducted after cleaning the instrument
has confirmed that solely a lanthanide(Ill) nitrate salt is sufficient to promote alcohol conversion
during a GC-MS measurement. A further control experiment was performed whereby a solution
containing lanthanum(Ill) nitrate and 4-methylbenzyl alcohol was prepared in acetonitrile.
Subsequently, the solution was filtered through a pad of silica and was then subjected to GC-MS
measurement. As anticipated no alcohol conversion was observed (Figure V1.36), thus the previous

assumptions were confirmed.

In order to avoid contamination of the GC column by the metal salt used for the alcohol oxidation and
to interrupt the reaction progress after a defined reaction time, the reaction mixture aliquots collected

at certain times should first be worked-up properly. Since all of the reaction components are present in
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solution, the metal complexes and residual metal salts cannot be simply removed by filtering through
a syringe filter. Thus, a filtration of the reaction mixture through a pad of an absorbent material was
considered. TLC showed that with acetonitrile as an eluent system the product/substrate compounds
could be easily eluted from the stationary phase (Figure V1.37). The observation was confirmed after
filtering a reference mixture of benzyl alcohol and the respective aldehyde through a pad of silica,
followed by two additional washing steps with acetonitrile (Figure VI.38, left). An GC-MS analysis of
the collected fractions showed that the alcohol and the aldehyde were present only in the first fraction,
thus they were eluted only by a single washing step. In addition, C18 silica was also examined as a
possible absorbent, however, the product/substrate elution step required very high solvent volumes,
which led to the strong dilution of the collected fractions. Removal of the solvent in vacuo and a
subsequent GC-MS analysis have shown, that the benzaldehyde was not present but evaporated from
the system as a result of the rotary evaporation. Thus, the C18 medium was not further examined and
the experiments were carried out using normal phase silica. Subsequently, a test reaction was carried
out in order to test the method, however, the results showed a lot of fluctuations in the calculated
product yields. It should be noted that a small fraction of the solvent could be held back during the
washing step of the work-up procedure, which could result in fluctuations in the product
concentrations within an experimental series. Furthermore, the sample filtration through the silica
proceeds by use of vacuum pump which can also possibly affect the end concentration of the volatile

product and solvent in the collected sample.

Therefore, it was examined whether some amount of substrate would be held back on the stationary
phase, if an aliquot gets filtered through silica and gets directly injected in the GC-MS without
additional washing steps of the stationary phase. Thus, the concentration of the solution would
remain constant and the yield of the product would be determined using a conventional calibration
curve. In addition, considering the volatile character of the aldehydes, an alternative work-up
procedure was tested which involves filtration through a pad of silica filled in a glass pipette using
only a pipette bulb to produce pressure (Figure VI.38, right). Hence, solutions of 4-methyl
benzaldehyde in different concentrations were prepared and one half of every solution was directly
injected in the GC-MS and the other half was filtered through silica prior to injection. As shown in
Figure IV.15, in the first four samples the measured aldehyde peak areas from the filtered solutions
were almost identical to the peak areas determined for the unfiltered solutions. With increasing
concentrations, however, an increasing deviation between the obtained peak area values for every
concentration pair was observed. Nonetheless, the measured values were still very close and the
deviation can be considered as rather within the error range. As a conclusion, this aliquot work-up

procedure is preferred, since preliminary experiments have shown, that the work-up method
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involving the use of an internal standard and multiple washing steps of the stationary phase results in

greater concentration changes and thus errors in the final values.

1600000 -
1400000 -
1200000
1000000 - L]

800000 -

600000 -

Integrated peak area
| |

400000 ~ ]

200000 - B
m unfiltered

0 filtered

T T T T T T
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
[4MePhCHO] (M)

Figure 1V.15: Comparison of the measured integrated peak areas of 4-methyl benzaldehyde from different concentrated
solutions which were either directly subjected to GC-MS measurement or were first filtered through silica prior to
measurement.

With a suitable work-up procedure in hand, again multiple screenings of the dehydrogenation
reaction of 4-methylbenzyl alcohol were performed under variation of the reaction conditions.
However, once again an unexpected obstacle was encountered and a troubleshooting was required.
As the reaction progress was examined under variation of the substrate concentration, the calculated
yields (with respect to the ligand) for the reactions performed with higher substrate concentrations
(5.0 to 50 equiv.) were over 100% after 24 h (Figure IV.16, left). Since the reactions were performed
stoichiometrically (i.e. without additional electron acceptor for the reoxidation of the PQQ moiety), no
catalytic turnover was expected. An explanation for the saturation-like progress observed in the last
two batches is the high concentration of the aldehyde which goes over the instrument detection limit
(see chapter V.3.5.). In order to examine if the yields of over 100% obtained in the GC-MS experiments
were caused by the nature of the analytical method or by the reaction conditions, a control reaction
was performed and monitored by 'H NMR. Thereby, 22 equiv. of substrate were added to reaction
mixture containing PQQise, La* and DBU in CDsCN. The reaction was performed at room
temperature and was monitored over 24 h. As shown in Figure IV.16 on the right, the highest product

yield obtained after 24 h was 80% and even a saturation behavior could be observed.
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Figure 1V.16: Calculated yields of 4-methyl benzaldehyde obtained after 24 h from the dehydrogenation reactions of 4-
methylbenzyl alcohol in various concentrations (0.25-10 mM) in the presence of PQQus-s (0.5 mM), lanthanum(IlI) nitrate
(2.5 mM) and DBU (0.5 mM) in CH3CN, monitored by GC-MS (left). Calculated yields of 4-methylbenzaldehyde from the
dehydrogenation reaction of 4-methylbenzyl alcohol (140 mM) in the presence of PQQus-s (6.3 mM), lanthanum(III) nitrate

(31 mM) and DBU (5.9 mM) in CDsCN, monitored by 'H NMR (right).

Based on these results, two assumptions could be made. The first one regards the different reaction
conditions used for the GC-MS experiment. In comparison to the conditions applied for the 'H NMR
experiment, the GC-MS reaction solutions were prepared with undeuterated solvent, in much lower
concentration and were shaken for 24 h. On the other hand, if solely the reaction conditions were the
reason for the unexpected catalytic turnover, the question about the reaction mechanism would still
remain open. The conjecture regarding the stoichiometric reaction is that the PQQ moiety gets reduced
concurrent to the substrate oxidation and if the quinone form is completely converted to a quinol, the
substrate oxidation would be prevented. Hence, the second assumption in regards to the obtained
results is also the most plausible one. A preparative mistake could be considered if one assumes that
the air oxygen couldn’t be removed from the reaction vessel by the degassing procedure applied at the
beginning of the experiment. Thereby oxygen could have acted as an oxidant for the PQQ moiety,
which would have resulted in catalytic turnover. In order to identify the exact reason for the enhanced
conversion of the substrate, a series of control experiments were conducted. Thereby, multiple

reaction parameters were varied (Table IV .4).
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Table IV.4: Investigated reaction conditions for the dehydrogenation reaction of 4-methylbenzyl alcohol (2.5 mM) in the
presence of PQQus-6 (0.5 mM), a lanthanum(III) salt (2.5 mM) and DBU (0.5 mM) in either CH3CN or CDsCN. The
experiments were monitored by GC-MS.

PQQqs.6
La®* salt (5 equiv.) H
/©/\OH DBU (1 equiv.)
solvent, r.t.,, 24 h ©
(5 equiv.)
Reaction conditions
Entry Yield (%)
Preparation = Degassed Shaker Solvent La3* salt

1 On air v v CHsCN NOs 263
2 On air 4 - CHsCN NOs 227
3 On air - 4 CHsCN NOs- 284
4 On air v v CHsCN OTf 125
5 On air v CDsCN NOs 227
6 Glovebox - - CHsCN NOs- 64
7 Glovebox - v CH:CN NOs 65

As shown in Table IV .4, across all reactions (entries 1 to 5), which were initially prepared in ambient
conditions and then subjected to degassing under nitrogen, a substrate conversion exceeding 100%
was observed. The experiments prepared in the glovebox (entries 6 and 7), however, gave an aldehyde
yield of only 65%. Therefore, based on the obtained results, it could be concluded that in fact residual
traces of oxygen persisting in the reaction mixture even after the degassing procedure are responsible
for the observed catalytic turnover. Consequently, for a more precise examination of the stochiometric
alcohol dehydrogenation reaction, it is prerequisite to prepare the reaction mixture under strict

oxygen exclusion in the glovebox.

6.2. Preliminary Reaction Screenings

With a convenient experimental method in hand, the ability of biomimetic complexes to facilitate the
oxidation reaction of alcohols to aldehydes under variation of the reaction conditions was examined
using GC-MS. First, the formation of 4-methyl benzaldehyde depending on the substrate
concentration added in the mixture was examined, whereby the concentrations of the ligand, the metal
salt and the base were kept constant and the substrate concentration was varied. Thereby, five
different mixtures were subjected to GC-MS measurements 1 h after the reaction start. As shown in

Figure IV.17, the obtained aldehyde yields from the first three samples were proportional to the initial



CHAPTERIV ALCOHOL OXIDATION 101

amount of added alcohol. Later, a saturation behavior was observed. Thus, it was shown that the
oxidation reaction could not only be affected by changes in the oxidizing agent but it also exhibits a

substrate concentration dependence.
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Figure 1V.17: Calculated yields of 4-methyl benzaldehyde obtained after 1 h from the dehydrogenation reactions of 4-
methylbenzyl alcohol in various concentrations (0.25-10 mM) in the presence of PQQis-6 (0.5 mM), lanthanum(IIl) nitrate
(2.5 mM) and DBU (0.5 mM) in CH3CN. The experiments were monitored by GC-MS.

In addition, dehydrogenation reactions of 4-methylbenzyl alcohol were conducted using either PQQ:s-
¢ or PQQMez, lanthanum(Ill) nitrate in different concentrations and DBU. Reaction aliquots were
analyzed after 24 h. As shown in Figure IV.18, after 24 h the reactions performed with PQQiss and
either 0.5 or 1.0 equiv. La% resulted in alcohol conversions of 15% and 48%, respectively. An increase
of the metal salt concentration led to higher product formation, as confirmed by the results obtained
from the experiments with 5.0, 10 and 15 equiv. La% where after 24 h yields of over 70% were
determined. On the one hand, these observations could correlate to the required amount of metal to
form a complex with the ligand, on the other hand they could be caused by the increased Lewis
acidity of the system. With metal salt concentrations of over 5.0 equiv. present in the reaction mixture,
a saturation of the system could be observed. When comparing these results with those obtained with
ligand PQQMe: in the system, a similar trend was tracked, namely a saturation dependence with
respect to the metal salt concentration. Nevertheless, a markable difference in the obtained yields for
both ligands was observed, with almost threefold higher yields for ligand PQQ1s.s. A short discussion

of this observation follows later in this section.
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Figure 1V.18: Calculated yields of 4-methyl benzaldehyde obtained after 24 h from the dehydrogenation reactions of 4-
methylbenzyl alcohol (0.5 mM) in the presence of either PQQus-6 (0.5 mM) or PQQMe:z (0.5 mM), lanthanum(1II) nitrate in
various concentrations (0.5-7.5 mM) and DBU (0.5 mM) in CH3CN. The experiments were monitored by GC-MS.

Further, a screening with the entire lanthanide series was conducted with ligand PQQ1s-s.
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Figure 1V.19: Calculated yields of 4-methyl benzaldehyde obtained after 24 h from the dehydrogenation reactions of 4-
methylbenzyl alcohol (0.5 mM) in the presence of PQQis-6 (0.5 mM), lanthanide(1II) nitrate (2.5 mM; Ln = La to Lu; X =5,

6) and DBU (0.5 mM) in CH3CN. The experiments were monitored by GC-MS.
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As shown in Figure IV.19, throughout the lanthanide series the ability of the model complexes to
accelerate the alcohol oxidation decreases, reaches a bottom, and then slightly increases again. This
trend shows a similar progression to this observed in the binding constants for the PQQuss-Ln
complexes in acetonitrile (see chapter II1.3.), however, it could also point to a geometry change in the
model complexes caused by the lanthanide contraction and thereby changes in the reaction pathway.
The specific activity in the enzymatic counterpart decreases gradually from Nd¥ to Lu3,8! thus the
model system shows a deviation from this behavior, probably caused by the differences in the
coordination environment. The results further underline the significance of fine-tuning the ligand

environment in order to construct an accurate biomimetic system.

Prompted by the observed differences in the activity of the PQQ1s.c based model system compared to
MDH, we decided to examine the alcohol dehydrogenation reaction in the presence of different
ligands and either La, Gd or Lu. As shown in Figure IV.20, the activities of the PQQMe2-Ln complexes
follow the same pattern within the lanthanide series as those of the respective PQQ1ss-Ln complexes.
However, the calculated product yields were much lower with the smaller ligand compared to those
obtained with the aza-crown-based one, as already observed in a previous experiment (Figure IV.18).
This observation further highlights the importance of the aza-crown moiety for the activity of the
biomimetic system and thus for the alcohol oxidation process, by adjusting the metal coordination
cavity to the desired PQQ position. Furthermore, if we assume that the alcohol oxidation proceeds
through the hemiketal mechanism, those findings would also be supportive of the proposed pushing
effect of the aza-crown functionality on the added alcohol moiety to the C-4 quinone carbonyl oxygen

of PQQ,'%3 thus facilitating the a-proton abstraction (Figure IV.2).

Interestingly, almost identical yields were observed by comparing the results from the oxidation
reactions conducted in the presence of PQQMes and the novel PQQ-derivative PmeQQmem. The
derivative differs from PQQMes only by the substitution of the methyl ester functionality at C-9
through a methyl group, albeit still retaining the ONO pocket for metal coordination, thus we assume
that the lanthanide ions coordinate both ligands in a similar fashion. Therefore, in conjunction with
the gathered data from the dehydrogenation reactions, one may deduce that alteration in the m-system
of the pyridine moiety in PQQ exerts only a negligible influence on the ability of the model complex to
oxidize alcohols. Upon analyzing the results obtained for PQQMes and PmeQOQwmem, a further
interesting observation was made: the respective Lu-complexes demonstrate an enhanced ability for
alcohol oxidation when compared to the La-complexes. This pattern diverges from the trends
observed in the PQQ1s-s and PQQMe:z-based model systems and deviates from the behavior of the Ln-
utilizing bacteria, which show a preference for early lanthanides. It could be assumed that this
observation results from changes in the complex stabilities stemming from the use of different ligands,

thus influencing the ligand exchange rates for the respective complexes. Lumpe et al. made a
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hypothesis regarding the alcohol oxidation in MDH, 18] which could also be applied in this scenario.
After the formation of a product, the increased stability of the resulting Ln-product complex would
render product release and ligand exchange less favorable. Therefore, the results confirm once again
that the model complex properties have a huge impact on the alcohol dehydrogenation. Factors such
as Lewis acidity of the metal ion, coordination number preferences and stability constants should be

considered when selecting complex systems for biomimetic applications.
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Ln(NO3)3-6H,50 (5 equiv.) H

/©/\OH DBU (1 equiv.)
o
CH3CN, 25 °C, 24 h

(1 equiv.)

100 ~
90 [ Gd
80
70
60

50

Yield (%)

404

30

20

10

PQQ,5 ¢ PQQMe, PQQMe, PueQQuem

Figure 1V.20: Comparison of the calculated yields of 4-methyl benzaldehyde obtained after 24 h from the dehydrogenation
reactions of 4-methylbenzyl alcohol (0.5 mM) in the presence of different PQQ-based ligands (0.5 mM), lanthanide(III)
nitrate (2.5 mM; Ln = La, Gd, Lu) and DBU (0.5 mM) in CH3CN. The experiments were monitored by GC-MS.

7. Conclusion

In the course of this project, several synthetic model systems for the active site of quinoprotein alcohol
dehydrogenases were evaluated. For the first time, a comparison of biomimetics bearing lanthanides
(La® and Lu?*) and alkaline earth metal ions (Ca?* and Ba*) was presented and discussed. When using
the previously reported PQQMe>-1-aza-15-crown-5 (PQQ1s-5) ligand platform, which does not account
for the negative charges present on MxaF- or XoxF-MDH, the alkaline earth model complexes, in fact,
present higher activity and yields in the alcohol dehydrogenation reaction. This highlights the

importance of fine-tuning ligand environments in biomimetics. Furthermore, it was observed that the
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larger ions were more active than the smaller counterparts (Ba* > Ca? and La* > Lu*) and this
behavior mimics the findings in natural systems, where Ba-MDH had been shown to have a
significantly lower activation energy barrier and the early lanthanides were shown to be more
effective in turning over substrate in Ln-MDH.[118302 It was further shown that both counterions and
base have some impact on the substrate conversion outcome which is also in line with the results from
the CID measurements where it was shown that nitrate counterions are, as expected, more tightly
bound than the triflate ions. In addition, a PQQ-based radical was observed under substrate turnover
conditions and this warrants further investigation, possibly with pulsed EPR methods and comparison

to the natural systems, where a semiquinone radical has been denoted as a stable intermediate. [303]

In addition, a KIE was observed for the oxidation of benzyl alcohol in the presence of PQQ1s5, La* and
DBU and based on that an assumption was made that the a-hydrogen atoms are involved in the rate

limiting step of the alcohol oxidation reaction.

Furthermore, the alcohol dehydrogenation reaction was examined with different PQQ-based ligands
together with La®. The reactions were monitored via 'H NMR and the highest yield was observed for
the La*-PQQu1s-6 system. In addition, NMR experiments were conducted with ligand Legg and it was
shown that the ligand is also able to promote the alcohol oxidation reaction of 4-methylbenzyl alcohol
in the presence of La® as well as Ca?. Unfortunately, the low solubility of the ligand in acetonitrile did
not allowed a quantitative monitoring of the alcohol conversion, thus the system could not be yet

compared to the rest of the investigated ligands.

Finally, a new method for monitoring of alcohol dehydrogenation reactions was evaluated using GC-
MS. Based on some preliminary results, the importance of the separation of the analyte mixture (i.e.
substrate and product) from the metal salt containing biomimetic system prior to measurement was
demonstrated and a suitable aliquot work-up procedure was proposed. Further it was demonstrated
that residual traces of oxygen in the reaction mixture can lead to reoxidation of the PQQ moiety and
thus catalytic turnover. Therefore, a glovebox should be used for the investigation of stoichiometric-
type reactions. In addition, the oxidation of 4-methylbenzyl alcohol was examined in the presence of
different lanthanide nitrates and different PQQ-based ligands and the comparison of the obtained
yields showed higher conversions in the reactions with the aza-crown-based ligand. This observation
was supportive of the results obtained by 'H NMR. Overall, the GC-MS-based method showed to be a
promising alternative to the so far applied 'H NMR and we are confident that in the future, it will give
us the possibility to screen more reaction conditions in a shorter time and in a more material saving

manner.
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V. EXPERIMENTAL SECTION

1. General Considerations

All reactions were carried out with magnetic stirring and, if the reagents were air or moisture
sensitive, under a nitrogen atmosphere using standard SCHLENK techniques. Syringes used to transfer
anhydrous solvents or reagents were purged with nitrogen prior to use. Reactions were monitored
using TLC, "H NMR or LC-MS. Purified products were dried under high vacuum on a SCHLENK line.
Autoclave reactions were performed in a Parr 5500 Series reactor. All reagents were purchased either
from commercial sources or the chemical supply of the Ludwig Maximilian University of Munich.
Dichloromethane, iso-hexane, diethyl ether and chloroform were distilled via rotary evaporation prior

to use. All other solvents and reagents were used without further purification unless otherwise stated.

Flash column chromatography was performed with the Interchim PuriFlash PF420. Self-Packed
columns were used, with Silica gel 60 (40-63 pm) from Merck as stationary phase. As eluent, the

solvent mixtures mentioned in the specific experiments were used.

Thin Layer Chromatography (TLC) was performed by using pre-coated aluminum sheets (Silica gel
60, F-254, Merck). The chromatograms were examined under UV light at 254 nm and 365 nm and/or
by staining of the TLC plate with vanillin stain (15 g vanillin and 2.5 mL conc. H2504 in 250 mL

ethanol) followed by heating with a heat gun.

2. Analytical Methods

Nuclear Magnetic Resonance (NMR)

THNMR and “C NMR spectra were recorded by Brigitte Breitenstein, Dr. Burkhard Krumm or
Christine Neumann at the Chemistry Department of the Ludwig Maximilian University of Munich.
Unless otherwise stated, measurements were performed at room temperature on Jeol ECP 270
(400 MHz), Jeol ECX 400 (400 MHz) and Bruker Avance III (400 MHz) operating at 400 MHz for
proton nuclei and 100 MHz for carbon nuclei. 'H-chemical shifts are reported as 6 units in ppm

relative to CDCls (0n = 7.26), DMSO-ds (on = 2.50), CDsCN (on = 1.94), CéDs (0u = 7.16), CD2CL2 (on =
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5.32), DMEF-d7 (on = 8.03). 13C-chemical shifts are given in 6 units in ppm relative to CDCls (0c = 77.16),
DMSO-ds (6c = 39.52), CDsCN (6c = 118.26), CsDs (0c = 128.06), CD2Cl2 (6c = 53.84), DMEF-d7 (6c = 163.15).
The following abbreviations were used to characterize signal multiplicities: s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet), br (broad) or combinations thereof. Coupling constants are given in
Hertz. The software used for data processing was MNova Version 12.0.1. Two-dimensional correlation
spectroscopy (COSY), heterobinuclear multiple quantum correlation (HMQC) and heterobinuclear

multiple bond connectivity (HMBC) experiments were used to assign each signal in the spectra.

Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) and electron ionization mass spectrometry (EI-
MS) measurements for characterization of organic compounds were carried out by Dr. Werner Spahl,
Sonja Kosak or Mariia Palchyk at the Chemistry Department of the Ludwig Maximilian University of
Munich. ESI spectra were recorded with a Thermo Finnigan LTQ FT Ultra Fourier Transform Ion
Cyclotron Resonance mass spectrometer with acetonitrile/water as the carrier solvent. EI spectra were
recorded with a Thermo Q Exactive GC, a Thermo Finnigan MAT 95 or a Jeol MStation mass

spectrometer.

Further, mass spectrometry and collision induced dissociation experiments were performed by Dr.
Patrick Weis, Alexander Schéfer and Erik K. Schneider at KIT with a LTQ Orbitrap XL (Thermo
Scientific) mass spectrometer with helium in the ion trap. The ions were generated with electrospray
ionization in positive mode using acetonitrile as solvent. Typical spray conditions were: needle

voltage 3 kV, capillary temperature 50 °C.

Ion Mobility Spectrometry and DFT Calculations

Gas phase ion mobility studies were performed by Dr. Patrick Weis, Alexander Schafer and Erik K.
Schneider at KIT on a timsTOF (Bruker) with nitrogen as buffer gas. The experimental collision CCS
were compared with predictions based on DFT (density functional theory) combined with trajectory
calculations. The DFT calculations were performed with the TURBOMOLE package!?*”l with the TPSS
functional??! and def2-SVP basis set.l?”] Based on the DFT optimized structures theoretical CCS were
calculated with the trajectory method as implemented in the IMOS 1.09 package[?0261] using Mulliken

partial charges.
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GC-MS

GC-MS measurements were performed on an Agilent® 7820 GC equipped with a 30 m x 0.25 mm
HP5-MS column (Agilent® 190915-433UI) coupled to an Agilent® 5977 EI mass spectrometer. The

injector temperature was set to 280 °C and the temperature of the ion source to 230 °C.

HPLC

HPLC measurements were performed on an Agilent 1100 SL system (G1313A ALS, GI1316A
COLCOM, G1316A VWD, G1312A Bin Pump) with an analytical Macherey-Nagel® Nucleodur C18
Isis column (250 x 4.6 mm; 5 um). Water and acetonitrile were used as eluent components with a flow

rate of 0.7 mL/min. The elution was monitored by measuring the absorption at 210 nm.

Elemental Microanalyses

Elemental Microanalyses (C, H, N, S) were performed with an Elementar vario EL by Dr. Bernhard
Kempf, Susanne Ebert or Robert Eicher at the Chemistry Department of the Ludwig Maximilian

University of Munich.

Melting Point

Melting points were measured on a Biichi M-560 apparatus in open glass capillaries with a

temperature gradient of 10 °C/min.

UV-Vis Spectroscopy

UV-Vis Spectroscopy measurements were either conducted with an Agilent Cary 60 UV-Vis with
Peltier Element or with an Agilent 8453 Diode Array Spectrophotometer with stirred cuvette holder or
with an Epoch 2 Plate Reader from Biotek using either 10 mm quartz suprasil cuvettes from Hellma
(total volume of either 1 or 3 mL, path length 1 cm) or a 96-well quartz microplate from Hellma.
Measurements under inert atmosphere were conducted using sealable quartz suprasil cuvettes from
Hellma (total volume either 1 mL or 3 mL, path length 1 cm) equipped with a stirring bar and a

septum.
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Luminescence Spectroscopy

Luminescence measurements were performed on a BioTek Synergy H1 Hybrid Microplate Reader. A

96-well quartz microplate from Hellma was used.

FT-Infrared Spectroscopy

FT-IR Spectroscopy was carried out with a Jasco FT/IR-460Plus with ATR Diamond Plate. Spectra
Manager Version 2 from JASCO was used for data processing. FT-IR data is reported in absorption

frequency (cm).

EPR Spectroscopy

EPR measurements were performed using a BRUKER EMXNano Xband (9.5 GHz) spectrometer at
room temperature. All 1D CW EPR experiments were conducted using a microwave power of 1.0 mW.
Modulation amplitudes and frequencies of 0.01 mT and 100 kHz were used, respectively. A time
constant of 1.28 ms and a sweep time of 5 min were also used. CW spectra were processed by Dr.
Katherine R. Fisher using MATLAB® and EasySpin® software.l? To take into account the rapid
tumbling of the solutions which were measured, the CW EPR spectra were processed using the garlic
function.?4 After spectra were processed using the software, parameters were extracted by fitting the
spectra obtained using a non-linear least squares regression model (Nelder/Mead downhill simplex
algorithm) where the overall RMSD value for the entire system was minimized to as close to zero as
possible. Using the parameters extracted from the recorded spectra, simulated spectra could be
produced and compared to the recorded spectra. The amount of spin per metal ion could be obtained
by measuring CW EPR spectra, and calculating the double integral of the differential spectra and then
using the Xenon software provided by BRUKER to calculate the absolute number of spins which could

then be divided by the number of metal ions we knew to be present in the solution. 2%}

X-Ray Crystallography

Data collection and structure elucidation was performed by Dr. Peter Mayer at the Chemistry
Department of the Ludwig Maximilian University of Munich. The X-ray intensity data were collected
on a Bruker D8 Venture TXS system equipped with a multilayer mirror optics monochromator and a
Mo Ka rotating-anode X-ray tube (A = 0.71073 A). The frames were integrated with the Bruker SAINT

software package using a narrow-frame algorithm.?%5 Data were corrected for absorption effects using
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the Multi-Scan method (SADABS).% The structure was solved and refined using the Bruker

SHELXTL Software Package.3%”]

3. Experimental Procedures

3.1. Synthesis of PQQ Derivatives

N-(2-methoxy-5-nitrophenyl)formamide (2)

NO, o NO,
e
H,N 0 °C to r.t., overnight o0“ >N
OMe H OMe
1 2:99%

Adapted from a literature procedure.ll In a two-necked round-bottomed flask (250 mL) equipped with

a KPG-stirrer, acetic anhydride (35.0 mL, 370 mmol, 1.6 equiv.) was cooled to 0 °C. Formic acid

(35.0 mL, 928 mmol, 3.9 equiv.) was slowly added, and the mixture was stirred at 0 °C for 1.5h. 2-

Methoxy-5-nitroaniline (1) (40.0 g, 238 mmol, 1.0 equiv.) was added in four equal portions over 1 h at

0 °C. The reaction mixture was allowed to warm to room temperature and stirred overnight. The

resulting thick yellow paste was diluted with water (850 mL) and stirred until the solid was evenly

suspended. The solid was filtered through a glass frit, washed with water, and dried at 60 °C for 3 h

and subsequently under high vacuum at room temperature affording 2 (46.3 g, 236 mmol, 99%) as a

yellow solid.

H NMR (400 MHz, DMSO-d¢): 6 / ppm =10.10 (s, 1H), 9.13 (d, ] =2.9 Hz, 1H), 8.38 (d, ] =1.8 Hz, 1H),

8.03 (dd, J=9.1 Hz, J=2.9 Hz, 1H), 7.27 (d, ] = 9.1 Hz, 1H), 4.00 (s, 3H).
13C NMR (101 MHz, DMSO-ds): 6 / ppm = 160.8, 153.5, 140.3, 127.2, 120.3, 114.5, 111.0, 56.8.
HRMS (EI):  m/z calc. for [CsHsN20]: 196.0479 [M]*

found: 196.0478.

IR (Diamond-ATR, neat): V / cm = 3337, 3322, 3108, 3083, 2892, 1694, 1613, 1593, 1532,

1505, 1484,

1459, 1444, 1426, 1331, 1276, 1232, 1183, 1141, 1074, 1014, 942, 894, 863, 819, 807, 748, 728, 705, 668.

m.p.: 194-202 °C.
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H NMR (400 MHz, DMSO-ds):
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N-(5-amino-2-methoxyphenyl)formamide (3)

NO, NH,
0.5 mol% Pd/C
Hy
0”>N EtOH, 65 °C, 3 h 0" N
H OMe H OMe
2 3:87%

Adapted from a literature procedure.! Pd/C (447 mg, 10 wt.%, 0.5 mol%) was suspended in 80 mL

ethanol and combined with 2 (15.0 g, 76.5 mmol, 1.0 equiv.) in an autoclave (300 mL volume). The

autoclave reactor was flushed with hydrogen gas three times and then filled with hydrogen gas

(7 bar). The reaction mixture was slowly heated to 65 °C and was stirred at this temperature for 3 h.

After cooling to room temperature, the suspension was filtered through a pad of Celite under a

nitrogen stream. The filter pad was washed with dimethylformamide. The solvent was removed in

vacuo, and the crude product was triturated with chloroform to yield 3 (11.0 g, 66.5 mmol, 87%) as a

beige solid.

1H NMR (400 MHz, DMSO-ds): & / ppm = 9.38 (s, 1H), 8.24 (s, 1H), 7.54 (d, ] = 2.7 Hz, 1H), 6.73 (d, ] =

8.6 Hz, 1H), 6.25 (dd, ] = 8.6 Hz, ] = 2.7 Hz, 1H), 4.68 (s, 2H), 3.70 (s, 3H).

13C NMR (101 MHz, DMSO-de): 6 / ppm = 159.7, 142.5, 139.9, 127.5, 112.7, 108.9, 107.1, 56.5.

HRMS (EI):  m/z calc. for [CsHioN20z]: 166.0737 [M]*

found: 166.0736.

IR (Diamond-ATR, neat): V / cm! = 3391, 3269, 1673, 1598, 1530, 1487, 1457, 1436, 1414, 1294, 1268,

1217, 1175, 1153, 1100, 1025, 863, 795, 743, 668.

m.p.: 150-153 °C.
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'H NMR (400 MHz, DMSO-ds):
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Methyl 2-methyl-3-oxobutanoate (4)

CHsl

o o KoCOs e a
MeOM 0 °C to r.t., overnight Meo)%
4: 65%

Adapted from a literature procedure.'3] Methyl iodide (12.2 g, 86.1 mmol, 1.0 equiv.) was added to
methyl 3-oxobutanoate (10.0 g, 86.1 mmol, 1.0 equiv.) in a round-bottomed flask, and the mixture was
cooled to 0 °C. Potassium carbonate (17.9 g, 129 mmol, 1.5 equiv.) was added in portions over 1 h. The
reaction mixture was allowed to warm to room temperature and stirred overnight. The thick
suspension was diluted with diethyl ether (15 mL) and stirred for 2 h. The reaction mixture was
filtered and concentrated in vacuo. Subsequent distillation (10.0 mbar, 54 °C) afforded 4 (7.33 g,

56.3 mmol, 65%) as a colorless liquid.

1H NMR (400 MHz, CDCls): 6 / ppm = 3.74 (s, 3H), 3.52 (q, ] = 7.2 Hz, 1H), 2.24 (s, 3H), 1.35 (d, ] =
7.2 Hz, 3H).

13C NMR (101 MHz, CDCls): 6 / ppm = 203.7, 171.1, 53.6, 52.6, 28.6, 12.9.
HRMS (EI):  m/z calc. for [CsH7Oz]: 99.0411 [M-OMe]*
found: 99.0411.

IR (Diamond-ATR, neat): V / cm! = 2993, 2955, 1742, 1713, 1454, 1435, 1359, 1329, 1244, 1206, 1152,
1101, 1077, 1051, 988, 956, 859.
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H NMR (400 MHz, CDCls):
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Methyl (E)-2-(2-(3-formamido-4-methoxyphenyl)hydrazineylidene) propanoate (5)

o]
oo
6 o 1) KOH, MeOH/H,0 (1:1), 0 °C N-NH
M
GOM 2) 3, HCI (0.3 M), NaNO,, 0 °C
3) 0 °C to r.t., overnight Oé\N
H OMe
4 5:74%

Adapted from a literature procedure.ll’. A solution of 4 (312mg, 2.4 mmol, 1.2equiv.) in
methanol/water (1:1, 27 mL) was prepared in a round-bottomed flask and cooled to 0 °C. Potassium
hydroxide (135 mg, 2.4 mmol, 1.2 equiv.) was added. Compound 3 (332 mg, 2.0 mmol, 1.0 equiv.) was
dissolved in 0.3 M hydrochloric acid (13 mL) and cooled to 0 °C. Sodium nitrite (138 mg, 2.0 mmol,
1.0 equiv.) was added, the reaction mixture was briefly stirred and subsequently added to the solution
of 4 via a transfer cannula. The red reaction mixture was allowed to warm to room temperature and
stirred overnight. The precipitate was filtered off, washed with ice-cold ethanol/water (1:1), and dried

under high vacuum to afford 5 (392 mg, 1.48 mmol, 74%) as a red solid.

1H NMR (400 MHz, DMSO-ds): 6 / ppm = 9.77 (s, 1H), 9.60 (s, 1H), 8.30 (d, J = 2.0 Hz, 1H), 8.19 (st, ] =
1.4 Hz, 1H), 7.01 (s, 1H), 6.99 (s, 1H), 3.80 (s, 3H), 3.71 (s, 3H), 2.03 (s, 3H).

13C NMR (101 MHz, DMSO-d¢): 6 / ppm = 165.5, 159.9, 143.3, 138.0, 130.3, 127.2, 111.9, 108.7, 107.1,
56.1, 51.6, 11.8.

HRMS (ESI): m/z calc. for [C12H14N3O4]: 264.0990 [M-HJ-
found: 264.0989.

IR (Diamond-ATR, neat): V / cm = 3371, 3256, 1677, 1591, 1531, 1480, 1443, 1415, 1375, 1320, 1284,
1255, 1199, 1170, 1140, 1095, 1024, 882, 867, 846, 801, 755, 707, 688.

m.p.: 170-179 °C.

This procedure was part of the research internship of Rachel Janfien, conducted under my supervision,

and was further optimized during her master thesis and PhD.
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(E)-N-(2-methoxy-5-(2-(3-oxobutan-2-ylidene)hydrazineyl)phenyl) formamide (6)

o
)Y
o o 1) KOH, MeOH/H,0 (1:1), 0 °C, 6 h N-\H
MeO
2) 3, HCI (0.3 M), NaNO,, 0 °C
3) 0 °C to r.t., overnight oé\N
H OMe
4 6:72%

Adapted from a literature procedure.ll Keto ester derivative 4 (312 mg, 2.4 mmol, 1.2 equiv.) was
dissolved in a mixture of methanol/water (1:1, 15 mL) and cooled to 0 °C in a round-bottomed flask.
Potassium hydroxide (135 mg, 2.4 mmol, 1.2 equiv.) was added. The colorless solution was stirred at
0 °C for 6 h and kept in a fridge at 4 °C for 14 h. Aniline derivative 3 (332 mg, 2.0 mmol, 1.0 equiv.)
was suspended in 0.3 M hydrochloric acid (13 mL) and cooled to 0°C. Sodium nitrite (138 mg,
2.0 mmol, 1.0 equiv.) was added to the acidic suspension, and the resulting mixture was added to the
alkalic solution via a transfer cannula. The red reaction mixture was slowly allowed to warm to room
temperature and stirred overnight. The precipitate was filtered off, washed with ice-cold

ethanol/water (1:1) and dried under high vacuum to afford 6 (357 mg, 1.43 mmol, 72%) as red solid.

1H NMR (400 MHz, DMSO-ds): & / ppm = 9.95 (s, 1H), 9.63 (s, 1H), 8.34 (d, J = 2.5 Hz, 1H), 8.31 (d, ] =
1.9 Hz, 1H), 7.05 (dd, ] = 8.8 Hz, ] = 2.5 Hz, 1H), 7.00 (d, ] = 8.9 Hz, 1H), 3.81 (s, 3H), 2.34 (s, 3H), 1.92 (s,
3H).

1BC NMR (101 MHz, DMSO-ds): 6 / ppm = 195.8, 160.0, 143.4, 139.6, 137.8, 127.5, 111.9, 108.7, 107.0,
56.1, 23.8, 8.8.

HRMS (ESI): m/z calc. for [C12H14N30Os]: 248.1041 [M-HJ
found: 248.1042.

IR (Diamond-ATR, neat): V / cm! = 3307, 3234, 2364, 1682, 1662, 1607, 1583, 1539, 1486, 1436, 1415,
1366, 1344, 1315, 1283, 1257, 1215, 1169, 1118, 1032, 946, 887, 797, 744, 725.

m.p.: 206-214 °C.

This procedure was part of the research internship of Rachel Janfien, conducted under my supervision,

and was further optimized during her master thesis and PhD.
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'H NMR (400 MHz, DMSO-ds):
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Methyl 6-formamido-5-methoxy-1H-indole-2-carboxylate (7)

o
Meo)%‘/ CO,Me
N. HN
NH HCO,H \
70 °C, overnight
07N
2N
o7 N Ho Oome
OMe
5 7:60%

Adapted from a literature procedure.l!l Hydrazone 5 (591 mg, 2.23 mmol, 1.0 equiv.) was dissolved in
5 mL formic acid in a round-bottomed flask and stirred at 70 °C overnight. The reaction mixture was
allowed to cool to room temperature, and the formic acid was removed in vacuo. The residue was
repeatedly suspended in water (10 mL) and concentrated in vacuo (3x). The crude product was
triturated with methanol and cooled in the fridge at 4 °C overnight. The solid was filtered off, washed
with cold methanol and dried under high vacuum to afford 7 (334 mg, 1.35 mmol, 60%) as an orange

solid.

1H NMR (400 MHz, DMSO-de): 6 / ppm = 11.72 (s, 1H), 9.71 (s, 1H), 8.41 (s, 1H), 8.36 (s, 1H), 7.18 (s,
1H), 7.04 (dd, J = 2.1 Hz, ] = 0.7 Hz, 1H), 3.87 (s, 3H), 3.84 (s, 3H).

13C NMR (101 MHz, DMSO-d¢): 6 / ppm = 161.5, 160.1, 144.6, 132.2, 126.5, 126.4, 122.1, 107.7, 103.3,
101.6, 55.9, 51.6.

HRMS (ESI): m/z calc. for [C12H11N204]: 247.0724 [M-HJ
found: 247.0724.

IR (Diamond-ATR, neat): V / cm! = 3314, 2696, 2465, 2217, 1670, 1628, 1588, 1537, 1464, 1437, 1396,
1353, 1288, 1215, 1161, 1092, 1020, 994, 938, 904, 866, 833, 794, 759, 724.

m.p.: 209-213 °C.
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'H NMR (400 MHz, DMSO-ds):
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N-(2-acetyl-5-methoxy-1H-indol-6-yl)formamide (8)

0]
)\/ K
\
N.
NH

HCO,H

_—
70 °C, overnight
07N
N H
OMe

b

(=]

8:56%

Adapted from a literature procedure.l!l Hydrazone 6 (470 mg, 1.88 mmol, 1.0 equiv.) was dissolved in
7 mL formic acid in a round-bottomed flask and stirred at 70 °C overnight. The reaction mixture was
allowed to cool to room temperature, and the formic acid was removed in vacuo. The residue was
repeatedly suspended in water (15 mL) and concentrated in vacuo (3x). The crude product was
triturated with hot methanol (approx. 2 mL) and cooled in an ice-bath. The solid was filtered off,
washed with cold methanol, and dried under high vacuum to afford 8 (245 mg, 1.05 mmol, 56%) as a

beige solid.

1H NMR (400 MHz, DMSO-ds): 6 / ppm = 11.54 (s, 1H), 9.74 (s, 1H), 8.40 (s, 1H), 8.36 (s, 1H), 7.21 (dd, ]
=2.1Hz, ] =0.7 Hz, 1H), 7.19 (s, 1H), 3.88 (s, 3H), 2.49 (s, 3H).

13C NMR (101 MHz, DMSO-de): 6 / ppm = 189.0, 160.1, 144.6, 135.6, 132.3, 127.1, 122.3, 109.4, 103.3,
101.9, 56.0, 25.9.

HRMS (ESI): m/z calc. for [Ci2H11N205]: 231.0775 [M-HJ
found: 231.0774.

IR (Diamond-ATR, neat): V / cm! = 3201, 2329, 1670, 1632, 1584, 1523, 1463, 1416, 1387, 1361, 1280,
1228, 1206, 1155, 1084, 1021, 984, 941, 875, 842, 761, 732.

m.p.: 253-255 °C.
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Methyl 6-amino-5-methoxy-1H-indole-2-carboxylate (9)

CO,Me CO,Me
HN \ conc. HCI HN \
acetone/H,0 (24:1)
Oé\u 70°C,2h H,N
OMe OMe
7 9: 84%

Adapted from a literature procedure.ll Concentrated hydrochloric acid (2.67 mL, 32.0 mmol,
3.0 equiv.) was added to a stirred solution of acetone/water (66.7 mL, 96:4) in a round-bottomed flask.
Compound 7 (2.65 g, 10.7 mmol, 1.0 equiv.) was added, and the reaction mixture was heated to 70 °C
and stirred for 2 h. The precipitate was filtered off and washed with acetone. The solid was taken up
in chloroform (120 mL) and aqueous sodium hydroxide (2 M, 120 mL). The aqueous phase was
extracted with chloroform (2 x 100 mL), and the combined organic layers were washed with brine and
dried over sodium sulfate. The solvent was removed in vacuo affording 9 (1.98 g, 9.0 mmol, 84%) as a

light-brown solid.

1H NMR (400 MHz, DMSO-de): 6 / ppm = 11.17 (s, 1H), 6.92 (dd, ] = 2.2 Hz, ] = 0.9 Hz, 1H), 6.90 (s,
1H), 6.62 (d, J = 0.7 Hz, 1H), 4.96 (s, 2H), 3.79 (s, 3H), 3.78 (s, 3H).

13C NMR (101 MHz, DMSO-ds): 6 / ppm = 161.6, 144.5, 138.4, 134.3, 123.1, 117.8, 108.5, 100.8, 94.1, 55.4,
51.1.

HRMS (ESI): m/z calc. for [C11H13N20s3]: 221.0921 [M+H]*
found: 221.0921.

IR (Diamond-ATR, neat): V / cm! = 3333, 2982, 2941, 2839, 1683, 1635, 1620, 1522, 1504, 1462, 1437,
1364, 1297, 1273, 1211, 1195, 1150, 1107, 1028, 1002, 941, 877, 839, 828, 811, 779, 760, 728, 705, 687, 671,
665, 658.

m.p.: 160-162 °C.
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1-(6-Amino-5-methoxy-1H-indol-2-yl)ethan-1-one (10)

(0] (0]
HN HN
\ conc. HCI \
acetone/H,0 (24:1)
Oé\H 70 °C, 90 min H,N
OMe OMe
8 10: 79%

Adapted from a literature procedure.ll Concentrated hydrochloric acid (0.22 mL, 2.58 mmol,
3.0 equiv.) was added to a stirred solution of acetone/water (5.38 mL, 96:4) in a round-bottomed flask.
Compound 8 (200 mg, 0.86 mmol, 1.0 equiv.) was added, and the reaction mixture was heated to 70 °C
and stirred for 90 min. After cooling to room temperature, the solvent was evaporated and the residue
was suspended in aqueous sodium hydroxide (2M, 10 mL) and dichloromethane (10 mL). The
biphasic mixture was filtered and the aqueous phase was extracted with dichloromethane (2 x 10 mL).
The combined organic layers were washed with brine and dried over sodium sulfate, and the solvent

was removed in vacuo to afford 10 (139 mg, 0.68 mmol, 79%) as a light-brown solid.

1H NMR (400 MHz, DMSO-de): 6 / ppm = 11.02 (s, 1H), 7.08 (dd, J = 2.3 Hz, ] = 0.8 Hz, 1H), 6.91 (s,
1H), 6.59 (d, J = 0.6 Hz, 1H), 5.07 (s, 2H), 3.78 (s, 3H), 2.40 (s, 3H).

13C NMR (101 MHz, DMSO-ds): 6 / ppm = 187.4, 144.6, 139.3, 135.2, 133.0, 118.0, 110.6, 101.1, 93.8, 55.4,

25.4.
HRMS (ESI): m/z calc. for [C1iH13N202]: 205.0972 [M+H]*
found: 205.0971.

IR (Diamond-ATR, neat): V / cm! = 3459, 3361, 3294, 2922, 2362, 1679, 1636, 1609, 1520, 1504, 1463,
1353, 1296, 1271, 1209, 1149, 1021, 986, 938, 874, 848.

m.p.: 205-206 °C.
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Methyl (E)-4-oxopent-2-enoate (12)

9 Bry, EtsN 0
ra, El3
MeOM : MeON
I CHCl5, 0°C, 15h I
1 12: 44%

Adapted from a literature procedurel’! and performed under an inert atmosphere using SCHLENK
techniques. Methyl levulinate (11) (3.99 g, 30.7 mmol, 1.0 equiv.) was dissolved in dry chloroform
(10 mL) in a two-necked round-bottomed flask (100 mL) and cooled to 0 °C. A solution of bromine
(1.8 mL, 35.1 mmol, 1.1 equiv.) in dry chloroform (6 mL) was added dropwise. The mixture was
stirred at 0 °C for 1 h, allowed to warm to room temperature, and stirred for 30 min until the solution
turned from brown to light yellow. Excess hydrogen bromide was removed under nitrogen flow. A
solution of triethylamine (14.0 mL, 100 mmol, 3.3 equiv.) in dry chloroform (20 mL) was slowly added,
and the reaction mixture was stirred for 30 min. The reaction mixture was washed with water (2 x
40 mL), hydrochloric acid (2 M, 2 x 40 mL), saturated sodium carbonate solution (2 x 40 mL), and brine
(1 x 40 mL). The organic phase was carefully concentrated in vacuo (not less than 300 mbar). The
resulting brown liquid was distilled by slowly heating from 50-130 °C in 10 °C steps under vacuum
(8-11 mbar), and the product was collected in a cold trap to afford 12 (1.72 g, 13.4 mmol, 44%) as

colorless crystals.

1H NMR (400 MHz, CDCls): § / ppm = 7.01 (d, ] = 16.1 Hz, 1H), 6.64 (d, ] = 16.1 Hz, 1H), 3.81 (s, 3H),
2.35 (s, 3H).

13C NMR (101 MHz, CDCls): 6 / ppm = 197.6, 166.0, 140.2, 131.2, 52.5, 28.3.
HRMS (EI): m/z calc. for [CsHs0s]: 113.0233 [M-CHa]+*
found: 113.0233.

IR (Diamond-ATR, neat): V / cm = 3061, 3008, 2957, 1719, 1675, 1644, 1456, 1429, 1362, 1316, 1264,
1253, 1197 1180, 1023, 1002, 994, 913, 879, 822, 717.

m.p.: 57-60 °C.

This procedure was part of the research internship of Rachel Janfien, conducted under my supervision,

and was further optimized during her master thesis and PhD.
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5-Methoxy-2,7-bis(methoxycarbonyl)-9-methylpyrrolo[2,3-flquino-lin-1-ide (13)

CO,Me CO,Me
HN HN
\ 1)12, CHCI3, 60 °C, 6 d \
7
2)HCl, rt, 1h -
HoN MeO,C~ °N
OMe OMe
9 13:71%

Adapted from a literature procedure.ll Compounds 9 (552 mg, 2.5 mmol, 1.0 equiv.) and 12 (353 mg,
2.75 mmol, 1.1 equiv.) were suspended in chloroform (50 mL) in a round-bottomed flask, and the
mixture was stirred at 60 °C for 6 d. After the reaction mixture had cooled to room temperature,
hydrogen chloride generated in situ in a second reaction vessel (by dropping concentrated sulfuric
acid on sodium chloride) was bubbled through the reaction mixture for 1 h. The reaction was stirred
for 1h at room temperature and then quenched with saturated sodium carbonate solution (30 mL).
The layers were separated, and the aqueous layer was extracted with chloroform (2 x 30 mL). The
combined organic layers were dried over sodium sulfate. The solvent was removed in vacuo, and the
residue was purified by flash column chromatography (5% methanol in dichloromethane, Rt = 0.56) to

afford 13 (585 mg, 1.78 mmol, 71%) as a light brown solid.

1H NMR (400 MHz, DMSO-de): 5 / ppm = 10.88 (s, 1H), 8.09 (d, ] = 0.7 Hz, 1H), 7.47 (s, 1H), 7.39 (d, ] =
1.9 Hz, 1H), 3.99 (s, 3H), 3.95 (s, 3H), 3.92 (s, 3H), 3.13 (s, 3H).

13C NMR (101 MHz, DMSO-de): 6 / ppm = 165.6, 161.0, 150.9, 144.0, 143.6, 140.1, 128.1, 126.2, 125.3,
122.9,119.9, 109.7, 102.6, 55.7, 52.4, 52.0, 22.0.

HRMS (ESI): m/z calc. for [Ci7H1sN205]: 327.0986 [M-HJ
found: 327.0988.

IR (Diamond-ATR, neat): ¥ / cm™ = 3480, 2953, 1711, 1694, 1648, 1616, 1540, 1507, 1483, 1442, 1431,
1384, 1351, 1294, 1276, 1256, 1205, 1168, 1132, 1102, 1046, 994, 935, 899, 883, 866, 851, 818, 782, 763, 713.

m.p.: 182-192 °C.

This procedure was part of the research internship of Rachel Janfien, conducted under my supervision,

and was further optimized during her master thesis and PhD.
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Methyl 2-acetyl-5-methoxy-9-methyl-1H-pyrrolo[2,3-flquinoline-7-carboxylate (14)

o) o)
HN HN
\ 1)12, CHCI3, 60 °C, 6 d \
=
2)HCl, rt, 1h -
HoN MeOzC N
OMe OMe
10 14: 69%

Adapted from a literature procedure.l!l Compounds 10 (316 mg, 1.55 mmol, 1.0 equiv.) and 12 (218 mg,
1.7 mmol, 1.1 equiv.) were suspended in chloroform (40 mL) in a round-bottomed flask and stirred at
60 °C for 6d. After the reaction mixture had cooled to room temperature, hydrogen chloride
generated in situ (by dropping concentrated sulfuric acid on sodium chloride) was bubbled through
the reaction mixture for 1 h. The reaction was stirred for 1 h at room temperature and then quenched
with saturated sodium carbonate solution (30 mL). The layers were separated, and the aqueous layer
was extracted with chloroform (2 x 30 mL). The combined organic layers were dried over sodium
sulfate. The solvent was removed in wvacuo, and the residue was purified by flash column
chromatography (2% methanol in dichloromethane, R¢ = 0.29) to afford 14 (332 mg, 1.06 mmol, 69%) as

a light brown solid.

1H NMR (400 MHz, DMSO-de): 6 / ppm = 10.62 (s, 1H), 8.10 (d, ] = 0.7 Hz, 1H), 7.57 (d, ] = 1.9 Hz, 1H)
7.47 (s, TH), 4.00 (s, 3H), 3.95 (s, 3H), 3.12 (s, 3H), 2.62 (s, 3H).

13C NMR (101 MHz, DMSO-ds): 6 / ppm = 189.0, 165.6, 150.9, 144.3, 143.9, 140.5, 136.3, 126.8, 125.5,
123.0, 119.9, 110.9, 102.7, 55.8, 52.5, 26.3, 21.9.

HRMS (ESI): m/z calc. for [Ci7H15N204]: 311.1037 [M-HJ
found: 311.1039.

IR (Diamond-ATR, neat): V / cm = 3406, 3133, 2947, 1738, 1721, 1707, 1653, 1639, 1615, 1590, 1538,
1502, 1480, 1436, 1410, 1380, 1371, 1358, 1273, 1257, 1230, 1208, 1156, 1130, 1040, 1006, 984, 942, 909, 897,
881, 852, 782, 767, 687, 668.

m.p.: 236-236 °C.

This procedure was part of the research internship of Rachel Janflen, conducted under my supervision,

and was further optimized during her master thesis and PhD.
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Dimethyl 9-methyl-4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-flquino-line-2,7-dicarboxylate (PMeQQmem)

CO,Me
HN
\ CAN
= _—
o acetone/H,0 (4:1)
MeOZC N 0 °C, 30 min
OMe
13 PneQQuem: 31%

Adapted from a literature procedure.l'l Compound 13 (200 mg, 0.61 mmol, 1.0 equiv.) was suspended
in acetonitrile/water (4:1, 6 mL), and the mixture was cooled to 0 °C. A solution of ceric ammonium
nitrate (1.34 g, 2.44 mmol, 4.0 equiv.) in acetonitrile/water (4:1, 8 mL) was added, and the reaction
mixture was stirred at 0 °C for 30 min. The precipitate was filtered off and washed with water and
toluene/ethyl acetate (1:1). The solid was dried at 100 °C for 20 min and subsequently under high
vacuum at room temperature to afford PMeQQwmem (61.2 mg, 0.19 mmol, 31%) as a red solid. R¢ = 0.23,
2% methanol in dichloromethane. Crystals suitable for X-ray analysis were grown from

dimethylformamide by slow vapor diffusion of diethyl ether.

1H NMR (400 MHz, DMSO-ds): 6 / ppm = 11.44 (s, 1H), 8.15 (s, 1H), 7.30 (d, ] = 1.5 Hz, 1H), 3.92 (s,
3H), 3.88 (s, 3H), 2.91 (s, 3H).

13C NMR (101 MHz, DMSO-de): 6 / ppm = 178.5, 173.7, 164.6, 160.0, 147.1, 145.6, 144.8, 137.2, 130.5,
128.1, 127.4, 123.8, 114.4, 52.7, 52.2, 20.8.

HRMS (ESI):  m/z calc. for [C1eH11N20s]: 327.0623 [M-HJ
found: 327.0624.

IR (Diamond-ATR, neat): ¥ / cm = 3599, 3515, 3128, 3080, 2970, 1713, 1674, 1613, 1592, 1570, 1497,
1477, 1437, 1403, 1383, 1365, 1316, 1294, 1237, 1202, 1178, 1138, 1072, 1052, 1039, 998, 982, 929 907, 861,
828, 789, 763, 735, 699, 680, 663.

m.p.: 253-256 °C.

X-Ray Crystallographic Data: Crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of the data can
be obtained free of charge on quoting the depository numbers CCDC-2193479

(https://www.ccdc.cam.ac.uk/structures/).

This procedure was part of the research internship of Rachel Janfien, conducted under my supervision,

and was further optimized during her master thesis and PhD.
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Figure V.1: ORTEPB%! representation of the molecular structure of PueQQMem.

Table V.1: Crystallographic data for PmeQ Qmem.

PMeQQMEM
net formula CisH12N206
M:/g mol! 328.28
crystal size/mm 0.060 x 0.050 x 0.030
T/K 102.(2)
radiation MoKa
diffractometer '‘Bruker D8 Venture TXS'
crystal system monoclinic
space group 'C12/cT
alA 8.5929(5)
b/A 21.5998(13)
/A 15.3761(10)
af° 90
p/° 105.320(2)
Y/° 90
V/A3 2752.5(3)
V4 8
calc. density/g cm™ 1.584
pw/mm-! 0.124
absorption correction Multi-Scan
transmission factor range 0.93-1.00
refls. measured 26705
Rint 0.0483
mean o(l)/] 0.0266
0 range 2.632-27.485
observed refls. 2584
x, y (weighting scheme) 0.0419, 4.3094
hydrogen refinement H(C) constr, H(N) refall
refls in refinement 3158
parameters 224
restraints 0
R(Fobs) 0.0415
Rw(F?) 0.1101
S 1.043
shift/errormax 0.001
max electron density/e A= 0.380
min electron density/e A= -0.441
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H NMR (400 MHz, DMSO-ds):
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Methyl 2-acetyl-9-methyl-4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-flquinoline-7-carboxylate
(PxQQmem)
0
Nl CAN
/ _—
acetone/H,0 (3:1)
MeO,C~ N 0 °C, 40 min
OMe
14 PxQQuen: 46%

Adapted from a literature procedure.l'! Compound 14 (200 mg, 0.64 mmol, 1.0 equiv.) was suspended
in acetonitrile/water (3:1, 5 mL) in a round-bottomed flask, and the mixture was cooled to 0 °C. A
solution of ceric ammonium nitrate (1.42 g, 2.56 mmol, 4.0 equiv.) in acetonitrile/water (3:1, 6 mL) was
added, and the reaction mixture was stirred at 0 °C for 40 min. The precipitate was filtered off and
washed with acetonitrile/water (3:1). The solid was dried at 100 °C for 1 h and subsequently under
high vacuum at room temperature to afford PxQQwmem (91.7 mg, 0.29 mmol, 46%) as a red solid. Rt =

0.21, 2% methanol in dichloromethane.

1H NMR (400 MHz, DMSO-ds): § / ppm = 11.13 (s, 1H), 8.15 (s, 1H), 7.67 (d, J = 1.9 Hz, 1H), 3.93 (s,
3H), 2.91 (s, 3H), 2.53 (s, 3H).

13C NMR (101 MHz, DMSO-ds): 6 / ppm = 188.3, 178.5, 173.9, 164.5, 147.3, 145.8, 145.0, 137.7, 135.5,
130.5, 128.0, 123.9, 116.0, 52.7, 26.1, 20.7.

HRMS (ESI): m/z calc. for [CisH11N20s]: 311.0673 [M-H]-
found: 311.0674.

IR (Diamond-ATR, neat): ¥ / cm™ = 3362, 3114, 3068, 2960, 2925, 2852, 1705, 1658, 1590, 1493, 1447,
1425, 1379, 1354, 1308, 1279, 1236, 1221, 1198, 1146, 1106, 1074, 1036, 1018, 993, 944, 934, 914, 885, 830,
795,760, 713, 687, 681, 669.

m.p.: 281-285 °C.

This procedure was part of the research internship of Rachel JanfSen, conducted under my supervision,

and was further optimized during her master thesis and PhD.
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3.2. Synthesis of PQQ Aza-Crown Ligands

Trimethyl 4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-flquinoline-2,7,9-tricarboxylate (PQQMes)

CO,H CO,Me
HO,C HN \ KoCO3 MeO,C HN \
Me,SOy

=z > =z

~ ‘ DMF, r.t., overnight ~ ‘
HO,C™ 'N o MeO,C~ N (6]

(0] o
PQQ PQQMe;: 91%

Based on procedures, described by Duine et al.l'®8l and Urakami et al.*®! in a dry and nitrogen flushed
SCHLENK flask, PQQ (50.0 mg, 0.151 mmol, 1.0 equiv.) was dissolved in dry DMF (2 mL). Potassium
carbonate (523 mg, 3.79 mmol, 25.0 equiv.), which was previously dried under high vacuum at 650 °C
(heat gun), was given to the PQQ solution under nitrogen counter-flow. Dimethyl sulfate (1.55 mL,
1.33 g/mL, 16.3 mmol, 108 equiv.) was added, and the mixture was stirred at room temperature and
under nitrogen overnight to give a bright orange suspension. In order to completely remove K2COs
residues and to quench the excess of Me2SOs, HCl (8 mL 2 M and 1 mL conc.) was added, and the
mixture was further stirred for 5h. The orange precipitate was filtered off, and the residue was

washed with water and dried under high vacuum to give pure PQQMes (51 mg, 0.137 mmol, 91%).

1H NMR (400 MHz, DMSO-ds): 6 / ppm = 12.51 (s, 1H), 8.56 (s, 1H), 7.29 (d, ] = 2.1 Hz, 1H), 4.05 (s,
3H), 3.96 (s, 3H), 3.89 (s, 3H).

13C NMR (101 MHz, DMSO-ds): 6 / ppm = 177.0, 173.3, 166.5, 163.8, 159.8, 148.9, 145.7, 134.2, 133.5,
128.5, 126.6, 126.5, 125.0, 113.8, 54.2, 52.9, 52.4.

HRMS (ESI): m/z calc. for [Ci7H13N20s]: 373.0666 [M+H]*
found: 373.0665.

IR (Diamond-ATR, neat): ¥ / cm™ = 3126, 1717, 1679, 1552, 1495, 1429, 1345, 1266, 1200, 1171, 1115,
1075, 995, 953, 923, 900, 834, 807, 783, 769, 754, 733, 720, 689, 672.

Elemental analysis (CHN): % calc. for [C17H12N2013]: C54.85, H 3.25, N 7.52

found: C54.59, H 3.36, N 7.48.
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2,9-bis(methoxycarbonyl)-4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-flquinoline-7-carboxylic acid
(PQQMe:)
CO,Me CO,Me
MeO,C HN MeO,C  HN
\ TFA/H,0 (2:1) \
= N =
< 60°C, 12 h <
MeO,C” "N o HO,C” N o
0 0
PQQMe; PQQMe;: 92%

PQQMes (50 mg, 0.134 mmol) was put into a 10 mL round-bottomed flask, and a 1:2 mixture of
H20/TFA (2 mL) was added. The dark red solution was stirred at 60 °C for 12 h. After cooling down to
room temperature, H2O (5 mL) was added, which caused immediate precipitation of a dark red solid.
The precipitate was filtered off, washed with H2O, dried first at 100 °C for several hours and then

under high vacuum overnight, to afford 44 mg (0.123 mmol, 92%) of PQQMe: as a red powder.

1H NMR (400 MHz, DMSO-ds): 6 / ppm = 12.52 (s, 1H), 8.56 (s, 1H), 7.28 (d, ] = 1.4 Hz, 1H), 4.05 (s,
3H), 3.89 (s, 3H).

3C NMR (101 MHz, DMSO-de): 6 / ppm = 177.2, 173.4, 166.7, 164.8, 159.9, 148.9, 147.0, 134.1, 133.8,
128.5, 126.4, 126.3, 124.8, 113.8, 54.2, 52.4.

HRMS (ESI):  m/z calc. for [CisHiN20s: 359.0512 [M+H]*
found: 359.0510.

IR (Diamond-ATR, neat): V / cm! = 3443, 3101, 1762, 1706, 1675, 1551, 1495, 1435, 1362, 1287, 1240,
1209, 1156, 1133, 1058, 994, 960, 921, 870, 768, 692.

Elemental analysis (CHN): % calc. for [C16H10N20s-1.2H20]: C50.59, H3.29, N 7.37

found: C50.54, H3.21, N 7.53.
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H NMR (400 MHz, DMSO-ds):

3 © @ o n o
o o R S ®
S ® NN < o

v 1

CO,Me
MeO,C HN N
=
|
HO,C™ 'N (¢}
[0}
PQQMe,

2

|
A |
py g g
e S S
g g g
T T T T T T T T T T T T T T T T T T T T T T T T T T T
1.0 13.5 13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 85 80 7.5 7.0 65 6.0 55 50 45 40 3.5 3.0 25 20 15 1.0 05 0
f1 (ppm)
13C NMR (101 MHz, DMSO-ds):
A N ®o @ ~®n T Mo @
R R R ] mmR88Y ] IS
[ /7N \/ NSNS \/
| [
L U T | i

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 o
f1 (ppm)



CHAPTER V EXPERIMENTAL SECTION 143

Dimethyl 7-(1,4,7,10-tetraoxa-13-azacyclopentadecane-13-carbonyl)-4,5-dioxo-4,5-dihydro-1H-

pyrrolo[2,3-flquinoline-2,9-dicarboxylate (PQQ1s-5)

CO,Me cDl ~ CO,Me
MeO,C  HN \ 1-aza-15-crown-5 (‘O 5 MeO,C HN
TEA
2 > o
~ ‘ DMF, r.t., overnight N
HOLC™ N 0 &o 0
o) - o) o)
PQQMe, PQQys.5 39%

In a dry and nitrogen flushed SCHLENK flask, equipped with a magnetic stirring bar and a septum,
PQQMe: (101 mg, 0.282 mmol, 1.0 equiv.) and CDI (93.0 mg, 0.573 mmol, 2.0 equiv.) were dissolved in
dry DMF (4 mL) and were stirred for 30 min at room temperature. In a second dry and nitrogen
flushed flask, 1-aza-15-crown-5 (62.2 mg, 0.284 mmol, 1.0 equiv.) was dissolved in dry DMF (2 mL)
and TEA (0.08 mL, 0.726 g/mL, 0.573 mmol, 2.0 equiv.) was added. Subsequently, the amine solution
was added to the solution of the activated acid and the reaction mixture was stirred at room
temperature overnight. After completion of the reaction, the solvent was removed in vacuo. The crude
product was suspended in H20 (20 mL) and extracted with CH2Cl2 (3 x 20 mL). The combined organic
layers were washed with 1 M HCl (20 mL) and H20 (20 mL). The solvent was evaporated and the
residue was suspended in H20 (10 mL). The suspension was centrifuged (5 min at 4500 rpm) and the
supernatant was removed. The residue was vortex-mixed with H20, centrifuged again and lyophilized

to give PQQMe»-1-aza-15-crown-5 (PQQ1s5, 62.5 mg, 0.112 mmol, 39%) as a brown-red solid.

1H NMR (400 MHz, CDCN): § / ppm = 12.61 (s, 1H), 8.35 (s, 1H), 7.33 (s, 1H), 4.08 (s, 3H), 3.91 (s, 3H),
3.83-3.77 (m, 5H), 3.72-3.71 (m, 2H), 3.62-3.55 (m, 15H).

13C NMR (101 MHz, CDsCN): 6 / ppm = 180.4, 174.4, 168.9, 168.0, 161.2, 155.0, 147.8, 135.6, 135.3, 130.4,
128.2, 126.4, 125.4, 115.0, 71.6, 71.4, 70.9, 70.8, 70.7, 69.1, 55.3, 53.1, 52.2, 50.2.

HRMS (ESI): m/z calc. for [C2sH2sN3On1]: 558.1729 [M-H]
found: 558.1728.

IR (Diamond-ATR, neat): ¥ / cm™ = 2920, 2851, 2360, 1713, 1679, 1622, 1575, 1558, 1496, 1475, 1436,
1404, 1346, 1283, 1253, 1227, 1204, 1118, 1070, 1002, 983, 936, 840, 796, 771, 757, 737, 722, 707, 699.

Elemental analysis (CHN): % calc. for [C26H20N3011-0.04CsH/NO]: C 55.78, H 5.25, N 7.57
found: C55.75, H5.34, N 7.49.

This procedure was first investigated by Henning Lumpe, but was further optimized as part of this

dissertation.
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1H NMR (400 MHz, CDsCN):
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Dimethyl 7-(1,4,7,10,13-pentaoxa-16-azacyclooctadecane-16-carbonyl)-4,5-dioxo-4,5-dihydro-1H-

pyrrolo[2,3-flquinoline-2,9-dicarboxylate (PQQ1s-s)

CO,Me ol
(6}
MeO,C  HN \ 1-aza-18-crown-6 (\ /\OMeOZC HN

TEA [
=z -
‘ DMF, r.t., overnight

NS

2 0

PQQMe, PQQyq.: 60%

In a dry and nitrogen flushed SCHLENK flask, equipped with a magnetic stirring bar and a septum,
PQQMe: (102.6 mg, 0.286 mmol, 1.0 equiv.) and CDI (58.5 mg, 0.361 mmol, 1.3 equiv.) were dissolved
in dry DMF (5mL). In a second dry and nitrogen flushed flask, 1-aza-18-crown-6 (92.0 mg,
0.349 mmol, 1.2 equiv.) was dissolved in dry DMF (1 mL) and TEA (0.1 mL, 0.726 g/mL, 0.717 mmol,
2.5 equiv.) was added. Subsequently, the amine solution was added to the solution of the activated
acid and the reaction mixture was stirred at room temperature overnight. After completion of the
reaction, the solvent was removed in vacuo and the residue was dried under high vacuum. The
received solid was dissolved in H20 (40 mL) and extracted with DCM (3 x 20 mL). The combined
organic layers were washed with brine and dried over sodium sulfate. The crude product was
dissolved in H>O (10 mL), lyophilized and dried under high vacuum to give PQQMe>-aza-18-crown-6

(PQQ1ss, 103 mg, 0.171 mmol, 60%) as a brown solid. Rt = 0.32, 5% methanol in dichloromethane.

1H NMR (400 MHz, CDsCN): 6 / ppm = 12.61 (s, 1H), 8.35 (s, 1H), 7.32 (s, 1H), 4.08 (s, 3H), 3.91 (s, 3H),
3.79-3.51 (m, 24H).

13C NMR (101 MHz, CDsCN): 6 / ppm = 180.4, 174.4, 168.9, 167.9, 161.2, 154.9, 147.8, 135.7, 135.4, 130.4,
128.2,126.4,125.4,115.0, 71.3,71.2,71.2,71.1, 71.1, 71.0, 70.5, 69.5, 55.3, 53.1, 50.6, 48.0.

HRMS (ESI): m/z calc. for [CasH32N3On2]: 602.1991 [M-H]-
found: 602.1991.

IR (Diamond-ATR, neat): ¥ / cm™ = 2867, 1713, 1681, 1626, 1495, 1471, 1433, 1406, 1351, 1237, 1204,
1096, 1001, 934, 835, 791, 767, 731, 709, 672, 658.

Elemental analysis (CHN): % calc. for [CasH33N3012:0.82H20]: C54.41, H5.67, N 6.80
found: C54.39, H 5.65, N 6.80.

This procedure was first investigated by Henning Lumpe, but was further optimized as part of this

dissertation.
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CHAPTER V

1H NMR (400 MHz, CDsCN):
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3.3. Synthesis of Ligand Lroo

2-bromo-N,N-dicyclohexylacetamide (22)

0 HNCy.
Br4‘<> Z - Oﬁ)
Br  DCM, -30 °C, 20 min

According to a literature procedure,®'! dicyclohexylamine (12.5g, 68.9 mmol, 2.0 equiv.) was
dissolved in 50 mL DCM under a nitrogen atmosphere and the solution was cooled to -30 °C. 2-
bromoacetyl bromide (6.95 g, 34.4 mmol, 1.0 equiv.) was added dropwise to the stirring solution at a
rate which maintained the reaction temperature below -10 °C. While adding 2-bromoacetyl bromide, a
colorless solid precipitated. After stirring for another 20 min at -30 °C, the reaction was allowed to
warm up to room temperature. The suspension was diluted with 50 mL DCM and the reaction was
quenched with 2 M HCI (60 mL). The mixture was filtered on a glass frit to remove the suspended
solids and the biphasic mixture was separated. The organic phase was washed with 2 M HCl (20 mL)
and brine, dried over sodium sulfate and the solvent was removed in vacuo. The crude product was
recrystallized from cyclohexane (30 mL) and dried under reduced pressure to afford 22 (5.09 g,

16.8 mmol, 49%) as colorless needles.

H NMR (400 MHz, CDCls): 6 / ppm = 3.80 (s, 2H), 3.44 (br, 1H), 2.93 (br, 1H), 2.40 (br, 2H), 1.86-1.06
(m, 18H).

13C NMR (101 MHz, CDCls): 6 / ppm = 165.7, 59.7, 56.6, 31.2, 29.6, 29.2, 26.6, 26.0, 25.4, 25.3.
HRMS (ESI): m/z calc. for [C1sH2sBrNO]: 302.1114 [M+H]*
found: 302.1115.

IR (Diamond-ATR, neat): ¥ / cm™ = 2931, 2857, 1633, 1470, 1454, 1445, 1371, 1317, 1269, 1246, 1218,
1180, 1130, 1112, 1054, 1000, 897, 685.
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1H NMR (400 MHz, CDCls):
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2,2'-(benzylazanediyl)bis(N,N-dicyclohexylacetamide) (23)

Br BnNH,
Oﬁ) K,CO;
—_—

NCy2
CH4CN, 90 °C, 6 h N
NCy, OY 0
NCy,
22 23: 79%

According to a literature procedure,®'l to a stirred solution of 22 (7.91 g, 26.2 mmol, 2.0 equiv.) in
acetonitrile (27 mL), benzylamine (1.4 g, 13.1 mmol, 1.0 equiv.) and potassium carbonate (4.7 g,
34.0 mmol, 2.6 equiv.) were added. The suspension was stirred under reflux for 6 h and after
completion of the reaction, the hot mixture was filtered, and the filtrate was left to cool down to room
temperature overnight. Subsequently, the product was collected on a glass frit and dried under

reduced pressure to give 23 (5.66 g, 10.3 mmol, 79%) as colorless needles.

1H NMR (400 MHz, CDCl3): 6 / ppm = 7.41 (d, ] = 7.0 Hz, 2H), 7.29 (t, ] = 7.2 Hz, 2H), 7.22 (t, ] = 7.3 Hz,
1H), 3.95 (s, 2H), 3.45 (s, 4H), 2.86 (br, 2H), 2.49 (br, 4H), 1.74-1.02 (m, 38H).

13C NMR (101 MHz, CDCl3): 0 / ppm = 169.9, 139.5, 129.5, 128.3, 127.1, 59.3, 56.8, 56.2, 56.0, 31.4, 30.3,

26.8,25.9, 25.5,25.4, 24.9.
HRMS (ESI): m/z calc. for [CssHs6N3O2]: 550.4367 [M+H]*
found: 550.4363.

IR (Diamond-ATR, neat): V / cm! = 2923, 2849, 2358, 1634, 1425, 1365, 1299, 1265, 1238, 1183, 1140,
1043, 995, 893, 833, 806, 753, 703, 665.



150 EXPERIMENTAL SECTION CHAPTER V

1H NMR (400 MHz, CDCls):
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2,2'-azanediylbis(N,N-dicyclohexylacetamide) (24)

(E NH,CO,H NCy,
1.3 mol% Pd/C HN
/ﬁfNCyz - = OY 0

N EtOH, 80 °C, 1 h
(0] (0] NCy,

NCy2

23 24: 97%

According to a literature procedure, 16 23 (3.54 g, 6.43 mmol, 1.0 equiv.) was suspended in 10 mL
EtOH and ammonium formate (4.58 g, 72.6 mmol, 11.3 equiv.) was added. The reaction mixture was
heated to 80 °C and Pd/C (89.0 mg, 10 wt. %, 0.084 mmol, 1.3 mol%) was added, which initiated gas
evolution. The mixture was stirred for 1 h and after completion of the reaction, the suspension was
filtered through a pad of Celite. H2O was added to the filtrate and a colorless solid precipitated. The
precipitate was filtered off and dried under high vacuum to afford 24 (2.88 g, 6.27 mmol, 97%) as a

colorless solid.

H NMR (400 MHz, CDCls): 6 / ppm = 3.42 (s, 4H), 3.34 (br, 2H), 2.92 (br, 2H), 2.43 (br, 4H), 1.81-1.06
(m, 36H). NH not observed.

3C NMR (101 MHz, CDCls): 6 / ppm = 169.8, 56.6, 56.1, 51.6, 31.4, 30.2, 26.8, 26.1, 25.5, 25.4.
HRMS (ESI): m/z calc. for [C2sHz0N3O2]: 460.3898 [M+H]*
found: 460.3894.

IR (Diamond-ATR, neat): ¥ / cm = 2924, 2849, 1643, 1425, 1363, 1298, 1265, 1237, 1185, 1140, 1097,
1052, 998, 893, 860, 833, 807, 752, 703, 679, 665.
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1H NMR (400 MHz, CDCls):
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2,2'-((2-nitrophenyl)azanediyl)bis(N,N-dicyclohexylacetamide) (25)

NO,
. NO,
Ny KoCO; @E NCy,
o o) T N
NCy, 110 °C, 22 h ° e, °
24 25: 50%

According to a literature procedure,!'66! 24 (1.48 g, 3.21 mmol, 1.2 equiv.) and potassium carbonate
(0.666 g, 4.82 mmol, 1.8 equiv.) were pestled and charged in a pear-shaped flask. 1-fluoro-2-
nitrobenzene (0.378 g, 2.68 mmol, 1.0 equiv.) was added, and the reaction mixture was heated to
110 °C and stirred for 22 h. After cooling to room temperature, the orange residue was diluted in
30 mL diethyl ether and was filtered on a glass frit. 2 M HCI (18 mL) was added to the filtrate to
precipitate any remaining starting amine. The biphasic mixture was filtered on a glass frit and
subsequently both phases were separated. The organic phase was washed with brine and dried over
sodium sulfate. The solvent was evaporated and the crude product was recrystallized from boiling

hexane to yield 25 (0.783 g, 1.35 mmol, 50%) as a yellow solid.

1H NMR (400 MHz, CDCls): 6 / ppm = 7.70 (dd, ] = 8.1 Hz, ] = 1.6 Hz, 1H), 7.33 (ddd, ] = 8.7 Hz, ] =
7.0 Hz, ] = 1.7 Hz, 1H), 6.82-6.78 (m, 2H), 4.19 (s, 4H), 3.29 (br, 2H), 2.98 (br, 2H), 2.49 (br, 4H), 1.83-1.47
(m, 24H), 1.30-1.04 (m, 12H).

3C NMR (101 MHz, CDCls): 6 / ppm = 167.9, 145.1, 139.2, 1334, 126.9, 119.0, 118.8, 57.2, 56.5, 55.6,
31.3,30.2, 26.8, 26.0, 25.6, 25.4.

HRMS (ESI): m/z calc. for [CssH2N4NaOs4]:  603.3886 [M+Na]*
found: 603.3876.

IR (Diamond-ATR, neat): ¥ / cm™ = 2930, 2850, 1744, 1627, 1599, 1565, 1512, 1452, 1322, 1271, 1240,
1204, 1171, 1137, 1051, 993, 933, 892, 855, 784, 750, 723, 695, 674, 664.
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1H NMR (400 MHz, CDCls):
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2,2'-((2-aminophenyl)azanediyl)bis(N,N-dicyclohexylacetamide) (19)

NO, NH;
©[ 2.7 mol% Pd/C @:
NC NC
N/ﬁ( Y2 H, N/ﬁ( Y2
o

O EtOH, rt, 2h O o
NCy, NCy>

25 19: 80%

A round-bottomed flask equipped with a magnetic stirring bar and a septum was charged with 25
(200 mg, 0.344 mmol, 1.0 equiv.), 5mL EtOH and Pd/C (10.0 mg, 10 wt. %, 0.009 mmol, 2.7 mol%).
Nitrogen was bubbled through the reaction mixture for 5 min. Subsequently, hydrogen gas was
bubbled through the suspension for 15 min and the reaction was stirred at room temperature for 2 h
under a hydrogen atmosphere (hydrogen filled balloon). The suspension was then filtered through a
pad of Celite and was washed with hexane. The solvent was removed in vacuo and the crude product
was purified by flash column chromatography (2% methanol in dichloromethane, Rt = 0.64) to afford

19 (151 mg, 0.274 mmol, 80%) as a pale-yellow solid.

1H NMR (400 MHz, CsDs): 6 / ppm = 7.63 (dd, ] = 7.8 Hz, ] = 1.4 Hz, 1H), 6.93 (td, ] = 7.6 Hz, ] = 1.4 Hz,
1H), 6.80 (td, J = 7.6 Hz, ] = 1.5 Hz, 1H), 6.50 (dd, ] = 7.8 Hz, ] = 1.5 Hz, 1H), 4.53 (br, 2H), 4.04 (s, 4H),
3.57 (br, 2H), 2.85 (br, 5H), 1.76-1.73 (m, 4H), 1.51-1.06 (m, 33H).

3C NMR (101 MHz, CsDe): 0 / ppm = 169.6, 143.8, 138.5, 125.2, 124.2, 118.0, 115.2, 57.2, 56.6, 56.1, 31.7,

30.5,27.1, 26.0, 25.6.
HRMS (ESI): m/z calc. for [CsaHs5N4O2]: 551.4320 [M+H]*
found: 551.4313.

IR (Diamond-ATR, neat): v / cm = 2922, 2851, 1638, 1502, 1441, 1299, 1265, 1238, 1184, 1126, 995, 894,
742, 690, 663.
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1H NMR (400 MHz, CsDe):
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5-methoxy-2,9-bis(methoxycarbonyl)-1H-pyrrolo[2,3-flquinoline-7-carboxylic acid (16)

CO,Me CO,Me
MeO,C  HN—( TFAIM,0 (2:1) MeO,C  HN—{
_—
=
Z 60 °C, 24 h
~ NS
MeO,C”~ "N HOC™ 'N
OMe OMe
15 16: 52%

According to a literature procedure,'®! the trimethyl ester 15 (92.3 mg, 0.248 mmol) was dissolved in
1 mL TFA/H20 (2:1), and the reaction mixture was heated at 60 °C for 24 h. After cooling down to
room temperature, the reaction mixture was diluted with 5 mL H20. The brown precipitate was
filtered off and washed with H2O. The product was dried under high vacuum to give 16 (46 mg,

0.128 mmol, 52%) as a brown solid.

1H NMR (400 MHz, DMSO-de): 6 / ppm = 12.00 (s, 1H), 8.69 (s, 1H), 7.56 (s, 1H), 7.31 (s, 1H), 4.11 (s,
3H), 4.01 (s, 3H), 3.93 (s, 3H).

The '"H NMR spectrum is shown on page 164.
The 3C NMR signals could not be distinguished from background noise.
HRMS (ESI): m/z calc. for [CiyHisN207]: 359.0874 [M+H]*

found: 359.0874.

IR (Diamond-ATR, neat): V / cm! = 3307, 2963, 2924, 2850, 1710, 1614, 1504, 1436, 1371, 1325, 1249,
1201, 1149, 1007, 899, 851, 819, 805, 760, 741, 704.
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Dimethyl 7-((2-(bis(2-(dicyclohexylamino)-2-oxoethyl)amino)phenyl)carbamoyl)-4,5-dioxo-4,5-
dihydro-1H-pyrrolo[2,3-f]lquinoline-2,9-dicarboxylate (Lroo)

CO,Me
MeO,C  HN—
NH
CO,Me 2 Cy = ‘
MeO,C HN 2 N o) x
g . Nﬁ( ~Cy EDC+HCI, HOBtH,0 1. N I o
HO.C \N ‘ o Oﬁ) o DCM, rt., 2 h ©[
2 NCy
N< 2
o} cy” “cy N/}(
o} o
NCy,
PQQMe, 19 Lpaq

In a dry and nitrogen flushed SCHLENK flask, equipped with a magnetic stirring bar and a septum,
PQQMe: (19.8 mg, 0.055 mmol, 1.0 equiv.) was suspended in dry DCM (3 mL). EDC-HCI (16.4 mg,
0.086 mmol, 1.6 equiv.) and HOBt-H20 (13.0 mg, 0.085 mmol, 1.5 equiv.) were added, and the reaction
mixture was stirred at room temperature for 10 min. Subsequently, 19 (30.4 mg, 0.055mmol,
1.0 equiv.) was added, and the reaction mixture was stirred at room temperature for 2 h. After
completion of the reaction 10 mL H20 were added and the aqueous phase was extracted with DCM (2
x 10 mL). The combined organic layers were washed with brine, dried over sodium sulfate and the
solvent was removed in vacuo. The crude product was purified by flash column chromatography (10%
iso-hexane in diethyl ether, R¢ = 0.45) and dried under high vacuum to yield Leoo (27.5 mg, 56%) as

pale-yellow solid.

Crystals suitable for X-ray analysis were grown from dichloromethane by slow vapor diffusion of

diethyl ether at room temperature.

1H NMR (400 MHz, CD:CL): 6 / ppm = 12.68 (s, 1H), 11.83 (s, 1H), 8.78 (s, 1H), 8.4 (d, 1H), 7.53 (d,
1H), 7.43 (d, 1H), 7.22 (t, 1H), 7.13 (t, 1H), 6.48 (br, 2H), 4.15 (s, 3H), 4.00 (s, 4H), 3.95 (s, 3H), 3.26 (br,
2H), 2.86 (br, 2H), 2.14 (br, 4H), 1.73-0.98 (m, 34H).

Due to either a decomposition of the product or formation of additional products, no clear 3C NMR

spectrum or 2D spectra could be obtained.
HRMS (ESI): m/z calc. for [CsoHe1N6Oo]: 889.4506 [M-HJ
found: 889.4495.

IR (Diamond-ATR, neat): ¥ / cm™ = 3257, 2929, 2853, 2164, 1715, 1694, 1634, 1585, 1516, 1454, 1435,
1412, 1334, 1304, 1230, 1190, 1144, 1126, 1048, 995, 940, 894, 860, 834, 806, 792, 759, 724, 697, 677.
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H NMR (400 MHz, CD:Cl2)
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X-Ray Crystallographic Data

Figure V.2: ORTEPB! representation of the molecular structure of Lprgq.
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Table V.2: : Crystallographic data for Lroq.

Lroo

net formula
M:/g mol™!
crystal size/mm
T/K
radiation
diffractometer
crystal system
space group
alA
b/A
c/A
af°
pr°
v/°
V/A3
Z
calc. density/g cm=3
p/mm-™
absorption correction
transmission factor range
refls. measured
Rint
mean o(l)/]
0 range
observed refls.

X, y (weighting scheme)
hydrogen refinement
refls in refinement
parameters
restraints
R(Fobs)

Rw(F?)

S
shift/errormax
max electron density/e A-s
min electron density/e A-s

Cs50Hs2N6Oo
891.05
0.110 x 0.100 = 0.090
109.(2)
MoKa
'‘Bruker D8 Venture TXS'
monoclinic
P121/c1
11.6736(5)
22.5625(9)
18.3016(8)
20
101.404(2)
90
4725.2(3)

4
1.253
0.087
Multi-Scan
0.93-0.99
60791
0.0504
0.0326
2.901-25.350
6579
0.0516, 6.6841
mixed
8634
593
0
0.0606
0.1608
1.059
0.001
1.237
-0.253
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3.4. Synthesis of further PQQ-based Ligands

Dimethyl 7-(bis(3-ethoxy-3-oxopropyl)carbamoyl)-4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-flquinoline
-2,9-dicarboxylate (PQQpoebr)

CO,Me
MeO,C HN
CO,Me 2 \
MeO,C  HN—{ H = |
CDI, TEA
— . EtOWNWOEt Oy o
~ ‘ o o DMF, rt., overnight g0 N 0
HO,C” N o) i
O (e} OEt
o
PQQMe, 28 PQQpgpp: 61%

In a dry and nitrogen flushed SCHLENK flask, equipped with a magnetic stirring bar and a septum,
PQQMe: (20.0 mg, 0.056 mmol, 1.0 equiv.) and CDI (11.0 mg, 0.068 mmol, 1.2 equiv.) were dissolved
in dry DMF (2.5 mL). Diethyl 3,3’-azanediyldipropionate (28) (12.0 mg, 0.055 mmol, 1.0 equiv.) and
TEA (11.3 mg, 0.112 mmol, 2.0 equiv.) were added to the solution, and the reaction mixture was stirred
at room temperature overnight. After completion of the reaction, the solvent was removed in vacuo
and the residue was suspended in 10 mL H20 and was stirred at room temperature overnight. The
suspension was centrifuged (10 min at 4500 rpm) and the supernatant was removed. The residue was
vortex-mixed with H2O, centrifuged again and lyophilized to give PQQpeor (17.0 mg, 0.034 mmol,

61%) as an orange solid. R¢= 0.3, 2% methanol in dichloromethane.

1H NMR (400 MHz, DMF-d5): § / ppm = 12.70 (s, 1H), 8.45 (s, 1H), 7.32 (s, 1H), 4.16 (s, 3H), 4.15 (q, J =
7.1 Hz, 2H), 4.09 (q, ] = 7.1 Hz, 2H), 3.96 (s, 3H), 3.84-3.79 (m, 4H), 3.11 (t, ] = 7.3 Hz, 2H), 2.81 (t, ] = 7.3
Hz, 2H), 1.25 (t, ] = 7.1 Hz, 3H), 1.21 (t, ] = 7.1 Hz, 3H).

13C NMR (101 MHz, DMEF-d>): 6 / ppm = 178.4, 173.8, 171.9, 171.8, 167.9, 166.7, 160.5, 152.8, 147.5, 134.9,
134.8,129.3,127.1, 125.8, 125.2, 114.2, 60.5, 60.3, 54.4, 52.2, 45.9, 43.4, 34.0, 32.3, 14.1.

HRMS (ESI): m/z calc. for [C2sH26N3011]: 556.1573 [M-H]
found: 556.1573.

IR (Diamond-ATR, neat): ¥ / cm™ = 2970, 1716, 1683, 1626, 1497, 1473, 1432, 1382, 1314, 1279, 1257,
1225, 1183, 1152, 1115, 1029, 1012, 1000, 952, 928, 862, 832, 781, 762, 737, 698, 664, 657.
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1H NMR (400 MHz, DMF-d>):

162

o
n
=]
61'1 o
17T ]
I - 0'e o
€T = €€ [ 1n Tyl
STT L
T1
o
rei
. n .
607 Fai €26~
18T 0vE—
€87~ = 17 [ o
oreE~, F e
. = 8T
e s 8 beh—
ere | H 6ch—
6L'€
v8'E V 70 €75 —
96'€ ~ =80€ | @ oo —
90y -f L e [ ¥
80y €S [ | €09~
. L= 09~
[1%% <
[A%%
€Ty o
STy F o
9T’y
8Tt L H
<
[ o
1
Fo~
€
=] [=3
4 rNg
€L — 660 | 1no
™~
o
- F o THIT—
— wn
9’8 — 460 | o .
TSN
o 8521~
L = TLer
a 7
€621
n 8'bET
F o 6'bET >
o .o
+ m. ~
® n M ST —
-1
M2 — M 8751 —
Q e
o o] [ a
= — N §°09T —
1 N
z o = - .
F £:99T ~
T _m_u._ o - o 6491
— Q N M 8'TLT
(@) z o a ro §117
<\ - b /
<] 8'€LT
w <] 2 MW v'8LT
= z o T re =
bLTT— B 6'0
° M m
~—
° . Z
= M
Q S )
m e &
L e -

10

20

30

150 140 130 120 110 100 90 80 70 60 50 40
f1 (ppm)

160

180 170

190

200



CHAPTER V EXPERIMENTAL SECTION 163

3,3'-((2,9-bis(methoxycarbonyl)-4,5-dioxo-4,5-dihydro-1H-pyrrolo[2,3-flquinoline-7-carbonyl)aza-

nediyl)dipropionic acid (29)

CO,Me CO,Me
MGOZC HN \ MeOZC HN \
"] "]
TFA/H,0 (2:1)
o 2 o
SN o) — > SN o)
Etoj(\/N o 60°C,24h HOWN o)
o} Wﬁ(oa o} WYOH
0 o
PQQDEDP 29: 81%

PQQoeor (20.7 mg, 0.037 mmol) was dissolved in 1 mL TFA/H20 (2:1) and the reaction mixture was
heated at 60 °C for 24 h. After cooling down to room temperature, the reaction mixture was diluted
with 5 mL H20. The aqueous phase was extracted with dichloromethane (2 x 100 mL), and the
combined organic layers were washed with brine and dried over sodium sulfate. The solvent was

removed in vacuo affording 29 (15 mg, 0.03 mmol, 81%) as a red-brown solid.

1H NMR (400 MHz, DMSO-ds): § / ppm = 12.46 (s, 1H), 8.26 (s, 1H), 7.27 (s, 1H), 4.04 (s, 3H), 3.89 (s,
3H), 3.65 (t, ] =7.3 Hz, 2H), 3.59 (t, ] = 7.4 Hz, 2H), 2.83 (t, ] = 7.4 Hz, 2H), 2.63 (t, ] = 7.3 Hz, 2H).

HRMS (ESI): m/z calc. for [C22H1sN3Ou1]: 500.0947 [M-H]-
found: 500.0951.

The 13C NMR signals could not be distinguished from background noise. Due to the limited amount of

product no further characterization was performed.
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H NMR (400 MHz, DMSO-ds):
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4,5-dihydroxy-2,9-bis(methoxycarbonyl)-1H-pyrrolo[2,3-flquinoline-7-carboxylic acid (PQQMe:H>)

COaMe CO,Me
MeO,C  HN—( MeO,C  HN—(
L-(+)-ascorbic acid, HCI (2 M)
~ > =
N H,0,10°Ctort., 24 h HO ~
HO,C™ N o \ on
0 0 OH
PQQMe, PQQMe,H,: 65%

A round bottom flask, equipped with a magnetic stirring bar, was charged with L-(+)-ascorbic acid
(370 mg, 2.1 mmol, 18.1 equiv.) and dissolved in H20 (12 mL). The pH value was set to 2 with HCl
(2M). PQQMe: (41.7 mg, 0.116 mmol, 1.0 equiv.) was suspended in H20 (16 mL) and it was added
dropwise over 1 h to the solution of the acid at 10 °C. After the addition was completed, the solution
was allowed to warm up to room temperature and stirred overnight. Subsequently, the precipitated
solid was centrifuged (4500 rpm, 5 min) and washed with diluted HCl (2 M). The crude product was

dried under high vacuum to give PQQMe:H: (28 mg, 0.07 mmol, 65%) as a red-brown solid.

1H NMR (400 MHz, DMSO-ds): § / ppm = 13.17 (s, 1H), 12.13 (s, 1H), 10.21 (s, 1H), 9.26 (s, 1H), 8.55 (s,
1H), 7.42 (d, ] = 2.4 Hz, 1H), 4.11 (s, 3H), 3.94 (s, 3H).

3C NMR (101 MHz, DMSO-ds): 6 / ppm = 168.0, 164.8, 160.7, 142.3, 140.6, 137.6, 132.7, 131.0, 126.5,
123.3,122.8, 118.8, 110.4, 105.7, 54.0, 52.2.

IR (Diamond-ATR, neat): v / cm™ = 3277, 1710, 1638, 1582, 1521, 1473, 1436, 1403, 1209, 1162, 1112, 998,
971, 941, 886, 840, 798, 756, 730, 712, 687, 682, 660, 654.

Elemental analysis (CHN): % calc. for [C2sH33N3012-0.82H20]: C48.71,H4.04, N 7.10
found: C 48.38, H 3.70, N 7.36.
A reoxidation of the product was observed in HRMS (ESI).

This procedure was part of the bachelor thesis of Sophia Glocker, conducted under my supervision.
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Dimethyl  4,5-dioxo-7-((3,14,25-trihydroxy-2,10,13,21,24-pentaoxo-3,9,14,20,25-pentaaza-triacontan-
30-yl)carbamoyl)-4,5-dihydro-1H-pyrrolo[2,3-flquinoline-2,9-dicarboxylate (PQQuoro)

CO,Me
CO,Me MeO,C HN \
MeO,C HN 2 DFOM

CDI, TEA =
z - \

| DMSO/DMF, 60 °C tor.t., 24 h

(o] X
« o) o) OH N
HO.C™ N o P§ N NH 0
OH o} 2

PQQMEZ PQQDFO

In a dry and nitrogen flushed SCHLENK flask, equipped with a magnetic stirring bar and a septum,
PQQMe: (16.4 mg, 0.05 mmol, 1.0 equiv.) and CDI (8.9 mg, 0.05 mmol, 1.2 equiv.) were dissolved in
2 mL dry DMF and were stirred at 60 °C for 1 h. Subsequently, the activated acid was added dropwise
to a solution of DFO mesylate (30.0 mg, 0.05mmol, 1.0 equiv.) and TEA (18.5mg, 0.18 mmol,
4.0 equiv.) in 2mL dry DMSO/DMF, which was also stirred at 60 °C for 1h under a nitrogen
atmosphere. The reaction mixture was stirred at room temperature overnight. After completion of the
reaction, the solvent was evaporated to give a brown solid crude mixture containing PQQpro as
verified by HRMS. Due to impurities present in the crude mixture, the exact yield of pure product

could not be determined.
HRMS (ESI): m/z calc. for [Ca1H57NsOns]: 901.3938 [M-H]*
found: 901.3963.
Obtained '"H NMR spectra were not clear enough to identify desired product.

This procedure was part of the bachelor thesis of Jonas Weiser, conducted under my supervision. As

this project was not further continued, no additional analytical characterization was conducted.
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3.5. Experimental Procedures to Subchapter II1.3.
Method of continuous variation:

Stock solutions of PQQ1s- (0.05 mM) and La(NOs)3-6H20 (0.05 mM) were each prepared in acetonitrile.
The UV-Vis measurements were conducted in a quartz suprasil cuvette (1000 uL), whereby 11
solutions containing PQQ1s.s and La® in different ratios were analyzed. Each sample included x uL

PQQis (x = 1000; 900; 800; ...; 0) and y pL La®* (y = 1000 - x).

Mole ratio method:

Stock solutions of PQQ1s-6 (0.1 mM) and La(NOs)3-6H20 (0.1 mM) were each prepared in acetonitrile.
The UV-Vis measurements were conducted in a quartz suprasil cuvette (1000 uL), whereby 15
solutions containing PQQ1s.s and La® in different ratios were analyzed. Each sample included x uL

PQQ1s-s (x = 500; 400; 300; 250; 200; 180; 160; ...; 20; 0), 100 pL La%* and y uL acetonitrile (y = 900 — x).

General procedure: UV-Vis titration experiments (0 to 5.0 equiv. Ln?)

Stock solutions of a ligand (0.0015 M) and a metal salt (0.015 M) were each prepared in acetonitrile.
100 pL of the ligand stock solution were given in a quartz suprasil cuvette (3000 uL) and were diluted
with 2850 uL acetonitrile. The metal salt was added stepwise to the solution (0.1 equiv. per 1 pL

added) and absorption spectra were measured.

General procedure: UV-Vis titration experiments (0 to 10 equiv. Ln3*)

Stock solutions of a ligand (0.0015 M) and a metal salt (0.03 M) were each prepared in acetonitrile.
100 pL of the ligand stock solution were given in a quartz suprasil cuvette (3000 uL) and were diluted
with 2850 pL acetonitrile. The metal salt was added stepwise to the solution (0.5 equiv. per 2.5 uL

added) and absorption spectra were measured.

General procedure: UV-Vis titration experiments (0 to 300 equiv. Ln3*)

Stock solutions of a ligand (0.0015 M) and a metal salt (0.375 M) were each prepared in acetonitrile.
100 uL of the ligand stock solution were given in a quartz suprasil cuvette (3000 uL) and were diluted
with 2780 uL acetonitrile. The metal salt was added stepwise to the solution (10 equiv. per 4 pL

added) and absorption spectra were measured.
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UV-Vis titration experiment with Lroo (0 to 10 equiv. La3*)

A stock solution of Lrog (0.00029 M) and a stock solution of La(NOs)s-6H20 (0.03 M) were prepared in
acetonitrile/DMF (7% DMF) and in acetonitrile respectively. 520 uL of the ligand stock solution were
given in a quartz suprasil cuvette (3000 pL) and were diluted with 2430 pL acetonitrile. The metal salt
was added stepwise to the solution (0.5 equiv. per 2.5 uL added) and absorption spectra were

measured.

TRF measurements:

Stock solutions of a ligand (0.001 M) and Eu(NOs)3-6H20 (0.025 M) were each prepared in acetonitrile.
100 pL of the ligand stock solution were given in a 96-well quartz microplate from Hellma and were
diluted with 96 uL acetonitrile. 4 uL of the Eu® stock solution were added and a TRF spectrum was

measured.

Stock solutions including the ligands Lroo and PxQQwmem were prepared by adding 1.0 equiv. of
Eu(NOs)s-6H20 to the suspension of the respective ligand (0.001 M) in acetonitrile. 100 uL of the Eu*-
ligand stock solution were given in a 96-well quartz microplate from Hellma and were diluted with

100 pL acetonitrile, and a TRF spectrum was measured.

3.6. Experimental Procedures to Subchapter IV.3.

Dehydrogenation reactions: PQQMe»-1-aza-15-crown-5 (PQQ1ss; 6.5 mM, 1.0 equiv.) was placed in a
sealable NMR tube with a septum and was dissolved in CDsCN (0.55 mL). TMS:20 (1.0 equiv.) was
added and a '"H NMR spectrum was recorded. Then, a metal salt (2.0 equiv.) was added and a second
spectrum was recorded. After addition of 4-methylbenzyl alcohol (4.0 equiv.), a third "H NMR was
measured. Subsequently the reaction mixture was degassed by using an ultrasonic bath, high vacuum
and nitrogen. Finally, degassed base (2.0 equiv.) was added, the tube was shaken to ensure complete
mixing and a "H NMR spectrum was recorded as quickly as possible. The reaction was then monitored
by recording spectra every 10 min (for 1 h), then every hour (for 4 h), then every 5 h (for 15 h). The
final spectrum was recorded after 24 h after the start of the reaction. The reactions were run in
duplicate, in the case of barium in triplicate, the points in Figure IV.5 reflect the mean + SEM. The
yields were calculated based on the amount of ligand PQQ1s.s. The metal salts used were Ba(OTf).,
Ca(OTf)2-H20, Ln(OTf)3-3H20 (Ln = La, Eu and Lu) and La(NQOs3)s-6H20 and the bases used were DBU,

2,6-lutidine and pyridine.
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The reactions involving the absence of one of the components were performed following the same
experimental procedure by skipping the corresponding addition step. The reaction monitoring was

then performed by recording spectra in bigger time intervals.

EPR experiments: The concentration of ligand PQQiss was 25 mM in acetonitrile. Depending on the
nature of the experiment, the amount of metal salt if added was 2.0 equiv., the amount of 4-
methylbenzyl alcohol if added was 4.0 equiv. and the amount of DBU if added was 2.0 equiv. The
metal salts used were Ba(OTf)2, Ca(OTf)2rH20 and Ln(OTf)3-3H20 (Ln = La, Eu and Lu).

3.7. Experimental Procedure to Subchapter IV.4.

PQQMe:-1-aza-15-crown-5 (PQQ1ss; 6.4 mM, 1.0 equiv.) was placed in a sealable NMR tube with a
septum and was dissolved in CDsCN (0.56 mL). TMS:0 (1.0 equiv) and La(OTf)s-:3H20 (2.0 equiv.)
were added, and the reaction mixture was degassed by using an ultrasonic bath, high vacuum and
nitrogen. Subsequently degassed alcohol (0 to 20 equiv.) and degassed DBU (2.0 equiv.) were added,
the tube was shaken to ensure complete mixing and a '"H NMR spectrum was recorded as quickly as
possible. The reaction was then monitored by recording spectra continuously for 2 h. The yields were
calculated based on the amount of ligand PQQ1ss. The alcohols used were benzyl alcohol and benzyl-

a,0-d2 alcohol.

3.8. Experimental Procedure to Subchapter IV.5.

A ligand (6.3 mM, 1.0 equiv.) was placed in a sealable NMR tube with a septum and was dissolved in
CDsCN (0.57 mL). TMS20 (1.0 equiv.) was added and a '"H NMR spectrum was recorded. Then, a
metal salt (either La(NOs)s-6H20 or Ca(NOs)2-4H20, 2.0 equiv.) and 4-methylbenzyl alcohol (4.0 equiv.)
were added and a second '"H NMR was measured. Subsequently the reaction mixture was degassed by
using an ultrasonic bath, high vacuum and nitrogen. Finally, degassed DBU (2.0 equiv.) was added,
the tube was shaken to ensure complete mixing and a '"H NMR spectrum was recorded as quickly as
possible. The reaction was then monitored by recording spectra every hour (for 5 h), then every five
hours (for 15 h). The final spectrum was recorded after 24 h after the start of the reaction. The yields

were calculated based on the amount of the respective ligand.
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3.9. Experimental Procedures to Subchapter IV.6.
GC-MS Separation Method

By using reference alcohol and aldehyde samples, a GC-MS method was evaluated aiming the elution
of both compounds with different retention times. The samples were syringe filtered (PTFE, 0.45 pum)
and injected onto an Agilent® 7820 GC (1 uL in a 1:1 split mode) equipped with a 30 m x 0.25 mm
HP5-MS column (Agilent® 190915-433UI) coupled to an Agilent® 5977 EI mass spectrometer. The
injector temperature was set to 280 °C and the temperature of the ion source to 230 °C. The initial oven
temperature was 80 °C, held there for 1 min, and subsequently it was ramped to 160 °C at 20 °C/min.

Mass spectra were recorded in scan mode between 1.6-400 m/z.

As shown in Figure V.3, the applied method enabled the separation of the two different compounds
with retention times of 3.999 min for 4-methyl benzaldehyde and 4.364 min for 4-methylbenzyl

alcohol.
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Figure V.3: GC-MS reference traces of 4-methyl benzaldehyde and 4-methylbenzyl alcohol (upper spectrum). EI mass spectra
(lower spectra) recorded at tr = 4.399 min (4-methyl benzaldehyde) and tr = 4.364 min (4-methylbenzyl alcohol).
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Calibration Measurements

To quantify the concentration of 4-methyl benzaldehyde from obtained GC-MS chromatograms,
calibration measurements were conducted. Hence, several solutions of different concentration were
prepared and were subjected to GC-MS measurements with the method described in the subchapter
above. The peak areas were plotted against the concentration as amount of substance per volume. The
resulting calibration line is shown in Figure V.4 (right). As shown in Figure V.4 on the left, higher
aldehyde concentrations (over 0.001 M) go over the instrument detection limit, thus for future

experiments the concentration range should be kept up to 0.0005 M.
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Figure V.4: Plot of the 4-methyl benzaldehyde concentration vs. the integrated peak area obtained by GC-MS analysis (left).
Calibration line plot of 4-methyl benzaldehyde (right).

Control reaction: alcohol dehydrogenation attempt under ligand exclusion:

Stock solutions of La(NOs)3-:6H20 (1.79 M) and 4-methylbenzyl alcohol (7.97 M) were each prepared in
CDsCN.

550 uL CDsCN were placed in a sealable NMR tube with a septum and 0.76 uL TMS20 (1.0 equiv.)
were added as internal standard and a '"H NMR spectrum was recorded. Then, the metal salt (10 uL,
5.0 equiv.) and 4-methylbenzyl alcohol (10 uL, 22 equiv.) were added and the reaction mixture was
degassed by using an ultrasonic bath, high vacuum and nitrogen. Finally, degassed DBU (0.5 pL,
0.93 equiv.) was added, the tube was shaken to ensure complete mixing and a 'H NMR spectrum was

recorded as quickly as possible. A second spectrum was recorded after 24 h.
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Test of aliquot work-up procedure:

Solutions of 4-methyl benzaldehyde were prepared in different concentrations (0 to 0.5 M) in
acetonitrile. 0.5 mL from each solution were directly subjected to GC-MS measurement. Further
0.5 mL from the same solution were first filtered through a glass pipette filled with silica (approx.

220 mg) and then through a syringe filter prior to the GC-MS injection.

Preliminary alcohol dehydrogenation experiments under variation of the alcohol concentration:

A solution of PQQiss (0.5 mM, 1.0 equiv.) and La(NOs)s:6H20 (5.0 equiv.) was prepared in an
Eppendorf tube in CHsCN. Subsequently 4-methylbenzyl alcohol (0.5 to 20 equiv.) and DBU
(1.0 equiv.) were added. The reaction mixture (total volume 1.0 mL) was immediately transferred to a
GC vial, closed with a cap with a septum and subsequently degassed by using an ultrasonic bath
under a nitrogen flow. The vial was wrapped with Parafilm® and placed in a thermoshaker (28 °C).
After 24 h the reaction mixture (0.5 mL) was filtered through a glass pipette filled with silica (approx.

220 mg), then through a syringe filter and finally was subjected to GC-MS measurement.

The yield percentages were calculated based on the amount of the ligand.

Control reaction: alcohol dehydrogenation reaction in the presence of high alcohol concentration:

Stock solutions of PQQ1ss (0.0065 M), La(NOs)s:6H20 (1.79 M) and 4-methylbenzyl alcohol (7.97 M)

were each prepared in CDsCN.

550 uL of the PQQuss (1.0 equiv.) stock solution were placed in a sealable NMR tube with a septum.
0.76 uL TMS:0 (1.0 equiv.) were added as internal standard and a 'H NMR spectrum was recorded.
Then, the metal salt (10 pL, 5.0 equiv.) and 4-methylbenzyl alcohol (10 pL, 22 equiv.) were added and
the reaction mixture was degassed by using an ultrasonic bath, high vacuum and nitrogen. Finally,
degassed DBU (0.5 pL, 0.93 equiv.) was added, the tube was shaken to ensure complete mixing and a
H NMR spectrum was recorded as quickly as possible. The reaction was then monitored by recording

spectra after 6, 12 and 24 h.

General procedure for the investigated alcohol dehydrogenation experiments under variation of

the reaction conditions:

The sample was either prepared on air or in a glovebox. A solution of PQQ1s- (0.5 mM, 1.0 equiv.) and
a La%*salt (5.0 equiv.) was prepared in an Eppendorf tube in either CHsCN or CDsCN. Subsequently 4-

methylbenzyl alcohol (5.0 equiv.) and DBU (1.0 equiv.) were added. The reaction mixture (total
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volume 1.0 mL) was immediately transferred to a GC vial, closed with a cap with a septum and
subsequently degassed (unless otherwise stated) by using an ultrasonic bath under a nitrogen flow.
The vial was wrapped with Parafilm® and placed in a thermoshaker (28 °C, unless otherwise stated).
After 24 h the reaction mixture (0.5 mL) was filtered through a glass pipette filled with silica (approx.

220 mg), then through a syringe filter and finally was subjected to GC-MS measurement.

The yield percentages were calculated based on the amount of the ligand.

General procedure for the reaction screenings described in subchapter IV.6.2.:

All samples were prepared in a glovebox. A solution of a ligand (0.5 mM, 1.0 equiv.) and a metal salt
(1.0 to 15 equiv.) was prepared in an Eppendorf tube in CH3CN. Subsequently 4-methylbenzyl alcohol
(0.5 to 20 equiv.) and DBU (1.0 equiv.) were added. The reaction mixture (total volume 1.0 mL) was
immediately transferred to a GC vial, closed with a cap with a septum, and the vial was wrapped with
Parafilm®. After either 1 or 24 h the reaction mixture (0.5 mL) was filtered through a glass pipette filled
with silica (approx. 220 mg), then through a syringe filter and finally was subjected to GC-MS

measurement.

The yield percentages were calculated based on the amount of the ligand.
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VI. APPENDIX

1. Crystallization Experiments

1.1. Crystallization attempts with ligand Lroo

In order to investigate the coordination ability of the ligand Leoo, crystallization experiments were

performed. DMF was used as a solvent, since both ligand and metal salt are soluble in it.

Experiment A: Lroo (2.9 mg, 3.25 umol, 1.0 equiv.), La(NOs)3-6H20 (1.55 mg, 3.58 umol, 1.1 equiv.),
TEA (0.26 mg, 6.5 pmol, 2.0 equiv.), DMF (400 pL), vapor diffusion with acetone.

Experiment B: Leoo (2.3 mg, 2.58 umol, 1.0 equiv.), La(NOs)3-6H20 (1.23 mg, 2.84 umol, 1.1 equiv.),
TEA (0.522 mg, 5.16 umol, 2.0 equiv.), DMF (400 uL), vapor diffusion with diethyl ether.

Unfortunately, the crystallization experiments A and B did not yield any crystals. A further attempt to

obtain crystals from a Leroo-La* complex was performed, following the procedure described below.

Experiment C: Lroo (11.0 mg, 12.3 umol, 1.0 equiv.) and La(NO3)s:6H20 (5.5 mg, 12.7 umol, 1.0 equiv.)
were dissolved in 2 mL acetonitrile. The reaction mixture was stirred under reflux for 15 min, whereby
the solution became turbid upon increasing the temperature. Subsequently, five drops of DMF were
added to the hot reaction mixture and the resulting clear solution was allowed to slowly cool down to
room temperature. The reaction mixture was refrigerated at -20 °C for 5 days. Since no crystals were
formed, the solution was concentrated in vacuo and a vapor diffusion with diethyl ether was

performed. Unfortunately, the crystallization experiment failed to accomplish.

1.2. Crystallization attempts with PQQMe:

In order to examine the coordination chemistry of PQQMe: with lanthanide ions, several
crystallization attempts were conducted. First, the solubility of an acetonitrile solution of PQQMe:
and Ln* was analyzed in different solvents (Table VI.1). The addition of tert-butyl methyl ether
(TBME), dichloromethane (DCM) and water to the complex solutions resulted in the formation of red
precipitations, hence these solvents were considered as suitable precipitants for vapor diffusion
experiments. Thus, with every solvent three different crystallization batches were prepared using

either lanthanum(lIll), gadolinium(Ill) or lutetium(IIl) nitrate as metal salt for the complex formation.



176 APPENDIX CHAPTER VI

The vapor diffusion experiments including TBME and DCM resulted in the precipitation of red solids.
All three batches including water as precipitant, however, yielded small red crystals. Unfortunately,
the crystals were too low scattering for an X-ray measurement, hence they could not be analyzed. The
further attempts to improve the quality of the crystals were not successful.

Table V1.1: Solubility examination. PQQMe:z (1 mg, 0.003 mmol) was suspended in acetonitrile (200 pL). 1.0 equiv. of

Ln(NOs)3:6H20 (Ln: La, Gd, Lu) was added to the ligand, resulting in an immediate color change from orange to dark-red.
The mixture was centrifuged and 10 uL of the supernatant were placed in a GC vial and 100 uL of solvent were added.

Solvent Observation
TBME red precipitation
DCM red precipitation

H20 red precipitation
CHCls solution
1,4-dioxane solution
THF solution

As part of her Bachelor thesis performed under my supervision, Sophia Glocker conducted several
crystallization attempts in order to investigate the coordination chemistry of PQQMe2 with La3*.
Thereby, two different crystallization methods were applied: vapor diffusion using either diisopropyl
ether (DIPE) or tetrahydrofuran (THF) and slow evaporation. All stock solutions were prepared in
DMF and the experiments were conducted at room temperature. As shown in the batches with
lanthanum(Ill) triflate led to the formation of orange needle-shaped crystals, which were
unfortunately not suitable for X-ray analysis. The slow solvent evaporation of the solutions containing
lanthanum(Ill) nitrate and lanthanum(Ill) perchlorate resulted in precipitation of orange solids.
Interestingly, the experiments including lanthanum(Ill) chloride gave green brown slurry mixtures.
The formation of some radicals was assumed as the most likely explanation of the observed color
change. Future experiments should concentrate on improving the crystallization conditions of the

setting up including lanthanum(IIl) triflate since this batch already led to the formation of needles.
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Table V1.2: List of crystallization attempts and respective observations.

La3* salt La3:PQQMae: ratio Method Observation
LaCls-7H20 2.0 vapor diffusion (DIPE) green-brown slurry mixture
LaCls-7H20 2.0 vapor diffusion (THF) green-brown slurry mixture
LaCls-7H20 1.9 slow evaporation green-brown slurry mixture

La(NOs)3-6H20 2.3 vapor diffusion (DIPE) -
La(NOs)s-6H20 2.4 slow evaporation orange solid
La(OTf)s2H0 24 vapor diffusion (DIPE) orange needle-shaped crystals
La(OTf)s2H20 24 vapor diffusion (THF) orange needle-shaped crystals
La(OTf)s2H20 2.5 slow evaporation orange needle-shaped crystals
La(ClOs)3-6H20 2.3 vapor diffusion (DIPE) -
La(ClO4)3-6H20 2.1 slow evaporation orange solid

1.3. Crystallization attempts with PQQ1ss and PQQ:s-6

In order to investigate the coordination ability of ligands PQQ1s-s and PQQ1s towards lanthanum(III)

and europium(lll), crystallization experiments were performed (Table VI.3). All ligand and metal salt

stock solutions were prepared in Milli-Q water. The crystallization samples were mixed in ligand to

metal ratios of 1:10 and 1:20 and were stored either at 4 °C or at room temperature. Unfortunately, the

crystallization attempt at room temperature was not successful, since the gradual evaporation of the

solvent led to the formation of a slurry mixture. The batches stored at low temperature have still not

yielded any crystals.

Table V1.3: Crystallization attempts performed with ligands PQQus-5 and PQQus-6 and various lanthanide salts in water.

Salt Total volume (mL) [M3*] (mM) [Ligand] (mM) Equiv.ligand Equiv. M3 Temperature (°C)

LaCls-7H20 4.5 8.44 0.844 1 10 4
La(NOs)3-6H20 4.7 8.51 0.849 1 10 4
La(OTf)3-2H20 1.38 5.8 0.606 1 10 4
La(ClO4)3-6H20 1.9 6.84 0.7 1 10 4
La(OAc)>1.5H20 19 7.11 0.7 1 10 4
EuCls-6H20 1.8 6.94 0.686 1 10 4
Eu(NO:s)3-6H20 21 7.14 0.724 1 10 4
LaCls-7H20 4.5 8.44 0.836 1 10 4
La(NOs)3-6H20 4.8 8.33 0.842 1 10 4
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Salt Total volume (mL) [M3+] (mM) [Ligand] (mM) Equiv.ligand Equiv. M3+ Temperature (°C)

La(OTf)>2H:0 14 571 0.604 1 9 4
La(ClO4)3-6H20 1.9 6.84 0.693 1 10 4
La(OAc)s1.5H0 1.9 711 0.693 1 10 4
EuCls-6H20 1.8 6.94 0.679 1 10 4
Eu(NOs)36H20 21 7.14 0.716 1 10 4
LaCls-7H20 1.93 14.0 0.704 1 20 4
La(NOs)z-6H20 1.53 12.7 0.64 1 20 4
La(OTf)s-2H20 1.01 8.89 0.481 1 19 4
La(ClO4)3-6H20 1.12 10.3 0.525 1 20 4
La(OAc)s1.5H0 2.46 152 0.757 1 20 4
EuCls-6H20 2.76 15.6 0.778 1 20 4
Eu(NOs)36H20 2.73 15.6 0.776 1 20 4
LaCls-7H20 1.95 13.8 0.699 1 20 4
La(NOs)3-6H20 1.54 12.7 0.635 1 20 4
La(OTf)3-2H20 1.02 8.85 0.478 1 19 4
La(ClO4)3-6H20 1.12 10.2 0.522 1 20 4
La(OAc)s1.5H0 2.48 15.1 0.75 1 20 4
EuCls-6H20 2.79 15.4 0.772 1 20 4
Eu(NOs)z-6H20 2.75 155 0.769 1 20 4
LaCls-7H20 3.01 7.97 0.792 1 10 25
La(NOs)3-6H20 1.69 6.81 0.669 1 10 25
La(OTf)3-2H20 1.51 5.96 0.635 1 9 25
La(ClO4)3-6H20 1.48 6.44 0.628 1 10 25
La(OAc)31.5H20 2.14 7.24 0.728 1 10 25
EuCls3-6H20 221 7.24 0.735 1 10 25
Eu(NOs)z-6H20 2.95 7.97 0.789 1 10 25
LaCls-7H20 3.04 7.9 0.785 1 10 25
La(NOs)3-6H20 1.7 6.77 0.664 1 10 25
La(OTf)3-2H20 1.52 5.92 0.631 1 9 25
La(ClO4)36H20 1.49 6.4 0.624 1 10 25
La(OAc)s1.5H20 2.16 7.18 0.722 1 10 25
EuCls3-6H20 2.23 7.18 0.729 1 10 25
Eu(NOs)3-6H20 2.98 7.89 0.782 1 10 25
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In addition, numerous crystallization attempts were performed using the reaction mixtures from
already finished experiments whereby various techniques like vapor and layered diffusion, conducted
through variation of the solvents, storage temperatures, solution concentrations and ligand to metal
ratios were applied. Unfortunately, all attempts were unsuccessful. Moreover, an experiment was

carried out based on the gel crystallization technique (Figure I1.6).

Step 1 Step 2 Step 3
B
1-2 days — —
—_— E— .
slow @

A diffusion

AB

Figure V1.1: Gel crystallization technique. The procedure begins with the preparation of a gel containing compound A.
Subsequently, the gel should be overlayered with a solution containing compound B, which will slowly diffuse through the
gel, reacting with component A to give crystals with a AB composition.

Sodium metasilicate, also known as sodium water glass, was chosen as a gel medium. First, a solution
of Naz5iOs (1.0 g, 8.19 mmol) in 8.6 mL water was prepared by stirring and heating to approx. 80 °C
for 10 min. After cooling down to room temperature, the solution was filtered through a syringe filter
and 2 mL acetic acid (0.88 M) were given to the mixture. Subsequently, the pH of the mixture was set
to 3 using pure acetic acid (100%). Under vigorous stirring, 1.33 g (5.38 mmol) CeCls-7H20 were
added. The resulting solution was immediately transferred into several test tubes and was stored
overnight at room temperature until the gel solidified. On the next day, solutions of both PQQ crown
ether ligands PQQ:1ss (0.015 g, 0.027 mmol in 0.5 mL H20) and PQQ1ss (0.02 g, 0.033 mmol in 0.5 mL
H:0) were prepared and layered above the gel. The test tubes were closed with Parafilm® and were
stored over several weeks at room temperature at a vibration-free space. Unfortunately, the

crystallization attempt did not yield any crystals.
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2. Interaction of PQQ:1ss with Lanthanide and Alkaline Earth Metal Salts
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Figure V1.2: Absorption change of PQQ15-5 (0.025 mM) upon addition of 2.0 equiv. metal triflate in acetonitrile at room
temperature. The metal salts used were Ba(OTf)2, Ca(OTf)2-H20 and Ln(OTf)s-:3H20 (Ln = La, and Lu).



CHAPTER VI APPENDIX 181
2+
[PQQy5.5+La+NO;] [CasHzsNaO1oLaNOs "
lyesesss 36::2)23 Ic HPaI:Je(r; LaNO4J**
y pet®v 030 “ss0037
0.8 4 - . z=2
-
3 06 - o -CH30H LN oon
2 . T —
£ 0.4 ¢ CH2 . g " CH,
254 4
% ® Parent . e [Cz5Hz7N;0; LaNO,F*
202 4 . o 373.029
. egroreee 0.10 =2
0 PEPEPEPEPEP P S . . . A |
0 5 10 15 20 360 365 370 375 180 385
Normalized Collision Energy m/z
[PQQ,5 s+Lu+NO5]?*
[C25H25N;010LUNO, T
19000000, 382.041
z=2
o . . ® s s e e 0.88
> ’ ¢ . Parent
2 CH30H a [C2H2eN;04,LUNO
506 1 ¢ . chom 398.064
c e z=2
: - o2 : = o
= 0.4 A ” -
& ® Parent ° e
3 . [C5Hay N, O, LUND,
0.2 4 . . 391.046
. e ® " e 00w 0_12 2=2
o .8 ® . . I
0 5 10 15 20 375 380 385 390 395 400
Normalized Collision Energy miz
[PQQ,.s+La+CF,SO,]2*
[CasHasN0,oLaCF,S O,
407.506
l3esessy, . z=2
L] Parent
08 - . [CagHagN;0;,LaCF SO,
2 -CF2503-CH30H Lesess 072 423519
§ 0.6 4 ® -CF2503 . . /_f_,_____ _Fr_— 7—‘_7 __z=2
£ e -CH30H ° o TR0, I
> -CF,S0, » r N /s T
£04 4 ®-CH2 ' oron | [CxHNO, LaFF ¥ -CHiOH cH,
L)
K ® Parent . . 398542 416.511
0.2 A ° 0.15 [C2gH,sN;0,gLaF ™ z=2 222
’ . 342529
. ',;.:::::: 0.10 e |
[ ISP B B S, J : - . | : :
0 5 10 15 20 340 350 360 400 410 420
Normalized Collision Energy m/z
2+
[PQQ,s s+Lu+CF,S0;]
19 e 00888
L]
. [CgHasN;0,,LUCF,SO, P Parent
0.8 4 . e " " s s e 0.81 425523 [CogHagM50,,LUCF,S0,
5, =2 441536
£ » -CF2503 . ¢ z=2
5061 .« .cH3oH -
c - — —
£ . CH2 CF.S0, - ——
204 - “CHOH " .CF,50 i -
w o  Parent . . / 290, /'CHi‘OHJ"'—CHZ
© . [CasH2N50,LUCF]® 54 434.528
02 - ' 300548 [22;: ;ﬁ%LUH 222
z=, .
. . $ o ® o s 8 s 0.13 L 720
- B e o oo 00
[ PP T & LA . 0.05 = —— =
0 5 10 15 20 360 370 380 420 430 440

Normalized Collision Energy

m/z

Figure V1.3: Collision induced dissociation of [PQQus-s+Ln+X]?*, Ln = La, Lu; X = NOs, CF3SOs. Left: Relative ion
intensities (as obtained by integrating the respective mass spectra) as function of the excitation energy in instrument specific
units of “normalized collision energy”. Right: Typical fragmentation mass spectra at medium excitation energies (10-

11 NCE). The dominant channel is always loss of (neutral) CHsOH. For Y = CF350s loss of (neutral) CF2S0s is observed as
well.
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Figure V1.4: Collision induced dissociation of [PQQ1s-5+M+X]", M = Ba, Ca; X = NOs, CF350s. Left: Relative ion intensities
(as obtained by integrating the respective mass spectra) as function of the excitation energy in instrument specific units of
“normalized collision energy”. Right: Typical fragmentation mass spectra at medium excitation energies (20-22 NCE). The

dominant channel is always loss of (neutral) CHsOH.
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3. Spectroscopic Studies with PQQ Derivatives and Lanthanide Salts

3.1. UV-Vis Titrations of PQQ1ss with Different Lanthanide(III) Salts

The first La*-containing reagent investigated for its interaction with ligand PQQ1s-s was the complex
compound LaCls2LiCl (see chapter VI.0.2. for more details about the preparation of the reagent). This
reagent offers the benefit of being non-aqueous character, however, it is only available as a THF
solution. Nonetheless, a metal titration was conducted and despite the reasonable titration curve
obtained through the measurement (Figure VL5), a solid precipitation during the titration with larger
quantities of the reagent led to an interference of the measurement and only poor spectroscopic data

could be obtained.
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Figure V1.5: Spectrophotometric titration of PQQus-6 (0.25 mM) with increasing amounts of LaCls-2LiCI (0 to 1.25 mM) in
acetonitrile (left) and plot of the absorption change at 386 nm vs. the La’* equivalents added to the ligand (right). Each
solution had a constant total volume of 200 uL. The measurements were conducted with an Epoch 2 Plate Reader from Biotek
in a 96-well quartz microplate from Hellma.

UV-Vis Spectroscopy measurements were either conducted with an Agilent Cary 60 UV-Vis with
Peltier Element or with an Agilent 8453 Diode Array Spectrophotometer with stirred cuvette holder or
with an Epoch 2 Plate Reader from Biotek using either 10 mm quartz suprasil cuvettes from Hellma
(total volume of either 1 or 3 mL, path length 1 cm) or a 96-well quartz microplate from Hellma.
Measurements under inert atmosphere were conducted using sealable quartz suprasil cuvettes from
Hellma (total volume either 1 mL or 3 mL, path length 1 cm) equipped with a stirring bar and a

septum.

Furthermore, the interaction between PQQ1ss and lanthanum(IIl) perchlorate was examined and the
stepwise titration of the salt resulted in a red shift of the ligand’s absorption band at 350 nm (Figure

VL6). The corresponding plot of the absorbance at 386 nm versus the added La* equivalents revealed
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saturation of the complex after the addition of 5.0 equiv. La®. Unfortunately, the limitation with the
lanthanide(Ill) perchlorates lies in their limited availability from commercial sources, as only
lanthanum(Ill) perchlorate is commercially accessible. This posed a challenge for conducting the

aimed metal screenings in this project.
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Figure V1.6: Spectrophotometric titration of PQQus-s (0.05 mM) with increasing amounts of La(ClO4)3-6H20 (0 to 0.5 mM)
in acetonitrile (left) and plot of the absorption change at 386 nm vs. the La>* equivalents added to the ligand (right). Each
solution had a constant total volume of 200 uL. The measurements were conducted with an Epoch 2 Plate Reader from Biotek
in a 96-well quartz microplate from Hellma.

To identify appropriate metal salts for the intended screenings, spectrophotometric titrations were
performed using lanthanum(III) chloride (Figure V1.7) and lanthanum(IIl) triflate (Figure VIL.8). Due to
the poor solubility of the salts in neat acetonitrile, however, the measurements were performed in
solvent systems containing mixtures of acetonitrile with either water and THF, respectively. However,
the obtained results from the measurements with the chloride suggested problems with the proper
dissociation of the metal salt in the ligand solution due to the higher water content in the solution. The
problem associated with the use of the triflate was the volatile character of THF which made the UV-

Vis data prone to errors.
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Figure V1.7: Spectrophotometric titration of PQQus-6(0.05 mM) with increasing amounts of LaCls-7H20 (0 to 0.5 mM) in
acetonitrile and 23% H20 (left) and plot of the absorption change at 386 nm vs. the La’* equivalents added to the ligand
(right). Each solution had a constant total volume of 200 uL. The measurements were conducted with an Epoch 2 Plate

Reader from Biotek in a 96-well quartz microplate from Hellma.
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Figure VI.8: Spectrophotometric titration of PQQus-6 (0.05 mM) with increasing amounts of La(OTf)32H20 (0 to 0.5 mM)
in acetonitrile and 19% THF (left) and plot of the absorption change at 386 nm vs. the La** equivalents added to the ligand
(right). Each solution had a constant total volume of 200 uL. The measurements were conducted with an Epoch 2 Plate
Reader from Biotek in a 96-well quartz microplate from Hellma.
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3.2. Preliminary UV-Vis Experiments
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Figure V1.9: Spectrophotometric analysis of freshly prepared solution of PQQus-s together with La(NQOs)3-6H20 (2.0 equiv.)
in acetonitrile at 25 °C (left) and 1 day old solution of PQQus-s together with La(NOs)3-6H20 (2.0 equiv.) in acetonitrile
during temperature increase from 5 °C to 60 °C (right).
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mole ratio. Data collected from the spectrophotometric analysis for determination of the PQQ18-6 -La’* complex
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3.3. UV-Vis Titrations and Evaluation of Binding Constants
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Figure V1.12: Titrations of PQQus-6 with increasing amounts of Ln(NOs)3 XH20 (Ln = Ce, Pr, Nd; X =5 for Pr, 6 for Ce and
Nd) in acetonitrile at 25 °C (left) and plot of the absorption change at 386 nm vs. the Ln®" equivalents added to the ligand
(right).
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Figure V1.13: Titrations of PQQus-6 with increasing amounts of Ln(NOs)3-6H20 (Ln = Sm, Eu, Gd) in acetonitrile at 25 °C
(left) and plot of the absorption change at 386 nm vs. the Ln3* equivalents added to the ligand (right).
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Figure V1.14: Titrations of PQQus-6 with increasing amounts of Ln(NOs)3-XH20 (Ln = Tb, Dy, Ho; X = 5 for Dy and Ho, 6
for Tb) in acetonitrile at 25 °C (left) and plot of the absorption change at 386 nm vs. the Ln® equivalents added to the ligand
(right).
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Figure V1.15: Titrations of PQQus-6 with increasing amounts of Ln(NOs)3-5H20 (Ln = Er, Tm, Yb) in acetonitrile at 25 °C
(left) and plot of the absorption change at 386 nm vs. the Ln3* equivalents added to the ligand (right).
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Figure V1.16: Benesi-Hildebrand plots of 1/(A-Ao) versus 1/[Ln3*] for determination of binding constants K for PQQ1s-6
complexes (Ln: Ce, Pr, Nd, Sm, Eu, Gd). The Ln3" concentrations used for the plot were from 0.00015 to 0.0005 M (3.0 to

10 equiv.).
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Figure VI.17: Benesi-Hildebrand plots of 1/(A-Ao) versus 1/[Ln*] for determination of binding constants K for PQQ1s-
complexes (Ln: Tb, Dy, Ho, Er, Tm, Yb). The Ln3* concentrations used for the plot were from 0.00015 to 0.0005 M (3.0 to

10 equiv.).
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Figure V1.18: Titrations of PQQMezwith increasing amounts of Ln(NOs)3» XH20 (Ln = Ce, Pr, Sm; X =5 for Pr, 6 for Ce
and Sm) in acetonitrile at 25 °C (left) and plot of the absorption change at 386 nm vs. the Ln® equivalents added to the
ligand (right).
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Figure V1.19: Titrations of PQQMezwith increasing amounts of Ln(NOs)3-6H20 (Ln = Eu, Gd, Tb) in acetonitrile at 25 °C
(left) and plot of the absorption change at 386 nm vs. the Ln3* equivalents added to the ligand (right).
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Figure V1.20: Titrations of PQQMez with increasing amounts of Ln(NOs3)3XH20 (Ln = Dy, Tm, Lu; X =5 for Dy and Tm,
6 for Lu) in acetonitrile at 25 °C (left) and plot of the absorption change at 386 nm vs. the Ln® equivalents added to the
ligand (right).
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Figure V1.21: Benesi-Hildebrand plots of 1/(A-Ao) versus 1/[Ln3*] for determination of binding constants K for PQQMe:
complexes (Ln: La, Ce, Pr, Sm, Eu, Gd). The Ln3 concentrations used for the plot were from 0.0001 to 0.00025 M (2.0 to

5.0 equiv.).
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Figure V1.22: Benesi-Hildebrand plots of 1/(A-Ao) versus 1/[Ln3*] for determination of binding constants K for PQQMe:
complexes (Ln: Tb, Dy, Tm, Lu). The Ln3* concentrations used for the plot were from 0.0001 to 0.00025 M (2.0 to 5.0 equiv.).
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Figure V1.23: Titrations of PQQMe2(0.00005 M) with increasing amounts of methanol (0.00846 to 0.65918 M) in the
presence of 2.0 equiv. Ln(NOs3)3:6H20 (0.0001 M; Ln = La, Eu, Lu) in acetonitrile at 25 °C (left) and plot of the absorption
change at 372 nm vs. the methanol concentration added to the complex solution (right).
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Figure V1.24: Benesi-Hildebrand plots of 1/(A-Av) versus 1/[MeOH] for the titration of PQQMe: in the presence of
Ln(NOs)3-6H20 (Ln = La, Eu, Lu) with methanol in acetonitrile at 25 °C. The methanol concentrations used for the plot were

from 0.008 to 0.076 M.
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Figure V1.25: : Benesi-Hildebrand plots of 1/(A-Ao) versus 1/[La*>] for determination of binding constants K for PQQis-5
(left) and PQQMes (right). The La*>* concentrations used for the plots were from 0.0005 to 0.0039 M (10 to 75 equiv.) for
PQQ1s-5 and 0.0005 to 0.015 M (10 to 300 equiv.) for PQQMes.
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Figure V1.26: Benesi-Hildebrand plots of 1/(A-Ao) versus 1/[La’*] for determination of binding constants K for PQQpepp
(left) and PmeQQmem (right). The La* concentrations used for the plots were from 0.0005 to 0.015 M (10 to 300 equiv.) for
PQQpoepr and 0.0005 to 0.0039 M (10 to 75 equiv.) for PMeQQMem.
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4. Anhydrous Metal Salts

4.1. Tetrahydrofuran Complexes of Lanthanide Nitrates

Given PQQ'’s propensity for formation of water adducts,['®] Almuth Schmid undertook an endeavor to
synthesize anhydrous lanthanide salts as part of her bachelor thesis, conducted under my supervision.
In 2006 Niemeyer reported a procedure for the preparation of Ln(NOs)3(THF)x complexes.l3'2 Multiple
efforts were made to replicate the synthesis of the corresponding lanthanum(IIl) complex by following
the exact experimental steps outlined in the original publication (Scheme VIL1). Thereby,
lanthanum(IlI) nitrate hexahydrate was stirred in the presence of trimethyl orthoformate to replace the
coordinated water molecules by methanol. Following this, the solvent was removed in vacuo and THF
was introduced under ice-cooling conditions. The reaction mixture was stirred for 3 h at room
temperature and the solvent was subsequently evaporated. The last two steps were repeated twice.
Unfortunately, the elemental microanalysis of the resulting crude products from all attempts (Table
V1.4) revealed a significant deviation between the calculated values for the desired complex and the
actual results. The presence of carbon in the crude products suggested that a water exchange has
occurred. Nevertheless, the minimal carbon content suggested either a partial exchange or the

presence of a mixture of the desired product and a partially THF-substituted salt.

1. HC(OCHj3)3, rt.,, 17 h

La(NO3)3(H20)6 > La(NO3)3(THF),
2.10° mbar, rt. 24 h
3.THF, 0°C,2h

Scheme VI.1: Attempted conversion of lanthanum(IIl) nitrate hexahydrate to the respective tetrahydrofuran solvate.

Table V1.4: Results from the elemental analysis of the crude products, obtained after the attempted synthesis of

La(NOs)3(THF)a.
N C H
La(NOs)3(H20)s 9.70 - 2.79
La(NOs)s(THF)4 6.85 31.33 5.26
crude product 1 10.33 10.60 1.83
crude product 2 10.19 10.25 2.01
crude product 3 10.04 10.99 2.04
crude product 4 9.81 10.79 2.57

crude product 5 8.17 17.34 3.59
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4.2. LnCl5-2LiCl

The experimental studies on PQQ derived compounds often require the use of anhydrous conditions,
since the PQQ moiety can form additional products with water. However, often the commercially
available lanthanide perchlorates, nitrates, triflates and halides contain water, which could possibly
interfere the measurements. An alternative was found in the easy-to-prepare solutions of LnCls-2LiCl
(Ln = La, Ce, Nd) in THF reported by Knochel and coworkers.!33l The Ln?* concentration given by the
authors, however, refers to the assumption that the starting reagents undergo a full conversion to the
respective LnCls2LiCl species. Yet the spectroscopic studies on lanthanide complexes require the
knowledge of the exact metal ion content. Hence, a complexometric titration assay with Eriochrome
Black T (EBT) as indicator was developed in order to determine the lanthanide concentration of

anhydrous LnCls-2LiCl THF solutions.

EBT is a commercially available azo dye and well-known metal complexing agent that is used in
complexometric titrations of alkaline earth and lanthanide elements (Scheme VI.2).543151 UV-Vis

titration experiments suggested that EBT forms 1:1 binary complexes with lanthanide ions. 315316

NO, NO, NO,

O SO5 Na* O SOz Na* O SO Na*
g g N g

N. N, N
N pK; = 6.3 N pKy = 11.5
OH o] O o]
™ D e e
pH<#6 pH 8-12 pH>13
(purple) (blue) (orange)

Scheme VI.2: Molecular structure of Eriochrome Black T. Depending on the pH of the solution, it exists as three different
colored species.3151

A stock solution of EBT (0.4 mM) was prepared in CAPS buffer (38 mM, pH 10.45). An important note
is that the EBT solution cannot be stored overnight and should be freshly prepared prior to use.
LaCls-7H20 and LiCl were dissolved in water to obtain a stock solution with a known La%
concentration of 0.4 mM. An Epoch 2 Plate Reader from Biotek was used with a 96 well quartz
microplate from Hellma. The titrations were performed under maintaining a constant volume of

200 pL in a well and a constant water to THF ratio (Table VL5, Figure V1.27).
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Table V1.5: Titration of Eriochrome Black T (0.4 mM stock solution in aqueous 38 mM CAPS buffer with pH 10.45) with
increasing amount of LaCls-7H20 and LiCl (0.4 mM stock solution in water).

V (EBT) (uL) V (THF) (uL)

V (LaCls7H:20, LiCl) (uL)

V (H:0) (L)

100 50 0 50
100 50 5 45
100 50 10 40
100 50 15 35
100 50 20 30
100 50 25 25
100 50 30 20
100 50 35 15
100 50 40 10
100 50 45 5
100 50 50 0
2.0 1 2.0 -
—ou m 680nm
— S 633 nm 184 ® 680 nm (1h)
12 “t 680 nm (1.5 h)
2000 l 678 nm 164 v 680 nm (2 h)
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Figure V1.27: UV-Vis spectra of Eriochrome Black T (0.2 mM solution in aqueous CAPS buffer) with consecutive addition of
LaCls-7H20/LiCl solution (0.01 mM to 0.1 mM) in water and THF. Plots of the absorption change at three different
wavelengths against the added volume of metal salt solution.
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The UV-Vis spectrum of EBT is shown in Figure VI.27 with absorbance maxima at 633 and 678 nm.
After consecutive addition of the LaCls-7H20/LiCl solution, an absorption decrease of the two maxima
was observed and an absorption increase at 533 nm. The plots of the absorption change at 680, 633 and
502 nm show a complex saturation after the addition of 15 uL (30 uM) La3*. Furthermore, it was shown
that the obtained spectra, measured right after the preparation of the samples, differ in comparison to
the spectra measured after 2 h. As shown in Figure VI.27, only the absorption at 502 nm does not
change drastically over the time. In order to avoid large standard deviations, the absorbance values at
502 nm were thus used for the fit of a calibration line for determination of the lanthanum(IIl) content

of a solution of unknown concentration (Figure V1.28).
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Figure V1.28: Calibration line for the relation between La>* concentration and the absorption change of EBT at 502 nm.
Saturation occurred after a La’>* concentration of 30 uM. Values above that concentration were not considered for the
calibration line.

In order to test the accuracy of the concentration determination method, a LaCls2LiCl solution
(supplier concentration specification 0.6 M) purchased by Sigma Aldrich was examined as a "sample
of unknown concentration". A stock solution was prepared by a 1000-fold dilution of the purchased
solution with THF. The UV-Vis titration was performed similar to the procedure described above

(Figure VI.29, Table V1.6).
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Table V1.6: Titration of Eriochrome Black T (0.4 mM stock solution in aqueous 38 mM CAPS buffer with pH 10.45) with

THF solution of LaCls-2LiCl.

V (EBT) (uL)

V (H:0) (L)

V (LaCls-2LiCl) (uL)

V (THF) (uL)

100 50 0 50
100 50 5 45
100 50 10 40
100 50 15 35
100 50 20 30
100 50 25 25
100 50 30 20
100 50 35 15
100 50 40 10
100 50 45 5
100 50 50 0
2.0 2.0 -
:gﬁ:: . ggg o (1h)
1?& 8] 502 nm (1.5 h)
20 L 1.6
15 254
o it 1]
o 40 L >
3 i 3"
% 1.0 4 -(.E 1.0 .
n 8 0.8 1 . I B M = ] - =
< j? <06 g " Tt e m e s PO
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Figure V1.29: UV-Vis spectra of Eriochrome Black T (0.2 mM solution in aqueous CAPS buffer) with consecutive addition of
LaCls-2LiCl solution of unknown concentration in water and THF (left). Plot of the absorption change at 502 nm against the
added volume of metal salt solution (right).

On the basis of the obtained UV-Vis data from the titration with the La3 and the calibration curve

equitation determined from the plot at Figure VI.28, the concentration of the LaCls-2LiCl THF stock

solution was calculated to be 0.59 mM with a standard deviation of 0.12 mM (Table V1.7). Regarding

the supplier concentration specification and the calculated value from the experiment, the developed

EBT assay can be considered as a reliable method for metal content determination of lanthanum(III)

solutions.
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Table V1.7: Concentration determination of a LaCls-2LiCl stock solution.

Solution with known [La3+] Solution with unknown [La3*]
La*] (M)  Asw(aw) | VL)  As(au) O in( ii%”L well ;‘1’2;0‘: (Srfl\c/lk)
0 0.4356 - - - -
10 0.5295 5 0.6091 17.34 0.6937
20 0.6362 10 0.7453 30.71 0.6142
30 0.7398 15 0.7841 34.52 0.4602

© 0.5894
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5. Gas Phase Characterization of Lanthanide Complexes

5.1. OH- vs. NH distance variation C9-N1

O-H distance [A]
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Figure V1.30: Geometry-restricted DFT calculation. The O-H distance of the carboxylic function at C9 is stepwise increased,
all remaining geometry parameters are optimized. As a consequence, the N1-H distance decreases and the relative energy
increases. This indicates that in gas phase the N1-H function is deprotonated more easily than the neighboring C9-COOH

group.

5.2. OH- vs. NH distance variation C7-N6
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Figure VI1.31: Geometry-restricted DFT calculation. The N6-H distance is stepwise varied, all remaining geometry
parameters are optimized. The structure lowest in energy is characterized by a protonated carboxylic function at C7 and a
hydrogen bridge to N6 (N-H distance 1.85 A). Reducing the N6-H distance leads to a proton transfer from the COOH group
to N6, the energy increases by ca. 0.55 eV. Increasing N6-Hthe distance breaks the hydrogen bond and increases the energy
by ca. 0.3 eV.
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5.3. Mobilograms of [PQQ1ss+H]*-variation of trapping parameters

Voltage A4 = 200V e

- *esnne

Voltage A4 = 40V

Normalized Intensity [a.u.]

218 220 222 224 226 228 230
TIMSCCSNZ [AZ]

Figure V1.32: Mobilograms of [PQQus-s+HI, variation of trapping parameters. The voltage “A4” corresponds to the
potential difference between accumulation trap and funnel 1 in of the instrument. As a rule of thumb, the ion internal energy
increases with that voltage. With increasing energy the peak intensities become more similar.

5.4. Temperature-dependent '"H NMR measurements of ligand PQQ15-5

The measurements were performed in CDsCN (0.009 M) at different temperatures (from - 41 °C to
60 °C) with a Jeol ECX 400 (400 MHz) NMR Spectrometer. 'H-chemical shifts are reported in 6 units

relative to CDsCN (0u = 1.94 ppm). The software used for data processing was MNova Version 12.0.1.

Only small effects on the chemical shifts of PQQ’s aromatic protons were observed when increasing
the temperature from - 41 °C to 60 °C, indicating that no new species have been formed. However, the
proton resonances of the aza-crown moiety showed a clear temperature induced change indicating the
presence of dynamic intramolecular processes. When increasing the temperature from - 41 °C to 30 °C,
the two triplets between 3.71 and 3.84 ppm (- 41 °C) gradually coalesced to a multiplet, which
eventually exhibited a triplet multiplicity at temperatures higher than 40 °C. The proton resonance at
3.64 ppm (- 41 °C) gradually disappeared upon temperature increase. The singlet at 3.59 ppm (- 41 °C)
progressively decreased with temperature increase from - 41 °C to 30 °C and a new resonance at
3.63 ppm appeared at 20 °C and gradually increased with higher temperatures. In addition, a broad

signal appeared at 3.69 ppm at 60 °C. Furthermore, when increasing the temperature from - 41 °C to
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60 °C, the multiplet around 3.55 ppm (- 41 °C) and the triplet at 3.46 ppm (- 41 °C) gradually merged to
a broad peak with higher intensity. The results point to a flexible crown ether moiety exhibiting
different possible conformations. In solution the molecule rapidly interchanges among the
conformations, however the fluxionality could be reduced at low temperatures, which results in sharp

hydrogen atom resonances.

9’-Me / 2’-Me Crown ether
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-30°C L e

[ =/
\
/
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N T
N
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30°C ) /L‘\
40 °C _ML\
50°C - L&

60 °C -—J")M k&
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Figure V1.33: Temperature-dependent "H NMR measurements of ligand PQQis-5. The resonance signal around 13.3 ppm has
an integral of only 0.16 with reference to the integral of H-1.
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5.5. Shape measures calculations for the structures of [PQQ15s5+Ln+NQOs]*

The CShM values S can theoretically range between 0 (perfect fit to the ideal reference geometry) and
100 (no geometric similarity). Smaller S indicates smaller average deviation from the reference
geometry. Table V1.8 shows the CShM for the 7 reference geometries with the S smallest, absolute

values. All other reference geometries consistently gave much higher values for S.

Table V1.8: Continuous shape measure (CShM)?%-271 yalues S for the inner-sphere coordination geometries of the complexes

[PQQ15-5+Ln+NOs]*.

S (relative S (relative Scsapr-  Sjcsarr- Stcrer-  Syrerer-

to the Gd to the La R . Sccu-o¢  Sjccu-od . . SMFF-98

complex) complex) ? ’ ’ ?
La 0.153 =0 4.791 5.232 5.182 6.332 5.123 6.951 4.484
Ce 0.050 n.d. 4432 4.858 4.955 6.029 4.791 6.495 4.128
Pr 0.033 n.d. 4.424 4.853 4.826 5.898 4.820 6.524 4.115
Nd 0.022 n.d. 4.306 4.734 4.782 5.847 4.669 6.424 4.037
Pm 0.012 n.d. 4.247 4.679 4.878 5.925 4.640 6.368 3.958
Sm 0.011 n.d. 4.192 4.650 4.894 5.966 4.599 6.293 3.905
Eu 0.008 n.d. 4.141 4.612 4.860 5.958 4518 6.305 3.907
Gd =0 n.d. 4.022 4.484 4.791 5.855 4.462 6.240 3.783
Tb 0.088 n.d. 3.260 3.801 5.143 6.222 3.737 5.626 3.111
Dy 0.102 n.d. 3.246 3.771 5173 6.225 3.751 5.586 3.084
Ho 0.107 n.d. 3.135 3.672 5.120 6.175 3.585 5.408 3.005
Er 0.118 n.d. 3.114 3.632 5.132 6.158 3.581 5.377 2.991
Tm 0.111 n.d. 3.159 3.646 5.125 6.124 3.609 5.382 3.043
Yb 0.108 n.d. 3.168 3.652 5.159 6.157 3.617 5.391 3.056
Lu 0.220 0.656 2.808 3.408 5.326 6.405 3.344 5.150 2.684

2 Capped square-antiprism (spherical); ® Capped square-antiprism (Johnson solid J10); ¢ Spherical-relaxed capped cube; ¢
Capped cube (Johnson solid ]8); ¢ Spherical tricapped trigonal prism; f Tricapped trigonal prism (Johnson solid J51); 8 Irregular
Muffin shape.

5.6. Inner-sphere bond lengths for the structures of [PQQ155+Ln+NQOs]*

Figure V1.34 shows the labeling scheme for the binding donor atoms in the DFT-optimized structures
of the complexes [PQQ1s5+Ln+NOs]* with the lanthanum species as a representative example. Table

V1.9 contains the bond lengths Ln-X (X =O, N) in these compounds.
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Figure V1.34: Representative coordination geometry of the binding donor atoms around the lanthanum center in
[PQQ155+La+NOs]**. The hydrogen atoms are omitted for clarity.

Table V1.9: Bond lengths (A) for the different distances Ln-X (X =0, N) in the complexes [PQQs-5+La+NOs]?*. The labels
for the donor atoms are given in Figure VI1.34.

Ln- Ln- Ln- Ln- Ln- Ln-N2P Ln- Ln- Ln-
01C 02C 03C 04C N1C O5P O6N O7N
La 2.591 2.632 2.591 2.599 2.810 2.694 2.583 2.493
Ce 2.541 2.581 2.534 2.555 2.770 2.603 2.445 2.434 2.424
Pr 2.532 2.578 2.524 2.539 2.765 2.616 2.492 2.432 2.432
Nd 2.520 2.557 2.516 2.533 2.761 2.613 2.497 2.437 2.418
Pm 2.493 2.547 2.513 2.510 2.729 2.595 2.504 2.400 2.424
Sm 2.502 2.547 2.506 2.506 2.735 2.598 2.500 2417 2.439
Eu 2.501 2.542 2.502 2.524 2.750 2.614 2.535 2.454 2.442
Gd 2.500 2.539 2.499 2.524 2.745 2.599 2.539 2.416 2.407
Tb 2.448 2.454 2.442 2.474 2.689 2.526 2.440 2.350 2.356
Dy 2.447 2.440 2.446 2.467 2.696 2.551 2.477 2.337 2.370
Ho 2.415 2.434 2.423 2.460 2.670 2.503 2.437 2.337 2.334
Er 2.407 2.429 2417 2.456 2.671 2.495 2.433 2.325 2.327
Tm 2.407 2432 2415 2.461 2.690 2.502 2.447 2.331 2.339
Yb 2.409 2.438 2417 2.466 2.697 2.510 2.460 2.336 2.352
Lu 2.374 2.394 2.390 2.430 2.613 2.448 2.400 2.291 2.308

1-(dre/dra)  0.084 0.090 0.078 0.065 0.070 0.091 0.071 0.088 0.074
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6. Alcohol Oxidation

6.1. Product Analysis with 2,4-DNPH

Positive Mode (100 m/z - 500 m/z)
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Figure V1.35: LC-MS analysis of an aliquot from the reaction mixture containing PQQus-s, Eu(OTf)s, MeOH, DBU and 2,4-
DNPH in acetonitrile. Calculated exact mass for of the PQQus-5-2,4-dinitrophenylhydrazine adduct 30
[C32H34N7014]*: m/z = 740.2158.

6.2. Method Development for Monitoring of Alcohol Oxidation

X105 +EI TIC Scan

8 4.364
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6
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Figure V1.36: GC-MS traces of filtered (red) and unfiltered (blue) aliquots from a solution containing lanthanum(IIl) nitrate,
4-methybenzyl alcohol and DBU in acetonitrile.
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Figure V1.37: Graphic representation of TLC results (stationary phase: silica gel 60 F2s4 plates, mobile phase: acetonitrile).
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Figure V1.38: Graphic representation of aliquot work-up procedures. Images generated with the ChemDraw Professional
16.0.
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7. List of Abbreviations

2D two-dimensional

°C degree Celsius

A absorbance

Ao initial absorbance

Amax saturated absorbance

A angstrom

a.u. arbitrary units

Bn benzyl

BOP benzotriazol-1-yloxytris-

(dimethylamino)phosphonium

hexafluorophosphate
c concentration
calc. calculated
CAN ceric ammonium nitrate
CAPS N-cyclohexyl-3-amino-

propanesulfonic acid

CCS collision cross section

CDI 1,1'-carbonyldiimidazole

CID collision induced dissociation

cm centimeter

CN coordination number

conc. Concentrated

COSY two-dimensional correlation
spectroscopy

CShM continuous shape measure

CW continuous-wave

Cy cyclohexyl

cyt cL

dB

DBU

DCM
DFO(M)
DFT
DIPE
DMF
DMSO
DNPH
EBT

EI

EDC

EPR

eq.
equiv.
ESI

Et
EtOAc
EtOH
eV

GC-MS

cytochrome cL
day(s)
decibel

1,8-diazabicyclo[5,4,0]Jundec-7-

ene
methylene chloride
deferoxamine (mesylate)
density functional theory
diisopropyl ether
dimethylformamide
dimethyl sulfoxide
dinitrophenylhydrazine
Eriochrome Black T
electron ionization

1-Ethyl-3-(3-dimethylamino-

propyl)carbodiimide

electron paramagnetic

resonance
equation

equivalents
electrospray ionization
ethyl

ethyl acetate

ethanol

electron volt

gas chromatography mass

spectrometry
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GDH glucose dehydrogenase LanM lanmodulin
GHz gigahertz LC-MS liquid chromatography mass
FT Fourier-transform spectrometry
Ln lanthanide
g gram
h hour(s) LREE light rare earth elements
HMBC heterobinuclear multiple bond L1Q linear trap quadrupole
correlation M molarity
HMPT hexamethylphosphoramide mbar millibar
HOBt hydroxybenzotriazole MDH methanol dehydrogenase
HPLC high-performance liquid Me methyl
chromatography MeOH methanol
HREE heavy rare earth elements s
mg milligram
HRMS high resolution mass MHz mega hertz
spectrometry
min minute(s)
HSQC heteronuclear single quantum
mL milliliter
coherence
mm millimeter
Hz hertz
) ) mM millimolar
i iso
mmol millimole
IMMS ion mobility mass
spectrometry mol% mole percent
IMS ion mobility measurements MRI magnetic resonance imaging
IR infrared mT millitesla
] coupling constant MxaF Ca?-dependent MDH enzyme
k reaction rate constant mxaF gene encoding for MxaF
K binding constant m/z mass-to-charge ratio
Kadd equilibrium constant uM micromolar
kDa kilodaltons pm micrometer
KIE kinetic isotope effect Hs microsecond
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NCE normalized collision energy TFA trifluoroacetic acid
NimH nickel metal hydride THF tetrahydrofuran
nm nanometer TIMS trapped ion mobility
ns nanosecond(s) spectrometry
NMR nuclear magnetic resonance e thin layer chromatography
0 ortho TMS:0 hexamethyldisiloxane
OTf triflate TOF-MS time-of-flight mass
spectrometry
PDB protein data bank
tr retention time
PedH PQQ-dependent alcohol
dehydrogenase TRF time-resolved fluorescence
Ph phenyl (MY ultraviolet
pm picometer v reaction rate
. \% volt
ppm parts per million
PQQ pyrroloquinoline quinone viv volume percent
PyBOP benzotriazol-1-yloxytri- v wavenumber
pyrrolidinophosphonium vis visible
hexafluorophosphate
vs. versus
R organic substituent wt.% percentage by weight
REE rare earth element X-ray X-radiation
Ri retardation factor XoxF Ln3*-dependent MDH enzyme
rt room temperature xoxF gene encoding for XoxF
S second(s) . .
o chemical shift (NMR)
T relaxation time € molar absorptivity
TBME tert-butyl methyl ether A wavelength
TEA trimethylamine

mole fraction
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8. List of Compounds
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