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ABSTRACT 

Mo, W and V are found naturally in metalloenzymes such as the Mo/W 
oxotransferases and the V haloperoxidases (VHPOs). These enzymes catalyze 
oxidation reactions related to C, N, S metabolism as well as halogenation. Cu and Fe 
are found in metalloenzymes such as the catechol oxidase (CO) and -dioxygenases 
(CDOs), which are responsible for oxidation of aromatic compounds. Bioinspired 
and -mimetic chemistry involves the use of synthetic transition metal complexes as 
structural and/or functional models of natural metalloenzymes. Called bioinorganic 
chemistry, the approach of modeling metalloenzymes allows harnessing some 
properties of the enzymes for use e.g., in catalysis. Models allow indirect studies of 
metalloenzymes to learn aspects related to their structure and mechanism of action 
i.e., function. The knowledge from the studying of metalloenzymes may be used to 
improve synthetic processes with more economical and environmentally friendly 
pathways following the principles of Green Chemistry. Catalysis is utilized to reach 
good sustainability, efficiency and selectivity and is applied in as much as 90% of 
all industrial syntheses of fine and bulk chemicals.   

In this PhD thesis, several Mo, W and V based model complexes based on 
aminophenolato and similar ligands were synthesized, characterized, and studied as 
structural and/or functional models of VHPOs and CO/CDOs. Reflecting the 
properties of the enzymes, these model complexes were applied as catalysts in 
catechol oxidation and in the industrially significant epoxidation of alkenes. A recent 
development is the application of V complexes as functional models of the Cu 
dependent CO. This thesis work provides compelling evidence implying these 
reports may be at least partly erroneous. Moreover, substantial links between V 
mediated CO and CDO studies were revealed for the first time. Mo and W complexes 
were in turn utilized as catalysts in the epoxidation of alkenes. Several new 
phenomena, such as the beneficial impact of low catalyst loading was uncovered. 
Similar reactivity was additionally discovered for known Mo complexes. A novel 
epoxidation mechanism has been proposed for the studied class of Mo/W complexes 
based on experimental and computational results. The proposal is in line with recent 
suggestions that the epoxidation mechanism varies depending on the catalyst. 

KEYWORDS: Oxidation catalysis, bioinorganic chemistry, enzyme mimetics, 
molybdenum, tungsten, vanadium   
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TIIVISTELMÄ 

Luonnossa molybdeenia (Mo), volframia (W) ja vanadiinia (V) esiintyy metallo-
enstyymeissä kuten Mo/W oksotransferaaseissa sekä V haloperoksidaaseissa 
(VHPO:t). Nämä entsyymit katalysoivat organismien metaboliaan liittyviä hiilen, 
typen ja rikin hapetusreaktioita, sekä orgaanisten yhdisteiden halogenaatiota. 
Kuparia (Cu) ja rautaa (Fe) sisältäviä metalloentsyymejä ovat puolestaan mm. kate-
kolioksidaasi sekä -dioksygenaasit (CO ja CDO:t). Bioepäorgaanisessa kemiassa 
siirtymämetallikomplekseilla voidaan rakenteellisesti (biomimetiikka) ja/tai 
toiminnallisesti (biovirikkeisyys) mallintaa metalloentsyymejä. Mallien keinoin 
voidaan saavuttaa joitain mallinnettavien metalloentsyymien ominaisuuksia, joita 
voidaan niin ikään hyödyntää vaikka katalyysissä. Lisäksi malleilla voidaan 
epäsuorasti tutkia tarkasteltavien entsyymien toimintaa ja/tai rakennetta, mistä 
saadun tiedon avulla voidaan edelleen parantaa synteesiprosessien kannattavuutta ja 
ympäristöystävällisyyttä Vihreän Kemian periaatteiden mukaisesti. Teollisista 
hieno- ja peruskemikaalien valmistukseen käytetyistä menetelmistä 90% hyödyntää 
katalyysiä, sillä näin prosesseista saadaan kestäviä, tehokkaita sekä selektiivisiä. 

Väitöskirjatyössä valmistettiin useita VHPO, CO ja CDO entsyymejä 
rakenteellisesti/ toiminnallisesti mallintavia aminofenolaattoligandeihin pohjautuvia 
Mo, W ja V komplekseja, joita käytettiin katalyytteinä katekolien hapetuksessa sekä 
teollisesti merkittävässä alkeenien epoksidaatiossa em. entsyymien ominaisuuksia 
jäljitellen. Monien V yhdisteiden on sittemmin osoitettu olevan CO:n toiminnallisia 
malliyhdisteitä. Väitöskirjatyössä saadut tutkimustulokset kuitenkin viittaavat 
vahvasti siihen, ettei näin välttämättä ole, sillä V pohjaisten CO ja CDO 
malliyhdisteiden reaktiivisuuden välillä löydettiin merkittäviä yhtymäkohtia. Mo ja 
W aminofenolaattokomplekseja tutkittiin puolestaan alkeenien epoksidaatiokata-
lyytteinä. Yhdisteille löydettiin uusia ominaisuuksia, kuten katalyysiominaisuuksien 
parantuminen katalyytin määrää pienennettäessä. Samanlaisia ominaisuuksia 
löydettiin lisäksi jo entuudestaan tunnetuille Mo komplekseille. Kokeellisten sekä 
laskennallisten tulosten perusteella tutkituille komplekseille kyettiin esittää 
uudenlaista epoksidaatiomekanismia. Esitys on linjassa muiden viime aikaisten 
tulosten kanssa, joiden mukaan mekanismi vaihtelee katalyytin mukaan. 

ASIASANAT: Hapetuskatalyysi, bioepäorgaaninen kemia, entsyymimallinnus, 
molybdeeni, volframi, vanadiini   
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Abbreviations and Symbols 

Ξ Ratio (%) of measured NMR nuclide frequency vs. TMS in 
CDCl3 

□ Free coordination site 
δ Chemical shift (in ppm, in NMR spectroscopy) 
1,2-DCE 1,2-Dichloroethane 
1,2-CTD Catechol 1,2-dioxygenase 
2,3-CTD Catechol 2,3-dioxygenase 
3,5-DTBCHn 3,5-Di-tert-butylcatechol (n = 2),  

-catecholato anion/dianion (n = 1 or 0)  
3,5-DTBQ 3,5-Di-tert-butyl-1,2-benzoquinone 
3,5-DTBSQHn

• 3,5-Di-tert-butyl-1,2-semiquinone (n = 1),  
-semiquinonato anion (n = 0) 

3,6-DTBCH2 3,6-Di-tert-butylcatechol 
3O2  Triplet (di)oxygen 
4-TBCH2 4-Tert-butylcatechol 
4-TBQ 4-Tert-butyl-1,2-benzoquinone 
4-TBSQ• 4-Tert-butyl-1,2-semiquinonato anion 
A(51V) 51V Hyperfine coupling constant in gauss (G) (in EPR 

spectroscopy) 
aap 1-(2-Hydroxyphenyl)-1,3-butanedionato 
acac Pentane-2,4-dionato (acetylacetonato) 
AFOR Aldehyde: ferredoxin oxidoreductase 
AH Acetylene hydratase 
Arg Arginine 
ATR Attenuated Total Reflection 
BAP Bicarbonate activated peroxide 
Bn Benzyl 
CD Circular Dichroism 
CDO Catechol dioxygenase(s) 
CHP Cumene hydroperoxide 
CO Catechol oxidase 



 

 

Cp/ Cp* Cyclopentadienyl/ pentamethyl cyclopentadienyl 
CV Cyclic Voltammetry 
cyclam 1,4,8,11-Tetraazacyclotetradecane 
D Donor (neutral atom or molecule) 
dba 1,5-Diphenylpentane-1,3,5-trionato 
DCM Dichloromethane 
DFT Density Functional Theory 
DIPP 2,6-Di-iso-propylphenyl 
dmba 1,5-Bis(p-methoxyphenyl)pentane-1,3,5-trionato 
DMF Dimethylformamide 
DMSO Dimethylsulfoxide 
DMSOR Dimethylsulfoxide reductase 
DNA Deoxyribonucleic acid 
L-DOPA L-3,4-Dihydroxyphenylalanine 
DQF-COSY Double quantum filtered correlation spectroscopy 
EBHP Ethylbenzene hydroperoxide 
egHn Ethylene glycol (n = 2),  

ethylene glycolato anion/dianion (n = 1 or 0) 
EO Ethylene oxide 
EPR Electron Paramagnetic Resonance 
ESI–(HR)MS(+/–) (High-Resolution) Electrospray Ionization Mass Spectrometry in 

the positive or negative ionization mode 
Fc/Fc+ Ferrocene/ferrocenium redox-couple 
FDH Formate dehydrogenase 
FID Flame ionization detector 
⟨g⟩ g-Factor (in EPR spectroscopy) 
His Histidine 
HMBC Heteronuclear multiple-bond correlation 
HMPA Hexamethylphosphoric triamide 
HSQC Heteronuclear single-quantum correlation 
ibCO Catechol oxidase isolated from sweet potato (Ipomoea batatas) 
IL Ionic liquid 
iPPO Isotactic polypropylene oxide 
IR Infrared 
IUPAC International Union of Pure and Applied Chemistry 
J Coupling constant in Hertz (Hz) (in NMR spectroscopy) 
kcat Enzymatic turnover number (frequency) 
κn-L Ligand having n-denticity, where n = 1, 2, 3… 
LMCT Ligand to metal charge transfer 
Lys Lysine 



 

 

M Molar mass 
m-CBA meta-Chlorobenzoic acid 
m-CPBA meta-Chloroperbenzoic acid 
Mes Mesityl (2,4,6-trimethylphenyl) group 
MPT Molybdopterin = pyranopterin enedithiolato cofactor 
MTO Methyltrioxidorhenium(VII) 
m/z Mass-to-charge ratio (in mass spectrometry) 
n Amount of substance 
NHC N-heterocyclic carbene 
NMR Nuclear Magnetic Resonance 
NOESY Nuclear Overhauser effect correlation spectroscopy 
OAT Oxygen atom transfer 
PAA Peracetic acid 
PO Propylene oxide 
POM Polyoxometalate 
PPO Polypropylene oxide 
ppm Parts per million 
Prg Propargyl group 
RT-DLaTGS Room temperature deuterated lanthanum α-alanine doped 

triglycine sulfate 
SAH Salicylidenehydrazine 
saldpt N,N’-(3,3’-Dipropylamino)bis(salicylideneaminato) 
salen Ethylenebis(salicylideneaminato) 
SA{T}P Salicylideneamino{thio}phenolato 
SO Sulfite oxidase 
t½ Reaction half-life 
TACN 1,4,7-Triazacyclononane 
TBHP Tert-butyl hydroperoxide 
TBHPaq 80 w-% (ca. 8.0 M) aqueous tert-butyl hydroperoxide 
TBHPdec 5.5 M tert-butyl hydroperoxide in n-decane 
TBOH Tert-butyl alcohol (tert-butanol) 
TCC 3,4,5,6-Tetrachlorocatecholato dianion 
TCSQ• 3,4,5,6-Tetrachlorosemiquinonato anion 
THF Tetrahydrofuran 
TLC Thin-layer chromatography 
tmh 2,2,6,6-Tetramethylheptane-3,5-dionato 
TMS Tetramethylsilane 
TOF Turnover frequency/ time of flight 
TON Turnover number 
TPA Tris(2-pyridylmethyl)amine 



 

 

Tyr Tyrosine 
TYR Tyrosinase 
UV-Vis-(NIR) Ultraviolet-visible-near-infrared 
VBrPO Vanadium bromoperoxidase 
VClPO Vanadium chloroperoxidase 
VHPO Vanadium haloperoxidase(s) 
VIPO Vanadium iodoperoxidase 
XAS X-ray absorption spectroscopy 
XOR Xanthine oxidoreductase 
XRD X-ray diffraction (X-ray crystallography) 
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1 Introduction 

Molybdenum, tungsten, and vanadium are found naturally in several 
metalloenzymes such as the Mo/W oxotransferases and the V dependent 
haloperoxidases that catalyze biochemical oxidation reactions. Catechol oxidase and 
-dioxygenases are copper and iron dependent metalloenzymes that are responsible 
for the aerobic (O2 as the terminal oxidant) oxidative dehydrogenation and 
dioxygenation of aromatic 1,2-diols, respectively. Some of these metalloenzymes 
have been discovered to catalyze industrially important reactions such as alkene 
epoxidation and sulfide sulfoxidation, and thus are of high interest both academically 
and industrially. Investigation of the structure and function of metalloenzymes is 
challenging, and thus model compounds are used instead. Model compounds may be 
used to study the structure and/or function of a metalloenzyme. This approach, on 
one hand, allows indirect studying of the structure/function of a metalloenzyme, and, 
on the other hand, may give insight on how to improve the model system itself. 

Efforts are being made to improve industrial synthetic processes with more 
economical and environmentally friendly pathways following the principles of 
Green Chemistry. Green Chemistry involves the use of catalysis, which is used to 
reach good sustainability, efficiency and selectivity and is applied industrially in 
about 90% of all syntheses of various chemicals. Mo, W, and V catalyzed alkene 
epoxidation is an industrially significant reaction that is used to produce ethylene 
oxide and propylene oxide. These chemicals in turn act as building blocks for various 
fine and bulk chemicals such as pharmaceuticals and plastics. Despite the high 
industrial importance of Mo/W/V mediated epoxidation, and continued academic 
work over the past 50 years, the actual mechanism(s) remains somewhat debated. 
Consequently, the topic is still interesting, and current work engages in developing 
high-activity catalysts, greener processes as well as mechanism elucidation 
involving the most state-of-the-art theoretical investigations. This PhD thesis 
summarizes most notable results of the past 50 years and delves into the catalytic 
alkene epoxidation chemistry of Mo/W complexes supported by aminobisphenolato 
ligands. 

Metalloenzyme mediated O2 activation in the context of enzymes such as 
catechol oxidase and -dioxygenases is of high interest. This is in part due to on-going 
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efforts in developing enzyme mimicking transition metal-based catalysts that can 
activate O2 for oxidation of unfunctionalized alkanes, alkenes, and aromatics. 
Achieving this is heralded as a singularly important technology for the chemical 
industry. Thus, modeling of O2 activating metalloenzymes such as the catechol 
oxidase and -dioxygenases with models based on Cu and Fe, but also other metals, 
has been intensive. Vanadium complexes have quite recently been recognized to 
display catechol oxidase like activity; this PhD thesis will review the most relevant 
literature pertaining to V catalyzed catechol oxidase and -dioxygenase literature, and 
present results that show these claims may have at least partly been erroneously 
made. 
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2 Literature Review 

2.1 Bioinorganic Chemistry Aspects 
Over the past decades, the extraordinarily important role of metals in biology, the 
environment, and medicine has become increasingly evident.1 Metal ions and their 
role in biology can only be studied via a multidisciplinary approach, termed 
“bioinorganic chemistry,” “inorganic biochemistry,” or as “biological inorganic 
chemistry,” depending on the source, which involves a plethora of branches from the 
chemical and biological sciences.2 There has been significant advances in the general 
understanding of how enzymes, and metalloenzymes in particular, function. In part, 
this is due to developments in high-resolution X-ray crystallography (XRD) and 
related techniques,3 X-ray absorption spectroscopy (XAS),4 other spectroscopic 
methods such as electron paramagnetic resonance (EPR),5 nuclear magnetic 
resonance (NMR),6 UV-visible (UV-Vis), among others, which have made it 
possible to study the structures of metalloenzyme resting states and intermediates 
with increasing detail. 

Metalloenzyme catalyzed biochemical reactions are often not only extremely 
substrate specific and very rapid, they also often express exquisite regio- and/or 
stereoselectivity, as well as convert difficult substrates such as N2

7 to NH3 with 
relative ease under practically ambient or physiological conditions.8 Structural 
knowledge of the active site structure of a metalloenzyme, being valuable 
information on its own, is however indispensable information when designing 
synthetic model catalysts. By synthesizing model compounds, some properties 
related to the natural metalloenzyme can be replicated in a laboratory setting. 
Modeling of natural metalloenzymes can be either “biomimetic” or “bioinspired,” or 
both.9 The latter is concerned in duplicating the mode of action, or function, of the 
natural enzyme, whereas the former seeks structural analogy.9 Although in nature 
the function of an enzyme is closely intertwined to its structure,10 and vice versa, 
both models enable indirect studies, mechanistic or otherwise, of the natural 
enzymes, which may give important insight into the biological pathways, and thus 
completing a feedback loop pertaining studies of metalloenzymes to their synthetic 
models.8 Some sacrifices need to be done when modeling the active sites of 
metalloenzymes, however: 
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“When reduced to practice, this approach necessitates the synthesis of relatively 
low molecular weight complexes, which, ideally, are obtainable in crystalline 
form and approach or duplicate the biological unit in terms of composition, 
ligand types, structure, and oxidation level(s). Such models, or synthetic 
analogues, of course, cannot simulate the environmental effects of and whatever 
structural constraints are imposed by the normal protein conformation.”11 

In spite of these compromises, model compounds may have advantages over 
metalloenzymes insofar as scope of substrates, scale of production and tuning of 
structure of the model system is concerned, allowing superior control over selectivity 
and/or specificity of a reaction.8 

2.1.1 Vanadium Haloperoxidases 
Vanadium haloperoxidases (VHPOs) are metalloenzymes that catalyze the oxidation 
of halides (chloride, bromide and iodide) by H2O2 into their corresponding 
hypohalous acids, and the subsequent oxidative halogenation of organic compounds 
according to equation (1).12–14 Three VHPOs are known, namely the vanadium 
chloro-, bromo- and iodoperoxidases (VClPO, VBrPO, VIPO, respectively). From 
the enzymes, VBrPO and VIPO are encountered in marine environments, having 
been isolated and characterized from all types of marine algae viz. green, brown and 
red algae, whereas VClPOs have been found primarily from terrestrial fungi.15 
VHPOs synthesize most of the naturally occurring organohalogen compounds, most 
notably chloroform and bromoform.15 However, other, more complex natural 
organohalogen compounds synthesized by the VHPOs are various chiral terpenes 
and indoles, among others.13,15 These more sophisticated compounds are produced 
in smaller amounts, but they are often biologically active, possessing microbicidal 
activity, or pharmacological properties including anti-inflammatory or anti-cancer 
effects.13 

X– + H2O2 + RH + H+ → RX + 2 H2O,  (1) 
X– = halide (Cl–, Br–, I–) 

Significantly, VHPOs have been described to catalyze industrially important 
reactions, such as the enantioselective variants of alkene epoxidation16,17 as well as 
sulfide sulfoxidation.18 As such, the structural and functional mimicking of VHPOs 
has been very active. The active sites of VClPO and VBrPO have been structurally 
characterized, and found to be remarkably similar.15,19 The active sites of both 
enzymes can be described of containing a hydrogen vanadate(V) i.e., HVO4 center 
bound to a single axial histidine ligand in an overall trigonal bipyramidal 
coordination geometry.19 Additionally, peroxido forms of the enzymes are 
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recognized. The three equatorial oxygen atoms carry a significant negative charge, 
and are stabilized by hydrogen bonding from a number of amino acid residues 
including glycine, serine, arginine, histidine (in VBrPO) and phenylalanine (in 
VClPO), depending on the exact organism.15,19 The active site of VBrPO, adapted 
from ref. 15, is shown in the Figure 1A. Aminobisphenolato oxidovanadium(V) 
complexes 1 – 3 (Figure 1B) have been shown to structurally and functionally mimic 
VHPOs.20 Moreover, groups of Licini, Crans, Pombeiro, and others, have thoroughly 
investigated catalytic and biochemical aspects of structurally very similar V 
complexes in epoxidation and sulfoxidation (ref. 21 and references cited therein). 

 
Figure 1.  The active “oxido form” oxidovanadium(V) site in the VBrPO enzyme binding pocket 

(dashed line) containing histidine (His) lysine (Lys) and arginine (Arg) amino acid 
residues (A). The structures of generic aminobisphenolato oxidovanadium(V) model 
compounds 1 – 3 that functionally and structurally mimic VBrPO (B). 

2.1.2 Catechol Dioxygenases 
Catechol dioxygenases (CDOs) are Fe dependent bacterial enzymes that catalyze the 
oxidative degradation of catechol (benzene-1,2-diol) and other derivative aromatic 
compounds, reactions which are environmentally, pharmaceutically and medicinally 
significant.22–25 Several Fe dependent CDO enzymes are recognized, from which 
catechol 1,2-dioxygenase (1,2-CTD) and catechol 2,3-dioxygenase (2,3-CTD) may 
be considered prototypical.22,24,25 CDOs catalyze chemically difficult aerobic i.e., 
dioxygen (O2) driven dioxygenation (dioxygen insertion) of catechols via 
incorporation of an O2 molecule into a substrate, a reaction that is essentially 
classified as C—C bond cleavage. Moreover, the reactions mediated by CDOs may 
be further categorized between intra- and extradiol C—C bond cleavage, reactions 
which produce linear unsaturated dicarboxylic acids and semialdehydes, 
respectively  (Scheme 1A).23 From the archetypical CDO enzymes, intradiol 
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cleaving enzymes such as 1,2-CTD are iron(III) dependent, whereas extradiol 
cleaving enzymes e.g., 2,3-CTD are iron(II) dependent.22–25 

 
Scheme 1.  Aerobic intra- and extradiol C—C bond cleavage and dioxygenation of a generic 

catechol by the prototypical CDO enzymes 1,2-CTD and 2,3-CTD, respectively (A). 
The active iron(III) site found in the enzyme 1,2-CTD binding pocket (dashed line) 
containing four tyrosine (Tyr) and histidine (His) amino acid residues  as well as a 
hydroxido ligand (B). Iron(III) and iron(II) complexes 4 and 5 supported by 
multidentate aminopyridyl and cyclam type chelate and macrocyclic ligands, 
respectively, have been used to functionally mimic CDOs (C). 

The capability of activating O2 using artificial transition metal catalysts for use 
in controlled (partial) oxidation of hydrocarbon feedstocks, such as alkanes, alkenes 
as well as aromatics, is one of the single most important and sought after “Holy 
Grail” chemical technologies.26,27 As such, metalloenzymes including CDOs capable 
of dioxygenation have been extensively investigated with this goal in mind. In the 
active site of 1,2-CTD the iron(III) center, which adopts a distorted trigonal 
bipyramidal coordination geometry, is ligated by two axial histidine and tyrosine 
amino acid residues, as well as by additional histidine and tyrosine, and a water 
molecule derived hydroxido ligand in the equatorial positions (Scheme 1B).28 A 
similar first coordination sphere has been obtained with iron(III) and iron(II) 
complexes supported by tetradentate tris(2-pyridylmethyl)amine (TPA) and cyclam 
(1,4,8,11-tetraazacyclotetradecane) type or similar ligands.29–32 For example, 
iron(III) and iron(II) complexes such as [Fe(TPA)(3,5-DTBC)]+BPh4

– (4) or 
[Fe(cyclam)(3,5-DTBC)] (5) (where 3,5-DTBC = 3,5-di-tert-butylcatecholato 
dianion) have been successfully used as functional models of intra- and extradiol 
CDOs, respectively (Scheme 1C).31,32 
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2.1.2.1 Catechol Dioxygenase Mechansim 

 
Scheme 2.  The accepted mechanisms of aerobic intra- and extradiol dioxygenation of 

catechols. Not all reactions and intermediates are shown. The NHis and OTyr groups 
stand for histidine and tyrosine amino acid residues, and some ligands have been 
omitted for clarity and designated “Enz” for “enzyme”. Drawn according to  
refs 24,33,34. 

The mechanisms of intra- and extradiol catechol dioxygenase reactions have been 
investigated extensively using model systems and oxygen heavy isotope labeling 
experiments.31,33,34 According to the currently accepted hypotheses, both intra- and 
extradiol mechanisms first involve bidentate coordination of a catechol substrate 
molecule to the iron(II/III) center, displacing an amino acid residue such as tyrosine, 
and water (Scheme 2 stage A). To facilitate reaction with O2 (see section 2.2.3.3) the 
bound catechol substrate first undergoes metal-mediated one-electron oxidation to 
yield a 1,2-semiquinonato radical (Scheme 2 stage B). While it is generally agreed 
upon that the exact mechanism of O2 activation varies between intra- and extradiol 
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mechanisms,35 it is currently understood that both pathways ultimately proceed via 
the formation of a common transient ternary iron(II)-semiquinonato-superoxido 
intermediate (Scheme 2 stage C).34 Through extensive substrate heavy-oxygen 
labeling, it has been determined that the intra- and extradiol mechanisms diverge 
from this point forward. In the intradiol pathway, in the presence of the (su)peroxide, 
the bound catechol undergoes a Baeyer-Villiger like acyl migration reaction, 
yielding an anhydride intermediate (Scheme 2 stage D1), followed by hydrolysis, 
forming the dicarboxylic acid end-product (Scheme 2 stage E1). In contrast, in the 
extradiol pathway, the bound catechol undergoes alkenyl migration via 1,2-
rearrangement (namely, the Criegee rearrangement), into a lactone intermediate 
(Scheme 2 stage D2), followed by subsequent hydrolysis and release of the 
semialdehyde product in the next step (Scheme 2 stage E2). The catalytic cycle 
restarts in both mechanisms by the coordination of next catechol substrate, in the 
Scheme 2 stage F.31,33,34 

2.1.3 Catechol Oxidase 
Amongst the multi-copper dependent oxidases Tyrosinase (TYR) and Catechol 
Oxidase (CO) are two metalloenzymes found in plants that catalyze the oxidation 
(oxidative dehydrogenation) of catechols and derivatives thereof into their 
corresponding 1,2-benzoquinones (o-quinones), compounds having a characteristic 
brown/red color (Scheme 3A).36–38 From these enzymes CO is only capable of 
oxidizing catechols (catecholase activity), whereas TYR additionally oxidizes 
phenols to catechols via cresolase activity.37 Catechols are a large group of small 
bioactive molecules with high physiological significance. For example, they are 
found as a structural motif in a variety of bronchodilator, adrenergic, anti-
hypertensive, and anti-parkinsonian medication such as L-DOPA, as well as in 
neurotransmitters such as dopamine, and in hormones such as adrenaline 
(epinephrine), estrogen and metabolites thereof.39 Moreover, catechols have a rich 
redox-chemistry, whereby they can be reversibly (electrochemically) oxidized to 
semiquinones and further to o-quinones.40 

Enzymatic browning plays key physiological roles in fruits, vegetables and 
seafoods by producing melanins, dark colored polymeric pigments with diverse 
structure possessing anti-bacterial, anti-fungal, anti-cancer and anti-oxidant 
properties.41 Enzymatic browning also negatively affects the color, flavor and 
nutritional value of various foods, and it is estimated that over 50% of produce is 
lost before reaching the consumer as a result, representing massive economic losses 
for the food industry.41 Since CO is one of the key enzymes responsible for 
enzymatic browning, and in light of the economic impacts associated with it, 
research into CO, its catalytic mechanism, and inhibition thereof in particular, has 
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been very active. The active site of CO in the resting met-state consists of two 
copper(II) ions ligated by three histidine residues each, and bridged by a µ-hydroxido 
ligand (Scheme 3B), with an approximate trigonal pyramidal coordination geometry 
at both metal centers.42 Consequently, the active site of CO has been structurally 
modeled by architecturally very diverse dicopper complexes, such as 6 and 7, which 
are based on multidentate (and for 7 macrocyclic) pyrazole ligands  
(Scheme 3C).43–50 

 
Scheme 3.  Aerobic oxidation of a generic catechol to the corresponding 1,2-benzoquinone as 

mediated by the enzymes TYR and CO (A). The active dicopper(II) site in the resting 
“met” state as found in the enzyme CO binding pocket (dashed line) containing six 
histidine (His) amino acid residues (B). Dicopper(II) complexes 6 and 7 supported 
by multidentate pyrazole based chelate and macrocyclic ligands, respectively, have 
been used to structurally and functionally mimic CO (C). 
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2.1.3.1 Catechol Oxidase Mechansim 

 
Scheme 4.  Catalytic cycle of ibCO as proposed by Krebs and co-workers based on structural, 

spectroscopic, and biochemical data. The met- and deoxy-states (boxed) have been 
characterized by XRD. The NHis groups stand for histidine amino acid residues. 
Adapted from 36. 

Although the exact details concerning the mechanism of CO are not fully known, 
biochemical and spectroscopic evidence, including X-ray structures obtained from 
the met/deoxy states of the dicopper centers in IbCO isolated from sweet potato 
(IbCO, catechol oxidase from Ipomoea batatas), have enabled detailed proposals to 
be made.51,52 A mechanism suggested by Krebs and co-workers, shown in Scheme 
4, has been widely accepted.36 The start of the catalytic cycle entails the displacement 
of a histidine ligand by a monodentate catechol substrate at the dicopper(II) B-site of 
the oxidized catalytic resting, also known as met-state of CO (Scheme 4 stage A). 
Substrate oxidation and subsequent release of o-benzoquinone occurs concomitantly 
to one-electron reduction at both copper sites, and the deoxy-state of CO is thus 
obtained (Scheme 4 stage B). The bridging hydroxido ligand is converted to an aqua 
ligand at the copper A-site which adopts a distorted trigonal pyramidal geometry, 
whereas copper B-site may be described as distorted square planar with one missing 
ligand.52 In the next step, molecular dioxygen is bound to both reduced copper 
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centers as a bridging peroxido ligand in a µ–η2:η2 fashion, displacing the aqua ligand 
at the copper A-site. The coordination of O2, which re-oxidizes both copper centers 
in their cupric forms, occurs prior to coordination of a second catechol substrate at 
the copper B-site, yielding the dicopper(II) oxy-sate of CO (Scheme 4 stage C). 
Finally, o-benzoquinone and water are released and the met-state of CO is 
regenerated, and the cycle starts anew (Scheme 4 stage D).36,51,52 

2.1.4 Molybdenum and Tungsten Oxotransferases 
Mo and W oxotransferases, or oxidoreductases, are a very large class of ubiquitous 
mammalian, bacterial and archaean enzymes that catalyze oxygen atom transfer 
(OAT) reactions.53,54 OAT, by definition, involves transfer of a terminal oxido 
(oxide, O2–) ligand from an active metal site to a substrate in the course of the 
reaction according to equation (2).55 Despite what the collective name of the 
enzymes (oxotransferases) would suggest, not all Mo/W enzymes actually perform 
OAT reactions. From the enzymes it is believed that sulfite oxidase (SO) and DMSO 
reductase (DMSOR) enzymes engage in true, canonical OAT.56 Collectively, these 
enzymes are responsible of biochemical oxidation reactions related to carbon, 
nitrogen and sulfur metabolism.57,58 

 X + Mn+2O ⇌ XO + Mn, M = metal, X = substrate (2) 

It is currently well-established that all mononuclear Mo containing enzymes, 
other than the Mo dependent nitrogenase, fall into three large and mutually exclusive 
enzyme families called xanthine oxidoreductase (XOR), SO and DMSOR (Figure 
2).56 The Mo enzymes are responsible for the oxidation of aldehydes, aromatic 
heterocycles, sulfites, and nitrites etc., which are physiologically important reactions 
e.g., in relation to degradation of DNA. For example in humans, XOR catalyzes 
oxidation of xanthine to uric acid, as well as catabolism of other purines, whereas 
SO catalyzes degradation of cysteine and methionine.56,59 

Likewise, the W containing enzymes may be divided into aldehyde: ferredoxin 
oxidoreductase (AFOR), formate dehydrogenase (FDH) and acetylene hydratase 
(AH) families (Figure 2).57 The W enzyme AFOR catalyzes the oxidation of 
aldehydes and aldehyde derivatives of amino acids, and is thus similar to Mo XOR 
in that regard. The enzymes in the FDH family catalyze conversion of CO2 to acetate 
and methane, and the enzyme family AH catalyzes hydration of acetylene.57 
Structurally, the active sites of all Mo and W oxotransferases consist of metal centers 
in their highest oxidation states VI coordinated by one or two bidentate MPT 
(molybdopterin, pyranopterin enedithiolato cofactor) ligands (Figure 2).56 
Depending on the family, the active sites may contain only one of the MPT ligands, 
as is the case with XOR and SO, whereas the rest of the families contain two MPT 
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ligands.56 The active site structures of all families (in the eponymous enzymes) are 
shown in Figure 2. 

Figure 2. The active site structures of Mo/W oxotransferases. XOR = xanthine 
oxidoreductase, SO = sulfite oxidase, DMSOR = DMSO reductase, AFOR = 
aldehyde: ferredoxin oxidoreductase, FDH = formate dehydrogenase, AH = 
acetylene hydratase. Adapted from ref. 60. 

2.2 Catalysis – General Aspects 
Catalysts, as defined by the IUPAC Golden Book, are reactants and products of any 
catalytic chemical reaction that increase the overall rate of the said chemical reaction 
without modifying the chemical equilibrium.61 In essence, a catalytic reaction is a 
cyclic process wherein a catalyst is involved in chemical bonding with one or more 
reactants that convert into products during a single reaction cycle, or turnover 
(Scheme 5).62 It is important to realize that the catalyst itself is both a reactant and a 
product of a catalytic reaction, because the catalyst is regenerated after a single 
turnover. Strictly speaking, and as shown in Scheme 5, a pre-catalyst, which may be 
a synthesized and fully characterized transition metal complex, is often transformed 
into the true active catalyst during the catalytic cycle. “Halpern’s rules”63 – or rather 
guidelines intended as a useful heuristic device in the context of catalysis – state that 
if (the suspected catalyst) is isolable, it is probably not the catalyst; if it is metastable 
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and detectable via spectroscopic means, it could be the catalyst; and finally if it is 
highly unstable, unisolable and undetectable, then it most likely is the catalyst.64 That 
is to say, the chemical composition of a true catalyst in any given catalytic reaction 
is rarely known precisely, because catalytically active species are usually fleeting 
and thus often impossible to detect by spectroscopic means. Nevertheless, the 
viability of a catalytic process, regardless of the identity of the “true catalyst,” is 
largely dependent upon two properties of a catalyst, namely activity and stability.62,65 
The selectivity of a catalyst in a catalytic process is sometimes recognized as the 
third most important property.62,65 

 
Scheme 5.  A schematic representation of a simplified catalytic reaction involving the catalyst 

and two reactants A and B. During a single reaction cycle (turnover), the reactants 
A and B are converted into the product C, whereas the catalyst is regenerated. 

2.2.1 Activity Metrics: TON and TOF 
The activity of a catalyst is a measure of how fast any given reaction proceeds under 
catalytic conditions and is one of the most important properties of a catalyst.  Activity 
can be defined in terms of kinetics by monitoring the change of concentrations of 
reactants and products. Some of the most important metrics that measure activity are 
the turnover number (TON) and turnover frequency (TOF). TON is usually defined 
as the number of equivalents of product generated per equivalent of catalyst, and it 
may be calculated using equation (3).62,65 TON is a dimensionless quantity, and it 
provides information about the stability of a catalyst. For a catalytic reaction that 
uses a 0.01 or 0.001 eqv. catalyst loading relative to a substrate (i.e., denoted 1 and 
0.1 mol-%, respectively), the TON may reach values no larger than 100 and 1000, 
respectively, after full conversion of the substrate. However, TON may be raised by 
adding more substrate. On the other hand, TOF is typically – although competing 
definitions exist66 – defined as TON per unit of time (h–1, min–1, s–1), according to 
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equation (4).62,65 TOF provides information about the reaction rate. For industrial 
applications, a TON should be in the range of no less than 103 and ideally over 105, 
whereas the most robust industrial applications have a TOF ranging between 600 – 
6000 h–1.62,65 

TON = (n(product)) × (n(catalyst))–1  (3) 
TOF = TON × time–1 (4) 

Where n = amount of substance. 

2.2.2 Stability of Catalysts 
The stability of a catalyst pertains to its chemical, thermal and in some cases 
mechanical stability during catalysis, and it is influenced by several factors 
including, but not limited to, (chemical/thermal) decomposition, leaching, and 
inactivation by poisoning or fouling.62 It is usually considered the second-to-most 
important property of a catalyst, after activity.62 However, the (in)stability of a 
catalyst has profound implications on its activity in cases where decomposition leads 
to catalytically more active species relative to the expected catalyst. For example, in 
the context of Mo catalyzed epoxidation there are numerous examples of (pre)-
catalyst decomposition leading to ever more catalytically active species (see sections 
2.3.5.1, and 2.3.5.2).26,67–69 The phenomenon of leaching, more commonly 
associated with transition metal-based heterogeneous catalysis, involves removal of 
metal i.e., by extraction, and dissolution (homogenization) thereafter,  by the action 
of strongly complexing and solvolytic oxidants such as H2O2 or organic 
hydroperoxides ROOH, rendering the heterogenous catalysts often inactive.70 
Leaching has been shown to affect homogeneous transition metal complexes as well 
(see sections 2.4.1.1 and 2.4.1.2), in some cases leading to formation of a 
catalytically extremely active species. Homogeneous transition metal complex 
associated leaching is the premise of the publication III. 

2.2.3 Green Chemistry 
Enormous efforts are being made to improve industrial synthetic processes with 
more economical and environmentally friendly pathways following the 12 principles 
of Green Chemistry.71 One of the 12 tenets of Green Chemistry involves the use of 
catalysis, which is used to reach good sustainability, efficiency and selectivity and is 
applied industrially in about 90% of all syntheses of various chemicals.72 Important 
considerations with regards to Green Chemistry are atom economy73 and a term 
called E-factor74, which measure whether or not a process is (atom) economically 
feasible and environmentally acceptable. Other issues that are of concern in a 
laboratory preparative as well as in industry are the choice of solvents and oxidants, 
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which may have extremely important implications on the stability, activity, and 
selectivity of a catalysts and catalytic processes. 

2.2.3.1 Atom Economy and the E-factor 

Atom economy describes the percentage ratio between mass of desired product to 
the total mass of all products. It is calculated by dividing the molecular weight of the 
desired product by the molecular weight of all products formed in a stoichiometric 
reaction (equation 5).74 The closely related E-factor (environmental factor) measures 
the percentage ratio of waste to desired product; it is a fully theoretical metric that 
assumes 100% chemical yield, exact stoichiometry, and it disregards substances that 
do not appear in the stoichiometric reaction.74 Moreover, water is often excluded in 
the calculation of the E-factor in processes that involve aqueous waste streams. A 
theoretical E-factor can be derived from atom economy, e.g., a reaction having a 
40% atom economy corresponds to an E-factor of 1.5 (60/40). Although ideally the 
E-factor is close to zero, generally it ranges between 5 – 100 in the fine  chemical 
industry (including pharmaceutical), and 0.1 – 5 in the bulk and oil refining 
industries.74 

 [M(desired product)] × [M(all products)]–1 (5) 

Where M = molar mass. 

Propylene oxide (PO) is produced industrially in the Halcon-ARCO/Sumimoto 
hydroperoxide processes (see section 2.3.2) via epoxidation of propene, 
supplementing the original non-catalytic chlorohydrin method that has a low atom 
economy and a very poor E-factor (see Scheme 6).71,74 The chlorohydrin process is 
a multi-step process that suffers from poor selectivity per step and separation 
problems, reducing overall yield. The greatest disadvantage lies in the epoxidation 
step, as ca. 40 equivalents of CaCl2 is formed relative to PO.75 Furthermore, the raw 
aqueous PO stream, containing many chlorinated hydrocarbons, must be fractionated 
by distillation, resulting to unavoidable hydrolysis of PO, further reducing yields.75 
While the atom economies of the chlorohydrin and hydroperoxide processes are 
similar, 31% vs. 27 – 44%, respectively, based on minimum stoichiometry, the E-
factor of the chlorohydrin process rises to prohibitively large numbers especially if 
super stoichiometry is taken into account.76 In comparison, for organic 
hydroperoxides, the E-factor remains low even under super stoichiometric 
conditions. This is further improved by the relatively easy oxidation (recycling) of 
the alcohol by-products back to hydroperoxides in the hydroperoxide processes. 
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Scheme 6.  Overall reactions involved in non-catalytic chlorohydrin and catalytic Halcon-
ARCO/Sumimoto hydroperoxide processes, all producing PO in the epoxidation of 
propene. TBHP = tert-butyl hydroperoxide, EBHP = Ethylbenzene hydroperoxide, 
CHP = Cumene hydroperoxide. Super stoichiometric atom economies and E-factors 
shown in parentheses. 

2.2.3.2 Choice of Solvent 

The use of solvents in small and large scale syntheses represent not only an issue 
with regards to feasibility of a chemical process, economic or otherwise, but it is of 
great concern to the environment, health, and safety.74,77 It is estimated that ca. 85% 
of the total mass of chemicals involved in the synthesis of pharmaceuticals comprises 
solvents, with obviously detrimental effects to the E-factor in particular.74 Moreover, 
solvent recovery e.g., via distillation is energy-consuming, especially in the case of 
one of the most environmentally compatible solvent, water.78 In light of these 
concerns, Pfizer Inc. has evaluated the most commonly used laboratory solvents 
based on their impact to worker and process safety as well as environmental and 
regulatory considerations (Table 1).77 The solvents in the undesirable category 
typically show elevated carcinogenicity, mutagenicity, reprotoxicity, volatility, 
flammability as well as high ecotoxicity or high potential for ecologic contamination, 
and should be replaced with solvents from the usable and/or preferred categories.77 
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Relatively recently, ionic liquids (ILs) have attracted considerable attention as 
alternatives to volatile and toxic organic solvents such as haloalkanes.79,80 Although 
ILs demonstrate many attractive properties such as high chemical and thermal 
stability, non-volatility, non-flammability, high polarity, and high solvating effects, 
their potentially ecotoxic nature towards aquatic environments, primarily due to their 
very good water solubility, has been recognized.80,81 Nonetheless, other phenomena 
associated with ILs with regards to catalysis is the capability to immobilize soluble 
pre-catalysts, allowing tandem recycling of solvent and/or catalysts.79 Additionally, 
some reactions show marked rate-enhancement if performed in an IL compared to 
traditional solvents, as demonstrated by Kühn and co-workers in Mo catalyzed 
epoxidation.82 

Table 1. List of preferred, usable and undesirable solvents for use in medicinal and research 
based chemistry organization, as evaluated by Pfizer Inc.77 

Preferred Usable Undesirable 

Water Cyclohexane Pentane 
Acetone Heptane Hexane(s) 
Ethanol Toluene Di-isopropyl ether 
2-Propanol Methylcyclohexane Diethyl ether 
1-Propanol Methyl tert-butyl ether Dichloromethane 
Ethyl acetate Isooctane Dichloroethane 
Isopropyl acetate Acetonitrile Chloroform 
Methanol 2-Methyl tetrahydrofuran Dimethyl formamide 
Methyl ethyl ketone Tetrahydrofuran N-methylpyrrolidinone
1-Butanol Xylene(s) Pyridine 
Tert-butanol Dimethyl sulfoxide Dimethyl acetate 

Acetic acid Dioxane 
Ethylene glycol Dimethoxyethane 

Benzene 
Carbon tetrachloride 

2.2.3.3 Choice of Oxidant 

The choice of oxidant may also have profound effects on the viability of a catalytic 
reaction, notwithstanding economic and environmental implications. Table 2 lists 
some terminal oxidants commonly used in alkene epoxidation in both academia and 
industry.26,83 The list has been divided between three sections, namely the benign 
green oxidant (O2), (in)organic hydroperoxides, and peracids with both atom 
economics and E-factors associated with the use of any given oxidant decreasing 
from the top of the list to bottom. The term “active oxygen” itself is closely related 
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to both atom economy and E-factor. From the list, it is instantly obvious that 
dioxygen offers by far the best mass utilization since it is incorporated either fully or 
halfway into the final product, depending on the exact mode of oxidation. The nature 
of possible co-products also make dioxygen perfectly compatible amidst increasing 
pressures to adopt more environmentally acceptable and sustainable industrial 
processes following the principles of Green Chemistry.71,84 Indeed, most (catalytic) 
industrial processes use O2 as the predominant oxidant for the aforementioned 
reasons.26 

Table 2. A (non-exhaustive) list of some commonly used terminal oxidants in catalytic and non-
catalytic alkene epoxidation.26,83 E-factor and atom economy associated with the use of 
any given oxidant decrease from top to bottom in the respective groups. BAP = 
bicarbonate activated peroxide, TBOH = tert-butanol, MTBE = methyl tert-butyl ether, 
m-CPBA = m-chloroperbenzoic acid, m-CBA = m-chlorobenzoic acid.

Oxygen donor Active oxygen (%) M (g mol–1) Co-product 

O2 50.0 (100)[a] 32.00 H2O or none[a] 
H2O2 (+ BAP) 47.0 (14.1)[b] 34.01 H2O 
TBHP 17.8[c] 90.12 TBOH / MTBE / recycled 

EBHP 11.6[c] 138.17 1-phenylethanol / styrene /
recycled

CHP 10.5[c] 152.19 cumyl alcohol / recycled 
PAA 21 76.05 acetic acid 
m-CPBA 9.3 172.56 m-CBA
[a] Dioxygen insertion.  [b] For 30 w-% aqueous hydrogen peroxide solution. [c] Similar to H2O2, the
active oxygen values for organic hydroperoxides are nominal only; they are always supplied as
aqueous or organic solutions due to inherent instability of pure organic hydroperoxides.

Despite this, however, the use of O2 as an oxidant has some severe drawbacks. 
It is a very unreactive molecule due to having a diradical triplet electronic ground 
state: direct reaction of triplet-oxygen (3O2) with most non-radical organic molecules 
(possessing a singlet electronic ground state) is a spin forbidden process associated 
with a very low reaction rate at ambient conditions.27 To overcome this kinetic 
barrier, high temperatures and pressures or catalysis is needed to activate it (e.g., see 
Scheme 6). On the other hand, paramagnetic transition metal ions may react with 
relatively easily oxidizable organics, or additionally with 3O2, producing highly 
reactive organic free radicals and metal-superoxide species, respectively (see e.g., 
Scheme 2 in section 2.1.2.1).26 However, oxygen activation processes typically 
promote intrinsically unselective organic radical reactions, although this problem 
can be alleviated to certain degree with simple substrates.83 

By far the most common oxidants used in an academic setting especially are the 
inorganic and organic hydroperoxides, such as H2O2, TBHP, EBHP and cumene 
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hydroperoxide (CHP), which can be thought of as “reduced dioxygen species”, 
sacrificing some oxidative power of singlet oxygen for far superior selectivity.27 
From the Table 2 it can be seen that all peroxides have similar active oxygen values, 
making H2O2 by virtue of giving water as co-product, ostensibly78 the hydroperoxide 
of choice.85 Moreover, as reported by Richardson and co-workers, H2O2 may be 
activated by NH4HCO3 to obtain hydrogen percarbonate (HCO4

–), an oxidant with 
significantly better oxidative power than H2O2, in a so-called BAP reaction (BAP = 
bicarbonate activated peroxide), also permitting aqueous solvent mixtures as 
reaction media.86,87 The use of H2O2 is limited in cases where a transition metal 
catalyst, substrate and/or product, are prone to hydrolysis, or otherwise sensitive 
towards water, however. Furthermore, H2O2 is obviously completely incompatible 
with some transition metals that catalyze its disproportionation into oxygen and 
water.88 

Although organic hydroperoxides appear as less ideal oxidants than H2O2, they 
generally enjoy greater compatibility due to a number of reasons. In contrast to 
peracids and H2O2, organic hydroperoxides generally do not react with organics in 
the absence of a catalyst,89 and show superior stability when compared to H2O2 of 
similar grade (e.g. 70+ w-% aqueous solutions), and particularly so in comparison to 
peracids.90,91 They are readily soluble in organic solvents, sparingly soluble in water, 
and the formed co-products, alcohols, generally demonstrate less deleterious effects 
to catalysts and other reactants compared to water. The structure of the organic 
hydroperoxide is generally regarded as having only minor effects on reaction rates 
and selectivities,92 the choice between them being rather superficial. From the listed 
hydroperoxides use of TBHP is the most atom economical due to its lower molecular 
weight compared to the other organic hydroperoxides (see Table 2). There are some 
reports that suggest CHP induces higher enantiomeric excesses than TBHP in 
asymmetric sulfoxidation, however.93 

2.3 Alkene Epoxidation 
Epoxides, three-membered cyclic ethers, are amongst the most important of organic 
compounds. The epoxide functionality is highly reactive due to significant ring 
strain.94,95 The high synthetic value of epoxides indeed springs from this reactivity, 
and the fact that they readily undergo highly stereo- and regioselective ring-opening 
and ring-expansion reactions with a vast array of different nucleophiles, giving rise 
to a multitude of 1,2-difunctional compounds, some of which are listed in Scheme 
7.96,97 Since epoxides are often prochiral, the end-products from epoxide 
functionalization find use in a variety of applications, particularly in synthetic 
pharmaceutical chemistry. 
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Scheme 7.  Some reactions of epoxides with a multitude of nucleophiles en route to 1,2-
difunctional compounds. Adapted from references 96,97. 

2.3.1 Utilization of Epoxides 
The two industrially most widely manufactured epoxides in terms of mega tonnage 
per year are ethylene oxide (EO) and propylene oxide (PO).98 The majority of EO, 
ca. 75%, is converted to glycols, such as ethylene glycol (egH2, ethane-1,2-diol), 
which is used as anti-freeze and in polyesters. Other glycols such as diethylene 
glycol and triethylene glycol as well as higher glycols find use as high-boiling 
solvents and as plasticizers. A small percentage of EO is polymerized for use as 
surfactants and as precursors for the synthesis of polyurethanes.98 PO, in contrast to 
EO, is used as a raw material for many more end-products and intermediates in the 
chemical industry, however with similar applications. Most of PO (~ 65%) is 
converted to polyether polyols and used in the manufacture of polyurethanes. Other 
applications of PO include production of propylene glycol (ca. 20%), which is 
directly used as a high-boiling solvent, anti-freeze, or further polymerized to 
polypropylene oxide (PPO) for use as e.g. surfactants.99 PO derivatives generally 
find extensive applications in food, cosmetic and pharmaceutical industries due to 
their relatively good biodegradability in comparison to EO, as well as due to high 
biocompatibility100 with living organisms.98 Recently, isotactic polypropylene oxide 
(iPPO), obtained by enantioselective catalytic chain transfer polymerization of PO, 
has been identified as photodegradable polymer having tensile strength comparable 
to that of nylon-6,6.101 It is argued that iPPO may hold promise as substituent for 
nylon-6,6 in applications that require high strength and degradability, such as in 
fishing nets.101 
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2.3.2 Preparation of Epoxides 
As a direct result of their vast synthetic utility, several ways to produce epoxides 
from alkenes have been developed. However, due to economic and environmental 
factors the methods differ significantly between academia and the industry. 
Industrial catalytic alkene epoxidation protocols include the Halcon/ARCO (Halcon 
International and Atlantic Richfield Company, later Lyondell-Chemical) 
TBHP/EBHP and Sumimoto CHP “organic hydroperoxide processes”75,102–104 and 
the phased-out non-catalytic chlorohydrin processes that are the main industrial 
processes for the manufacture of both EO and PO (see Scheme 6 section 2.2.3.1).76 
The hydroperoxide processes employ complexes such as [Mo(CO)6] as the pre-
catalysts, and are environmentally much more friendly than the chlorohydrin 
process.91 However, a great disadvantage of the hydroperoxide processes is the 
stoichiometric production tert-butanol (TBOH), 1-phenylethanol or cumyl alcohol 
co-products, depending on the oxidant (see Table 2).75 The various co-products such 
as TBOH and 1-phenylethanol can be, on one hand, sold as such or converted to 
other useful chemicals such as methyl tert-butyl ether (MTBE), a fuel octane-
booster, and styrene, or they can be dehydrated and re-oxidized (recycled) by H2O2.92 
Thus, the economics of the hydroperoxide processes are dominated by the market 
situation of the co-product(s).75 

However, in an academic laboratory setting, where substances are usually made 
in preparative scale, non-catalytic stoichiometric oxidation is more economically and 
environmentally acceptable, and consequently widely used. One of the most 
important methods with wide utility in this regard is the Prilezhaev reaction,105 which 
involves the use of peracids such as peracetic acid (PAA) or m-chloroperbenzoic 
acid (m-CPBA) in particular, as a stoichiometric strong oxidizing agent (see Table 
2).106 Due to the particularly reactive and dangerous nature of peracids, there are no 
industrial scale stoichiometric epoxidation processes involving them. 

2.3.3 Alkene Model Compounds 
Although ethene (ethylene) and propene (propylene) are industrially the most 
important alkenes for epoxidation,107 they are rarely used to evaluate the catalytic 
epoxidation potential of catalysts due to handling issues (both are gases). By far the 
most used model substrate in transition metal catalyzed epoxidation is cis-
cyclooctene (S1), followed by cyclohexene (8).107 Due to its “notoriously” high 
reactivity89 and selectivity108 for the cyclooctene (ep)oxide, S1 is widely used to 
benchmark epoxidation catalysts in terms of TONs and TOFs, and it is consequently 
often the only studied substrate, in addition to 8.109–111 Terminal alkenes such as oct-
1-ene (S2) and hex-1-ene (9) are significantly less reactive than their cyclic variants 
S1 and 8, respectively, but more prone to epoxide ring-opening reactions.107 This is 
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due to electronic and steric properties of terminal alkenes vs. those of internal, and 
especially cyclic internal alkenes, for which ring strain may be pronounced.89 
Styrene (S3) is a commonly studied model substrate. It is a particularly unselective 
substrate, frequently affording over oxidation by-products such as 
phenylacetaldehyde, 1-phenylethane-1,2-diol (styrene glycol), benzaldehyde and 
benzoic acid aside from the desired styrene (ep)oxide.112 (cis/trans)-Stilbene 
(cis/trans-10), prochiral styrene derivatives, are also frequently explored substrates 
that share some of the challenging reactivity characteristics of S3, in addition to often 
giving racemic mixtures upon oxidation.107 There are only very few reports of 
epoxidation catalysts capable of selectively epoxidizing S3 and 10.113 Some of the 
most challenging substrates for epoxidation are natural compounds such as mono- 
and bicyclic terpene derivatives including L/D-limonene (D/L/rac-S4), α-terpineol 
(S5), norbornene (11), camphene (12), α-pinene (13), among others.107 In addition to 
being difficult to (ep)oxidize, S4 and S5 offer a measure of regioselectivity as well 
as functional group tolerance for epoxidation catalysts, having two olefinic sites and 
hydroxyl functionalities, respectively. Figure 3 shows some of the most widely used 
alkene substrates for epoxidation. 

Figure 3. A (non-exhaustive) list of commonly used alkene substrates used in epoxidation. 
Substrates S1 – S5 were focused upon in the experimental part of this PhD 
thesis. 

2.3.4 Alkene Epoxidation Mechanism 
The mechanism(s) of Mo, W and V catalyzed alkene epoxidation has been under 
intensive study and a long-standing debate since the late 1960’s. To date, there is 
still no definitive solution, and it remains an open problem to some degree. Modern 
consensus holds that an oxidant molecule, usually H2O2 or TBHP, is activated by a 
metal center prior to oxygen transfer to a substrate via a peroxo-metal pathway.110 
Some of the most contemporary theoretical and experimental investigations by the 
groups including, but not limited to, Finney, Poli, Romão, Kühn, Calhorda and 
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Gonçalves in relation to Mo epoxidation revolve around Thiel’s core epoxidation 
mechanism, which itself is highly complementary to the Sharpless mechanism (see 
next section).110,114–119 Currently, special emphasis in these studies is directed 
towards subtleties involving oxidant activation, and most studies almost invariably 
show that an (alkyl)hydroperoxide is first coordinated to the metal, followed by 
proton transfer from the hydroperoxido ligand to a terminal metal oxido ligand, in a 
manner similar to what has been proposed114 by Sharpless.115–118,120,121 These 
mechanisms are, however, different to one another, and indeed, a notion is gaining 
ground which holds that there is no single, general mechanism, but ultimately it is 
dependent on the actual catalytic system.116 

2.3.4.1 Mimoun, Sharpless and Thiel Mechanisms 

The groups of Mimoun and Sharpless were the first to study Mo catalyzed 
epoxidation mechanistically, and accordingly, two different proposals bearing their 
name were conceived (Scheme 8 reactions A1 – 3 and B1 – 2). Mimoun and Sérée 
De Roch showed in 1970 that an oxidobisperoxidomolybdenum(VI) complex 
[MoO(O2)2(HMPA)] (14) (HMPA = hexamethylphosphoric triamide) 
stoichiometrically epoxidized 9.122 Based on the kinetics of the reaction, as well as 
on observations that coordinating solvents inhibit epoxidation, an organometallic 
multi-step mechanism involving initial alkene coordination to the metal was 
proposed (Scheme 8 reaction A1–3). In the first step of the Mimoun mechanism, an 
alkene is first coordinated to the metal (Scheme 8 reaction A1), displacing a HMPA 
ligand, followed by [3 + 2] cycloinsertion of the alkene across a Mo—Operoxido bond 
(Scheme 8 reaction A2), forming a metallacycle. Frequently observed in the 
chemistry of late transition metals, the involvement of a metallacycle was considered 
chemically sound. Furthermore, it was argued that these steps would explain the 
observed kinetics of the reaction, which hinted towards a stepwise process. In the 
final step of the reaction, the epoxide end-product would be obtained via 
cycloextrusion of the metallacycle (Scheme 8 reaction A3).123 

In Mo, W and V catalyzed alkene epoxidation, there is currently overwhelming 
experimental and theoretical evidence to rule out the Mimoun epoxidation 
mechanism involving [3 + 2] cycloaddition, however. Sharpless and co-workers 
found experimentally that the reaction rate in the stoichiometric reaction between 14 
and alkenes 8 or 11 closely parallels that observed if peracids PAA and m-CPBA 
were used instead of 14.124 Peracids are reagents that are known to react in the 
Prilezhaev alkene epoxidation reaction via the widely accepted Bartlett’s spirocyclic 
“butterfly mechanism” involving [2 + 1] cycloaddition.125 Moreover, the observed 
reaction rate differed significantly from known [3 + 2] cycloaddition reactions, most 
notably OsO4 mediated alkene dihydroxylation.124,126 A similar three-membered 
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spirocyclic transition state was thus invoked to be the case with 14 mediated 
epoxidation of 8 and 11, as shown in the Sharpless epoxidation mechanism (Scheme 
8 reaction B).124 An oxo-metal mechanism, similar to that observed in biological 
OAT, was also ruled out with 18O labeling experiments.124 

In the (catalytic) Sharpless mechanism, an alkene substrate is epoxidized in a 
single concerted step involving a three-membered spirocyclic transition state in a 
reaction ultimately closely resembling the Bartlett butterfly mechanism (Scheme 8 
reaction B1), followed by generation of [MoO2(O2)(HMPA)] (Scheme 8 reaction 
B2).124 Moreover, modern DFT quantum chemical calculations revealed that the 
Mimoun metallacycle mechanism is not only energetically unfeasible but the end-
product obtained from a hypothetical metallacycle intermediate is an aldehyde, not 
an epoxide.123,127 Similar DFT results have been obtained in V catalyzed epoxidation 
of ethylene, where the main product was observed to be acetaldehyde.128 Moreover, 
a metallacycle mechanism could not explain the particularly high reactivity of allylic 
alcohols with Mo and V, especially in the presence of organic hydroperoxides.90 

The Sharpless and Mimoun mechanisms cannot adequately explain the often 
vastly superior catalytic epoxidation performance of various early group 4 – 6 d0 
transition metal complexes in the presence of organic hydroperoxides, such as 
TBHP, as opposed to H2O2.114,129,130 Thiel and co-workers employed an 
oxidobisperoxidomolybdenum(VI) complex [MoO(O2)2(κ2-PyzPy)] (15)  
(κ2-PyzPy = bidentate pyrazolylpyridine ligand, see Scheme 8) and were able to 
show that, under catalytic conditions, the oxygen atom in the epoxide is derived from 
neither metal oxido nor peroxido ligands, but instead from TBHP.131 Later work 
involving a complex [MoO(O2)2(κ2-PyzPyOct)] (16), featuring an internal 
cyclooctene moiety in the ligand design, revealed that the ligand was not epoxidized 
prior to treatment of 16 with TBHP, decisively ruling out a direct oxygen transfer 
from oxido and peroxido ligands in a stoichiometric fashion, since an intramolecular 
oxygen transfer would be expected to be highly favored.132,133 

Theoretical investigations involving complexes 15 and 16 are consistent with a 
“peroxo-metal”26 mechanism that is complementary to the one originally proposed 
by Sharpless (Scheme 8 reaction C1 – 4).114,132,133 The Thiel mechanism starts by 
coordination of the oxidizing agent (ROOH, such as TBHP) to a Lewis acidic Mo(VI) 
center followed by proton transfer from TBHP to one of the metal peroxido ligands 
(Scheme 8 reaction C1).133 Reaction step C1 was experimentally determined to have 
a temperature dependent induction period, interpreted to be related to the formation 
of the [MoO(O2)(OOH)(OOR)(L)] species.133 Moreover, there is marked 
competition between coordinating solvents and TBHP, and the more basic TBHP 
has a higher reaction rate than H2O2.133 Rearrangement of the OOR ligand to a side-
on η2 coordination mode activates the alkyl hydroperoxide for oxygen transfer into 
the alkene (Scheme 8 reaction C2). An alkoxido ligand is generated concomitant 
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with the epoxidation step (Scheme 8 reaction C3), which in the last step abstracts the 
proton originally from the hydroperoxido ligand, releasing alcohol co-product and 
regenerating the initial oxidobisperoxido complex, and restarting the catalytic cycle 
(Scheme 8 reaction C4).133 

 
Scheme 8.  Mimoun, Sharpless and Thiel epoxidation mechanisms represented by red, blue, 

and purple reactions, respectively. Adapted from refs. 123,127,132,133. 

2.3.5 Mo & W Based Epoxidation Catalysis 
Interest into Mo and W oxido complexes in epoxidation catalysis arose after Halcon 
and ARCO issued patents on the homogeneous [Mo(CO)6] TBHP/EBHP 
hydroperoxide processes.116 The seminal mechanistic work by the groups of 
Sharpless, Mimoun, and later Thiel, on epoxidation has since sparked further interest 
on the topic. Contemporary Mo and W based epoxidation research focuses on 
developing greener processes in accordance with Green Chemistry. In practice, some 
of the ways to accomplish greener protocols is to develop high-activity complexes 
(high TON and TOF) or efficient processes involving complexes that remain highly 
active and selective in non-toxic polar solvents such as alcohols, or in solventless 
(neat) conditions. Furthermore, the stability and recoverability of catalysts has 
become an important focus. Some of the most notable types of studied Mo/W 
systems include a) Organometallic complexes having variable valence typically 
between II – VI; b) High-valent monomeric and dimeric [MO2X2(L)2] complexes; c) 
High-valent complexes based on multidentate Schiff-base ligands of variable donor 
count and N/O/S type. 
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2.3.5.1 Organometallic Systems 

Figure 4. Some of the most active organometallic cyclopentadienyl-based Mo, W and Re pre-
catalysts and synthetic precursors used in contemporary alkene epoxidation 
research. Bn = benzyl, Mes = mesityl (2,4,6-trimehtylphenyl). 

Organometallic molybdenum and tungsten complexes, often featuring 
cyclopentadienyl (Cp) and carbonyl ligands, are perhaps some of the most 
prominently investigated epoxidation pre-catalysts, having been extensively studied 
by the groups Herrmann, Romão, Kühn and Poli, and their co-workers, among 
others.109,120,121,134–140 High interest in these complexes can at least partly be attributed 
to the high success of organometallic Mo derivatives in industrial epoxidation 
catalysis (Halcon-ARCO hydroperoxide processes), as well as [Cp*ReO3] (17) (Cp* 
= pentamethyl cyclopentadienyl), a derivative of [MeReO3] (18, MTO, 
methyltrioxidorhenium(VII)), one of the most active and selective epoxidation pre-
catalysts known.141,142 Similarly, Cp supported Mo complexes are amongst the most 
active Mo based epoxidation pre-catalysts ever reported. However, synthesis and 
handling of these types of complexes is challenging due to their sensitivity towards 
oxygen and water, especially after oxidation.134 Upon discovery of the first 
organometallic molybdenum complex,143 [CpMoO2Cl] (19), and subsequent 
innovations in synthesis optimization,111 the research into Cp type Mo/W compounds 
has intensified dramatically.134,135 
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Starting from [CpM(CO)3Cl] (M = Mo (20a), W (20b)) or Na+[CpM(CO)3]–  
(M = Mo (21a), W (21b)), a vast number of derivatives can be obtained by 
employing different Cp ligands, or by introducing various ligands at the metal center 
e.g. by alkylation or via oxidative decarbonylation.135 Reaction of 20 and 21 with 
MeI, CF3I, α-chloroesters, benzyl chloride or (chloromethyl)pentafluorobenzene 
yields complexes 22 – 26 of the type [CpM(CO)3R]  (M = Mo, R = Me (22a); M = 
W, R = Me (22b); M = Mo, R = CF3 (23a); M = W, R = CF3 (23b); M = Mo, R = 
CH2COOEt (24); M = Mo, R = Bn (25, Bn = benzyl) and M = Mo, R = CH2C6F5 
(26), respectively (Figure 4).120,137,138 Highlighting the often observed drastic 
differences in epoxidation reactivity between Mo and W complexes, 22a reaches a 
TOF ~ 6000 h–1 in the epoxidation S1, whereas for the W-derivative 22b only  
60 h–1 is obtained.120,121,139 Complexes 25 and 26 represent some of the most active 
[CpMo(CO)3R] type epoxidation pre-catalysts, reaching TOFs ~ 12000 h–1 and 
18000 h–1 in the epoxidation of S1, respectively.138 

Additional reactivity in epoxidation may be obtained by different Cp ligands: 
complexes 27 and 28, having a general formula [Cp’Mo(CO)3Cl] (Cp’ = Cp* (27), 
C5Bn5 (28)) reach TOFs of 1200:1200:800 h–1 in the epoxidation of S1 at 1 mol-% 
catalyst loadings, for 20a:27:28, respectively.111 Interestingly, with 28 TOFs up to 
21000 h–1 may be realized at 0.01 mol-% catalyst loading, surpassing that originally 
obtained for MTO/H2O2 epoxidation benchmarking system, at TOF = 14000 h–1 
(although later enhanced to 40000 h–1 by Kühn and co-workers80).111 Ansa-
complexes such as 29 represent the pinnacle of “traditional” CpMo complexes when 
it comes to epoxidation activity. Having a modified Cp ligand fitted with a cycloalkyl 
bridge directly bound to the metal center such as in 29 leads to TOFs in the range of 
44000 h–1 when the epoxidation of S1 is performed in certain ILs.140 Ansa-bridged 
complexes are currently under investigation as a potential platform for chiral 
catalysts, since the alkyl bridge offers good opportunities to attach stereogenic 
centers.135 As a recent development, the most active Cp based Mo epoxidation 
catalysts are based on persistent carbenes, more specifically N-heterocyclic carbenes 
(NHCs), however.135 Complexes 30 and 31 represent the state-of-the-art in Mo-
catalyzed epoxidation, reaching TOFs of 53000 h–1 and 41000 and at extremely low 
catalyst loadings of 0.01 and 0.005 mol-% relative to S1, respectively.109 See Chart 
1 for a list of some of the most active Mo/W Cp based epoxidation pre-catalysts. 

The epoxidation mechanism of organometallic Mo/W complexes is not known. 
However, it has been shown that [CpM(CO)3R] (including 22 – 31) type complexes 
are oxidized by e.g., TBHP, forming high-valent dioxidometal(VI) complexes of the 
type [CpMO2R], species that are similar to 19. DFT investigations show that, under 
catalytic conditions, [CpMO2R] may further react with TBHP, generating an 
activated [CpMO(OH)(OOR)(R)] species in a fashion similar to the Thiel 
mechanism (Reaction C Scheme 8).115–118,120,121,135 However, Poli and co-workers 
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have shown that an organometallic Cp*—Mo bond is not entirely hydrolytically 
stable,144 and ring-slippage reactions in metallocenes, Cp and indenyl complexes of 
nearly all transition metals are well-documented,145 raising some concerns with 
regard to the actual epoxidation mechanism in the case of 22 – 31.67 In fact, Colbran 
and Harper have shown using NMR spectroscopy that 32, supported by a pentaaryl 
cyclopentadienyl ligand (CpAr5), undergoes partial loss of the CpAr5 ligand in the 
presence of TBHP, leading to an in-situ formed non-Cp complex that is far more 
active in epoxidation.67 In the report it is argued that the presumed stability of an 
alkylcyclopentadienyl (22 – 31) Mo complex under oxidative conditions during 
catalysis may be partially unfounded, and that in-situ formation of a “true” catalyst 
via partial loss of Cp ligand(s) should not be disregarded.67 

2.3.5.2 [MO2X2L2] Systems 

Octahedral [MO2X2(L)n]y type complexes, where M = Mo, W; X = singly anionic 
ligand such as halide (may also be organometallic); n = 1 or 2 for bi- or monodentate 
neutral (L) ligands; and y = 1 or 2 for monomeric and dimeric complexes, are by far 
the largest class of studied Mo/W complexes. Kühn and co-workers have extensively 
studied monomeric [MO2Cl2(L)] type and similar complexes where L = bidentate 
neutral bipyridine type ligand, having a generic structure as shown for 33’ in  
Figure 5, reaching TOFs ~ 8000 h–1 at most in the epoxidation of  
S1.82,116,151,117,121,134,146–150 However, a dimeric pyrazole-derived complex 
{[MoO2Cl(L)]2(µ–O)} (34), reported by Gonçalves in 2007, is one of the most active 
dimeric Mo complexes in this class, attaining TOF ~ 32000 h–1 in the epoxidation of 
S1.152 Moreover, 34 performed well with H2O2 in a water/MeCN reaction medium, 
and could epoxidize S4 with a moderate 67% selectivity.152 Very similar (TOF ~ 
31000 h–1) activity was reported for a monomeric pyridylimine based complex 35.153 

Recently, Mösch-Zanetti and co-workers introduced dinuclear Mo—Mo bonded 
thiophenolato-oxazoline supported oxidomolybdenum(V) complexes 36 and 37.69 
These complexes are the most active epoxidation pre-catalysts ever reported, 
reaching nominal TOFs of ca. 62000 and 107000 h–1 for 36 and 37, respectively, in 
the epoxidation of S1 performed at 0.001 mol-% loading in chloroform.69 However, 
epoxidation performance was severely reduced with more challenging substrates  
S2 – S4.69 36 and 37 significantly outperform some previous complexes with similar 
ligands, such as 38 and 39, including the previous record holder complex having a 
Mo—Mo triple bond, 40, that reach TOFs ~ 5000:5000:60000 h–1 for 38:39:40, 
respectively.154–156 A feasible explanation for the extremely high activity of  36 and 
37, as suspected by the authors, might be the five-coordinate nature of the Mo 
centers, and the known hemilability of the ligands, possibly allowing for a low-
energy approach of TBHP in order to activate the complexes.69 However, the authors 
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also mention that upon treatment of 36 with 10 eqv. TBHP in chloroform, an 
immediate discoloration could be observed with simultaneous formation of a 
colorless, voluminous precipitate. Moreover, free proligand was observed in solution 
by 1H NMR spectroscopy afterwards. The colorless precipitate eventually turned 
blue, indicating the formation of mixed Mo-POMs (POM = polyoxometalate), i.e., 
molybdenum blue, as suspected by the authors.69 

Amino(bis)phenolato ligands complex virtually all transition metals, and 
typically form moisture and oxygen stable complexes that are easy to handle and can 
be stored almost indefinitely.157 First presented in epoxidation by Finney and 
Mitchell in their groundbreaking work, it was shown that complexes 41 – 43 
supported by a bulky monoanionic tridentate aminophenolato ligand rule out the 
Mimoun metallacycle mechanism by preventing the simultaneous coordination of an 
alkene and TBHP to the metal, thus favoring the Sharpless/Thiel mechanism as more 
probable (see step A1 in Scheme 8 section 2.3.4.1).158 Since then, 
amino(bis)phenolato supported Mo/W complexes have found extensive use as 
epoxidation pre-catalysts.157,159–167  

Representing some notable results within these types of complexes, quite 
recently, Mösch-Zanetti and co-workers were able to reach near unparalleled 99% 
epoxidation selectivities with most substrates presented in Figure 3, employing 
dinuclear MoO2 complexes 44 – 46.113 Further work involved mononuclear (47 – 49) 
and dinuclear (50 – 53) aminophenolato bearing dioxidomolybdenum(VI) complexes 
featuring amido pendant arms.168 These pre-catalysts reach TONs of ~ 110000 at an 
extremely low 0.0005 mol-% catalyst loading in the epoxidation of S1, highlighting 
the extraordinary stability of the active species.168 The high activity of 47 – 53 at 
extremely low catalyst loadings was attributed to H-bonding interactions from the 
amido pendant arms, which may be able to stabilize oxidant and/or substrate 
molecules in the second coordination sphere of the complexes.168 Moreover, 47 – 53 
remain moderately active even if the epoxidations are performed using H2O2, or in 
alcohols, particularly in TBOH, reagents that are known to inhibit epoxidation by 
coordinative competition.116 Interestingly, 44 – 53 surpass in activity a notable 
aminotrisphenolato supported MoOCl complex 54, which reaches a TOF = 7500  
h–1 as reported by Licini and co-workers.169  

Hydroxamic acid derived Mo and W complexes have been described to be very 
active epoxidation pre-catalysts capable of enantioselective induction, akin to the 
well-known Jacobsen-Katsuki Mn-salen complex.170 Recently, interesting results 
were obtained by Bhattacharyya and co-workers in the epoxidation of various 
alkenes using complexes 55 and 56.171,172 While the epoxidation did not work in 
H2O2, or proceeded very slowly, adding NH4HCO3 as co-catalyst (H2O2/BAP 
system) allowed epoxidation of even some of the most difficult substrates. For 
example, norbornene oxide was obtained in 26% yield and 100% selectivity in 15 
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minutes with an initial TOF ~ 38000 h–1 using 55.171 Moreover, a TOF ~ 37600 h–1 
was obtained for 56 in the epoxidation of 11, thus making it one of the most active 
W complexes ever reported in epoxidation.172 The reactivity of 55 and 56 was readily 
expanded to the oxidation of other alkenes, as well as alkanes, alcohols, amines and 
sulfides.171,172 

Figure 5. Some of the most active [MO2X2L2]-type and similar Mo and W pre-catalysts used 
in contemporary alkene epoxidation research. 

2.3.5.3 Schiff-Base and Porphyrin Systems 

Transition metal complexes based on multidentate Schiff-base ligands are renowned 
for their high catalytic activity in various reactions, ease of synthesis and high 
stability towards hydrolytic and oxidative conditions.173,174 Several Schiff-base Mo 
complexes have been described as epoxidation catalysts (Figure 6).110,175–183 Some 
prominent Schiff-base epoxidation systems also include V complexes, such as the 
recent porphyrin oxidovanadium(V) complexes 57 – 59 reported by Maurya and co-
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workers.184,185 57 – 59 readily achieve selective epoxidation of even the most 
challenging substrates such as trans-10, S2 and S3, showing near quantitative 
conversion and selectivity for the corresponding epoxides.184,185 Strikingly, 57 – 59 
display slightly higher activity for the epoxidation of S2 compared to the benchmark 
substrate S1, reaching TOFs ~8900:2700:13800 h–1 for 57:58:59, respectively.184,185 
On the way to finding the “Holy grail” oxidation catalyst, Rao and co-workers report 
a rather rare186 example of a Schiff-base complex [MoO2(κ3-LSAH)(H2O)]187 (60) 
(SAH = salicylidenehydrazine) capable of aerobic oxidation of 9, albeit with limited 
selectivity for the epoxide.188 

Figure 6. Some notable Schiff-base-type Mo and V complexes used in modern alkene 
epoxidation research. 

Poli and co-workers have mechanistically investigated alkene epoxidation 
employing Schiff-base complexes [MoO2(κ3-LSAP)(MeOH)] (61) and 
[MoO2(κ3-LSATP)(MeOH)] (62), supported by tridentate dianionic κ3-LSA{T}P ligands 
(where SA{T}P = salicylideneamino{thio}phenolato).110,176,179 Formally of the type 
[MoO2(κ3-L)(D)], 61 and 62 are examples of so-called “pseudo octahedral, pseudo 
six-coordinate” complexes, having one weakly coordinating donor molecule D, 
MeOH in the case of both 61 and 62. Consequently, 61 and 62 readily interconvert 
between their monomeric and dimeric forms [MoO2(κ3-LSAP)]2 (63) and 
[MoO2(κ3-LSATP)]2 (64) via facile addition/removal of MeOH ligand through 
unsaturated formally 14-electron species [MoO2(κ3-LSA{T}P)□], respectively, where 
□ represents a free coordination site.110,176,179

It is proposed that the epoxidation power of 61 and 62, possibly including other
MoO2 complexes supported by tridentate Schiff-base ligands, in fact arise from the 
relatively easily accessible transient five-coordinate 14-electron reactive species. 
Mechanistic investigations involving DFT show that [MoO2(κ3-LSAP)□] may 
coordinate TBHP as a neutral molecule, forming the neutral TBHP adduct 
[MoO2(κ3-LSAP)(η1-TBHP)] in the first step of the “Poli mechanism” (step A Scheme 
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9). This contrasts with the more common interpretations invoking M(OH)(OOR) 
species with anionic OOR ligands (e.g., see Sharpless/Thiel mechanisms Scheme 8 
section 2.3.4.1). The TBHP adduct, which is assumed to be catalytically activated, 
is stabilized by H-bonding to the equatorial oxido ligand. Upon introduction of an 
alkene substrate such as ethylene the transient ternary “catalyst-TBHP-alkene” 
adduct [MoO2(κ3-LSAP)(η1-TBHP)(C2H4)] is formed in the step B, followed by 
intramolecular rearrangement, generating [MoO(OH)(κ3-LSAP)(Ot-Bu)] as well as 
the epoxide (step C). [MoO(OH)(κ3-LSAP)(Ot-Bu)] intramolecularly (and reversibly) 
rearranges in the presence of excess TBHP to regenerate 
[MoO2(κ3-LSAP)(η1-TBHP)] species, restarting the catalytic cycle (step F). However, 
in principle [MoO(OH)(κ3-LSAP)(Ot-Bu)] may also rearrange into 
[MoO2(κ3-LSAP)(TBOH)], a neutral alcohol adduct analogous to 61, which may be 
expected to release TBOH in a similar way 61 loses methanol, generating 
[MoO2(κ3-LSAP)□] (step E).110 

Scheme 9. Main features of the alkene epoxidation mechanism involving 61 and ethylene as 
the model substrate, as proposed by Poli and co-workers.
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2.4 Catechol Oxidation 
In light of the importance of metal catalyzed, O2 mediated oxidation reactions in 
nature as well as in the industry (sections 2.1.2 and 2.1.3), these types of reactions 
have been extensively investigated. Specifically, oxidative dehydrogenation and 
(di)oxygenation of catechols have been successfully carried out with Cu and Fe
based transition metal catalysts that structurally and/or functionally mimic the CO
and CDOs, respectively.42,43,189,190 In the context of both CO and CDO model
chemistry, several catechol substrates are used as model compounds. The most
frequently used model substrate is 3,5-di-tert-butylcatechol (S6, 3,5-DTBCH2, see
Table 3) followed by other alkyl substituted catechols such as 4-tert-butylcatechol
(S7, 4-TBCH2).191 The use of (di)alkyl substituted catechols as model substrates is
justified, since oxidation of the prototypical catechol, pyrocatechol (S8, benzene-
1,2-diol), has been reported to lead to a mixture of unknown composition.192 In the
context of catechol dioxygenation, the unclean reaction of S8 most likely emanates
from the combined high reactivity of activated 1O2 (see section 2.2.3.3) and the
unprotected nature of pyrocatechol, by virtue of lacking sterically demanding alkyl
groups. On the other hand, in some cases S7 or S8 have also been reported to be
much more unreactive than S6.191,193 A drawback of S6 is its relatively facile
autoxidation, especially under basic conditions, however.194

2.4.1 Vanadium Catechol Dioxygenase Mimetics 
In addition to Fe, the catecholato chemistry of V (including Mo and W, to an extent), 
is well-developed thanks to the works of Pierpont and Sawyer, among 
others.195–201 It is currently well-established that vanadium readily reacts with a 
variety of catechols and derivatives thereof, forming redox non-innocent 
complexes.202–207 Furthermore, V-containing compounds have long been recognized 
to mediate catechol dioxygenase-like reactions.191,193,208,209 V catalyzed CDO 
mimetic studies almost exclusively involve the use of S6 as the model catechol 
substrate, with about 13 known (di)oxygenation products having been isolated and 
characterized.210,211 

Simple vanadium compounds such as [VO(acac)2] (65) (acac = pentane-2,4-
dionato, acetylacetonato), [VO(acac)(µ–OMe)]2 (66), as well as other V complexes 
based on similar ligands, including [VO(tmh)(µ–OMe)]2 (67), (tmh = 2,2,6,6-tetra-
methylheptane-3,5-dionato; [VO(aap)]2 (68), (aap = 1-(2-hydroxyphenyl)-1,3-
butanedionato); [VO(dmba)]2 (69), (dmba = 1,5-bis(p-methoxyphenyl)pentane-
1,3,5-trionato; [VO(dba)]2 (70) (dba = 1,5-diphenylpentane-1,3,5-trionato), were 
found to afford the dehydrogenation product 3,5-di-tert-butyl-1,2-benzoquinone 
(3,5-DTBQ, 71), the intradiol dioxygenase product 3,5-di-tert-butyl muconic acid 
anhydride (72), and the extradiol dioxygenase product 4,6-di-tert-butyl-2-pyrone 
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(73a) in the oxidation of S6, with a rather similar product distribution throughout 
(Table 3 entries 1 – 3).191,208 Additionally, nearly identical results were obtained with 
salen-type complexes [VO(salen)] (74), [salen = ethylenebis(salicylideneaminato)]; 
[VCl(salen)] (75), and [VCl(saldpt)] (76), [saldpt = N,N’-(3,3’-dipropyl-
amino)bis(salicylideneaminato)], and [VO(acac)(TCC)] (77), (TCC = 3,4,5,6-
tetrachlorocatecholato) (Table 3 entry 4 – 5).208,209 

The work of Tatsuno and co-workers later demonstrated the CDO mimetic 
activity of several V-based POMs (n-Bu4N)4H5[PV14O42] ∙ H2O (78), 
(n-Bu4N)3.3Na3.7[MnV13O38] ∙ 24 H2O (79), and (n-Bu4N)5Na2[NiV13O38] ∙ 16 H2O 
(80) in the oxidation of S6.193 However, in addition to the typical products (71 – 73),
a then-misidentified “quinone dimer”, later characterized211 by Finke and co-workers
as the extradiol dioxygenase product spiro[1,4-benzodioxin-2(3H),2′-[2H]pyran]-3-
one-4′,6,6′,8-tetra(tert-butyl) (81a), together with its dynamic (nonisolable)
structural isomer (81b) were additionally obtained in ca. 7 – 11% yield (Table 3
entry 6).193 It was found that monomeric oxidovanadium(V) complexes
Na[VO(3,5-DTBC)2] (82) and Na2[VO(OMe)(3,5-DTBC)2] (83) did not display
CDO mimetic activity, similarly to Mo and W based POMs H3[PMo12O40] ∙ 30 H2O
(84) and H3[PW12O40] ∙ 30 H2O (85), as well as [MoO2(acac)2] (86) (Table 3 entries
7 – 11).193

Despite the activity of various V compounds in S6 oxygenation, the mechanism 
was not known. Tatsuno and Fenton together with co-workers noted characteristic 
features in the dioxygenation reactions such as the inability to oxygenate S7 or S8, 
and the importance of the chosen solvent.191,208 Namely, performing the oxidation of 
S6 in methanol, DMF or THF yields only the dehydrogenation product 71, with no 
oxygenated products, whereas MeCN, CHCl3, benzene and 1,2-dichloroethane 
(1,2-DCE) give practically identical results.191,208 The oxygenation also worked 
equally well under a reduced catalyst loading of 0.1 mol-% of 65 relative to S6 (Table 
3 entry 2), emphasizing the high activity and stability of the active vanadium species 
(TON ≥ 500 for dioxygenated products 72 and 73a).208 Although the catalytically 
active species, or intermediate species en route to the active catalyst, was not known, 
it was recognized that ligand substitution most likely played a significant role. For 
example, species such as [V(salen)(3,5-DTBC)] and [VO(acac)(3,5-DTBC)], 
obtained after oxo abstraction from 74 and replacement of TCC from 77, 
respectively, were invoked to be part of the catalyst activation, akin to the accepted 
CDO mechanism (see Scheme 2 in section 2.1.2.1).208,209 
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Table 3. Aerobic oxidation of S6 catalyzed by structurally diverse vanadium(IV/V) compounds. 

   Product distribution (%)  
Entry Pre-catalyst Conv. (%) 71 72 73a 81 Ref. 

1 [a] (65) [VO(acac)2] (1 mol-%) 100 27 41 15 0 208 
2 [a] 65 (0.1 mol-%) 100 25 43 7 0 208 

3 [a] 

(66 – 70) [VO(acac)(µ–OMe)]2; 
[VO(tmh)(µ–OMe)]2; 
[VO(aap)]2; [VO(dmba)]2; 
[VO(dba)]2 

100 22 – 25 46 – 48 7 – 10 0 191 

4 [a] (74 – 76) [VO(salen)]; 
[VCl(salen)]; [VCl(saldpt)] 100 22 – 28 39 – 43 6 – 7 0 208 

5 [a] (77) [VO(acac)(TCC)] nd 24 45 6 0 209 

6 [a] (78 – 80) PV14O42; MnV13O38; 
NiV13O38 nd 15 – 19 34 – 36 11 – 20 7 – 11 193 

7 [a] (82) Na[VO(3,5-DTBC)2] nd 14 0 0 0 193 
8 [a] (83) Na2[VO(OMe)(3,5-DTBC)2] nd 90 0 0 0 193 
9 [a] (84) PMo12O40 nd 0 0 0 0 193 
10 [a] (85) PW12O40 traces Traces 0 0 0 193 

11 [a] (86) [MoO2(acac)2] nd 11 0 0 0 193 

12 [b] (87) SiW9V3O40 75 ± 4 16 ± 1 40 ± 3 6 ± 1 10 ± 1 211 
13 [b] (88) P2W15V3O62 95 ± 5 9 ± 1 57 ± 3 11 ± 1 17 ± 1 211 
14 [b] (89) (MeCN)xFe ∙ SiW9V3O40 95 ± 5 16 ± 1 46 ± 2 15 ± 1 17 ± 1 211 
15 [b] (90) (MeCN)xFe ∙ P2W15V3O62 95 ± 5 22 ± 1 42 ± 3 11 ± 1 18 ± 1 211 
16 [b] (91) SiW11VO40 ~ 1 0 0 0 0 211 
17 [b] 65 95 ± 5 20 ± 1 45 ± 2 11 ± 1 18 ± 1 211 
18 [b] none (control) < 1 0 0 0 0 211 

Reaction conditions: [a] [V]:[S6] = 1:100 unless specified otherwise, non-alcohol, DMF or THF solvent (MeCN, 
C6H6, 1,2-DCE, CHCl3 afford similar results), RT, 20 h, O2 atmosphere. nd = not determined. Formulas for 
the POMs (entries 6, 9, 10, 12 – 16) have been simplified for clarity (see text). [b] Finke Protocol: [V]:[S6] = ~ 
1:3400, 1,2-DCE, 65 ± 0.1 °C, 20 – ~300 h, O2 atmosphere, S6 re-crystallized three times prior to use under 
N2. Acac = acetylacetonato, tmh = 2,2,6,6-tetramethylheptane-3,5-dionato, aap = 1-(2-hydroxyphenyl)-1,3-
butanedionato, dmba = 1,5-bis(p-methoxyphenyl)pentane-1,3,5-trionato, dba = 1,5-diphenylpentane-1,3,5-
trionato, salen = ethylenebis(salicylideneaminato), saldpt = N,N’-(3,3’-dipropylamino)bis(salicylidene-
aminato), TCC = 3,4,5,6-tetrachlorocatecholato. 
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2.4.1.1 Finke’s “Common Catalyst Hypothesis” 

In 1999 – 2005 several important discoveries that would lead to a breakthrough in V 
catalyzed CDO mimetic chemistry were made by Finke and co-workers.211–214 The 
rather similar product selectivities obtained in the oxidation of S6 catalyzed by 
various structurally diverse V-containing compounds in the earlier literature (Table 
3 entries 1 – 6), particularly in the case of V-POMs, was noted by Finke, Pierpont 
having made similar observations earlier.195 From insights gained from these reports, 
four V-POMs (n-Bu4N)7[SiW9V3O40] (87), (n-Bu4N)9[P2W15V3O62] (88), (n-
Bu4N)5[(MeCN)xFe ∙ SiW9V3O40] (89) and (n-Bu4N)5Na2[(MeCN)xFe ∙ P2W15V3O62] 
(90) were designed and examined as V-based functional CDO mimics.211 Not only
did these pre-catalysts yield nearly exactly the same product distribution as obtained
in all the other cases (Table 3 entries 12 – 15 vs. entries 1 – 6), but from these pre-
catalysts 89 reached a TON ~ 127000, a value that is unmatched to date by other
CDO models based on any transition metal, nor the native CDO metalloenzymes
themselves.211 However, a more fundamental finding was that the oxidation of S6
catalyzed by 87 – 90 was preceded by an (A → B) type induction period followed by
sigmoidal oxygen uptake curves, characteristic features for an autocatalytic (A + B
→ 2B) type reaction (Figure 7).211

Figure 7. Oxygen pressure (Torr) vs. time (hours) plots obtained in oxygen uptake reactions 
involving compounds I – IV (corresponding to 87 – 90, respectively) in the catalytic 
dioxygenation of S6 performed in 1,2-DCE at 40 °C under O2. Reprinted with 
permission from “Weiner, H. & Finke, R. G., ‘An All-Inorganic, Polyoxometalate-
Based Catechol Dioxygenase That Exhibits > 100 000 Catalytic Turnovers’, J. Am. 
Chem. Soc., 1999, 121, 9831–9842”. Copyright 1999 American Chemical Society. 

Further work on V-POM based CDO mimetics with special emphasis in 
understanding the intricacies leading up to the observed product distribution revealed 
several key aspects about the reactions. Namely, it was found that the (A → B) 
induction period was linked to an initial, non-catalytic O2-mediated autoxidation of 
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S6 into 71, and the concurrent generation of H2O2.213 Reactions performed using 
commercial S6 (as-received, non-recrystallized, contains as much as 4% 71 by 
mass213) leads to a significant shortening of the induction periods, whereas treatment 
of the reactions with H2O2 mid-induction period eliminates it altogether.213 

Additional kinetic and mechanistic work involving oxygen uptake experiments 
pointed towards a scenario, whereby H2O2 leaches vanadium from the catalyst 
precursors (V-POMs), generating the active catalyst.212,214 More support for the H2O2 
leaching hypothesis was obtained in the case of the pre-catalyst 
(n-Bu4N)5[SiW11VO40] (91), a compound reportedly215,216 resistant to the effects of 
H2O2, for which dioxygenase products could not be obtained (Table 3 entry 16).214  
A “common catalyst hypothesis” was coined, proposing that any H2O2 sensitive V-
POM based pre-catalyst would undergo transformation in the presence of excess S6, 
H2O2 generated concomitant to 71, and O2 into the “common catalyst”, which, once 
formed, then feeds into new catalytic cycles, generating the characteristic† 
dioxygenase product distribution in an “autoxidation-initiated-dioxygenase 
reaction” shown in nearly all cases in Table 3.213,214 

2.4.1.2 Common Catalyst Identification 

Pierpont and co-workers have demonstrated that simple vanadium compounds such 
as 65 or [V(CO)6] react under an inert atmosphere with excess S6 or 71, forming the 
paramagnetic oxygen-sensitive complex [V(3,5-DTBC)2(3,5-DTBSQ•)] (92, where 
3,5-DTBSQ• = 3,5-di-tert-butyl-1,2-semiquinonato) which at RT has a 10-line EPR 
spectrum having a ⟨g⟩ ~ 2.004 and a A(51V) ~ 2.1 G.202 Upon exposure to O2, 92 is 
slowly oxidized into [VO(3,5-DTBC)(3,5-DTBSQ•)] (93), which readily dimerizes 
into [VO(3,5-DTBC)(3,5-DTBSQ•)]2 [93]2, which has a characteristic nine-line EPR 
spectrum at RT with a ⟨g⟩ ~ 2.004 – 2.006 and a A(51V) ~ 2.85 G (see Figure 15 
section 5.2.2.3), consistent with an organic radical (3,5-DTBSQ•) coupling weakly 
to a diamagnetic vanadium center.202 See Scheme 10 for reactions involving 92, 93 
and [93]2. Even further reaction with O2 in the absence of S6 destroys 93, leading to 
a loss of EPR signal and generation of free 71 as well as V2O5.202 

The mixed (oxido)vanadium-catecholato-semiquinonato complexes 92 and 93  
had been suspected as possible reaction intermediates in V-CDO mimetic reactions 
by Pierpont.195 Decisive evidence of their involvement was found by Finke and co-

† [V]:[S6] stoichiometry strongly affects S6 oxidation outcome. For example, performing 
a reaction with a [V]:[S6]:[H2O2] molar ratio of 1:4:1 i.e., 25 mol-% SiW9V3O40

7– 
relative to S6, yields 56 ± 6% 71 and ≤ 3% dioxygenase products 72, 73a and 81, 
highlighting the importance of performing the reactions with a catalytic amount of 
vanadium pre-catalysts. 
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workers, who demonstrated that an authentic sample of [93]2 commenced the 
dioxygenation of S6 immediately, with Na2[V(3,5-DTBC)3]2 (94), a close analogue 
of 92, showing an induction period of ca. 10 minutes (Figure 8).214 Thus, [93]2 and 
94 acted as “kinetically competent” species on the way to the formation of the active 
catalyst.214 However, [VO(3,5-DTBC)2]2– (95), as a “kinetically incompetent” 
species, was not directly involved in the catalytic cycle, showing a ca. two-hour 
induction period (Figure 8).214 Later on, the species [93]2 and its half-fragment 93 
have been explicitly detected during catalysis using EPR spectroscopy and ESI-MS 
when using e.g., 65 and 78 as pre-catalysts. Invoking Halpern’s rules (see section 
2.2) the species [93]2 has been suggested by Finke and co-workers to be the catalytic 
resting-state, kinetically close to the presumed active species 93.212,214 By extension, 
due to the very similar product distribution obtained for nearly all V-containing pre-
catalysts in Table 3, almost all pre-catalyst are strongly implied to transform into the 
same active form during catalysis, and thus follow the “common catalyst 
hypothesis”.211–214 

Figure 8. Oxygen pressure vs. time plots obtained in oxygen uptake reactions involving 
kinetically competent and incompetent vanadium(IV/V) catecholato complexes 93 – 
95 en route to the catalytically active species in the catalytic dioxygenation of S6 
performed in 1,2-DCE at 40 °C under O2. Reprinted with permission from “Yin, C. & 
Finke, R. G., ‘Vanadium-Based, Extended Catalytic Lifetime Catechol 
Dioxygenases: Evidence for a Common Catalyst’, J. Am. Chem. Soc., 2005, 127, 
9003–9013”. Copyright 2005 American Chemical Society. 

The results obtained by Finke and co-workers united the previously seemingly 
disparate literature on V catalyzed CDO mimetic chemistry: it was now understood 
that S7 and S8 fail to produce dioxygenase products because they are not autoxidized 
easily in comparison to S6, and thus unable to form the active catalysts. This was 
later further exemplified with another easily autoxidized substrate, 3,6-di-tert-
butylcatechol (3,6-DTBCH2). Various vanadium precursors were shown to react 
similarly with 3,6-DTBCH2 as they do with S6, generating analogous EPR-active  
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Scheme 10.  General vanadium catalyzed S6 dioxygenation mechanism as per the common 
catalyst hypothesis by Finke and co-workers. Adapted from 212. The formation of the 
presumed active catalyst 93 from any H2O2 sensitive initial V-precursor [V], via 92 
and [93]2 as proposed by Pierpont and co-workers is also presented. For the 
individual reaction steps, see section 2.1.2.1. 

vanadium-catecholato-semiquinonato species, as well as a characteristic CDO 
mimetic product distribution.217 Moreover, strongly coordinating solvents including 
MeOH, THF and DMF lead to poor performance in S6 dioxygenation due to 
competitive coordination at vanadium, hindering formation of the active catalyst(s). 
The formation of the active catalyst could additionally be inhibited by treatment of 
[93]2 catalyzed S6 oxygenation, mid-reaction, by excess multidentate ligand 1,4,7-
triazacyclononane (TACN), dropping the yield of the major intradiol product 72 to
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< 0.2% from ~ 40%, and promoting the yield of the autoxidation product 71 from 
~21% to 41%.212 The apparently high activity of 65, even at 0.1 mol-% loadings, on 
the other hand, could now be rationalized by the extremely high activity of the 
presumed active catalyst 93 capable of at least 127000 turnovers. Based on all 
available information, a general V catalyzed CDO mimetic mechanism has been 
proposed by Finke and co-workers (Scheme 10), exemplified by the dioxygenation 
of S6, closely paralleling that proposed for iron (see Scheme 2 section 2.1.2.1).212 

2.4.2 Vanadium Catechol Oxidase Mimetics 
While most TYR and CO mimetic chemistry focus on Cu-based functional/structural 
models,43,218 many other mono- and dinuclear complexes of metals including Co, 
Mn, Ni, Zn and Fe have been described to catalyze the oxidative dehydrogenation of 
catechols.42,219–221 Similarly to V catalyzed CDO mimetic chemistry, the substrate of 
choice in V-CO mimetic chemistry is S6, followed by S7 and S8.222–224 There is also 
a single report by Maurya and co-workers demonstrating the oxidation of dopamine 
by oxidovanadium(V) complexes.225 A typical V catalyzed CO mimetic study entails 
the monitoring of the substrate oxidation by in-situ UV-Vis absorption spectroscopy, 
as 1,2-benzoquinone, 4-TBQ (96, 4-TBQ = 4-tert-butyl-1,2-benzoquinone) and 71 
have a characteristic strong absorption signal at ca. 400 nm (see Figure 13 section 
5.2.1). The measurements are performed at variable [V]:[S] ([S] = substrate 
concentration) concentrations usually assuming the reactions follow Michaelis–
Menten kinetics (see section 4.3.1 for more details). 

V catalyzed CO mimetic chemistry is a rather new area of research. While the 
very first reports of V-CO mimetic chemistry by Chakravorty and co-workers date 
back in the early 2000’s,226–228 the 2012 work of Ramadan, Hu, and co-workers, 
involving seven oxidovanadium(IV) picolyl hydrazone complexes such as 97 and V-
POMs, respectively, were the first to address the kinetics involved in these 
reactions.229,230 97, the most active complex from the study by Ramadan and co-
workers, reportedly reaches an enzymatic turnover number (kcat) of 1439 h–1 in the 
oxidative dehydrogenation of S7 in DMF and the presence of one eqv. Et3N relative 
to S7 (Table 4 entry 1).229 Since these reports, several oxidovanadium(IV/V)
complexes supported by multidentate aminobisphenolato (98), iminophenolato (99), 
salen (100 and 101) and aryl hydrazide (102) type ligands have been described 
(Table 4 entries 2 – 6).222–224,231 From these reports, the dioxidovanadium(V) complex 
99 is the most active V-CO mimic ever reported, reaching kcat = 2063 h–1 in the 
oxidative dehydrogenation of S6 in methanol (Table 4 entry 2).222 Mechanistic 
investigations involving ESI-MS(+) and iodometric titration revealed that free ligand 
is released and H2O2 is produced during the reaction.222 Despite this 71 was 
reportedly obtained in 67% yield.222 In the study by Maurya and co-workers S6 failed 
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to react in the presence of 98 in methanol, supposedly due to steric factors, whereas 
S8 was oxidized with a kcat = 3.24 h–1 (Table 4 entry 6).224 

Despite the several reports of V-CO mimetic chemistry the mechanism of action 
is debatable as each report offers a drastically different proposal. However, a central 
feature in all proposals is an indirect participation of O2 as a proton acceptor as seen 
in the widely accepted Cu-mediated CO mechanism (Scheme 4 section 
2.1.3.1).223,229,231 Moreover, in the case of 100 and 101, the proposed mechanism 
involves prior activation of S6, forming 3,5-DTBSQ•, akin to that seen in the CDO 
mechanism (Scheme 2 section 2.1.2.1).223 However, this is suggested to occur via a 
ligand-assisted pathway that invokes a one-electron reduction of a ligand imine C=N 
bond, instead of a metal-centered one.223 

Table 4. A near exhaustive list of vanadium pre-catalysts studied in contemporary CO mimetic 
research. 

Entry Substrate Solvent Cat. kcat (h–1) Ref. 
1 S7 DMF 97 1439 229

2 S6 MeOH 99 2063 222

3 S6 MeOH 102 1737 231

4 S6 MeCN 100 395.1 223

5 S6 MeCN 101 384.3 223

6 S8 MeOH 98 3.24 224

Prg = propargyl group (—CH2C≡CH) 
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3 Aims of the Studies 

The aims of this PhD thesis were to design, synthesize and characterize new Mo, W 
and V based complexes supported by multidentate amino(bis)phenolato and similar 
ligands, and explore their activity in catalytic alkene epoxidation and catechol 
oxidation chemistry mimicking the action of VHPOs and CO. The unexpected 
results from study II prompted studies pertaining to CDO mimetic chemistry as well. 

The work can be summarized as follows: 

I. Investigation of oxidovanadium(V) complexes supported by L-proline
derived amino acid phenolato ligands as biomimetic models of VHPOs.  The
complexes were found to catalytically oxidize catechols to o-quinones under
aerobic conditions and were thus additionally investigated as functional CO
mimics.

II. Investigation of CO mimetic chemistry of Mo, W and V complexes based
on a bioinspired, highly hydroxyl functionalized Schiff-base ligand.
Although the aims of this study were set on CO mimetic chemistry, the CDO
mimetic properties of the studied vanadium complex were serendipitously
discovered.

III. Upon discovery of the CDO mimetic properties of the vanadium complex in
the study II, several vanadium complexes that display CO mimetic activity
in our previous publications (incl. publication I) were (re)investigated as
functional CDO mimics. Mechanistic investigations were able to draw
connections to the work of Finke and co-workers.

IV. Investigation of dioxidomolybdenum(VI) and -tungsten(VI) complexes
supported by multidentate aminobisphenolato ligands in catalytic alkene
epoxidation. Inspired by the work of Mösch-Zanetti and co-workers, the aim
was to explore ligand centered H-bond donating effects and its possible
effects on the alkene epoxidation activity of the complexes. Furthermore, an
alkene epoxidation mechanism based on experimental results and support
by DFT was proposed for these types of complexes for the first time.
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4 Materials and Methods 

4.1 General Instrumentation 
All NMR spectra were recorded primarily on a Bruker AVANCE-III 500 MHz 
instrument equipped with a broad-band smart probe. Additionally, Bruker 
AVANCE-III 400 MHz and 600 MHz instruments equipped with a broad-band smart 
probe, and CryoProbe Prodigy triple resonance inverse probe, respectively, were 
used for 1H and 13C NMR measurements. Homo- and heteronuclear DQF-COSY, 
NOESY, HSQC and HMBC 2D NMR experiments were performed for selected 
compounds. All 1H and 13C NMR spectra are reported in parts per million (ppm) 
relative to tetramethylsilane (TMS, δ 0.00 ppm), but referenced to residual solvent 
signals, regardless whether TMS is present or not, according to published data.232 
The 0.00 ppm vanadium reference frequency was calculated from the TMS 1H 
frequency using the unified chemical shift scale by IUPAC (Ξ(51V, VOCl3) = 
26.302948) where Ξ = precise ratio of the resonance frequency of a nuclide, in %, 
vs. that of the primary reference, < 1 w-% TMS in CDCl3.233 

All infrared (IR) spectra were recorded on a Bruker VERTEX 70 FTIR 
spectrophotometer equipped with a RT-DLaTGS detector (RT-DLaTGS = room 
temperature deuterated lanthanum α-alanine doped triglycine sulfate). For each 
individual measurement, 64 scans were performed using a Harrick VideoMVP™ 
Single Reflection ATR (Attenuated Total Reflection) Microsampler accessory. All 
IR spectra were recorded in transmittance mode. All ultraviolet-visible-near infrared 
(UV-Vis-NIR) spectra were recorded on an Agilent CARY60 UV-Vis 
spectrophotometer between 200–1000 nm using a ∅ = 1 cm quartz cuvette. Circular 
Dichroism (CD) spectra were recorded on a Chirascan qCD spectrophotometer. ESI-
HRMS spectra were recorded on a Bruker Daltonics MicroTOF-Q II electrospray 
ionization time-of-flight (ESI TOF) mass spectrometer using both positive and 
negative polarizations. All MS results are given in cationic or anionic mass peaks as 
mass-to-charge (m/z) ratios. 

Cyclic voltammetry (CV) electrochemical measurements were performed at RT 
for selected compounds using a standard three-electrode setup on an Autolab 
PGSTAT101 potentiostat. Platinum wire (∅ = 1 mm) and glassy carbon working 
electrodes were polished and rinsed with quartz distilled water and technical EtOH 
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prior to use. The Ag/AgCl quasi-reference electrode was calibrated against the 
ferrocene/ferrocenium (Fc/Fc+) redox-couple (E½(Fc/Fc+) = 0.55 V).234 A coiled Pt 
wire acted as the counter electrode. The electrochemical measurements were 
performed in dry electrochemical grade MeCN with 0.1 M n-Bu4NBF4 as the 
supporting electrode. A variable scan-rate between 50 – 750 mV s–1 was used. 
Electrochemical windows for measurements performed Pt and glassy carbon 
working electrodes were –0.8 to +2.3 V and –2.5 to +2.5 V, respectively. 

XRD data of all studied compounds were collected with four different 
diffractometer setups: i) Bruker-Nonius Kappa CCD equipped with APEXII detector 
using graphite-monochromated Mo-Kα (λ = 0.71073 Å) radiation, ii) Rigaku Oxford 
Diffraction SuperNova single-source diffractometer equipped with an Eos detector 
using multi-layer optics monochromated Mo-Kα radiation, iii) Rigaku Oxford 
Diffraction SuperNova dual-source (Cu/Mo) equipped with an Atlas detector using 
multi-layer optics monochromated Cu-Kα radiation (λ = 1.54184) and iv) on a 
Bruker-AXS SMART APEX II equipped with a CCD detector using 
monochromatized Mo-Kα radiation. For data obtained using Rigaku instruments 
collection and processing were carried by CrysAlisPro software.235 Data collection 
and processing were done using COLLECT236, HKL Denzo237 and Scalepack237 
whereas absorption correction was applied using SADABS238. Crystal structures 
were solved and refined within Olex239 program package using 
SHELXS240/SHELXT241 and SHELXL242, respectively. 

4.2 Syntheses and Characterization 
All syntheses and workups were performed under ambient conditions using as-
received commercial technical/analytical grade solvents without extra purification 
or drying steps involved, unless explicitly stated. All reagents were either 
synthesized according to published procedures or obtained from commercial 
sources, in which case they were used as-received, unless stated otherwise. All new 
compounds were characterized by IR, 1H and 13C NMR spectroscopy, as well as ESI-
MS for new complexes. Some compounds were additionally characterized by UV-
Vis spectrophotometry, and all complexes except V2 and V3 were characterized by 
single crystal XRD. 

4.2.1 Proligand Syntheses 
For publication I the proligand H2L1 was prepared in refluxing MeOH by Mannich 
condensation between 2,4-di-tert-butylphenol, formaldehyde, and L-proline 
according to the report of Safaei and Sheykhi, with some modifications.243 
Proligands H2L2 – H2L4 were synthesized analogously. The compounds were 
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purified by column chromatography on silica gel and isolated as slightly purple to 
pink colored solids. The proligand H4L5 (publication II) was synthesized in 
refluxing EtOH using imine condensation between 3,5-di-tert-butylsalicylaldehyde 
and tris(hydroxymethyl)aminomethane, following the report by Mukherjee and Dey, 
with slight changes.219 The pure compound was obtained as a brightly yellow 
microcrystalline solid after trituration in DCM. Proligands H2L6–7 and H2L9–10 
(publication IV) were prepared in refluxing MeCN by SN2 substitution between 
bis(3,5-di-tert-butyl-2-hydroxybenzyl)amine244,245 (103, see Figure 11). and 
appropriately N-substituted α-bromo-N-(alkyl/aryl)acetamides246–249, synthesized 
and characterized separately. Proligand H2L8 (publication IV) was synthesized via 
a modified in-situ Schotten-Baumann like reaction250 involving acyl substitution 
between sodium bis(3,5-di-tert-butyl-2-hydroxybenzyl)glycinate251 (104, see Figure 
11) and benzylamine in the presence of thionyl chloride. H2L6–9 were purified by
column chromatography on silica gel followed by crystallization from MeOH,
whereas crude H2L10 crystallized from MeOH after the reaction. See publications I
– IV for the most detailed descriptions of the syntheses and characterization.

Figure 9. The structures of all proligands prepared and characterized in this PhD work. DIPP 
= 2,6-di-iso-propylphenyl. 

4.2.2 Complex Syntheses 
All complexes were synthesized via ligand exchange applying different conditions 
using various proligands (Figure 9) and equimolar amounts of vanadium precursors 
65, [VO(Oi-Pr)3] (i-Pr = iso-propyl) (105), or VOSO4 ∙ 5 H2O (106), molybdenum 
precursors 86 or Na2MoO4 ∙ 2 H2O (107), or tungsten precursors [W(eg)3] (108) or 
Na2WO4 ∙ 2 H2O (109). Metal precursors 65, 105, 106, 107 and 109 were obtained 
from commercial sources, whereas 86252 and 108253 were synthesized according to 
known procedures. 

For publication I the complexes V1 – V4 were obtained by gently warming H2L1 
– H2L4 with one equivalent of 65, or 105, or 106 in MeOH. Two equivalents of Et3N
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may additionally be added if 106 was used as the vanadium precursor. V1 – V4 were 
obtained as dark red-brown needle like crystals from MeOH at –26 °C over a period 
of several days. They were isolated by Büchner filtration, washed with ice-cold n-
hexane and air-dried. Mo1 (publication II) was obtained as yellow crystals by 
reacting H4L5 with one equivalent of 86 in MeOH at RT for three days. Additionally, 
Mo1 can be synthesized using 107 and a small amount of glacial acetic acid. W1 
(publication II) was obtained as pale-yellow microcrystals in a reaction between 
equimolar amounts of H4L5 and 108 in MeOH:CHCl3 (1:1 V:V) at RT. Additionally, 
109 can be used to synthesize W1, in analogy to Mo1. Complexes Mo2 – Mo6 and 
W2 – W5 (publication IV) are very easily obtained in MeOH as yellow and pale-
yellow crystals by reaction between equimolar amounts of respective ligand 
precursor H2L6–10 and 86 or 107, and 108 or 109, respectively. The complexes were 
isolated by Büchner filtration, washed with small amounts of ice-cold MeOH and 
air-dried. Additionally, previously reported vanadium and molybdenum complexes 
V6 – V9254–259 and Mo7 – 11260–263 were synthesized and characterized according to 
published methods for use in catalytic catechol oxidation (publication III) as well as 
in alkene epoxidation (publication IV), respectively (see Tables 5 and 7 as well as 
Scheme 13). 

Figure 10. The structures of all new complexes designed, prepared, and characterized in this 
PhD work. Also presented are the structures of the various Mo, W and V precursor 
complexes used in synthetic work. DIPP = 2,6-di-iso-propylphenyl. 
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4.3 Catalysis 

4.3.1 Catechol Oxidase Mimetics 
Complexes V1 – V5, Mo1 and W1 (publications I and II) were examined in CO 
mimetic chemistry with substrates S6 – S8. The reactions were performed at RT in 
MeOH, MeCN and CHCl3 and monitored by in-situ UV-Vis spectroscopy, following 
the formation of the respective o-quinones that have a characteristic absorption at 
ca. 400 nm (see Figure 13).264,265 Reaction kinetics were assessed using the method 
of initial rates. For this purpose, in a typical catalytic reaction, solutions containing 
the pre-catalysts and S6 – S8 were combined in a quartz cuvette, with [V]:[S] varying 
between a factor of 1:10 to 1:17500. The initial reaction rates at every [V]:[S] molar 
ratio were determined from absorbance vs. time plots directly using the on-board 
Cary WinUV Kinetics software, and then fitted with Origin software to the 
Michaelis–Menten equation (6) using non-linear regression analysis. From the data 
analysis was obtained the maximum reaction rates Vmax and the Michaelis constants 
(substrate concentration at ½ Vmax). The turnover frequency was calculated using 
equation (7), where [ET] is the concentration of the pre-catalysts i.e., number of 
catalyst active sites. 

𝑣𝑣 =  𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚×[𝑆𝑆]
𝐾𝐾𝑀𝑀 + [𝑆𝑆]  (6) 

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐  = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
[𝐸𝐸𝑇𝑇] (7) 

4.3.2 Catechol Dioxygenase Mimetics 
Complexes V1, V5, V6 – V9 (publication III) were (re)examined as functional CDO 
mimics in the oxidation of S6. The reactions were performed with a slightly modified 
Finke protocol.211 In a typical reaction, several mg of the complexes were reacted 
with ca. 1000 mg S6 in 1,2-DCE under an O2 atmosphere at 65 °C for 21 – 53 h with 
the [V]:[S6] molar ratio varying between 1:300 to 1:881. The progression of the 
reactions was monitored by thin-layer chromatography (TLC). Upon completion, all 
products were isolated by column chromatography on silica gel 
[3 cm × 45 cm (diameter × height) using ca. 250 mL Merck silica gel 60 
(0.040–0.063 mm pore size)] and DCM, and identified by 1H and 13C NMR 
spectroscopy according to published data.211 Conversion was estimated based on 
TLC, and product yields were determined directly by weighing or estimated by 1H 
NMR spectroscopy (for mixtures). Control reactions were performed under a 100% 
O2 or N2 atmosphere with and without several additives such as V5, Et3N, H2O2. The 
reaction product distribution was additionally qualitatively assessed with GC using 
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FID and MS detectors. GC-FID is equipped with HP-1 column (30 m × 320 μm × 
0.25 μm), and He as the carrier gas, using following temperature program: Tinlet = 
250 °C, oven Tinitial = 80°C (8 min), rate 10 °C min−1, Tfinal = 300 °C, hold 5 min. GC-
MS is equipped with Triple-Axis Detector, HP-5MS column (30 m × 250 μm × 0.25 
μm), and He as the carrier gas, using temperature program: Tinlet = 250 °C, oven Tinitial 
= 80°C (4 min), rate 25 °C min−1, Tfinal = 300 °C, hold 10 min. 

Vanadium speciation during the CDO mimetic reactions was monitored by EPR 
and 51V NMR spectroscopy, as well as by ESI-HRMS(–). The reactions were 
performed at RT under ambient conditions in CDCl3 (51V NMR) and toluene (EPR) 
using a [V]:[S6] molar ratio of ~ 1:100. 51V NMR measurements were done on the 
Bruker AVANCE III instrument from +4000 ppm to –4000 ppm. EPR was measured 
on a Freiberg Instruments Miniscope X-band EPR spectrophotometer. Full scan EPR 
spectra were recorded from 25 to 650 mT (250 to 6500 G), and center-field scans 
were performed from 334 to 339.5 mT (3340 to 3395 G) with a sweep time of 60 s, 
0.100 mT signal modulation and 100% microwave power, with a 0 dB attenuation. 
The 51V NMR samples in CDCl3 were diluted in MS grade MeCN for ESI-HRMS 
measurements. 

4.3.3 Alkene Epoxidation 
Complexes Mo2 – Mo5 and W2 – W5 were investigated as pre-catalysts in the 
epoxidation of S1 – S5 (publication IV). For mechanistic and comparison purposes, 
known dioxidomolybdenum(VI) complexes Mo7 – Mo11 were additionally 
synthesized, characterized and (re)examined in epoxidation. Preliminary 
epoxidation experiments were carried out by 1H NMR spectroscopy using the 
benchmark substrate S1. In a typical run, 0.500 mL CDCl3 stock solution of S1 (c = 
0.153 M) and 0.500 mL CHCl3 stock solutions of the respective complexes at 
appropriate catalyst loading (c = 1.53 × 10–4 to 1.53 × 10–6 M) were combined in 
sealable test tubes, thermostated to 50 °C and subsequently treated with appropriate 
amount of TBHPaq (19.2 µL ca. 8.0 M aqueous TBHP). For 1 mol-% experiments 
several mg of the respective complexes were directly weighed in the reaction 
medium containing S1. Conversion, yield, and selectivity were determined by 1H 
NMR spectroscopy after reactions were run for a specific time (e.g., for 24 h). 
  Kinetics reactions were performed analogously in CDCl3:CHCl3 and monitored 
by in-situ 1H NMR on the Bruker AVANCE III 500 MHz instrument. In a typical 
run, CHCl3 stock solutions of the respective complexes at appropriate catalyst 
loading and S1 in CDCl3 were combined in ∅ = 5 mm NMR tubes. After the reaction 
mixtures were thermostatted at 50 ± 0.1 °C they were treated with appropriate 
amount of TBHPaq, immediately zeroed and subsequently monitored at specific 
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intervals for several hours (see publication IV for details). Conversion, yield, and 
selectivity at given intervals were determined using 1,2-DCE as an internal standard. 

For reactions involving S2 – S5 and W2 – W5, a Heidolph Parallel Synthesizer 
was used. In a typical experiment, 2 – 3 mg (for 1 mol-% experiments) complex, 
appropriate amount of S2 – S5, and mesitylene internal standard was suspended in 
0.5 mL CHCl3 in 5 mL glass reactor vessels equipped with a magnetic stir-bar. The 
reactions were thermostatted at 50 °C, treated with TBHPdec (ca. 5.5 M TBHP in n-
decane) or H2O2 to commence the reactions, then zeroed. Conversion, yield, and 
selectivity for the epoxides were determined by GC-MS on an Agilent Technologies 
7890 GC system by periodically withdrawing aliquots for GC-MS analysis. Prior to 
analysis, the withdrawn samples were treated with MnO2 to quench any remaining 
peroxides. 
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5 Results and Discussion 

5.1 Syntheses and Characterization 

5.1.1 Proligands 
In publication I, the original synthesis for H2L1 as reported by Safaei and Sheykhi 
involves mixing of 2,4-di-tert-butylphenol, aqueous formaldehyde and L-proline 
with a molar ratio of 1:4:2 in neat conditions under reflux temperatures for two 
days.243 In our hands, this method led to unsatisfactory results. Instead, a 16-hour 
reflux in MeOH using equimolar (1:1:1) amounts of the reagents was necessary for 
successful synthesis. Purification of the target compound via column 
chromatography was needed, as crystallization was difficult. If crystals were 
obtained, it was found that unreacted 2,4-di-tert-butylphenol co-crystallizes with 
H2L1. The NMR-pure target compound was obtained, rather peculiarly, as a light 
purple solid after column chromatography on silica gel (DCM:MeOH eluent) with a 
very good 80% yield. H2L2 – H2L4, similarly light purple to pink colored solids, 
were prepared and purified analogously, and obtained with a yield of 60 – 94%. 
Being chiral, the compounds displayed particularly complicated 1H NMR spectra in 
the pyrrolidine moiety. Thus, adequate characterization required DQF-COSY, 
NOESY, HMBC and HSQC 2D NMR methods. 

The proligand H4L5 (publication II) was successfully synthesized with an 
excellent 91% yield following the report by Mukherjee and Dey,219 with slight 
modification in the purification step. However, the 1H NMR spectrum of H4L5 
obtained in DMSO-d6 differed significantly from that reported.219 Nevertheless, the 
1H NMR spectrum obtained by us is in very good agreement with the expected 
structure of H4L5. 

Interesting features in the 1H NMR spectrum of H4L5 is the signal of the phenolic 
proton, found at 14.90 ppm in DMSO-d6, which is significantly downfield for what 
would generally be expected for phenols or salicylaldehyde derivatives, at ca. 10 
ppm or below. The significant downfield shift can be ascribed to moderate de-
shielding effect caused by intramolecular H-bonding of the phenol proton to the 
imine nitrogen atom, similar effects having been described for other Schiff-base 
compounds.266 It is ultimately caused by enolimine-ketoenamine tautomerization 
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frequently observed in Schiff-bases.267 Attempts to synthesize the aminephenol 110 
(Figure 11) via NaBH4 reductive amination of H4L5 failed. However, traces of 110 
were obtained by Mannich condensation between 2,4-di-tert-butylphenol, 
formaldehyde and tris(hydroxymethyl)aminomethane. Aminebisphenol 111 and 
benzoxazine 112 were obtained as unwanted by-products (Figure 11). 

Recently, a straightforward one-pot Schotten–Baumann like reaction of wide 
utility, involving the synthesis of secondary and tertiary amides via SOCl2 mediated 
coupling of carboxylic acids and amines has been described by Leggio and co-
workers.250 The protocol was tested in the synthesis of H2L6 – H2L10 (publication 
IV). SOCl2 activated coupling of 104 with weakly nucleophilic amines i.e., aniline 
(for H2L6), N-methylaniline (H2L7) and tert-butylamine (H2L9) failed and only 
produced the corresponding ammonium carboxylate salts based on the lack of 
CONH or CONCH3 HMBC correlations in the expected peptide moiety (see below). 
Following unsatisfactory results with aniline, the coupling of 104 with 2,6-di-iso-
propylaniline (for H2L10) was not attempted. However, H2L8 was successfully 
obtained in a fair 28% yield via SOCl2 mediated coupling of 104 with benzylamine. 
However, H2L8 was accompanied by the formation of a major side product 113 
through intramolecular acyl substitution (Figure 11).  

The synthesis of the proligands H2L6–7 and H2L9–10, which were obtained in 
25 – 67% yield, was accomplished via base-assisted SN2 substitution between 103 
and 2-bromo-N-phenylacetamide 114 (for H2L6), 2-bromo-N-methyl-N-phenylacet-
amide 115 (H2L7), 2-bromo-N-(tert-butyl)acetamide 116 (H2L9), or 2-bromo-N-
(2,6-di-iso-propylphenyl)acetamide 117 (H2L10). To distinguish successful 
coupling from the salt formation (see above), the peptide functional group was 
identified using HMBC (1H—13C connection CONH for H2L6 and H2L8–10, 
CONCH3 for H2L7). The compounds were isolated by column chromatography on 
silica gel and re-crystallized from hot MeOH prior to complexations. The proligand 
H2L10 directly crystallized from the reaction mixture. 

5.1.2 Complexes 
Complexes V1 – V4 of the type [VO(κ3-L1–4)(OMe)(MeOH)] were obtained in 30 
– 80% yield by performing the complexations in 60 °C methanol over a period of ca.
two hours (Publication I). The reactions with H2L1–4 were repeated using all
available vanadium starting materials i.e., 65, or 105, or 106, and all were found to
afford the respective complex V1 – V4, regardless of used V-precursor. Reactions
involving 105 were typically the highest yielding, and procedurally the simplest. If
106 was used, an added base (Et3N) was not necessary, but improved yields slightly.
Lastly, reactions involving 65 were often incomplete in two hours, leading to
lowered yields as well as co-crystallization of unreacted 65 as teal-colored crystals.
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Thus, given the sensitivity of 105 towards atmospheric moisture and synthetic 
problems associated with the use of 65, the 106/Et3N route is considered the most 
optimal synthetic procedure. V1 – V4 dissolve well in most laboratory solvents, and 
are benchtop stable in their solid, crystalline state over a period of at least four years. 
However, they are rapidly destroyed by water and oxidants such as H2O2 or TBHP 
when dissolved. 

The solution-state structures of V1 – V4 are complicated as determined by 1H 
NMR spectroscopy, similarly to the case of the proligands. Moreover, 51V NMR 
spectroscopy revealed several signals the number and intensity of which are highly 
dependent on the used NMR solvent, highlighting the rather dynamic behavior of V1 
– V4 in solution, a phenomenon well known for related V complexes as
well.162,224,225,268–270 For example, in CDCl3 V1 has three 51V NMR signals at
δ –499, –502 and –533 ppm with a ratio of ca. 1:0.8:0.6, respectively. In DMSO-d6
V1 has at least five different broad and severely overlapped 51V NMR signals in the
range of δ –459 to –550 ppm.  The chemical shift in 51V NMR in various V-
containing compounds is known to be very sensitive to even slight electronic
changes at the V center, and can cover shift ranges from +2600 to –2100 ppm vs.
[VOCl3].206,271–273

In V1 – V4 the numerous signals most probably arise from structural isomers: 
because the ligands L1–4 are tridentate only, the oxido, methoxido and methanol 
ligands may coordinate in three different axial and equatorial positions, leading to 
distinct isomers. Martins and others have shown in similar aminobisphenolato 
supported oxidoalkoxidovanadium(V) complexes that depending on the exact ligand 
trans relative to the ligand amino group, stable isomers with slightly different 51V 
NMR shifts arise.268,270 In addition, Maurya and co-workers have demonstrated 
similar effects in related complexes such as 98 (see Table 4 section 2.4.2).224,225 
Vanadium complexes may often also adopt five-coordinate geometries, so it may be 
reasonably expected that the different isomers in V1 – V4 may interconvert via 
removal of the MeOH ligand. This is supported by the fact that in MeOH-d4 V1 has 
one major 51V NMR signal at δ –466 ppm, and two minor signals at –493 and –554 
ppm with 1:0.04:0.02 relative population, respectively. The very high excess of 
MeOH-d4 potentially “locks” V1 into its kinetically most stable form, presumably 
of type [VO(L1)(OMe)(MeOH-d4)], hindering interconversion between the other 
isomers. 

In the publication II, Mo1 was easily obtained in 73% yield by mixing equimolar 
amounts of H4L5 and 86 at RT for 72 hours. Slightly lower yields (60%) are reached 
if 107 is used. Yellow crystals suitable for XRD were obtained upon storage of the 
reaction mixture at –26 °C for a week. W1 was similarly obtained in 47% yield in 
reaction between equimolar amounts of H4L5 and 108 or 109, although crystals 
could be obtained upon storage for two weeks at +5 °C. Use of 108 as the W 
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precursor leads to very poor 9% yield of W1. If Mo/W salts 107 or 109 were used in 
the syntheses, a small amount of glacial acetic acid was added to prevent formation 
of POMs.274  Compounds that have exchangeable hydrogen atoms typically show 
extremely slow 1H/2H exchange rates in DMSO-d6.275 Thus, the coordination mode 
of HnL5 could be unequivocally determined in Mo1 and W1 by 1H NMR 
spectroscopy in DMSO-d6. Both complexes are coordinated in a tridentate dianionic 
manner, having structures of the type [MO2(κ3-H2L5)], where M = Mo (Mo1) and 
W (W1). However, Mo1 fills the sixth coordination site by forming an infinite 
polymer, whereas W2 forms an aqua complex (see Figure 12 section 5.1.3). Mo1 
and W1 are sparingly soluble in alcohols and chlorinated solvents, but well soluble 
in MeCN or DMSO. Additionally, they are benchtop stable in solid form and when 
dissolved. 

The compound V5 (publication II) is obtained in 89% yield by mixing equimolar 
amounts of H4L5 and 65 at RT in MeOH. An umber-colored non-crystalline solid is 
quickly precipitated upon introduction of the reagents. Re-crystallization from hot 
MeCN affords dark XRD quality single crystals of V5. 1H NMR measurements for 
both the non-crystalline solid and the crystals, performed in acetone-d6 which 
displays similar diminished 1H/2H exchange rates as DMSO, reveals that the ligand 
is coordinated in a tetradentate trianionic fashion, giving a structure of the type  
[VO(κ4-HL5)], in stark contrast to Mo1 and W1. 51V NMR spectroscopy shows a 
single signal at δ –562 ppm, underlining the high coordinative rigidity of V5 in 
solution. Originally assumed to potentially adopt a stable five-coordinate geometry, 
ESI-HRMS measurements instead point towards a dinuclear structure of the type  
[VO(κ4-HL5)]2, which was confirmed by XRD. V5 dissolves very well in acetone, 
and sparingly in MeOH, MeCN, CHCl3 and DMSO. It is benchtop stable in solid 
state as well as in solution. 

Mo2 – Mo6 and W2 – W5 (publication IV) were synthesized via a technique 
whereby small (< 0.2 mmol) amounts of H2L6–10 were reacted with equimolar 
amounts of 86 or 107, and a small amount of glacial acetic acid, in ca. 3 – 5 mL of 
MeOH in air-tight screw-capped scintillation vials. The static, non-stirred reaction 
mixtures were maintained at 50 or 60 °C in a thermal oven overnight. An interesting 
and very convenient, repeatable feature in the syntheses is the facile crystallization 
of the complexes out of solution, affording XRD quality single crystals quickly after 
the introduction of the reagents. For example, XRD quality single crystals of Mo4 
were obtained in 30 minutes by maintaining a solution of 20 mg H2L9 and 12 mg 86 
in ca. 3 mL MeOH in a 50 °C thermal oven. The technique was repeatable, affording 
Mo1 – Mo6 and W2 – W5 in 26 – 89% and 33 – 47% yield, respectively. Mo2 – 
Mo5 are insoluble in alcohols, sparingly soluble in CHCl3 and MeCN, and well 
soluble in DMSO. Mo3, featuring a tertiary amide pendant arm, displays highest 
solubility across all Mo complexes, being readily soluble in most solvents except 
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alcohols. Mo6, on the other hand, is practically insoluble in any solvent other than 
DMSO, in which it is only sparingly soluble when heated; single crystals suitable for 
XRD deposited during 13C NMR measurements in DMSO-d6. W2 – W5 share 
similar solubility characteristics with Mo2 – Mo5, although generally they are 
slightly less soluble than their respective Mo analogs.276 Mo2 – Mo6 and W2 – W5 
show very good stability in the solid state as well as in solution, with no visible 
reactions occurring with oxidants such as TBHP. However, W1 shows signs of slight 
deterioration over time when dissolved in DMSO-d6. 

Figure 11. Notable compounds prepared throughout publications I–IV. DIPP = 2,6-di-iso-
propylphenyl. 

5.1.3 Description of Crystal and Molecular Structures 
Single crystals suitable for XRD were obtained by re-crystallization of V1 and V4 
from MeOH (publication I). V1 and V4 crystallize in monoclinic and orthorhombic 
crystal systems and in the space groups C2 and P21212, respectively. Owing to the 
chiral carbon atom in the pyrrolidine moiety, both compounds lack an inversion 
center. The asymmetric unit of V1 contains two chemically identical but 
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crystallographically distinct molecules, whereas V4 only contains one. Structurally 
V1 and V4 are very similar, adopting a distorted octahedral geometry. The equatorial 
plane of the complexes are occupied by L1 and L4 which coordinate to the 
oxidovanadium(V) centers in a meridional ONO’ fashion, via a phenolato, amino and 
carboxylato groups. The phenolato and carboxylato donors are trans relative to each 
other. The fourth equatorial position trans to the amino ligand is occupied by the 
methoxido ligand. The octahedra are completed by the axial oxido and methanol 
ligands. See Figure 12 structure A for the crystal structure of V1. 

Additionally, the dinuclear V1’ (publication I) was obtained by re-crystallization 
of V1 from wet MeCN (Figure 12 B). V1’ crystallizes in a monoclinic space group 
P21 and contains two crystallographically different molecules in the asymmetric unit. 
The molecular structure V1’ consists of two different V-centered units bridged by 
an equatorial µ-oxido ligand. The first unit adopts an approximate square pyramidal 
coordination sphere, in which the equatorial plane is occupied by L1 as well as the 
bridging oxido ligand. The V=O oxido ligand occupies the fifth and only axial 
position. In contrast, the second unit adopts a distorted octahedral coordination 
sphere, being otherwise similar to the first unit, but coordinating an aqua ligand in 
the trans position relative to the V=O oxido group in the axial plane. 

Both Mo1 and W1 (publication II) directly crystallized from their reaction 
mixtures as brilliant and pale, yellow-colored needle like crystals, respectively. Both 
complexes crystallize in the monoclinic P21/c space group and have a structurally 
very similar asymmetric unit (Figure 12 C). The tridentate dianionic H2L5 occupies 
the equatorial plane in an ONO’ fashion, coordinating via a phenolato, aldimino and 
alcoholato donors, with one of the M=O oxido ligands fulfilling the equatorial plane. 
The two neutral alcohol pendant arms are left “dangling”, and do not coordinate. The 
axial positions are occupied by the oxido ligands (for both Mo1 and W1), and an 
aqua ligand (for W1 only). In Mo1 an adjacent complex unit fills the sixth 
coordination site, and thus the overall crystal structure is polymeric (Figure 12 E), 
although the complex forms discrete monomeric units upon dissolution in e.g., 
DMSO-d6. The structures and bonding parameters of Mo1 and W1 are well in line 
with those reported for similar Mo and W complexes180,277,278 

XRD confirms the results of the ESI-MS investigations that hinted towards the 
dinuclear nature of V5. The crystal structure of V5 is highly symmetric, consisting 
of two V=O centers that are coordinated by trianionic tetradentate HL5 ligands, in 
stark contrast to Mo1 and W1 (Figure 12 D). The ligand coordinates in a meridional 
ONO’ manner to a single V=O center via a phenolato, aldimino and alcoholato 
donors, leading to a structure that is in principle identical to those of Mo1 and W1. 
However, in V5 an additional bridging alcoholato ligand fulfills the sixth 
coordination site of the other V=O unit in the complex, leading to a highly rigid and 
centrosymmetric system, with both V centers having a distorted octahedral 
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configuration. The crystal system of V5 is monoclinic with a space group P21/c. The 
structure of V5 is very similar to some reported dinuclear vanadium complexes 
supported by analogous Schiff-base ligands.279–281 

For the aminobisphenolato dioxidomolybdenum(VI) and -tungsten(VI) 
complexes Mo2 – Mo6 and W2 –W5 single crystals suitable for XRD are easily 
obtained in MeOH thanks to their limited solubility. The complexes crystallize either 
in the monoclinic (Mo3 – Mo6 and W3 – W5) or triclinic (Mo2 and W2) crystal 
system in P1̅, P21/n or P21/c space groups. From the complexes, Mo2, Mo5, W2, 
W3 and W4 crystallize as MeOH solvates, whereas Mo6 crystallizes as a DMSO-
d6 solvate (Figure 12 F). The ligands coordinate to the MO2 centers via two 
phenolato, neutral amino and carbonyl groups, yielding a dianionic tetradentate 
ONO’O’’ type mode of coordination. The phenolato groups are trans, oxido groups 
cis and amino and carbonyl groups cis relative to one another, in an overall distorted 
octahedral geometry. The crystal structures of the complexes reveal extensive 
intermolecular H-bonding networking from the amide NH moieties to solvent 
molecules and adjacent complex units, except for Mo3 and W3. The H-bond 
interactions may in part explain the low solubility of the complexes featuring 
secondary amides, as well as the collective tendency of the complexes to very easily 
crystallize. The molecular structures of Mo2 – Mo6 and W2 – W5 are very similar 
to other aminobisphenolato MoO2/WO2 complexes prepared by our group and our 
collaborators, most notably Mo7 – Mo9 used as reference complexes in alkene 
epoxidation (see Scheme 13 section 5.3)164,165,260,261 



 

Fi
gu

re
 1

2.
 

Th
e 

XR
D

 c
ry

st
al

 s
tru

ct
ur

es
 o

f V
1 

(A
), 

V1
’ (

B)
, V

5 
(D

), 
M

o1
 (E

) a
nd

 M
o6

 (F
). 

O
ve

rla
y 

of
 M

o1
 a

nd
 W

1 
sh

ow
n 

in
 C

. K
ey

: c
ar

bo
n 

(b
la

ck
), 

ox
yg

en
 (r

ed
), 

ni
tro

ge
n 

(b
lu

e)
, M

o 
(y

el
lo

w
), 

W
 (s

ky
 b

lu
e)

, V
 (g

re
en

). 
M

os
t H

 a
to

m
s 

an
d 

so
lv

en
ts

 a
re

 o
m

itt
ed

 fo
r c

la
rit

y.

Results and Discussion 

71



Pasi Salonen 

72 

5.2 Catalysis – Catechol Oxidation 

5.2.1 Catechol Oxidase Mimetics 

Scheme 11. Different catechol substrates used in the Mo, W and V catalyzed CO mimetic 
investigations performed under ambient conditions. 

Inspired by the reports by Maurya and co-workers showing the catechol oxidase 
mimetic properties of 98, structurally related V1 – V4 were assessed in the oxidation 
of selected catechol substrates S6 – S8.224 Moreover, Mukherjee and Dey have 
demonstrated the rather high catecholase activity of a dicobalt(III) complex 
[Co(H2L5)(OAc)]2 (118)219 (see Table 5), warranting CO mimetic investigations for 
the structurally closely similar V5, but for Mo1 and W1 as well. 

Preliminary screenings for CO mimetic properties involving V1 – V4 
(publication I), V5, Mo1 and W1 (publication II) were performed by reacting S6 – 
S8 in the presence of 1 mol-% respective complex overnight in MeOH, MeCN and 
CHCl3, and analyzing the reaction mixture by UV-Vis-NIR spectroscopy thereafter 
(Scheme 11). 4-Formyl catechol (S9) was additionally evaluated in the case of V1 – 
V4. The results show that V1 – V5 seemingly readily catalyze the oxidative 
dehydrogenation of S6, but the reaction is highly sensitive to the used solvent: V1 – 
V4 are only active in CHCl3, whereas V5 remains active in all tested solvents. 
Additionally, V5 can catalyze the oxidation of S7. On the other hand, no activity can 
be seen for any V complex for neither S8 nor S9. The preliminary investigations also 
show that Mo1 and W1 are completely inactive in the oxidation of S6 – S8 in the 
studied time frame of ca. 24 hours. There are only limited reports on Mo/W catalyzed 
catechol oxidation, but Pierpont, Finke, and co-workers, have shown that Mo and W 
catalyzed reactions are slower by a factor of at least 100 when compared to respective 
reactions mediated by vanadium compounds.195,217 

Reaction of V1 – V5 with 100 eqv. S6 – S8 leads to immediate changes in the 
UV-Vis-NIR spectra of the complexes. Specifically, characteristic blue solutions 
with intense LMCT (ligand to metal charge transfer) bands generally associated with 
vanadium catecholato species arise at ca. 650 and 830 nm,202,206,282 as illustrated by 
V5 reacting with S7 (Figure 13). Moreover, the distinctive signal at ca. 400 nm 
corresponds to the formation of 96 (Figure 13). All bands progressively intensify, 
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after which the 650 and 830 nm bands start to diminish. The most probable 
explanation for this is the drop in concentration of the vanadium catecholato species, 
after sufficiently many turnovers.  

The kinetics of V1 – V5 catalyzed oxidation of S6 and/or S7 was monitored by 
in-situ UV-Vis spectroscopy. The CO mimetic investigations with V1 – V4 were 
performed by varying the [V1 – V4]:[S6] molar ratio by a factor of 1:10 to 1:160. 
For V5, [V5]:[S6] molar ratio was varied between 1:1000 to 1:17500, and for 
[V5]:[S7] 1:1000 to 1:10000, respectively. Using variable vanadium to catechol 
molar ratios the initial rates were obtained at respective concentrations. The initial 
rates were then plotted, and the reactions found to obey Michaelis–Menten like 
kinetics. From these data the turnover frequencies kcat = 24, 17, 13, 11 h–1, and 164 
± 32 h–1 for V1 – V5 in the oxidation of S6 were obtained, respectively (Table 5 
entries 1 – 5). Additionally, a kcat = 94 ± 4 h–1 was obtained in the V5 catalyzed 
oxidation of S7 (Table 5 entry 6). 

Figure 13. Formation of 96 as evidenced by the characteristic 400 nm band in the V5 catalyzed 
aerobic oxidation of S7 in CHCl3 (left). UV-Vis-NIR spectra recorded at five-minute 
intervals over a period of 60 min. The ca. 650 and 830 nm bands correspond to 
vanadium catecholato LMCT transitions. Michaelis–Menten plots of the oxidation of 
S6 catalyzed by V1 – V4 in CHCl3, with c(V1 – V4) = 3.35 × 10–5 M, c(S6) = 3.35 × 
10–4 – 5.36 × 10–3 M (right). 

Barring any erroneous analysis or treatment of the kinetics data,283 as can be seen 
from Table 5, all complexes based on aminophenolato ligands, including V1 – V4 as 
well as V6 and V7 based on linear diaminobisphenolato ligands, from an earlier report 
of ours,256 display rather similar activity, with kcat ranging from 10 to 24 h–1. However, 
these results contradict the reports by Maurya and co-workers, who show that 98 
catalyzes the oxidative dehydrogenation of S8 in MeOH, but not S6, and hypothesize 
that substrate sterics are behind this behavior: since S6 is sterically bulkier than S8, 
coordination of the former at vanadium is hindered, preventing oxidation.224 However, 
it seems that the t-Bu substituted, sterically most demanding complexes such as V1, 
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V2, V6a as well as V7a are slightly more active relative to their methylated 
counterparts V6b and V7b, although barely so. In any case, the kcat = 3.24 h–1 (Table 4 
section 2.4.2) obtained in the oxidation of S8 by 98 is similarly very low, and in line 
with the activity shown by V1 – V4, V6 and V8. It should be emphasized, that the 
oxidation of S8 is however not directly comparable to that of S6. 

V5 is about 10 times more active in the oxidation of S6 relative to the rest of the 
studied complexes, and the only complex capable of catalyzing the oxidation of S7 
as well. V5 reaches kcat values of 164 ± 32 h–1 and 94 ± 4 h–1 in the oxidative 
dehydrogenation of S6 and S7, respectively, and remains catalytically active in 
MeOH and MeCN, unlike V1 – V4. Interestingly – although Co and V complexes 
are not directly comparable – V5 shows similar activity relative to 118, for which a 
kcat = 79 ± 1 h–1 has been reported in the oxidation of S6 in MeCN:DMF. It is notable 
that Schiff-base supported vanadium complexes including 97 and 99 – 102 are 
typically much more active than aminophenolato supported ones (Table 4 section 
2.4.2). Whether this seemingly higher activity is attributable to e.g., the 
coordinatively unsaturated nature of Schiff-base vanadium complexes (97 and 99 – 
102 are formally five-coordinate), allowing easier coordination of S6 – S8, is 
debatable, however (see section 5.2.2). 

Table 5. Data obtained in the oxidative dehydrogenation of catechols catalyzed by V1 – V7. 
Structures of V6, V7 and 118 are also shown. 

Entry Substrate Solvent Pre-catalyst kcat (h–1) Reference 

1 S6 CHCl3 V1 24 publication I 
2 S6 CHCl3 V2 17 publication I 
3 S6 CHCl3 V3 13 publication I 
4 S6 CHCl3 V4 11 publication I 
5 S6 CHCl3 V5 164 ± 32 publication II 
6 S7 CHCl3 V5 94 ± 4 publication II 
7 S6 CHCl3 V6a 12 256

8 S6 CHCl3 V7a 13 256

9 S6 CHCl3 V6b 12 256

10 S6 CHCl3 V7b 10 256

11 S6 MeCN:DMF 9:1 (V:V) 118 79 ± 1 219
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5.2.1.1 Detection and Role of H2O2 

The natural enzymes TYR and CO produce water as a by-product in the oxidation of 
phenols and catechols, respectively. While some structural/functional CO models 
achieve this,45,50 however, most functional CO models produce H2O2 instead.46–49 In 
the case of V-CO mimetic chemistry, there are only reports indicating that H2O2 is 
generated from oxygen upon oxidation of catechols.222,223 The detection of H2O2 is 
significant in the sense that from the studied complexes V1 – V4 when dissolved are 
rapidly decomposed by H2O2 or water, and TBHP to a lesser degree, as determined 
by UV-Vis and 51V NMR spectroscopy. 

An iodometric assay was performed after the reaction of V5 with 100 eqv. S7 in 
CHCl3 maintained for several days at ambient conditions. After the reaction, H2O2 
was determined based on I3

–, which has a characteristic UV absorption signal at 
exactly 353 nm in water.46 The reaction mixture was extracted with water to confine 
any generated H2O2 and remove 96, which can also oxidize I–.46 The aqueous phase 
was adjusted to a pH ~ 2 with H2SO4, and a portion of the solution treated with KI 
(aq), and allowed to react overnight. The reaction was analyzed by UV-Vis 
spectroscopy thereafter, confirming the presence of I3

– and thus H2O2. As a control 
reaction, a portion of the prepared KI solution was allowed to react overnight with 
atmospheric oxygen, but no signal for I3

– could be detected afterwards. Moreover, a 
portion of the KI solution was treated with 30 w-% aqueous H2O2 solution, again 
showing the characteristic signal for I3

–. 
With H2O2 having been detected as a co-product in the oxidation of S7, the effect 

of various amounts of H2O2 on the initial oxidation rate of S7 was evaluated with 
and without V5 (1 × 10–4 M; 0.1 mol-%) (Table 6 entries 1 – 5). In a control reaction 
S7 reacts with 0.30 eqv. H2O2 in the absence of V5 with an initial rate of 3.04 ± 0.004 
µM min–1 (Table 6 entry 1). In the absence of H2O2, but with 0.1 mol-% V5 the 
reaction rate increases to 9.9 ± 0.35 µM min–1, highlighting the significant beneficial 
role of V5 (Table 6 entry 2). However, addition of both V5 and H2O2 has a 
synergistic effect in the S7 initial oxidation rate (Table 6 entries 3 – 5). For example, 
addition of 0.1 mol-% V5 and 0.30 eqv. H2O2 relative to S7 confers a higher effect 
than either of the reagents alone (Table 6 entry 5 vs. entries 1 and 2 combined). Based 
on these results and considering that the oxidation of S7 generates H2O2 from O2, the 
V catalyzed reaction can be inferred to be self-enhancing (i.e., autocatalytic) unless 
the H2O2 is immediately consumed upon formation. However, the iodometric assay 
demonstrates that not all H2O2 is consumed during the reactions. 
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Table 6. Initial reaction rate of S7 oxidation monitored over a period of 20 minutes by UV-Vis 
spectroscopy. All measurements were run in duplicate. 

Entry Pre-catalyst Additive Initial rate (µM min–1) 
1 none 0.030 M H2O2 3.04 ± 0.004 
2 V5 none 9.9 ± 0.35 
3 V5 0.010 M H2O2 10 ± 3 
4 V5 0.020 M H2O2 16 ± 3 
5 V5 0.030 M H2O2 19 ± 2 
Reaction conditions: CHCl3, RT. [V5] = 1 × 10–4 M, [S7] = 0.1 M. 

5.2.1.2 Mechanistic Considerations – ESI-MS and 51V NMR 

The mechanism of aerobic V catalyzed catechol dehydrogenation is debatable, as 
most proposals are rather different. However, Mukherjee and Dey have analyzed the 
118 catalyzed oxidation of S6 by ESI-HRMS(+), revealing the formation of 1:1 and 
1:2 catechol adducts of the type [Co2(H2L5)2(3,5-DTBCH)]+ and 
[Co2(H2L5)(HL5)(3,5-DTBCH)2]+.219 The authors conclude that such bi-adduct 
formation is unlike that proposed for the native CO enzyme (see Scheme 4 section 
2.1.3.1). There are only very limited mechanistic studies of V catalyzed catechol 
oxidation involving ESI-MS, and available studies only include measurements 
performed in the positive ionization mode.222,223 The study by Mukherjee and Dey 
allowed an apt opportunity to compare mechanisms between Co (118) and V (V5), 
complexes of striking structural similarity. 

ESI-MS is a soft ionization method capable of giving reliable, semi-quantitative 
information about speciation in solution.284,285 The Mo, W and V speciation was 
monitored by ESI-MS(+) during the reaction of Mo1, W1 and V5 with 100 eqv. S6 
and S7 in CHCl3. For Mo1 and W1, mono catecholato sodium adducts of the type 
Na[MO(H2L5)(3,5-DTBC)]+ and Na[MO(H2L5)(4-TBC)]+ (M = Mo, W) are 
detected with low intensity. The removal of an oxido ligand by coordination of 
catechols, often leading to reduction at the metal center, is well-
documented.198,203,204,206 However, no intact Mo1 or W1 can be detected. Due to a 
lack of a characteristic isotope pattern for vanadium, no species assignable to intact 
V5 or catecholato adducts could be reliably done using ESI-MS(+) in the case of V5 
+ S6/S7. 

The negative mode ESI-MS(–) proved to be far more informative than ESI-
MS(+). For Mo1, the most intensive species in the presence of excess S6 is  
[MoO(3,5-DTBC)2(3,5-DTBCH)]–, followed by low-intensity species  
[MoO2(3,5-DTBC)(3,5-DTBCH)]–, and a species best described as a reduced 
oxidomolybdenum(V) complex [MoO(3,5-DTBC)2]–.197 The mono-adduct 
[MoO(HL5)(3,5-DTBC)]– was detected with a < 3 % intensity. Similar speciation is 
observed in the case of S7, with the most intensive signals being assignable to species 
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[MoO(4-TBC)2]– and [MoO(4-TBC)2(4-TBCH)]–. Low-intensity signals were 
observed for chloride adducts of the type [MoO(H2L5)(4-TBC)]Cl– and 
[MoO(H2L5)(4-TBC)]2Cl–, as well as for the mono-adduct [MoO(HL5)(4-TBC)]–. 
Interestingly, W1 seemed more resistant to dissociation, with only species still 
supported by HL5, such as [WO(HL5)(3,5-DTBC)]–, [WO2(HL5)(3,5-DTBQ)]– 
and [WO(H2L5)(3,5-DTBC)]Cl– being detected in low intensity with S6, and species 
[WO(HL5)(4-TBC)]– and [WO(H2L5)(4-TBC)]Cl– correspondingly with S7. 

Most profoundly, the reaction of V5 with 100 eqv. S6 leads to the formation two 
new signals at m/z = 711.3884 and m/z = 507.2336, with 100% and 23% intensity, 
respectively. These species correspond to [V(3,5-DTBC)2(3,5-DTBSQ•)] (observed 
as [V(3,5-DTBC)3]–) and [VO(3,5-DTBC)(3,5-DTBSQ•)] (obs. as 
[VO(3,5-DTBC)2]–), namely 92 and 93, which have simulated m/z = 711.3835 and 
507.2321, respectively. These complexes are central in V catalyzed CDO mimetic 
chemistry in relation to the “common catalyst hypothesis” proposed by Finke and 
co-workers (see Scheme 10 section 2.4.1.2). A signal for a monomeric species 
[VO(H2L5)(3,5-DTBC)]– or [VO(HL5)(3,5-DTBCH)]– is detected at ca. 9% 
intensity. In the case of S7 the most intensive assignable species corresponds to 
[VO(H2L5)(4-TBC)]– or [VO(HL5)(4-TBCH)]–, with [V(4-TBC)2(4-TBSQ•)]  
(where 4-TBSQ• = 4-tert-butylsemiquinonato anion), the S7 equivalent of 92, also 
detectable in ~ 30% level as [V(4-TBC)3]–. However, no intact V5 can be detected 
in either case using S6 or S7. 

The reaction of V5 with 100 eqv. S6 and S7 was additionally monitored by 51V 
NMR spectroscopy. Upon treatment of V5 with 100 eqv. S6/S7, the signal 
corresponding to V5 at ca. δ –562 ppm vanishes completely, a clear indication of 
dynamic and very rapid changes to the first coordination sphere of V5. New, 
broadened signals arise at ca. δ +1391 ppm in the case of S6, and at ca. +1185 as 
well as –438 ppm in the case of S7. These significant changes in the 51V NMR 
spectra, as well as the absence of any signals at ca. –400 to –600 ppm (in the case of 
S6), the 51V NMR shift region typically associated with oxidovanadium(V) 
complexes supported by redox-innocent NO5 type ligand set,206,273 hints that V5 
probably reacts rather completely. This is also supported by the ESI-MS 
measurements. The –438 ppm 51V NMR signal observed in the reaction with S7 has 
been tentatively assigned to [VO(HL5)(4-TBCH)]– (or [VO(H2L5)(4-TBC)]–), the 
most intensive V-containing species detected in ESI-MS(–). This designation is in 
line with spectroscopic assignations done for similar mono catecholato V=O 
complexes by the groups of Rehder and Pecoraro.206,273 

The results obtained in the ESI-MS and 51V NMR investigations, particularly in 
the case of V5, strongly imply that neither V5, nor a close structural derivative 
thereof, can reasonably be proposed to be the active catalyst in the CO mimetic 
reactions. Consequently, a catalytic cycle resembling the one presented for the 
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structurally closely related 118 cannot be credibly suggested. Moreover, the 
investigations reveal that Mo1 and W1 are also extensively transformed into a mix 
of mono/bis/tris catecholato species, although W1 seems to be more resistant to the 
total dissociation of H2L5. 

5.2.2 Catechol Dioxygenase Mimetics 
The compounds 92 and 93, earlier characterized by Pierpont and Finke, were rather 
serendipitously discovered by ESI-MS in the reaction medium containing V5 and 
100 eqv. S6 in the CO mimetic investigations. As it followed, additional screening 
of the V5 catalyzed S6 oxidation reaction was warranted, with subsequent 
investigations involving TLC and 1H NMR spectroscopy leading to a realization that 
several products other than 71 are also formed. Subsequently, the catechol oxidation 
reactions mediated by V1 – V7, compounds earlier claimed by us to display 
catecholase activity, were systematically and more rigorously (re)analyzed in terms 
of product distribution as well as vanadium speciation by means of column and gas 
chromatography, EPR spectroscopy and ESI-MS. 

5.2.2.1 Product Distribution – Column and Gas Chromatography 

As indicated by TLC and 1H NMR spectroscopy, several products were initially 
detected in the V5 catalyzed S6 oxidation reaction and later isolated by column 
chromatography on silica gel. Using a slightly modified Finke protocol, the V5 
catalyzed oxidation of S6 yielded 16% of the o-quinone 71, 30% of the intradiol 
product 72, as well as 17% of the extradiol products 73a and 4% 81, respectively 
(Table 7 entry 3). Interestingly, a structural isomer of the extradiol product 73a, 
namely 3,5-di-tert-butyl-2-pyrone (73b), was obtained in 9% isolated yield, leading 
to total isolated yield of 76% (Table 7 entry 3). While 73b has been documented 
before in S6 dioxygenation reactions mediated by metal complexes based on 
Fe210,286, Mn287, Ni288, as well as Rh289, apparently this is, to the best of our 
knowledge, the first report concerning the finding of 73b in the context of V-CDO 
mimetic chemistry.191,193,208,209,211–214 After these results, a structurally diverse set of 
pre-catalysts V1, V6a, V7a as well as two other V complexes not previously assessed 
in CO/CDO mimetic chemistry, namely V8 and V9 (see Table 7), were evaluated in 
S6 oxidation following an identical procedure. The o-quinone 71 and anhydride 72 
were reliably obtained with an isolated yield of 16 – 21% and 33 – 39%, respectively, 
in the reactions catalyzed by the other V complexes as well, making these 
compounds major products in all reactions (Table 7 entries 4 – 8). Moreover, 73 and 
81 were obtained with variable success rate in almost all cases. 
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Table 7. The characteristic product distribution obtained in the catalytic aerobic oxidation of S6 
by structurally diverse V complexes V1 and V5 – V9 using a slightly modified Finke 
protocol. The products were isolated by column chromatography on silica gel. 
Conversion and yields were estimated by TLC or 1H NMR spectroscopy. 

Product isolated yield (%) 

Entry Pre-
catalyst 

Reaction 
time (h) 

Conv. 
(%) 

Total isol. 
yield (%) 71 72 73a 73b 81 

1 65 – 70, 
74 – 80 

16 – 24 ≤ 100 Varies 15 – 28 34 – 48 6 – 20 N/A 7 – 11 

2 87 – 90 20 – ~300 75 – 95 Varies 9 – 22 40 – 57 6 – 15 N/A 10 – 18 

3 V5 21 ≥ 95 76 16 30 17 9 4 

4 V1 52 ≥ 95 65 21 35 4 5 0 

5 V6a 21 ≥ 95 79 19 33 17 5 5 

6 V7a 44 ≥ 95 57 19 38 0 0 0 

7 V8 53 ≥ 95 62 16 39 0 0 7 

8 V9 44 ≥ 95 56 18 38 0 0 0 

9 Control 1 48 5 [a] 5 [a] 5 0 0 0 0 

10 Control 2 48 7 [a] 7 [a] 7 0 0 0 0 

11 Control 3 48 25 [a] 25 [a] 24 1 0 0 0 

12 Control 4 48 0 [a] 0 [a] 0 0 0 0 0 

13 Control 5 49 100 [a] 100 [a] 94 6 0 0 0 

14 Control 6 48 45 [a] 45 [a] 44 1 0 0 0 

Modified Finke protocol reaction conditions: 4.50 mmol S6, 5 – 15 × 10–3 mmol (≪ 1 mol-% rel. S6) V1, V5 
– V9 in 60 mL 1,2-DCE under 100% O2, t = 21 – 53 h, T = 65 °C. [a] Conversion and non-isolated yield determined 
by 1H NMR spectroscopy. Control reactions were performed under 100% O2/N2 atmosphere at T = 65 °C with
the following conditions: Control 1: 0.45 mmol S6, 6 mL 1,2-DCE, O2. Control 2: 0.45 mmol S6, 4.57 × 10−3

mmol proligand H2L11, 6 mL 1,2-DCE, O2. Control 3: 0.91 mmol S6, 9.0 ×10−3 mmol Et3N, 30 mL 1,2-DCE,
O2. Control 4: 0.90 mmol S6, 9.0 × 10−3 mmol V5, 30 mL 1,2-DCE, N2. Control 5: 0.90 mmol S6, 9.0 × 10−3

mmol V5, 1.80 mmol 30 w-% H2O2, 30 mL 1,2-DCE, N2. Control 6: 0.90 mmol S6, 1.80 mmol 30 w-% H2O2, 30
mL 1,2-DCE, N2.
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The results obtained in the oxidation of S6 catalyzed by V1, V5 – V9 are similar if 
not identical to those acquired for other vanadium compounds 65 – 70 and 74 – 80 
of the earlier literature (Table 7 entry 1, collated data from Table 3)191,193,208,209, and 
V-POMs 87 – 90 reported by Finke and co-workers in particular (Table 7 entry 2
collated data from Table 3).211 The yields obtained for the major products 71 and 72
are well within or near the expected limits, i.e., 16 – 21% vs. 9 – 28% for 71 and
30 – 39% vs. 34 – 57% for 72, respectively, although generally the isolated yields
for 72 are lower in comparison to that reported by Finke and co-workers. The
extradiol products 73 and 81 represent minor products, whose isolation via column
chromatography is more challenging than that of 71 and 72. Especially, 81 was only
isolated in a very low 4 – 7% yield for V5, V6a and V8 (Table 7 entries 3, 5 and 7),
generally falling short of the literature reports (7 – 18%). The TLC signal for 81 is
very faint, only becoming visible after I2 development, leading to easy inadvertent
loss of product due to failure in detection and recovery. It should be noted, that in
the older literature 81 is often not detected at all, possibly for the same reason (cf.
Table 3 entries 1 – 5). For V1, V5 and V6a the pyrone 73a is obtained in 4 – 17%
isolated yield (Table 7 entries 3 – 5), well reflecting that shown in the literature
(6 – 20%), although for V7 – V9 the isolation was unsuccessful. However, to our
best knowledge, the identification of 73b, obtained in 5 – 9% yield (Table 7 entries
3 – 5) marks the first successful isolation in the context of V catalyzed CDO mimetic
chemistry.

Due to the partly inadequate recovery of some of the S6 oxidation products by 
means of column chromatography, a question remained whether or not the extradiol 
dioxygenase products 73 and 81 are formed in all studied V catalyzed reactions, 
notably those involving V7 – V9 as well. All reactions were thus additionally 
screened using GC-FID/MS. The results conclusively show that a nearly identical 
product distribution comprising of the dehydrogenation product 71, intradiol 
dioxygenase product 72 as well as extradiol dioxygenase products 73 and 81 are 
obtained for each pre-catalyst (Figure 14). Not only are all the same products formed 
in each reaction, but the relative intensities of the products are very similar, hinting 
towards a rather homogeneous product distribution across all reactions, although 
quantification was never attempted. Moreover, the GC results are in line with the 
column chromatographic observations. 
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Figure 14. Gas chromatogram showing the product distribution in the V9 catalyzed aerobic 
oxidation of S6. Nearly identical gas chromatograms are obtained for V1 and V5 – 
V8 catalyzed oxidation of S6 (Publication III Supporting Information). 

5.2.2.2 Product Distribution – Control Reactions 

Control reactions were performed in the presence or absence of V pre-catalysts and 
several additives to gain more insight with regards to the product distribution 
obtained in the oxidation of S6 (Table 7 entries 9 – 14). In the V-CDO mimetic 
studies by Finke and co-workers, 71 is regarded as an “autoxidation” product. This 
was indeed revealed by the control experiment 1, run without catalysts, which shows 
that 71 is exclusively obtained in ~ 5% NMR yield by simply reacting S6 with excess 
O2 over a period of 48 hours (Table 7, control 1, entry 9). While 5% yield is low, it 
is non-negligible, and indicates that 71 may in fact be obtained via a non-catalytic, 
autoxidative pathway. 

However, the yield for 71 obtained non-catalytically is noticeably less than what 
is observed in the presence of the V pre-catalysts (~ 5% vs. 16 – 21%; Table 7 entries 
3 – 8 vs. 9). It has been shown that H2O2 + V5 in combination exert a synergistic 
effect on the initial rate of oxidation of S7, more so than either of the reagents alone 
(see Table 6 section 5.2.1.1). Moreover, the V5 catalyzed reaction was explicitly 
shown to liberate H2O2 based on the iodometric test. Judging from the yields of 71 
shown in Table 7 across all V complexes, which point towards a rather identical 
outcome in the reactions overall, generation of H2O2 is strongly implied in the case 
of the rest of the V pre-catalysts as well. 

In addition, however, the autoxidation of S6 is well documented under 
(stoichiometric) basic conditions,194 warranting analysis on the impact of base 
catalysis as well. Considering the free ligands in V1, V5 – V9 are basic to some 
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extent, it was found that the oxidation of S6 in the presence of ~ 1 mol-% H2L11 
derived from V8 yielded 7% 71 (Table 7, control 2, entry 10). This value is well 
within experimental error when compared to control 1, and hardly indicative of base 
catalysis by the proligand, although the other proligands were not evaluated. 
Ramadan and co-workers have obtained a rather high kcat = 1439 h–1 in the 97 
catalyzed oxidation of S7 under a molar stoichiometry of 1:100:100 for 97:S7:Et3N, 
respectively.229 However, performing the oxidation of S6 in the presence of even 1 
mol-% Et3N, in the absence of V pre-catalysts yielded a total NMR conversion of 
25% with the yield for 71 being about 24% (Table 7, control 3, entry 11). 
Interestingly, and quite surprisingly, the anhydride 72 was also obtained with a 
modest 1% yield. The control 3 clearly demonstrates the strong catalytic effect of 1 
mol-% Et3N in the oxidation of S6. 

The fact that 72 was obtained in the Et3N catalyzed oxidation of S6, even if only 
in 1% yield, is unexpected. One conceivable explanation would be the over oxidation 
of 71. However, the groups of Tatsuno and Fenton have demonstrated earlier the 
inability of 71 to be further aerobically oxidized, even in the presence of 1 mol-% 66 
– 70 and 74 – 77, making the previous statement rather speculative at best.191,208

Notwithstanding, there are reports indicating that the stoichiometric Baeyer-Villiger
like oxidation of 71 into 72 using peracids such as m-CPBA is possible.290,291 These
reactions are very facile, with near quantitative yields of 72 obtained in just 5 – 10
minutes at 0 °C.290 The 1% 72 obtained at 65 °C over a period of two days, in the
reaction with a catalytic amount of Et3N may possibly be ascribed to similar
reactions mediated by H2O2, instead of peracids, which are known to be very slow
without transition metal catalysis.292

While the “dioxygenase-pathway” products 72, 73 and 81 require O2 as per the 
definition of “dioxygenation,” apart from 72, which may possibly be obtained via 
other routes as well, the role of H2O2 in the reactions was additionally studied under 
anaerobic conditions (Table 7, controls 4 – 6, entries 12 – 14). As predicted, S6 is 
not oxidized under N2 in the presence of 1 mol-% V5 without added H2O2 (Table 7, 
control 4, entry 12). However, full conversion with 94% and 6% selectivity for 71 
and 72, respectively, was obtained if S6 is reacted with two eqv. H2O2 in the presence 
of 1 mol-% V5 (Table 7, control 5, entry 13). Likewise, a moderate 45% conversion 
with 44% selectivity for 71 and 1% for 72 is obtained solely by the effects of two 
eqv. H2O2 relative to S6, without added catalysts (Table 7, control 6, entry 14).  

These results reveal that S6 may be moderately oxidized into 71 by H2O2 in 
addition to O2. Since H2O2 is produced from O2 in the autoxidation of S6, an 
autocatalytic feedback loop is thus created. Moreover, the non-dioxygenase Baeyer-
Villiger like pathway yielding 6% 72 from 71 (presumably) is enhanced in the 
presence of a Lewis acid catalyst i.e., vanadium(V), a reaction that is well-
documented for other substrates.293 However, especially in the context of the control 
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reaction 5, the possible accidental inclusion of small amounts of O2 through leaks or 
via disproportionation of H2O2, a reaction well-known to be transition metal 
catalyzed,88 cannot be completely out ruled. In addition, the somewhat speculative 
catalytic/ non-catalytic Baeyer-Villiger like 71 oxidation pathway (controls 4 and 6) 
was not tested with genuine 71. 

5.2.2.3 Vanadium Speciation: EPR and ESI-MS 

According to Finke’s common catalyst hypothesis, the suggested catalyst resting 
state [93]2 and catalytically active V species  93, respectively, are generated from 
virtually any H2O2 sensitive V containing compound by the effects of metal 
leaching.214 The chemistry of vanadium peroxide compounds is a particularly well 
studied area, in most part due to the high relevance of these compounds to the 
VHPOs.88,294 For instance, oxidoalkoxidovanadium(V) compounds such as 105 are 
known to react with H2O2 in ethanol, generating oxidomonoperoxido species of the 
type [VO(O2)(OEt)2], with the oxidobisperoxido compounds [VO(O2)2]– becoming 
prominent at higher H2O2 concentrations.294 In the leaching process, according to 
Finke and co-workers,  V-POMs such as 87 react with H2O2, generating mixed 
oxidoperoxido vanadium(V) species including [VO(O2)]+ which then readily react 
with strong σ and л donors S6 and 71, forming 92 en route to the CDO active species 
93 (see Scheme 10 section 2.4.1.1).213 The catalyst resting state [93]2, which has a 
characteristic nine-line EPR spectrum202 as shown in Figure 15, has been detected in 
reactions involving S6 and 65, 85, or 95.214 

Figure 15. The center-field EPR spectrum of a reaction mixture containing S6 and 65 (a) is 
identical within experimental error to the nine-line EPR spectrum obtained for an 
authentic sample of [93]2 recorded in toluene (b). Reprinted with permission from 
“Yin, C. & Finke, R. G., ‘Vanadium-Based, Extended Catalytic Lifetime Catechol 
Dioxygenases: Evidence for a Common Catalyst’, J. Am. Chem. Soc., 2005, 127, 
9003–9013”. Copyright 2005 American Chemical Society. DPPH = 2,2-diphenyl-1-
picrylhydrazyl “g-marker” internal EPR standard. 
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Figure 16. Ambient atmosphere 48-hour center-field EPR spectra of reactions A – F containing 
V1, V5 – V9 and 100 eqv. S6 recorded in toluene at RT. 
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The product distribution analyses provide reasonable evidence to suggest that 
V1 and V5 – V9 most likely operate according to Finke’s established common 
catalyst hypothesis. The reaction between S6 and 1 mol-% V1 and V5 – V9 in 
toluene under ambient conditions at RT was monitored by EPR spectroscopy at 
given time intervals t = 30 min, 6 h, 24 h, 48 h and 72 h. Except for V1, which 
immediately begins to show interesting EPR signals containing eight to 10 lines at 
t = 30 min and 6 h, the EPR spectra from reactions containing V5 – V9 are 
unremarkable until t = 48 h. At 48 hours, all reactions except B containing V1 display 
nine-line EPR signals having ⟨g⟩ = 2.0039 – 2.0041 and average A(51V) = 2.98 – 3.12 G 
(Figure 16 spectra A and C – F). These results are very similar to the reports by Finke 
and co-workers, who obtained EPR spectra centered at ⟨g⟩ = 2.004 – 2.006 (± 0.002) 
having average A(51V) = 3.04 – 3.08 G (± 0.1 G) in reactions involving S6 and 65, 
85, and 95, as shown in Figure 15.214 Moreover, the EPR spectra shown in Figure 16 
A and C – F are in very good agreement with the EPR spectrum for [93]2, for which 
a ⟨g⟩ ~ 2.004 and A(51V) = 2.85 G have been obtained by simulation.202 These EPR 
experiments thus provide compelling evidence of the involvement of [93]2 in the 
reactions containing V5 – V9 and S6. 

Quite curiously, the EPR behavior of V1 differs significantly from the other 
studied V pre-catalysts in the presence of S6. For V1, a 10-line EPR spectrum with 
⟨g⟩ ~ 2.0036 and A(51V) ~ 2.05 is obtained at t = 30 min, with little changes being 
observed at t = 24 hours. This spectrum agrees well with 92, for which ⟨g⟩ ~ 2.004 
and A(51V) ~ 2.1 G has been reported.202 At t = 24 h, V1 + S6 shows a mixture of 
two EPR spectra, for which a ⟨g⟩ = 2.0040 and 2.0021, and a A(51V) ~ 2.05 G and 
8.91 G can be obtained, respectively. Upon further progression of the reaction, at t = 
48 h, only a single eight-line EPR signal characteristic for a vanadium(IV) species 
having a ⟨g⟩ ~ 2.0022 and A(51V) ~ 8.60 G can be seen (Figure 16 spectrum B). 
Although no attempts were made to isolate the species affording this EPR signal, 
ESI-MS(–) analysis of the reaction mixture during which time the EPR signal was 
visible revealed a 100% intensity signal at m/z = 618.2806. Interestingly, this signal 
agrees well with a species of the type [VIVO(L1)(3,5-DTBSQ•)]– having a simulated 
m/z = 618.3000. The ⟨g⟩ and A(51V) values, and the eight-line spectrum are 
representative of a 3,5-DTBSQ• ligand weakly bound to a vanadium(IV) center.193 It 
should be noted, that similar  ⟨g⟩ and A(51V) values have been reported for 
[V(TCSQ•)3] (119), where TCSQ• = 3,4,5,6-tetrachlorosemiquinonato.205 The 
different EPR behavior of V1 may be qualitatively explained simply by considering 
V1 is supported by a tridentate ligand L1, which leaves the vanadium center 
susceptible to ligand exchange, readily observed by 51V NMR spectroscopy. Thus, 
V1 undergoes more rapid changes upon reaction with excess S6 compared to the rest 
of the studied V pre-catalysts, manifesting as faster changes in the EPR spectra as a 
function of time. 
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In addition to EPR spectroscopy, the reaction of V1 and V5 – V9 with 100 eqv. 
S6 was monitored by ESI-HRMS(+/–) in MeCN at the start of the reaction (t = 30 
min) as well as post-reaction (t = 48 h). However, there are no drastic changes in the 
ESI-HRMS(–) spectra across the monitoring period, in contrast to the EPR 
experiments. Rather, immediately upon treatment of V1, V5 – V9 with 100 eqv. S6 
signals corresponding to 92 and 93 are almost invariably visible, representing the 
highest-intensity species throughout the 48-hour observation period (Figure 17). 
Mono catecholato adducts of the type [VO(L)(3,5-DTBC)]– can be detected for V1, 
V5 and V8 in very low intensity at t = 30 min, highlighting that all V pre-catalyst 
react rather fully with S6. Additionally, V9 is the only complex showing a signal for 
the intact pre-catalyst, albeit with very low intensity (ca. 5%). With ESI–MS(+) no 
species attributable to V containing compounds can be reliably assigned. 

Figure 17. Negative mode ESI-MS spectrum showing speciation between m/z ~ 200 to 1200 
about 30 min after treatment of V8 with 100 eqv. S6. A very similar ESI-MS(–) 
spectrum is obtained with V1, V5 – V7 and V9. 
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The ESI-MS samples were additionally screened with 51V NMR spectroscopy at t = 
30 min. These measurements show the initial signal(s) corresponding to V1 and V5 
– V8 (V9 being paramagnetic) vanish completely, again corroborating with the ESI-
MS observations that the pre-catalyst react completely. Of course, a detrimental
impact of paramagnetic species on the 51V NMR spectra may partly contribute to
lack of visible signals.

5.2.3 Vanadium Catalyzed Catechol Oxidase vs. 
Dioxygenase Mimetism? 

It has been demonstrated throughout this PhD work that V1 and V5 – V9 primarily 
show CDO mimetic behavior in the catalytic oxidation of S6. Overall, the oxidation 
of S6 and the reactivity of all studied V pre-catalysts closely parallel that seen in the 
common catalyst hypothesis proposed by Finke and co-workers. Although catechols 
including S6 are strongly coordinating σ and л donating ligands, Finke and co-
workers have with reasonable support shown that vanadium leaching by the effects 
of H2O2 is the key cause of this reactivity. Prior to this work, the common catalyst 
hypothesis has only ever been explicitly shown to be true for V-POMs such as 87 – 
91, and simple V complexes supported by bidentate acac type ligands 65 – 70 and 
77, or salen type ligands, including 74 – 76. Moreover, at the time 65 – 70 and 74 – 
77 have been evaluated in catechol oxidation, the mechanism has been unknown. 
Even V complexes based on multidentate aminobisphenolato or similar ligands, 
frequently used as pre-catalysts295–297 in various oxidation reactions involving H2O2 
and organic hydroperoxides are seemingly not exempt from the effects of V 
leaching, as demonstrated herein. Particularly the non-oxido V complex V9 recently 
described by Salojärvi259 and co-workers lacking any terminal M—O bonds typically 
regarded70 as susceptible to solvolysis by oxidants does not seem any more resistant 
to leaching than the other studied V complexes. This is made more problematic 
considering V9 is a rather coordinatively saturated complex featuring two 
catecholato type multidentate ligands derived from S6. 

Although only V1, V5 – V9 have been explicitly shown to obey Finke’s common 
catalyst hypothesis thus far, based on the available data it can with reasonable 
confidence be implied that V2 – V4 do as well. A question, then, remains whether 
any V complex, most critically 97 – 102 (Table 4 section 2.4.2), truly show 
catecholase activity? While optimally this should be determined experimentally for 
97 – 102 and other reported V-CO mimics, which is out of the scope of this PhD 
thesis, there are multiple indicators throughout the combined V-CO and V-CDO 
mimetic literature suggesting the answer to the question can be, and most likely is a 
“no”. In fact, it may be argued that V complexes seem to only display “genuine” 
CDO mimetic activity, the formation of o-quinones such as 71 having demonstrably 
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been shown to occur via autoxidation. The formation of 71 is thus truly achieved 
only by suppressing the CDO mimetic activity, which may be accomplished in 
several ways.  

Firstly, the detrimental effect of added excess multidentate ligands such as 
TACN on the CDO activity of V compounds has been noted quite long ago.212 
Secondly, and quite similarly to the first point, the used solvent is instrumental in 
determining whether a complex has CDO mimetic activity or not: alcohols and other 
strongly coordinating solvents such as THF and DMF inhibit CDO mimetic activity. 
Both added ligands and coordinating solvents hinder or prevent the formation of 92 
and 93 (if S6 is used as substrate) which requires coordination of catechols and 
oxidant molecules. Most contemporary V-CO research involve solvents such as 
MeOH and DMF and multidentate ligands that intrinsically suppress CDO mimetic 
activity, leaving only the autoxidation pathway viable. Thirdly, Lewis bases such as 
Et3N has been shown to completely extinguish CDO mimetic activity when used in 
stoichiometric or even catalytic amounts.230 While base mediated autoxidation of 
catechols is well known, we show here that even a catalytic amount of Et3N 
significantly promotes autoxidation of S6, even in the absence of V pre-catalysts. 

Figure 18. The UV-Vis-NIR spectra of 71, 72 and 81 (c ~ 1 mM) in CHCl3, respectively. The 
compounds 72 and 81 lack any distinctive spectral features above ca. 345 nm, the 
UV cutoff point of CHCl3. 

Other problems related to V-CO (and CDO) mimetic chemistry research lie in 
applied methods and techniques. Most V based catechol oxidation research involve 
the use of S6, a substrate with somewhat special reactivity relative to the other 
commonly studied catechols S7 – S9, except for 3,6-DTBCH2. Most V-CO mimetic 
studies, including our own, have involved only S6 since S7 – S9 are not easily 
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oxidized. These reactivity trends have long been recognized in the V-CDO mimetic 
research community as well. Techniques such as UV-Vis spectroscopy and ESI-
MS(+), which are frequently solely relied upon in V-CO mechanism elucidation, are 
unsuitable in detecting the tell-tale signs of CDO mimetic chemistry. For instance, 
the commonly encountered S6 derived catechol dioxygenase products 72 and 81 do 
not have remarkable UV-Vis spectral features such as the strong ~ 400 nm absorption 
shown by 71 (Figure 18). Moreover, vanadium species such as 92, 93 and [93]2 are 
only visible in the negative mode ESI-MS conditions, and their formation is strongly 
affected by [V]:[S6] stoichiometry, to the point they are not formed at all, and all 
CDO mimetic activity is thus quenched (see footnote on page 51). While EPR and 
51V NMR spectroscopy are powerful tools to determine the fate of used V pre-
catalyst, depending on the used V pre-catalyst, the formation of EPR active species 
such as [93]2 may take as long as 48 hours from reaction onset, making mechanistic 
investigations with EPR potentially problematic if reaction monitoring periods are 
kept short.223 

5.3 Catalysis – Alkene Epoxidation 

Scheme 12. Structural comparison of Mo and W complexes Mo2 – Mo5 and W2 – W5 between 
monomeric 47 – 49 reported by Mösch-Zanetti and co-workers. 

Mösch-Zanetti and co-workers recently reported very high activities of aminomono-
phenolato dioxidomolybdenum(VI) complexes 47 – 53 in the epoxidation of S1, 
reaching TONs up to 110000 at catalyst loadings as low as 0.0005 mol-% in CHCl3 
using TBHPdec.168 Moreover, the complexes retained their high epoxidation activity 
even at 0.1 mol-% catalyst loadings when the reactions were performed in MeOH, 
EtOH, i-PrOH and TBOH, green solvents which typically inhibit epoxidation.113,116 
Additionally, some of the complexes remained active at sub 1 mol-% loadings in the 
epoxidation of challenging substrates S2 – S5, and when H2O2 was used as the 



Pasi Salonen 

90 

oxidant instead of TBHP. The very high epoxidation activity and selectivity of the 
complexes has been ascribed to H-bond donating effects from the ligand amido 
pendant arm, whereby the expected catalytically active (alkyl)peroxido species are 
intramolecularly stabilized during epoxidation.168 Inspired by these results, we 
studied whether similar H-bond donating amido functionalization would enhance the 
epoxidation activity of structurally similar aminobisphenolato complexes Mo2 – 
Mo6 and W2 – W5 as well (Scheme 12). 

The complexes 47 – 53 feature either N-phenylacetamido or N-tert-butylacetamido 
functionalities which coordinate to the Mo centers via the amido carbonyl donor 
oxygen.168 Thus, a similar pendant arm was opted for Mo2 – Mo6 and W2 – W5. As 
a “baseline” H-bond donating pendant arm Mo2/W2 contain an N-phenylacetamide 
moiety. In contrast, Mo3/W3 feature an N-methyl-N-phenylacetamido pendant arm, 
with a blocked H-bond donating capability. The compounds Mo3/W3 acted as 
controls to verify any enhancing effects from the H-bond donor capable complexes. 
Lastly, Mo4/W4 and Mo5/W5 were designed as steric controls against Mo2/W2, as 
it was envisioned the N-benzylacetamido and N-tert-butylacetamido moieties would 
be sterically demanding enough to interfere with any H-bond donating effects. In 
addition, Mo6, having a severely sterically hindered N-(2,6-di-iso-propylphenyl)-
acetamido pendant arm was prepared but could not be used in catalysis due to poor 
solubility in common laboratory solvents, including DMSO. 

Scheme 13. A general reaction scheme of epoxidations catalyzed by Mo2 – Mo11 and W2 – W5 
using substrates S1 – S5. Standard reaction conditions: 2 eqv. TBHP, chloroform, 
T = 50 °C, t = 4 – 24 h. Due to very poor solubility characteristics Mo6 could not be 
tested in catalysis. 
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Preliminary investigations in the epoxidation of benchmark S1 at 1 mol-% 
revealed a rather similar epoxidation behavior as a group for Mo2 – Mo5 and W2 – W5, 
respectively (Figure 19). For Mo complexes, S1 was epoxidized completely under 
16 hours with quantitative selectivity, although a rather sharp rise of initial activity 
was observed for all pre-catalysts: a half-life (t½) of one to two hours after reaction 
onset was observed. Rather interestingly, an induction period lasting for about two 
hours was noted for Mo2 and Mo5, followed by a sudden and very rapid increase in 
the yield of cyclooctene oxide (1,2-epoxycyclooctane). In contrast, W2 – W5 show 
markedly poorer performance compared to Mo2 – Mo5, in line with literature 
reports,120,121,139,276,298 reaching ca. 35% conversion in about two hours, after which 
the yield of cyclooctene epoxide begins to decline, presumably due to over oxidation 
or hydrolysis. For these reasons, the Mo analogs were only considered in subsequent 
epoxidation experiments. The activity of Mo2 – Mo5 in the epoxidation of S1 was 
completely extinguished in polar and/or protic solvents such as in MeOH, EtOH, 
TBOH and MeCN, unlike 47 – 53.168 Modest activity was observed in non-polar 
aprotic solvents toluene, n-hexane, whereas slightly polar 1,2-DCE and DCM 
yielded good to moderate results, with DCM affording yields only slightly inferior 
to CHCl3/CDCl3, the most optimal solvent for Mo2 – Mo5 catalyzed epoxidation 
reactions. Moreover, reactions performed using H2O2 did not yield any epoxide for 
any Mo or W complex. These results represent major deviations from the 
performance of the structurally related 47 – 53.168 

 
Figure 19. The yield of cyclooctene oxide vs. time profiles of S1 epoxidation catalyzed by Mo2 

– Mo5 and W2 – W5 at 1 mol-% catalyst loading, as monitored by in-situ 1H NMR 
spectroscopy (Mo complexes) or GC-MS (W complexes). The reactions were 
performed in CDCl3/CHCl3 at T = 50 °C. 

The complexes Mo2 – Mo5 however remained very active at sub 1 mol-% 
loadings, in analogy to 47 – 53.168 Namely, no significant loss of activity could be 
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detected at 0.1 mol-% vs. that of 1 mol-% (Figure 20A vs. Figure 19), and fair activity 
was still present at 0.01 mol-% loadings (Figure 20B). All reactions progressed with 
full selectivity for cyclooctene oxide. Mo2 especially remains nominally the most 
active, reaching practically full conversion still at 0.1 mol-%, and about 50% 
conversion at 0.01 mol-% respectively, although collectively the activities of Mo2 – 
Mo5 are rather similar. In terms of maximal TON (in a single run) Mo2 – Mo5 reach 
values of ca. 5300, 1500, 3500 and 3700, respectively, while maximal TOF values are 
correspondingly 920 h–1, 210 h–1, 600 h–1 and 240 h–1, at 0.01 mol-% loadings (Table 
8). These values are at least an order of magnitude higher than typically reported for 
aminobisphenolato dioxidomolybdenum(VI) complexes.164,165,260,261,263,299 

 
Figure 20. The conversion vs. time plots in the epoxidation of S1 catalyzed by Mo2 – Mo5 at 

0.1 (A) and 0.01 (B) mol-% catalyst loadings, respectively, as monitored by in-situ 
1H NMR spectroscopy. The reactions were performed in ca. 1 mL CHCl3:CDCl3 (1:1 
V:V) at T = 50 °C. 

In most literature concerning Mo/W catalyzed epoxidation, the catalytic activity of 
any complex is by far most typically evaluated at a single catalyst loading, most often at 
1 mol-% relative to an alkene substrate. The complexes Mo2 – Mo5 were found to be 
more active at 0.1 and 0.01 mol-% than at the widely used standard 1 mol-% conditions, 
in both relative and absolute terms. While this behavior might be interpreted as a 
beneficial effect from the amido moiety, similar to 47 – 53, it was necessary to evaluate 
known complexes at sub 1 mol-% catalyst loadings to be certain. To this end, 
dioxidomolybdenum(VI) complexes supported by tetradentate aminobisphenolato ligands 
featuring 2-methoxyethyl (Mo7), N,N-dimethylethylamine (Mo8) and 2-pyridylmethyl 
(Mo9) pendant arms from earlier studies of ours were additionally synthesized and re-
evaluated in epoxidation (Scheme 13).261 Moreover, to adequately evaluate the effect of 
a coordinating pendant arm in epoxidation, the complexes Mo10 and Mo11 featuring 
tridentate aminobisphenolato ligands were also investigated (Scheme 13).262,263,300 The 
complexes Mo7 – Mo9 do not feature H-bond donating capable pendant arms, whereas 
Mo10 and Mo11 lack a coordinating pendant arm entirely. 
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Quite remarkably, Mo7 – Mo11 show not only comparable, but partly even 
superior activity compared to Mo2 – Mo5 in the epoxidation of S1, especially at sub 1 
mol-% catalyst loadings. At 1.0 mol-% catalyst loadings, Mo7 – Mo11 show slightly 
inferior overall activity relative to Mo2 – Mo5: while Mo2 – Mo5 all reach full 
conversion at t << 16 h and have reaction half-lives (t½) of one to two hours (not 
considering induction periods), Mo7 – Mo11 generally do not reach full conversion in 
16 hours and have t½ ~ three to eight hours (Figure 21A). Curiously, Mo7 – Mo9 display 
an induction period lasting between 15 minutes to four hours, similarly to Mo2 – Mo5, 
whereas no induction can be observed for Mo10 and Mo11. The rather long ca. four-
hour induction period displayed by Mo9 is in accordance with previous reports.261 
However, at below 1 mol-% catalyst loadings Mo7 – Mo11 varyingly show superior 
epoxidation performance than Mo2 – Mo5 (Figure 21B and C). While Mo9 and Mo11 
lose all activity at 0.1 mol-% loadings and below, Mo7, Mo8 and Mo10 have higher 
nominal TON and TOF values compared to Mo2 – Mo5: at 0.01 mol-% loading, Mo7, 
Mo8 and Mo10 reach TONs of 5800, 9500 and 8200, and maximal TOFs of 360, 1000 
and 2700 h–1, respectively, not considering induction times (Table 8). 

 
Figure 21. The conversion vs. time plots obtained in the epoxidation of S1 catalyzed by Mo7 – 

Mo11 at 1.0 (A) 0.1 (B) and 0.01 (C) mol-% catalyst loadings, respectively, as 
monitored by in-situ 1H NMR spectroscopy. The reactions were performed in ca. 1 
mL CDCl3 or CHCl3:CDCl3 (1:1 V:V) at T = 50 °C. 
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Among all Mo-based epoxidizing pre-catalysts, 86 is known to be capable of 
quantitative and very selective epoxidation of even the most challenging substrates 
such as terpenoids S4, S5, 11 – 13, and long-chained terminal alkenes including S2 
and 9, at 0.01 mol-% catalyst loadings.301 Moreover, several groups have also 
reported their epoxidation results involving S1 – S5 using 86 in a control purpose.302–304 
However, to the best of our knowledge, epoxidation of S1 with 86 have not been 
performed with catalyst loadings well below 1 mol-%. Thus, the epoxidation of S1 
was tested with 86 using 5, 1, 0.1, 0.01, 0.001 and 0.0001 mol-% catalyst loadings. 
The epoxidations were performed both on a Heidolph Parallel Synthesizer and in-
situ 1H NMR spectroscopy. Although superb performance was expected for 86, 
astonishingly, a TOF ~ 62500 h–1 was reached at 0.1 mol-% catalyst loading on the 
Synthesizer setup (Figure 22B), whereas a lower, but still very high TOF ~  
10800 h–1 was obtained with the 1H NMR setup (Figure 22A). These rather 
noticeable differences may be explained by diffusion: the reactions performed using 
the synthesizer are actively stirred, whereas the NMR reactions are limited by 
convection. Regardless of the used method, these TOF values are competitive with 
respect to the state-of-the-art (cf. Chart 1 section 2.3.5.3). Notably, no induction 
periods were observed using 86, except at very dilute catalyst loadings. 

 
Figure 22. The conversion vs. time plots obtained in the epoxidation of S1 catalyzed by 86 at 

various catalyst loadings, as monitored by in-situ 1H NMR spectroscopy (A) or by 
GC-MS using a Heidolph Parallel Synthesizer (B). The reactions were performed in 
chloroform at T = 50 °C. 

In the catalytic reactions, it was noted that upon treatment of a CDCl3 solution 
containing fully dissolved 86 with ca. 200 eqv. TBHP (rel. 86), an off-white solid 
almost immediately precipitated out of solution. No attempts were made to 
characterize the solid but judging from the conversion vs. time plots (Figure 22A), 
the catalytically active component(s) most likely remain in solution. Strikingly, this 
behavior exactly matches that reported for 36 and 37 by Mösch-Zanetti and co-
workers.69 Moreover, the TOF yielded by 86 (62500 h–1), closely matches those 
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obtained for 36 and 37 (~ 62000 and 107000 h–1, respectively) using similar reaction 
setup, hinting that the epoxidation chemistries of 36, 37 and 86 might be similar. At 
the end of the reaction monitoring period, a brilliantly orange-colored homogeneous 
solution was recovered, but upon standing for a day under benchtop conditions, the 
orange color subsided, resulting in a blue precipitate, very similar to the reports 
involving 36 and 37.69 

The very high epoxidation activity of 86 has long been recognized to be result of 
the high hemilability of the acac ligand,68 with modern consensus being that these type 
of ligands are rapidly dissociated from metal centers under oxidative conditions.26 In a 
study by Zamaraev and co-workers, 51V, 1H NMR and EPR spectroscopy were used 
to study 65 catalyzed epoxidation of 8.305 According to this report, 65 reacts with 
equimolar amounts of TBHP to form oxidovanadium(V) species [VO(acac)2(OOt-Bu)] 
(120) and [VO(acac)2(Ot-Bu)] (121), from which neither are directly active in 
epoxidation. Rather, 120 decomposes into 65, producing •OOt-Bu radicals which 
effected the epoxidation. Vanadium catalyzed epoxidation involving ROO• radicals is 
well documented.306 Under a more “catalytically realistic” stoichiometry of 
[65]:[TBHP] = 1:>200, at least three other species 122 – 124 all lacking acac ligands 
are detected after rapid decomposition of both 120 and 121. From the available data, 
it has been determined that 122 and 123 contain an OOt-Bu and O-tBu ligands, and 
may have structures of the type [VO2(OOt-Bu)] or [VO(O2)(OOt-Bu)], and [VO2(Ot-
Bu)] or [VO(O2)(Ot-Bu)], respectively. However, only 122 epoxidizes 8 via a radical 
mechanism (see above). 124 was successfully characterized as [VO(Ot-Bu)3]. Both 
123 and 124 equilibrate with the catalytically active 122. By extending these results 
and considering 86 seemingly decomposes in the presence of excess TBHP, it may be 
unsubstantiated to assume a single catalytically active species, let alone one still 
supported by acac ligands, in the catalytic rection between 86 and S1. 

Mo2 – Mo5, Mo10 and Mo11 were evaluated in the epoxidation of the more 
challenging substrates S2 – S5, with Mo7 – Mo9 having been assessed earlier (Table 
9).261 Full selectivity for 1,2-epoxyoctane is observed for Mo2 – Mo4, with 
conversions ranging between 34 – 43% in 24 h at 1 mol-%. However, Mo5 was 
completely inactive in the epoxidation of S2. Lowering of the catalyst loading to 0.1 
mol-% leads to slight drop in conversion (18 – 27%), although selectivity is full. 
Curiously enough, Mo3 is deactivated at 0.1 mol-%, whereas Mo5, for which no 
reaction was observed for S2 at 1 mol-%, reaches 20% and > 95% selectivity at 0.1 
mol-%. With S2, Mo2 – Mo5 are deactivated at 0.01 mol-% loadings, however. For 
Mo7 – Mo11 conversions of 27 – 70% and rather similar selectivities (83 – 95%) 
are observed at 1 mol-% loadings.261 In the case of S3, benzaldehyde was solely 
obtained with full conversion for Mo2 – Mo5. Lower conversions (12 –18%) but a 
selectivity of 19 – 32% have been reported for Mo7 – Mo9.261 Additionally, 76% 
and 48% conversions and 0% and 6% selectivity are obtained for Mo10 and Mo11, 
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respectively. While all complexes are inactive in the epoxidation of S5, however, 
there is a stark dichotomy in the epoxidation of S4 between MoO2 complexes 
supported by tetra- and tridentate ligands. Complexes Mo2 – Mo9, excluding Mo5 
and Mo6, progressively reach a 35 – 89% conversion and 36 – 70% selectivity in a 
24-hour period, whereas Mo10 and Mo11 reach high 60 – 78% conversion and 69 – 
78% selectivity in just one to three hours, respectively. 

In summary, generally the epoxidations involving Mo2 – Mo11 followed the 
trends reported in the literature well,110,113,154,164–166,168,261 namely that S1 highly 
selectively affords the oxide in high yield, whereas the oxidation of terminal alkenes 
such as S2 is selective but slow (poor conversion), and S3 gives a good conversion 
with poor selectivity for the epoxide. However, the oxidation of S4 was achieved 
with moderate conversion and selectivity, whereas S5 did not react with any of the 
pre-catalysts, indicating that the OH group of the substrate may deactivate the 
complexes. All reactions worked equally well with TBHPaq and TBHPdec, 
indicating that the small water content in TBHPaq, which however becomes 
significant at very low catalyst loadings, did not seem to have a detrimental effect 
on catalysis. In contrast, H2O2 and polar and/or protic solvents extinguished all 
epoxidation activity. From the data shown in Table 9 it is difficult to draw any 
meaningful structure-activity relationships between the tested complexes and 
substrates. However, importantly it can be seen that Mo10 and Mo11, complexes 
supported by tridentate ligands, are as active if not slightly more active than Mo2 – 
Mo9 bearing tetradentate ligands. Moreover, any hypothetical beneficial H-bond 
donating effects in the ligands in Mo2 – Mo5 cannot realistically be proposed on 
account of the similar activity of Mo7 – Mo11. 

5.3.1 Epoxidation Mechanism – Role of the Pendant Arm 
The complexes Mo10 and Mo11 missing a coordinating pendant arm were found to 
be equally active if not slightly superior to Mo2 – Mo9 in the epoxidation of S1 – 
S5 overall. This leads to a dilemma: what is/are the epoxidation mechanism(s) of 
Mo2 – Mo11, and specifically, in what manner does the presence or absence of a 
coordinating pendant arm affect the epoxidation activity of the complexes? In the 
context of other reactions such as alkene polymerization, the impact of ligand 
sterics/electronics in aminobisphenolato supported metal complexes has been well 
established.307 More recently, the coordinative nature of a pendant arm was found to 
be crucial in determining the activity of several aminobisphenolato MoO2 complexes 
closely similar in structure to Mo7 – Mo9 in deoxydehydration of styrene glycol.262 
However, to date, similar structure-activity relationships have remained obscure in 
the context of alkene epoxidation catalyzed by MoO2/WO2 aminobisphenolato 
complexes, as yet again demonstrated herein by Mo2 – Mo11 and W2 – W5.
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5.3.1.1 Induction Period 

In the epoxidations involving S1, an induction period lasting between ca. 15 min to 
four hours was noted prior to onset of some of the reactions. Significantly, the 
induction periods were exclusively associated with Mo2 – Mo9, complexes based 
on tetradentate ligands, and particularly so with Mo9 featuring a 2-pyridylmethyl 
pendant arm (Figures 19 – 21). Conversely, reactions catalyzed by Mo10 and Mo11 
based on tridentate ligands, in addition to 86, commenced almost immediately, 
expect at very dilute catalyst loadings (Figures 21 and 22). Similar induction periods, 
which have been reported to be temperature dependent, have been observed e.g., for 
14 – 16, and they are typically interpreted to be related to the formation of the 
presumed catalytically active M—OOR species (Thiel mechanism Scheme 8 section 
2.3.4.1).133,183 However, in some cases the presence of induction periods have been 
interpreted as indications of a radical nature of the epoxidation reactions.186 No 
attempts were made to evaluate the possible radical nature of the tested epoxidations 
e.g., by using known alkyl-radical scavengers such as S7, however.308 

It was found that the induction period could be largely eliminated for the tested 
Mo2, Mo5, Mo7 and Mo8 by incubating the complexes in CDCl3 in the presence of 
200 eqv. TBHP for several hours prior to addition of 100 eqv. S1 (Figure 23 pre-
activated). If, on the other hand, the complexes were incubated in the presence of 
100 eqv. S1 for several hours prior to treatment with 200 eqv. TBHP, the induction 
period remained (Figure 23 no pre-activation). However, for Mo9, the induction 
period lasted for about four hours regardless of whether TBHP incubation was 
performed or not, whereas Mo3 and Mo4 were not evaluated. The 1H NMR spectra 
of Mo2, Mo5, Mo7, Mo8 and Mo9 are unaffected by the excess TBHP, even during 
the whole course of the epoxidations, indicating that a type of “encounter complex” 
may be formed by pre-equilibration with TBHP, rather than a reaction outright (see 
Scheme 14 reaction A). Similar results were found with strongly coordinating 
solvents such as MeOH, MeCN, DMSO and pyridine. This is further substantiated 
by the fact the 1H NMR spectra of Mo10 and Mo11 are immediately altered upon 
treatment with 200 eqv. TBHP. Mo10 and Mo11, having a weakly bound MeOH 
ligand, readily react with TBHP to form the catalytically active species, manifesting 
as immediate conversion in the epoxidation of S1, whereas Mo2 – Mo9 may require 
pre-equilibration with TBHP prior to the onset of the reactions. For Mo2 – Mo9, a 
partial ligand dissociation (of the pendant arm) may be envisioned.309 Finney and 
Mitchell have already shown the rather robust nature of the 2-pyridylmethyl pendant 
arm in 41 – 43, which may partly explain the unreactive nature of Mo9.158 In fact, 
aminobisphenolato MoO2 complexes featuring a 2-pyridylmethyl pendant arm have 
earlier been reported by Lei and Chelamalla to be inactive in the epoxidation of S3.161 
Rather interestingly, the activity can be reinvigorated by opting a longer 2-
pyridylethyl pendant arm instead.161 Such longer pendant arms show a reduced 
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coordinative ability to the extent they may be displaced by neutral solvent molecules 
such as MeOH, as determined by XRD for 98 (Table 4 section 2.4.2).224 

 
Figure 23. Epoxidation induction period can be removed by incubation of the complex in the 

presence of excess TBHP for several hours prior to treatment with S1 as 
demonstrated by Mo2 (pre-activation). If Mo2 is similarly incubated for several hours 
in the presence of excess S1 prior to addition of TBHP, the induction period persists 
(no pre-activation). 

5.3.1.2 “Dilution Effect” 

In all S1 epoxidation experiments except those involving Mo9 and Mo11 the 
epoxidation performance increases in terms of higher TONs and TOFs with the 
lowering of the catalyst loading, a phenomenon dubbed as the “dilution effect”. For 
example, as shown by Mo8, the epoxidation performance is highest at 0.1 and 0.01 
mol-% catalyst loadings, while increasing the amount of catalyst to 1 or 5 mol-% 
leads to poor epoxidation performance (Figure 24A). Kühn, Poli, and co-workers 
have encountered similar phenomena in S1 epoxidation performed with 29, 61 and 
62, respectively.110,140,176 Kühn and co-workers have postulated that by reducing the 
catalyst loading, more catalytic centers will be involved and a more realistic TOF is 
obtained.140 Poli and co-workers have similarly deduced that only a minor proportion 
of the complexes must be active at high catalyst loadings.110 For 61 and 62 the 
dilution effect has been attributed to an equilibrium dissociation between the dimeric 
and monomeric forms (see Scheme 9 section 2.3.5.3).176 Since the monomer such as 
61 more readily interacts with TBHP compared to 63, generating the active catalyst, 
it may be anticipated that the rate of deactivating dimerization is reduced under a 
lower catalyst loading relative to higher loads solely based on concentration 
effects.176 

Considering the widely accepted Mo catalyzed epoxidation mechanism is 
believed to entail the formation of catalytically active Mo—OOR or similar species, 
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attention was directed towards the molar ratio between Mo pre-catalysts and TBHP, 
a reaction parameter often overlooked in the literature. At standard reaction 
conditions, for example at 1 mol-% catalyst loading, the molar ratio between 
[Mo]:[S1]:[TBHP] is 1:100:200, with the [Mo]:[TBHP] molar ratio difference 
progressively increasing with lower loads (e.g., at 0.01 mol-% loading this ratio is 
1:20000). Quite simply, the poor performance of all complexes except Mo9 and 
Mo11 at 5 mol-% catalyst loading can be explained by considering the molar ratio 
between [Mo]:[S1]:[TBHP] is 1:20:40, with a mere 1:40 ratio between Mo and 
TBHP, if TBHP stoichiometry is unaltered. Accordingly, by increasing the 
[Mo]:[TBHP] molar ratio to the standard factor of 1:200, the 5 mol-% epoxidation 
behaves closely similar to the 1 mol-% experiment, since the [Mo]:[TBHP] molar 
ratio will be identical (Figure 24B). Control reactions showed that the increased 
[S1]:[TBHP] ratio of 1:10 with respect to the standard 1:2 ratio has only very minor 
effects on the non-catalytic oxidation of S1 (Figure 24B). 

It is likely that the “dilution effect” has been encountered before. Namely, Lei 
and Chelamalla report no benefits in increasing the catalyst loading from 2.5 to 5.0 
mol-% in the epoxidation of S3 using complexes structurally similar to Mo9.161 In 
these experiments the [Mo]:[TBHP] molar ratio never exceeds 1:100, a ratio that was 
found suboptimal for  Mo2 – Mo11. Lacking a sterically demanding Bn pendant 
arm, deactivation by dimerization at low loadings may be envisioned for Mo11,300 
potentially explaining the poor performance of this pre-catalyst at sub 1 mol-% 
loadings.  

 
Figure 24. The Mo8 catalyzed S1 epoxidation conversion vs. time profiles at various catalyst 

loadings, demonstrating the “dilution effect” (A). Effect of [Mo]:[TBHP] in the 
epoxidation of S1 as demonstrated by Mo7 (B). Reactions were monitored by in-situ 
1H NMR spectroscopy and performed in chloroform. 
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5.3.1.3 Epoxidation Mechanism – DFT 

The [Mo]:[TBHP] molar ratio is one of the most important factors in determining 
the catalytic activity of the studied Mo complexes. Generally, the complexes show 
rather similar activities in terms of selectivity in the epoxidation of S1 – S5 overall, 
with significant structure-activity relationships arising only in the epoxidation of S1 
at sub 1 mol-% catalyst loadings, predominantly in the form of the “dilution effect”. 
A key feature in the studied epoxidations is that Mo10 and Mo11 show comparable 
if not slightly better activity relative to the other complexes overall, with respect to 
TON and TOF values. This implies that a coordinating pendant arm most likely does 
not play a crucial role in the overall epoxidation mechanism. 

Finney and Mitchell have argued that the complexes 41 – 43, by virtue of being 
supported by bulky tridentate ligands, rule out the Mimoun metallacycle epoxidation 
mechanism by preventing the simultaneous coordination of TBHP and alkene at the 
metal center, a prerequisite in the Mimoun mechanism.158 By extending this same 
intuition, it follows that Mo2 – Mo9, bearing bulky tetradentate ligands, should be 
inactive in epoxidation by disallowing (bidentate) coordination of the similarly bulky 
TBHP molecule. A partial dissociation of the pendant arm in Mo2 – Mo9 has been 
considered as a potential solution to this problem and was investigated 
computationally using density functional theory (DFT). The mechanistic insights 
from the works of Finney and Poli involving complexes 41 – 43, 61 and 62 have 
been considered intuitively applicable for Mo2 – Mo11 due to structural similarities 
between these compounds.  

DFT calculations using the nominally most active “tetradentate complex” Mo8 
having a simplified ligand structure (t-Bu groups omitted in the aromatic rings), 
denoted as Mo8’, were conducted adopting elements from the “Poli mechanism” with 
changes in relative energies ΔH298 (in kcal mol–1) calculated in the gas phase to allow 
comparison between results.110,179 The structures of Mo8’ (+ TBHP) and some 
derivatives shown were optimized in the B3LYP/def2-TZVP level of theory (in 
Scheme 14 energies in kcal mol–1 shown in black numbers under studied structures). 
According to the computations, the enthalpies associated with the de-coordination of 
the N,N-dimethylethylamine pendant arm from Mo8’, forming a formally five-
coordinate complex, is endergonic by +12.0 kcal mol–1. In accordance with the Poli 
mechanism,110 self-association of Mo8’ into the dimeric [Mo8’]2 via the five-
coordinate intermediate species is possible, with [Mo8’]2 being mere +3.1 kcal  
mol–1 higher in energy relative to Mo8’ (Scheme 14 reactions B and C). Although not 
observed directly during catalysis by 1H NMR spectroscopy in the case of Mo2 – Mo9, 
aminobisphenolato complexes structurally similar to [Mo8’]2 have a precedent in the 
literature. For example, Mo11 readily dimerizes in MeCN or non-coordinating 
solvents, due to being supported by a tridentate ligand.300 Thus, partial ligand 
dissociation of the pendant arm may be reasonably conceived to effect dimerization. 
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Two modes of TBHP coordination emerged in the reaction mechanism. Namely, 
the five-coordinate intermediate from Mo8’ has an approximate trigonal bipyramidal 
coordination geometry, allowing TBHP coordination “cis” or “trans” relative to the 
loose pendant arm (Scheme 14 reaction D). It is worth noting that the formation of the 
neutral TBHP adduct is likely to occur via an associative SN2 like reaction. Such a 
pathway should yield an energetically more favorable intermediate with respect to the 
“bare” five-coordinate species presented herein. The cis- and trans-TBHP adducts lie 
–4.5 and –7.1 kcal mol–1 lower in energy relative to the five-coordinate species, set to 
0 energy (Scheme 14 energies associated with the epoxidation cycle shown in red 
underlined values in kcal mol–1 under studied structures). The [Mo8’(trans-TBHP)] is 
structurally analogous to the TBHP adduct in the Poli mechanism, being stabilized by 
H-bonding with the axial oxido ligand.110 In contrast, the cis-TBHP adduct is stabilized 
by H-bonding with one of the phenolato O donors. We have considered the pathway 
involving the trans-TBHP adduct chemically more sensible than the cis-pathway.  

 
Scheme 14. Main features of the alkene epoxidation mechanism involving Mo8’. Optimized 

geometries in the gas phase in relative energies shown in black, whereas energy 
profile of the epoxidation is shown in underlined red. The unit of energy = kcal mol–1. 
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The actual epoxidation step, modeled with ethylene, closely parallels that 
proposed for 62. Alkene attack directs towards the Oα atom (closest to H atom in 
TBHP) in the TBHP adduct which results in transition state that is endergonic by 
+21.6 kcal mol–1 (Scheme 14 reaction E). The oxygen transfer step is characterized 
by elongation of the Oα—Oβ bond in the TBHP ligand, as well as shortening of the 
Mo=O---HOα H-bonding contact in anticipation of proton shuttling. The catalytic 
conversion of ethylene to ethylene oxide produces t-BuO and OH ligands, and the 
process is exothermic by –37.1 kcal mol–1 (Scheme 14 reaction F). 

The active catalyst is regenerated after an intramolecular rearrangement 
generating TBOH and the original MoO2 center, a process that is in line with the 
computational results by Poli and co-workers (Scheme 14 reactions G and H). The  
[MoO2(κ3-L)(TBOH)] species obtained from [MoO(OH)(κ3-L)(Ot-Bu)] via proton 
shuttling (reaction G) represents the global minimum (resting state) for the depicted 
reaction. However, proton transfer processes of this type are sometimes found to 
proceed with very high barriers in the gas phase (> +40 kcal mol–1).110 These barriers 
have been shown to decrease dramatically in the presence of proton shuttling 
molecules, such as water or TBOH, however.110 It is worth noting that stability 
difference between species [Mo8’(trans-TBHP)] + TBOH and [Mo8’(trans-
TBOH)] + TBHP is only –1.9 kcal mol–1 in favor for the latter species. Thus, the 
reaction H may proceed, in principle, in either direction. The regeneration of the 
active catalyst should be favorable given the very high excess of TBHP. Indeed, the 
“dilution effect”, an effect governed by the [Mo]:[TBHP] molar ratio, may be a 
manifestation of the facility of the forward H reaction. On the other hand, the reverse 
H reaction may become dominant in the presence of excess strongly coordinating 
solvents, well observed with Mo2 – Mo9, which are poisoned in alcohols and 
MeCN. 

5.3.1.4 Catalyst Decomposition? 

It has been determined experimentally that catalytically active species in the 
epoxidations is only a minor component present in solution (Halpern’s rules). While 
DFT has been used to gain insight into the epoxidation mechanism, computational 
methods are only ever useful if the starting assumptions with regards to the reactions 
are correct. In this case the hypothesis is that a derivative of Mo2 – Mo11 is the 
catalytically active species. However, it has been unequivocally shown in this PhD 
work that these presumptions might be far from reality. As is the case in V catalyzed 
oxidation of S6, where structurally diverse aminophenolato supported V complexes 
were found to readily decompose and generate a discrete, active catalyst via V 
leaching. As pointed by Finke and co-workers, the concept of “autoxidation-product-
initiated chemistry” is widespread in nature, such as in aerobic degradation of 
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organics, but is rarely detected nor considered in transition metal catalyzed oxidation 
chemistry.213 

There are numerous examples of catalyst decomposition in the context of Mo/W 
catalyzed epoxidation, yielding a catalytically very active species. For example, 
although based solely on anecdotal evidence it may be possible that 36, 37 and 86 
generate a similar if not the same very active epoxidation catalyst(s) in the presence 
of TBHP. Similarly, 32 has been shown experimentally to become very active in 
epoxidation after loss of CpAr5 ligand under oxidative conditions. Moreover, there 
is at least one report showing that POMs 84 and 85 lose their polyanionic structure 
in the presence of H2O2, generating catalytically very active peroxido species 
{PO4[MO(O2)2]4}3– and [M2O3(O2)4(H2O)]2– (M = Mo, W), respectively, via W and 
Mo leaching.310 

As it stands, the S1 – S5 epoxidation reactions catalyzed by Mo2 – Mo11 show 
some aspects that are shared with Finke’s “common catalyst hypothesis” and are thus 
in principle open for the interpretation of catalyst decomposition. For example, 
coordinating solvents readily inhibit the epoxidation catalysis, and in the absence of 
deactivating solvents, the catalytically effective species are seemingly very active, 
even at 0.01 mol-% loading, much like with 93. Moreover, the experimental 
evidence in favor for a “partial ligand dissociation” are in principle consistent with 
a “complete ligand dissociation” hypothesis as well. For example, the in some 
respects superior activity of Mo10 and Mo11 with regards to Mo2 – Mo9 may be 
explained by a more facile TBHP mediated decomposition of the complexes by 
virtue of Mo10 and Mo11 being less stabilized by tridentate ligands as opposed to 
tetradentate ones. On the other hand, the poor activity of Mo9 might be due to the 
high stability of the pre-catalyst against the effects of TBHP. Since the catalytically 
active species are invisible using 1H NMR spectroscopy, as per Halpern’s rules, the 
fact that Mo2 – Mo9, or some part of them, are visible and unchanged during 
catalysis cannot be held as evidence for their complete stability. Moreover, the 
structures of Mo10 and Mo11 are immediately altered after treatment with TBHP, 
with multiple species visible at the end of catalysis. Although Mo2 – Mo11 display 
somewhat different reactivity towards S1, the selectivities in the epoxidation S2 – 
S5 are rather comparable. While a similar active catalyst may be imagined for the 
studied pre-catalyst, Mo2 – Mo11 are structurally related aminophenolato 
complexes after all, the complexes may decompose to form a hypothetical “common 
epoxidation catalyst” as well. Moreover, the presence of induction periods followed 
in some cases by sigmoidal (autocatalytic-like) conversion vs. time profiles (cf. 
Figures 21 and 24) are very similar to the V-CDO mimetic reactions. Unfortunately, 
currently it is difficult to differentiate between a “partial ligand dissociation” and 
“complete ligand dissociation” hypotheses, and future work should be dedicated to 
conclusively decide between the two. 
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6 Summary and Conclusion 

In this PhD thesis I have studied the catalytic properties of several Mo, W and V 
complexes supported by aminophenolato and similar ligands in catalytic catechol 
oxidation and alkene epoxidation. In the context of catechol oxidation, it was 
found that the studied vanadium complexes V1 – V9 do not display CO mimetic 
behavior, as previously thought, but rather primarily CDO mimetic activity. 
Moreover, mechanistic investigations into the V1 – V9 catalyzed catechol 
oxidation strongly point towards a “common catalyst hypothesis” previously 
proposed by Finke and co-workers. According to the hypothesis, virtually any 
H2O2 sensitive V based pre-catalyst is transformed by V leaching into a discrete, 
catalytically active form, driving the oxidation reaction to a specific outcome. It 
has been shown here with reasonable evidence that the studied V complexes obey 
Finke’s common catalyst hypothesis. Moreover, several connections between V 
catalyzed CO and CDO mimetic chemistry are found when comparing the 
literature pertaining to older V-CDO and modern V-CO mimetic chemistry, 
casting some doubts as to the validity of the V-CO mimetic research area as a 
whole. 

However, perhaps most importantly, this PhD thesis highlights some aspects 
related to the poorly known concept of “true catalyst” evolution via “pre-catalyst” 
decomposition, which may in fact be a far more common phenomenon in the context 
of catalysis than believed. To quote Finke: 

“[The] facile ligand substitution and leaching, especially in the presence of H2O2 
and powerfully chelating ligands, such as [3,5-DTBC] dianion, is hereby 
established as the dominant hypothesis to be disproved for future V-based 
oxygenation catalysis.”214  

If anything, it seems that Finke’s ”common catalyst hypothesis” has further been 
reinforced as the dominant hypothesis throughout the work presented herein, 
encompassing not only new CDO mimetic V compounds, but compounds previously 
assumed to display different chemistry altogether. 
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Several aminobisphenolato MoO2/WO2 complexes Mo2 – Mo11 and W2 – W5 
were evaluated in catalytic alkene epoxidation with the primary aim of studying 
ligand-centered H-bond donating effects on catalysis. As reported by Mösch-Zanetti 
and co-workers, Mo complexes having H-bond donor capable functionalities in their 
ligand design, such as amido moieties, display very high catalytic activity at sub 1 
mol-% catalyst loadings in alkene epoxidation. Experimental work reveals that most 
studied Mo complexes indeed remain very active at sub 1 mol-% catalyst loadings, 
the most widely used standard catalyst loading. Dubbed as the “dilution effect”, the 
high activity of the complexes at low catalyst loadings was found to be tied to the 
[Mo]:[TBHP] molar ratio. Pre-equilibration with TBHP was also proposed to 
account for induction periods in reactions involving Mo2 – Mo9, complexes 
supported by tetradentate ligands. However, collective catalytic results involving all 
complexes Mo2 – Mo11 reveal that the H-bond donor hypothesis must not hold true 
for Mo2 – Mo5. Rather, complexes Mo10 and Mo11 being supported by a weaker 
coordinating tridentate aminobisphenolato ligands show identical if not better 
catalytic activity than the rest of the complexes. Thus, the catalytic activity of the 
complexes may be governed by ligand hemilability instead. Taking the experimental 
results together, DFT computational analysis was used to propose an epoxidation 
mechanism for Mo2 – Mo11 that is highly complementary to that proposed by Poli 
and co-workers for Schiff-base MoO2 complexes. The mechanism proposes partial 
ligand dissociation, essentially showing that all complexes react via a similar neutral 
TBHP adduct intermediate, explaining not only the lack of significant structure-
activity differences with S2 – S5 between the structurally similar but distinct 
complexes, but the highly competitive activity of Mo10 and Mo11 with respect to 
Mo2 – Mo9.
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7 Future 

In the future, it might be interesting from a purely academic perspective to test the 
rest of the reported V-CO mimetic pre-catalysts for CDO mimetic activity, and 
whether they also obey Finke’s “common catalyst hypothesis”. Unfortunately, the 
prospects of synthetically utilizing such V complexes may be quite limited with 
respect to finding the “Holy Grail” general oxygenation catalyst if all V complexes 
decompose to yield the same catalytically active species, with a rather limited 
substrate scope. In this regard, other metals such as Fe found in the native CDO 
enzyme should be focused upon with this goal in mind. 

In the context of Mo/W catalyzed epoxidation, the work herein shows that many 
previously reported aminobisphenolato complexes show high S1 epoxidation 
activity below the standard 1 mol-% catalyst loadings. In some cases, the 
performance of the complexes is poor at 1 or higher mol-% loadings, but 
significantly increases at lower loadings. While the “dilution effect” mostly applied 
only for S1 for the studied Mo complexes, in general it may be worthwhile to adopt 
a different catalyst loading standard (other than 1 mol-%), or alternatively increase 
oxidant loadings, even in the case poor catalytic results are obtained at 1 mol-% or 
higher loadings. Moreover, the extremely high epoxidation activity of 86 at sub 1 
mol-% was revealed in the epoxidation of S1, which will help to benchmark future 
complexes.  

However, designing aminobisphenolato ligands with different pendant arms for 
use in Mo/W catalyzed alkene epoxidation may be a forgone opportunity if different 
reactivity is sought, especially if the epoxidation mechanism presented in this PhD 
thesis is correct. It goes without saying that more work is needed to be done both 
experimentally and theoretically. For example, experimental mechanistic elucidation 
using ESI-MS and 19F NMR spectroscopy might be used to probe speciation during 
catalytic runs,311 or EPR might be in turn used to detect radicals during the reactions. 
In this regard, it might be sensible to design new aminobisphenolato ligands 
featuring fluorine labels, or ligands whose coordination could be controlled. 

Work has already started in our laboratories to study the impact of coordinative 
hemilability of MoO2 complexes in alkene epoxidation. Preliminary results have 
been promising: a structural derivative of Mo2 with a more loosely coordinated 
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ligand has reached a high initial TOF ~ 14000 h–1 at a catalyst loading of 0.001 mol-
% in the epoxidation of S1. Additionally, a series of V complexes derived from H2L6 
– H2L10 are currently investigated as oxidation pre-catalysts. 
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Appendix 

List and structures of all numbered compounds, substrates used in catalysis, as well 
as proligands and complexes presented throughout this PhD thesis: 
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