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 SUMMARY                                                                                 I 
 

 

SUMMARY  

Lanthanides were long considered non-biologically relevant. However, recent discoveries have 

shown that lanthanide utilizing bacteria exist and are widespread in nature.  

The lanthanides are used as metal ions in the active sites of methanol dehydrogenases (MDH), 

enzymes metabolizing methanol for energy generation of the microbes. Here, lanthanides act 

as Lewis acids, a role that is commonly fulfilled by calcium in related enzymes.  

Beside the metal ion, the enzymeôs active site includes the organic molecule pyrroloquinoline 

quinone (PQQ), a redox cofactor, which gets reduced concurrent to methanol oxidation.  

This thesis deals with lanthanide dependent methanol dehydrogenases, the specific role of 

lanthanides in enzymatic action and the advantage these metals provide over calcium. The 

active site is treated by theoretical approaches using DFT. The cofactor PQQ is interesting on 

its own and several aspects of its chemistry and interaction with biologically relevant calcium 

and lanthanides are elucidated. 

Chapter I provides a brief introduction in the key concepts of this thesis ï the role of metals in 

biology and the purpose of  bioinorganic chemistry, a discourse about lanthanides in general 

and lanthanide utilizing bacteria, the MDH enzyme and features of PQQ. 

Chapter II describes how DFT calculations can help to gain further insight into the mechanism 

of action and the role of lanthanides in MDH. These calculations demonstrate a preference of 

MDH for early lanthanides and discuss the reasons for this, concerning several aspects of 

lanthanide chemistry.  

Chapter III recapitulates the known total synthesis of PQQ, points out easily accessible 

alternatives and presents several PQQ derivatives and their syntheses. The trimethylester 

PQQMe3 is accessed in a one-step synthesis and the deprotection to formerly unknown 

dimethylester PQQMe2 is described. PQQMe2 provides a multitude of possibilities for the 

synthesis of PQQ containing biomimetics. 

Chapter IV deals with the coordination chemistry of PQQ with lanthanides and calcium. It 

presents the experimental findings using NMR and UV-Vis spectroscopy that PQQ in solution, 

although possessing several possible coordination sites, 
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still coordinates in the same way as bound in MDH. The first crystal structure of a biological 

relevant metal ion (here calcium) with this cofactor is presented and the feature of PQQ to 

coordinate preferentially early lanthanides is validated by complexation experiments.  

Chapter V deals with the in-depth redox chemistry of PQQ and its derivative PQQMe3 in regard 

to the biological role as redox cofactor. Using UV-Vis spectroscopy and electrochemistry 

methods it was shown for the first time that lanthanides do have an influence on the redox 

chemistry of PQQ. 

In solution, PQQ is prone to nucleophilic attack and several derivatives, formed by reactions of 

PQQ with small molecules are known. Chapter VI deals with this reactivity of PQQ, elucidates 

the formation of a cyanide adduct and further elucidates methanol adduct formation and the 

influence of lanthanides and calcium on this type of reaction. A previously unknown PQQ-ketal 

species is characterized by NMR, IR and mass spectrometry. 

Chapter VII presents the synthesis of four different ligands, mimicking the structure of the 

MDH active site and deals with the coordination chemistry of these ligands with lanthanides 

and calcium. Two very promising biomimetics were identified and characterized by UV-Vis 

spectroscopy and mass spectrometry. 

While this summary shall only provide a brief overview of the contents of this thesis, more 

detailed descriptions of the results are given in the conclusion found at the end of each chapter.  
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I. INTRODUCTION 

 

1. Metals in Biology 

The by far most abundant elements out of which terrestrial life is formed are carbon, hydrogen, 

nitrogen and oxygen, followed by phosphorus and sulfur. Those elements are so ubiquitous, 

that they even got their own acronym, speaking of ñCHNOPSò elements or combinations 

thereof.[1-2] Metals on the other side, although plentiful on earth, are only present to a lower 

extent in living organisms. Besides calcium being relevant for bones, sodium and potassium 

being important for signal transduction and magnesium being required for proper ATP 

functionality, biologically relevant metals are only present in traces and are needed as cofactors 

in proteins. 

Iron for example, being the cofactor of oxygen transporting hemoglobin, only makes up 

0.006 mass% or 4.2 g of a 70 kg human.[3] Table I.1 provides an overview over all elements, 

which were considered biorelevant in 2016.[4] 

Table I.1: Periodic system of the elements indicating those elements that are essential for most living organisms in 

dark green and those that are essential for more restricted life forms in light green. The essentiality of Cr (blue) is 

still under debate.[5] f-block elements are not shown (asterisk after lanthanum (La) and actinium (Ac)). Adapted 

from W. Maret.[4] Cd is included based on findings from Lane et al.[6] 

H                 He 

Li Be           B C N O F Ne 

Na Mg           Al Si P S Cl Ar 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

Cs Ba La* Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 

Fr Ra Ac*                

Although being of low abundance in organisms, metals play an important and irreplaceable role 

in metabolic processes.[7] Bioinorganic chemistry sheds light on those elements and sets out to 

investigate their specific role and function in biological reactions.[8] Often, this research goes 

along with the synthesis of small molecules and complexes. Those so called ñBiomimeticsò, a 

term which was introduced by Otto Schmitt in the 1950s,[9] mimic structural features of active 

sites to gain deeper knowledge about their function by structural simplification.  
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Elements, that were long thought to have no biological relevance are the rare-earth elements, 

and although not mentioned in Table I.1, recent discoveries show their widespread utilization 

in living organisms.[10-14]  

 

2. Rare-Earth Elements 

The rare-earth elements (REE) are a group of 17 elements, including the f-block series from 

lanthanum to lutetium (also called lanthanides ï Ln) and the group III elements scandium and 

yttrium. These elements are sometimes further divided into light rare-earth elements (LRE), 

including 57La ï 63Eu and heavy rare-earth elements (HRE), including 64Gd ï 71Lu and 39Y.  The 

first discovered rare-earth element was yttrium, 1787 by Gadolin in the mineral ñytterbiteò in 

Sweden. The name of these elements originates from ñearthò being an early name for oxides 

and the thought that these elements would be scarce. Their name is actually misleading, since 

those elements are neither oxides nor particularly rare. In the earth crust, the most abundant 

REE lanthanum and cerium are more abundant than copper and even the occurrence of the least 

abundant ones, thulium and lutetium, is higher than the one of silver or gold (Figure I.1).[15] 

 

Figure I.1: Abundancies of rare-earth and other elements in the continental crust in ppm (logarithmic scale). 

Limited natural occurrence of Pm as radioactive fission product. Values provided by Wedepohl.[15] 

REE with uneven numbers show lower contents than the even numbered ones. All REE are 

chemically very similar, a fact, which slowed research progression in the past, due to their 

occurence as mixed compounds in naturally occurring ores like bastnaesite ([(LRE)CO3F]), 

monazite ([(LRE, Th)PO4])) or xenotime ([(Y, HRE)PO4)]). Due to their similar properties they 

are difficult to separate. Fractionized crystallization was the only method available until the first 

half of the 20th century, which was laborious and time-consuming. Praseodymium, one of the 
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metals being easier to purify, had to be recrystallized 5000 times to achieve a purity of 99%.[16] 

Broader chemical research on those metals was lacking before the development of more 

efficient purification methods such as ion exchange chromatography developed during the 

Manhattan project[17] and later the liquid-liquid extraction.[11] The latter is still used for 

industrial purification of REE but is environmentally harmful since producing large scales of 

acidic, toxic and even radioactive waste in addition to its enormous energy consumption.[18] The 

preferred oxidation state of REE is +III, by releasing two electrons from the s-, and one electron 

from the d-shell. However, several other oxidation states such as EuII or CeIV are known. From 

lanthanum to lutetium, the f-shell is continuously filled with electrons. However, those electrons 

do not participate in bonding, as the f-shell orbitals are more diffuse and distributed closer to 

the nucleus and therefore poorly shield the outer shells. Due to those unpaired electrons, all 

lanthanides, with the exception of La (empty shell) and Lu (full shell) are paramagnetic and 

show unique electromagnetic properties, making them interesting, especially for modern 

industrial applications (Figure I.2).[19]  

 

Figure I.2: Overview of applications of the rare-earth elements. Figure reproduced with kind permission of the 

EURARE project.[19] 

The ionic radius of La3+ is similar to the one of Ca2+ (~ 1.03 ï 1.22 vs. 1.00 ï 1.18 Å for CN 

6 ï 9)[20] which is why lanthanides are often used for replacing calcium in the active site of 

proteins, for utilization of their superior spectroscopic properties.[21-22] Throughout the 

lanthanide series, the ionic radii decrease stepwise to 0.86 Å for lutetium.[20] This reduction in 
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radius is larger as it would be expected through the sole increase of nuclear charge and is known 

as the lanthanide contraction[23] ï a phenomenon being partly explained by the poorly shielded 

outer electrons by the f-shell[24] and around 10% by relativistic effects.[25] 

In comparison, lanthanides prefer relatively high coordination numbers of 7 ï 12, a uniqueness 

resulting from the combination of relatively large ionic radii, a high charge of +3 and the 

interaction with ligands being mostly electrostatic.[11] The partly filled f-orbitals of lanthanides 

do not participate in bonding, whereas interaction with ligands relies mostly on electrostatic 

effects and electron pair acceptance as Lewis acid.[14]  

Nowadays, lanthanides are found in a wide range of applications[18] (Figure I.2),[19] such as 

strong permanent magnets, catalysts, batteries, phosphors for LED and display devices or 

contrast agents in medicine. Lanthanides are even used in fertilizers[26] and animal feed.[27] 

However, the effect of the latter is currently not well understood, but the participation of 

microorganisms as symbionts has been proposed.[28] 

[29] [30] 

3. Lanthanide Dependent Microorganisms 

For a long time, the biorelevance of lanthanides was unknown. Although being present 

plentifully in the environment, their 

oxides and ores are poorly soluble 

and therefore their bioavailability is 

limited.[21] In 2004, Lim and 

Franklin hypothesized that 

lanthanides would be superior to 

calcium in various enzymes, but the 

low bioavailability of the 

lanthanides is said to have 

prevented expression of the 

respective enzymes.[31] However, 

starting in 2011, Kawai et al. 

reported in quick succession about 

a lanthanum dependent methanol 

dehydrogenase (MDH) in Methylobacterium radiotolerans[32] and Methylorubrum (formerly 

Methylobacterium) extorquens AM1[33], both encoded by the xoxF gene, and a cerium 

Key Terms[29] 

Protein ï Biological macromolecule, build of chains 

of amino acids connected by peptide bonds. 

Enzyme ï Protein with catalytic function for substrate 

conversion. Reaction proceeds in the active site, 

which often includes a cofactor and/or a metal ion. 

Active site ï Region or cavity in an enzyme, where 

substrate binding and conversion proceeds. 

Cofactor ï Small organic molecule, which helps in 

enzymatic activity. Metal ions can be considered 

cofactors as well. 

Operon ï Group of genes, which are under the control 

of a single regulatory unit. 

Nomenclature[30] ï Gene:  xoxF  

         Protein:  XoxF 
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dependent MDH in Bradyrhizobium sp. MAFF211645.[34] It is unclear why these publications 

remained almost unnoticed. Three years later in 2014, Pol et al. reported a microorganism, 

originally found in 2007 in volcanic mudpots in the Solfatara crater, Naples Italy,[35] which 

turned out to be strictly lanthanide dependent.[36] The so called microorganism 

Methylacidiphilum fumariolicum SolV, or in short SolV could only be cultivated with its 

original mudpot water containing particular high amounts of dissolved lanthanides or in 

medium supplemented with lanthanide salts.[36] SolV expresses the same xoxF encoded MDH 

as mentioned above, metabolizing methanol for energy generation and containing a lanthanide 

ion in its active site.[36] Several clades of XoxF have evolved in different microorganisms, 

commonly named XoxF1-5.[37-39]  The name is derived from the homology to calcium 

dependent MxaF-type MDH and the x stands for the unknown function at that time.[38] xoxF is 

positioned on an operon, together with xoxG, encoding the natural electron acceptor for MDH 

and xoxJ, encoding a binding protein of unknown function.[40] The crystal structure of the 

enzyme isolated by Pol et al. was refined with cerium in the active site, although the metal ion 

in this enzyme was a Ln mixture due to mudpot water used. The central metal is coordinated by 

amino acids Glu172, Asn256, Asp299 and Asp301 and the known cofactor pyrroloquinoline 

quinone (PQQ), an organic heterocyclic molecule, functionalized with three carboxyl groups.[36]  

 

Figure I.3: Active site of the Ce-MDH from SolV strain (PDB ID: 4MAE) (co-crystallized with polyethylenglycol 

PEG).[36] Image generated with the UCSF Chimera package 1.12.[41] 

This structure shows great similarity with an already known MDH, containing calcium in its 

active site, which is encoded by the gene mxaF. In comparison, the Ca-MDH lacks one 

aspartate, probably due to the generally smaller demand of coordination partners of calcium in 

comparison with lanthanides. This MDH-type was already discovered in 1964 by Anthony and 

Zatman[42-43] and is still subject of current research. PQQ acts as an electron acceptor and 

becomes reduced to PQQH2, while methanol is oxidized to formaldehyde or even further to 
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formic acid in case of lanthanides.[36] The central metal acts as a Lewis acid, which activates 

the coordinating C=O group.[44-45] It is still subject of debate, whether a hydride is transferred 

from methanol to the PQQ C=O carbon (hydride transfer mechanism), or if methanol acts as a 

nucleophile and attacks the C=O position as a whole (hemiketal mechanism),[45-46] with DFT, 

model compound and crystallographic studies published.[47-51]  

 

Scheme I.1: Possible mechanisms for methanol oxidation by calcium dependent MxaF MDH. 

After the discovery of lanthanide dependent MDH enzymes, the presence of the xoxF gene and 

Ln utilization were verified in a wide range of microorganisms.[13] Such methanotrophic 

(= methane as carbon source) and methylotrophic (utilize C1 compounds such as methanol or 

methylamine for their metabolism) microorganisms are found in all kind of ecosystems such as 

soil, plants or ocean water[52-54] and are by far not restricted to extreme environments like SolVôs 

volcanic mudpot.[36] Phylogenetic analysis revealed, that the xoxF gene is more widespread and 

evolutionary probably older than its Ca-counterpart.[39]  

While some bacteria carry only the xoxF gene (like SolV), a wide range of bacteria carry both 

xoxF and mxaF genes.[54] An upregulation of the expression of xoxF concurrent to a down-

regulation of mxaF when only nanomolar concentrations of Ln are present was described.[55-59] 

This mechanism was implemented as the so-called lanthanide switch.[55-59] Lanthanide 

dependent bacteria show a clear preference for the early lanthanides (Table I.2), as already 

discovered in cultivation experiments by Pol et al.[36] and was also noticed after the Deepwater 

Horizon (DWH) oil rig catastrophe.[60] Due to the enormous amounts of gas released into the 

ocean, methanotrophic bacteria started to bloom.[61] In return, this caused a significant depletion 

of the early lanthanides in the sea water,[62] which remained ununderstood for a long time. 
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Table I.2: Selected lanthanide utilizing bacteria cultivated with different lanthanides. Bottom: Observed depletion 

of selected lanthanides from seawater during DHW. Adapted from L. Daumann.[13] White squares indicate non-

tested lanthanides, whereas fast growth or strong depletion is given in dark green, medium growth or depletion in 

light green and no or only poor growth stimulation / depletion in red.  Orange: None of the tested lanthanides 

affected growth whereas La influenced xoxF and mxaF gene expression. 

 Growth observed with 

Bacterial Strain La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

M. extorquens AM1 (XoxF1)[63]                

P. putida KT244(PedH) [64]                

M. mobilis JLW8 mutant (XoxF4-1)[38]                

M. mobilis JLW8 (XoxF4-2)[38]                

Methylomonas sp. LW13 (XoxF5)[38]                

M. fumariolicum SolV (XoxF2)                

M. aquaticum 22A[58] *                

 Depletion from ocean water observed 

Bloom of methanotrophic bacteria during 

DWH[62] 

               

Researchers only begin to understand how lanthanides are transported into and stored in cells. 

Experiments with AM1 already demonstrated, that this microorganism can harvest lanthanides 

even from scrap metal of hard drive magnets.[65] Recently, the Ln binding protein Lanmodulin 

was discovered, located in the periplasm of cells.[66] It has four metal coordination motifs (EF 

hands) showing a 108-fold selectivity to lanthanides over calcium.[66] However, its biological 

role remains to be elucidated. 

It is postulated that bacteria must exhibit efficient uptake mechanisms for lanthanides. The 

existence of small chelators is suggested, which could be used for lanthanide availability by the 

bacteria and which were named ñlanthanophoresò,[13, 54] after the well studied ñsiderophoresò 

which are responsible for iron uptake.  
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4. Pyrroloquinoline Quinone (PQQ) 

The non-covalently bound redox cofactor of MDH enzymes, Pyrroloquinoline quinone, acts as 

an electron acceptor for the oxidation of methanol. It is comprised of an aromatic ring system, 

consisting of a pyrrol, a quinone and a pyridine and carries three carboxyl groups in total  

(Figure I.4).   

 

Figure I.4: Structure of PQQ and its numbering scheme according to Unkefer et al.[67] 

As the key component in lanthanide supported methanol oxidation, studies on this cofactor will 

help to better understand lanthanide-utilizing bacteria in general. Interaction of PQQ with 

lanthanides will provide important information, which will help to elucidate the mechanism of 

Ln-MDH and the evolutionary advantage these elements provide over Ca. 

Large parts of this thesis deal with the interesting and manifold chemistry of PQQ and cover its 

synthesis and purification (Chapter III), its coordination chemistry (Chapter IV), its redox 

chemistry (Chapter V), the interaction with small molecules (Chapter VI) and the synthesis of 

derivatives used for biomimetic model complexes (Chapter VII). Separate and more detailed 

introductions, covering each of those features are given at the beginning of the respective 

chapters. Chapter II deals with the active site of MDH enzymes and how DFT calculations can 

help to elucidate the impact of different lanthanides. 
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II. DFT STUDIES 

 

1. Introduction  

Density functional theory (DFT) has become a powerful tool for the calculation of structural 

and functional aspects of proteins.[68]  Several calculations of the mxaF encoded Ca-MDH have 

been performed over the years.[47, 49, 69-75] From the calculations dealing with the methanol 

oxidation mechanism, almost all conclude the hydride transfer (see Scheme I.1) to be the 

energetically favored one.[47, 49, 72-73, 75] Leopoldini et al. state that both mechanisms are 

energetically rather unlikely and propose a third mechanism, being a modification of the 

addition-elimination mechanism.[70] 

First calculation on the xoxF encoded Ln-MDH used the published crystal structure with 

cerium[36] and revealed the largest match with a semiquinone PQQÅī configuration, possibly 

being the resting state of the enzyme.[76] Ce3+ïPQQ0 was defined to be the catalytically active 

form. On the basis of the calculations, Ce3+ influences the redox cycling of PQQ and promotes 

reduction to PQQH2 more effectively than Ca2+. The occurrence of a Ce4+ species was described 

to be rather unlikely. To simplify the calculation, only the active site of the enzyme was taken 

into account and present amino acids were truncated and fixed in their crystallographic position 

to model the steric imposed by the protein.[76] 

A publication from Prejanò et al. deals with the possible reaction mechanism of the cerium 

containing XoxF active site by employing the quantum chemical cluster methodology.[77] The 

potential energy surfaces of the hydride transfer and the addition-elimination mechanism were 

calculated with the latter being the energetically favored one. Similar to the calculation 

described above, only the active site was taken into account with truncated and fixed amino 

acids.[77]  

The latest theoretical approach from Tsushima combined molecular dynamics (MD) and 

fragment molecular orbital (FMO) calculations to model the whole protein instead of using 

truncated amino acids.[78] La3+, Eu3+ or Yb3+ were used as central metals, leading to several 

structural changes in the active site. An additional H2O molecule coordinated to the central 

metal in case of La3+.  
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A coordinational change from bi- to monodentate Glu172 and from tri- to monodentate PQQ was 

observed from the larger La3+ and Eu3+ to the smaller Yb3+, possibly explaining the preference 

of XoxF for LRE.[78] 

 

2. Impact of Different Lanthanides on the Structure of XoxF  

We followed the approach from Bogart et al.[76] in using a simplified active site of XoxF and 

compared calculated structures with either La3+, Ce3+, Pr3+, Eu3+ or Yb3+ as central metal. 

The following section is part of the publication: 

Similar but not the same: First Kinetic and Structural Analyses of a Methanol 

Dehydrogenase Containing a Europium Ion in the Active Site 

Bérénice Jahn, Arjan Pol, Henning Lumpe, Thomas R. M. Barends, Andreas Dietl, Carmen 

Hogendoorn, Huub J. M. Op den Camp and Lena J. Daumann 

Published in: ChemBioChem 2018, 19, 1147-1153. DOI: 10.1002/cbic.201800130. 

Reprinted under Creative Commons Attribution Non-Commercial License CC BY-NC. 

 

Abstract 

Since the discovery of the biological relevance of rare-earth elements (REE) for numerous 

different bacteria, the questions of the advantage of REE in the active site of methanol 

dehydrogenase (MDH) over calcium(II) and why bacteria prefer light REE have been a subject 

of debate. Here we report the cultivation and purification of the strictly REE-dependent 

methanotrophic bacterium Methyl-acidiphilum fumariolicum SolV with europium(III) as well 

as structural and kinetic analyses of the first Eu-substituted methanol dehydrogenase. Crystal 

structure determination of the Eu-MDH demonstrated that overall no major structural changes 

were induced by converting to this REE. Circular Dichroism (CD) measurements were used to 

determine optimal conditions for kinetic assays and inductively-coupled plasma mass-

spectrometry (ICP-MS) showed 70% incorporation of Eu in the enzyme. Our studies explain 

why bacterial growth of SolV with Eu3+ is significantly slower than with La3+/Ce3+/Pr3+: 

Eu-MDH possesses a decreased catalytic efficiency and affinity for the substrate. Although 

rare-earth elements have similar properties, the differences in ionic radii and coordination 

numbers across the series significantly impact MDH efficiency. 



CHAPTER II  DFT STUDIES 11 
 

2.1. DFT Calculations of the Active Site 

 

 

 

Figure II .1: Geometry optimized structures. Pictures generated with the UCSF Chimera package.[41] Carbon atoms 

in beige, oxygen in red, nitrogen in blue. Red sphere = La, orange sphere = Ce, green sphere = Pr, blue sphere = 

Eu, purple sphere = Yb. Asp301 becomes monodentate during the optimizations with the smaller REE Eu and Yb 

in the active site. Structure optimizations were performed using Gaussian 09[79] and the B3LYP functional with 

the 6-31G(d) basis set for C, H, N, O.[80-85] Quasi relativistic effective core potentials (ECP) were used for the 

central metal: MWB46 for La3+, 47 for Ce3+, 48 for Pr3+, 52 for Eu3+, 59 for Yb3+.[86-88] Calculations were performed 

with 11 outer sphere electrons, as pseudo-singlets (f-electrons included in ECP) and restricted closed-shell 

calculations, a method, which is common for REE-complex calculations.[89] None of the frequency calculations 

showed negative values. Starting point of the geometry optimization was the active site of the crystal structure of 

Ce-MDH isolated from SolV (4MAE) with exchange of Ce3+ with La3+, Pr3+, Eu3+ and Yb3+ respectively. Based 

on the method from Schelter et al. the amino acid residues and the polyethylenglycol, present in the crystal structure 

were truncated and the anchoring carbon atoms were frozen in their crystallographic position to mimic the sterics 

imposed by the protein.[76] For simplification only the cofactor PQQ and the amino acids directly coordinating to 

the metal ions were included in the calculations and the calculations were done without models for solvent effects. 

Notably, in DFT calculations with Eu3+ or Yb3+ in the active site, Asp301 became a monodentate 

ligand (Figure II .1 and Figure IX.2), when substrate was included in the calculations, but this 

residue is bidentate in the crystal structure in which no significant substrate density was present. 

It is known that the coordination number decreases within the REE series and this could provide 

one explanation for the differences observed during growth of SolV.[24, 36, 62, 90] The active site 

of MDH might display lower affinity for substrate as the size of the REE decreases. 



12 DFT STUDIES CHAPTER II  
 

2.2. Conclusion 

The coordination chemistry of REE is known to show a high degree of structural diversity and 

the absence of strong ligand field effects can make predictions on the coordination numbers and 

geometry difficult.[91] In methanol dehydrogenase almost all ligands and the coordination 

geometry are determined by the protein environment and result in a coordination number of 

nine. Addition of the substrate as a tenth ligand might depend on the nature and characteristics 

of the REE ion in the active site. As Cotton and Raithby so appropriately describe it: 

ñdiscontinuities can arise at any point in the lanthanide series, so where possible each of the 

elements should be examined in any particular study.ò[92] To conclude, we present the first 

structural and kinetic study of a methanol dehydrogenase isolated from a strictly REE-

dependent bacterium with a europium ion in the active site. Our results show that while rare-

earth elements have similar properties, the differences in ionic radii and coordination numbers 

across the series impact the catalytic efficiency of MDH, which might explain why bacteria 

depend on the larger, more abundant REE for growth.  

 

3. Impact of the Lanthanide Contraction 

Distinct structural changes were observed in calculations, depending on the lanthanide present 

in the active site. Therefore, the whole series of lanthanides from lanthanum to lutetium was 

analyzed, regarding enzymatic activity (biological assays) and structure of the active site (DFT 

calculations). 

The following section is part of the publication: 

Impact of the Lanthanide Contraction on the Activity of a Lanthanide-dependent 

Methanol Dehydrogenase ï A Kinetic and DFT Study  

Henning Lumpe, Arjan Pol, Huub op den Camp and Lena Daumann 

Published in: Dalton Trans. 2018, 47, 10463-10472. DOI: 10.1039/c8dt01238e. 

Reprinted under Creative Commons Attribution-NonCommercial 3.0 Unported Licence. 
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Abstract 

Interest in the bioinorganic chemistry of lanthanides is growing rapidly as more and more 

lanthanide-dependent bacteria are being discovered. Especially the earlier lanthanides have 

been shown to be preferentially utilized by bacteria that need these Lewis acids as cofactors in 

their alcohol dehydrogenase enzymes. Here, we investigate the impact of the lanthanide ions 

lanthanum(III) to lutetium(III) (excluding Pm) on the catalytic parameters (vmax, KM, kcat/KM) 

of a methanol dehydrogenase (MDH) isolated from Methylacidiphilum fumariolicum SolV. 

Kinetic experiments and DFT calculations were used to discuss why only the earlier lanthanides 

(La-Gd) promote high MDH activity. Impact of Lewis acidity, coordination number 

preferences, stability constants and other properties that are a direct result of the lanthanide 

contraction are discussed in light of the two proposed mechanisms for MDH. 

 

3.1. Introduction  

Calcium-dependent methanol dehydrogenases (MDH) have been known for over 50 years.[44] 

However, the recently discovered lanthanide (Ln)-dependent MDH are also widespread in 

bacteria inhabiting different ecosystems and this has sparked a growing interest in lanthanide-

dependent metalloenzymes.[37, 93] These enzymes are mostly found in methanotrophic and 

methylotrophic bacteria, organisms that metabolize C1 compounds such as methane or 

methanol. We recently reported the crystal structure of a Eu-MDH isolated from 

Methylacidiphilum fumariolicum SolV, a thermoacidophile that is strictly dependent on Ln for 

growth.[94] The structure reveals, in addition to the europium ion in the active site, the presence 

of pyrroloquinoline quinone (PQQ), a redox cofactor that is commonly found in many alcohol 

dehydrogenases (Figure II .2).[95] PQQ needs a Lewis acid for activation (Ca2+, Ln3+) and this 

cofactor is reduced to the quinol form (PQQH2) concurrent with methanol oxidation. Further, 

the metal ion in the active site is proposed to be involved in proper substrate orientation and 

binding.[45] DFT calculations by Schelter and coworkers revealed that a trivalent lanthanide is 

superior to calcium(II) in cofactor activation.[76] For Ca-MDH, cytochrome CL has been found 

to be the redox partner in vivo.[96-97] Some bacteria possess both genes for the Ca- as well as for 

the Ln-dependent enzyme.[58, 63-64, 98-100] In these bacteria lanthanides are also involved in gene 

expression and regulation and a sensing mechanism for Ln has been proposed but is still not 

well understood.[54-55, 63, 101-102] Not all lanthanide ions support growth of Ln-dependent bacteria 

equally and not all of them are able to produce an active MDH enzyme. A preference for the 

lighter, more abundant Ln has been noted both in laboratory and field experiments.[36, 58, 62, 64] 
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For example, during the Deepwater Horizon blowout in 2010, millions of moles of natural gas 

were released into the environment, leading to a bloom of methanotrophic bacteria.[60-61, 103-105] 

Analysis of water samples  taken near the site revealed, that concurrent to the bacterial methane 

consumption, light lanthanides (La, Ce, Pr and Nd) were depleted during the event.[62] Masuda 

et al. recently reported that Ho3+ and Lu3+ did not support growth of Methylobacterium 

aquaticum. In addition, the Ln-dependent alcohol dehydrogenase from Pseudomonas putida did 

show catalytic activity upon addition of earlier lanthanides like La3+ but not with late Ln like 

Yb3+.[58, 64] We recently reported that there is a link between the growth rate of strain SolV and 

the catalytic efficiency of the methanol dehydrogenase.[94] This enzyme is pivotal to the energy 

metabolism of methanotrophic and methylotrophic bacteria. The early Ln like La3+ and Pr3+ led 

to fast growth of strain SolV and high MDH activity while cultivation with Eu3+ was slower, 

albeit still exponential bacterial growth occurred, and this metal ion was able to produce an 

active MDH enzyme. However, addition of Yb3+ to purified MDH lead to a strong decrease in 

activity and this element did not support exponential growth of strain SolV. These results are 

surprising, as the later Ln3+ should be better Lewis acids owing to their decreased ionic radius, 

a result from the lanthanide contraction.[24] 

 

Figure II .2: Left: Active site of Eu-MDH from strain SolV (PDB 6FKW). Image generated with the UCSF Chimera 

package.[41] Right: Schematic overview of the MDH-methanol oxidation. MDH from strain SolV is also capable 

of oxidizing formaldehyde to formic acid. 

Why are the chemically similar lanthanides not supporting growth and MDH activity equally? 

This question prompted us to study the activity of MDH isolated from M. fumariolicum SolV 

in the presence of the entire lanthanide series (La-Lu, excluding Pm). It should be noted that 

strain SolV is strictly dependent on Ln, as it does not possess the gene for Ca-MDH.[36] Kinetic 

investigations were complemented by DFT calculations of the active site and we drew from 

previously published studies in lanthanide coordination chemistry and the methanol 
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dehydrogenase literature to get a full picture of the impact of the lanthanide contraction and the 

resulting changes such as Lewis acidity and coordination number-preference along the series 

on the activity of MDH. 

 

3.2. Results and Discussion 

3.2.1 MDH Assay Optimization 

The activity of MDH towards methanol was assessed with a dye-linked assay (Scheme 

II .1, Figure IX.3) using 2,6-dichlorophenolindophenol (DCPIP) as redox indicator, 

phenazine ethosulfate (PES) as artificial electron acceptor and PIPES buffer (20 mM, 

pH 7.2).[44, 106] The unfavorable solubility product of lanthanide phosphates precluded 

the use of phosphate buffer for our experiments.[107]  

 

Scheme II .1: The assay components for assessing MDH activity. 

Further, potassium cyanide was added to the assay. While cyanide prevents inhibition of MDH 

by PES it is also added to suppress endogenous substrate activity in MDH.[71, 108-109] It should 

be noted, that under the conditions of the assay (pH 7.2), the cyanide is present mainly in its 

protonated form (HCN) in solution and that the solubility of HCN is temperature dependent.[110] 

The nature of the endogenous substrate for methanol dehydrogenases has remained unresolved 

for the past decades but traces of alcohols and aldehydes present in the reagents used have been 

named.[44, 109] We further added a large excess of methanol (50 mM) to the assays to ensure this 

substrate was preferentially turned over. This assay is artificial in every way and prone to error, 

so it is important to investigate different systems under the same conditions and use caution 

when comparing results. The cultivation of strain SolV with Eu3+ and subsequent purification 

of Eu-MDH was reported recently.[94] The enzyme is obtained in a ópartial-apoô form after 
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purification where 70% of the active sites are substituted with Eu3+ and the remaining 30% are 

not occupied but can be reconstituted by adding additional Ln.[94] The addition of increasing 

amounts of europium(III) to 200 nM purified ópartial-apoô Eu-MDH led to a gradual increase 

in activity until saturation around 5 to 20 ɛM added metal was observed.[94] It is proposed that 

this excess of lanthanide ions will lead to a 100% occupation of the active site in MDH. The 

activity towards methanol oxidation upon La3+, Pr3+ and Nd3+ addition to MDH follows the 

same saturation kinetics as the addition with Eu3+, where, between 0 and 5 ɛM, a sharp increase 

in activity was observed, with saturation behavior for higher concentrations (Figure II .3). An 

investigation of a potential inhibiting effect of added lanthanide ions at higher concentrations 

than 20µM was precluded by a background reaction of the assay mix (PES, KCN, DCPIP in 

buffer) in the absence of MHD. It is worth noting here, that the determined affinity (of ópartial-

apoô Eu-MDH) for the chosen lanthanides was not significantly different (Kassoc(La) = 0.55 ± 

0.19 µM, Kassoc(Pr) = 0.52 ± 0.20 µM, Kassoc(Nd) = 0.49 ± 0.17 µM and Kassoc(Eu) = 0.53 ± 

0.21 µM) but rather the specific activity (SA) of the enzyme in the presence of these different 

metal ions varied (Normalized SA: La = 0.13 ± 0.01, Pr = 0.17 ± 0.01, Nd = 0.18 ± 0.01, Eu = 

0.08 ± 0.01). 

 

Figure II .3: Normalized specific activity (n = 3, for 5 and 10 ÕM n = 1) of 200 nM ópartial-apoô Eu-MDH in the 

presence of increasing amounts of LnCl3, error bars were omitted for clarity, standard deviations from the mean 

were less than 10%. The data was normalized by subtracting the activity of Eu-MDH without added Ln from the 

data. 

The metal ion affinity constant for Eu differed slightly from the one reported earlier (Kassoc(Eu) 

= 2.6 ± 0.6 µM) as we adjusted the assay for the use of a plate-reader instrument and the 

resulting variations in PES, DCPIP, methanol and ópartial-apoô Eu-MDH concentrations and 

ratios are known to have an impact on the assay values.[94] It is thus of importance to compare 

only results obtained under the exact same conditions, ideally obtained with the same stock 

solutions (artificial electron acceptor, redox indicator, methanol and and ópartial-apoô Eu-MDH 
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concentrations, temperature and pH and used buffer). We also conducted a titration with 

lutetium(III) under the same conditions as described in Figure II .3. However, increasing 

amounts of Lu3+ led to a gradual decrease of MDH activity. This indicates, that upon addition 

of an excess of lanthanide ions (20 µM Ln to 0.2 µM MDH), the active site metal (here Eu) can 

be replaced to some extent. Without the addition of MDH, the assay mixture did not show a 

background reaction in the presence of any of the Ln at the concentration used (20 µM). 

 

3.2.2 Kinetic Experiments with the Entire Lanthanides Series 

The differences in stimulated MDH activity by the early lanthanides La3+, Pr3+, Nd3+ 

compared to Eu3+ and Lu3+ prompted us to study the effect of equal concentrations of 

every lanthanide in the series to gain more insight into the differences caused by the 

lanthanide contraction on MDH activity. Based on the observations made in the titration 

experiment, we chose the same conditions for all lanthanides and added 20 µM 

(saturation conditions) of the respective chloride salts to 200 nM and ópartial-apoô Eu-

MDH in a subsequent assay. Figure II .4 shows the differences in activity for ópartial-apoô 

Eu-MDH upon addition of the lanthanide series (La-Lu, Pm not included). The data was 

normalized to 1 for the MDH activity without added lanthanides (here 10 µL H2O were 

added to achieve the same total volume in the sample well as in the Ln samples). 

Surprisingly, the addition of the late lanthanides (Tb3+ to Lu3+) decreased the activity 

compared to when no additional lanthanide ions were added to Eu-MDH (entry H2O in 

Figure II .4). Ln above Tb3+ increased activity gradually from Gd3+ to Nd3+, while Pr3+ 

and La3+ were slightly lower in activity than Nd3+ but still among the three best metal 

ions for maximum activity. 
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Figure II .4: Ionic radii of the lanthanides(III) in aqueous solution as determined by DôAngelo et al.[111] Normalized 

specific activity (n = 6) of 200 nM Eu-MDH in the presence of 20µM of LnCl3. Conditions: 20 mM PIPES pH 7.2, 

1 mM PES, 1 mM KCN, 100 ɛM DCPIP, 50 mM MeOH, 45°C.   

The turnover point for an enhancing effect of an added Ln turning into a negative effect on 

catalysis occurs right after gadolinium(III). From our data, it is difficult to make a statement on 

whether the much discussed ógadolinium breakô is of relevance here.[112-113] The decrease of 

activity in the presence of some lanthanides suggests that the later Ln are able to exchange with 

europium(III) in the active site. This exchange might be dependent both on the external Ln3+ 

concentration as well as on the properties of the Ln3+ itself. The assay with Ce3+ did not yield 

reproducible results, despite several attempts. While the assay mix itself (buffer, PES, DCPIP, 

KCN) did not show a background reaction when cerium(III) was added, the DCPIP reduction 

varied greatly in the presence of ópartial-apoô Eu-MDH. We attribute this to the property of 

cerium to exist not only in the trivalent form but also in its tetravalent state.[24] Traces of Ce4+ 

present in the medium (not bound to the enzyme active site) might oxidize the reduced, colorless 

DCPIP dye back to the colored form and thus led to problematic results in the determination of 

MDH activity. This derivative was included in Figure II .4 for the sake of completeness but is 

not further discussed. It should be noted here again, that early (and larger) lanthanides are 

preferentially depleted by methanotrophic bacteria as demonstrated with samples collected 

during the Deepwater Horizon catastrophe.[60, 62] These studies could indicate that not only the 

activity of MDH is tuned to utilize the early lanthanides, but also the metal ion uptake 

mechanisms in these bacteria. This effect is most pronounced for La3+, Ce3+, Pr3+ and Nd3+, 

Ln3+ that also yielded highly active MDH derivatives in our experiments and in enzymatic 

studies by others.[63] This observation is however not limited to MDH isolated from 
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methanotrophic and methylotrophic bacteria. Klebensberger and coworkes have shown that 

activity of an alcohol dehydrogenase isolated from P. putida (a non-methylotrophic organism) 

was observed with La3+, Ce3+, Pr3+, Nd3+, Sm3+, Gd3+ and Tb3+, and was highest with Pr3+ and 

Nd3+. Lu3+, Tm3+, Ho3+ and Eu3+ were not investigated and Er3+ and Yb3+ as well as the two 

rare-earth elements Sc3+ and Y3+, did not produce an active enzyme.[64] These findings together 

with our results suggest that these alcohol dehydrogenase systems are tuned by evolution to 

utilize and function with the earlier, more abundant lanthanides. However, why do Pr3+ and 

Nd3+ stimulate the highest activity? And why does the activity gradually decrease after Nd3+ 

albeit increasing Lewis acidity of the central metal ion? To answer these questions, the 

properties of the trivalent lanthanides along the series and the different mechanisms which have 

been proposed for methanol dehydrogenases, have to be considered. 

 

3.2.3 MDH Mechanisms and Possible Impact of Ln Size 

Specific Activity and Substrate Affinity. The redox cofactor PQQ needs a Lewis acid for 

activation of the C5 quinone C-O bond (Figure II .5).[44-45] However, the role of the Lewis acid 

in the active site might go beyond that purpose. Its additional involvement in cofactor (PQQ) 

orientation,[45, 70] cofactor redox cycling,[76] substrate orientation,[77] and substrate activation (by 

means of polarization of the O-H bond)[77] have been debated. Two general mechanisms (and 

variations thereof) have been proposed based on DFT, model and crystallographic studies: the 

hemiketal and the hydride transfer mechanism (key steps are shown in Figure II .5).[45, 49-51, 70, 

77, 114] Through the series given that the coordination number does not change, Lewis acidity 

steadily increases, due to the decreasing ionic radius, caused by the lanthanide contraction 

(Figure II .4).[92] The specific activity (SA) of the enzyme should therefore steadily increase if 

this kinetic parameter were (solely) dependent on Lewis acidity of the metal ion in the active 

site. The low, or rather absence of any, SA for Lu3+ and the other late lanthanide ions (Figure 

II .4) however showed, that Lewis acidity and activation of the C5 carbonyl bond in PQQ is not 

the only factor that needs to be considered. Increased Lewis acidity might be the explanation 

why Pr3+ and Nd3+ led to more active enzyme derivatives than La3+, but as we progress in the 

series, this positive impact is overruled by another factor. 
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Figure II .5: Key steps of the two proposed mechanisms in methanol dehydrogenase enzymes. 

Harris and Davidson reported a comparison of Ca-MDH and Sr-MDH isolated from 

Methylobacillus glycogenes. The authors demonstrated that Sr2+, while having a 20% larger 

ionic radius than Ca2+, produced the more active enzyme but with a decreased affinity for 

substrate (Table II .1).[115] Goodwin and Anthony reported the kinetic parameters of Ca-MDH, 

Sr-MDH and Ba-MDH from Methylobacterium extorquens.[116] Here, the same trend - the larger 

the alkaline earth ion, the higher the vmax but the lower the substrate affinity - was observed. 

(Table II .1). Increased Lewis acidity does not seem to necessarily have a positive effect on 

catalysis. It is interesting that in this study the native metal ion calcium(II) does produce the 

slowest enzyme. However it is the derivative with the best substrate affinity. The large decrease 

in substrate affinity upon substitution with barium(II) suggests that this 25 % larger, non-

biologically relevant metal ion perturbs the active site and interferes with proper substrate 

binding. DFT calculations of the active site with Ca2+ or Ba2+ as the central metal were 

performed by Mainardi et al.[69] It was shown that the activation energy for methanol oxidation 

of Ca2+ containing MDH was doubled compared to the Ba2+-derivative. By calculating the 

energy barriers for both the hemiketal- and the hydride-transfer mechanism, they further 

showed, that for both mechanisms almost all free-energy barriers were reduced in the presence 

of Ba2+.[69] Within the lanthanide series, the larger derivatives are also superior to the smaller 

Ln and stimulate the highest activity. However, one has to keep in mind that with the lanthanide-

dependent MDH, the larger Ln are the native metal ions and the later, less abundant Ln might 

play only a minor role in biological systems. Further, differences between Ln-MDH isolated 

from different bacteria have been noted.[36, 63] Ln-MDH isolated from strain SolV does not 

require activation by ammonia or methylamine in the dye-linked assay and has a pH optimum 

of 7 while the Ln-MDH isolated from M. extorquens does need methylamine and pH 9 to 

function properly (Table II .1).[36, 63, 98] Table II .1 also demonstrates the importance of the assay 

conditions such as temperature (30-60°C were reported), the chosen buffer and pH (phosphate, 
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PIPES or TRIS buffer, pH 7-9)[36, 63-64, 94, 98, 115-117], type of electron acceptor and redox indicator 

(PES, PMS, Wursters Blue, cytochrome CL)[64, 71, 106, 118] and the presence of activators or 

competitive inhibitors (KCN, imidazole, ammonium ions, methylamine)[71, 98, 109, 115] for the 

kinetic parameters that are obtained. Further, some of the components e.g. PES and PMS are 

light sensitive and degradation during handling can impact the effective concentration of these 

reagents in the assay. Hence one should only compare kinetic parameters of systems that have 

been obtained under the same conditions. 

Table II .1: Kinetic parameters of alcohol dehydrogenase enzymes. 

Enzyme 

System (Substrate) 

vmax 

[ɛmol minī1mgī1]  

KM 

[µM] 

keff (kcat/Km) 

[mM-1s-1] 

Ca-MDHa,[115] (MeOH) 7.3 15 - 

Sr-MDHa,[115] (MeOH) 21.8 46 - 

Ca-MDHb,[116] (MeOH) 0.81 3 - 

Sr-MDHb,[116] (MeOH) 1.08 22 - 

Ba-MDHc,[116] (MeOH) 1.61 3500 - 

Ln-MDHd (MeOH) 4.4 0.8 5800 

Eu-MDHe,[94] (MeOH) 0.189 ± 0.006 3.62 ± 0.44 55 

Pr-ADH f,[64] (EtOH) 10.6 ± 0.4 177 ± 31 66 ± 12 

La-ADHg,[98] (MeOH) 6.6 5980 2 

La-ADHg,[98] (EtOH) 6.4 0.9 14500 

Eu/Lu-MDHh (MeOH) 0.020 ± 0.002 0.82 ± 0.39 26 

Eu-MDHh (MeOH) 0.043 ± 0.002 0.91 ± 0.24 50 

Eu/La-MDHh (MeOH) 0.151 ± 0.005 1.30 ± 0.21 123 

Conditions: apH 9, 30°C, 6 mM (NH4)2SO4, 3 mM Wursters blue, 6 mM KCN, MDH from M. glycogenes 
bpH 9.0, 10 mM NH4Cl. cpH 9.0, 100 mM NH4Cl, MDH from M. extorquens dLn = mixture of La, Ce, Pr, 

Nd, 60°C, 100 nM MDH, pH 7, 2 mM PES, 40 ɛM DCPIP, MDH from M. fumariolicum. epH 7.2, 45°C, 

100 nM MDH, 1 mM PES, 1 mM KCN, 80 ɛM DCPIP, 20 µM EuCl3, MDH from M. fumariolicum. fpH 8, 

30°C, 0.5 mM PMS (phenazine methosulfate), 150 µM DCPIP, 25 mM imidazole, 1 µM PrCl3, ADH = 

Alcohol dehydrogenase from P. Putida. gpH 9, 100 µM, LaCl3, 5mM methylamine, 10 mM PQQ, 100 µM 

DCPIP, 100 µM PMS. ADH = Alcohol dehydrogenase from M. extorquens. hpH 7.2, 45°C, 200 nM MDH, 

1 mM PES, 1 mM, KCN, 100 ɛM DCPIP, 20 µM LnCl3, MDH from M. fumariolicum, this work. 

Ideally, one could purify individual MDH derivatives with each of the different Ln in 

the active site and compare them under the same assay conditions. However, this 

endeavor is somewhat hampered by the absence of bacterial growth with the late 

lanthanides. In lieu of alternative purified Ln-MDH derivatives we nevertheless obtained 

catalytic parameters for some of the mixed Eu-MDH+Ln species in this study (Figure 

II .6 and Table II .1). 20 µM of Eu3+, La3+ or Lu3+ were added to 200 nM Eu-MDH and 

increasing amounts of methanol were added (0, 1, 2, 5, 10, 20, 50 µM and 50 mM). As 

with the data in Figure II .3, the most striking difference among the derivatives (Eu + Lu, 

Eu + Eu and Eu + La) was the specific activity and the resulting difference in catalytic 

efficiency which increased with increasing size of the added metal ion (Table II .1). 

Methanol affinity was in this experiment the same within error, and if there are slight 
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differences between the derivatives they are not able to be detected due to the presence 

of mainly Eu3+ in the active site (Figure II .6). Previously, it was shown that MDH from 

SolV with a mixture of the larger Ln in the active site (La, Ce, Nd, Pr) exhibited a slightly 

increased affinity for substrate compared to Eu-MDH (Table II .1).[36, 94] However it 

should be mentioned here that the parameters of the assay were slightly different.  

 

Figure II .6: Specific activity (n = 2) of 200 nM Eu-MDH in the presence of 20 ɛM LnCl3 with increasing amounts 

of methanol. Conditions: 20 mM PIPES pH 7.2, 1 mM PES, 1 mM KCN, 100 ɛM DCPIP, 45°C.   

We were further interested in how the specific activity would be influenced by a mixture of an 

early (La3+ or Nd3+) and a late (Lu3+) lanthanide. Since activity measurements included the 

addition of different Ln3+ to Eu-MDH which is already occupied to 70% with Eu3+, a 

competition among the different metals for the active site has to be taken into account. 

Additional activity measurements were conducted in the presence of La3+, Nd3+, or Eu3+ 

together with increasing amounts of Lu3+ as competing metal for the active site (Figure II .7). 

The total amount of additional metal was kept constant at 20 ɛM. Hence, 100% in Figure II .7 

stands for 100% La3+ (20 ɛM), 75% stands for 75% La3+ and 25% Lu3+ (15 ɛM and 5 ɛM, 

respectively) and so forth. 0 stands for 0% La3+ and 100% Lu3+ (20 ɛM). While the amount of 

Lu3+ decreased the MDH activity in the presence of La3+ and also, slightly, the one with Eu3+, 

the activity of MDH in the presence of Nd3+ was relatively unaffected by lutetium(III) addition. 

Interestingly, all measurements showed a higher activity at 50% e.g. La3+/Lu3+ (10 ɛM each) 

than the averaged values between 0 and 100% Lu3+. The following paragraphs will discuss how 

the central metal ion could impact catalytic parameters and explain the differences among the 

lanthanides.  
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Figure II .7: Mixed Ln normalized specific activities (n = 3) of 200 nM Eu-MDH in the presence of 20 ɛM LnCl3 

(Ln = Lu + La/Nd/Eu). Conditions: 20 mM PIPES pH 7.2, 1 mM PES, 1 mM KCN, 100 ɛM DCPIP, 50 mM 

MeOH, 45°C. 

Coordination Numbers and Substrate Orientation. The preferred coordination number (CN) 

of the active site ion could have an impact on substrate binding to the active site and on the 

surrounding amino acid/hydrogen-bond network that is important for proton abstraction during 

catalysis. The high SA of Nd3+ could be explained then as a compromise of a relatively high 

Lewis acidity while maintaining a high CN to bind the substrate. Drawing from lanthanide 

coordination chemistry, where researchers have studied the factors influencing the CN in simple 

lanthanides complexes, it has been shown that, regardless of other factors like the type of 

ligands or the used solvent, the preferred coordination number throughout the lanthanide series 

gradually decreases.[90, 92] For example, the number of water molecules in the complex 

[Ln(NO3)3(terpy)(H2O)n] is reduced throughout the lanthanide series (n = 2 for La, 1 for Ce-Dy, 

0 for Ho-Lu).[92] A lower coordination number preference of the late lanthanides could influence 

the ability to bind substrate and further disrupt the H-bond network around the active site to 

some extent. We investigated this for the entire series with DFT calculations. Generally, the 

influence of the protein environment on the CN and substrate orientation in enzyme active sites 

as well as solvent effects in lanthanide complexes have also been modelled in the past by 

molecular dynamics approaches.[49, 72-73, 119] As previously demonstrated for La3+, Pr3+, Eu3+ and 

Yb3+, depending on the presence of substrate, the state of the cofactor and the Ln3+, as well as 

the chosen calculation parameters, the coordination mode of the active sites amino acids in the 

geometry optimized structures does vary.[94] Calculations for the entire lanthanide series were 

conducted in a way similar to a previously published procedure reported by Schelter et al.[76] 

Detailed calculation methods and input files, as well as detailed information of the bond angles 

and distances for the optimized structures are given in the materials and methods section and 
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the ESI (Figure IX.4-6 and  Table IX.1-4). Calculations revealed that over the Ln series, the 

binding mode of the active site ligands and thus the coordination number of the metal ion change 

during geometry optimization (Figure IX.4-6 and  Table IX.1-4). Over the lanthanide series, 

several turnover points were observed (Figure IX .6). A change in coordination mode of the (in 

the crystal structure) bidentate Asp301 residue (only present in Ln-MDH but not Ca- MDH) 

was also observed in the calculations of the Ce3+PQQ derivative by Schelter and coworkers.[76] 

Further it was noted, that the catalytic base Asp299 displayed a high degree of flexibility. We 

have further tested the influence of different parameters such as solvent effects, a smaller ECP 

and free refinement (unfrozen) of the ligands on the final coordination number and these results 

are presented in Figure IX.7-9. Altering these parameters did not change the final coordination 

number of the active site metal. 

In general, a preference for a lower coordination number in the active site, throughout the Ln 

series was shown by the DFT calculations in the gas phase, which would be in line with the 

observations made by coordination chemists studying the entire Ln-series.[24, 90-92] However, the 

CN in MDH is mostly set by the protein environment and the most flexible ligand would still 

be the substrate. In our experiments however, substrate affinity was hardly affected. 

There are several other aspects to how the Lewis acid in the active site might influence methanol 

oxidation: (i) Substrate deprotonation. Proton abstraction from the substrate by the aspartate 

residue (here Asp299) is proposed to be assisted by the Lewis acid (Figure II .5).[77] In crystal 

structures of MDH, MeOH is often found coordinating to the Lewis acid and this ligation has 

been proposed to be beneficial for proton abstraction by lowering the pKa value.[49] In our 

calculations of the active quinone PQQ form with substrate, the distance of the substrate oxygen 

to the PQQ C5 carbon was relatively constant between 3.41-3.42 Å. However, the distance of 

the substrate oxygen to the central metal decreased with decreasing ionic radius as expected 

throughout the lanthanide-series (2.67 Å for La, 2.56 Å for Lu,  Table IX.1). This is a 

common feature found in Ln-complexes. For the complex [Ln(TREN-1,2-HOIQO)(H2O)], the 

sum of Ln-O  bond lengths quadratically decrease throughout the Ln-series.[91] This pull towards 

the Lewis acid could hinder the H-transfer or the nucleophilic attack of the methanolate. Further 

it is interesting to note, that the distance of the aspartate residue in the active site (the one 

proposed to act as a general base to abstract the proton from the substrate) to the Lewis acid 

differs greatly in the reported structures of the Ca- and Ln-MDH derivatives. In Ca-MDH from 

M. extorquens (PDB: 1H4I, 1.94 Å resolution) the Asp303-Ca distance (shown as red dashes in 

Figure II .5) was reported to be 3.56 Å or 3.61 Å (PDB: 1W6S, 1.2 Å resolution) while in Ca-
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MDH from Methylophilus methylotrophus W3A1 (PDB: 4AAH, 2.4 Å resolution) the Asp297-

Ca distance is reported as 3.25 Å.[120-122] The two available Ln-MDH structures available to date 

are both enzymes isolated from strain SolV and show for Ce-MDH (PDB: 4MAE, 1.6 Å 

resolution) a significantly shorter Asp299-Ce distance of 2.86 Å and for Eu-MDH (PDB: 

6FKW, 1.4 Å resolution) a Asp299-Eu distance of 2.95 Å.[36, 94] While the latter two values of 

Ln-MDH might be the same within the error of the experiment, the difference in distance from 

the Asp-residue to the metal ion between Ca and Ln is significant. However in calculations by 

Leopoldini et al. on the mechanism of Ca-MDH, this Ca-Asp distance was found to vary 

between 2.38 and 2.82 Å, showing a high degree of flexibility of this amino acid during 

catalysis.[70] We have also noted this flexibility in our calculations. The calculated distances of 

Ln-Asp in the active site with PQQ in the relevant resting state semiquinone form (PQQÅī) are 

found to be much shorter than the experimental values (Figure IX.11+13, Table IX.6). The 

nature of the metal ion (Ca, La-Lu) might affect the properties of this catalytic base 

(Asp297/303/299) during methanol oxidation and active site regeneration. For example, a 

stronger Lewis acid such as Lu3+, interacting with Asp299 would hinder an efficient proton 

abstraction from methanol, but, in turn, once protonated, coordination of Asp by a stronger 

Lewis acid would lower the pKa value and thus facilitate proton abstraction from this residue 

and regeneration of the active site. Given the high flexibility of this residue, it is unlikely that 

these two effects cancel each other as the distance to the Lewis acid and its positive or negative 

effect might vary during catalysis. (ii) Ligand Exchange Rates and Complex Stabilities. From 

decades-long research into the coordination chemistry of the lanthanides it is now well 

established that complex stabilities increase along the series.[24] Cotton et al. reported that the 

stability constants for EDTA lanthanide complexes significantly increase from the early to the 

late Ln, due to changes in charge density, coordination number and entropy.[123-124] These 

differences among the stability constants of Ln complexes are, for example, exploited in their 

separation by ion exchange methods. Further, Graeppi et al. measured the water exchange rates 

for the late Ln (Gd-Yb) in the complexes [Ln(H2O)8]
3+ and [Ln(PDTA)(H2O)2]

- which decrease 

continuously throughout the series.[125] Transferring these concepts to the methanol oxidation 

in MDH, this could suggest that once product is formed (formaldehyde or formic acid) the 

higher stability of a resulting Ln-product (formaldehyde and especially formic acid, or more 

specifically, formate under the conditions of the assay) complex would make product release 

and ligand exchange less favorable for the late Ln and therefore would hinder the regeneration 

of the active site. This hypothesis could be tested with inhibition experiments of different 

derivatives of MDH. (iii) The Redox Cycling of the Cofactor PQQ. Schelter and coworkers 
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conducted DFT calculations of the active site of Ce-MDH and proposed that a stronger Lewis-

acid would result in lowered virtual orbitals and would therefore facilitate PQQ reduction and 

in turn methanol oxidation.[76] Using their method, we investigated whether changing to a 

different lanthanide would influence this redox cycling in any way. For this we optimized the 

resting semiquinone PQQÅī and the active quinone PQQ0 state for Ce3+ and the two ñextremesò 

of the Ln series ï La3+ and Lu3+ (Figure II .8) ï and compared the molecular orbital (MO) 

energies for those derivatives. 

 

Figure II .8: Calculated extended active site of xoxF encoded MDH with La as the central metal and PQQ in its 

active PQQ0 form. Calculation details given in Figure IX.11 and Figure IX.12. Image generated with the UCSF 

Chimera package.[41] 

 

While the bond lengths, the locations of the electron density as well as the MO energies of the 

Ce3+ PQQ0 derivative are in excellent agreement with the previously published results by 

Schelter, the bond lengths of the optimized structure of the published Ce3+ PQQÅī species 

deviated from our calculated coordinates (Figure IX .11-14 and Table IX.5-7). However, as the 

input file and the keywords for the optimization were not given, it is difficult to comment on 

what caused this deviation. It should be noted that in our calculations no negative frequencies 

were observed. 
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Figure II .9: Molecular orbital diagram of oxidized Ln PQQ0 and the semiquinone form Ln PQQÅī. Ln = La3+, Ce3+ 

and Lu3+. Next to the MO description the location of electron density is shown in brackets. 

The results presented in Figure II .9 suggest, that for the redox cycling, the nature of the 

lanthanide in the active site has only a small effect. The LUMO of the active PQQ0 state is 

PQQ-based and would be filled during the methanol-oxidation. While the energy values for the 

La and Ce species differ only by 0.0016 eV, the Lu LUMO is slightly lowered by 0.0408 eV. 

In comparison, Schelter calculated the LUMO of the Ln-MDH active site with a Ca2+ central 

metal to be 0.81 eV higher than the Ce3+ species. The resting semiquinone state PQQÅī shows 

the same PQQ-based MO which is now a single occupied HOMO. Also in this case, the Lu 

species is slightly lowered by 0.0590 eV compared to the La derivative. In both cases, the Lu 

species seems to be slightly favoured by means of energetic values, which is also in agreement 

with the conclusions made by Schelter and co-workers who stated that a better Lewis acid is 

beneficial for methanol oxidation. Protein electrochemistry with different MDH derivates could 

experimentally verify the conclusions drawn from these calculations. (iv) Activation Energies. 

Lastly, the activation energies of the rate-determining step could be affected by the different 

lanthanides in Ln-MDH similar to the Ca/Ba-MDH that was investigated by Mainardi et al.[69] 

This could be experimentally probed by determining kinetic parameters at different 

temperatures for different MDH derivatives. Efforts to purify and characterize such derivatives 

are currently underway. 
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3.3. Conclusion 

Ten years ago, a biological relevance of lanthanides for living organisms was unthinkable.[31, 

126-127] Now, studies of lanthanide-dependent bacterial metabolism is a quickly growing field. 

To answer the important questions of how these elements are made bioavailable, taken up into 

cells, regulate gene expression and what their advantages over calcium in the active site of 

enzymes are, it will take a strong collaborative effort by researchers working in the fields of 

microbiology, biochemistry, spectroscopy, computational and coordination chemistry. In this 

paper, we have investigated the methanol oxidation of a methanol dehydrogenase isolated from 

M. fumariolicum SolV with different lanthanides from a coordination chemistsô point of view. 

While activity in the presence of early lanthanides was high, the decreasing size of the 

lanthanides caused by the lanthanide contraction had a negative effect on catalytic activity. 

Lewis acidity and co-factor activation are not the only important factors that have to be 

considered but coordination number preference, ligand exchange rates, substrate orientation and 

activation and hydrogen bonding are important factors as well. 
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III.  SYNTHESIS AND PURIFICATION OF PQQ AND 

ITS DERIVATIVES 

 

1. Introduction  

In 1979, Salisbury et al. reported the first crystal structure of PQQ as its acetone adduct and 

proposed the underivatized structure of PQQ.[128] Based on this structural information, the first 

total synthesis was developed in nine steps by Corey and Tramontano in 1981.[129] Fourteen 

synthetic approaches were either published or patent-registered over the years, with a six-step 

synthesis from Glinkerman and Boger being the most recent one (2016).[129-142] Even a large 

scale synthesis was developed for kilogram amounts of PQQ.[138] However, all routes share the 

disadvantage of being time and chemical consuming, while showing low to medium yields with 

a maximum of 56%.[142] To overcome those limitations, biosynthesis of PQQ by 

microorganisms was established and developed alongside chemical production.  Already in 

1984, M5 and uncharacterized methylotrophs were used to produce PQQ in a 10 µg/mL scale 

after two days of fermentation.[143] Later, the biosynthetic pathway of PQQ was elucidated in 

Klebsiella pneumonia, which involves six genes, PQQA-F, forming the so called PQQ-

operon.[144] Distribution and properties of those genes were further elucidated by Shen et al.[145] 

A review about the biochemistry, physiology and genetics of PQQ, as well as PQQ producing 

microorganisms is given by Goodwin and Anthony.[146] Genes from Klebsiella pneumonia were 

even transferred to E.coli to produce 14C labelled PQQ.[147] With Methylovorus sp., the yields 

of PQQ were increased to a 125 mg/L scale after 6 days of fermentation.[148] Several studies 

indicate health benefits of a PQQ enriched nutrition.[149] Increasing numbers of companies 

produce PQQ containing nutritional supplement products, like ñBioPQQò from Mitsubishi Gas 

Chemical[150] or ñPentaQQò by Evonik.[151] 
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2. Total Synthesis of PQQ 

Throughout the course of this thesis, the trimethyl ester of PQQ (11) was afforded in a 7-step-

synthesis, based on a procedure described by Corey and Tramontano[129] which was later 

improved by two patents[139-140] (Scheme III -1). The alternative synthetic route by Glinkerman 

and Boger gives higher yields combined with reduced synthetic steps,[142] however, it does not 

include the key intermediate 10, which is a known starting material for model complex 

syntheses[152] and valuable for further synthetic approaches.  

 

Scheme III -1: Total synthesis of PQQ, based on works from Corey and Tramontano[129]. *After treatment of 11 

with methyl orthoformate and p-toluenesulfonic acid  in refluxing methanol, ketal species was received which was 

described as the C5 adduct by the authors, but no analytical data was given.[129] The same reaction was later 

described by Itoh el al. to give the C4 ketal, which could be verified by X-ray crystal structure analysis. For more 

information about ketal formation, see Chapter VI .  

First step of the reaction path was the amine protection from commercially available 2-

methoxy-5-nitroaniline (1) by in situ generated acetic formic anhydride (Scheme III -2), leading 

to the N-formyl derivative (2) in 92% yield.  
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Scheme III -2: Formation of N-(2-methoxy-5-nitrophenyl)formamide (2). 

In a next step, the nitro-group was hydrogenated in an autoclave by the addition of palladium 

on carbon as a catalyst (Scheme III -3). The reaction proceeded smoothly and led to the desired 

aniline 3 in 66% yield. Unreacted starting material could easily be separated and reused by 

washing the product with TCM. Attempts with the originally described conditions (PtO as 

catalyst in DMF) gave lower yields with higher amounts of unreacted starting material.   

 

Scheme III -3: Hydrogenation of nitrobenzene 2. 

With sodium nitrite, the primary amine could be transformed into diazonium salt (3ô), which 

was used for the addition of methyl 2-methyl-3-oxobutanoate (4) in 81% yield (Scheme III -4). 

 

Scheme III -4: Addition of methyl 2-methyl-3-oxobutanoate (4) via diazonium salt (3ô). 

The precursor methyl 2-methyl-3-oxobutanoate (4) was synthesized by methylation of methyl 

3-oxobutanoate (4ô) with methyl iodide in 96% isolated yield after purification of the product 

by distillation. 

 

Scheme III -5: Formation of precursor methyl 2-methyl-3-oxobutanoate (4) by methylation. 
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Subsequently, intermediate 5 was stirred in hot formic acid for 20 hours, to form indole 6 by a 

Fischer indole synthesis in poor yield (36%) (Scheme III -6). A byproduct (6ô) occurred in a 

ratio of 25% of the total yield, which was formed by an alternative ring-closing reaction. 

Unfortunately, it could not be separated from the main product by column chromatography and 

was therefore also converted in the next reaction steps. 

 

Scheme III -6: Formation of indole 6 by a Fischer indole synthesis. 

Deprotection of the N-formyl group was carried out in refluxing hydrochloric acid (Scheme 

III -7), leading to compound 7 in good yield (91%). 

 

Scheme III -7: Deprotection of the N-formyl group. 

Hydroxypiperidine 9 was generated in poor yield (41%) by the addition of dimethyl (E)-4-

oxopent-2-enedioate (8) in a DoebnerïMiller reaction. 9 was dehydrated by bubbling catalytic 

dry hydrogen chloride through a solution of 9 in DCM, leading to pyrroloquinoline 10 in 35% 

yield (Scheme III -8).  

 

Scheme III -8: DoebnerïMiller reaction and subsequent aromatization to pyrroloquinoline 10. 

The precursor 8 was synthesized in three steps, according to a procedure described by Carrigan 

et al.[153] Ŭ-Ketoglutaric acid (8a) was esterified by letting it stand in pure methanol for 5 days. 

Dimethyloxoglutarate (8b) was then treated with bromine to form 8c, which was directly 

converted to 8 by deprotonation with triethylamine and elimination of triethylammonium 
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bromide. While esterification gave only 59% yield, bromination and following elimination 

proceeded almost quantitative.  

 

Scheme III -9: Reaction sequence towards dimethyl (E)-4-oxopent-2-enedioate (8), including esterification of 

Ŭ-ketoglutaric acid (8a), bromination in C2 position and following elimination.  

The last step in the reaction sequence was the oxidation with ceric ammonium nitrate, which 

led to the PQQMe3 (11) in 35% yield (Scheme III -10). The overall yield over seven steps 

(without precursor synthesis of 4 and 8) was 0.8%.  

 

Scheme III -10: Oxidation with ceric ammonium nitrate. 

 

3. Purification of Biological Produced PQQ 

3.1. Introduction  

The total synthesis described in subchapter 2 required three month of laboratory work and 

resulted in a few hundred milligrams of PQQ precursors 10 and 11 in total. In demand of larger 

amounts for further synthetic approaches and spectroscopic studies, alternative supply lines 

were evaluated.  The standard chemical suppliers only sell PQQ for extraordinary high prices 

(~140ú per mg from Sigma Aldrich, as to the date of 02.09.2019) or do not sell it at all. One 

gram was purchased from the Fluorochem company, Hadfield, UK. On the other hand, a 

multitude of companies sell PQQ as food supplement for a fraction of the amount from chemical 

suppliers. One of those suppliers, Doctorôs BestÈ Science-Based NutritionÊ was tested for 

an alternative (and cheap) source of pure PQQ. From a scientific standpoint, it is highly 

questionable to support companies in their marketing of PQQ based on at least questionable 
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health benefits, but the sheer amount of PQQ needed for this research project made 

compromises necessary. 

 

3.2. Purification of Vitamin Capsule Derived PQQ 

As nutritional supplement, PQQ is used as its disodium salt PQQNa2 (14), which is sold in 

capsules together with cellulose as filler. Those capsules were emptied and the containing 

powder was given into water. While PQQNa2 shows good solubility in water, the containing 

cellulose remained as a colorless solid and was filtered off. The water was subsequently 

removed under reduced pressure to give the monohydrated PQQNa2 as a reddish brown powder. 

To convert the sodium salt into pure PQQ, a procedure was followed, described by Ikemoto et 

al.[154] PQQNa2 was redissolved in water, heated to 70°C, acidified to pH 1.5 with HCl and 

further stirred for 24 h at 70°C to give pure PQQ as a bright red powder, which was filtered off 

and dried under high vacuum. Elemental analysis indicated a monohydrated PQQẗH2O species 

in high purity which was further confirmed by NMR. The water equivalent could not be 

removed, even after drying the product for several hours at 100°C. However, ssNMR revealed 

pure PQQ (13) and not the covalently bound PQQ-water adduct (15) (see also Chapter IV for 

more details). 

 

4. Synthesis of PQQ Derivatives 

4.1. Synthesis of PQQMe3  

4.1.1 Introduction 

In its protonated form, PQQ (13) is soluble in polar solvents like alcohols, DMF or DMSO. The 

solubility in water is limited to its (partially) deprotonated form. In MeCN, no solubility was 

observed. The trimethylester PQQMe3 (11) shows good solubility in apolar media like DCM 

and TCM but also in MeCN. Besides the altered solubilty, 11 was also used as a precursor for 

the synthesis of biomimetic model complexes[152] and prevent alternative coordination sites in 

solution.[155] In order to have the trimethylester PQQMe3 (11) available without the need of the 

time-consuming total synthesis described in subchapter III.2, possibilities were sought to 

directly esterify free PQQ. 
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4.1.2 Synthesis of PQQMe3 by Methylation with CH3I or by Steglich Esterification 

 

Scheme III -11: Synthetic approaches towards PQQMe3 (11), including methylation with methyl iodide (A) and 

Steglich esterification with methanol (B). 

The direct esterification with methyl iodide in DMF resulted in insufficient yields of 20% and 

large quantities of impurities were present, which could not be separated by column 

chromatography. The Steglich esterification with methanol, DCC and DMAP in DMF only 

gave unreacted starting material. 

4.1.3 Synthesis of PQQMe3 by Fischer Esterification 

Fischer esterification was performed in a methanolic solution of PQQ, to which few drops of 

concentrated H2SO4 were added as catalyst (Scheme III -12). Itoh et al. described PQQMe3 to 

precipitate as hemiketal 17 out of methanolic solutions[156] but the H2SO4 prevented such 

reaction.  

 

Scheme III -12: Fischer esterification of PQQ in methanol with catalytic amounts of concentrated H2SO4. 

The mixture was refluxed overnight but TLC stated large amounts of unreacted starting 

material. More H2SO4 and longer reaction times finally gave the crude product after extraction 

with TCM in 71% yield, which was analysed by NMR to be a 90:10 mixture of PQQMe3 (11) 

and a second PQQMe3-derivative, most likely the hemiketal 17 or the water adduct 18 stemming 

from residues of water in both the methanol reaction solution and in the deuterated TCM. From 

the aqueous workup solution, small amounts (4%) of a PQQMe2 (19) species could be isolated. 

Several attempts to further purify the crude PQQMe3 mixture by column chromatography 

failed, regardless of the column material (normal or reversed phase) or the solvent system 

(mixtures of DCM or TCM with EtOAc, MeOH, EtOH or i-PrOH or i-hexane/EtOAc or 

H2O/MeCN for reversed phase). The yield decreased after every column, without receiving pure 
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compounds. The quinone is known for its reactivity and likely interacted with the column 

material.   

4.1.4 Synthesis of PQQMe3 via an Oxazole Derivative 

A different approach combined two literature procedures: van Kleef et al. described the reaction 

of PQQ with several amino acids resulting in oxazole formation.[157] By the use of glycine, the 

two C=O bonds of the quinone can be protected in a straightforward fahsion in nearly 

quantitative yields in buffered solution, giving PQQ-oxazole (20) (Scheme III -13): 

 

Scheme III -13: Oxazole formation of PQQ with glycine in buffered solution. 

Itoh et al. used the oxazole derivative 20 to esterify the carboxyl groups with Me2SO4 in dry 

DMF under nitrogen, to give the product as an orange powder after acidification with HCl 

(yield: 85%).[158] 

 

Scheme III -14: Esterification of the PQQ-oxazole derivative (20) by Me2SO4, with equivalents used and yields 

received by Itoh et al.[158] 

The synthesis was tested in a small scale first (3 mg starting material), which gave the desired 

product 21 as an orange powder in 83% yield. For a bigger approach with 100 mg PQQ-oxazole, 

the assumingly unnecessary high amount of Me2SO4 was reduced to 25 equiv. Unfortunately, 

no precipitation occurred after acidification. Therefore, the reaction mixture was extracted with 

EtOAc instead, to give 30 mg of an orange red powder. NMR analysis showed a mixture of 

PQQMe3-oxazole (21) and the deprotected PQQMe3 (11) in a 13:87 ratio, which could not be 

further separated. Van Kleef described the deprotection of oxazole derivatives by acid 

hydrolysis in 2 M HCl at 100°C for 2 h.[157] The mixture was treated with these conditions to 

obtain PQQMe3 (11). Unfortunately, the crude product still showed traces of the oxazole-
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derivative 21. Separation was then performed by column chromatography, to give both 

PQQMe3-oxazole (21) (5%) and PQQMe3 (11) (8%) in poor yields. 

4.1.5 Synthesis of PQQMe3 by Direct Methylation with Me2SO4 

Duine et al. described direct methylation of PQQ by Me2SO4 and K2CO3 but used a very small 

scale of 0.5 mg PQQ starting material.[159] By applying a similar procedure as described for the 

PQQ-oxazole (20) (Scheme III -14), the method was tested on a 50 mg scale. 

 

Scheme III -15: Direct esterification of PQQ by the use of Me2SO4. 

After excess Me2SO4 and K2CO3 were quenched with HCl, the precipitated product was simply 

filtered off, to give clean PQQMe3 as an orange powder in 91% yield. The aqueous solution 

was further extracted with CHCl3 to give 11 with minor impurities and a combined almost 

quantitative conversion to the trimethylester. The scale was successively increased in further 

reactions and can easily be run in a 500 mg scale, with slightly decreased yield of 86%. 

 
4.2. Synthesis of PQQMe2 

In order to use PQQMe3 (11) for ligand-synthesis, the pre-oxidized pyrroloquinoline 10 from 

total synthesis was selectively saponified, using a literature known procedure (Scheme 

III -16).[129, 152] 

 

Scheme III -16: Selective saponification of pyrroloquinoline 10. 

Unfortunately, even after longer reaction times, a complete conversion was not possible and 

the yield could not increased over 57%. 
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Due to the good availability of PQQ (13) out of nutritional supplement capsules and the direct 

methylation of PQQ with Me2SO4 (Scheme III -15), the same acidic saponification as described 

above was tested on PQQMe3 (11) (Scheme III -17).  

 

Scheme III -17: Acidic saponification of PQQMe3 in position C7. 

In comparison with PQQMe3-OMe (10), the reaction proceeded smoothly with the quinone 

PQQMe3 (11) since the product PQQMe2 (19) precipitated after quenching with water and was 

easily filtered off with isolated yields over 90%. While NMR analysis of the product already 

indicated saponification at the preferred C7 position, X-ray analysis verified the shown structure 

(Figure III .1). 

 

Figure III .1: Molecular structure of PQQMe2ẗDMF in the crystal, ORTEP representation.[160] Thermal ellipsoids 

are drawn at 50 % probability level. 

 

4.3. Synthesis of PQQH2 

To obtain the reduced PQQ species PQQH2 (24) as a solid for reoxidation experiments, a 

literature known procedure was tested.[161] By reduction of PQQ with L-(+)-ascorbic acid in an 

acidic aqueous solution (Scheme III -18), followed by filtration of the precipitated solid, PQQH2 

(24) was synthesized in 95% yield. The received NMR spectra were in accordance with the 

literature.[161]   
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Scheme III -18: Reduction of PQQ with L-(+)-ascorbic acid giving the reduced PQQH2 species. 

While 24 is rapidly oxidized back in neutral or basic aqueous solution, it shows good stability 

in acidic aqueous solutions and and in oxygen-free DMSO (degassed with argon or nitrogen). 

In fact, an NMR solution of 24 in degassed DMSO-d6 did not show any reoxidation after several 

weeks.  

 

5. Conclusion 

Several pathways for the synthesis and acquisition of PQQ (13) and its derivatives were 

presented, compared and evaluated throughout this chapter. The total synthesis described by 

Corey and Tramontano[129] was realised and slightly improved in several reaction steps. An 

alternative source of PQQ was successfully found in nutritional supplement capsules, and a 

purification procedure was implemented to give very pure 13 without the need of long reaction 

sequences.  

Several methods for the synthesis of the trimethylester PQQMe3 (11) were evaluated. Direct 

methylation of 13 with Me2SO4 led to 11 in high yield and purity without any by-products. No 

previous protection steps or further purification procedures were necessary. The reaction can 

be run on a 500 mg scale. The selective saponification of one of the methyl esters is literature 

known for the PQQMe3 precursor 10. The reaction was successfully adopted for the synthesis 

of PQQMe2 (19) out of 11, which allows coupling to ligand scaffolds to yield MDH active site 

biomimetics without the need of any precursors from time and resource consuming PQQ total 

synthesis. Methylated carboxyl groups of 11 increase the solubility in organic solvents and 

prevent complexation of unwanted coordination sites.[155] Both advantages could be enhanced 

by implementation of the bulkier trimethylsilyl groups, a well-established method of which 

even  solvent-free methods are described.[162] 

With L-(+)-ascorbic acid the reduced species PQQH2 (24) was synthesized by a literature 

known procedure,[161] which allows elucidation of the redox properties of PQQ. 
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IV. COORDINATION CHEMISTRY OF PQQ 

 

1. Interaction of PQQ with Lanthanides and Calcium 

The following section is part of the publication: 

Studies of the Redox Cofactor Pyrroloquinoline Quinone and its Interaction with 

Lanthanides(III) and Calcium(II)  

Henning Lumpe and Lena J. Daumann 

Published in: Inorg. Chem. 2019, 58, 8432-8441. DOI: 10.1021/acs.inorgchem.9b00568. 

Reprinted with permission. Copyright (2019) American Chemical Society. 

 

Abstract  

Recently it was discovered that lanthanides are biologically relevant and found at the centers of 

many bacterial proteins. Poorly understood, however, is the evolutionary advantage that certain 

lanthanides might have over calcium at the center of methanol dehydrogenase enzymes bearing 

the redox cofactor PQQ. Here, we present a straightforward method to obtain clean PQQ from 

vitamin capsules. Further, we provide full NMR, IR and UV-Vis spectroscopic characterization 

of PQQ. We conducted NMR experiments with stepwise addition of diamagnetic and 

paramagnetic lanthanides to evaluate binding to PQQ in solution. This study provides a deeper 

understanding about PQQ chemistry and its interaction with lanthanides. 

 

1.1. Introduction  

Oxidoreductases are a group of enzymes which transfer redox equivalents from, or to, 

substrates.[163] While nicotinamide or flavin are commonly found cofactors in such enzymes,[164] 

in 1964 Anthony and Zatman discovered an enzyme with an alternative, non-covalently bound 

redox cofactor,[42-43] which was later determined to be pyrroloquinoline quinone (PQQ, 
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Methoxatin). PQQ-containing enzymes form the oxidoreductase subgroup of quinoproteins and 

are an essential part of the energy metabolism of many organisms.[164] 

 

Figure IV.1: Active site visualization of Ln-MDH from strain SolV, including cofactor PQQ, central metal (Ln) 

and surrounding amino acid residues.[36] 

The redox cofactor PQQ is activated by a Lewis acid.[165] For more than 30 years it was thought 

that calcium was the only metal ion that held this function in nature. However, many methanol-

oxidising bacteria can in fact produce two types of MDH; the traditional one that has been 

studied intensively for more than 50 years uses calcium; and a second one, which has only 

recently been discovered, uses lanthanides instead of calcium. Lanthanides have long been 

thought to have no biological relevance but are now firmly established as the natural metal ion 

cofactors in MDH enzymes that are encoded by the xoxF gene.[36, 99] Phylogenetic analysis show 

that this lanthanide dependent class of MDH is, in fact, more widespread in nature and might 

be evolutionarily older than its calcium counterpart and perhaps the major pathway for methanol 

oxidation in methylotrophic bacteria growing on methane or methanol.[54] The first structure of 

a Ln-MDH was obtained from the XoxF-MDH isolated from strain Methylacidiphilum 

fumariolicum SolV and was reported by Pol et al.[36] The active site (Figure IV .1) contains a 

nine-coordinate lanthanide ion, surrounded by the cofactor PQQ, three carboxyl groups from 

Asp299, Asp301 (a residue that is lacking in Ca-MDH) and Glu172, as well as an amide from 

Asn256. This MDH X-ray structure was refined with Ce3+ (PDB 4MAE). Structures of a Eu-

MDH (PDB 6FKW) from the same organism and a La-MDH (PDB 6DAM) from 

Methylomicrobium buryatense 5GB1C are now also available, showing similar active site 

arrangements.[39, 94, 98] In Ca-MDH, PQQ is coordinated in the same way by the Lewis acid (Site 

1, Figure IV.2).[122, 166] Many bacteria possess genes for both MDH enzymes encoded by mxaF 

(Ca-MDH) and xoxF (Ln-MDH), respectively and can switch between them depending on Ln-

availability; this has been termed the ólanthanide switchô.[55-59] It has been shown that 

Methylobacterium extorquens AM1 preferentially expresses Ln-MDH even with only 

nanomolar concentrations of lanthanides and 20 µM concentrations of Ca in the cultivation 

medium.[63, 167] The trivalent lanthanides are better Lewis acids than calcium and it has been 

suggested that they pose an advantage in the redox cycling of PQQ.[76] Further, it has been 
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shown that not all lanthanides promote methanol oxidation in Ln-MDH equally.[36, 58, 62-64, 94, 

168] For the native metalloenzyme isolated from SolV, it has been shown that the enzyme 

functions more efficiently with early lanthanides (La-Nd).[168]  

Bacteria also prefer early lanthanides for growth and show improved uptake of these 

elements.[36, 62] The lanthanide switch, advantage over calcium, and why some Ln are better 

than others are currently not yet fully understood.  

 

Figure IV.2: PQQ numbering scheme according to Unkefer et al.[169] and possible binding sites in solution, adapted 

from Nakamura et al.[155] 

The cofactor PQQ was first isolated by Anthony et al.,[170] and was later determined to be a 

quinone by Duine et al.[171] Salisbury et al.[128] reported the first crystal structure of the acetone 

adduct and proposed the structure of PQQ, shown in Figure IV.2. The unusual orthoquinone 

structure of PQQ, detected in the EPR measurements of Duine et al., led them to propose the 

name Pyrrolo-quinoline quinone for this new prosthetic group.[159]In the following years, PQQ 

was extensively studied regarding total synthesis,[129, 137, 142] adduct formation with 

nucleophiles,[156] redox behavior[172] or metal ion interaction (Ca2+)[173] with several reviews 

published.[95, 164, 174]  PQQ has also been proposed to be a vitamin for humans, however, these 

claims remain doubtful.[149, 175] Previously, it was reported that PQQ without the surrounding 

enzyme pocket is capable of the coordination of metal ions at three positions (Figure IV.2). This 

is supported by several crystal structure determinations (site 1[176] (Cu), site 2[177] (Ru), site 3[155] 

(Cu)). For Ca2+, no crystal structure exists with PQQ by itself, but studies of the trimethylester 

derivative PQQMe3 (11) in MeCN suggest a coordination mode similar to MDH.[173] In light of 

the discovery of lanthanide dependent metalloenzymes, we have investigated the metal ion 

coordination behavior of PQQ in solution by NMR and UV-Vis spectroscopy, using lanthanides 

and calcium. Our studies suggest that in solution, the coordination of lanthanides occurs in the 

same position as in MDH (site 1) and that even if PQQ acts as a tridentate ligand (C5=O, N6, 

C7-CO2H), the Ln-PQQ complexes undergo fast exchange in solution. In this study we have 

investigated the diamagnetic trivalent lanthanides La and Lu, as well as calcium(II) and 

compared them with the paramagnetic lanthanides Ce, Pr, Sm, Eu, Tb, Er and Tm. 
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Figure IV.3: Structures of the different PQQ-species and -adducts referred to in this study. 

 

1.2. Results and Discussion 

1.2.1 Study of Metal Ion Interactions with PQQ in Water 

After precipitation of PQQ the water equivalent present in the solid could not be removed 

by drying at 100°C or under high vacuum. To exclude the possibility that the solid could 

be the water adduct of PQQ (15, a geminal diol can result from the hydration of the 

quinone 13 at the C5 position, Figure IV .2 and Figure IV .3) solid state NMR was 

performed, which indicated pure PQQ (13) and can be found in the supporting 

information (Figure IX.16). IR spectra of disodium salt and purified fully protonated PQQ 

can be found in the supporting information (Figure IX .18, Table IX.12). The solubility of 

PQQ in water is limited to its (partly) deprotonated form (pKa = 0.30 (N6), 1.60 (C7-

CO2H), 2.20 (C9-CO2H), 3.30 (C2-CO2H), 10.30 (N1)).
[178-180] In addition, PQQ will form 

the germinal diol 15 in a molar ratio of 2 (13) : 1 (15) in water, as observed by NMR by 

Duine et al.[181-182] In DMF PQQ will form 15 to some extend when traces of water are 

present or introduced by the addition of metal salts containing waters of crystallization 

(Figure IX.15A). Based on DFT calculations (Table IX.13) we propose this addition is 

taking place at the C5 carbon. The formation of a diol is evidenced by a new resonance 

at 91.7 ppm stemming from a diol moiety in position 5. Formation of 15 is also supported 

by ESI mass spectrometry in a H2O/MeCN mixture where both PQQ (13, 

m/z = 329.0051, [C14H5N2O8]
ī) and PQQ-H2O (15, m/z = 347.0157 [C14H7N2O9]

ī) are 

observed (Figure IX.15B). Previously, Zheng and Bruice also showed with calculations, 

that (methanol) adducts at C5 of PQQ are energetically favored.[47] When trivalent 

lanthanide ions or calcium(II) were added to an aqueous, concentrated solution of 

PQQNa2 (14) (pH > 7), a 1:1 PQQ-metal complex precipitated. Elemental microanalysis 

of the solids revealed similar stoichiometries, regardless of the amount of added metal 

salt. Analysis suggested the formation of a PQQ·M·5H2O complex (M=Ca2+, La3+, Eu3+, 

Lu3+), although the exact coordination mode in the solid state could so far not be 
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ascertained. TGA analysis of the solids (PQQ + Eu or La) did not give a clear indication 

whether the five water molecules were bound tightly to the metal ion in the complex or 

just were present as co-crystallized water molecules, or whether one of them was 

covalently bound to PQQ to form 15. TGA analysis showed a continuous weight loss to 

84% on heating to 100°C, which fits to the elimination of the five water molecules 

(Figure IX.27). The compound then gradually lost three CO2 molecules until heating to 

500°C (Figure IX.27). Numerous attempts to recrystallize the solid or obtain single 

crystals suitable for X-ray crystallography were unsuccessful. IR spectra of solid PQQ 

(13) showed seven bands between 1743 ï 1583 cmī1 which can be attributed to the C=O 

stretching vibrations of the carboxyl and quinone groups (Figure IV.4).[183-184] 

 
Figure IV.4: Overlayed IR spectra of PQQ (red) and the PQQ-La complex (green) between 1800 ï 1400 cmī1. 

A complex of PQQ with Ti4+ in binding site 1, previously described by Dimitrijevic et al.[185] 

led to a splitting of the quinone signal into two features (1643 cmī1  to 1653 and 1636 cmī1) and 

an intensity reduction of one of the carbonyl-stretches (1744 cmī1) due to coordination to C5=O 

and C7-CO2H while the other carbonyl signals remained unaffected. It is important to note that 

the affected carboxyl group was denoted by Dimitrijevic et al.[185] to be an ester, stemming from 

an impurity in their PQQ sample. However, their PQQ data match that obtained in the present 

work (from biological synthesis - fermentation, highly purified sample), making the previous 

ester assignment doubtful and the feature at 1744 cmī1 more likely to be a carboxylic acid 

stretch. In our study, the coordination with lanthanum(III) lead to a strong shift of all seven 

carboxyl and quinone absorption bands and appearance of a broad, poorly resolved feature 

between 1734 ï 1521 cmī1 (Figure IV.4). In IR spectra of Fe2+ and Fe3+ complexes with 

structural PQQ-analogues, the bands associated with the coordinated carboxyl groups (C7) are 

much more strongly shifted, or disappear completely, in comparison to non-coordinating 

carboxyl- or ester-groups (C9).
[186]  
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Hence, a clear statement about the coordination mode of lanthanides solely by IR-data remains 

difficult, but the data indicate a participation of all three carboxyl groups in a three-dimensional 

coordination network in the solid state with different coordination modes.  

Analysis of the PQQ-lanthanide complexes in water was difficult as the precipitation of Ln-

PQQ complexes limited the investigations to UV-Vis spectroscopy at low concentrations. 

Further, as mentioned above, PQQ forms at least two species (13 and 15) in aqueous solution. 

Upon metal ion addition, there are then at least four different species present: 1, 3 and M-1 and 

M-3. The UV-Vis spectra of PQQ with stepwise addition of lanthanum(III) or lutetium(III) in 

unbuffered water is shown in Figure IV.5. Both lanthanides induce a decrease of the 330 and 

478 nm transitions of PQQ (mixture of 13 and 15) and give rise to an additional absorption 

feature at 375 (La) or 380 (Lu) nm, respectively. With the same amount of calcium(II) the 

changes are less pronounced and the new feature is not as red shifted and appears at 357 nm. 

The absence of clear isosbestic points, overlapping transitions and the presence of more than 

two species complicates analysis of the stoichiometry in solution using Jobôs method (Figure 

IX .22).[187] 

 

1.2.2 Study of Metal Ion Interactions with PQQ in Non-aqueous Solvents 

The coordination chemistry of PQQ was previously examined with several transition metals as 

well as sodium ions both in solid state and in solution. Depending on the metal and the co-

ligands, all three possible binding sites of PQQ can be occupied: With structural PQQ analogues 

(benzoquinolines) and Fe2+,[186] or with C9-decarboxy PQQ and Cd2+,[188]  or  Cu2+,[188] 

coordination was observed in site 1 (Figure IV.2). With Cu2+, PQQ and 2,2'-bipyridine (bipy) 

or terpyridine (terpy) coordination also took place in site 1,[189] as well as with Cu2+, PQQ and 

terpy,[155] and with Cu+, PQQMe3 and PPh3 as co-ligand also in site 1.[176] With Cu+, PQQ and 

terpy, however, coordination took place in site 1 and 3[155]  and with Ru2+, PQQ and bipy in site 

2.[190] With Na+ coordination was observed in all three sites.[191] 
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Figure IV.5: UV-Vis spectra of PQQ in H2O (250 µM) with increasing  equivalents of LnCl3ẗnH2O (Ln = La, Lu) 

or CaCl2ẗ2H2O, directly measured after metal addition ï for spectra of the complete Ln-series and data showing 

addition of up to five metal equivalents, see Figure IX.20 and Figure IX.21. 

Itoh et al. described a Ca2+ coordination with the trimethyl ester PQQMe3 (11) in MeCN 

solution, where shifts of the proton and carbon NMR resonances indicated coordination in 

site 1. [50, 173] However, not all PQQ signals were mentioned and no indication was given of the 

PQQ to metal ratio. An ESI mass spectrometry, UV-Vis spectroscopy and in silico study into 

the interaction of the uranyl ion and Ca2+ with PQQ suggested binding in site 1.[192] In 2018, 

Schelter described a La3+ coordination in site 1 with a MDH active site model-ligand, containing 

a structural PQQ-analogue (benzoquinoline quinone).[114] Here, we examine the interaction of 

PQQ (13) with lanthanides for the first time directly, without the help of structural analogues 

or the methylester species PQQMe3 (11). As mentioned above, water proved to be problematic 

for metal coordination experiments due to precipitation of a poorly soluble complex in higher 

concentrations, limiting analysis in water to UV-Vis spectroscopy. PQQ shows good solubility 

in MeOH, DMF and DMSO and for the PQQNa2 salt also in H2O (UV-Vis spectra are included 

in the SI, Figure IX.19, Table IX.14). Since PQQ is known to form hemiketal adducts in 

methanol (16, 18),[181] and water adducts (to yield 15), additional coordination experiments 

were conducted in DMF. UV-Vis experiments with stepwise addition of lanthanides and 

calcium ions to PQQ are shown in Figure IV .6 and Figure IX .23-25. The UV-Vis spectrum of 

PQQ (13) in DMF is only slightly influenced by Ca2+, leading to a decrease of the intraligand 

absorption bands at 334 and 447 nm. Throughout the lanthanide series, the absorption intensity 

is steadily reduced, upon addition of one equivalent of Ln (La3+ to Gd3+), accompanied with a 

small but steady shift towards longer wavelengths. The effects of metal ions on PQQ in DMF 

are much weaker than in water. 
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Figure IV.6: UV-Vis spectra of PQQ in DMF (40 µM) with 1 equiv. of LnCl3ẗnH2O (Ln = La, Gd, Lu) or 

CaCl2ẗ2H2O, directly measured after metal addition ï for spectra of the complete Ln-series, see Figure IX.24.  

However, coordination to Ln in DMF clearly influences the electronic structure of PQQ. From 

Tb3+ onwards, the redshift is more pronounced with the maximum absorbance now being at 

340 nm. However, the intensity change of the absorption (upon Tb3+ to Lu3+ addition) is less 

drastic as with the earlier lanthanide-series ions (Figure IX.24). We can only speculate why 

such a clear break between early and late lanthanides appears, but a decrease of the coordination 

number, caused by the lanthanide contraction, is common for lanthanide complexes and could 

also be of relevance here.[193] Kaim et al. had previously observed a shift from 364 and 434 nm 

to 378 and 488 nm upon binding of Cu+ to the trimethylester derivative 11 in CH2Cl2.
[176] Our 

experiment in DMF shows that the interaction of 13 with Ln follows a pattern that can be 

attributed to the different properties of the lanthanides (decrease of ionic radii; increase of Lewis 

acidity) caused by the lanthanide contraction. Spectra were recorded again after 15 minutes and 

with a total PQQ to metal ratio of 1:11 (Figure IX.24 and Figure IX.25), leading to a further 

increase of the observed effects: Redshift and absorption intensity change. The addition of water 

(10 µL ï 5 vol%) to the DMF solution decreases the intraligand absorption bands even further, 

but only slightly causes a redshift (Figure IX .24 and Figure IX .25). Due to the up to 7 

equivalents of water in the lanthanide salts, not only metal coordination but also water-adduct 

formation has to be taken into account. This is also further elaborated in the NMR section below. 

As lutetium generated the strongest shift in the UV-vis spectrum in DMF we attempted to 

analyze the binding of this lanthanide using the method of continuous variation (Jobôs plot)[194] 

in the absence (to avoid formation of 15) and presence of traces of water.[187, 194] As the most 

pronounced change in the absorption spectrum of PQQ - without other overlapping transitions 

-was in the region of 435 nm, we used this wavelength for our analysis. As mentioned above, 

PQQ can add water and thus we have to assume the presence of multiple PQQ species before 

even adding metal ions. We thus collected the data in dry DMF and with anhydrous LuCl3. The 

data collected directly after mixing PQQ with Lu3+ suggest a PQQ-Lu 1:1 complex (Mole 
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fraction ~ 0.5, Figure IX.23). Surprisingly, the absorbance changed slightly over time (within 

15 minutes) shifting the maximum of the Jobôs plot to 0.6 which could indicate a different 

stoichiometry and/or the presence of a dynamic process/formation of another species. We want 

to emphasize here, that the complex nature of multiple species of PQQ in solution clearly 

hampers a straightforward analysis of stoichiometry in solution and that PQQ does add traces 

of water at C5 position, leading to the formation of water adduct 15. When using LuCl3ẗ6H2O 

instead of anhydrous lutetium salt the shift over time was stronger, clearly indicating an effect 

of water on PQQ. Furthermore, the curvature was stronger in DMF, indicating low binding 

affinity of PQQ (Figure IX.23). We have also explored the possibility to learn about the 

coordination of lanthanides using the hypersensitive transitions that some Ln exhibit.[195-196] As 

can be seen in Figure IX.26, the hypersensitive transitions of the Nd3+ ion are visible before and 

after PQQ addition. The transition at 578 nm gains some intensity, however, within this 

experimental setup no meaningful insight into the nature of the coordination sphere of Nd was 

obtained. To investigate the site of coordination in solution further, we conducted NMR 

experiments of 13 with stepwise addition of different lanthanides. Full NMR data of 13 in 

DMSO are included in the supporting information (Table IX.11), however, this solvent is 

known to be more strongly coordinating (to lanthanides)[123] and 13 is less soluble in DMSO, 

hence DMF was used to investigate the interaction with metal ions. Initial investigations 

included Ca2+ and diamagnetic Ln salts La3+ and Lu3+, with chlorides and nitrates as counter 

ions with increasing amounts of added metal salts from 1 to 10 equivalents and with and without 

controlled ionic strength (LiClO4). For all three metals and regardless of the counter ion 

employed, the resulting shift for both 1H- and 13C-NMR experiment was very small, with the 

exception of C9 (Figure IV.2, para to Npyr). In addition, new resonances appeared both in 1H- 

and 13C-NMR experiments, especially with increasing amounts of added metals. Due to the 

presence of up to seven waters of crystallization per added lanthanide equivalent, the formation 

of a water adduct is plausible. In fact, the addition of water itself (20 equiv.; 9.8 µL) to a 

solution of 13, CaCl2 (10 equiv.) and LiClO4 in DMF further increased the intensity of the new 

signal sets, confirming the presence of the water adduct 15. Even a sample of purified 13 

showed minute traces of additional signals due to trace amounts of residual water. A 

recrystallized pure sample of 13, which contained two equivalents of DMF crystal solvent but 

no traces of water, did not show such additional signals in the 1H-NMR recorded in dry DMF 

(Figure IX.28). This demonstrates that PQQ readily adds water in non-aqueous solvents even 

when only minute traces are present, confirming our conclusions from UV-Vis spectroscopy. 

Based on DFT NMR-shift calculations this addition is proposed to take place at the C5 carbon 
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(Table IX .13). In contrast to the experiments with PQQMe3 (11) described by Itoh,[173] where 

one coordination site is blocked (site 3, see Figure IV .2), a clear conclusion solely based on 

resonance shifts as to where metal coordination takes place with the diamagnetic metal ions and 

PQQ (13), proved to be challenging. Interestingly, besides the discussed water-resonances, no 

new resonances which could be attributed to complex formation appeared. Thus temperature 

dependent NMR-experiments with La(NO3)3 (0.5 equiv.) were conducted at r.t., 0°C and -50°C 

(the lowest accessible temperature within our experimental setup), but regardless of the 

temperature, only one signal set was visible for PQQ, suggesting a fast exchange in solution 

even at low temperatures. However, all resonances were further shifted depending on the 

temperature (1H- and 13C-NMR - C9ô, C7ô, C2ô and C5a downfield, all other signals upfield). 

 

Figure IV.7: Stacked 13C-NMR spectra of 13 in DMF-d7 (27.2 µmol) with 1.0 equiv. of LaCl3ẗ7H2O or LuCl3ẗ6H2O 

showing the broadening of some resonances after addition of these diamagnetic metal ions. 

Experiments reported with lanthanides and 2,6-dipicolinic acid (dpa) reported by Piguet and 

coworkers showed a similar phenomenon:[197] An excess of ligand, added to an already formed 

[Lu(dpa)3] complex in D2O gave distinct NMR signals for free and bound ligands, which 

merged to one signal set at higher temperatures. Hence, -50°C is likely not low enough to affect 

a signal separation in our experiments. While no strong metal induced shifts could help with 

the assignment of the coordination position, we recognized a broadening of some resonances 

with increasing amounts of lanthanum and lutetium, but not with calcium.  
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Especially with lutetium, the addition of one equivalent led resonances C7ô, C7 and C9 almost 

disappear in the noise, and exponential line broadening (6.5 Hz) had to be used to make them 

visible (Figure IV.7). To further study the coordination mode of PQQ to biologically relevant 

metals in solution, paramagnetic lanthanides were used.[198-200] Shifts of the light paramagnetic 

Ln-chlorides (Ce, Pr, Sm, Eu) for 1H-NMR experiments with 0.5 equiv. metal salt were as 

expected stronger than the ones from diamagnetic Ln (0.04 ï 0.19 (H1), 0.05 ï 0.62 (H8), 0.01 

ï 0.11 (H3) and all signals became broadened, especially H8 (Eu > Pr > Ce > Sm, Table 

IX .8-10). With increasing amounts of metal salt (0.5 ï 3.0 equiv.), all signals were further 

shifted and broadened (8 > 1 > 3).  Shifts of 13C-NMR experiments were in the same range as 

those from diamagnetic Ln, however resonances that decreased in intensity or completely 

disappeared  due to strong broadening (especially C5, C7ô and C7) were induced by lower metal 

ion concentrations. With 0.5 equivalents, certain resonances were already undetectable (Figure 

IV .8). With Pr and Eu, more resonances decreased in intensity or disappeared than with Ce and 

Sm (Table IX.10), probably stemming from differences in the electronic structure and the 

magnetic susceptibility tensor of the lanthanides.[198, 200-201] The resonances, which disappeared, 

were partly different (Table IX.10) and were affected by the amount of added metal. 

 

Figure IV.8: Stacked 13C-NMR spectra of 13 in DMF-d7 (27.2 µmol) with 0.5 equiv. of PrCl3ẗ6H2O, showing the 

disappearance of some resonances after metal addition. 
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The only resonances, which remained unaffected in these experiments, were C1a, C3a and C3. 

With the heavier, paramagnetic Ln-chlorides of Tb, Er and Tm, already 0.01 equiv. of metal 

salt led to the above-mentioned changes. Due to the commonly known pseudocontact shift of 

paramagnetic compounds,[200, 202-203] the spectral width of 13C-NMR experiments was increased 

to -300 ï 600 ppm.[197] However, no additional resonances were detected in this range. It is still 

possible that, due to the paramagnetic induced broadening, the resonances were indeed shifted 

low- or highfield but were too broad to be observed. Experiments were also repeated with higher 

amounts of PQQ (50 mg, 143.2 µmol) with 1 equiv. of CeCl3 or PrCl3 but besides the now 

clearly visible resonances of the water adduct 15, no additional resonances were observed. 

However, taking together the observation that certain 13C-NMR resonances were unaffected 

(C1a, C3a and C3) while others (especially C5, C7ô and C7) decreased in intensity or completely 

disappeared due to broadening, our experiments  support binding of lanthanides to PQQ in 

solution in the biological relevant coordination pocket (site 1, Figure IV.2) as was also proposed 

for the uranyl ion by Peyton and coworkers.[192] 

 

1.3. Conclusion 

While PQQ has been known and studied for over 50 years, many analytical details of species 

have only been sparingly reported and often relied on the use of the trimethyl ester. For the first 

time, we report full NMR, IR and UV-Vis characterization of PQQ and its water adduct. In 

addition, the interaction of PQQ in solution with biologically relevant metal ions (lanthanides 

and calcium) has been investigated and these studies suggest that the coordination of 

lanthanides in non-aqueous solvents takes place in the biologically relevant pocket (site 1).[36, 

122, 166] We further show that even if lanthanides have similar chemical properties, the subtle 

differences in ionic radii across the series impact the electronic structure as evidenced in the 

UV-Vis spectrum of PQQ. These results will aid the development of PQQ-based model systems 

and further our understanding of lanthanide dependent enzymes. 
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2. Further  Investigation of the PQQ Complexation 

In the before mentioned publication, PQQ-metal complexes were reported with the trivalent 

lanthanides La3+, Eu3+ and Lu3+ and with Ca2+. Regardless of the excess of added metal salt, 1:1 

complexes were identified by elemental analysis. A three-dimensional coordination network 

was presumed based on IR. Such networks are known for sodium complexes of PQQ, such as 

a literature known PQQNa2ẗ3H2O structure from Ikemoto et al. [204]  Here, two different sodium 

ions are coordinated by both quinone oxygens (C4-O and C5-O), N6 and the C7ô- and C2ô-

carboxyl groups (Figure IV .9). 

 

Figure IV.9: Crystal structure of a PQQNa2ẗ3H2O complex, showing a 3-dimensional coordination network of 

PQQ spanned with two differently coordinated sodium atoms. CIF taken from Ikemoto et al.[204]  ORTEP 

representation.[160] Thermal ellipsoids are drawn at 50 % probability level. 

Comparison of the IR spectra of our PQQNa2 (14) starting material with the precipitated 1:1 

PQQ-La complex, revealed indeed large similarities (Figure IV.10). While the height of the 

large absorption bands between 3600 ï 2600 cmī1 is a direct result of the different amounts of 

co-crystallized water, the overall large similarities between 1800 ï 800 cmī1 indicate related 

coordination modes of PQQ in the solids. As already discussed for Figure IV .4, the PQQ C=O 

stretching vibrations of the carboxyl and quinone groups absorb between 1743 ï 1583 cmī1. 

Although showing large similarities, the peaks at 1743 cmī1 and 1707 cmī1 for PQQNa2 which 

are not present for the PQQ-La complex, indicate slight differences in participation of the 

quinone and carboxyl groups in coordination.  
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Figure IV.10: Normalized IR absorption spectra of the PQQNa2 starting material and the 1:1 PQQ-La complex. 

From the aqueous washing solution of the precipitate, which was formed after the addition of 

2 equiv. CaCl2 to PQQNa2, crystals were grown over several months, suitable for X-ray analysis 

(Figure IV.11).  

 

Figure IV.11: Crystal structure of PQQ2Ca3ẗ13H2O complex, showing a 3-dimensional coordination network of 

PQQ spanned with three differently coordinated calcium atoms. Left: ORTEP representation of the asymmetric 

unit with 50% thermal ellipsoid plots.[160] Right: Chimera representation for better visibility of the different 

coordination modes.[41] 

The structure reveals three different Ca2+ ions and two differently coordinated PQQ equivalents. 

PQQ-1 coordinates calcium under participation of all three carboxyl groups and coordinates 

Ca-1 by 7ô-O, 6-N, 5-O and 9ô-O and Ca-3 by bidentate 2ô-O. PQQ-2 coordinates with only two 

of the three carboxyl groups and coordinates Ca-1 by 7ô-O; Ca-2 by 7ô-O, 6-N and 5-O and 

Ca-3 by 9ô-O. As a result, Ca-1 and Ca-3 show pentagonal bipyramidal geometries with 

coordination numbers of 7 and Ca-2 shows a distorted geometry with a coordination number of 
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8. Both Ca-1 and Ca-2 are distorted which is probably a result of the rigid PQQ ligand. Although 

dissolved in aqueous solution, the PQQ-water adduct (15) is not present in the complex, like all 

known crystal structures for PQQ to the best of our knowledge.  

The IR spectrum reveal overall large similarities to both PQQNa2 and the 1:1 PQQ-La complex 

(Figure IV.12). The absorption band between 3600 ï 2600 cmī1 is increased due to the higher 

amounts of crystal water. 

 

Figure IV.12: Normalized IR absorption spectra of the PQQNa2 starting material in black, the 1:1 PQQ-La complex 

in grey and the PQQ2Ca3 crystal in pink.  

In direct comparison to Figure IV.11 the peak at 1707 cmī1 is also present for the calcium 

structure but not the one at 1743 cmī1, indicating distinct differences in participation of the 

quinone and carboxyl groups.  

We were further interested in complexation of PQQ with mixed metal solutions in order to 

identify trends in coordination behavior throughout the lanthanide series. For this purpose, 

aqueous solutions of 3 equiv. LaCl3ẗ7H2O and 3 equiv. of a different LnCl3 or CaCl2 were 

prepared and mixed with aqueous solutions containing 1 equiv. of PQQNa2 (14). The received 

solids showed again largely similar IR absorption bands (Figure IV.13). The main difference 

over the series of coordinated lanthanides is the appearance of a small absorption band between 

1775 ï 1700 cmī1, which increase in intensity from early to late lanthanides and calcium. 

ssNMR of the La-PQQ complex revealed a small band at 92.55 ppm. This shift is in the same 

range as C5 carbon shifts from the PQQ-water adduct (15) (91.07 ppm in MeOD-d4, Table 

IX .11) and from the PQQ-hemiketal (16) (92.42 ppm, ssNMR - Figure IX.29). It is possible, 
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that small amounts of water adduct 15 are present in the precipitated solids, which cause the IR 

absorption band between 1775 ï 1700 cmī1, depending on the total amount of 15 present. To 

verify this concept, ssNMR from the Lu-PQQ complex was performed, however, no meaningful 

13C-NMR spectra could be recorded, possibly due to interference of the Lu nucleus. 

 

Figure IV.13: Normalized IR absorption spectra of the complexes formed from La/Ln or La/Ca mixtures and 

PQQNa2. Ln = Ce, Nd, Gd, Ho and Lu, exemplary for the whole Ln series, excluding Pm. 

ICP-MS revealed the composition of the La/Ln and La/Ca couple. The experiment was repeated 

three times and the results are given in Figure IV .14.  

 

Figure IV.14: Percent amount of Ln and Ca vs. La in a 1:1 PQQ-metal complex, precipitated from aqueous PQQNa2 

(51 µM) solutions at room temperature. Values of three experiments are shown as bars, the averaged values of all 

three experiments are shown as squares.  
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The percent amount of lanthanides in the precipitated solid decreases throughout the series. The 

La/Ce couple shows 57% Ce over 43% La while the Yb amount is only 26% and then slightly 

reincreases to 28% for Lu. Ca shows a similar 57% to Ce, however, the variance is quite large 

from 42 ï 72%. 

Without more structural information, it is difficult  to comment on what causes this distribution. 

In general, increasing Lewis acidities throughout the Ln series lead to higher complex stabilities 

and therefore to a preference of the late Ln.[92] This is for example the case for [Ln EDTA]ī 

complexes, where the stability constants increase by four orders of magnitude across the 

lanthanide series,[205] and in the technical liquid extraction, where the used extractors 

(organophosphates or carboxylic acids) preferentially bind the late Ln.[11]   Early Ln are only 

privileged in cases, where the small size of the late Ln is unfavorable, as reported for complexes 

with substituted diaza-18-crown-6[206-207] or diaza-15-crown-5[208-209] compounds or the tripodal 

hydroxylaminato ligand TriNOx3ī.[210] 

The PQQ-metal complexes precipitate immediately after metal addition. Kinetic factors should 

therefore be considered as well. However, formation rates throughout the lanthanide series are 

somewhat more varied than the stability constants.  

With the cyclic PCTA ligand, both formation and stability constants increase throughout the 

lanthanide series.[211] The related DOTA ligand shows a similar behavior in unbuffered media 

of pH 3 ï 5,[212] while buffered solutions of pH 4.2 show increasing formation rates from Sm to 

Dy but then a decrease over Yb to Lu (1.44 vs. 5.20 vs. 4.56 vs. 4.54ẗ10ī2 mMī1 minī1).[213] The 

smaller sized cyclic NOTA ligand shows formation rates, independent of the ion size.[214] 

Coordination with EDTA or the related DTPA show increasing rate constants from La to Gd 

followed by decreasing rate constants to Lu, probably reflecting increased steric strain for the 

smaller Ln.[215] For the early Ln, the formation constants are higher for the larger DTPA which 

is explained by a reduced steric barrier for ñwrapping-aroundò  the central metal.[215] 

The preferred coordination site of metals with PQQ is commonly site 1 (Figure IV .2), as seen 

for the Ca complex showing additional co-complexation of the carboxyl groups (Figure IV.11).  

The relative rigidity of the chelating PQQ molecule could be the reason for the preference of 

early lanthanides, contrary to the stability trends with increasing Lewis acidities. The distance 

between the two oxygen atoms of C5=O and C7-O is 4.4 Å in the PQQ2Ca3ẗ13H2O crystal 

structure and therefore possibly more favorable to the larger, early lanthanides. 
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However, crystal structures of the whole lanthanide series or at least more structural information 

are necessary for determination of such a size effect. Complexation experiments at different 

temperatures would help to evaluate, if the lanthanide preference of PQQ is based on enthalpy 

or formation kinetics.  
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V. REDOX-CHEMISTRY OF PQQ 

 

1. Introduction  

Quinones are vital as electron acceptors for many metabolic processes such as photosynthetic 

and respiratory electron transport chains.[216] This biological role has already been inspired 

materials for the harvest and storage of energy.[217] Also in MDH, the quinone PQQ (13) acts 

as electron acceptor and concurrent to methanol oxidation, both hemiketal- and hydride transfer 

mechanism include the formation of a reduced PQQH2 (24) species. PQQH2 is subsequently 

oxidized in two distinct one-electron steps via the PQQÅī semiquinone with help of a 

cytochrome (Figure V.1).[218]  

 

Figure V.1: Redox cycle of PQQ in MDH, adapted from our previous publication.[168] 

Schelter et al. proposed, that Ln would result in lowered virtual orbitals and would therefore 

facilitate PQQ reduction and in turn methanol oxidation.[76] Whether Ln have an influence on 

the reduction of PQQ and reoxidation of PQQH2 (24) is further examined in this chapter. 
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2. Reduction of PQQ with Ascorbic Acid 

Mukai et al. described the reduction of PQQ (13) to PQQH2 (24) with ascorbic acid in phosphate 

buffer (pH 7.4, 0.05 M) in a nitrogen atmosphere.[161] The reduction is described of radical 

nature, with four reactions taking place:  

PQQ + AsHī   Ÿ  PQQHÅ + AsÅī  (1) 

PQQHÅ + AsHī  Ÿ  PQQH2 + AsÅī  (2) 

PQQHÅ + PQQHÅ  Ÿ  PQQ + PQQH2
 (3) 

AsÅī + AsÅī + 2H2O  Ÿ  AsH2 + As + 2OHī (4) 

PQQ (13) is converted by deprotonated L-(+)-ascorbic acid (AsHī) in (1), forming the radical 

species PQQHÅ which is further oxidized to PQQH2 (24) in (2), releasing an AsÅī radical in each 

step.  Two PQQHÅ radicals can also disproportionate to 13 and 24 (3), while the formed AsÅī 

radicals react with water to protonated AsH2 and deprotonated diketone As in (4).[161] 

The used phosphate buffer in the work by Mukai et al. is known to form poorly soluble salts 

with lanthanides,[107] hence other buffers (TRIS-HCl and PIPES ï pH 7.4) and DMSO were 

tested as media for PQQ reduction experiments (Figure V.2).  

 

Figure V.2: Spectrophotometric analysis of the reduction of PQQ (13) (10 µM) in DMSO (left) or in aqueous 

PIPES (middle) or TRIS-HCl (right) buffer (pH 7.4, 50 mM) (0.96 mL) with L-(+)-ascorbic acid (120 µM) under 

nitrogen. Black lines indicate absorption of pure PQQ before the addition of ascorbic acid. The spectrum of pure 

PQQ is normalized to an absorbance of 1 at 271 nm in DMSO, 249 nm in PIPES buffer and 250 nm in TRIS-HCl 

buffer and the spectra with ascorbic acid addition are adjusted accordingly. Spectra recorded every 60 seconds for 

90 minutes in total. 

Upon addition of ascorbic acid, large absorption bands became visible between 250 ï 300 nm 

(in DMSO) and 220 ï 300 nm (in buffer) which partly overlayed PQQ absorption. Spectra for 

PQQ (black lines) shifted to some degree upon ascorbic acid addition (TRIS-HCl > PIPES > 

DMSO) and new maxima at 335 nm (in DMSO) and 330 nm (in buffer) appeared and increased 

absorption overtime, indicating the reduction of PQQ to PQQH2. Several isosbestic points 
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further underline a conversion of two species. One of the distinct absorption maxima of PQQH2, 

which is described by Mukai et al. at 304 nm in phosphate buffer,[161] was completely hidden 

under the strong absorption band of ascorbic acid. 

As changes on the absorption spectra of PQQ (13) and PQQH2 (24) were most pronounced in 

TRIS-HCl buffer, the influence of metal salts on PQQ reduction was analyzed in this solvent 

system. The same experimental set-up was used as described above, but with one equiv. of 

CaCl2ẗ2H2O or LaCl3ẗ7H2O (Figure V.3). 

 

Figure V.3: Spectrophotometric analysis of the reduction of PQQ (10 µM) in aqueous TRIS-HCl buffer (pH 7.4, 

50 mM) (0.96 mL) with L-(+)-ascorbic acid (120 µM) under nitrogen. Without metal addition (left) or with 1.0 

equiv. (10.0 µM) CaCl2 (middle) or LaCl3 (right) added. Black lines indicate absorption of pure PQQ, green and 

blue lines PQQ absorption with 1.0 equiv. CaCl2 (green) or LaCl3 (blue) added, each before the addition of ascorbic 

acid. The spectrum of pure PQQ is normalized to an absorbance of 1 at 250 nm and the spectra with addition of 

metal salts and ascorbic acid are adjusted accordingly. Spectra recorded every 60 seconds for 90 minutes in total. 

Interestingly, the PQQ spectrum remained almost identical after addition of 1 equiv. La3+ (blue 

line) and slightly decreased in intensity after the addition of Ca2+ (green line). After addition of 

ascorbic acid, differences were more pronounced, since the added metals caused a shift of the 

growing PQQH2 absorption maximum from 330 nm without metal to 309 nm with Ca2+ and 

313 nm upon La3+ addition. Reduction of PQQ to PQQH2 was observed. However, ascorbic 

acid is known for its coordination chemistry,[219] and complexation with Ca2+ and Ln3+ has been 

reported.[220-223] An effect of metals on reduction of PQQ is therefore difficult to observe with 

the experimental setup, since both PQQ and ascorbic acid will compete for complexation. Also 

the absorption properties of ascorbic acid are problematic, as it absorbs in the same spectral 

region as PQQ.  

Since the reduced PQQH2 species is readily available as solid through bulk reduction with 

ascorbic acid, reoxidation of this species was further examined. PQQH2 can be reoxidized with 

oxygen[161] and no further additives are needed which would possibly interfere with the obtained 

UV-Vis spectra .   
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3. Reoxidation of PQQH2  

3.1. Solvent Selection 

The reduced PQQH2 species (24) can be received as solid by bulk reduction with ascorbic acid 

(see Chapter III.4.3). With oxygen, PQQH2 is reoxidized to PQQ (13).[161] Whether lanthanides 

or calcium have an influence on this reoxidation is discussed in this section.  Several solvent 

mixtures were tested in preliminary experiments regarding observed reoxidation, metal binding 

and precipitation of a metal-ligand complex (Table V.1). The previously used TRIS-HCl buffer 

was omitted as it is suspected to show metal coordination itself. Ln complexes with the related 

Bis-TRIS buffer are reported.[224] 

Table V.1: Solvent mixtures for PQQH2 reoxidation experiments. Non-observable reoxidation or metal binding or 

occurred precipitation is indicated by a minus sign ī. Ṋ indicates observable reoxidation or metal binding or that 

no precipitation occurred. To each solvent mixture, PQQH2 (50 µL, 2 mM) was added as DMSO solution in case 

of DMSO- or pure PIPES measurements or as DMF solution for DMF including measurements. 1.5 equiv. of 

CaCl2ẗ2H2O, LaCl3ẗ7H2O or EuCl3ẗ6H2O (7.5 µL, 20 mM) in either DMSO, DMF or H2O were added and metal 

coordination was evaluated by observed UV-Vis shifts.  For reoxidation, the cap of the cuvette was removed and 

the solution was stirred open to air.  

Solvent reoxidation metal binding no precipitation 

DMSO ī ī Ṋ 

DMF ī Ṋ Ṋ 

PIPES (pH 7.2) Ṋ Ṋ ī 

DMF + H2O (2.8 / 0.3 mL) Ṋ Ṋ Ṋ 

DMF + PIPES (pH 7.2, 100 mM NaCl) (2.65 

mL / 0.3 mL) 
Ṋ Ṋ ī 

DMF + H2O (100 mM NaCl) 

(2.65 mL / 0.3 mL) 
Ṋ Ṋ ī 

DMF + H2O (100 mM LiClO4) 

(2.65 / 0.1 mL) 
Ṋ Ṋ 

La3+ and Ca2+ Ṋ 

Eu3+ ī 

DMF (75 mM LiClO4) + H2O 

(2.99 mL / 0.01 mL) 
Ṋ Ṋ Ṋ 

While no metal binding or reoxidation was observed for DMSO solutions, an aqueous PIPES 

solution of PQQH2 led to precipitation of a PQQ-metal complex, similar to the complex 

formation described in Chapter IV. DMF solutions showed no such precipitation and the metal 

binding was well observable. Quinols are known to be prone to oxidation by oxygen, forming 

the respective quinone and water.[225] Itoh et al. described the formation of H2O2 during the 

reoxidation of PQQH2 in an aqueous solution which was saturated with oxygen.[226] 

Unfortunately, in DMF alone, no reoxidation was observed, even after directly bubbling air 

through the PQQH2 solution, unless water was added. Water is known to stabilize the 

intermediate semiquinone via hydrogen bonding,[227] which could also be of relevance in this 

approach. Without water, the oxidation potential of oxygen might not be high enough, 

explaining why PQQH2 is stable in dry DMF and DMSO.  
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Attempts were made to exchange the added water with buffer. PIPES is used in metal ion 

containing essays and described as good substitute to TRIS.[228] PIPES buffer with an ionic 

strength of 100 mM NaCl was used and the pH was set to 7.2, which is the optimum of XoxF 

MDH from SolV.[36, 94] Unfortunately, precipitation occurred under these conditions. The 

addition of water (0.3 mL, 100 mM NaCl) to a DMF solution also led to precipitation. The 

reduction to 0.1 mL H2O and the change from NaCl to LiClO4 still accomplished reoxidation, 

while no precipitation was observed for La3+ and Ca2+. However, the smaller Eu3+ ion still 

caused precipitation. The results of spectrophotometric measurements using this solvent 

mixture are given in the following section. A slightly higher metal concentration of 1.5 equiv. 

was used, to ensure complete PQQ complexation. 

 

3.2. Spectrophotometric Measurements in DMF 

3.2.1 Reoxidation of PQQH2 in DMF with 1.5 Metal Equiv. and 3.4 vol% H2O 

 

Figure V.4: Spectrophotometric analysis of the reoxidation of PQQH2 (33.4 µM) in DMF (2.9 mL) and 

H2O (100 µL, 1.83 M) with controlled ionic strength (LiClO4, 3.34 mM) under air, without metal addition (left) or 

with 1.5 equiv. (50.0 µM) CaCl2 (middle) or LaCl3 (right) added. Spectra recorded every 30 seconds - first 100 

spectra (50 minutes) are shown. 

The spectra received from the PQQH2 and PQQH2 + CaCl2 measurements appeared rather 

similar, with a maximum at 320 nm. Over reoxidation, the absorption of the maximum at 

320 nm decreased, and a new absorption band emerged at 276 nm (280 nm for Ca2+) as well as 

a shoulder at 352 nm (353 nm). Isobestic points at 289, 338 and 387 nm (290, 339, 380 nm) 

indicate a clear conversion back to PQQ (compare with Figure V.5).  The addition of LaCl3 to 

PQQH2 led to a shift of the absorption maximum to 326 nm and a new maximum at 305 nm. In 

direct comparison, the maximum was reduced from 1.02 a.u. (1.04 a.u. for Ca2+) to 0.69 a.u. 

with La3+. Over reoxidation, the maximum at 305 nm disappeared, while the maximum at 

326 nm slowly decreased its intensity and a new maximum appeared at 280 nm. Only two 

isosbestic points were visible at 290 nm and 365 nm, while the absorbance at 402 nm increased. 
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Figure V.5: Combined spectra of PQQH2 (33.4 µM) in DMF (2.9 mL) and H2O (100 µL, 1.83 M) with controlled 

ionic strength (LiClO4, 3.34 mM) under air, with or without the addition of LaCl3 or CaCl2 (1.5 equiv.) at T = 0, 

50 and 113 minutes, respectively. For comparison, additional spectra of PQQ in the same solvent mixture with or 

without metal addition are shown. 

Figure V.5 shows the first and last spectrum received from the spectrophotometric 

measurements of PQQH2 in DMF and H2O, with or without the addition of metal salts. For 

comparison, a spectrum of PQQ was recorded in the same solvent mixture and concentration, 

with or without the addition of metal salts. In theory, the last spectrum of the measurements 

should only contain reoxidized PQQ and should therefore appear similar to the reference 

spectra. While this is the case for PQQH2 + CaCl2 (green lines) and to some extend for free 

PQQ (red lines), PQQH2 + LaCl3 differ quite strong compared to the reference spectrum (blue 

lines). The contents of the cuvette that contained PQQH2 and LaCl3 showed signs of 

precipitation after 1 h (see Figure V.6) likely causing this deviation. 

 

Figure V.6: Spectrophotometric analysis of the reoxidation of PQQH2 (33.4 µM) and 1.5 equiv. LaCl3 (50.0 µM) in DMF 

(2.9 mL) and H2O (100 µL, 1.83 M) with controlled ionic strength (LiClO4, 3.34 mM) under air. The black line is pure 

PQQ (33.4 µM) + 1.5 equiv. LaCl3 (50.0 µM) under the same conditions. Spectra recorded every 30 seconds for 2 h in 

total ï every third spectrum (= every 90 seconds) is shown. The noisy spectra indicate starting precipitation. 
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To compare the spectra received from PQQH2 reoxidation experiments, the absorbance of the 

maximum at 320 nm (with Ca2+: 320 nm; with La3+: 326 nm) was normalized to values between 

1 and 0 and plotted against the elapsed time (Figure V.7). 

 

Figure V.7: Normalized absorbance of the maximum at 320 nm (PQQ; PQQ + CaCl2) and 326 nm (PQQ + LaCl3) 

vs. time (s) for measurements of PQQH2 (33.4 µM) in DMF (2.9 mL) and H2O (100 µL, 1.83 M) with controlled 

ionic strength (LiClO4, 3.34 mM) under air, with or without the addition of LaCl3 or CaCl2 (1.5 equiv.). Spectra 

recorded every 30 seconds. A = absorbance, A0 = starting absorbance, Afin = final absorbance.  

It is clearly visible that presence of the added metal salts does not enhance the reoxidation, since 

pure PQQH2 (red curve) shows the fastest decrease of absorbance and therefore the fastest 

reoxidation to PQQ. The decrease of absorbance for PQQ + CaCl2 (blue curve) is less steep, 

while PQQ + LaCl3 (green curve) shows the slowest reoxidation and the appearance of the curve 

is distinctly different from pure PQQ. A closer look on how exactly metals interact with PQQH2 

during reoxidation is given in section V.3.3. 

 

3.2.2 Reoxidation of PQQH2 in DMF with 3.0 Metal Equiv. and 0.3 vol% H2O 

Since the approach mentioned above caused precipitation after the addition of LaCl3, an 

alternative solvent mixture needed to be tested for reoxidation experiments. Therefore, only 

10 µL (0.3 vol%) of water were added to a DMF solution of PQQH2. Three equiv. of metal salts 

were added in these experiments to study the impact of higher metal concentrations. 

Furthermore, EuCl3 was included, to study the impact of ion size (La3+ - 1.03 Å vs. Eu3+ - 0.95 Å 

in hexadentate complexes according to Shannon)[20] and Lewis acidity (La3+ < Eu3+)[11] The 

ionic strength was now controlled by dissolving LiClO4 directly in DMF (75 mM), resulting in 

the following spectra: 
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Figure V.8: Spectrophotometric analysis of the reoxidation of PQQH2 (33.4 µM) in DMF (2.99 mL) and 

H2O (10 µL, 183 mM) with controlled ionic strength (LiClO4, 73.1 mM) under air. Left: PQQH2 without metal 

addition. Right: PQQH2 with 3.0 equiv. CaCl2 added (100.2 µM). Spectra recorded every 30 seconds - first 100 

spectra (50 minutes) are shown. 

The spectra obtained from PQQH2 reoxidation (left) and the ones with calcium addition (right) 

appeared similar, with decreased absorption maxima at 321 nm, and increased new maxima at 

279 nm (PQQH2) or 277 nm (with CaCl2). The appearance of three isosbestic points indicate a 

conversion back to PQQ both in the presence and absence of calcium. 

 

Figure V.9: Spectrophotometric analysis of the reoxidation of PQQH2 (33.4 µM) in DMF (2.99 mL) and 

H2O (10 µL, 183 mM) with controlled ionic strength (LiClO4, 73.1 mM) under air with 3.0 equiv. (100.2 µM) 

LaCl3 (left) or EuCl3 (right) added. Spectra recorded every 30 seconds - first 100 spectra (50 minutes) are shown. 

The addition of LaCl3 led to a redshift of the absorption maximum from 321 to 324 nm, which 

was further redshifted throughout reoxidation. A second maximum was visible as a shoulder at 

303 nm which slowly disappeared.  Also in this case, a new maximum appeared at 274 nm and 
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all three isobestic points were clearly visible. In comparison, the addition of EuCl3 led to a 

further shift of the absorption maximum to 328 nm, which in turn exposed a second local 

maximum at 304 nm. While an isosbestic point was clearly visible at 291 nm, the other two 

isosbestic points disappeared and the absorption continuously decreased between 350 nm and 

430 nm. 

 

3.2.3 Reoxidation of PQQH2 in DMF with 10 Metal Equiv. and 0.3 vol% H2O 

In order to further examine influence of metals on PQQH2 reoxidation, the experiments were 

repeated with 10 equiv. of metal salts under the same conditions receiving the following spectra: 

  

 

Figure V.10: Spectrophotometric analysis of the reoxidation of PQQH2 (33.3 µM) in DMF (2.99 mL) and 

H2O (10 µL, 183 mM) with controlled ionic strength (LiClO4, 72.3 mM) under air without metal addition (top-

left) or with 10.0 equiv. (333.3 µM) CaCl2 (top-right), LaCl3 (bottom-left) or EuCl3 (bottom-right) added. 
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The obtained spectra appeared similar to the ones received from measurements with 3.0 equiv. 

of added metal salt (see Figure V.8 and Figure V.9) with values for maxima and isosbestic 

points changed only marginally by 1-2 nm. As an exception, the shift of the final maximum at 

338 nm for 10 equiv. EuCl3 was more pronounced compared to the original 333 nm for 3 equiv. 

EuCl3.  

 

3.3. Evaluation of the Reoxidation Kinetics 

To compare the spectra received from the PQQH2 reoxidation experiments with 3 or 10 metal 

equiv., the absorbance of the decreasing maximum around 321 nm was normalized to values 

between 1 (first measurement) and 0 (last measurement) and plotted versus the elapsed time 

(Figure V.11). Without metal addition (red line), absorption of PQQH2 increased for the first 

2.5 minutes before the maximum started to diminish. For better comparison, the increasing 

maximum around 270 nm was plotted additionally, where no such delay was observed. The 

overall appearance of the metal addition curves remained the same for both plots, but the curve 

for metal free PQQH2 (red line) was now almost identical to the ones received from Ca2+ 

addition (green lines). An effect on the reoxidation of PQQH2 is therefore questionable. The 

curves for 3 and 10 equiv. Ca2+ are in close proximity, especially for the maxima around 

270 nm, while the small deviation is probably within the error of the experiment. This is also 

the case for Eu3+ addition (violet curves), where the raise to 10 equiv. is not reflected by a 

different curve progression. However, the addition of Eu3+ clearly accelerated PQQH2 

reoxidation, as the curves are steeper for both plots and stagnated already after 2500 s (maxima 

around 320 nm), indicating a shorter reaction time until PQQH2 is completely oxidized back to 

PQQ. The curves for La3+ addition (blue curves) show a different progression and are therefore 

rather difficult to interpret. With 3 equiv. La3+, the curve appears less steep than without metal 

addition. Unlike in the other experiments, the raise to 10 equiv. La3+ has a clear impact on the 

curve, now showing a faster acceleration and reaching stagnation after about 3200 s (maximum 

around 320 nm). In summary, Ca2+ shows no effect on PQQH2 reoxidation, while Eu3+ clearly 

accelerates the reaction. La3+ accelerates the reaction only with 10 but not with 3 equiv. 
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Figure V.11: Normalized absorbance of the maximum at left: 321 nm (PQQ; PQQ + CaCl2), 324 nm (PQQ + 

LaCl3) or 328 nm (PQQ + EuCl3) or right: 279 nm (PQQ; PQQ + CaCl2), 274 nm (PQQ + LaCl3) or 270 nm (PQQ 

+ EuCl3) vs. time (s) for measurements of PQQH2 (33.4 or 33.3 µM) in DMF (2.99 mL) and H2O (100 µL, 1.83 

M) with controlled ionic strength (LiClO4, 73.1 or 72.3 mM) under air, with or without the addition of CaCl2, LaCl3 

or EuCl3 (3.0 equiv. - 100.2 µM or 10.0 equiv. - 333.3 µM). Spectra recorded every 30 seconds. A = absorbance, 

A0 = starting absorbance, Afin = final absorbance. 

The findings are in contradiction to the ones received in V.3.2 - Figure V.7. The addition of 1.5 

equiv. La3+ or Ca2+ led to a decelerated reoxidation in both cases. However, the experimental 

setup was different, with larger amounts of H2O (3 vol% vs. 0.3 vol%) and less LiClO4 

(3.34 mM vs. 72-73 mM). Water was already mentioned to stabilize the intermediate 

semiquinone,[227] and is needed to reoxidize PQQH2 in DMF. Redox cycling appears much more 

simplified in water than in organic solvents, as discussed in the following electrochemistry 

section (Chapter V.4). Having enough water present to accelerate reoxidation, the coordinating 

metals show a slowing effect. Vice versa, having only small amounts of water available, 

complexation leads to an acceleration, at least for Eu3+ and La3+ in higher concentrations.  

But how is the reoxidation influenced by metals in detail? Kharisov et al. summarize the 

coordination chemistry of o-quinones in their review.[229] Coordinating metals are known to 

stabilize radical species.[230] As quinone redox processes normally proceed via 1eī steps 

including semiquinone radicals,[229] this could also be of relevance here and depending 

on the coordinating metal, the transitional semiquinone PQQÅī species could be stabilized 

differently well. Especially Yb can stabilize radical ligands,[231-232] however, the 

participation of the Yb2+ oxidation state is described, which is only accessible for few 

other lanthanides (Nd, Sm, Eu, Dy).[86] Stable complexes of Nd3+ with three different 

oxidation states of iminoquinones are known without changing the +3 neodymium 

oxidation state.[233]  As seen in Chapter II.3.2.3, the different metal ions only had a small 

influence on the position of the LUMO and HOMO in calculations for the active side of XoxF 
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MDH with PQQ or PQQÅī. A complete complexation can be assumed when comparing 

the overall similar spectra in Figure V.4 (1.5 metal equiv.), Figure V.8 - Figure V.9 (3.0 

metal equiv.) and Figure V.10 (10 metal equiv.) and the similar curve progressions of 3.0 

and 10 metal equiv. for Ca2+ or Eu3+ in Figure V.11. On the other hand, the total amount 

of added H2O accelerates the reoxidation rate, since H2O2 is generated throughout the 

reaction, as already determined by Itoh et al.[226] One could argue that the added crystal 

water of the metal salts also increase the total amount of water in the reaction. Although, 

even with 10 equiv. of EuCl3ẗ6H2O, the amount of water is only increased by 1% or 

60 equiv. compared to the already added 10 µL (5541 equiv.). Differences of the added 

metal ions are apparently the more important factor. Lanthanide aqua complexes are 

prone to hydrolysis and thus commonly reduce the pH by proton abstraction from the 

hydration sphere.[234] 

[Ln(H2O)8]
3+ + H2O Ÿ [Ln(H2O)7(OH)]2+ + H3O

+ 

This would fit to the received curves, which decrease faster the stronger the Lewis acidity of 

the added metal ion is (Eu > La > Ca), at least for the experiment with 10 equiv. of added metal 

salt. However, only 10 µL of water are present in solution and the solvation sphere is more 

likely saturated with DMF [Ln(DMF)8]
3+.[123] Nevertheless, the influence of acids on the 

reoxidation of PQQH2 should be tested in future experiments. In addition, possibilities should 

be evaluated to buffer the DMF/H2O solvent mixture. However, it should be mentioned that 

PQQH2 is described stable in acidic environments below pH 4, even in the presence of 

oxygen.[181] Coordinated metals to the PQQH2 quinol could also lead to facilitated 

deprotonation, concurrent to stabilization of the then negatively charged oxygen intermediate 

(Scheme V.1).  

 

Scheme V.1: Possible reoxidation of PQQH2, accelerated by coordinated metals. M = Ca2+, Ln3+. 

Facilitated deprotonation and stabilization would be both positively influenced by increased 

Lewis acidities of the central metal through electron density reduction of the coordinating 

oxygen. Similarities in energy levels are important for shifts in charge distribution 
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between metal and ligand,[235] and orbital energies of the central metal need to be 

especially low for metal localization of electron-density.[236]   

However, both theories do not explain the different shape of the La3+ curves in Figure V.11, a 

phenomenon which could not be ultimately clarified.  

 

3.4. Conclusion 

Reduction of PQQ with ascorbic acid and reoxidation of PQQH2 with oxygen was studied 

throughout this chapter by UV-Vis measurements. The influence of added lanthanides and 

calcium was analyzed for both redox reactions in order to better understand the role of those 

metals in enzymatic MDH activity. While no acceleration was observed for the reduction from 

PQQ to PQQH2, the reoxidation of PQQH2 was accelerated with Eu3+ and 10 equiv. of La3+ but 

not with Ca2+. The opposite effect ï deceleration of the reoxidation was observed for Ca2+ and 

La3+ when larger amounts of water were available in the system. While the exact role of the 

different metals on reoxidation could not be clarified, also the changing Lewis acidity has to be 

taken into account, which has an influence on both pH and the proton abstraction of PQQH2. 

While measurements in buffered aqueous solvents are not possible due to their precipitation, 

DMF can directly buffered instead to produce comparable kinetic reoxidation experiments with 

calcium and lanthanides. Literature shows that a pH value can also be determined for solvents 

other than water.[237-238]  Since glass electrodes can even be used for measurements in DMF,[239] 

common buffer substances could be tested for usability in this solvent. 
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4. Electrochemistry of PQQ 

4.1. Introduction  

The electrochemistry of PQQ has already been extensively studied in the past, including cyclic 

voltammetry (CV) measurements of PQQ (13) and PQQMe3 (11) in aqueous and organic 

solutions and with or without calcium addition. Table V.2 summarizes the literature available 

and reported potentials. 

Table V.2: Oxidation, reduction and E1/2 potentials of PQQ and related compounds, taken from the literature and 

standardized to SHE in Volt (V). *Used reference. Q for quinone, QH for quinol and QÅī for semiquinone. a0.1 M 

Na2HPO4 buffer, b2 M sodium salicylate buffer, cNa2HPO4+HNO3 buffer, d0.5 M HClO4 buffer, e0.5 M KH2PO4 

buffer, f0.5 M NaOAc buffer, g0.1 M Et4NClO4, h0.1 M Bu4NPF6, i0.1 M nPr4N][BAr F
4]. Values referenced to 

Fc/Fc+ were converted to SHE, according to Aranzaes et al.[240] and Pavlishchuk et al.[241]. The same electrolyte 

was used for [172] and the references [240] and [241] (0.10 M Bu4NPF6). [114] used a different electrolyte (0.10 M 

[nPr4N][BAr F
4]) so this conversion is not as accurate. Conversion factors are: +0.241 (SCEŸSHE); 

0 (NHEŸSHE); +0.475 (DCM), +0.382 (MeCN) and +0.435 (DMSO), respectively for (Fc/Fc+ ŸSCE). 

Ref. Compound 
Solvent 

(pH) 
*  Standardized to SHE [V] 

[179, 181] PQQ H2O (2)a SHE 0.42 (E1/2) (Q/QH) 
[179, 181] PQQ H2O (7)a SHE 0.09 (E1/2) (Q/QH) 
[179, 181] PQQ H2O (13)b SHE ī0.22 (E1/2) (Q/QÅī), ī0.24 (E1/2) (QÅī/QH) 
[179] PQQ H2O (7.2)c SCE 0.51 (E1/2) (Q/QÅī/QH), ī0.87 (red) (Dihydroquinol) 
[242] PQQ H2O (0.3)d NHE 0.51 (E1/2) (Q/QH) 
[242] PQQMe3 H2O (0.3)d NHE 0.53 (E1/2) (Q/QH) 
[242] PQQ H2O (2.89)e NHE 0.34 (E1/2) (Q/QH) 
[242] PQQ+Zn(II) H2O (2.89)e NHE 0.34 (E1/2) (Q/QH) 
[242] PQQMe3 H2O (3.01)e NHE 0.38 (E1/2) (Q/QH) 
[242] PQQMe3+Zn(II) H2O (3.01)e NHE 0.38 (E1/2) (Q/QH) 
[242] PQQ H2O (5.6)f NHE 0.15 (E1/2) (Q/QH) 
[242] PQQ+Zn(II) H2O (5.6)f NHE 0.23 (E1/2), 0.17 (E1/2) 

[242] PQQ DMFg NHE 
ī0.05(0.8) (red) ([QQÅī]), ī0.71 (red) ([(QÅī)2]), ī0.94 

(red) (QH), ī1.53 (red) ([(QÅī)2]) Ÿ QÅī + QH)* 
[242] PQQ+DBN DMFg NHE ī1.09 (red) (Q Ÿ QH) 

[242] PQQMe3 MeCNg NHE 
0.05 (red) ([QQÅī]), ī0.69 (red) ([(QÅī)2]), 

ī0.97 (red) (QH)* 
[242] PQQMe3+DBN MeCNg NHE no effect ï same as above 

[172] PQQMe3 DCMh Fc/Fc+ 
ī0.22 (red), ī0.66 (red), ī0.76 (red), 

ī0.64 (ox), ī0.42 (ox), 0.29 (ox), 0.54 (ox)* 

[172] PQQMe3 MeCNh Fc/Fc+ 
ī0.13 (red), ī0.63 (red), ī0.77 (red), 

ī0.67 (ox), ī0.44 (ox), 0.44 (ox)* 

[172] PQQMe3 DMSOh Fc/Fc+ 
ī0.12 (red), ī0.55 (red), ī0.66 (red), 

ī0.57 (ox), ī0.39 (ox), 0.07 (ox), 0.48 (ox)* 
[172] PQQ-Me4 DCMh Fc/Fc+ ī0.18 (E1/2) (Q/QÅī) 

[172] 
PQQ-Me4 

+HOAc 
DCMh Fc/Fc+ 

~ ī0.18 (red) , 0.38 (ox) protonation and 

disproportionation of  QÅī, followed by reoxidation 

[172] 
PQQ-Me4 

+Ca(ClO4)2 
MeCNh Fc/Fc+ 

0.29 (E1/2) (Q/QÅī), 1.06 (ox) (protonation, 

disprotportionation and reoxidation as above) 
[114] LQQ DCMi Fc/Fc+ ī0.23 (E1/2) (Q/QÅī), ī1.04 (red) (QÅī/QH) 

[114] [La(LQQ)(NO3)3] DCMi Fc/Fc+ 
0.38 (E1/2) (Q/QÅī), 0.04 (red), ī0.05 (red), 0.06 (ox), 

0.20 (ox) Ÿ dimerization equilibria and loss of NO3ī 
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In 1990, Kano et al. published CV measurements of PQQ in buffered aqueous solution, showing 

a redox process at a midpoint potential of ī0.19 V and an irreversible cathodic wave at a peak 

potential of ī1.11 V vs. SCE.[179] By comparison with simulations, the redox couple was 

assigned by the authors to a two-step one-electron mechanism via the semiquinone PQQÅī 

(Figure V.12). The irreversible wave was assigned to the reduction of reduced PQQH2 to PQQ 

4,5 dihydroquinole. As described by the authors, PQQ forms several acid-base and redox 

equilibria in aqueous solutions (Figure V.12).  

 

Figure V.12: Acid-base and redox equilibria of PQQ, PQQÅī and PQQH2. Reported from Kano et al.[179] 

In 1982, Eckert el at. published CV measurements of PQQ, PQQMe3 and structural analoga in 

aqueous media, in DMF and in MeCN.[242] Unfortunately, insufficient experimental details 

without PQQ concentrations were given and no CVs were shown. However, several midwave 

redox potentials were given for aqueous solutions at different pH values, which are described 

as single 2eī steps. CV measurements in non-aqueous solvents were described to be more 

complicated with several reversible reduction steps.[242] While the number of transferred eī was 

described to be difficult to measure, the authors mentioned, that reduction would not occur 

through single PQQ Ÿ PQQÅī Ÿ PQQH2 1eī steps. Instead, four reduction potentials are given, 

which are explained by the authors with following scheme:  

Couple I PQQ + eī    ᵶ  PQQÅī 

PQQ + PQQÅī  ᵶ  [( PQQ)(PQQÅī)] 

Couple II [( PQQ)(PQQÅī)]+ eī ᵶ   [(PQQÅī)2] 

    [(PQQÅī)2]   ᵶ  2 PQQÅī 

Couple III PQQÅī + eī    ᵶ  PQQHī 

Couple IV [(PQQÅī)2] e
ī  ᵶ  PQQÅī + PQQHī 

Scheme V.2: Proposed reduction steps of PQQ quinone to quinol in non-aqueous media. Reported from Eckert et 

al.[242] 
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By addition of the non-nucleophilic base 1,5-diazabicyclo[4,3,0]non-5-ene (DBN), the 

reduction potential of PQQ was simplified to a 2eī transfer, while the addition of DBN to 

PQQMe3 showed no effect. The authors explained this with electrostatic repulsive forces of the 

now deprotonated carboxyl groups, which prevented association of radical species as described 

in Scheme V.2.  

In 1998 Itoh et al. published CV measurements of PQQMe3 in DCM, MeCN and DMSO.[172] 

The recorded CVs showed several isolated reduction and oxidation processes as it was also 

described by Eckert et al.[242] The authors described the occurrence of those isolated reduction 

and oxidation processes with several radical species, which can interact with each other and 

which are subject to acid-base equilibria as well.[172] 

reduction oxidation 

1oxH  + eī     Ÿ  1radH
ī 

1radH
ī  + eī     Ÿ  1redH

2ī 

1ox
ī  + eī     Ÿ  1rad

2ī 

1rad
2ī    Ÿ 1oxH  + eī 

1redH
2ī    Ÿ 1radH

ī  + eī 

1redH
2ī    Ÿ 1radH2  + eī 

1redH3    Ÿ 1radH3  + eī 
 

 

acid-base equilibrium disproportionation 

1radH
ī  + 1oxH    ᵶ  1radH2  + 1ox

ī 

1redH
2ī + 1oxH    ᵶ  1redH

2ī + 1ox
ī 

 

1radH2    Ÿ  ½ 1oxH + ½ 1redH3 

Scheme V.3: Proposed reduction and reoxidation processes of PQQMe3 (1oxH), as well as acid-base equilibria and 

disproportionation reactions. Reported from Itoh et al.[172] 

 

Scheme V.4: Structures and nomenclature of several proposed intermediate states during the reduction of PQQMe3 

(1oxH).[172] 

By using a fully methylated species PQQ-Me4 (1oxMe ï methylated pyrrol-N), the CV 

simplified to a reversible 1eī redox couple at E1/2 = ī0.90 V vs. Fc/Fc+, corresponding to 

1oxMe/1radMeī. By the addition of equimolar amounts of acetic acid, the oxidation peak current 
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at ī0.84 V disappeared while a new oxidation peak appeared at ī0.34 V. The now irreversible 

redox process is explained by protonation of the generated 1radMeī to 1radMeH, which 

disproportionates into ½ 1oxMe and ½ 1redMeH2 of which the latter is then oxidized at ī0.34 V. 

The authors also examined the influence of calcium on the redox behavior of 1oxMe in MeCN. 

After the addition of one equivalent of Ca(ClO4)2ẗnH2O, the 1eī redox couple was positively 

shifted by 0.57 V. Due to protonation by the now present water and disproportionation of the 

reduced 1radMeī species (as described above) the oxidation peak was again shifted to higher 

voltage (0.44 V). Due to the positive redox shift caused by calcium, the authors postulated a 

significant enhancement of PQQs oxidation power in MDH when coordinated to calcium.  

After the discovery of lanthanide dependent methanol dehydrogenases, the question arose, in 

which way those metals would influence the electrochemistry of PQQ and if they would be 

superior over calcium in activating the cofactor for methanol oxidation.  

Schelter et al. synthesized the model ligand LQQ and were able to show lanthanum coordination 

as [La(LQQ)(NO3)3].
[114] 

  

Figure V.13: Left: Model ligand LQQ, containing a benzoquinoline quinone as structural analogon to PQQ. Right: 

Crystal structure of [La(LQQ)(NO3)3]. Reported from Schelter et al.[114] 

CV of LQQ gave a reversible redox process at E1/2 = ī0.95 V, which was assigned by the authors 

as the quinone-semiquinone (QQ/QQÅī) couple.  An irreversible reduction wave at E = ī1.76 

was assigned as formation of the catecholate dianion (Q2ī).  

When coordinated to lanthanum ([La(LQQ)(NO3)3]), the QQ/QQÅī redox couple was shifted 

towards more positive potentials at E1/2 = ī0.34 V, explained by stabilization of the QQÅī anion 

by the coordinated metal ion. Further, poorly reversible reductions were visible, which are 

explained as loss of NO3
ī ligands and dimerization equilibria. Related to the positive redox shift 

upon lanthanum coordination, the authors could further show that [La(LQQ)(NO3)3] was able to 

oxidize 4MeBnOH to 4MePhCHO in DCM, which was not possible by the free ligand LQQ alone.  
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4.2. Measurements of PQQMe3 in Non-aqueous Solvents 

Investigation began with the reproduction of literature known CV measurements. Itoh et al. 

showed cyclovoltammograms of PQQMe3 in DCM and MeCN with corresponding reduction 

and oxidation potentials (Figure V.14).[172] 

 

Figure V.14: Left: PQQMe3 (0.001 M) + Bu4NPF6 (0.1 M) in DCM. WE: Pt/Au, CE: Pt-wire, RE: Ag-wire pseudo. 

Right: Superposition of experimental CVs and the literature known one from Itoh et al.[172] Reprinted with 

permission from Itoh et al.[172] Copyright (1998) American Chemical Society. 

The experimental procedures were reproduced as closely to the experimental description as 

possible, but although the general shape of the received CVs was quite similar to the literature 

ones, the potentials of the oxidation and reduction waves differed up to 100 mV (Table V.3). 

Table V.3: Reduction and oxidation peak potentials of PQQMe3 in anhydrous DCM (mV vs. Fc/Fc+). Sweep rate 

= 100 mV s-1. 

 Reduction (mV) Oxidation (mV) 

 I II  III  IV  V VI  VII  

Pt ī833 ī1285 ī1403 ī1299 ī1097 ī285 ī14 

Au ī807 ī1257 ī1354 ī1271 ī1104 ī340 35 

Lit.(Au) [172] ī940 ī1380 ī1480 ī1360 ī1140 ī430 ī180 

The experiment was repeated in MeCN, yielding a similar shaped CV as for the DCM 

measurement (Figure V.15).  
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Figure V.15: PQQMe3 (0.001 M) + Et4NClO4 (0.1 M) in MeCN. WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. 

In this case, the literature values for the reduction and oxidation waves fitted better to the 

experimental ones, taking the different electrode materials (Pt vs. Au) into account (Table V.4). 

Table V.4: Reduction and oxidation peak potentials of PQQMe3 in anhydrous MeCN (mV vs. Fc/Fc+). Sweep rate 

= 100 mV s-1. 

 Reduction (mV) Oxidation (mV) 

 I II  III  IV  V VI  VII  

Pt ī833 ī1285 ī1403 ī1299 ī1097 ī285 ī14 

Lit. (Au)[172] ī807 ī1257 ī1354 ī1271 ī1104 ī340 35 

While the available lanthanide salts (chlorides and nitrates) were not soluble in DCM, metal 

titration with La(NO3)3 was performed with PQQMe3 in MeCN (Figure V.16).  

 

Figure V.16: PQQMe3 (0.001 M) + Et4NClO4 (0.1 M) in MeCN (led line) + 1.0 equiv. of La(NO3)3ẗ6H2O (blue 

line) at 100mV/s. WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Voltammograms are not reproducible and change 

every measurement.  
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Unfortunately, the voltammogram changed completely upon metal addition with very broad 

reduction and oxidation waves, making an interpretation unfeasible. In addition, the received 

voltammograms were non-reproducible and changed their appearance and position of the 

reduction and oxidation waves after every measurement. Therefore, the solvent system was 

switched to DMF.  

In DMF, the CVs of PQQMe3 were even more complex, and multiple isolated reduction and 

oxidation processes were visible especially with decreased scan rates (Figure V.17). 

 

Figure V.17: PQQMe3 (0.001 M) + Et4NClO4 (0.1 M) in DMF. WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. 

Keeping the complex redox processes of PQQ species in non-aqueous media in mind as 

described by Eckert[242] and Itoh[172], the correct assignment of the visible reduction and 

oxidation processes is nontrivial and requires supporting simulated voltammograms.  

The influence of lanthanum on the CVs of PQQMe3 in DMF was tested as well (Figure V.18).  

 

Figure V.18: PQQMe3 (0.001 M) + Et4NClO4 (0.1 M) in DMF. Left and middle: Addition of LaCl3ẗ7H2O in DMF 

(0.1 M ï 10 µL per equiv.) Right: Addition of water. WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Segments 3-4 are 

shown. 

Already with 1.0 equiv. LaCl3ẗ7H2O, the potentials of the reduction processes were shifted to 

more positive values and simplified to a single peak. While the position of the peak varied with 

more equiv. of lanthanum at 100 mV/s, it remained constant with an increased scan rate of 2000 

mV/s and only the current increased likely due to an increased conductivity with more ions in 
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solution. Due to the present crystal water in LaCl3ẗ7H2O, the sole influence of water was tested 

as well. Here, only larger amounts of water (100 equiv.) caused a change in the voltammogram. 

 

4.3. Measurements of PQQ in Non-aqueous Solvents 

In the next step, voltammograms of free PQQ were recorded and the influence of lanthanum, 

water and HCl was tested (Figure V.19). Similar to PQQMe3, several reductions were visible 

(ī1142 mV, ī1242 mV, ī1675 mV), as well as one oxidation (ī775 mV). With 1.0 equiv. 

LaCl3ẗ7H2O the received voltammogram changed drastically, with two reduction peaks at 

ī642 mV and ī1633 mV and two oxidation peaks at ī1200 mV and ī608 mV. With more 

lanthanum equiv., only one reduction peak was visible at ī1375 mV to ī1425 mV and one 

oxidation peak at ī1333 mV to ī1117 mV. With 10 equiv. of LaCl3ẗ7H2O present, redox 

processes could no longer be observed.  

 

Figure V.19: PQQ (0.001 M) + Et4NClO4 (0.1 M) in DMF. Left: Addition of LaCl3ẗ7H2O in DMF (0.1 M ï 10 µL 

per equiv.) Middle: addition of water. Right: Addition of HCl (1 M). WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. 

Segments 1-2 are shown. 

As a control, small amounts of water were added to the DMF solution of PQQ and no change 

of the voltammogram could be observed. Higher amounts of water (50 equiv.) led to a 

completely different voltammogram, though. Since protons are needed for the complete 

conversion of PQQ (quinone) to PQQH2 (quinol), the influence of small amounts of added HCl 

was tested, which caused shifted reduction and oxidation peaks with growing currents. 

With larger amounts of HCl (55 equiv.), the obtained voltammogram changed (Figure V.20). 

Two redox processes were now well observable, with the high current one at ī965red mV to 

ī590ox mV (E½ = ī777.5 mV) and a lower current one at ī1430red mV to ī1236ox mV (E½ = 

ī1333 mV).  
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Figure V.20: PQQ (0.001M) + Et4NClO4 (0.1M) in DMF with 55 equiv. of HCl (1M). WE: Pt, CE: Pt-wire, RE: 

Ag-wire pseudo. Segments 1-2 are shown. Both redox processes can also be measured independently (blue lines). 

The voltammogram could be drastically simplified with HCl, but the excess of acid would 

protonate all carboxyl groups of PQQ, making complexation with lanthanides unfavorable. 

Therefore, other solvent systems were required, which would allow complexation while 

limiting the number of different species.  

 

4.4. Measurements of PQQ in H2O/DMF Solvent Mixtures 

The CV of PQQ in water shows a single two-step one-electron redox process for the 

quinone/quinol couple. In comparison, voltammograms recorded in non-aqueous media show 

multiple isolated reduction and oxidation processes, making interpretation challenging. 

Therefore, measurements in water would be preferable for investigations of the lanthanide-

influence on redox processes of PQQ, but in this medium, lanthanide coordination always lead 

to precipitation. Therefore, solvent mixtures of DMF and water were tested. While large ratios 

of water still led to complex precipitation of PQQ with lanthanides, a 70:30 mixture of water 

and DMF still indicated complex formation as observed by a distinct color change, but 

precipitation was delayed and occurred not earlier than 15 minutes after metal addition. The CV 

of PQQ in this mixture showed two redox couples (Figure V.21). 
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Figure V.21: PQQ (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture. WE: Pt, CE: Pt-wire,  

RE: Ag-wire pseudo. Segments 3-4 are shown. Both redox processes can also be measured independently (blue 

lines). 

One couple appeared between ī263red mV and 10ox mV (E½ = ī126.5 mV) and one couple 

between ī730red and ī627ox (E½ = ī678.5 mV).  

 

4.5. Spectroelectrochemistry of PQQ in H2O/DMF Solvent Mixtures  

In order to assign the two redox processes of PQQ in 70:30 H2O/DMF mixtures, bulk 

electrochemical reduction/oxidation of the sample was performed in combination with UV-Vis 

measurements (spectroelectrochemistry).  Following spectra were received: 

 

Figure V.22: PQQ (0.8 mM) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture. WE: Pt, CE: Pt-wire, RE: Ag-

wire pseudo. Potentials are not referenced vs. the Fc/Fc+ couple, as this voltammogram is used as overview over 

the different potentials at which UV-Vis measurements were performed. 



CHAPTER V REDOX-CHEMISTRY OF PQQ 81 
 

 

 

Figure V.23: UV-Vis spectra of PQQ (0.8 mM) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture at different 

potentials. Potentials are given in the legend, while the second number indicates a change in the direction of 

potential adjustment (cycle). 

The first cycle went from 50 to ī150 mV, in order to go through the first reduction peak. This 

led to a decrease of the absorbance maximum at 378 nm and finally to a shift of the maximum 

to 402 nm (light blue line - ī150_1). By reincreasing the potential to 125 mV, the process was 

reversed and the absorbance maximum changed back to 383 nm, however, without reaching the 

initial high absorbance. In order to go through the second reduction peak, the potential was 

stepwise decreased to ī700 mV (3-4 cycle). This led the absorbance maximum shift to 409 nm, 

accompanied with an increase of the absorbance. This spectrum, as well as the transformation 

through the different potentials appeared rather similar to spectra received from the reoxidation 

of PQQH2 in a DMF/H2O mixture (Figure V.4).  

Although the maxima are shifted, the solvent systems are different ï 70:30 H2O/DMF for the 

spectroelectrochemical measurements compared to a 04:96 H2O/DMF mixture for the PQQH2 

spectra. If both species are the same, then the second redox couple at E½ = ī678.5 mV would 

be the PQQ/PQQH2 (quinone/quinol) pair, while the first couple at E½ = ī126.5 mV would still 

be unknown. It is feasible that the first redox couple is the PQQ/PQQÅī  while the second redox 

couple is the PQQÅī /PQQH2 pair. 

However contradicting this theory, the potential in the fifth cycle of the spectroelectrochemical 

measurement is reincreased from ī700 mV. The conversion seems to be irreversible since the 

potential had to be set back to 50 mV (intermediate steps not shown), 
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 to finally change the PQQ species back to the original one, skipping the species with a 

maximum at 402 nm (light blue line - ī150_1). 

 

4.6. Influence of Lanthanides and Calcium on the CV of PQQ in H2O/DMF M ixtures 

In a 70:30 H2O/DMF mixture, complexes of PQQ with lanthanides remained in solution, hence 

it was possible to investigate the influence of lanthanides on the electrochemistry of PQQ. PQQ 

in DMF (0.1 M, 10 µL) was added to a solution of H2O (700 µL, 0.1 M Et4NClO4) and 

DMF (280 µL, 0.1 M Et4NClO4) and a CV was recorded at 20 mV/s.  Increasing amounts of 

metal chlorides in DMF (0.1 M, 10 µL per equiv.) were added to the solution and CV were 

measured. Used metal chlorides were LaCl3ẗ7H2O, PrCl3ẗ6H2O, EuCl3ẗ6H2O, YbCl3ẗ6H2O, 

LuCl3ẗ6H2O and CaCl2ẗ2H2O.  

 

Figure V.24: CVôs of PQQ (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture with increasing amounts 

of LaCl3ẗ7H2O (0.1 M in DMF, 10 µL per equiv.). WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Segments 3-4 are 

shown.  

Upon addition of one equiv. of lanthanum, the E1/2 value of the first redox pair shifted to more 

positive values and the distance of the positive and negative maximum decreased. With more 

metal equiv., the observed current slightly decreased, possibly caused by beginning 

precipitation, but the E1/2 position stayed constant. The E1/2 value for the second redox couple 

was shifted to more positive potentials upon lanthanum addition as well and further shifted with 

more metal equiv. Also in this case, the current decreased with more metal equiv., but stronger 

than for the first redox couple. Additional CVs were recorded with different lanthanides and 

calcium (Figure V.25). 
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Figure V.25: CVôs of PQQ (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture with increasing amounts 

of metal chlorides (0.1 M in DMF, 10 µL per equiv.). WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Segments 3-4 

are shown. Upper left: PrCl3ẗ6H2O; upper right: EuCl3ẗ6H2O; left: YbCl3ẗ6H2O; right: LuCl3ẗ6H2O; bottom: 

CaCl2ẗ2H2O. 
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Regardless of the added lanthanide, voltammograms appeared similar with only slight 

differences in the current and position of the maxima and minima. The CV obtained from PQQ 

with added calcium differed, since influence of calcium on the elecotrochemistry of PQQ was 

only minimal (Figure V.25). Table V.5 gives an overview over the maxima and minima and the 

corresponding E1/2 values of the different CVs from Figure V.24 and Figure V.25. 

Table V.5: Potentials of maxima, minima and corresponding E1/2 values of PQQ (0.001 M) + Et4NClO4 (0.1 M) in 

70:30 H2O/DMF with one equiv. of metal chlorides (0.1 M in DMF, 10 µL per equiv.). Due to the varying values 

of the PQQ measurements (without metal), the maxima of the first couple were all set to 14 and the CV were 

shifted accordingly ï those new values are given in additional column with grey backgrounds.  

1.0 equiv. first couple (mV) second couple (mV) 

Lanthan Maxima Minima E1/2 Maxima Minima E1/2 

PQQ 14 14 -262 -262 -124 -124 -623 -623 -728 -728 -676 -676 

LaCl3 -34 -34 -123 -123 -78.5 -79 -583 -583 -728 -728 -656 -656 

Praseodym             

PQQ 18 14 -271 -275 -127 -131 -617 -621 -716 -720 -667 -671 

PrCl3 -30 -34 -103 -107 -67 -71 -579 -583 -719 -723 -649 -653 

Europium             

PQQ -16 14 -167 -137 -92 -62 -612 -582 -710 -680 -661 -631 

EuCl3 -19 11 -95 -65 -57 -27 -584 -554 -711 -681 -647.5 -618 

Ytterbium             

PQQ -8 14 -169 -147 -89 -67 -614 -592 -718 -696 -666 -644 

YbCl3 -16 6 -78 -56 -47 -25 -587 -565 -718 -696 -653 -631 

Lutetium             

PQQ 11 14 -262 -259 -126 -123 -627 -624 -734 -731 -681 -678 

LuCl3 -3 0 -92 -89 -48 -45 -579 -576 -743 -740 -661 -658 

Calcium             

PQQ 0 14 -199 -185 -100 -86 -614 -600 -716 -702 -665 -651 

CaCl2 29 43 -231 -217 -101 -87 -600 -586 -732 -718 -666 -652 

For better comparison, only the values for one equiv. of metal are given in Table V.5. The 

values for PQQ alone (without metal) vary from experiment to experiment, even with ferrocene 

reference. On the one hand, those variations could occur due to self-made pseudo-reference 

electrodes used in the experiments (silver-wire in 70:30 H2O/DMF + Et4NClO4 (0.1 M)), were 

the depth of immersion could already cause differences. On the other hand, the ferrocene 

measurements were always taken isolated under the same conditions after the experimental 

measurements (external standart). An internal standard (small amounts of ferrocene in every 

measurement) would give more accurate data, but the redox potential of ferrocene overlaps with 

the first redox couple of PQQ. Other standards could be used, as cobaltocene or 
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decamethylferrocene, but experiments, where small amounts of ferrocene or cobaltocene were 

added to solutions of PQQ and lanthanide chlorides failed. Immediate color change to black 

was observed, together with precipitation of a black solid and complete change of the received 

CV. A chemical interaction of the internal standard with PQQ or the lanthanides seemed to 

occur, which excluded this method. 

In order to better compare the data in Table V.5, the maxima of the first couple for the PQQ 

measurements were all set to 14 mV and all CV were shifted accordingly. By comparison of 

the E1/2 values before and after lanthanide addition, all E1/2 values for both first and second 

redox couple are shifted to more positive values.  Therefore, those metals seem to enhance the 

reduction ability of PQQ and its oxidation power towards substrates like methanol. Due to the 

described variations in the redox potentials between experiments, direct comparison between 

the different lanthanides should be treated with caution. Table V.6 gives the differences between 

PQQ potentials before and after metal addition. While the second couple is influenced in a 

similar fashion, the differences for the first couple are larger, but no clear pattern can be 

observed, such as increasing shifts throughout the lanthanide series.  

Table V.6: E1/2 values of for the redox couple of PQQ (0.001 M) in 70:30 H2O/DMF + Et4NClO4 (0.1 M) with one 

equiv. of metal chlorides (0.1 M in DMF, 10 µL per equiv.) and the differences of both measurements.  

1.0 equiv.  first couple (mV) second couple (mV) 

Lanthan E1/2 Difference E1/2 Difference 

PQQ -124 
45 

-676 
20 

LaCl3 -79 -656 

Praseodym   

PQQ -131 
60 

-671 
18 

PrCl3 -71 -653 

Europium   

PQQ -62 
35 

-631 
13 

EuCl3 -27 -618 

Ytterbium  

PQQ -67 
42 

-644 
13 

YbCl3 -25 -631 

Lutetium  

PQQ -123 
78 

-678 
20 

LuCl3 -45 -658 

Calcium  

PQQ -86 
1 

-651 
1 

CaCl2 -87 -652 
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As already seen in Figure V.25, the addition of calcium leads to small shifts of the maxima 

and minima, whereas the E1/2 values stay constant. 

 

4.7. Influence of Acids and Bases on the CV of PQQ in H2O/DMF Solvent Mixtures 

In order to examine the influence of pH variations on the electrochemistry of PQQ, small 

amounts of acid (HCl) or base (NEt3) were added to PQQ in a 70:30 H2O/DMF solution. The 

addition of HCl (1 M in H2O, 1 µL per equiv., Figure V.26) did not change the overall shape of 

the received voltammograms, but largely increased the current, especially for the second redox 

couple. In addition, small shifts towards more positive potentials could be observed. Protons 

are required for the complete conversion from quinone to quinol, which could explain the 

enhanced redox processes, especially for the largely increased reduction. 

 

Figure V.26: Left: CVôs of PQQ (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture with increasing 

amounts of HCl (1 M in H2O, 1 µL per equiv.). WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Segments 3-4 are 

shown. Right: Closeup of the CVôs. 

The addition of NEt3 (0.14 µL per equiv.) caused similar changes (Figure V.27). The 

voltammograms were shifted towards more positive potentials and the current largely increased. 

Interestingly, addition of 5 equiv. and more caused the opposite effects: The voltammogram 

shifted back to more negative potentials and the current decreased as well. With 10 equiv., only 

two isolated broad reduction and oxidation peaks were visible, which disappeared with 50 

equiv. 
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Figure V.27: Left: CVôs of PQQ (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture with increasing 

amounts of NEt3 (0.14 µL per equiv.). WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Segments 3-4 are shown. Right: 

Close-up of the CVôs. 

Itoh et al.[172] and Schelter et al.[114] already demonstrated, that upon addition of the base DBU 

(1,8-diazabicyclo[5,4,0]undec-7-ene) (29 equiv. to PQQ-aza-crown-5 ï Itoh and 2.2 equiv. to 

LQQ ï Schelter) the oxidation of alcohols by quinone-containing model compounds was 

accelerated. Et3N could have the same effect in this experiment, enhancing the redox processes 

of PQQ. On the other hand, a large excess of this base seem to inhibit redox reactions almost 

completely. 

 

4.8. Measurements of PQQMe3 in H2O/DMF Solvent Mixtures 

CVôs were further recorded for PQQMe3 in the 70:30 H2O/DMF mixture in addition with 

increasing amounts of LaCl3ẗH2O, EuCl3ẗH2O or YbCl3ẗH2O (Figure V.28). In comparison with 

the two redox couples of PQQ, PQQMe3 exhibits only two isolated broad reduction and 

oxidation peaks around ī450red mV and ī260ox mV, with a shoulder at ī410ox mV. Addition 

of lanthanides caused a positive shift of both peaks, which is smaller for reduction and larger 

for oxidation. In case of Eu and Yb, the oxidation peak is more pronounced. As already 

described in V.4.6, problems with the used pseudo-reference electrode and the external 

ferrocene standart make the obtained data challenging to compare, which appears escpecially 

pronounced for the voltammograms of PQQMe3 before metal addition (thick black and grey 

lines). However, the addition of lanthanides seem to facilitate reduction also in the case of 

PQQMe3 and therefore enhance its oxidation capacity. 



88 REDOX-CHEMISTRY OF PQQ CHAPTER V 
 

 

 

Figure V.28: CVôs of PQQMe3 (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture with increasing 

amounts of metal chlorides (0.1 M in DMF, 10 µL per equiv.). WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Segments 

3-4 are shown. Upper left: LaCl3ẗ7H2O; Upper right: EuCl3ẗ6H2O; bottom: YbCl3ẗ6H2O. 

 

4.9. Additional Measurements on a Metrohm Device  

Measurements of PQQ in the H2O/DMF mixture were repeated on a Metrohm device (Autolab 

PGSTAT101). With this device, only staircase measurements could be performed, implying 

that the potential is scanned stepwise with small increments, rather than linearly. While this 

method shows CVs in good quality with slow scan rates, faster scan rates tend to give more 

noise. Due to larger electrodes and electrochemical cells, volumina had to be adjusted 

accordingly. 
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Figure V.29: CVôs of PQQ (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture (25 mL in total). WE: Pt, 

CE: Pt-wire, RE: Ag-wire pseudo. Segments 1-4 are shown. 

While the second redox couple is well reproduced (ī732red mV, ī642ox mV), the first redox 

couple is only visible to some degree. In addition, a broad reduction process is now visible at 

ī405 mV. This reduction is not visible with 1.0 equiv. of LaCl3ẗ7H2O (Figure V.31 - no 

ferrocene standart), but reappears with faster scan rates, also revealing the first redox couple 

with ī80red mV, ī31ox mV, E1/2 = ī55 mV which is shifted to more negative potentials in 

comparison with the experiments described above. The second redox couple (PQQ: 

ī675red mV; ī587ox mV; E1/2 = ī631 mV) is again slightly shifted towards more positive 

potentials upon lanthanum addition (ī662red mV, ī569ox mV, E1/2 = ī616 mV) and the current 

showed a strong increase. 

 

Figure V.30: CVôs of PQQ (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture (25 mL in total) with 

increasing amounts of LaCl3ẗ7H2O (0.2 M in H2O, 125 µL per equiv.) and with different scan rates (20 ï 100 

mV/s). WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Segments 1-2 are shown. 
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Figure V.31: CVôs of PQQ (0.001 M) + Et4NClO4 (0.1 M) in a 70:30 H2O/DMF mixture (25 mL in total) with 

increasing amounts of LaCl3ẗ7H2O (0.2 M in H2O, 125 µL per equiv.) and with different scan rates (100 ï 1000 

mV/s). WE: Pt, CE: Pt-wire, RE: Ag-wire pseudo. Segments 1-2 are shown. 

 

4.10. Conclusion 

The electrochemistry of PQQ has already been analyzed extensively in the past by cyclic 

voltammetry. While voltammograms in water remain easy to interpret, non-aqueous solvents 

complicate the voltammograms with a number of separated reduction and oxidation peaks. 

Metal addition is described in the literature for PQQ and Zn(II) in water (pH 5.6) and for PQQ-

4Me and Ca2+ in MeCN ï both lead to a shift to higher potentials and therefore to an increased 

oxidation power of PQQ. Here for the first time PQQ was analyzed in the presence of 

lanthanides. As addition of lanthanides lead to precipitation of PQQ-lanthanide complexes from 

water, other solvents had to be explored. In DMF, shifts are observable after lanthanide addition, 

but the voltammograms are difficult to interpret. In a 70:30 H2O/DMF mixture, only two redox 

couples are visible, which appears to be the PQQ/PQQÅī and PQQÅī/PQQH2 couple by 

comparison with spectroelectro measurements. UV-Vis data of the PQQH2 reoxidation appears 

similar, but not identical. Upon lanthanide addition, both redox couples are shifted towards 

higher potentials, but no clear trend throughout the lanthanide series can be determined. Also 

referencing to the same ferrocene standard remains challenging. With an alternative cyclic 

voltammetry device, the data was not completely reproducible. The second redox couple is 

slightly shifted and the first redox couple is missing completely without metal addition. Also 

an unknown reduction process appears with faster scan rates.  

In summary, it was demonstrated that lanthanides indeed have an influence on the 

electrochemistry of PQQ and that differences occur throughout the series. However, several 
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questions remain to be solved. The voltammograms have to be better understood in order to be 

able to explain the influence of coordinated lanthanides. Simulated voltammograms would aid 

in this task. Measurements with water-free solvents, metal salts and PQQ would be preferable 

to exclude the formation of the water-adduct 15, since the influence of this species remains to 

be elucidated as well. Finally, the synthesis of PQQ-4Me would help in interpretation, as 

voltammograms with this species are known to be simplified. Also other synthetic approaches 

are conceivable, like the implementation of silyl- instead of methyl groups, which are bulkier 

and further hinder complexation in unwanted coordination sites of PQQ. Presented work in this 

chapter therefore forms the foundation for further studies about the electrochemistry of PQQ. 

However, for the completion of such a project, work of several months would be needed and 

likely involve the need for a glovebox for strict water-free conditions, which is beyond the scope 

of this thesis and the equipment currently available. 
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VI. SMALL MOLECULE INTERACTION 

 

1. Introduction  

A feature, which was recognized early in PQQ research is the ability, to form adducts with 

nucleophiles.[128] Over the years, a wide range of small molecules was tested upon this 

feature,[95, 164] including acetone,[128] water[181-182] and methanol[156, 181], but also cyanide,[243] 

ammonia,[182, 244-245] urea[182] and even benzylamine[246] or dinitrophenylhydrazine.[247] Usually, 

nucleophilic attack occurs in C5 position of the quinone, but also the C4 position is affected in 

some cases. For example a dimethyl ketal species in C4 was afforded under acidic conditions 

with methanol.[156] The addition of amino acids to PQQ yield the formation of oxazole 

derivatives, involving both C4 and C5.[158] 

 

Figure VI .1: Equilibrium reaction between PQQ and nucleophiles, forming C5 adducts. Some examples are given, 

which will be further discussed in this chapter.  

Although being described in literature, analysis was often incomplete and no metal influence 

on adduct formation was analyzed. In MDH, a Lewis acid is needed for activation of the C5 

C=O bond.[44-45] Lanthanides have been proposed to activate C5 better than calcium, due to their 

higher Lewis acidity.[76, 168] To test this, we first investigated the C5 reactivity with nucleophiles 

in the absence and then in the presence of lanthanides and calcium. While water adduct 

formation in aprotic solvents (DMSO, DMF) was already described in Chapter IV and in the 

literature,[248] this chapter further elucidates interaction of PQQ with cyanide and methanol. 

Cyanide plays an important role in biochemical assays of methanol dehydrogenases by 

suppressing proteinogenic side reactions and alleviating effects from artificial electron acceptor 
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inhibition.[71, 109] How cyanide acts, is not well understood. An interaction with PQQ has been 

proposed.[249] To better understand the interaction of PQQ with cyanide, we investigated 

cyanide adduct formation by NMR. 

Methanol is the natural substrate of MDH enzymes. Currently there is no consensus on the 

mechanism of enzymatic action and different mechanisms have been discussed.[45, 70, 72, 77]  This 

chapter investigates the reactivity of methanol with PQQ and elucidates the influence of 

coordinating lanthanides and calcium on nucleophilic methanol addition.  

Finally, the aim of this chapter is to gain a fundamental understanding of the (coordination) 

chemistry of PQQ with biologically relevant metal ions and nucleophiles. This is important for 

the development of MDH biomimetics. 

 

2. Cyanide Adduct Formation 

2.1. Introduction  

Unkefer et al. reported the addition of cyanide to C5 of PQQ by 13C-NMR in DMSO but 

did only report three NMR shifts (C5, 74.8 ppm; C9a, 119.6 ppm; -CN, 117.9 ppm).[243] 

The aim of this section was to better characterize this species in polar protic and aprotic 

media by NMR spectroscopy to shed light on this nucleophile in the context of MDH 

reactivity.  

2.2. Elucidation of PQQ Cyanide Adduct Formation 

By adding 1.0 equiv. of solid KCN to a PQQ solution in DMF-d7 (54.5 mM), a cyanide-

adduct readily formed in a 2:1 ratio to free PQQ, as indicated by NMR (Figure VI.2). 

 

Figure VI .2: 1H-NMR spectrum of PQQ (9 mg, 27.2 µmol) in DMF-d7 (0.5 mL) with KCN (1.0 equiv., 1.8 mg, 

27.2 µmol). 
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Cyanide-adduct formation was now elucidated in D2O, for better comparison with described 

biochemical assays. While PQQ is almost insoluble in water in its fully protonated form, 

PQQNa2 shows higher solublities, yet still not high enough for concentrations needed for 13C-

NMR measurements. Therefore, 2.15 equiv. of ND4OD in D2O were added for a complete 

dissolution of PQQ. Even without KCN, NMR indicated two species in a 1:0.67 ratio: Free 

PQQ (13) and a PQQ-C5 adduct, probably being the water adduct of PQQ. Due to the added 

ammonia, the second species could also be the ND3-adduct, which remains elusive by NMR 

methods alone. After 1.0 equiv. of solid KCN was added to the aqueous PQQ solution, causing 

a color change from dark- to light red, NMR indicated only one PQQ species, with some 

additional trace-signals visible in the proton spectrum (Figure VI.3). The C5 resonance in 13C-

NMR was shifted upfield to 60.76 ppm in comparison to 89.38 ppm for the water/ammonia 

adduct. A new carbon resonance was now visible at 119.88 ppm, indicating the species as the 

PQQ-CN adduct (25).  

 

Figure VI .3: 1H-NMR spectrum of PQQ (9 mg, 27.2 µmol) and ND4OD in D2O (26 wt.%; 3.3 mg; 58.7 µmol, 

12 µL, 2.15 equiv.) in D2O (0.5 mL) with KCN (1.0 equiv., 1.8 mg, 27.2 µmol).Carboxyl groups of the shown 

structure are (partially) deprotonated due to the added ND4OD.  

The pKa values of the PQQ carboxyl groups are between 1.60 (C7-CO2H), 2.20 (C9-CO2H) 

and 3.30 (C2-CO2H),[178-179] and are therefore all capable of protonating the cyanide CNī ion. 

HCN is considered a weak acid with a pKa of 9.0 in both H2O and D2O.[250] This might be 

the reason for the incomplete formation of a cyanide-adduct in DMF-d7 (Figure VI.2), since 

hydrogen cyanide is a much weaker nucleophile than the corresponding cyanide ion.[251]  

In D2O, the added ND4OD should lead to an increased ratio of deprotonated cyanide, explaining 

the larger amounts of PQQ-CN adduct in solution. The cyanide also has a higher affinity to 

PQQ than OHī, since no water-adduct, or only a trace of it is visible with cyanide present. 

The following table gives an overview over the discussed species and the assignment of 

their NMR resonances.  
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Table VI .1: 1H- and 13C-NMR shifts of PQQ (9 mg, 27.2 µmol) in DMF-d7 (0.5 mL) or in D2O (0.5 mL) by the 

addition of ND4OD in D2O (26 wt.%; 3.3 mg; 58.7 µmol, 12 µL, 2.15 equiv.), with or without KCN (1.0 equiv., 

1.8 mg, 27.2 µmol). Shifts in ppm relative to the respective solvent signals (see VIII.2.1). Signal assignments based 

on 2D HMQC and HMBC experiments, DFT calculations and comparison with data from the literature.[169, 243] 

DFT based on Structure optimization of PQQ-CN with B3LYP; 6-31g(d); CPCM=DMF and NMR calculation by 

the GIAO-method at the same level of theory. Calculated shifts relative to TMS, calculated the same way.  

# 
DMF + KCN 

DMF 

calc. 
D2O D2O + KCN 

# 

PQQ (13) PQQ-CN (25) PQQ-CN PQQ (13) PQQ-H2O (15) PQQ-CN (25) 

13C 13C 1H 13C 1H 13C 13C 1H 13C 1H 13C 1H 1H 

5 180.18 14.33 (s) 76.16 14.13 (s) 73.30 181.98  89.38  60.76  1 

4 174.68 8.86 (s) 184.00 8.82 (s) 178.82 175.11 8.27 (s) 190.07 8.18 (s) 185.44 8.21 (s) 8 

9ó 169.88 
7.28 (d) 

J = 2.1Hz 
169.81 

7.32 (d) 

J = 2.2Hz 
160.29 173.23 7.15 (s) 174.08 7.19 (s) 173.88 7.21 (s) 3 

7ó 166.33  166.02  155.12 170.75  171.31  171.29   

2ó 162.26  162.16  151.50 166.75  167.03  167.21   

5a 149.85  157.77  150.02 152.41  156.65  153.51   

7 148.52  147.58  138.70 150.82  146.05  152.27   

9 136.46  139.01  130.62 143.22  142.68  143.11   

1a 136.01  129.90  130.48 136.41  135.57  136.24   

8 131.18  129.13  124.31 128.01  124.32  124.46   

2 129.46  120.77  123.61 133.14  132.69  133.84   

9a 128.29  123.18  121.94 123.92  117.02  117.10   

3a 125.75  119.09  116.19 122.39  118.34  117.68   

3 114.67  113.74  111.55 112.33  110.88  110.60   

-CN   114.00  108.92     119.88   

The presented experiments indicate formation of the PQQ-CN adduct (25) in both polar protic 

and aprotic solvents. Especially basic pH is advantageous for keeping CNī deprotonated, 

which is the better nucleophile than HCN. Essays of MxaF Ca-MDH are performed by default 

at buffered pH 9. Formation of the cyanide adduct with MDH containing PQQ is feasable. 

However, such formation does not explain the inhibition of side reactions in the assay, since 

cyanide would compete with methanol for PQQ.  

Further experiments are necessary, especially spectrophotometric measurements of MDH with 

cyanide in comparison with isolated PQQ and cyanide, in order to evaluate possible cyanide 

adduct formation in the enzyme itself. Competing experiments between methanol and cyanide 

for PQQ would be of interest as well, to rule out inhibitory effects, when the cyanide adduct is 

formed.  

Fluorescence titrations would help in this task and were already performed for investigations 

on the PQQ water- (15) and methanol adduct formation (16),[182, 252] and for tracking reduction 

rates to PQQH2 (24) in a related glucose dehydrogenase enzyme.[253]  
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3. Methanol Adduct Formation 

3.1. Introduction  

Duine et al. observed methanol addition to PQQMe3 (11) in CDCl3 via 1H-NMR and 

first suggested a hemiketal formation in position C5.[181] Itoh et al. confirmed this and 

reported a crystal structure of the C5-hemiketal, from crystals grown out of a PQQMe3 

methanol solution.[156] Surprisingly, by treating 11 in refluxing methanol with catalytic 

amounts of pTSA, a ketal derivative was received instead, containing two methoxy 

groups in position C4 (29), which was confirmed by X-ray analysis and NMR.[156] Unlike 

hemiketal 16 or 18, this ketal species is described stable in solution and does not convert back 

to free PQQ.[156] To this point, ketal formation was believed to occur in position 5, as 

described by van der Meer et al. on a PQQ-dihexyl ketal, derived from a PQQ solution 

in a 3:1 mixture of refluxing 3M HCl and n-hexanol.[254] Methanol addition to 

underivatized PQQ (13) had not been fully investigated previously thus, NMR and UV-

Vis studies of 13 in methanol were conducted and the influence of metals on hemiketal 

formation was studied. 

3.2. PQQ Adduct Formation in MeOD-d4 

As described above, dissolution of PQQ in pure methanol lead to precipitation of yellow colored 

hemiketal (15) within hours.[156] When dissolved in deuterated MeOD-d4 and directly 

analyzed via NMR, three species are visible both in 1H- and 13C-NMR spectra in a 9:81:9 ratio 

(Figure VI.4), and assigned to free PQQ (13, red), PQQ-hemiketal (16, green) and a second 

PQQ-adduct of unknown structure in blue. 

   

Figure VI .4: 1H- and 13C-NMR spectra of PQQ in MeOD-d4 (0.6 mL, 22.7 mM), showing resonances of three 

different species, beeing most likely PQQ (13, red), the literature known hemiketal (16, green) and an unknown 

PQQ adduct in blue (For simplification, only position C5 is shown, which could also be the C4 adduct). 
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Following table provides an overview over all described species in this section and the 

assignment of their NMR resonances. 

Table VI .2: 1H- and 13C-NMR shifts of PQQ (4.5 mg, 13.6 µmol) in either MeOD-d4 (0.6 mL) or EtOD-d6 (0.6 mL). 

Shifts in ppm relative to the respective solvent signals (see VIII.2.1). Signal assignments based on 2D HMQC and 

HMBC experiments. Red numbers indicate that no assignment was possible by 2D NMR, since no proton 

correlation could be observed. Additional proton resonances for PQQ in EtOD-d6 given in the text. DFT based on 

Structure optimizations of PQQ-hemiketal (16) and PQQ-ketal (26) with B3LYP; 6-31G++(d,p); CPCM (DMSO 

/ MeOH) and NMR calculation by the GIAO-method at the same level of theory. Calculated shifts relative to 

tetramethylsilane (TMS). Only bold written 13C-NMR resonances for C4-PQQMe3-ketal (29) were assigned by 

Itoh et al.[156] ï the three methyl ester signals are not shown.  

# 

MeOD-d4
 EtOD-d6

 Calculated in Methanol 
CDCl3 (1H) 

DMSO-d6 (13C) 

# 
PQQ 

(13) 

PQQ-hemiketal 

(16) 

PQQ-ketal 

(26) 

PQQ-ethoxy 

hemiketal (27) 
16 

(C5) 
26 

(C5) 
30 

(C4) 
15 

(C5) 
29 (C4) by Itoh et 

al.[156] 

13C 13C 1H 13C 1H 13C 1H 13C 1H  13C 13C 13C 13C 1H  13C 1H  

5 180.21 - 94.63 - - - 94.54 - 95.47 99.21 191.10 92.71 
12.22 

(brs) 
193.1 1 

4 174.75 
8.84 

(s) 
187.94 

8.76 

(s) 
187.62 

8.68 

(s) 
187.82 

8.78 

(s) 
186.55 186.81 98.51 184.22 

8.71 

(s) 
96.8 8 

9ó 169.83 
7.30 

(s) 
169.93 

7.29 

(s) 
169.83 

7.08 

(s) 
169.54 

7.29 

(s) 
165.98 166.47 166.16 165.70 

7.13 

(d) 
165.8 3 

7ó 166.21  166.80  167.01  166.29  160.82 160.96 160.49 160.49  163.8  

2ó 162.40  162.60  163.41  162.06  157.96 158.09 158.36 157.94  160.2  

5a 149.47  160.14  158.41  160.4  157.85 160.76 148.41 160.64  149.5  

7 148.01  145.67  142.94  145.39  140.56 143.12 141.76 141.63  145.7  

9 136.93  136.29  -  135.79  130.66 130.48 130.11 131.14  132.9  

1a 135.52  134.84  134.49  134.19  133.69 133.94 127.65 134.02  128.8  

8 131.64  128.64  128.48  128.21  129.27 129.31 131.37 128.96  126.3  

2 129.58  129.04  128.23  128.95  126.41 126.18 125.49 125.78  125.3  

9a 129.14  124.53  126.22  124.23  127.04 125.93 131.08 124.33  125.2  

3a 125.96  122.89  126.29  122.88  123.83 122.54 127.41 123.48  122.3  

3 115.57  114.21  115.76  113.99  115.01 115.33 115.04 115.48  114.6  

CH3   -  -    51.47 57.95 55.60  3.41 51.4  

CH3     -     54.63 51.72  3.41 51.4  

Resonances for hemiketal or ketal methoxy- or ethoxy groups are most likely hidden 

under solvent signals. 

The PQQ-hemiketal (16 ï green peaks Figure VI.4) is the main species, with free PQQ 

(13- red peaks) being a minor component. Interestingly, a peak set of an additional PQQ-

species is visible (blue peaks). With NMR spectroscopy alone, this additional species 

cannot be assigned properly due to its low concentration. However the ESI mass-

spectrum of 13 dissolved in methanol, shows peaks for a ketal species (26/30), besides 

free PQQ (13, red) and the hemiketal (16, green) (Figure VI.5). 
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Figure VI .5: Left: ESI (ī) mass spectrum of PQQ dissolved in MeOH (9 mM). Right: ESI (ī) mass spectrum of 

PQQ in MeOD-d4 (9 mM). Both spectra recorded in a water/acetonitrile mixture. For simplification, only position 

C5 ketal (26) is shown, which could also be the C4 ketal (30), based on mass spectrometric assignments alone. 

In a similar experiment, using deuterated MeOD-d4, a species with six mass units higher 

was now visible, supporting the formation of a ketal species (Figure VI.5). It cannot be 

clearly stated if the compound is a similar C4 PQQ-ketal which is described by Itoh et 

al.[156] (29) or if ketal formation in methanol without acid-catalysis occurs in position 

C5. 13C-NMR shifts of 29 are 149.5 ppm (5a) and 145.7 ppm (7). Comparison with DFT 

calculated shifts in methanol (Table VI.2) reveal shifts of 160.76 ppm (5a) and 

143.12 ppm (7) for the C5 ketal (26) and 148.41 ppm (5a) and 141.76 ppm (7) for the 

C4 ketal (30), respectively. Large downfield shifts for 5a are also visible for the water- 

(15 - 156.65 ppm) and the cyanide adduct (25 - 157.77 ppm) (Table VI .1) and seem to be 

common for C5 adduct formation in general.  While free PQQ (13) in MeOD-d4 show 

149.47 ppm (5a), both PQQ-hemiketal (16) (5a: 160.14 ppm) and the unknown species 

(26/30) (5a: 158.41 ppm) are further shifted upfield determining the unknown species as 

a probable C5 adduct.  Since trace amounts of water can already lead to water-adduct 

formation in DMF (Chapter IV), it is also possible, that the unknown species is the water-

adduct in methanol. DFT calculations of the ketal species 26/30 and the water adduct 15 

give no additional information, as the generated NMR spectra of both species are very 

similar (Table VI.2). Both mass experiments show signals at 347.016 mass units, which 

can be indeed assigned to the negatively charged water adduct 15 (m/z 347.0157). But 

since both mass spectra were recorded in a water/acetonitrile mixture, the water-adduct 

could have also been formed through the conditions of this particular experiment. 

To exclude the unknown species to be the water adduct 15, small amounts of 

undeuterated water were added to a methanolic solution of PQQ and 1H-NMR spectra 
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were recorded immediately after (Figure VI.6). The pure methanolic solution of PQQ 

gave the PQQ (13), PQQ-hemiketal (16) and unknown-species (26/30) in a 9:90:1 ratio. 

Upon addition of water, a new signal set with similar integral values appeared at 8.72 

and 7.36 ppm and the ratio was now 9.6 (13) : 88.9 (16) : 0.6 (15) : 0.9 (26/30). 

 

Figure VI .6: Stacked 1H- spectra PQQ in MeOD-d4 (0.6 mL, 22.7 mM) and PQQ in MeOD-d4 (0.6 mL, 22.7 

mM) + 10µL H2O. All spectra relative to the solvent quintet (3.310 ppm). Integral values in green. 

This experiment confirms the third species as the PQQ-ketal and in combination with 

the DFT calculations, we propose this species to be the C5 PQQ-ketal (26). 

For both hemiketal and ketal species, the resonances stemming from the methyl groups 

were mainly hidden by the solvent signal in the 13C-NMR (Figure VI.7). 

 

Figure VI .7: Zoom into the solvent residual area of the 13C-NMR spectrum of PQQ in MeOD-d4 (0.6 mL, 

22.7 mM), showing additional small side peaks possibly from methoxy groups of 16 and 26. C5 Resonance of the 

PQQ-hemiketal (16) species is shown for size comparison. 

In order to detect the missing methoxy resonances, PQQ-NMR spectra were also recorded in 

additional solvents. In deuterated ethanol, three species are visible in the proton spectrum in a 

ratio of 8:91:1,  
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probably being free PQQ (13) (8.90, 7.32 ppm), PQQ-ethyl-hemiketal (27) (8.78, 7.29 ppm) 

and PQQ-ethyl-ketal (28) (8.66, 7.09 ppm). In 13C-NMR, only the main species (27) is visible 

(Table VI.2). Neither in 1H-, nor in 13C-NMR spectra could additional ethoxy- resonances be 

observed. In 13C-enriched methanol, no additional resonance is visible which can be assigned 

to the missing methoxy-group. An additional resonance appears at 49.85 ppm, close to the 

solvent septet, however, this resonance appears as well in the same solvent distribution without 

PQQ (0.5 mL MeOD-d4 and 0.5 µL 13C-MeOH only) and is therefore related to free 13C-MeOH 

in solution.   

 

 

3.3. Isolation Attempts of the PQQ-ketal Species of unknown Structure  

To further characterize the PQQ-ketal, it was attempted to isolate this species. One equiv. of 

water is released from the hemiketal during ketal formation (Figure VI.8). Hence, removal of 

water should shift the equilibrium to the latter species.  

 

Figure VI .8: PQQ-ketal (26) formation by withdrawal of water, which is formed during reaction. 

Activated molecular sieve (3Å) was added to solutions of PQQ (30 mg, 90.8 µmol) in 5 mL of 

A: MeOH, B: MeOD-d4 or C: EtOH, under nitrogen. PQQ showed only poor solubility in EtOH, 

resulting in a light red suspension. A and B yielded yellow solutions, from which brown-red 

solids precipitated within one day. All three suspensions were stored under nitrogen for one 

week, followed by careful separation of the precipitates from the molecular sieve, using Pasteur 

pipettes. The precipitates were filtered and dried under high vacuum overnight to give light-

brown powders for A (14.4 mg) and B (16.3 mg) and light-orange powder for C (11.2 mg). The 

filtrate was colored light-yellow in case of A & B and completely colorless in case of C. A 1H-

NMR was recorded from filtrate B (MeOD-d4) which is given below:  


















































































































































































































































































































































































