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SUMMARY 

Oxidations are an important kind of reactions which are traditionally performed using 

stoichiometric oxidants that generate a large amount of waste.  

Syn-dihydroxylation of alkenes is a paradigmatic example because it is a cornerstone reaction 

in organic synthesis that still relies in the use of heavy metal oxides, specially Os and Ru 

based oxides in catalytic amounts, but also KMnO4, in stoichiometric amounts. Acetonitrile 

and halogenated solvents are widely used solvents in these reactions because of their robust 

nature against oxidants. However, metal catalyzed oxidations in green solvents are basically 

unknown. Rieske oxygenases are nonheme iron enzymes that catalyzes the olefin cis-

dihydroxylation among other reactions. Is well know that the FeV(O)(OH) species play a key 

role as intermediates in arene dihydroxylation catalyzed by Rieske oxygenases. However, the 

inability to accumulate these intermediates in solution has thus far prevented their 

spectroscopic and chemical characterization. 

In this thesis, we were able to synthetizes an iron catalyst bearing a sterically encumbered 

tetradentate ligand. The steric demand of the ligand was envisioned as a key element to 

support a high catalytic activity by preventing bimolecular decomposition paths, and facilitating 

product release. This catalyst provides good to excellent yields of syn-diol products (up to 

97% isolated yield) of a broad range of olefins.  

Also, these excellent yields can be also obtained using the same mild conditions but in a 

mixture of polycarbonate and ethyl acetate, solvents that are recognized as particularly 

suitable from the perspective of sustainability.  

In this part of the thesis we address the problem of the characterization of highly reactive 

FeV(O)(OH) species using gas-phase ion spectroscopy. Using this method, we could confirm 

that [FeV(O)(OH)(5tips3tpa)]2+ hydroxylates C-H bonds in a rebound mechanism and performs 

the syn-dihydroxylation of alkenes and arenes. 

Other paradigmatic case, is the functionalization of non-activated aliphatic C-H bonds because 

it transforms an inert aliphatic C-H group into alcohol and carbonyls moieties, which are some 

of the most versatile functional groups in organic synthesis. However, the inert nature of the 

aliphatic C-H bond and the multitude of C-H bonds present in the vast majority of organic 

molecules convert this reaction in a big challenge for synthetic chemistry.   

With this problem in mind, we have developed a manganese catalyzed chemoselective C-H 

oxidation with hydrogen peroxide using a fluorinated alcohol solvent. These solvents induce 

a reversal of polarity in C-H bonds adjacent to hydroxyl groups, protecting the a priori oxidation 

sensitive hydroxyl moieties, favouring instead site selective and product chemoselective C-H 

oxidation at remote positions.   



 

 10 

RESUM 

Les reaccions d’oxidació tradicionalment es realitzen utilitzant oxidants estequiomètrics que 

generen una gran quantitat de residus. 

La sin-dihidroxilació d’alquens n’és un exemple paradigmàtic perquè és una reacció que es 

pot considerar pedra angular en síntesi orgànica, i actualment encara es porta a terme amb 

oxidants basats en metalls pesats, especialment òxids d’Os i Ru en quantitats catalítiques, 

però també KMnO4, en quantitats estequiomètriques. L’acetonitril i els dissolvents halogenats 

són dissolvents àmpliament utilitzats en aquestes reaccions per la seva naturalesa robusta 

en vers les oxidacions. No obstant això, les oxidacions catalitzades per metalls en dissolvents 

menys tòxics són bàsicament desconegudes. Les oxigenases de Rieske, són enzims de ferro 

no hemo que catalitzen la sin-dihidroxilació d’olefines entre altres reaccions. És ben sabut 

que les espècies de FeV(O)(OH) tenen un paper clau com a intermediaris en la di hidroxilació 

d’arens catalitzada per les oxigenases de Rieske. No obstant això, la incapacitat per acumular 

aquests intermedis en solució a impedit, fins ara, la seva caracterització espectroscòpica i 

química. En aquesta tesi, vam ser capaços de sintetitzar un catalitzador de ferro amb un 

lligand tetradentat estèticament impedit. La demanda estèrica del lligand es va concebre com 

un element clau per donar suport a una alta activitat catalítica evitant camins de 

descomposició bimoleculars i facilitant l’alliberament del producte, proporcionant rendiments 

entre bons i excel·lents del producte sin-diol (fins a un 97% de rendiment aïllat) per una àmplia 

gamma d’olefines. A més, aquests excel·lents rendiments es van obtenir utilitzant les 

mateixes condicions suaus, però en una barreja de policarbonat i acetat d’etil, dissolvents que 

es reconeixen especialment adequats des de la perspectiva de sostenibilitat. En aquesta tesi 

també abordem el problema de la caracterització d’espècies de FeV(O)(OH) altament 

reactives, mitjançant espectroscòpia iònica en fase gasosa. Mitjançant aquest mètode, es 

confirma que [FeV(O)(OH)(5tips3tpa)]2+ hidroxila enllaços C-H via el mecanisme de rebot i 

realitza la sin-dihidroxilació d’alquens i arenes. Un altre cas paradigmàtic és la funcionalització 

d’enllaços C-H alifàtics, pel fet de transformar enllaços inerts C-H en grups d’alcohols i 

carbonils, que són alguns dels grups més versàtils i funcionals en síntesi orgànica. No obstant 

això, la naturalesa inert de l'enllaç C-H alifàtic i la multitud d'enllaços C-H presents a la 

molècula, fan d’aquesta una de les reaccions més difícils en l'actualitat. Amb aquest problema 

en ment, vam poder desenvolupar una oxidació C-H quimioselectiva catalitzada per 

manganès, peròxid d’hidrogen com a oxidant i alcohol fluorat com a dissolvent. Aquests 

dissolvents causen un revers de la polaritat en els C-H adjacents, que indueixen un efecte de 

protecció contra la sobreoxidació de l’hidroxil, sensible a l’oxidació, afavorint l’oxidació C-H 

selectiva en posicions remotes. 
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RESUMEN 

Las reacciones de oxidación tradicionalmente se realizan utilizando oxidantes estequiométricos 

los cuales generan una gran cantidad de residuos.  

La sin-dihidroxilación de alquenos es un ejemplo paradigmático porque es una reacción que se 

considera una piedra angular en síntesis orgánica, y actualmente todavía se realiza con oxidantes 

basados en metales pesados, especialmente óxidos de Os y Ru en cantidades catalíticas, pero 

también KMnO4, en cantidades estequiometrias. El acetonitrilo y los disolventes halogenados son 

disolventes ampliamente utilizados en estas reacciones por su naturaleza robusta frente a las 

oxidaciones. Sin embargo, las oxidaciones catalizadas por metales en disolventes menos tóxicos 

son básicamente desconocidas. Las Oxigenasas de Rieske, son enzimas de hierro no hemo que 

catalizan la sin-dihidroxilación de olefinas entre otras reacciones. Es bien sabido que las especies 

de Fe
V
(O)(OH) tienen un papel clave como intermediarios en la di hidroxilación de arenos 

catalizada por las Oxigenasas de Rieske. Sin embargo, la incapacidad para acumular estos 

intermedios en solución ha impedido, hasta ahora, su caracterización espectroscópica y química. 

En esta tesis, fuimos capaces de sintetizar un catalizador de hierro con un ligando tetradentado 

estéticamente impedido. La demanda estérica del ligando se concibió como un elemento clave 

para apoyar una alta actividad catalítica evitando caminos de descomposición bimoleculares y 

facilitando la liberación del producto, proporcionando rendimientos entre buenos y excelentes del 

producto sin-diol (hasta un 97 % de rendimiento aislado) para una amplia gama de olefinas. 

Además, estos excelentes rendimientos se obtuvieron también utilizando las mismas condiciones 

suaves, pero en una mezcla de policarbonato y acetato de etilo, disolventes que se reconocen 

especialmente adecuados desde la perspectiva de sostenibilidad. En esta tesis también 

abordamos el problema de la caracterización de especies de Fe
V
(O)(OH) altamente reactivas, 

mediante espectroscopia iónica en fase gaseosa. Mediante este método, se confirma que 

[Fe
V
(O)(OH)(

5tips3
tpa)]

2+
 hidroxila enlaces C-H vía el mecanismo de rebote y realiza la sin-

dihidroxilación de alquenos y arenas. Otro caso paradigmático es la funcionalización de enlaces 

C-H alifáticos, por el hecho de transformar enlaces inertes C-H en alcoholes y carbonilos, que son 

algunos de los grupos más versátiles y funcionales en síntesis orgánica. Sin embargo, la 

naturaleza inerte del enlace C-H alifático y la multitud de enlaces C-H presentes en la molécula, 

hacen de estas reacciones uno de los retos más difíciles de la química sintética en la actualidad. 

Con este problema en mente, pudimos desarrollar una oxidación C-H quimioselectiva catalizada 

por manganeso, peróxido de hidrógeno como oxidante en un alcohol fluorado como disolvente. 

Estos disolventes inducen un reverso de polaridad sobre los enlaces C-H adyacentes al grupo 

hidroxilo, cosa que se traslada en un efecto de protección contra la sobreoxidación del grupo 

hidroxilo, comúnmente sensible a la oxidación, favoreciendo la oxidación C-H selectiva en 

posiciones remotas. 
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The development of sustainable oxidation methods targeting alkane and alkene moieties is a 

subject of current importance because this class of reactions is widely used in bulk and fine 

chemistry, and current methodologies are far from satisfactory in terms of environmental 

impact. Contemporary methodologies for this class of transformations are mainly based on 

heavy metal oxides and toxic organic oxidants exhibiting poor atom economy and therefore 

produce large amounts of toxic waste.1 

 

Selectivity is also a major issue in hydrocarbon oxidation reactions because the rather inert 

nature of these substrates requires the use of forcing reaction conditions and highly reactive 

oxidants, which translate into side reactions and substantial amounts of side products. 

Particularly critical is the oxidation of alkane moieties, for which limited competent oxidizing 

reagents exist, and for which the presence of multiple C-H bonds within a molecule makes 

site selectivity a great challenge.2 In the case of syn-dihydroxylation reactions, they are 

commonly performed with high valent metal oxides such as OsO4, RuO4
- and MnO4

-. The 

toxicity, the cost and the large amount of waste of these reactions motivate the development 

of new, more sustainable catalytic methodologies.3  

 

 The development of sustainable oxidation methodologies ideally needs to target the use of 

oxidants that produce no waste, catalysts based on non-toxic metals, mild reaction conditions, 

and no explosive or toxic volatile solvents. The use of catalysts based on first row transition 

metals that are highly abundant and exhibit a minor environmental impact constitute promising 

alternatives. Particularly interesting are methods employing hydrogen peroxide as oxidant 

since the only byproduct is water.4 

 

The use of iron and manganese based catalysts constitutes an interesting option, given the 

availability and limited cost and toxicity of these metals. Taking inspiration from iron dependent 

enzymes, iron and manganese coordination complexes are been actively explored as 

catalysts for alkane and alkene oxidation, employing peroxides as oxidizing agents.5 Few 

examples have been discovered that provide products in synthetically valuable yields and 

there is mounting evidence that manipulation of the catalyst architecture may lead to more 

efficient catalysts, and may also serve to manipulate their selectivity at chemo, regio and 

stereoselective level.6-7 Development of this class of catalysts will provide novel oxidation 

methods of high value in synthesis.  
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I.1. Oxidations in nature 
 

Nature performs challenging C=C and C-H oxidations with iron enzymes in a very selective 

manner. These reactions proceed with high levels of regio, chemo- and stereoselectivity, while 

operating under mild conditions and producing minimum waste.8 In contrast, these oxidations 

still represent a major challenge for contemporary synthetic chemistry.  

 

Rieske dioxygenases are one of the most versatile family of non-heme iron metalloenzymes.9 

These are bacterial enzymes which catalyze a wide variety of reactions such as aliphatic C-H 

hydroxylation, arene and olefin syn-dihydroxylation,	desaturations, sulfoxidations and O- and 

N-dealkylation.10 Among them, particularly interesting are aliphatic C-H hydroxylation, and 

arene/olefin syn-dihydroxylation; aliphatic C-H hydroxylation takes place chemo- and site-

electively at unactivated aliphatic C-H bond in the presence of a priori oxidation sensitive 

functional groups, and a number of C-H bonds, some of which are weaker and a priori more 

reactive, present in the substrate (Scheme I.1). 

 

 
Scheme I.1. Examples of selective oxidations of the family of Rieske dioxygenases. a) Site 

selective C-H hydroxylation of a steroidal substrate.11 b) syn-dihydroxylation of arenes by 

benzoate 1,2-dioxygenase.12  

 

On the other hand, arene syn-dihydroxylation is a reaction exclusive to this class of enzymes, 

unattainable with traditional organic reagents, while olefin syn-dihydroxylation is a cornerstone 

transformation in organic synthesis currently performed with stoichiometric or catalytic 

amounts of high valent metal oxides, being osmium13 and ruthenium14 the most common 

choices.  
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This class of enzymes is also particularly interesting from a structural and mechanistic 

perspective. One of the best studied enzymes of Rieske dioxygenase family is Naphtalene 

1,2-dioxygenase (NDO), characterized in 1998 from Pseudomonas putida.15 The 

crystallographic structure of NDO can be divided in two components; the oxygenase and the 

reductase component. The active site of this enzyme is the oxygenase component and 

contains and iron center coordinated to three protein residues, two histidine and a bidentate 

aspartate or glutamate,16 leaving two cis sites available that can coordinate a molecule of 

water, oxygen or the substrate. The reductase component contains a Fe2-S2 cluster, 

responsible to transfer the electrons. (Figure I.1) 

 

 
Figure I.1. Structure of NDO from Pseudomonas putida. 

 

The proposed mechanism of this enzyme starts with the iron(II) form. The arrival of the 

substrate to the enzyme active site induces conformational changes that triggers reaction of 

the ferrous center with O2 followed by electron transfer from the reductase component to 

generate a ferric hydroperoxide (FeIII-OOH). Then the O-O bond cleavage is proposed to take 

place and a FeV=O is formed. This species is presumably the responsible for the oxidation 

(Scheme I.2). Labelling experiments using H2
18O have shown an incorporation between 3-

10% of labelled oxygen to the syn-diol product in peroxide-shunt reactions (H2O2 as oxidant),17 

making a strong argument that the oxidizing specie is an iron-oxo intermediate, capable of 

exchanging the oxo moiety with water. It is important to notice that the well-studied enzyme 

Cytochrome P450 operates via an iron(IV)-oxo porphyrin radical cation.18-20 Thus, Rieske 

dioxygenase enzymes are the only family of enzymes for which FeV=O intermediates are 

postulated.16 Direct observation for these species has not been achieved so far.  

 

Reductase	
component

Oxygenase	
component

N
NH

Fe
SS

FeCys-S
S-Cys

HN
N

His

Fe
His O

OH2

O
Asp

O

Asp-O



Chapter I 

 

 
 

18 

 
Scheme I.2. Proposed catalytic mechanism for syn-dihydroxylation catalayzed by Rieske 

dioxygenase. 

 

These enzymes are a source of inspiration for the development of novel catalysts and 

oxidation methods, since reactions occur in a catalytic manner and take place under mild 

conditions, with non-toxic metals that can activate O2 in a very efficient and selective manner.21 

Moreover, these enzymes contain iron in the active center, what makes them even more 

interesting, as this is a very abundant, non-toxic element, and can adopt different oxidation 

and spin states, which confer its compounds with a very rich chemistry. 

 

I.2. Functional models of Rieske oxygenases as oxidation catalysts 
 
The first example of the syn-dihydroxylation of olefins with a functional model of Rieske 

dioxygenases was reported in 1999 by Que and coworkers.22 It was shown that the non-heme 

iron catalyst [FeII(6-Me3tpa)(CH3CN)2](ClO4)2 (Figure I.2) in combination with H2O2 (10 equiv. 

with respect to catalyst) catalyzes the syn-dihydroxylation of different olefins (1000 equiv. with 

respect to catalyst) delivering up to 5.2 turnover numbers (TN) of the corresponding diol. This 

catalyst contains an FeII center ligated to a N-donor tetradentate ligand that leaves two cis 

labile sites, occupied by acetonitrile solvent molecules. In this work, Que demonstrated that 

the presence of the two-labile cis-coordination sites was key for the catalyst being able to 

perform a syn-dihydroxylation of alkenes when reacted with H2O2. 
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Later on, Que and co-workers also reported the first example of syn-dihydroxylation of an 

aromatic double bond with a synthetic catalyst, [FeII(tpa)(CH3CN)2](OTf)2 (Scheme I.3) and 

H2O2, effectively mimicking Naphthalene dioxygenase. Using analogous experimental 

conditions to the oxidation of non-aromatic olefins. When naphthalene was used as substrate, 

four products were obtained; cis-1,2-dihydro-1,2-naphthalenediol ,1-naphthol, 2-naphthol and 

1,4-naphthoquinone. Among them, the diol (cis-1,2-dihydro-1,2-naphthalenediol) was the 

major product, in up to 3 TN (Scheme I. 3).23  

 

 
Scheme I.3. Naphthalene oxidation by [FeII(tpa)(CH3CN2)](OTf)2. 

 

The discovery that non-heme iron complexes catalyze syn-dihydroxylation of arenes and 

alkenes with H2O2 raised the interest of the synthetic bioinorganic and organic synthesis 

community to create small molecule iron catalysts for this transformation.3  

 

I.3. Syn-dihydroxylation 
 
After the pioneering works of Que and co-workers, a number of catalysts have been developed 

(representative examples depicted in Figure I.2). These include complexes that reproduce the 

coordination center of the active site of the enzyme ([Fe(Cl)(Bpka)]), and also complexes with 

polydentate ligands that incorporate nitrogen and oxygen donors (for example 

[Fe(PrL1)](OTf)2), but the most commonly developed catalysts are based in tetradentate N-

rich ligands.  

 

Que and Chen, where the first who described the syn-dihydroxylation of olefins using a large 

excess of substrate (1000 equiv. and 10 equiv. of H2O2), which prevented the potential 

synthetic utility of the catalysts. Nevertheless, they demonstrated that reactions exhibited 

selectivity properties that may eventually find utility in synthesis, provided substrate limiting 

conditions could be found.22 Critical problems found in reaction performed under substrate 

limiting conditions include catalyst deactivation, limited chemoselectivity, competitive 

epoxidation, overoxidation and modest yields.  
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Figure I.2. Representative examples of iron complexes competent for the syn-dihydroxylation 

reaction.24-33 

 

I.3.1. Syn-dihydroxylation in preparative conditions 
 
Most of the catalysts work with excess of substrate as in the first works by Que and co-

workers. Until Que described the use of ([Fe5Me3tpa)(CH3CN)2]
2+  in combination with H2O2 as 

oxidant.29 This system is limited to aliphatic olefins, and exhibits poor mass balances and 

moderate yields. Also, limited to aliphatic olefins is the system [Fe(OTf)2(
Me,MePytacn)] in 

combination with H2O2,reported by Prat et al.34 This system displays moderate yields and 

chemoselectivity towards the diol and poor mass balance. On 2010, Che and co-workers 

described a catalyst ([FeIII(Cl)2(LN4Me2)]
+) that also works under substrate-limiting 

conditions;35 this system uses Oxone as oxidant and provides good yields and 

chemoselectivities, the substrate scope was limited to electron-deficient (ED) olefins. Later 

on, Che described the use of a catalyst [Fe(OTf)2(bqcn)] that achieved good yields and high 

enantioselectivity in the dihydroxylation of electron deficient olefins.26 More recently the same 
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group reported the catalyst [Fe(OTf)2(bqpn)] that performs the enantioselective syn-

dihydroxylation of trisubstituted electron-deficient alkenes in up to 98% yields and 99.9% ee 

(Figure I.3).36 

 

 
Figure I.3. Iron catalyst that work under substrate-limiting conditions. 

 

I.3.2. Reaction mechanisms 
 
Mechanistic studies have shown that non-heme iron catalysts can be grouped in two different 

classes (Class A and Class B) according to the mechanism in which they operate (Scheme 

I.4).37 Their reactivity in front of different olefins suggests that Class A catalysts operate via 

electrophilic oxidants (electron rich olefins react preferentially over electron poor olefins), while 

Class B catalysts generate nucleophilic oxidants (electron poor olefins react preferentially over 

electron rich olefins). 

 

Isotopic labeling experiments have demonstrated that for Class A catalysts, the two oxygen 

atoms incorporated into a cis-diol come from different origins: one from water and other from 

the oxidant. For this reason, the pathway operating in this class of catalysts is also known as 

water assisted mechanism. In contrast, for Class B catalysts both oxygen atoms incorporated 

into a cis-diol come from the same molecule of hydrogen peroxide.  
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As neither dioxygen nor water are involved in the formation of the diol, this pathway is also 

known as non-water assisted mechanism.37 The difference between Class A and Class B is 

also related to the spin state of the ferric hydroperoxide (FeIII-OOH) intermediate generated 

when the catalysts reacts with H2O2. Class A catalysts generate low-spin FeIII-OOH 

intermediates, as happens with [Fe(OTf)2(tpa)] that contains a strong field tpa ligand. In the 

other hand, Class B catalysts generate high-spin FeIII-OOH intermediates. In this case, 

[Fe(OTf)2(
6-Me3tpa)], containing a weak field ligand, is a prototypical example of this type of 

catalysts. 

 

 
Scheme I.4. Summary of the two types of catalysts described (Class A in blue and Class B in 

red). 

 

The mechanism for Class A and Class B starts from the initial ferrous complex, that in 

acetonitrile solvent contains two acetonitrile ligands in the labile positions. After oxidation with 

0.5 equiv. of H2O2, a FeIII-OH intermediate is formed, which reacts with a molecule of H2O2 to 

generate a metastable FeIII-OOH intermediate. In this point, the two mechanisms start to differ.  

 

For Class A catalysts, the FeIII-OOH adopts a low spin state. It is proposed that the O-O bond 

is cleaved in a heterolytic manner forming a FeV(O)(OH) species and releasing a water 

molecule. In this high-valent species, one of the oxygen atoms come from the H2O2 and the 

other from a water molecule. This species is then responsible for the two oxygens delivery to 

an olefin via a formal [3+2] addition.  

 

Other mechanisms can be postulated, but discarded after experimental evidences. First, the 

two oxygen atoms could be transferred directly from the FeIIIOOH, but this is not consistent 

with the labelling experiments that shown a single 18O incorporation in the diol product. 

Secondly, the O-O bond cleavage could occur in a homolytic manner. If this occurs, hydroxyl 

radical species would be formed, which is not compatible with the stereospecificity observed 

in the reactions.  
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From these studies, it can be concluded that an electrophilic FeV species is the responsible of 

the oxidation of hydrocarbons. However, this intermediate has not been well characterized 

until the present thesis. This is because this intermediate is very reactive, even at low 

temperature, and it cannot be accumulated in solution, which avoid its isolation. However, 

direct evidences in favor of these species has gained, mainly by means of mass 

spectrometry.38-39 

 

On an opposite manner, for Class B catalysts, the FeIII-OOH adopts a high spin species. In 

this case, the O-O bond is not activated towards cleavage, and therefore the direct transfer of 

the two oxygen atoms is presumably produced from the FeIII-OOH species. It is postulated 

that an isomerization of this species towards a side-on FeIII(h2-OOH) intermediate activates 

this compound towards reaction with the olefin.40 In this case, both oxygen atoms come from 

the same molecule of hydrogen peroxide. 

 

Differences between this mechanism and the one proposed for Class A catalyst are best 

evidenced in the origin of the oxygen atoms in the diol product: in the Class A mechanism one 

of the oxygens comes from a water molecule and the other from the oxidant whereas in Class 

B mechanism both oxygens atoms come from the same molecule of hydrogen peroxide.  

 

These mechanisms proposed are based on experimental data such as spectroscopic 

characterization of the ferric intermediates as well as isotopic labelling experiments, and have 

been validated by DFT calculations.41 Most remarkably, it is proposed that the spin state of 

the catalyst is a determinant factor for the mechanisms of peroxide activation and C=C 

oxidation. 

 

A second proposal mechanism has been put forward which considers that the complexes may 

operate through a FeII/FeIV cycle. In this scenario, the FeII reacts with the H2O2 molecule and 

forms the FeIV-oxo reactive species. O-O activation in this mechanism does not require a water 

molecule, and results in the insertion of the two oxygen atoms of a single H2O2 molecule in 

the olefin. Isotopic labelling experiments are consistent with this mechanism, which has been 

also validated by DFT methods. This proposal mechanism is strongly related to the type of the 

ligand. Specifically, weak-field ligands favor this mechanism.24-25 
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I.4. C-H oxidation 
 
The functionalization of non-activated aliphatic C-H bonds is a very challenging reaction due 

to the poorly reactive nature of the C-H bonds.2 Along with their inert character, the multitude 

of aliphatic C-H bonds and other functional groups present in a molecule makes site-selective 

functionalization a difficult problem. However, this reaction is very attractive because it 

converts a simple C-H bond into a C-O bond, which can be subsequently converted into a 

myriad of diverse products. 

  

 

I.4.1. Iron catalyzed C-H oxidations via enzyme-like mechanisms   
 
In a series of landmark studies, Que and co-workers showed that mononuclear iron complexes 

[Fe(tpa)(CH3CN)2]
2+ and [Fe(men)(CH3CN)2]

2+ react with H2O2 to form an oxidizing species 

that is very reactive and at the same time highly selective when reacting with hydrocarbons.42 

Different experimental evidences allowed the proposal of a mechanism for this reaction 

(Scheme I.5). First, the high A/K ratio observed in the oxidation of cyclohexane (5-11) is in 

accordance with the presence of a metal-based oxidant, which generates short-live radicals. 

This is not consistent in with the presence of hydroxyl radicals since long-live radicals would 

be then generated, and as a consequence a A/K around 1 would be obtained (Scheme I.5, a). 

A conclusive evidence that long-live radicals are not involved in the mechanism is found in the 

oxidation of cis-1,2-dimethylcyclohexane, since the reaction occurs in stereoretentive manner 

(Scheme I.5, b). Finally, isotopic labelling experiments performed with both catalyst 

demonstrates that the O-atom found in the product comes from H2O2 and H2O, but not from 

atmospheric O2 (Scheme I.5, c).  Moreover, the incorporation of 18O to the product when 18O-

labelled water was added suggested that the oxygen atoms of the metal-based oxidant can 

exchange with the water in the media. This behavior is typical of M=O moieties, which 

suggested the presence of a high-valent iron-oxo species as the responsible for the oxidation 

reaction. A drawback of these systems is that they operate in conditions of large excess of 

oxidant, and cannot be used for organic synthesis.  
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Scheme I.5. a) and b) mechanistic probes of the oxidation of cyclohexane and cis-1,2-

dimethylcyclohexane with [Fe(tpa)(CH3CN)2]
2+ and [Fe(men)(CH3CN)2]

2+.  d) labelling 

experiment of cyclohexane with both catalyst.  

 

I.4.2. Selective C-H oxidation in preparative conditions. 
 
Pioneering work of White, showed that a non-heme iron catalyst [Fe(pdp)(CH3CN)2]

2+ in 

combination with acetic acid, catalyzes the oxidation of aliphatic C-H bonds using H2O2 

delivering product yields suitable for synthesis.43-45. Later on, some other iron catalysts have 

proved to be competent as synthetic tools (Scheme I.6).46-47  
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Scheme I.6.  Some relevant examples of iron complexes suitable for C-H activation working 

at substrate-limiting conditions.46 

 

White and co-workers also showed that these reactions proceed in a selective manner, and 

identified selectivity parameters that permit the prediction of the site-selectivity of the C-H 

oxidation: electronic, steric, directed and stereoelectronics (Scheme I.7).43-44, 48 
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Scheme I.7. Electronic, steric, directed and stereoelectronic.  

 

I.4.3. Selective C-H oxidations at remote sites  
 

The oxidation of nitrogen-containing molecules such as amines o amides has attracted 

interest in the recent years because these moieties are highly present in natural products, 

drugs and bioactive molecules.49-51 

 

White and co-workers showed that the protonation of amines using Lewis or Brønsted acids 

driven the amine group very strong EWG, which deactivates the a-C-H and direct the oxidation 

towards a remote C(sp3)-H bond (Scheme I.8).52  
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Scheme I.8. Remote oxidation of amine with protonation.  

 

In a similar manner, her group also reported that the protection of amides using MeOTf 

deactivates the a-C-H bond and allows the oxidation of the most remote position (Scheme I.9, 

a).53 Selective oxidation of amides can be accomplished with Mn catalysts. Electronic and 

stereoelectronic effects can be used to direct oxidation towards the proximal or remote 

oxidation of C-H bonds (Scheme I.9, b).54 
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Scheme I.9. Remote oxidation of amides.   

 
In a parallel manner, other strategy based on medium effects was studied by our group to 

govern the chemo- and site-selectivity in C-H oxidation reactions. 55 It consists in the use of 

fluorinated alcohol solvents, which are very powerful hydrogen donors and strongly interact 

with the hydroxyl or carbonyl group via hydrogen bonding. This interaction causes a polarity 

reversal that strongly deactivates the proximal C-H bonds towards oxidation, as well as 

protects the functional group towards oxidation, which directs the oxidation towards remote 

positions. This impact of fluorinated solvent was studied in the oxidation of amines, amides 

and alcohols (Scheme I. 10).  
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Scheme I.10. Impact of the solvent on the remote oxidation of alcohols.  

 

I.4.4. The role of carboxylic acids in iron catalyzed C-H oxidation 
 
 As it can be seen in the previous examples of C-H oxidation, most of them used a carboxylic 

acid as additive, the positive effect of acetic acid in the oxidation activity of these catalysts 

was disclosed by Jacobsen and co-workers.56 They demonstrated that the use of AcOH 

improves systematically the yields in the epoxidation of aliphatic olefins. Later on, Que and 

co-worker provided a mechanistic frame to understand the role of the carboxylic acid, 

proposing that it assists the activation of the O-O bond of H2O2 and generates a FeV(O)(OAc) 

oxidant. This mechanism was named carboxylic acid-assisted and it is proposed that is the 

one operating in the iron-catalyzed aliphatic C-H oxidation (Scheme I.11).57    
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The mechanism starts with the FeII precatalyst that undergoes initial oxidation to FeIII-OOH 

with 1.5 equivalents of H2O2. After that, the heterolytic cleavage of the O-O bond assisted by 

the carboxylic acid leads to the formation of a FeV=O species. These species engage in a 

hydrogen atom transfer (HAT) with a C-H bond of the substrate, generating a carbon centered 

radical intermediate on the substrate, which finally undergoes a rebound with the hydroxyl 

ligand from the FeIV-OH leading to the hydroxylated product.58  

 
Scheme I.11. C-H oxidation carboxylic acid-assisted mechanism. 

 
I.4.5. Catalytic oxidations with manganese complexes 
 
The same mechanism is proposed to be operative with analogous manganese complexes, 

that have also used in oxidation reactions with H2O2. These reactions are also interesting since 

Mn is a first-row transition metal and like iron, it presents a low cost and low toxicity. Stack 59-

60 and Bryliakov61 first showed that the use of Mn complexes related to Que’s and White’s iron 

catalysts are also good catalysts for the same type of oxidation reactions commonly performed 

with the latter iron catalysts (Scheme I.12).  

 

Moreover, the same selectivity patterns are observed with the two metals. For all these 

similarities in properties and performance in oxidation chemistry, it is suggested that similar 

mechanisms may be operative.62 
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Scheme I.12. Selected example of selective oxidation with iron43 and manganese63 catalyst.  
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The use of catalysts based on first row transition metals as a tool in organic synthesis has 

emerged as a valuable alternative to traditional catalysis based in precious metals because 

the former are highly abundant and exhibit a minor environmental impact than their heavier 

counterparts. Therefore, these reactions are especially valuable from a sustainability 

perspective. In addition, first row transition metals often exhibit a singular enhanced reactivity 

that may be used to promote new reactions, still inaccessible for precious metals. Catalyst 

design is necessary to exert control and make use of this reactivity. Based in these general 

considerations, the general objective of this thesis has been the development of first row 

transition metal catalysts with utility in organic synthesis.   

 

Within this framework, the specific objectives of this thesis are;  

 

The objective of Chapter III is the development of an iron catalyzed selective syn-

dihydroxylation reaction of olefins with broad substrate scope and which could proceed in 

short reaction time using H2O2 as oxidant. This objective will be addressed by synthetizing a 

sterically encumbered iron catalyst. It was hypothesized that the steric encumbrance will limit 

catalyst deactivation paths which constitute a major drawback for the development of the iron 

catalyzed reaction.  

 

Scheme II.1. Development of a sterically encumbered iron catalyst for syn-dihydroxylation 

reaction. 
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A second goal (Chapter IV) will be exploring the suitability of green solvents as a valid media 

for selective syn-dihydroxylation reactions.  

 

Scheme II.2. Selective syn-dihydroxylation of a broad substrate scope using green solvents 

as solvent media. 

  

It has been proposed that FeV(O)(OH) species are the responsible for a syn-dihydroxylation 

reaction in enzymatic and synthetic systems. However, the inability to accumulate this 

intermediate in solution has thus far prevented its characterization. In Chapter V, we will use 

gas phase ion spectroscopy methods to provide the first spectroscopic and chemical 

characterization of a FeV(O)(OH) species. 

 

 

Scheme II.3. Schematic representation of the characterization of FeV(O)(OH) and they 

reactivity in gas phase. 
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The objective in Chapter VI is the development of chemoselective C-H oxidation 

methodologies of polyhydroxylated molecules. This will be pursued by performing iron and 

manganese catalyzed oxidations with hydrogen peroxide using a fluorinated alcohol as the 

solvent media. This solvent will induce a polarity reversal protecting effect in the a priori 

oxidation sensitive hydroxyl moieties, favoring instead site selective and product 

chemoselective C-H oxidation at remote positions. 

 

 

Scheme II. 4. Chemoselective C-H oxidation at the remote position using fluorinated alcohols 

as solvent. 
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ABSTRACT: Product release is the rate-determining step in the arene syn-dihydroxylation reaction taking place at Rieske
oxygenase enzymes and is regarded as a difficult problem to be resolved in the design of iron catalysts for olefin syn-
dihydroxylation with potential utility in organic synthesis. Toward this end, in this work a novel catalyst bearing a sterically
encumbered tetradentate ligand based in the tpa (tpa = tris(2-methylpyridyl)amine) scaffold, [FeII(CF3SO3)2(

5‑tips3tpa)], 1 has
been designed. The steric demand of the ligand was envisioned as a key element to support a high catalytic activity by isolating
the metal center, preventing bimolecular decomposition paths and facilitating product release. In synergistic combination with a
Lewis acid that helps sequestering the product, 1 provides good to excellent yields of diol products (up to 97% isolated yield), in
short reaction times under mild experimental conditions using a slight excess (1.5 equiv) of aqueous hydrogen peroxide, from the
oxidation of a broad range of olefins. Predictable site selective syn-dihydroxylation of diolefins is shown. The encumbered nature
of the ligand also provides a unique tool that has been used in combination with isotopic analysis to define the nature of the
active species and the mechanism of activation of H2O2. Furthermore, 1 is shown to be a competent synthetic tool for preparing
O-labeled diols using water as oxygen source.

■ INTRODUCTION
Syn-dihydroxylation is a very important reaction in organic
synthesis because olefins are readily available feedstocks and
diols are versatile synthetic intermediates.1 Syn-dihydroxylation
is reliably performed using stoichiometric or catalytic amounts
of heavy metal oxides, specially OsO4

1b,c and RuO4,
2 as well as

catalysts based in these metals.3 However, the cost and toxicity
of these metals motivate the development of more sustainable
alternatives such as metal-free methods4 and catalytic method-
ologies based on first row transition metals.1a Along this
direction, permanganate is the traditional textbook stoichio-
metric syn-dihydroxylating reagent, but overoxidation is a
common limitation.5 Manganese catalysts have shown promis-
ing activity,6,7 although substrate scope and chemoselectivity
remain critical aspects.
Rieske dioxygenases are nonheme iron enzymes that catalyze

the stereo- and regiospecific, O2-dependent conversion of
aromatic substrates into cis-dihydrodiols (Scheme 1).8 These
enzymes have provided inspiration for the development of iron-
based syn-dihydroxylating catalysts.9

The first functional model for this class of enzymes was
described by Que and Chen, who performed the syn-

dihydroxylation of olefins, using the substrate in large excess
(1000 equiv) and H2O2 (10 equiv) as oxidant.10 This work
marked the starting point of research efforts to uncover the
reaction mechanism9,11 and also to develop catalysts that could
have utility in synthesis.12 The latter aspect has proven
particularly challenging; very few examples exist that could
operate under substrate-limiting conditions, potentially ame-
nable for synthesis (Scheme 2a). Rapid catalyst deactivation
and limited chemoselectivity are critical problems when
reactions are performed under substrate-limiting conditions;
competitive epoxidation and overoxidation reactions consis-
tently result in modest product yields. Good product yields and
chemoselectivities have been obtained only in two examples
described by Che and are basically limited to electron-deficient
(ED) olefins; [FeIII(Cl)2(LN4Me2)]

+ (Scheme 2a) employs
oxone (2 equiv) to oxidize ED olefins with excellent yields and
chemoselectivities, but more modest yields and competitive
overoxidation are observed with other types of substrates,
specially aliphatic olefins. Hydrogen peroxide is a more
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convenient oxidant, but only very recently high yielding syn-
dihydroxylation of ED olefinic substrates with H2O2 has been
described with the (S,S)-[FeII(OTf)2(bqcn)] catalyst (OTf =
trifluoromethanesulfonate anion, Scheme 2a). Interestingly,
high enantioselectivities were obtained for these reactions.12

We reasoned that the catalyst deactivation and product
overoxidation commonly observed with iron catalysts may
originate from a rate-determining release of the product,
because a strong binding of the diol to the ferric center is
favored by the formation of a five-member chelate ring cycle
and the high oxophilicity of the ferric center.11j,12b,13 Indeed,
product release appears to be a critical step not limited to iron
but also to ruthenium-based syn-dihydroxylation reactions.14 In

Rieske dioxygenases, diol release is rate-determining and is
triggered by reduction of the ferric center, which presumably
attenuates its oxophilicity.8c,15 The reaction of the reduced
center with O2 is strictly regulated and only takes place once a
new substrate molecule enters the active center, avoiding
overoxidation. For synthetic catalysts, an analogous mechanism
is not operative, iron (hydrogen) glycolate species rapidly
accumulate,11j,12b,13 and overoxidation of the substrate is
difficult to avoid.
We considered that product release may be facilitated by

making the ligand sterically more demanding, a common
strategy in standard organometallic catalysis. Furthermore, this
element will also limit formation of oxo-bridged diferric species,
that are catalytically poorly active thermodynamic sinks.
Overall, the activity and chemoselectivity of the catalyst
would be favored. Taking these considerations into account
we have designed an iron catalyst based on the archetypical
[Fe(tpa)] architecture tpa = tris(2-pyridylmethyl)amine, for
which catalytic syn-dihydroxylation activity has been thought-
fully studied,10,11j,12c building sterically demanding triisopropyl-
silyl (tips) groups in position 5 of the pyridine rings (Scheme
2b and Figure 1). We have previously described that
incorporation of these bulky groups in chiral iron and
manganese catalysts result in highly active epoxidation and
C−H oxidation catalysts, exhibiting remarkable regio- and
enantioselective properties.16 Moreover, building on the same
mechanistic analysis, herein we show that addition of
Mg(ClO4)2·6H2O improves product yields and chemoselectiv-
ities by binding and sequestering the diol. Overall, this analysis
has resulted in an iron-based catalytic system that enables fast
and high yield syn-dihydroxylation of a broad range of olefins
under mild experimental conditions, using H2O2 as oxidant.
Remarkably, it is also shown that 1 introduces one oxygen atom
originating from water in the dihydroxylated olefin, as shown by
means of isotopic labeling experiments using H2

18O.

Scheme 1. Proposed Catalytic Cycle of Naphthalene
Dioxygenase (NDO)a

aRed frame indicates the rate-determining step under catalytic
conditions.

Scheme 2. (a) Previous Iron Catalysts Employed in Syn-Dihydroxylation under Substrate-Limiting Conditions. (b)
Characteristics of the Current System
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Furthermore, analysis of the isotope distribution of the latter
reactions, applied to unsymmetric olefins, uncovers fundamen-
tal aspects of the nature of the iron active species and the
mechanism by which they are formed.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the Catalyst.

Standard procedures were used to assemble the bulky
tetradentate 5‑tips3tpa ligand (see Supporting Information (SI)
for details). Toward this end, the silyl-substituted picolyl
chloride and the silyl-substituted picolyl amine building blocks
were conveniently obtained on a gram scale (see SI) following
recently described methods.16a

The tetradentate 5‑tips3tpa ligand was then reacted with
Fe(CF3SO3)2·2CH3CN to prepare the corresponding iron
complex with formula [FeII(CF3SO3)2(

5‑tips3tpa)], 1 (Figure 1
top), that was obtained as a yellow crystalline solid in 78%
yield. The X-ray crystal structure of 1 shows a distorted
octahedral ferrous center, with the 5‑tips3tpa ligand coordinated
in a tripodal manner (Figure 1). Average Fe−N distances are
2.2 Å and are indicative of a high-spin ferrous center.17 Two cis
labile positions are occupied by triflate anions. Most
interestingly, the sterically demanding tips groups flank these
two positions in a nonequivalent manner (Figure 1). While one
of the two cis labile positions (OA), trans to the aliphatic amine
(N2), is surrounded and hindered by the tips groups
corresponding to each of the three pyridine rings of the
catalyst, the second one (OB), trans to one of the pyridines
(N1), is flanked by only two of the tips groups and appears to
be spatially quite more accessible.
Catalytic Reaction Development. Catalytic olefin

oxidation reactions were first performed under air by adding
1.5 equiv of H2O2 (commercially available 50% w/w solution
diluted in acetonitrile) via syringe pump over 30 min at 0 °C to
an acetonitrile solution containing 1-octene (S1) and 1 mol %
of 1 as catalyst. Results are collected in Table 1. Under these
conditions, 1-octene was nearly consumed (98% conversion)
and the corresponding 1,2-diol (P1b) was obtained in a
rewarding 74% yield (entry 1), along with 23% of 1,2-
epoxyoctane (P1c). No significant changes in product yields
were observed when the reaction was performed under argon

or nitrogen atmosphere. Besides the fact that the yield of diol is
the best described for an iron-catalyzed dihydroxylation of an
aliphatic substrate, the good mass balance of the reaction (99%)
is also extraordinary, even when substrate conversion was high.
The excellent performance of 1 is best appreciated when
compared with other relevant iron dihydroxylating catalysts
(Scheme 2a, and Table 1 entries 2−5) under analogous
conditions; the simpler [FeII(tpa)(CH3CN)2](ClO4)2 (2)
provides a more modest 47% of diol (entry 2) that can be
improved up to 59% (entry 3) by using a larger catalyst loading
and up to 4 equiv of H2O2. The triazacyclononane-based
catalyst [FeII(CF3SO3)2(

Me,MePytacn)] (3, see Scheme 2a) also
provides a modest yield of diol (30%, entry 4), and
[FeII2(LN4Me2)] (4, see Scheme 2a left for a diagram of the
parent [FeIII(Cl)2(LN4Me2)]

+) turns out to be basically inactive
in combination with H2O2 (entry 5). In sharp contrast to 1,
conversion of the substrate into minor amounts of multiple
oxidation products was detected when 2−4 were employed as
catalysts, resulting in less satisfactory mass balances.
We considered the possibility that accumulation of the diol in

the reaction may be compromising the chemoselectivity
exhibited by 1, presumably by binding to the iron center, as
previously documented for several iron catalysts.11j,13 We
envisioned that improved yields may be obtained if the diol
product could be separated,12d or at least sequestered from the
reaction mixture. With this proposal in mind, reactions were
conducted in the presence of different Lewis acids, to induce
binding to the diol (see Table S4 for details on the different
Lewis acids tested). Addition of LiClO4·3H2O (Table 1, entry
6) improved the selectivity toward the diol ([diol]/[epoxide] ∼
6/1) while retaining an excellent mass balance, but provided an
overall reduced yield (51%). Use of Zn(CF3SO3)2 (entry 7) did
not elicit significant changes. However, a remarkably high yield
of diol (87%, entry 8) was obtained when Mg(ClO4)2·6H2O

Figure 1. ORTEP diagram of [FeII(CF3SO3)2(
5‑tips3tpa)], 1 (left), and

space-filling diagram (right), showing the different steric constrains at
OA (surrounded by three tips groups) and OB (open to the bulk).
Triflate anions are omitted except for the oxygen atoms directly bound
to the iron center; thermal ellipsoids are set at 50% probability level
and hydrogen atoms omitted for clarity. Selected bond distances; Fe−
N1:2.192(2), Fe−N2:2.220(2), Fe−N3:2.160(2), Fe−N4:2.158(2),
Fe−OA: 2.049(2), Fe−OB: 2.171(2).

Table 1. Optimization Conditions for Oxidation of S1 Using
Different Iron Catalystsa

entry cat./additive
conv
(%)

yield of
P1b (%)

yield of
P1c (%)

MBb
(%)

1 1/− 98 74 23 99
2 2/− 71 47 10 80
3c 2/− 83 59 13 87
4 3/− 66 30 15 68
5 4/− 28 2 <1 −
6 1/LiClO4·3H2O

d 62 51 8 95
7 1/Zn(OTf)2

d 99 75 21 97
8 1/Mg(ClO4)2·6H2O

d 100 87 13 >99
9 1/Mg(ClO4)2

d 53 43 10 >99
10 1/Mg(OTf)2

d 94 77 17 >99
11 1/H2O

e 50 26 6 64
12 2/Mg(ClO4)2·6H2O

d 35 20 4 69
13 3/Mg(ClO4)2·6H2O

d 74 42 11 72
14 4/Mg(ClO4)2·6H2O

d 27 <1 <1 −
a1 mol % catalyst, 1.5 equiv of H2O2 added by syringe pump during 30
min followed by 30 min stirring at 0 °C; substrate conversion (conv)
and product yields determined by GC, calibrated with independently
prepared products. bMass balance. cConditions employed in ref 12c: 3
mol % catalyst, 4 equiv of H2O2.

d2.2 equiv. e13 equiv.
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(2.2 equiv) was used (see Table S5). The epoxide appears as a
minor product (13%), and the mass balance of the reaction
remained excellent (99%). Of interest, when 1,2-epoxyoctane
(P1c) was subjected to these reaction conditions (1 mol %
catalyst, 1.5 equiv of H2O2, 2.2 equiv of Mg(ClO4)2·6H2O),
diol P1b was not formed, indicating that the diol observed in
our reaction does not come from an epoxide ring opening.
Consistent improvements in yields and selectivities for the diol
product were observed for different substrates when reactions
were conducted in the presence of Mg(ClO4)2·6H2O (see
Table S7). Finally, slightly improved yields (92%) and
chemoselectivities toward the diol were obtained when
reactions were performed in 1 mmol scale and the product
was isolated. Remarkably, 1 retains excellent performance at
low catalyst loadings; a noticeable good yield (75%) of the
corresponding diol (along with 25% of the epoxide) was
obtained with 0.25 mol % catalyst (1:S1:H2O2 ratio of
1:400:600). This yield translates into 300 turnover numbers
(TN) of diol, which to the best of our knowledge is the largest
value described to date for any iron catalyst.
The impact of Mg(ClO4)2·6H2O on the catalytic activity of 1

was further investigated. Control experiments showed that the
positive effect of Mg(ClO4)2·6H2O is not reproduced by
adding comparable amounts of water (13 equiv, entry 11), and
use of anhydrous sources of Mg2+ ions also provided reduced
product yields (entries 9 and 10).
The activity of catalyst 3 is also improved with the addition

of Mg(ClO4)2·6H2O. A higher yield of diol product (P1b) and
a larger [diol]/[epoxide] ratio is observed (compare entry 13
with entry 4), but these numbers are still far from those
obtained with 1. On the other hand, unlike 1 and 3, the activity
of catalysts 2 and 4 could not be improved by the addition of
Mg(ClO4)2·6H2O (entries 12 and 14).
A positive effect of H2O in the syn-dihydroxylation ability of

3 has been previously observed.12d It was reasoned that water
can help in the activation of H2O2 (see below for details on the
reaction mechanism), and can also facilitate product release.
However, in the case of 1, the sole addition of water does not
improve the overall performance of the catalyst, and Mg2+ ions
appear to exert an important beneficial role, which is best
evidenced in higher product yields and a robust selectivity
toward syn-dihydroxylation, even when large amounts of diols
accumulate in the reaction mixture. The positive effect of the
Mg2+ ions can actually be rationalized by considering their
Lewis acidity and oxophilicity, which must ensure strong
binding to the diol, limiting their interaction to the iron species.
Interestingly, the diol binding ability of Mg2+ was well
supported by mass spectrometry analysis of the reactions,
which revealed spectra dominated by multiple and intense
cluster ions combining diol and Mg2+ ions (see Figure S1 for
spectra).
Further evidence in favor of the diol-sequestering role of

Mg2+ ions and its translation into improved catalytic perform-
ance was obtained by performing the oxidation of 1-octene
(S1) under standard reaction conditions but in the presence of
varied amounts (20 and 50 mol %) of cis-cyclooctene-1,2-diol
(Scheme 3). In the absence of Mg(ClO4)2·6H2O, addition of
cyclooctene-1,2-diol (20 and 50 mol %) produces an inhibition
of the reaction, and diol P1b is produced in small yields (28%
and 16%, respectively). However, addition of Mg(ClO4)2·6H2O
(2.2 equiv) rescues the catalytic activity, and P1b is obtained in
good yield (73−74%) and improved selectivity.

Comparative Analysis of Catalysts 1 and 2. A time
course analysis of a catalytic olefin oxidation performed under
the optimized reaction conditions (Figure 2) permits us to
elucidate different key aspects of the improved performance of
1 when compared with 2. Analysis of oxidation products at
different times shows that the two catalysts are active during all
the time course of H2O2 addition, but 1 consistently exhibits a
more efficient use of H2O2, providing higher product yields,
which increase linearly with H2O2 addition.

For both catalysts, the chemoselectivity toward the diol
(estimated by the [diol]/[epoxide] ratio) is eroded as the
reaction progresses, and diol accumulates in solution; for 1 and
2, [diol]/[epoxide] ratios are very similar at 10 min (7.5 and
8.3, respectively) and decrease to 6.6 and 5.5 at 30 min.
Interestingly, the better chemoselectivity displayed by 1 is
attained even when substrate conversion is basically quantita-
tive, and a large concentration of diol has accumulated in the
reaction mixture. Instead, the selectivity observed with 2 is
obtained under experimentally less demanding conditions with
regard to the latter parameters. The sum of these data suggests

Scheme 3. Evidence of the Positive Role of Mg(ClO4)2·
6H2O by Sequestering the Diol

Figure 2. Time course of the catalytic oxidation of 1-octene S1 with
catalysts 1 (blue dots) and 2 (orange dots). H2O2 (1.5 equiv delivered
by syringe pump at 0 °C) is added to a solution of substrate,
Mg(ClO4)2·6H2O (2.2 equiv), and catalyst (1 mol %) in acetonitrile.
Values in parentheses correspond to [diol]/[epoxide] ratio at different
reaction times.
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that under optimal conditions (initial points of the reaction
when substrate concentration is large and diol concentration is
small), 1 and 2 show quite similar chemoselectivity in the
oxidation of S1, but 1 appears to be more efficient in activating
H2O2 in an effective manner to perform the dihydroxylation
reaction. In addition, as the reaction progresses, 1 is more
resistant against deactivation of the dihydroxylation channel,
presumably caused by diol accumulation and binding to the
iron center.
Substrate Scope. Dihydroxylation of different families of

substrates was then explored under the optimized conditions
(Table 2). For comparison purposes, the best results described
so far in the literature with an iron catalyst are collected in
Table S1. In general, the data shows that 1 yields substantially
improved yields when compared with the state-of-the-art iron
catalysts. Aliphatic substrates with different substitution
patterns are oxidized to the corresponding diol in good to
excellent isolated product yields (up to 97%). This includes
terminal olefins (S1−S6, 38−92%), trans-olefins (S7, S8, and
S14, 74−92%), cis-olefins (S9−S13, 67−97%), and cyclic
olefins (S15 and S16, 81−89%). The good mass balance of
these reactions (>95%) compares favorably with the values
attained with any iron catalyst described to date. In general,
substrate conversions are complete, and epoxides are formed as
minor products, accounting for the rest of the oxidation
products. A 1,1-dialkyl-substituted olefin (S6) appears to be a
singular case, because its oxidation produces a 1:1 mixture of
diol and epoxide (which can be readily converted in the
corresponding diol by reaction with an acid), with an excellent
80% combined yield. A particularly remarkable feature is that
reactions proceed with stereoretention, forming diol resulting
from a syn-dihydroxylation reaction. Remarkably, the reaction is
tolerant to different functional groups including an amide (S5,
72%), an alcohol (S10, 86%), a halide (S11, 76%), and an ester
(S13, 97%). Interestingly, the electron-poor dimethyl fumarate
(S14) and dimethyl maleate (S12) are also oxidized with
excellent chemoselectivity to the corresponding syn-diols (92%
and 67%, respectively). Efficient oxidation of maleate (S12)
requires that the oxidation reaction is performed in the absence
of Mg2+ ions presumably because favorable chelation to maleate
(as ascertained by ESI-MS analysis, see Figure S2) deactivates
the substrate. Oxidation of these very electron-poor substrates
finds precedent in Che’s syn-dihydroxylation catalyst
[FeIII(Cl)2(LN4Me2)]

+ (Scheme 2a), which operates with
oxone12b and is particularly remarkable because these substrates
are inert toward iron epoxidation catalysts that use H2O2 and
can be seen as structurally related to 1.16b On the other hand,
substrates bearing sterically impeded olefins exhibit reduced
reactivity; 3,3-dimethyl-1-butene (S4) is oxidized to the diol in
53% yield, and 2,3-dimethyl-3-butene probed unreactive,
suggesting sensitivity of the catalyst to substrate sterics.
Interestingly, cyclic aliphatic enones (S17−S22) are also

viable substrates and are oxidized to the corresponding syn-diol
with excellent chemoselectivity (>90%) and moderate to
excellent product yields (60−99%). These substrates are
valuable synthons in the elaboration of natural products, and
their cyclic nature makes the syn-diol difficult to obtain by other
methods. Of remark, the reaction proceeds satisfactorily for six-
to eight-membered ring substrates (S17−S19 and S21−S22).
Again, steric hindrance on the substrate appears to impact the
efficiency of the reaction to a different extent; substrates with
gem-dimethyl groups installed in the cyclohexanone ring (S18−
S20) are oxidized with good but reduced yields of syn-diol

Table 2. Substrate Scope of Different Alkenes Using Catalyst
1 and H2O2. Isolated yield (%)a ([diol]/[epoxide] ratio)b

aReaction conditions: 1 equiv of substrate (1 mmol), 1 mol % catalyst,
1.5 equiv of H2O2 (50% w/w solution), added via syringe pump during
30 min, 10 mL of CH3CN, at 0 °C, plus 30 min stirring. b[diol]/
[epoxide] ratio (in parentheses) determined by GC in 1 mmol
substrate reactions. cYields determined by GC. dTwo additions of 1
mol % catalyst and 1.5 equiv of H2O2.

eEpoxide is not formed.
fIsolated yields using standard conditions; S10 (77), S12 (57), S17
(75), S19 (55), S27 (82), S29 (56), S31 (53). gOxidation performed
without Mg(ClO4)2·6H2O.

h2 mol % of catalyst. i1 equiv of H2O2.
j2

mol % of catalyst in the first addition. n.r. = not reactive.
Stereoselectivities were determined by GC analyses of the crude
reaction mixtures. Stereochemistry of diols resulting from oxidation of
S7, S8, S9, S17, S23, and S32 was determined by comparison to diols
prepared by Sharpless dihydroxylation and by epoxide ring open-
ing.1b,20 Stereochemistry of diols resulting from oxidation of S12, S14,
S15, S16, and S22 was determined by comparison with spectroscopic
and GC retention time of commercially available diols.
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when compared with S17, but substitutions at the olefinic site
(S20) make the corresponding substrates unreactive. There-
fore, while 1 generates very powerful oxidizing species, they are
remarkably sensitive to steric hindrance, a conclusion that can
be rationalized because of the high steric demand imposed by
the 5‑tips3tpa ligand.
In the absence of deactivating electron-withdrawing groups,

aromatic olefins are quite delicate substrates for iron oxidation
catalysis.11i,j,12b,d,18 However, nondeactivated styrenes appear
also to be suitable substrates for the current system, and the
corresponding diols are obtained in moderate to good (S23−
S26, 44−80%) product yields. Following the same pattern
observed for aliphatic substrates, a cis-aromatic olefin (S23) is
oxidized with a substantially better yield (80%, dr 95:5) than
the corresponding trans isomer (S26), and styrene S24 (a
terminal olefin) is oxidized to the corresponding diol in 58%
yield. Aromatic olefins with electron-withdrawing groups
(S27−S29 and S31) are oxidized with improved product
yields (57−99%) and excellent chemoselectivity toward the
corresponding syn-diol. Again, as observed for aliphatic olefins,
oxidation of trisubstituted olefins (S28 and S30) provide
reduced yields, an effect that is most obvious when comparing
S28 with the trans-disubstituted analogue (S27).
Previous mechanistic studies have revealed that iron

catalyzed syn-dihydroxylation can involve electrophilic and
nucleophilic species, depending on the nature of the catalyst.11i

To address this question, the competitive oxidation of
cyclooctene (S15) and cyclohexenone (S17) with 1 was
performed (see Table S2 for details), revealing exclusive
oxidation of the former. This observation is in agreement with
the exclusive site-selective oxidation of S13 at the most
electron-rich site (Table 2) and overall is evidence of an
electrophilic nature of the oxidizing species. Further studies
were directed toward establishing the relative reactivity of 1
against aliphatic olefins bearing different substitution patterns.
Competitive oxidation of pairs of aliphatic olefins (see Table
S2) permits the establishment of the following pattern of
relative reactivity; cis and terminal olefins are more reactive
than trans (cis-2-octene S9 and 1-octene S1 are roughly three
and two times more reactive than trans-2-octene S8,
respectively). Moreover cis-2-octene S9 is 1.5 times more
reactive than cyclooctene S15. These competitive studies reveal
a preferential reactivity for cis-olefins, and most significantly the
relatively high reactivity of a terminal olefin, which are
recognized as a more difficult class of substrates to oxidize by
electrophilic oxidants than internal olefins,18,19 suggesting that
the steric demand of the substrate is a major component in
dictating relative reactivity.
Understanding the selectivity properties of 1 permits its use

in the predictable selective oxidation of more complex
substrates such as small natural products, bearing more than
one olefinic site (Scheme 4). Oxidation of cis-jasmone (S32,
contains 8% trans isomer) proceeds with an excellent 94%
isolated yield of the diol (92:8 dr, see SI section 11) resulting
from oxidation at the most electron-rich site. More significantly,
oxidation of the steroidal substrate (S33), bearing a fatty acid-
derived chain, takes place with excellent selectivity toward the
sterically less congested cis-site in 81% isolated yield, without
any detectable oxidation at the more electron-rich double bond
but congested trisubstituted site. These results underscore the
potential utility of 1 in organic synthesis.

■ MECHANISTIC STUDIES
Regioselective Labeling. Previous mechanistic studies in

the reaction of syn-dihydroxylation catalyzed by iron coordina-
tion complexes have led to the organization of catalysts in two
classes (Scheme 5a).11i,j For class A catalysts, the resulting diol
contains one oxygen atom that originates from H2O2 and the
second one from H2O, while diols formed with class B catalysts
contain two oxygen atoms derived from the same molecule of
H2O2. Class A catalysts contain tetradentate strong field
ligands, while class B bear weak field ligands.11i It can be
expected that the introduction of the bulky silyl groups at the
fifth position of the pyridines will not perturb in a substantial
manner the crystal field and electronic properties of the iron
center in 1 when compared with 2, and therefore both catalysts
will likely operate via a common mechanism. Indeed, the latter
can be seen as the prototypical example of a class A catalyst.
Isotopic labeling analysis confirms this prediction. Catalytic
oxidation of a series of olefins by 1 with H2O2 in the presence
of H2

18O (7.5 equiv) produces the corresponding syn-diol that
is 90% singly 18O-labeled (Scheme 5b).
Class A catalysts operate via a FeV(O)(OH) species formed

via water-assisted O−O cleavage of a FeIIIOOH species
(Scheme 5a).11j Most interestingly, 1 is unique because its
two labile sites possess quite different structural constraints (see
Scheme 5c). It was envisioned that this structural feature may
permit us to interrogate at which position (OA or OB) is located
the oxygen atom from H2O2 and H2O in the FeV(O)(OH)
oxidant. Because OA is sterically more hindered than OB, it is
expected that an unsymmetric olefin will react by approaching
the sterically less demanding olefin carbon site to OA and the
sterically more congested carbon site to OB.
To test this model, oxidations of a series of substrates were

performed under standard catalytic conditions in the presence
of 7.5 equiv of H2

18O, and the resulting diols were analyzed by
GC-MS (Scheme 5b and Table S8). Ionization by electron
impact fragments the diol and allows us to interrogate the
position of the 18O oxygen atom. Almost a 1:1 ratio between
the two positions is measured for erythro-vic-2,3-octanediol
(43:57) resulting from oxidation of cis-2-octene (S9), but most
interestingly, preferential introduction of the 18O atom at the
less congested carbon is observed, as the difference between the
steric demand of the two olefinic carbon sites is accentuated
(from 33:66 to 16:84). For example, dihydroxylation of
vinylcyclohexane (S3) yields predominantly the diol where
the terminal carbon atom is regioselectively 18O-labeled with a
19:81 ratio. For comparison, the oxidation of vinylcyclohexane
was also studied with 2 in the presence of H2

18O, yielding a
55:45 ratio of 18O-labeled that denotes a modest, opposite
regioselectivity.

Scheme 4. Site Selective Syn-Dihydroxylation of Natural
Products
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Therefore, the distinct structural constraints of the two labile
sites in 1 translate into a distinctive isotopic labeling, strongly
pointing out that the oxygen atoms from water and hydrogen
peroxide occupy positions OA and OB, respectively, in the
[FeV(O)(OH)(5‑tips3tpa)]2+ active species (Scheme 5c). Iden-
tification of the latter brings novel insights into the mechanism
of H2O2 activation operating at this catalyst and in particular on
the nature of the ferric hydroperoxide species that evolves into
the FeV(O)(OH) oxidant.11j The isotopic labeling data indicate
that the oxygen atom derived from H2O2 binds at the spatially
more exposed site of the catalyst, trans to a pyridine, forming
[FeIII(OBOH)(OAH2)(

5‑tips3tpa)]2+, that then evolves into
[FeV(OB)(OAH)(

5‑tips3tpa)]2+ via a water-assisted O−O cleava-
ge.11j Fast oxo-hydroxo tautomerism can then result in the
formation of the tautomeric isomer [FeV(OBH)(OA)-
(5‑tips3tpa)]2+.

A tentative rationale for the dominant H2O2 activation at OB
may be put forward by considering the relative lability of the
two available binding sites. Pyridine is a π-acceptor ligand and
exerts a stronger trans effect than an aliphatic amine. This
should translate into a higher lability of the trans-site to the
pyridine (OB), facilitating H2O2 binding. On the other hand,
the corresponding terminal oxo ligand is expected to be
thermodynamically less stable, also because of the stronger
trans effect exerted by the pyridine. Therefore, it is likely that
the dominant activation of H2O2 at position OB during catalysis
results from a kinetically preferred peroxide binding, along with
the formation of a more reactive high valent iron-oxo isomer.
Finally, the chemoselectivity toward the syn-dihydroxylation

reaction exhibited by 1 deserves consideration. In general, iron
catalysts react with H2O2 oxidizing aliphatic olefins to mixtures
of epoxides and diols.11j The parent catalyst 2 constitutes a
prototypical case that yields a modest preference for the diol

Scheme 5. (a) Mechanistic Typology of Iron-Based Syn-Dihydroxylation Catalysts.11i,j (b) Results from Isotopic Labeling
Analysis of the Oxidation of a Series of Substrates by 1.a (c) Schematic Model Rationalizing the Favorable and Disfavorable
Approach of the Olefin to the Catalyst on the Basis of Steric Interactionsb

aRelative 18O incorporation into the two oxygen atoms of the diol is displayed. bThe proposed site of H2O2 and H2O binding to the catalysts derived
from the isotopic labeling study is also shown.
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([diol]/[epoxide] ∼ 3−1, representative examples are collected
in Table 3).11j,12c A systematic improvement of the selectivity
toward the diol (usually studied in the oxidation of cyclo-
octene) can be gained by introducing methyl groups in the α
position of the pyridines in the ligand, but this modification
results in catalysts with weaker NPy−Fe bonds, which are labile
and exhibit poor stability against demetalation, which in turn
translates into poor activity.11d,j,k,12c On the other hand, the
introduction of alkyl groups in the β position does not
compromise the stability of the catalyst but has a modest effect
in the selectivity toward syn-dihydroxylation.11j,12c The high
chemoselectivity toward syn-dihydroxylation exhibited by 1,
which can be regarded as a β-trialkylsilyl-substituted version of
2, while retaining high catalytic performance, is unprecedented
and suggests that epoxidation is minimized by the steric
crowding of the catalyst. This behavior may be tentatively
explained on the basis of at least two factors: (a) the steric
isolation of the iron center is envisioned to promote product
release and also to limit oligomerization reactions, in turn
facilitating the retention, during catalysis, of the two labile sites
required for dihydroxylation activity, and (b) steric isolation is
attained without compromising the strength of the Fe−Npy
bonds and therefore the stability of the catalyst. Both of these
aspects find strong experimental support in the catalytic
behavior exhibited by 1 over time, illustrated in Figure 2.

However, comparison of our data with the literature
precedents (Table 3) also strongly suggests that the FeV(O)-
(OH) oxidant in 1 and 2 must exhibit an innate different
chemoselectivity, the former being similar to that attained with
6. A rationale for this effect can be found in computational
studies in the epoxidation and cis-dihydroxylation reaction
performed by [FeV(O)(OH)(tpa)]2+.21 These studies indicate
that epoxidation is initiated by an attack of the oxo ligand over
the olefin, while syn-dihydroxylation is initiated by an attack of
the hydroxide. In this scenario, because the FeO bond is
shorter than the Fe−OH bond, it can be proposed that

epoxidation, when compared with syn-dihydroxylation, will
require a closer approach of the substrate to the iron center.
Therefore, introduction of sterically demanding groups in
either the α or β position of the pyridine can favor the syn-
dihydroxylation reaction. It is interesting to note that this is
actually a topological effect, meaning that different substitution
patterns or shape of the olefin substrate must also affect their
approach to the reactive iron-oxo species, translating into
different [diol]/[epoxide] ratios. Results collected in Tables 2
and 3 provide experimental evidence in favor of this hypothesis.
It is also important to notice that this effect is independent of
the one that occurs when the catalyst changes from class A to
class B by weakening of the crystal field.11i It is envisioned that
manipulation of both elements may serve in the near future to
design catalysts with improved chemoselectivities.

■ CONCLUSION
This work describes the development of a sterically
encumbered iron catalyst that permits the high yield, selective
syn-dihydroxylation of a broad range of olefins at short reaction
times using aqueous H2O2 as oxidant. The combination of its
excellent performance as a synthetic tool in combination with
the fact that it employs water as an oxygen source can make this
catalyst a valuable tool for a convenient O-labeling of organic
substrates. For example, considering the interest of 17O-labeled
compounds in biological sciences,22 along with the fact that
H2

17O is by far the most economically accessible source of 17O,
this catalyst may be of interest to these fields. Furthermore,
besides providing a novel tool that can enable more sustainable
synthetic organic chemistry, the work discloses new mecha-
nistic perspectives. The structure of this bulky catalyst is
uniquely suitable to provide details of the molecular and
topological composition of the active species, which could only
be previously proposed on the basis of computational
analyses.11h,21 The improved understanding of the catalytically
active species that emerges from the current work may also
represent a valuable tool to rationally design, in the near future,
the catalytic active site to pursue selectivity on the basis of
structural aspects such as molecular shape or olefin substitution
patterns.
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Table 3. Comparison between the [Diol]/[Epoxide] Ratio
Exhibited by Different Iron Catalysts with tpa Type of
Ligands

[diol]/[epoxide]

substrate/catalyst 1a 2b 5c,d 6e,b

1-octene 6.6 2.4 3.3 −
vinylcyclohexane 3.8 2.0 3.5 −
cis-2-octene 24 − − −
cis-2-heptene − 1.4 3.0 10
trans-2-octene 8 − − −
trans-2-heptene − 2.2 4.3 10
cyclooctene 4 1.2 − 7−14c

aThis work . bData from ref 11j . c5 corresponds to
[FeII(CF3SO3)2(

5Me3tpa)], 5Me3tpa = tris(5-methyl-2-pyridylmethyl)-
amine. dData from ref 12c. e6 corresponds to [FeII(6Me3tpa)-
(CH3CN)2](ClO4)2,

6Me3tpa = tris(6-methyl-2-pyridylmethyl)amine.
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ABSTRACT: Herein, we disclose the application of green solvents in a biologically
inspired oxidation reaction. In a mixture of propylene carbonate and ethyl acetate,
iron catalyzed syn-dihydroxylation of olefins with aqueous hydrogen peroxide
proceeds in short reaction times with excellent yields and chemoselectivity. The
current report showcases the suitability of this sustainable media to this class of
important reactions.

KEYWORDS: Oxidation catalysis, syn-Dihydroxylation, Hydrogen peroxide, Iron, Green solvents

■ INTRODUCTION
Solvents represent the major component of the chemicals
employed in conventional organic synthesis, and because of
that, the use of green solvents is one of the most efficient ways
to reduce the environmental impact of organic reactions.
Propylene carbonate (PC) constitutes an ideal alternative to
traditional solvents. It has been ranked as the greenest solvent
in green solvents guides; it contains only carbon, hydrogen, and
oxygen in its structure, so it does not generate NOx and SOx in
its incineration. It is known to be nontoxic and is prepared by
100% atom economical reactions.1 Ethyl acetate (AcOEt)
shares most of the positive aspects of PC and it is also regarded
as one of the most convenient organic solvents from a green
chemistry perspective. Use of green solvents, especially PC in
technologically metal catalyzed reactions, is a topic of current
interest.2−7

Hydrocarbon oxidation reactions are important tools in
organic synthesis,8−10 and development of green oxidation
methods is a subject of current importance. The development
of sustainable oxidation methodologies ideally needs to target
the use of oxidants that produce no waste, catalysts based on
nonexpensive and nontoxic metals, mild reaction conditions,
and no explosive or toxic volatile solvents. Surprisingly, there is
only a single reported example of the use of green solvents such
as PC in oxidation reactions.11

Olefin syn-dihydroxylation represents a paradigmatic case of
an important oxidation reaction for which sustainable reaction
conditions are needed. It constitutes a cornerstone in
traditional organic chemistry, but current methodologies for
this transformation are mainly based on heavy metal oxides
such as Os and Ru,8−10,12,13 which hamper the use of the
reaction because of sustainability. Metal-free methodologies
and the use of catalysts based on first row transition metals that
are highly abundant and exhibit a minor environmental impact

constitute promising alternatives.10,14−24 Particularly interesting
are methods employing hydrogen peroxide as oxidant.25−27

Iron catalyzed syn-dihydroxylation constitutes an interesting
option, given the availability and limited cost and toxicity of this
metal.28−30 Taking inspiration from iron dependent arene syn-
dihydroxylating enzymes present in nature,31−33 iron coordi-
nation complexes have been largely explored as catalysts,34−51

and a few examples provide synthetically valuable yields (Figure
1).52−56 A common limitation of these reactions in terms of

sustainability is that they operate in volatile and toxic solvents,
most often acetonitrile. This drawback is actually quite general
to iron catalyzed oxidation reactions and constitutes one of the
major concerns of these reactions in terms of sustainability.
Iron complexes 1−4 (Figure 1) constitute prototypical

examples of catalysts that have been explored in acetonitrile.56

Herein, we investigate their activity in green solvents, finding
that 1 exhibits excellent activity in EtOAc/PC solvent mixtures.
A broad range of olefins are converted into the corresponding

Received: February 2, 2018
Revised: April 25, 2018
Published: May 18, 2018

Figure 1. Iron complexes studied in this work as syn-dihydroxylation
catalysts in green solvents reactions. tips = tris-isopropylsilyl, OTf =
trifluoromethanesulfonate anion.
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diols with good yields and selectivities, in short reaction times
using a slight excess of hydrogen peroxide as oxidant, under
mild experimental conditions. The potential utility of the
reaction is showcased in the gram-scale syn-dihydroxylation of a
natural product. Overall, the current report highlights the
suitability of this sustainable media for this class of important
reactions.

■ EXPERIMENTAL SECTION
Materials and Methods. Materials were purchased from SDS,

Sigma-Aldrich, Fluorochem, and Scharlab. All substrates used were of
commercially available reagent quality unless stated otherwise, and the
liquid ones were filtered through a basic alumina plug before being
used. The solvents used were of HPLC grade. Chromatographic
analyses were done by GC with a 7820A gas chromatograph, using an
Agilent HP-5 column and an FID detector. Oxidation products were
identified by comparison of their GC retention time with those of
authentic compounds synthesized according to a reported proce-
dure.56

Synthesis of the Catalysts. Catalysts 1−4 were synthesized
according to the procedures reported in literature.52−54,56

Reaction Conditions for Iron-Catalyzed syn-Dihydroxylation
of Alkenes. The substrate (45 μmol, 1 equiv), the catalyst (0.45
μmol, 1 mol %), and Mg(ClO4)2·6H2O (99 μmol, 2.2 equiv) were
dissolved with a 1/1 mixture of PC and EtOAc (800 μL) in a 3 mL vial
equipped with a stir bar, and the resulting mixture was cooled with an
ice bath. Then, 114 μL (67.5 μmol, 1.5 equiv) of 0.58 M H2O2
solution in PC (diluted from 50% in aqueous solution) was directly
added by syringe pump over 30 min. Then, the solution was stirred for
further 30 min.
At this point, 0.1 mL of methyl imidazole and 1 mL of acetic

anhydride were added and stirred for 15 min at room temperature to
esterify the syn-diol product. After 15 min, some ice was added to the
solution, and it was stirred for 15 min more. Then, an internal standard
(biphenyl) was added to the solution and was extracted in 2 mL of
EtOAc. The organic phase was washed with 2 mL of 1 M H2SO4. After
the vial was shaken vigorously, the organic phase was washed first with
2 mL of NaHCO3 and then with 2 mL of water. The resultant organic
phase was dried with MgSO4, filtered, and injected directly to gas
chromatograph. GC analysis of the solution provided substrate
conversions and product yields relative to the internal standard
integration of the substrate.
Iron-Catalyzed syn-Dihydroxylation of Alkenes Using an in

Situ Generated Catalyst. Iron triflate (Fe(OTf)2(CH3CN)2) (2.6
μmol, 0.01 equiv) and 5‑tips3tpa (2.6 μmol, 0.01 equiv) were dissolved
in a 1/1 mixture of PC and EtOAc (1 mL) in a 3 mL vial equipped
with a stir bar, and it was stirred at room temperature for 5 min. After
this time, the substrate (263 μmol, 1 equiv) and Mg(ClO4)2·6H2O
(579 μmol, 2.2 equiv) were added, and the resulting mixture was
cooled with an ice bath. 666 μl (394 μmol, 1.5 equiv) of 0.58 M H2O2
solution in PC (diluted from 50% in aqueous solution) was directly
added by syringe pump over 30 min. Then, the solution was stirred for
further 30 min.
At this point, 0.1 mL of methyl imidazole and 1 mL of acetic

anhydride were added and stirred for 15 min at room temperature to
esterify the syn-diol product. After 15 min, some ice was added to the
solution, and it was stirred for 15 min more. Then, an internal standard
(biphenyl) was added to the solution and was extracted in 2 mL of
EtOAc. The organic phase was washed with 2 mL of 1 M H2SO4. After
the vial was shaken vigorously, the organic phase was washed first with
2 mL of NaHCO3 and then with 2 mL of water. The resultant organic
phase was filtered through a MgSO4 plug and injected directly to the
gas chromatograph. GC analysis of the solution provided substrate
conversions and product yields relative to the internal standard
integration of the substrate.
General Procedure for the Isolation of a Complex Organic

Molecule. Cholesteryl oleate (6.1 mmol, 1 equiv), the catalyst (60.9
μmol, 1 mol %), and Mg(ClO4)2·6H2O (13.3 mmol, 2.2 equiv) were
dissolved with a 3:8 mixture of PC and EtOAc (1 mL) in a 50 mL

round-bottom flask and stirred at room temperature. Then, 887 μL
(9.2 mmol, 1.5 equiv) of 10.3 M H2O2 solution in PC (diluted from
50% aqueous solution) was added by syringe pump during 30 min.
Then, the solution was stirred for further 30 min. At this point, 0.3 mL
of methyl imidazole and 2 mL of acetic anhydride were added, and the
solution was stirred for 15 min at room temperature to esterify the syn-
diol product. After 15 min, ice (1 g) is added to the solution, and it
was stirred for 15 min more. The solution was extracted with 2 mL of
EtOAc, and the organic phase was washed with 2 mL of 1 M H2SO4.
After the vial was shaken vigorously, the organic layer was washed first
with 2 mL of NaHCO3 and then with 2 mL of water. The resultant
organic phase was dried with MgSO4 and filtered. Finally, the organic
fractions were combined and evaporated by distillation using a
Kugelrohr to remove the PC. The resulting residue was purified by
flash chromatography on silica gel (hexane/EtOAc: 8/2) to obtain the
product as a colorless oil (4.8 mmol, 79% isolated yield).
Spectroscopic data are in agreement with a previous literature report.56

■ RESULTS AND DISCUSSION
Among the series of complexes 1−4, we chose to initiate our
study on the oxidation of olefins with catalyst 1 because it was
envisioned that the hydrophobic character of the tris-
isopropylsilyl (tips) groups will favor its solubility in organic
solvents. Dihydroxylation of 1-octene catalyzed by 1 (1 mol %)
was initially explored by delivering H2O2 (1.5 equiv) via syringe
pump during 30 min to a solution of the catalyst at 0 °C. The
reaction was tested in different solvents (Table 1) with the aim
to find a green solvent that could replace acetonitrile, the
common solvent for this class of reactions.12−14

1 is extraordinarily active and selective, and the reaction in
acetonitrile provides a mixture of diol and epoxide ([diol]:
[epoxide] = 4.9) in 89% combined yield (entry 1). When
acetone was used, product yields decrease substantially, and the
catalyst loses the chemoselectivity between diol and epoxide
(entry 2). Practically full conversion and moderate to good
yields were obtained with γ-butyrolactone (entry 3). Remark-
ably, good chemoselectivity for the diol was obtained in ethyl
acetate and ethyl hexanoate (entries 4 and 5). Finally, in PC,

Table 1. Screening of Different Solvents for the
Dihydroxylation of 1-Octene Using the Catalyst 1

entry solvent
conv.
(%)

yield D
(%)

yield E
(%)

ratio
D/E

1 acetonitrileb 97 74 15 4.9
2 acetonec 60 19 12 1.6
3 γ-butyrolactone 91 63 27 2.3
4 ethyl hexanoatec 82 68 12 5.7
5 EtOAcc 60 36 6 6.0
6 PC 83 62 18 3.4
7 EtOAc/PC (1/1) 94 78 15 5.2
8 EtOAc/γ-butyrolactone

(1/1)
92 77 14 5.5

9 EtOAc/ethyl hexanoatec
(1/1)

72 62 9 6.8

aConversions and yields determined by GC, calibrated with authentic
standards. bFrom ref 56. cThe H2O2 was solved in CH3CN due to
problems of solubility of the H2O2 in the solvent (114 μL (67.5 μmol,
1.5 equiv) of 0.58 M H2O2 solution in CH3CN (diluted from 50% in
aqueous solution)). Product yields are the average of 2−3 runs with
the error of <9%.
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good conversion and yields were obtained, and moreover, the
mass balance of the reaction is excellent (entry 6). Trying to
combine the chemoselectivity toward the diol provided by
EtOAc and the good yields observed in PC, γ-butyrolactone
and ethyl hexanoate a 1/1 v/v mixture of EtOAC with each of

the latter solvents was tested (entries 7−9), and much to our

delight, good product yields and selectivities, comparable to

those attained in acetonitrile were obtained when EtOAc was

combined with PC or γ-butyrolactone (entries 7 and 8).

Table 2. Dihydroxylation of 1-Octene in EtOAc/PC or CH3CN Catalyzed by Different Iron Catalystsa

entry catalyst conv. (%) yield D (%) yield E (%) ratio D/E

1 1 82 65 13 5.0
1b,c 94 74 23 3.2

2 2 60 50 10 5.0
2b,c 71 47 10 4.7

3 3 15 0.5 1 2.0
3b,c 28 2 <1

4 4 21 10 11 0.9
4b,c 66 30 15 2.0

5d 1 94 78 15 5.2
1b,c 100 86 14 6.1

aConversions and yields determined by GC using the responsive constants of the products. bAcetonitrile was used as solvent instead of EtOAc/PC.
cFrom ref 56. dUsing 2.2 equiv of Mg(ClO4)2·6H2O. Products yields are the average of 2−3 runs with the error <8%.

Table 3. Substrate Scope

aConversions and yields determined by GC using the responsive constants of the products. bSecond addition of 1 mol % of catalyst and 1.5 equiv of
H2O2.

cConversion and yield determined by NMR. Product yields are the average of 2−3 runs with the error of <5%.
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Further studies were performed with the EtOAc/PC (1/1)
solvent mixture.
Encouraged by these results, we then tested the same

experimental conditions with the best iron dihydroxylating
catalysts reported in literature (Table 2). In the case of catalysts
1 and 2 (Figure 1), both based in the tpa (tpa = tris(2-
pyridylmethyl)amine) ligand frame, no significant changes were
observed between reactions performed in EtOAc/PC 1/1 and
the same using acetonitrile (entries 1, 2, and 5). Catalyst 3 is a
variation of [Fe(Cl)2(LN4Me2)]

+, which requires oxone for
efficient operation,16 and appears to be poorly active in
acetonitrile and EtOAc/PC 1/1 (entry 3). Instead, catalyst 4
shows moderate activity in acetonitrile, but both yields and
conversions dropped very substantially in EtOAc/PC 1/1
(entry 4). Probably, this is due to the poor solubility of the
catalyst in the EtOAc/PC solvent mixture. Most interestingly,
when the reaction catalyzed by 1 is conducted in the presence
of Mg(ClO4)2·6H2O (2.2 equiv), excellent product yields,
chemoselectivity toward the diol, and mass balance is obtained.
Presumably, addition of Mg(ClO4)2·6H2O binds and protects
the diol from overoxidation reactions, as recently seen in
reactions conducted in acetonitrile.56

Dihydroxylation of different olefins catalyzed by 1 was then
explored using the best conditions using a EtOAc/PC (1/1)
solvent mixture, and results are collected in Table 3.
It was found that using these conditions, good to excellent

yields were obtained in a diverse range of representative
substrates, including linear aliphatic olefins with terminal (entry
1), trans (entry 2), and cis substituted olefinic sites (entry 3) as

well as cyclic olefins (entry 4). Electron-deficient olefins such as
dimethyl fumarate (entry 5) and cyclic aliphatic enones (entry
6) were also oxidized, providing satisfactory yields of the
corresponding diols. Oxidation of cis-β-methylstyrene also
proceeds with moderate yields (entry 7), and remarkably, the
reaction proceeds with stereoretention. Of notice, the analysis
of the stereochemistry of the diol products shows that the
reaction is always a syn-dihydroxylation (see Supporting
Information).
Remarkably, the catalyst is regioselective when two olefinic

sites are present in the same molecule. For example, oxidation
occurs at the more electron-rich site of trans-2-cis-6-non-
adienylacetate (entry 8), and the same selectivity is observed in
the oxidation of the natural product cis-jasmone (entry 9). In
addition, the oxidation of cholesteryl oleate (entry 10) occurs
selectively at the sterically less impeded site. In all these
substrates bearing two olefinic sites, no other regioisomers have
been detected (Figure 2).
For comparison, analogous reactions conducted in acetoni-

trile as solvent and also in 1/1 EtOAc/PC containing catalytic
amounts of acetonitrile have been included as Supporting
Information, Table S1. Most importantly, reactions conducted
in the two solvent mixtures provide comparable results in terms
of product yields and chemoselectivities. Significantly lower
yields (10−15%) were observed in few examples (entries 2, 4,
and 5), but with the single exception of trans-2-cis-6-
nonadienylacetate (entry 8, 90% yield in acetonitrile), the
differences are modest. Improved yields of diol with respect to
acetonitrile was also observed (entry 9).

Figure 2. Regioselective syn-dihydroxylation of substrates bearing two olefinic sites.

Table 4. Dihydroxylation of in Situ Generated Catalyst 1

aConversions and yields determined by GC using the responsive constants of the products. Product yields are the average of 2−3 reactions with the
error of <8%.
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Iron complexes with aminopyridine ligands are moderately
oxygen sensitive, and because of that, in situ generation of the
catalyst can represent an important aspect to make the
reactions practical from a synthetic point of view. In this
regard, it was interesting to see that a good yield of diol (up to
72%) was also obtained from the syn-dihydroxylation of
different substrates using standard conditions but previously
generating catalyst 1 in situ, from the combination of iron
triflate (Fe(OTf)2(CH3CN)2) and the 5‑tips3tpa ligand, both of
which are bench stable, oxygen nonsensitive compounds (Table
4). When the commercially available Fe(OTf)2·2CH3CN was
used without the ligand, no oxidation products were obtained.
Use of stoichiometric amounts of Mg(ClO4)2·6H2O may be

regarded as a drawback with regard to the atom economy of the
reactions, but the addition of this additive significantly improves
product yields and chemoselectivity of the reactions. Overall,
the latter aspects translate into more efficient and arguably
more sustainable transformations. On the other hand,
perchlorate anions are potentially explosive, and because of
that, other salts were tested to replace this additive (Table 5).

Interestingly, both Mg(OTf)2 (entry 2) and Zn(OTf)2 (entry
3) provide comparable yields of diol to the one obtained with
Mg(ClO4)2·6H2O. Interestingly, change of Mg(ClO4)2·6H2O
by Mg(OTf)2 does not affect the chemoselectivity of the
reaction, as shown by the similar mass balance and D/E ratios.
We explored the utility of the system in synthetically relevant

gram-scale reactions. As an example, the gram-scale syn-
dihydroxylation of cholesteryl oleate was performed (Scheme
1). The reaction proceeds with a good product conversion,
obtaining a 79% isolated yield of the corresponding syn-diol. Of
note, with this steroidal substrate, reaction conditions need to
be slightly altered by adding a larger amount of ethyl acetate to
solubilize the substrate. This aspect actually suggests that the
catalyst is quite robust and unusually tolerant in terms of
solvent composition, so the EtOAc/PC mixture could be
adjusted depending on the solubility of the substrate, with no
significant impact on the catalyst performance.
Finally, we calculate the E factor and the atom economy

(AE) of the system (Table 6). These green metrics are the

simplest and most popular used to measure the greenness of
the reaction.57

The E factor values obtained for the oxidation reactions, with
the standard conditions, is relatively high in nearly all the cases
(from 125 to 237), but not in the case of cholesteryl oleate
(entry 10). The relatively high E factors can be traced to the
low molecular weight of the substrates employed in the
screening and the relatively low concentration of substrate that
is used under these conditions. When the total volume of the
reaction is decreased 3-fold (300 μL), the E factor values
obtained are in an acceptable range (between 74 and 100). On
the other hand, considering that hydrogen peroxide is used as
oxidant and only water is produced as byproduct, the AE
obtained in the oxidation reactions is in all the cases very high.
In conclusion, this work describes the first example of an iron

catalyzed oxidation reaction in green solvents, demonstrating
the suitability of this media for this class of important reactions.
The potential utility of the system has been showcased in the
gram-scale syn-dihydroxylation of a steroidal substrate. The
combination of an iron-based catalyst, which can be prepared in

Table 5. Screening of Different Lewis Acids

entrya Lewis acid
conv.
(%)

yield D
(%)

yield E
(%)

ratio
D/E

1 MgO 58 48 8 6.0
2 Mg(OTf)2 89 74 15 4.9
3 Zn(OTf)2 94 75 19 3.9
4 Mg(ClO4)2·6H2O 94 78 15 5.2

aConversions and yields determined by GC using the responsive
constants of the products. Product yields are the average of 2 reactions
with the error of <6%.

Scheme 1. Gram-Scale Reaction of Cholesteryl Oleate with H2O2 Catalyzed by 1

Table 6. E Factor and AE for the Reactions Described in
Table 3
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situ from bench stable compounds, a waste-free oxidant, mild
experimental conditions, and a green solvent mixture makes
this system particularly appealing from a sustainability
perspective. Straightforward expansion toward other important
oxidation reactions such as epoxidation or C−H hydroxyla-
tion58−60 currently being explored in acetonitrile with related
iron catalysts is envisioned.
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Characterized cis-FeV(O)(OH) intermediate
mimics enzymatic oxidations in the gas phase
Margarida Borrell1, Erik Andris2, Rafael Navrátil2, Jana Roithová2,3 & Miquel Costas 1

FeV(O)(OH) species have long been proposed to play a key role in a wide range of biomi-

metic and enzymatic oxidations, including as intermediates in arene dihydroxylation cata-

lyzed by Rieske oxygenases. However, the inability to accumulate these intermediates in

solution has thus far prevented their spectroscopic and chemical characterization. Thus,

we use gas-phase ion spectroscopy and reactivity analysis to characterize the highly

reactive [FeV(O)(OH)(5tips3tpa)]2+ (32+) complex. The results show that 32+ hydroxylates

C–H bonds via a rebound mechanism involving two different ligands at the Fe center and

dihydroxylates olefins and arenes. Hence, this study provides a direct evidence of FeV(O)

(OH) species in non-heme iron catalysis. Furthermore, the reactivity of 32+ accounts for the

unique behavior of Rieske oxygenases. The use of gas-phase ion characterization allows us

to address issues related to highly reactive intermediates that other methods are unable

to solve in the context of catalysis and enzymology.
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H igh-valent iron species are highly reactive molecules
involved in numerous oxidative processes of synthetic and
biological relevance1,2. In particular, Fe(V) intermediates

have been proposed as the oxidation agents in key organic
synthesis reactions, such as C–H, C=C and arene oxidations, and
in energy-related transformations, including water oxidation3.
Moreover, iron-dependent enzymes such as cytochrome P450
and Rieske oxygenases presumably use formal Fe(V) inter-
mediates to oxidize inert substrates, including alkanes or arenes.
Cytochrome P450 has been shown to use an oxoiron(IV) por-
phyrin cation radical intermediate termed compound I (cpd I) in
C–H oxidation reactions4, whereas Rieske oxygenases may use a
non-detectable oxoiron(V) intermediate in the syn-dihydroxyla-
tion of arenes and in metabolic C–H oxidations, although no
direct evidence has been reported thus far5–7. Oxoiron(V) com-
plexes are extremely challenging targets for synthetic inorganic
chemistry because of their high reactivity. Accordingly, no crystal

structure is available, and spectroscopically characterized exam-
ples remain exceedingly rare8–13.
Inspired by iron oxygenases, chemists have intensively

exploited iron coordination complexes as catalysts, also thanks
to the availability of this metal14. Complexes with tetradentate
aminopyridine ligands are particularly interesting because they
can use hydrogen peroxide to catalyze enzyme-like stereoretentive
C–H and C=C oxidations (Fig. 1a)15–17. Extensive mechanistic
studies based on product analysis, isotopic labeling and compu-
tations have indirectly shown that these complexes operate via
FeV(O)(X) (X= alkyl carboxylate or OH) reactive species18–21.

Carboxylic acids assist the heterolytic cleavage of the O–O
bond (Fig. 1b), forming a reactive FeV(O)(O2CR) (R= alkyl)
intermediate (IIIb in Fig. 1b) that epoxidizes olefins and
hydroxylates alkanes20,22. Quite recently, this FeV(O)(O2CR)
intermediate was accumulated using a robust ligand
frame, enabling its spectroscopic and chemical characterization
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and, therefore, providing a solid foundation for the mechanistic
proposal13,23,24.

In the absence of carboxylic acids, O–O cleavage may be
assisted by a water molecule, forming an FeV(O)(OH) (IIIa in
Fig. 1b) intermediate that hydroxylates alkanes and engages in
the syn-dihydroxylations of olefins25. These FeV(O)(OH) species
have also been proposed to oxidize the water molecule under low
pH condition3. Moreover, no FeV(O)(OH) species accumulate in
solution, consistently with their high reactivity.
The complex [FeII(CF3SO3)2(5tips3tpa)], 1 (Fig. 1c, 5tips3tpa=

tris(5-(triisopropyl)silyl-2-methylpyridyl)amine is a remarkable
example of a catalyst operating through FeV(O)(OH) inter-
mediates. It efficiently catalyzes the syn-dihydroxylation of var-
ious olefins with H2O2

26,27 and is, thus, a sustainable alternative
to traditional, Os- and Ru-based syn-dihydroxylating agents28,29.
In addition, this catalyst shows outstanding selectivity properties;
for example, olefins are highly chemoselectively syn-dihy-
droxylated while epoxidation is largely minimized. Moreover,
electron-deficient olefins, and arenes, unreactive to Os-based
reagents, are instantaneously dihydroxylated, thus indicating the
involvement of extraordinarily powerful oxidizing species.
Before the present study, FeV(O)(OH) species have been

detected only by mass spectrometry (MS), and their formulation
was derived from experiments using isotopically labeled reagents
(H2

18O and H2
18O2)30,31. Although their reactivity has been

inferred from MS analysis of catalytic reaction mixtures, their
spectroscopic characterization and direct assessment of their
reactivity has not been performed yet.
Herein, we spectroscopically characterized the proposed [FeV

(O)(OH)(5tips3tpa)]2+ reactive intermediate in the gas phase by
helium tagging infrared photodissociation (IRPD) spectroscopy32.
We conclusively identify the terminal FeV=O and FeV–OH
stretching vibrations of the Fe(O)(OH) unit. Furthermore, we
confirm that [FeV(O)(OH)(5tips3tpa)]2+ hydroxylates C–H bonds
in a rebound mechanism and performs the syn-dihydroxylation
of alkenes and arenes. These reactions, previously described in
enzymes and bioinspired oxidation catalysts, have only been
previously understood based on product analysis and computa-
tional methods5,6,19,30,33–35.
Thus, the present study reports the experimental character-

ization of the FeV(O)(OH) species and demonstrates its chemical
competence in bioinspired reactions, particularly in reactions
relevant to Rieske oxygenases.

Results
Generation and ion-spectroscopy characterization of inter-
mediates. The reaction of 1 (0.4 mM) with H2O2 (10 equiv.) in
acetonitrile at −40 °C, monitored by ultraviolet-visible (UV–vis)
spectroscopy, produces a metastable purple species 2 (λmax=
544 nm, ε= 1300M−1 cm−1) (Fig. 2 and Supplementary Fig. 2).
After 2 was formed in acetonitrile solution, the reaction mixture
was analyzed by electrospray ionization mass spectrometry (ESI-

MS). Two peaks at m/z= 444 and 424 stand out in the ESI-MS
spectrum (Supplementary Fig. 1). The former corresponds to the
expected dicationic species [FeIII(OOH)(CH3CN)(5tips3tpa)]2+
(22+)25, whereas the latter can be tentatively formulated as either
[FeIII(OOH)(5tips3tpa)]2+ (2a2+) or [Fe(O)(OH)(5tips3tpa)]2+
(32+), wherein the O–O bond has been broken. Using helium-
tagging IRPD spectroscopy32 we were able to measure IR spectra
of the mass-selected ions with m/z 424 generated by electrospray
ionization from the solution of 2 and ascertain that these indeed
correspond to [FeV(O)(OH)(5tips3tpa)]2+ (32+).
We measured the IRPD spectrum of the ions (corresponding

to the iron(V) intermediate 32+) generated from the reaction
mixture of 1 and H2

16O2. The spectrum was assigned by
comparison with the spectra of isotopically labeled ions resulting
from the oxidation of 1 with H2

18O2, H2
16O18O, and D2

16O2 (the
mass-selected complexes contained the 56Fe isotope if not
mentioned otherwise, Fig. 3). We also analyzed the spectrum of
naturally occurring 54Fe-labeled ions (32+(54Fe), Supplementary
Fig. 3). The IRPD spectrum of [FeV(16O,16OH)(5tips3tpa)]2+
(32+, m/z 424) (Fig. 3a, black) shows bands at 827 cm−1 and
638 cm−1 that shift to 797 cm−1 and 616 cm−1, respectively,
upon double 18O labeling [FeV(18O,18OH)(5tips3tpa)]2+,
(32+(18O18O), m/z 426, Fig. 3a). These bands can be interpreted
as either Fe=O and Fe–OH stretching vibrations9,13,36,37 or as
O–O stretching and O–O–H bending vibrations (see the
comparison with the theoretically predicted IR spectra in
Fig. 3c)38. The frequencies of the characteristic n(Fe–O) and
n(O–O) bands of [FeIII(OOH)(tpa)(S)]2+ (S= solvent) have been
determined by resonance Raman to be 626 cm−1 and 789 cm
−1,38, respectively, which may be considered in reasonable
agreement with those observed for 3. To differentiate {Fe(O)
(OH)} and {Fe(OOH)} binding motifs, we measured the IRPD
spectrum of singly 18O labeled ions [FeV(16/18O,18/16OH)
(5tips3tpa)]2+ (32+(16O18O), m/z 425). If the 827 cm−1 band
would correspond to the O–O stretching mode, the band should
redshift (the bond would be always labeled by 18O). Conversely, if
the band would correspond to the Fe=O stretch, only half the
band should disappear (the Fe=O bond is 18O labeled in only
50% ions). Indeed, the second variant is observed in the
experiment (Fig. 3b). This result allows us to assign the IRPD
spectra to the [FeV(O)(OH)(5tips3tpa)]2+ intermediates. Fully
consistent with this interpretation, the vibrational spectrum of
32+(54Fe) (m/z= 423) shows that both bands are blueshifted by
3 cm−1, as expected for spectral shifts of Fe–O bonds (Supple-
mentary Fig. 3). Interestingly, Hooke’s Law analysis of a Fe–O
oscillator predicts shifts of 3 cm−1 for both vibrations

The vibrational features of 32+ agree well with the DFT spectra
of the [FeV(O)(OH)(5tips3tpa)]2+ complex with the S= 3/2
ground state as predicted at the B3LYP-D3/def2TZVP level
(432+, Fig. 3c, e). In addition to reproducing the experimentally
determined energy and isotopic shifts of Fe=O and Fe–OH
stretching vibrations, the computations predict a distinctive δ-OH
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Fig. 2 Generation of the iron(V) intermediate 3. Schematic diagram of the formation of ferric hydroperoxide species 2 in solution and subsequent transfer
of this species to the gas phase where the FeV species 3 is generated
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vibration, sensitive to deuteration, and a blueshift of the Fe=O
stretch in 32+(2H). The blueshift of the Fe=O stretch in 32+(2H)
(Fig. 3d) is caused by coupling between the ν(Fe=O) and δ(OH)
vibrations; this coupling is also evident when we calculate the
IR spectrum of 32+ labeled only at the Fe=O oxygen, wherein
the δ(OH) vibration redshifts (Supplementary Fig. 4e). We also
considered the doublet state, but the calculations predict that
this state is 12.3 kcal mol−1 higher in energy than the quartet
state. Its predicted IR spectrum is quite similar to that of the
quartet state complex, except for a higher frequency of the Fe=O
stretching vibration (Supplementary Fig. 4b).
The computed spectroscopic features of the [FeIII(OO(H/D)

(5tips3tpa)]2+ species were also considered. Interestingly, the
computed O–O stretching frequency is basically insensitive to

deuteration of the hydroperoxide ligand, in line with the
resonance Raman analysis of [FeIII(OO(H/D)(N4Py)]2+ 39,
(N4Py= (1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)
methanamine)) and in sharp contrast with the shift of [FeV(O)
(OD)(5tips3tpa)]2+. In conclusion, the vibrational spectra provide
compelling evidence that 32+ must be formulated as [FeV(O)
(OH)(5tips3tpa)]2+, wherein the iron center is in the quartet
state. This formulation actually reproduces the structure and
spin ground state predicted by Siegbahn and Que for the parent
[FeV(O)(OH)(tpa)]2+, based on DFT calculations40.

The isotopic composition of 32+ shows that both oxygen atoms
originate from a single H2O2 molecule, thus indicating that its
formation is not assisted by a water molecule (Fig. 1b). In
contrast, isotopic analyzes of diol products formed in catalytic
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olefin oxidation reactions conducted in acetonitrile show that 32+
is formed in solution with the assistance of a water molecule, that
is, 32+ contains one oxygen atom from H2O2 and another from
water26. Therefore, 32+ must be formed by different mechanisms
in solution and in gas phase. DFT calculations suggest that 32+ is
more than 6 kcal mol−1 lower in energy than 2a2+ in the gas
phase (see Supplementary Table 1). Therefore, elimination of
acetonitrile from 22+ in the gas phase may likely lead directly to
the rearranged product 32+.

The electronic spectrum of 32+ could be also determined
by photodissociation spectroscopy (Supplementary Fig. 5). The
spectrum is characterized by two absorption bands at 440 nm
and 530 nm, corresponding to a charge transfer transition, which
is also well reproduced by TD-DFT calculations of 432+.

The complex 432+ is one of the few spectroscopically
characterized FeV=O complexes thus far (Table 1) and the first
example of an FeV(O)(OH) species. These species are frequently
postulated as catalytic intermediates in iron-catalyzed biomimetic
oxidations16 and in the catalytic cycle of Rieske oxygenases6.
In addition, 32+ is also the single experimentally characterized
example of an Fe(V) complex with a postulated S= 3/2 spin
state. The energy of the Fe=O stretch in the doublet state
complexes range from 798 cm−1 to 862 cm−1 8,13; thus, the
energy of the Fe–O bond of 432+ falls within the same
range. Moreover, FeIV=O complexes show Fe–O vibrations from
798 cm−1 to 850 cm−1 2. This suggests that the strength of the
Fe=O bond is unaffected by electron removal from FeIV=O
presumably because the electron is removed from non-bonding
orbitals, with respect to the Fe=O bond (electronic configuration
of S= 1 FeIV=O: dxy2 dxz1 dyz1; of S= 3/2 FeV=O: dxy1 dxz1 dyz1;
Fe=O bond is along z-axis). Interestingly, the related iron(V)
complex with oxo and acyloxo ligands had the doublet ground
state (Table 1)13. According to our calculations, replacing of
OH by CH3COO in 32+ would result in the spin change
of the ground state to S=½. This change is also associated
with an energetic preference for the closed {LFeIII(OOCOCH3)}
form over the open, high valent {LFeV(O)(OCOCH3)} in the
gas phase (see in the Supplementary Discussion and Supplemen-
tary Fig. 8)42.

Reactivity studies. After establishing the structure of the iron(V)
intermediate, we probed its reactivity with a series of substrates
in collisional experiments in the gas phase43,44. We studied
reactions of mass-selected ions where each ion interacted with
only one molecule of a given reactant R. The detected ionic
products are thus formed from a well-defined reactant complex
[432+∙R] without involvement of any additional molecules such
as water or another reactant molecule. The reactions of 432+
proceed efficiently, attesting its high reactivity. Remarkably, when
the ion corresponding to [FeIII(OOH)(CH3CN)(5tips3tpa)]2+
(22+, m/z= 444.3) was tested in similar experiments, no reac-
tivity was observed (Supplementary Fig. 7). This lack of reactivity
of the hydroperoxide species against organic molecules repro-
duces well the rather sluggish oxidant character of these species in
solution25,45.

The reaction of 432+(2H) with cyclohexene (Fig. 4a) yields two
products. The dominant product (m/z 465.3, 84%), an adduct
between cyclohexene and 432+(2H), corresponds to a dihydrox-
ylation reaction (Supplementary Table 2). The second ion
product (m/z= 416.3, 16%) results from the oxygen transfer
from 432+(2H) to olefin, most likely in an epoxidation reaction.
Thus, these findings are in line with experimental results under
catalytic oxidation conditions, thus showing that 1 catalyzes
olefin oxidation, largely favoring syn-dihydroxylation over
epoxidation reactions26.

The reaction of 432+ with 1,3-cyclohexadiene also dominantly
leads to the adduct resulting from the dihydroxylation of an
olefinic site alongside with the oxygen transfer reaction
(Supplementary Table 2). The addition reaction is accompanied
in approximately 10% by subsequent water elimination probably
driven by restoring the conjugated double bond system.
We rationalized the reaction pathways based on experiments

with deuterated complex ([FeV(O)(OD)(5tips3tpa)]2+ (432+ (2H),
Fig. 4b). The deuterium atom allows us to follow the subsequent
fragmentation pathways. The initially formed adduct complex
(the dihydroxylation product) is long-lived and therefore allows
for hydrogen scrambling (complex is isolated in the gas phase and
does not interact with any other molecules/ions)46,47. Note that
this complex is isolated in the gas phase, therefore contains the

Table 1 Structural and spectroscopic features of previously described FeV(O) complexes

Complex S Fe–O (Å) Fe=O ν (cm−1) Ref.

[Fe(O)(bTAML)]− 1/2 1.64a 862 37

[Fe(O)(TMC)(NC(O)CH3)]+ 1/2 (1.65–1.70)b 798 9, 41

[(R-PyNMe3)Fe(O)(O2CR)]2+ 1/2 (1.63a−1.66)b 815 13

32+ 3/2b (1.63–1.64)b 827 This work

aFrom EXAFS
bComputed
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energy released by the exothermic interaction between the
reactants and cannot dissipate this energy by interaction with
other molecules. The subsequent dehydration of the adduct thus
features as elimination of HDO or H2O in the 3:2 ratio.

Most interestingly, in the formal oxygen transfer reaction,
432+(2H) yielded not only the expected product ([FeIII(OD)
(5tips3tpa)]2+, m/z= 416.3), but also a product in which the
OD group was replaced by OH (i.e. [FeIII(OH)(5tips3tpa)]2+,
m/z= 415.8). This observation can be explained by a two-step
rebound mechanism. In the first step, hydrogen atom abstraction
generates [FeIV(OD)(OH)(5tips3tpa)]2+ and a short-lived carbon-
centered radical. The radical can be then rebound with either
OH or OD from the Fe(OH)(OD) unit, to finally form the
corresponding alcohol. The observation of rebound mechanism
contrasts with the previously-reported reactivity of iron(IV)-oxo
complexes in the gas phase, where the observed oxygen transfer
is exclusively due to the epoxidation of C=C double bonds36.
The opening of the C–H activation pathway in the reaction
with 1,3-cyclohexadiene increases the overall abundance of the
formal oxygen atom transfer channel over cyclohexene (see
Supplementary Table 2). This path occurs in the reaction with
1,3-cyclohexadiene but not with cyclohexene because the latter
has a stronger C–H bond (BDEC–H= 74.3 vs 87.0 kcal mol−1)48.
Exactly the same product pattern, identified in all previous
reaction channels, was also observed in the reaction of 432+(2H)
with 1,4-cyclohexadiene (Supplementary Fig. 6).
Lastly, we investigated reactions of 432+ with aromatic

compounds. Reactions with benzene and naphthalene yield
addition products followed by water elimination. Furthermore,
only in the case of naphthalene, we also observed a single electron
transfer reaction, yielding the naphthalene radical cation and a
product of single-electron reduced 432+ 49,50. Because gas phase
reactions only occur when they are exothermic, the electron
affinity of 432+ must be higher than ionization energy of
naphthalene (8.14 eV.)51. In turn, this value is higher than the
electron affinities of oxoiron(IV) porphyrin cation radicals (cpdI
models), which are always lower than 7.5 eV, thus indicating that
432+ is a stronger one-electron oxidant than oxoiron(IV)
porphyrin cation radicals50,52. The addition/water elimination
reaction is similar to reactions with cyclohexadiene reactants,
but the reaction fully shifts towards final water elimination. The
final product regains aromaticity, thereby likely driving the
dehydration step kinetically and thermodynamically. This is
particularly relevant in the gas phase because the initially
formed syn-dihydroxylated product cannot be stabilized by
interaction with solvent molecules. On the contrary, we observed
the catalytic syn-dihydroxylation of naphthalene by complex 1
and H2O2 in solution (see supporting information) as also
previously observed in reactions with the [Fe(CH3CN)2(tpa)]2+
complex53. We also probed the reaction of 32+ with D6-benzene,
and we observed addition followed by HDO elimination with
almost 100% selectivity (Fig. 4d). This reaction is highly
interesting because these substrates are inert against high-valent
Ru and Os oxides and, therefore, show the uniquely powerful
oxidation ability of 432+.

Discussion
The current study describes the vibrational and electronic spec-
troscopic characterization of FeV(O)(OH) species with a key role
in biomimetic oxidations. These FeV(O)(OH) species have long
been proposed to be ultimately responsible for a wide array of
oxidations, including enzymatic reactions. However, the inability
to accumulate them in solution has thus far prevented their
spectroscopic and chemical characterization. Herein, we used gas
phase ion spectroscopy methods to address this problem. The

electronic and vibrational spectra of these species were finally
determined, providing experimental data to unambiguously
determine its atomic and electronic structure. Gas-phase reac-
tivity analysis of these well-defined species showed their compe-
tence in C–H hydroxylation and syn-dihydroxylation of olefins
and arenes. Overall, the data highlights that the particular
architecture of the FeV(O)(OH) species, featuring two reactive
ligands in cis-relative positions, translates into singular reactivity
properties, unattainable with hemes. For example, high-valent
heme iron-oxo complexes consistently epoxidize olefins4. How-
ever, the current study shows that FeV(O)(OH) species readily
engage in syn-dihydroxylation rather than in epoxidation reac-
tions and, most remarkably, react with arenes. Furthermore, gas
phase studies on the hydroxylation of C–H bonds provide direct
experimental evidence of a stepwise rebound mechanism,
wherein rebound can occur with two different ligands at the
Fe center. This behavior differs from that observed in reactions
with previously described synthetic FeIV=O complexes, which
engage in HAT followed by diffusion of the carbon-centered
radical36,54,55. Furthermore, this study provides experimental
evidence of the rebound of the carbon-centered radical with the
two cis-labile ligands at the iron center, which is not possible for
hemes because HAT and rebound can only occur at the same
oxygen atom4. Conversely, in non-heme iron-dependent enzymes
and model complexes56, the presence of labile sites adjacent to
the Fe=O moiety enables the transfer of the incipient hydroxyl
ligand, or of ligands adjacent to the ferryl. For example, halides,
azides and nitrates are transferred in non-heme halogenases57,58.
Finally, the report shows that gas-phase ion characterization

can address questions relevant to catalysis and enzymology,
related to highly reactive intermediates, currently unanswerable
by other methods.

Methods
Generation of intermediate 2. Initially, 15 µL of a 0.22M H2O2 solution in
acetonitrile (diluted from 30% in aqueous solution) were directly added over a
2 mL acetonitrile solution of catalyst 1 (0.2 mM). The resulting mixture was cooled
to −40 °C with a CH3CN/N2 (l) bath. At this point, the characteristic purple color
of 2 was observed. The solution was kept at −33 °C during the measurements in a
two-stage Peltier cooler device.

Gas phase reactivity. Mass-spectrometric measurements were performed in a
TSQ 7000 quadrupole–octopole–quadrupole spectrometer43,44. The ions were
transferred to the gas phase using an ESI ion source. Ionization conditions were
typically: 6 kV spray voltage, 0 V capillary voltage, 90 V tube lens voltage, 150 °C
capillary temperature, 30 psi sheath gas pressure, 300 l h−1 auxiliary gas flow. The
spray voltage was connected directly to the solution in the vial with a stainless steel
wire. The solution was kept at −33 °C and was pumped into the ESI source
through a 30-cm-long fused-silica capillary with a 100-µm internal diameter by
~1 psi overpressure of nitrogen gas in the vial with the solution. The ions of
interest were mass-selected by the first quadrupole and transferred to the octopole
equipped with a collision cell; collision gas pressure was determined using a
baratron. The collision energy was set to nominally zero, as determined by
retarding potential analysis. The products were extracted from the octopole to
the second quadrupole, mass-analyzed and detected with a Daly-type detector.

Helium-tagging infrared/visible photodissociation (IRPD/visPD) spectro-
scopy. IRPD/visPD spectra were measured with the ISORI instrument based on
the TSQ 7000 platform32,59,60. The ions were generated and mass selected exactly
as above. The mass-selected ions were transferred via a quadrupole bender and
octopole to a cryogenic ion trap operating at 3 K. The ions were trapped with
250 µs helium pulse and formed weakly bound complexes with helium. The
trapped ions were irradiated by IR light from an OPO/OPA system or by visible
light from a continuum laser wavelength-filtered by acusto-optic tunable filter.
After irradiation, all ions were ejected from the trap, mass-analyzed in a second
quadrupole and counted by a Daly-type detector. IRPD spectra are plotted as
wavenumber-dependent attenuation of the number of helium complexes
(1−Ni (ν)/Ni0). The total number of the helium complexes (Ni0) was obtained in
alternative cycles with blocked photon beam. The visPD spectra were corrected by
dividing the attenuation by the laser power.
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DFT calculations. DFT calculations were performed with Gaussian 0961 at B3LYP-
D3/def2TZVP level. All structures were fully optimized and characterized by
frequency calculations. The frequencies in IR spectra were scaled by 0.99. Reported
energies include zero-point vibrational energy corrections; the molecular
coordinates are provided in the Supplementary Note 1 and the relative energies
in Supplementary Table 3.

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and its supplementary information. Further information is also available
from the corresponding authors upon reasonable request.
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ABSTRACT: Site-selective and product chemoselective aliphatic C−H bond oxidation of 1,2-diols and of polyhydroxylated
substrates using iron and manganese catalysts and hydrogen peroxide as terminal oxidant is described. The reaction capitalizes on
the use of fluorinated alcohol solvents such as 2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), which
exert a strong polarity reversal in the hydroxyl moieties of 1,2-diols via hydrogen bonding, in turn translating into a strong
deactivation of proximal C−H bonds against a HAT initiated oxidation by the putative high-valent and electrophilic metal-oxo
species. As a result, site-selective and product chemoselective oxidation of complex polyfunctional molecules such as steroids, sugars,
and pharmaceuticals is described, where exclusive or predominant C−H bond hydroxylation at a remote and nonactivated site takes
place. The current report discloses HAT initiated hydroxylations in fluorinated alcohol solvents as methods displaying orthogonal
chemoselectivity to contemporary alcohol oxidations providing a useful tool for synthetic planning in densely functionalized
molecules.
KEYWORDS: Aliphatic hydroxylation, polarity reversal, fluorinated alcohol solvents, hydrogen atom transfer, polyols, manganese,
hydrogen peroxide

A large number of molecules of biological relevance,
including natural products, feature polyhydroxylated

moieties, that represent a versatile structural motif amenable
to a number of important synthetic transformations. The
selective oxidation of these compounds at sites that are remote
from the polyhydroxylated moiety represents a synthetically
important yet challenging transformation.1 Chemoselective
hydroxylation of unactivated aliphatic C−H bonds is tradi-
tionally regarded as incompatible with the presence in the
substrate of C−H bonds that are activated by adjacent electron
rich groups such as hydroxyl, which typically undergo
preferential oxidation.1a−e,2 Furthermore, 1,2-diols easily
undergo oxidative C−C cleavage reactions, and these trans-
formations find wide utility both in fine chemistry and in the
bulk manipulation of olefin derived substrates.3 It is therefore
not surprising that selective oxidation at unactivated C−H
bonds in polyhydroxylated substrates without the assistance of
protecting groups constitutes a yet unmet challenging target of
relevance in organic synthesis (Scheme 1).
Herein we address this problem by describing site-selective

and product chemoselective oxidation of unactivated aliphatic
C−H bonds in 1,2-diols and in polyhydroxylated molecules

using iron and manganese catalysts (Scheme 2B) and
hydrogen peroxide as terminal oxidant. C−H hydroxylation
with these catalysts entails initial hydrogen atom transfer
(HAT) from a substrate C−H bond to a high valent metal-oxo
species.4 (Scheme 2A) We show that these reactions, when
conducted in fluorinated alcohol solvents, display orthogonal
chemoselectivity to contemporary alcohol oxidation methods.5

We and others have previously described that by engaging in
hydrogen bonding, hydrogen bond donor (HBD) solvents
such as fluorinated alcohols can strongly deactivate the
electron rich C−H bonds that are α- to hydroxyl groups of
simple primary and secondary aliphatic alcohols toward
electrophilic HAT reagents, preventing their overoxidation to
form aldehydes and ketones.6 Based on this precedent, we
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considered the oxidation of 1,2-diols and unprotected
polyhydroxylated molecules, which represent more challenging
targets because their metal chelating ability adds to the well-
established oxidation sensitivity of the C−H bonds that are α-
to hydroxyl groups.7 Furthermore, polyhydroxylated carbon
skeletons are common in organic molecules of biological
interest, with glycosides being a paradigmatic example. Bearing
these considerations in mind, catalytic oxidation of model
substrate 1,2-octanediol (S1) was first performed using MeCN,
TFE, and HFIP as solvents. In a typical reaction, 1 equiv of
H2O2 (diluted from an aqueous solution in the solvent of

choice), was added via syringe pump during 30 min at 0 °C to
a solution of the substrate (1.5 mmol, 1 equiv) and catalyst
((S,S)-Mntipsmcp, 1 mol %, Table 1).8

When the reaction was performed in MeCN, modest
substrate conversion was observed (28%), leading to formation
of 1-hydroxy-2-octanone P1a in 21% yield, as the only
oxidation product detected. Instead, when the same reaction
was performed in TFE and HFIP, significantly higher substrate
conversions were observed, with the reaction chemoselectivity
that drastically changed. 1,2,7-Octanetriol P1b, resulting from
oxidation at the most remote methylenic site, now represents

Scheme 1. Possible Oxidation Paths for Polyhydroxylated Molecules, Exemplified in 1,2-Diols

Scheme 2. (A) Proposed Mechanistic Cycle. (B) Structure of the Catalysts Used in This Work

Table 1. Catalytic Oxidation of 1,2-Octanediol (S1) in Different Solvents

Solventa Conversion (%) P1b−d Yield (%) (δ:ε:ζ ratio) P1a Yield (%)

CH3CN 28 0 21
TFE 52 22 (6:25:69) 5
HFIP 77 62 (5:16:79) 1
HFIPb 79 72 (4:18:78) 1

aConversion and yields determined by GC. bUrea-hydrogen peroxide was used as oxidant.
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the largely dominant product, accompanied by smaller
amounts of isomeric triols P1c and P1d, whereas hydrox-
yketone P1a is formed in only trace amounts. Remarkably, as
compared to TFE, in HFIP yield and selectivity toward P1b
increase. Use of larger amounts of peroxide (3−5 equiv)
resulted in a mixture of carbonyl containing overoxidized
products and a loss of mass balance in the reaction. Delivering
the peroxide during 15 or 60 min does not change significantly
product yields and selectivities, but an improvement in yields
was observed when urea-hydrogen peroxide was employed as
oxidant.9 On the other hand, a 1:1 combination of HFIP with
other solvents (AcOEt, CH3CN, and CH2Cl2) resulted in
lower product yields and erosion of the chemoselectivity (see
Table S3 in the SI for details). The higher conversions
observed in the fluorinated alcohol solvents when compared to
acetonitrile can be explained in terms of the strong HBD
ability of the former solvents that hampers the metal binding
ability of the 1,2-diol moiety, preventing catalyst deactivation.
In addition, the stronger HBD ability of HFIP as compared to
TFE10 accounts for the higher selectivity toward hydroxylation
at the most remote methylenic site. In addition, it is also
possible that HFIP helps in activating the H2O2

11 and that its
strong hydrogen donor ability enhances the electrophilicity of
the putative high valent manganese-oxo responsible for the
initial HAT.12

It is interesting to notice that the trends in chemoselectivity
and product yields observed in the oxidation of diol S1 are
basically reproduced when 2-octanol (S0) was used as
substrate, although the formation of significant amounts of 2-
octanone (5%) and 2,5-octanediol (10%) suggests an
enhanced deactivation in the case of the diol (see Table S6
in the SI for details).
The oxidation of S1 in HFIP was further explored with a

series of related iron and manganese catalysts (see Table S1 in
the SI).13 Related iron catalysts have been pioneered by White
in late stage aliphatic C−H oxidation reactions.14 While all the
catalysts exhibited the same product profile, manganese

catalysts systematically delivered higher product yields than
the iron counterparts in the oxidation of this substrate. (S,S)-
Mntipsmcp8 was chosen for further exploration of the reaction.
A series of 1,2-diol substrates containing alkyl chains and a

glycerol monoester were then subjected to oxidation under the
optimized conditions on a 1.5 mmol scale (Scheme 3) in order
to allow isolation of products. Oxidation of 1,2-hexanediol
(S2) gives preferentially 1,2,5-hexanetriol (P2b, 39% yield)
resulting from hydroxylation at the most remote methylenic
site, over 1-hydroxy-2-hexanone (P2a, 11% yield) formed by
HAT initiated α-C−H bond hydroxylation. Analogously, with
5-methyl-1,2-hexanediol (S3), hydroxylation occurs preferen-
tially at the remote tertiary C−H bond to give triol P3b in 42%
yield (55% GC yield) over 1-hydroxy-5-methyl-2-hexanone
P3a (5% GC yield).15 With 3,4-octanediol (S4), oxidation
occurs preferentially at the most remote δ-methylene site,
delivering 2,5,6-octanetriol (P4b) in 35% yield, along with the
two hydroxyketone products (P4a and P4a’) in a combined
13% yield. Partial oxidation of the diol moiety, while retaining
intact the ethyl group, indicates that secondary aliphatic C−H
bond oxidation starts to be competitive with diol oxidation
only when this site is spaced by at least two methylene groups
from the closest OH group. More proximal C−H bonds are
deactivated toward HAT to the high valent metal-oxo species
by the electron-withdrawing character of the hydrogen bonded
diol moiety. Interestingly, as the length of the alkyl chain is
increased, both product yield and chemoselectivity for the
remote C−H hydroxylation product are improved. For
example, oxidation of 1,2-octanediol (S1) gives 1,2,7-
octanetriol (P1b) in 63% yield along with 1,2,6-octanetriol
(P1c) in 14% yield, while P1a is formed in <1%. Analogous
observations derive from the oxidation of the glycerol
monoester drug monoctanoin (S5). Oxidation occurs
selectively at the most remote methylenic position delivering
the hydroxylation product at C-7 (P5b) in 46% yield, along
with the isomeric products hydroxylated at C-6 and C-5 in
10% and 4% yield (P5c and P5d). In line with previous

Scheme 3. Catalytic Oxidation of 1,2-Diol Substrates*

*Unless indicated, isolated yields are reported. Conversion (isolated yield %). aIsolated with 14% ε-hydroxylated P1c. b11% of 1-hydroxy-2-
hexanone (P2a). c55% GC yield of P3b and 5% GC yield of 1-hydroxy-5-methyl-2-hexanone P3a; also in this oxidation, two hydroxyketones are
identified by GC-MS analysis (∼13% combined yield). d7% and 6% of isomeric hydroxyketones (P4a and P4a’). eIsolated with C-6 (P5c, 10%)
and C-5 (P5d, 4%) hydroxylated products.
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observations, no products deriving from oxidation of the
glycerol moiety are observed. These observations can be
explained on the basis of the progressive decrease of the
deactivating effect exerted by the hydrogen bonded 1,2-diol
moiety on the C−H bonds of the alkyl chain as these bonds
are further spaced from this strong electron withdrawing
moiety.

The reaction was then explored in the oxidation of a series of
cyclic 1,2-diol substrates (Scheme 4). Cyclopropanecarboxylic
acid was used instead of acetic acid in order to promote
enantioselectivity in the reactions.8 Oxidation of cis-1,2-
cyclopentanediol (cis-S6) and cis-1,2-cyclohexanediol (cis-S7)
occurs exclusively at the diol moiety producing the
corresponding hydroxyketones (P6a and P7a) in 54% and
64% yield. Oxidation of these compounds proceeds with

Scheme 4. Catalytic Oxidation of 1,2-Cycloalkanediols*

*Unless indicated, isolated yields are reported (ee%). aYield determined by GC. b1:1 d.r. isolated with traces of 1,2,4-cycloheptanetriol. c1:1 d.r.,
isolated with 17% of 1,2,4-cyclooctanetriol triol cis-P9c (total yield 69%). n.d. stands for not detected.
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modest to good levels of enantioselectivity (29% and 63% ee
for P6a and P7a, respectively).16 Instead, oxidation of a
racemic mixture of trans-1,2-cyclohexanol (trans-S7) produces
racemic hydroxyketone P7a in 66% yield.
As ring size is increased, the reaction chemoselectivity is

systematically changed in favor of triol products deriving from
remote C−H hydroxylation. Oxidation of cis-1,2-cyclohepta-
nediol (cis -S8) yields the corresponding hydroxyketone (P8a)
in 52% yield (42% ee), along with 1,2,5-cycloheptanetriol cis-
P8b (8%, 1:1 d.r.). Instead, oxidation of cis-1,2-cycloctanediol
(cis-S9) provides preferentially 1,2,5-cyclooctanetriol (cis-P9b,

40%, 1:1 dr), along with 17% of 1,2,4-cyclooctanetriol (cis-
P9c), while the hydroxyketone product (P9a) is only obtained
as a minor product (12% yield, 12% ee). Taken together, the
data collected in Scheme 4 further indicate that C−H bond
deactivation exerted by the hydrogen bonded 1,2-diol moiety
extends effectively up to position γ, leading to chemoselective
oxidation of the diol. δ-C−H bonds experience instead a
weaker deactivation and undergo preferential oxidation over
the diol moiety.
The chemoselectivity observed in the remote oxidation of

relatively simple 1,2-diol substrates led us to consider the

Scheme 5. Oxidation of Glycosides and Related Polyfunctional Molecules*

*Conversion (isolated yield %). a2 × (3 mol % catalyst/1 equiv. H2O2).
b3 mol % catalyst/1 equiv H2O2. Isolated with δ-hydroxylated product

P12c (12% yield, total yield 65%). c1 mol % catalyst/1 equiv H2O2.
dAlong with 12% of the corresponding carbonyl derivative (total yield 62%).

Scheme 6. Oxidation of Hydroxylated Steroidal Substrates
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application of the reaction to carbohydrates (Scheme 5). Their
selective oxidation in unprotected form is a challenging issue in
carbohydrate manipulation.17 A short optimization protocol
identified (R,R)-Fetipspdp13d as the optimum catalyst (see
Table S1 and S2 in the SI). Effectively, (4-methyl)-1-pentyl β-
D-glucopyranoside S10 and 1-hexyl β-D-glucopyranoside S12
undergo selective C−H hydroxylation at the exocyclic alkyl
chain, without affecting the densely oxygenated glucose
moiety, characterized in both cases by 9 C−H bonds that
are α- to oxygen atoms. Oxidation of S10 leads to the exclusive
formation of P10b deriving from hydroxylation at the remote
tertiary C−H bond in 74% yield. Oxidation of S12 leads
instead to the formation of product P12b, deriving from
hydroxylation at the most remote methylene site (53%),
accompanied by 12% of the corresponding product (P12c)
deriving from hydroxylation at the next methylene site. The
reaction is thus orthogonal to previously described glycoside
oxidation methods, that operate on 1,2-diol moieties.17

Furthermore, S10 and S12 are interesting targets for late
stage C−H hydroxylation because they can be viewed as
models for lipopolysaccharides, endotoxins of Gram-negative
bacteria.18 On the other hand, epoxidation of the CC bond
in alkenyl β-D-glucopyranoside S11 delivers the corresponding
epoxide (P11b) in 61% yield, again retaining the sugar moiety.
Anticancer drug Capecitabine S13 exhibits several features

which are recognized as recurrent standing problems in the
metal catalyzed chemical manipulation of small molecule
pharmaceuticals.19 Capecitabine contains a highly polar,
functional group rich core, composed by an a priori oxidation
sensitive five membered cyclic ether bearing a tertiary C−H
bond at Cγ, and a 1,2-syn-diol moiety at Cβ and Cα. This ether
is connected to a fluorinated N-heterocycle, in turn ligated to
an alkyl carbamate moiety. Several 4, 5, and 6 membered metal
chelating units can be identified, potentially capable of
deactivating metal catalysts. Most remarkably, when S13 was
subjected to the standard conditions, oxidation at the remote
methylenic site of the alkyl chain proceeds smoothly (68%
conversion), leaving the densely functionalized core intact,
yielding hydroxylation product P13b in 50% yield, along with
12% of the corresponding carbonyl derivative.
The reaction was finally tested in the oxidation of steroidal

substrates containing hydroxyl groups (Scheme 6).13d20

Oxidation of unprotected lithocholic acid methyl ester S14
in HFIP yields two major diol products in a combined 52%
yield where the hydroxyl group of the parent substrate is left
intact: diol P14b (34%), resulting from hydroxylation at the
bridgehead C-5 methine, and hyodeoxycholic acid methyl ester
P14c (18%), where stereoselective hydroxylation has taken
place at the equatorial C−H bond at the C-6 methylene.
Ketone P14a, deriving from oxidation of the hydroxyl group at
C-3, is detected in only minor amounts (5%). In contrast,
P14a is the single product (37% yield) in acetonitrile.
Hydroxylation of ursodeoxycholic acid methyl ester S15, a
substrate bearing two hydroxyl groups at C-3 and C-7, also
proceeds preferentially at the C-5 methine C−H, albeit with
modest substrate conversion (35%) and product yields (17%
isolated yield of P15b and 8% of P15a), a behavior that
reasonably reflects the combined deactivation effect of the two
hydrogen bonded hydroxyl groups. Along the same path, no
reaction takes place when cholic acid methyl ester S16, a
substrate bearing three hydroxyl groups at C-3, C-7, and C-12,
is employed as substrate, in line with the operation of a

stronger deactivation of all the steroidal skeletal C−H bonds
determined by the three hydrogen bonded hydroxyl groups.
Summarizing, the current work describes site-selective and

product chemoselective C−H bond oxidation of di- and
polyhydroxylated substrates with hydrogen peroxide catalyzed
by iron and manganese complexes in fluorinated alcohol
solvents. The reaction can be applied to sugars, steroids, and
other densely functionalized substrates, without the need to
protect the hydroxyl functionalities, which become deactivating
groups by solvent hydrogen bonding, and play a directing role
toward oxidation at remote and unactivated aliphatic C−H
bonds. Overall, the reaction opens a new entry for the
straightforward construction of functionality at unactivated
sites in complex organic molecules via late stage hydroxylation
of aliphatic moieties, providing a new and powerful tool to be
rapidly implemented in synthetic planning.
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VII.1. Mechanistically Driven Development of an Iron Catalyst for 
Selective Syn-Dihydroxylation of Alkenes with Aqueous Hydrogen 
Peroxide 
 
Olefin syn-dihydroxylation is an important oxidation reaction because it transforms widely 

available feedstocks into valuable building-blocks for bulk and fine chemistry.1-3 The common 

methods to perform this reaction use stoichiometric or catalytic amounts of heavy metal oxides 

such as OsO4 or RuO4, which are toxic, expensive and produce heavy metal waste.4-6 For this 

reason, in order to improve the sustainability of this transformation, the development of novel 

methodologies based on first row transition metals is appealing.1, 7-9 This motivates the 

development of methodologies based on first row transition metals, which are highly abundant 

and exhibit a minor environmental impact, and the use of non-toxic oxidants such as hydrogen 

peroxide, that provides water as residue. Iron and manganese are promising alternatives for 

catalyst development given their availability and limited cost and toxicity. Manganese catalysts 

have shown promising activity although the chemoselectivity and the substrate scope are still 

critical aspects.10-13  

Taking inspiration from iron dependent arene syn-dihydroxylating enzymes present in 

nature,14-16 iron coordination complexes have been largely explored as catalysts,17 but only 

few examples provide synthetically valuable yields because most systems operate under 

oxidant-limiting conditions, in the presence of large excess of substrate (Figure VII.1).18-23 
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Figure VII.1. Summary of the reported syn-dihydroxylation iron catalysts that operate under 

substrate limiting conditions. a) Catalysts previous to this work. b) this work, [FeII(OTf)2(
5-

tips3tpa)] (1) complex and it’s crystal structure space-filling diagram. 

 

VII.1.1. Catalyst design and characterization 
 
In order to develop a novel catalyst, the well-known tetradentate tpa (tpa = tris(2-

pyridylmethyl)-amine) ligand was taken as the basic structure,21, 24-25 and it was modified by 

introducing the sterically demanding tris(isopropyl)silyl (tips)26 group in position 5 of each 

pyridine ring. We envisioned that the introduction of these bulky groups will make a sterically 

encumbered iron catalyst, a feature that will improve the yields and the chemoselectivity by 

preventing the coordination of the diol to the iron center. Moreover, the activity of the catalyst 

may be favored as the bulkiness of the complex would limit the formation of oxo-bridged 

diferric species, that have been found to be poorly active in catalysis. 

 

The catalyst [Fe(OTf)2(
5-tips3tpa)] 1 was prepared and characterized. The 5-tips3tpa ligand was 

prepared in 58% yield by reacting two equivalents of 5-silyl-substituted picolyl chloride 

(tipsPyCH2Cl,26 Scheme VII.1) with one equivalent of the 5-silyl-substituted picolyl amine 

(tipsPyCH2NH2), both of which were prepared following reported procedures. The 5-tips3tpa 

ligand was directly reacted with Fe(OTf)2·(CH3CN)2 under an inert atmosphere to form the 

complex, which after crystallization using a mixture of CH2Cl2:hexane, was obtained as yellow 

crystals in 78% yield.  
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Scheme VII.1. Synthesis of the ligand 5-tips3tpa. 

 

X-ray diffraction analysis of the crystals revealed a distorted octahedral iron center geometry, 

as represented by the trans ligand angles of 154.65(2)º for N3-Fe-N4, 174.39(3)º for N1-Fe-OB, 

and 156.70(2)º for N2-Fe-OA. The stronger coordination of the pyridine moiety cause that the 

Fe-O bond trans to the tertiary amino group (Fe-OA, 2.049(2) Å) is shorter that the bond trans 

to a pyridyl moiety (Fe-OB, 2.171(2) Å). Moreover, the longest Fe-N bond derived from the Fe 

center corresponds to the Fe-Namine (Fe-N2), indicating that the tertiary amine nitrogen is the 

weaker atom of the complexes. These trends are typical for several tpa complexes,27-28 and 

can be observed by comparing the crystal structures of [Fe(OTf)2(
5-tips3tpa)] and [Fe(OTf)2(tpa)] 

(Table VII.1). In addition, in both complexes the Fe-Npyr distances range from 2.156(2) to 

2.220(2) Å, characteristic of a high-spin Fe(II) center.  
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Table VII.1. ORTEP diagram of [FeII(OTf)2(
5-tips3tpa)], (right) and [FeII(OTf)2(tpa)], (left). Triflate 

anions are omitted except for the oxygen atoms directly bound to the iron center; (50% and 

30% thermal ellipsoids respectively). Hydrogen atoms omitted for clarity. Selected bond 

distances (Å) for both catalysts.  

 

[FeII(OTf)2(tpa)] [FeII(OTf)2(5-tips3tpa)] 

Fe-N1 2.179(2) Fe-N1 2.192(2) 

Fe-N2 2.203(2) Fe-N2 2.220(2) 

Fe-N3 2.174(2) Fe-N3 2.160(2) 

Fe-N4 2.156(2) Fe-N4 2.158(2) 

Fe-OA 2.054(2) Fe-OA 2.049(2) 

Fe-OB 2.150(2) Fe-OB 2.171(2) 

 

VII.1.2. Catalytic activity  
 
VII.1.2.1. Optimization 

 
The new catalyst was then tested in olefin syn-dihydroxylation using 1-octene (S1) as model 

substrate. The reaction was carried out under air by adding 1.5 equiv. of H2O2 (commercially 

available 50% w/w solution diluted in acetonitrile) via syringe pump over 30 min at 0 °C to an 

acetonitrile solution containing 1 equiv. of substrate and 1 mol% of catalyst. Under these 

conditions, a 74% yield of 1,2-octandiol (P1b) was obtained, together with 23% of 1-epoxide 

octane (P1c) (Entry 1 in Table VII.2). This result is remarkable since the mass balance of the 

reaction is excellent (98% conversion, 97% total yield) (Entry 1, Table VII.2), indicating that 

overoxidation reactions are negligible. We considered the possibility that the yields and the 

chemoselectivity will improve by separating the diol from the mixture, because the 

accumulation of the diol in solution inhibits the catalytic activity by binding to the catalytic iron 

center, as was previously documented for several iron catalysts.23-24, 29 In order to reduce the 

effective availability of free diol in solution, we performed the reaction in the presence of 2.2 
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N3

OB
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N4
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equiv. of different Lewis acids, which could potentially bind the diol and therefore, “sequester” 

it from the solution (Table VII.2). 

 

Table VII.2. Screening of different Lewis acids, using 1-octene (S1) as substrate. 

 

Entrya Additives 
(2.2 equiv.) 

Conversion 
(%) 

Yield syn-
diol P1b (%) 

Yield 
epoxide 
P1c (%) 

Ratio syn- 
P1b/P1c 

1 - 98 74 23 3.2 

2 Mg(ClO4)2·6H2O 100 86 14 6.1 

3 Zn(OTf)2 99 75 21 3.6 

4 NaOTf 80 59 14 4.2 

5 MgO 86 71 15 4.7 

6 Mg(OTf)2 94 77 17 4.5 

7 Mg(ClO4)2 53 43 10 4.3 

8 LiClO4·3H2O 62 51 8 6.4 
a
 Yields determined by GC 

 

Among the series of Lewis acids tested (Table VII.2), Mg(ClO4)2·6H2O (Entry 2, Table VII.2) 

provided the most significant improvement in product yields and selectivity towards the diols, 

without compromising neither the selectivity nor the mass balance of the reaction. A marginally 

improved yield of diol was observed when the reaction was performed in the presence of 

Zn(OTf)2 (Entry 3, Table VII.2) and Mg(OTf)2 (Entry 6, Table VII.2), while the rest of the cases 

yielded lower yields. The addition of LiClO4·3H2O (Entry 8, Table VII.2) improved the selectivity 

towards the syn-diol product albeit with a reduced yield.  

 

Further investigation was done to evaluate the origin of the impact of Mg(ClO4)2·6H2O; control 

experiments showed that the single addition of 6 equiv. of water or the use of Mg(ClO4)2 do 

not reproduce the positive effect of Mg(ClO4)2·6H2O, indicating that both elements contribute 

in a synergistic manner.   

 

With these results in hands, we tested if the positive effect of Mg(ClO4)2·6H2O is translated to 

others ion catalysts. We evaluated the effect in the activity of [FeII(tpa)(CH3CN)2](ClO4)2, 

[FeII(CF3SO3)2(
Me,MePytacn)] and [FeII(Cl)2(LN4Me2)]

+ (Chapter IX, Table IX.1) catalysts under 

OH
OH

[Fe(OTf)2(5-tips3tpa)]  (1 mol%)
H2O2 (1.5 equiv.)

CH3CN, 0˚C, 30 min.
2.2 equiv. additive P1b P1c

O
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the same conditions. The results reveal that the activity of catalyst [FeII(tpa)(CH3CN)2](ClO4)2 

and [FeII(Cl)2(LN4Me2)]
+ could not be improved but, interestingly, the activity of 

[FeII(CF3SO3)2(
Me,MePytacn)]  is also improved, increasing the yield of diol and also the 

diol/epoxide ratio. 

 
The diol sequestering role of the Lewis acid was confirmed by analysis of the reaction mixture 

by high resolution mass spectrometry (HRMS) at different times (in Figure VII.2). HRMS 

analysis were done using 1-octene (S1) as a substrate and the standard conditions, this 

includes 2.2 equiv. of Mg(ClO4)2·6H2O.  

 

Panel A is the spectrum recorded at 2 minutes of the reaction, two peaks were identified, a 

first one at m/z = 479.80 assigned to [FeIII{(C8H16)(O)(OH)}(tipstpa)]+ , where a molecule of the 

monodeprotonated diol binds to the iron center, as previously reported for several iron 

catalysts,24, 29 and a second one at m/z = 423.74 that corresponds to the hydroperoxide 

intermediate [FeIII(OOH)(tipstpa)]+. The second spectrum was recorded after 15 minutes of the 

reaction (panel B). In this spectrum, it can be seen as the m/z = 423.74 peak has disappeared. 

On the contrary, the peak of the diol binding to the iron center dominates the spectrum.  Finally, 

the last spectrum (panel C) was recorded at the end of the reaction (30 minutes). As expected 

the peaks observed correspond to the adducts between Mg2+ and the diol. Interestingly the 

peak corresponding to the diol binding to the iron center (m/z = 479.80) has almost 

disappeared.  
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Figure VII.2. HRMS analysis of the reaction using 1-octene (S1) as a substrate recorded at 

different time. Spectrum A was recorded at 2 min, spectrum B at 30 min and spectrum C at 

30 min. 

 
 
 
 
 
 
 

III

III
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VII.1.2.2. Substrate scope 

 
Then, the scope of reaction was evaluated, revealing that our system works efficiently in 

different families of substrates Scheme VII.2. 

 
 

Scheme VII.2. Substrate scope of different alkenes using catalyst 1.  

 

Excellent isolated yields were obtained when aliphatic olefins were used as substrates (up to 

97%). Reactions proceeded with outstanding mass balances (>95%). In general, full 

conversions were achieved, and epoxides are obtained as minor products. These results 

compare favorably with those obtained with the previously reported catalysts. 

 

The reaction is tolerant to different functional groups, including alcohols (S10), halides (S11), 

esters (S13), amide (S5) and even in electron-poor substrates such as methyl fumarate (S14) 

and methyl maleate (S12). Particularly interesting is the syn-dihydroxylation of dimethyl 
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maleate (S12), since the reaction only proceeds in good yields when is performed without 

Mg(ClO4)2·6H2O, presumably because chelation of the Mg2+ with the substrate (observed by 

HRMS) causes deactivation of the substrate (Figure VII.3).  

 

Figure VII.3. HRMS analysis of the reaction with maleate substrate with Mg(ClO4)2·6H2O and 

without.  

 

Cyclic aliphatic enones (S17, S19, S21, S22) were also oxidized in good yields and excellent 

chemoselectivity. Aromatic olefins (S23, S24, S27) were also tolerated and syn-diols were 

obtained in moderate- to good yields. Non-deactivated aromatic rings are oxidized (S23 and 

S24), albeit with significant amounts of epoxide. Improved yields and chemoselectivities are 

observed when electron-withdrawing groups are present in the substrate (S27). This can be 

clearly observed by comparing the outcome of the reaction of cis-b-methylstyrene (S23) and 

4-chloro-cis-b-mehtylstyrene (S24).   

 

More challenging substrates such natural products with two olefinic sites, were finally tested. 

Cis-jasmone (S32) and the steroidal substrate (S33) were efficiently and selectively oxidized, 

obtaining only the diol resulting from the syn-dihydroxylation of the most electron-rich (in S32) 

and less sterically impeded (in S33) olefinic site. These results show the potential of this 

system to be used in organic synthesis. 

 

VII.1.3. Mechanistic studies 
 
To understand the mechanism of the system, isotope labelling experiments were performed. 

Syn-dihydroxylation of different substrates were performed in presence of H2
18O and H2O2, 

and in all cases the corresponding syn-diol was obtained as 90% singly 18O-labelled. This 
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indicates that the catalyst can be classified as a Class A catalyst. As mentioned in Chapter I, 

this type of catalysts involved an electrophilic oxidizing species, presumably an FeV(O)(OH).30 

 

Once ascertained that 1 is a class A catalyst, we wondered if it was possible to predict in which 

position is located the oxygen atom that originates from H2O2 and the one from H2O in the 

FeV(O)(OH) oxidizing species. Analysis of the crystal structure of the catalyst (Figure VII.1b 

and table VII.1) reveals that the two cis-labile positions at the iron center are non-equivalents 

in terms of steric bulkiness, mainly imposed by the tips groups. Whereas the O atom trans to 

the aliphatic amine (OA) is surrounded by the three bulky groups, the O atom trans to one of 

the pyridines (OB) is surrounded by only two tips groups, making it priori less hindered than 

the other (Figure VII.4).  

 

	
Figure VII.4. Schematic representation of the favorable and disfavorable approach of the 

olefin to the FeV(O)(OH). 

 

This model was used in the analysis of the syn-dihydroxylation of unsymmetrical olefins using 

H2O2 and H2
18O (Scheme VII.3). Fragmentation of the diol by electron ionization and mass 

spectrometry analysis of the fragments allowed us to determine the position of the 18O. 

Consistently, the 18O-atom is preferentially introduced to the less congested carbon, 

suggesting that this oxygen atom occupies the sterically most demanding site in the catalysts 

(OA). The model was further confirmed by using olefins where the size differences between 

the two olefin substituents is large. For example, the two (18O,16O) diol isotopomers obtained 

in the oxidation of cis-2-octene and 1-octene in the presence of 18OH2 changes from 1:1 to 

1:2, enhancing the proportion of isotopomer where 18O incorporation has taken place at the 

sterically more congested site. 
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Scheme VII.3. Isotopic labeling analysis of the oxidation of different substrates.  

 

 
To summarize, a new sterically demanding iron catalyst for syn-dihydroxylation of olefins have 

been prepared. This catalyst performs the syn-dihydroxylation of a wide range of olefins using 

H2O2 as oxidant under mild experimental conditions. The nature of the active species could 

be understood in basis of structural analysis of the catalyst and labelling experiments, which 

may serve in a near future, as a tool to rationally design new catalysts. 
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VII.2. Greening Oxidation Catalysis: Iron Catalyzed Alkene syn-
Dihydroxylation with Aqueous Hydrogen Peroxide in Green Solvents 
  
In terms of sustainability, one of the limitations of oxidation reactions, as well as other 

conventional organic transformations, is the reaction media. In the case of iron-catalyzed 

oxidation reactions, the use of volatile and toxic solvents, such as acetonitrile or fluorinated 

alcohols, is a common practice.31 

 

An interesting case to study is the reaction of syn-dihydroxylation of olefins. The use of iron 

catalysts has represented a great advance in terms of environmental impact, because it can 

avoid the use of heavy metals such as Os and Ru.4, 32 In addition, iron catalysts can work 

using H2O2, an environmentally harmless compound, as oxidant.1 However, the iron catalysts 

described so far operate in acetonitrile, which is a toxic and volatile solvent.18-21, 23, 33 

 

The objective of this project is to investigate the possibility of replacing acetonitrile by a green 

solvent in oxidation reactions. Towards this end, the syn-dihydroxylation of olefins with the 

[Fe(OTf)2(
5-tips3tpa)] catalyst was chosen, mainly by two reasons. First, and as described in the 

previous section, this complex is an excellent catalyst in syn-dihydroxylation reactions both in 

terms of activity, chemo- and regioselectivity.18 On the other hand, the hydrophobic tips groups 

in the pyridines favor the solubility of the complex in organic solvents, that can be considered 

a crucial issue in homogeneous catalysis.26 

 

VII.2.1. Identification of green solvents compatible with the oxidation reaction 
 

A series of solvents were tested in the syn-dihydroxylation of 1-octene (S1), using 1 mol % of 

catalyst and 1.5 equiv. of H2O2 in 30 minutes. Results are collected in Table VII.3. 
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Table VII.3. Screening of different solvents using standard conditions and 1-octene (S1) as 

substrate. 

 
Entry Solvent Conv. 

(%)a 
Yield P1b 

(%) 
Yield P1c 

(%) 
Ratio 

P1b/P1c 

1 Acetonitrile 97 74 15 4.9 

2 γ-butyrolactone 91 63 27 2.3 

3 EtOAc 60 36 6 6.0 

4 PC 83 62 18 3.4 

5 EtOAc/PC 94 78 15 5.2 
aConversions and yields determined by GC, calibrated with authentic standards. 
 

The result obtained when γ-butyrolactone was employed (Entry 2, Table VII.3) reveals the 

positive ability of this catalyst to work in different solvents apart from acetonitrile. However, 

neither the yield or the chemoselectivity were improved when compared with acetonitrile 

(Entry 1, Table VII.3).  

Good chemoselectivity was obtained in EtOAc as solvent (Table VII.3, Entry 3) albeit in 

modest yield, while an opposite trend is observed when propylene carbonate (PC, Entry 4, 

Table VII.3) is used. Trying to combine the good yields obtained with PC and the good 

chemoselectivity provided by EtOAc, a 1:1 mixture of these solvents was used (Entry 5, Table 

VII.3.), achieving in this case improved yield and chemoselectivity in comparison with 

acetonitrile. 

 

VII.2.2. Substrate scope 
 

Encouraged by these results, we tested the dihydroxylation of different olefins in the mixture 

of EtOAc/PC (Table VII.4). Good to excellent yields were obtained in a wide range of olefins 

covering aliphatic olefins with different substitution patterns (Entries 1-4, Table VII.4), enones 

(Entries 5-6, Table VII.4) and an aromatic olefin (Entry 7, Table VII.4). As found in the previous 

section, when two olefinic sites are present in the substrate, the system is regioselective 

towards the more electron rich (Entries 8 and 9) and less sterically impeded (Entry 10, Table 

VII.4) site. In most cases, yields and chemoselectivities are comparable than those obtained 

with acetonitrile. The only exception is the syn-dihydroxylation of trans-2-cis-

nonadienylacetate, in which a 26% lower diol yield is achieved (Entry 8, Table VII.4). 

OH
OH

[Fe(OTf)2(5-tips3tpa)]  (1 mol%)
H2O2 (1.5 equiv.)

Mg(ClO4)2·6H2O (2.2 equiv.)
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O
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Table VII.4. Substrate scope with a comparison of CH3CN vs EtOAc/PC 

 

Entrya Substrate CH3CN Conv. 
(%) 

Yield 
PXb 
(%) 

Yield 
PXc 
(%) 

Ratio 
Pxb/ 
Pxc 

1  

- 94 78 15 5.2 

100 %b 98 81 17 5 

2  

- 82 65 17 4 

100 %b 98 76 22 3.5 

3 
 

- 99 86 13 6 

100 %b 100 81 15 5.5 

4 

 

- 100 70 21 3 

100 %b 100 82 17 5 

5 

 

- 82 76 4 19 

100%b 100 92 5 18 

6 

 

- 100 93c 3c 22 

100 %b 100 99 - - 

7 
 

- 100 69c 31c 2.2 

100 %b 75 55 20 2.7 

8 
 

- 82 64 6 10 

100 %b 99 90 6 15 

9 

 

- 95 91 3 30 

100 %b 98 88 3 29 

10 

 

- 95 83 - - 

a
 Conversions and yields determined by GC using the responsive constants of the products. 

Reported product yields are the average of 2-3 reactions and the error is <5%.
b
 Acetonitrile was 

used instead of PC:AcOEt. 
c
Second addition of 1 mol % catalyst and 1.5 equiv. of H2O2. 
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VII.2.3. Oxidations with in-situ generated catalyst 
 
In order to make this system more suitable form a practical synthesis point of view, we 

analyzed if the catalyst could be formed in situ. This would represent a more practical 

methodology because iron complexes bearing tetradentate nitrogen-based ligands are 

oxygen sensitive. On an opposite manner, the ligand and the iron precursor used to prepare 

the complex (Fe(OTf)2 are bench-stable compounds. Therefore, the in-situ generation of the 

complex would facilitate the manipulation of the reagents used in the catalytic reaction. 

 

Taking cholesteryl oleate as an example for a gram-scale reaction, a good yield of the 

corresponding syn-diol (79%) was obtained demonstrating the suitability of the green solvents 

on syn-dihydroxylation reactions and its applicability in organic synthesis.  To note, a slightly 

amount of EtOAc was added in order to solubilizes the substrate.  

 

In situ formation of the catalyst was used in the syn-dihydroxylation of different olefins and 

good yields were obtained (up to 72%). It is important to remark that the reaction using the 

ligand by itself or the Fe(OTf)2 without the ligand does not proceed.  

 

VII.2.4. E-factors considerations 
 

Finally, we evaluate the greenness of the reaction calculating the E factor and atom 

economy (AE), a two popular green metrics,34 for different olefins.  

 

The E-factor is the mass ratio of waste to the desired product. Values for the reactions 

studied are collected in Table VII.5. It can be observed that values are relatively high 

(except for the cholesteryl acetate Table VII.5 Entry 8), probably because of the low 

molecular weight of the substrates employed and the low concentration of substrate 

used in the standard conditions. The E-factor can be decreased by increasing 3-fold 

the concentration of the reaction solutions, obtaining in this case acceptable values 

(between 74 and 100). 

 

On the other hand, atom economies obtained are extraordinarily high. It can be said 

that the use of 2.2 equiv. of Mg(ClO4)2·6H2O is not beneficial in terms of atom economy, 

however, the addition of this Lewis acid significantly improves the yield of syn-diol and 

the chemoselectivity of the reaction, which overall can be translated into more efficient 

and sustainable transformation.  
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Table VII.5. E factor and AE of different substrates.  

 

Entry Substrate E factor AE (%) 

1  197 89 

2  237 89 

3 
 

223 90 

4 

 

167 91 

5 

 

186 88 

6 
 

214 89 

7 

 

162 92 

8 

 

40 97 

 

 

To summarize, it has been demonstrated that the [Fe(OTf)2(
5-tips3tpa)] catalyzed syn-

dihydroxylation of olefins can be efficiently performed using a mixture of PC and EtOAc as 

solvent, obtaining comparable reaction outcomes with values obtained in acetonitrile. The 

replacement of acetonitrile by these green solvents, combined with the fact that the catalyst 

is based on iron, that can be prepared in situ from bench-stable compounds, and that uses 

H2O2 that does not generate waste, makes this system attractive from a sustainable point of 

view. The results obtained in this section can be used as a proof of concept to expand the use 

of green solvents in other iron-catalyzed oxidation reactions, such as C-H hydroxylation and 

epoxidation. 

 
 

O

O

O

O

O

O

O

O

O

7 7

3



 

 



Results and discussion 

 109 

VII.3. Characterized cis-FeV(O)(OH) intermediate mimics enzymatic 
oxidations in the gas phase 
 

FeV species are postulated as oxidizing agents in numerous metal-catalyzed oxidation 

methods and in the reaction mechanism of Rieske oxygenases, bacterial enzymes that oxidize 

hydrocarbons and arenes.35 However, the high reactivity of FeV(O) species presumably 

prevents their accumulation in solution and makes their direct experimental identification and 

characterization extraordinary rare.36-40  

 

The oxidizing species in Rieske oxygenases is not known but is postulated to be a FeV(O)(OH) 

transient, where the oxo and the hydroxide ligands are in relative cis-position.41 In parallel, 

synthetic iron catalysts capable of syn-dihydroxylating olefins and hydroxylating alkanes have 

been developed over the last decade and they are also proposed to operate via a FeV(O)(OH) 

intermediate.42-43 Whereas related FeV(O)(O2CR) species have been spectroscopic and 

chemically characterized,40, 44-45 no direct experimental observation of the FeV(O)(OH) species 

had been reported before the present study. The [FeV(O)(OH)(Pytacn)]2+ (Pytacn = 1-(2’-

pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane) was previously detected by mass 

spectrometry and formulated on the basis of labelling experiments with H2
18O and H2

18O2 and 

theoretical calculations.29, 46  More recently, Pushkar and co-workers have claimed trapping 

and spectroscopic characterization by X-ray absorption spectroscopy and EPR analyses of 

the latter species in catalytic water oxidation reactions.47 

 

In this section, the [FeV(O)(OH)(5-tips3tpa)]2+ species claimed to be the oxidizing agent in the 

reactions described in chapters III and IV has been generated and spectroscopically 

characterized in gas phase using helium tagged infrared photodissociation spectroscopy 

(IRPD).48 

 

VII.3.1. Generation of the Fe(V) species 
 

First, the transient [FeIII(OOH)(5-tips3tpa)]2+ was generated from the reaction of [Fe(OTf)2(
5-

tips3tpa)] and H2O2 (10 equiv.) in acetonitrile at -40ºC. The reaction could be followed by UV-

vis spectroscopy (Figure VII.5), where the formation of [FeIII(OOH)(5-tips3tpa)]2+ was evidenced 

by a characteristic intense absorption at lmax = 520 nm associated with peroxide to FeIII charge 

transfer bands.18 
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The reaction mixture was then analyzed by electrospray ionization mass spectrometry (ESI-

MS); two peaks were identified, a first one at m/z = 444.12, attributed to the expected dicationic 

species [FeIII(OOH)(CH3CN)(5tips3tpa)]2+,49 and a second one that could be tentatively assigned 

to the previous [FeIII(OOH)(5tips3tpa)]2+ with a loss of an acetonitrile ligand, or alternatively to 

an [FeV(O)(OH)(5tips3tpa)]2+  formed after O-O bond cleavage of the hydroperoxide species. 

(Figure VII.5) To determine which one of these species was formed, we used helium-tagging 

infrared photodissociation (IRPD) spectroscopy to mass-select the peak at m/z = ~424 and 

characterized it by IR spectroscopy and isotope labelling experiments.  

 

Figure VII.5. Electrospray ionization mass spectrometry (ESI-MS) and UV-Vis spectra of the 

progressive formation of [FeIII(OOH)(5tips3tpa)]2+ or [FeV(O)OH)(5tips3tpa)]2+ upon addition of 

H2O2 at -40ºC. 
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VII.3.2. Characterization by IRPD spectroscopy. 
 

The IR spectrum was measured when the m/z = ~424 transient species were generated using 

H2O2 (Figure VII.6, black line), labeled H2
18O (Figure VII.6, orange line) and mixed labelled 

H2
16O18O (a 1:2:1 mixture of H2

16O2:H2
18O:H2

16O18O, Figure VII.7., orange line). By comparison 

of these spectra, the signals at 638 and 827 could be assigned. The energy of the first one at 

638 cm-1 is consistent with a v(Fe-O) stretching or (O-OH) bending vibrations, while the one 

at 827 matches frequency values expected for v(Fe=O) or v(O-O) stretching vibrations. 38, 50-

53 However, the -22 cm-1 and -30 cm-1 shifts observed in the 638 cm-1 and 827 cm-1 bands 

upon 18O labelling are in good agreement with the expected shifts for Fe-O and Fe=O 

vibrations on the basis of a Hook’s law analysis (-28 and -36 cm-1, respectively), providing 

strong credibility to the v(Fe-O) stretching and v(Fe=O) assignment.  

 

 

Figure VII.6. IRPD spectrum of the m/z = ~424 ions generated from the reaction mixture of 

catalyst with H2O2 (black trace) and generated with H2
18O2 (orange trace).  

 

To further differentiate between the {Fe(O)(OH)} and {Fe(OOH)} bindings, we measured the 

spectrum of the m/z = ~424 with a mixture of labeled and non-labeled peroxide (H2
18O2/ 

H2
18O16O/ H2

16O2 1:2:1 ratio). If the 827 cm-1 peak corresponds to a O-O vibration, it will be 

split in three peaks in a 1:2:1 intensity ratio, corresponding to the 16O-16O, 16O-18O, 18O-18O 

isotopomer vibrations. If on the contrary, if the band corresponds to a Fe=O vibration, it will 

be split only in two peaks, corresponding to the Fe=16O and Fe=18O isomers. The latter 

situation is the one observed experimentally, strongly suggesting that a Fe=O stretching is 

involved. (Figure VII.7) 
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Figure VII.7. IRPD spectrum of the ions generated from the reaction mixture of catalyst with 

H2O2 (black trace) and generated whit H2
16O18O (orange trace).  

 

To confirm the assignation of the bands, the experiment was repeated by mass selecting the 

54Fe-labellled ions. Interestingly, an upfield shift of the 827 and 638 cm-1 signals is observed, 

consistent with the assignment (Figure VII.8).  

 

Figure VII.8. IRPD spectrum of the natural abundant of 56Fe ion generated from the reaction 

mixture of catalyst with H2O2 (black trace) and generated with 54Fe (purple trace). 

 

All these experiments allowed us to unambiguously assign the peak at m/z=424 as a 

[FeV(O)(OH)(5-tips3tpa)]2+
 intermediate, representing the first example of an experimentally 

spectroscopically characterized FeV(O)(OH) species. 

 

VII.3.3. Gas phase reactivity 
 
Once the intermediate was identified and characterized as an FeV(O)(OH) species, its 

reactivity towards a series of substrates was studied in the gas phase. 

 

Towards this end, the m/z = ~424 was mass selected, brought to a second reaction chamber, 

and reacted with different substrates. The reaction with cyclohexene substrate gave two 

products, the first one, with m/z = 465 (84%), which can be viewed as the “adduct” between 

the substrate and the Fe(V), can be assigned as the product resulting from the olefin 

dihydroxylation reaction (FigureVII.4). The second product has a m/z = 416 (16%) and can be 



Results and discussion 

 113 

understood as the species that form after the Fe(V) species has lost an oxygen atom. This 

suggests that an oxygen atom transfer from the Fe(V) to the olefin occurred, most likely in an 

epoxidation reaction, generating a FeIII(OH) species (m/z = 416) (Scheme VII.4). The 

alternative scenario, entailing hydroxylation of the substrate can be discarded since the 

reaction did not exhibited a KIE upon using a deuterated substrate. 

 

These results are in agreement with the ones found under catalytic conditions in solution for 

the Fe(tipstpa) catalyst, in which the syn-dihydroxylation reaction is more favorable than 

epoxidation.18 

 

 

Scheme VII.4. Reactivity of [FeV(O)(OD)(5tips3tpa)]2+ in the gas phase with 0.1 mTorr of 

cyclohexene. 

 

The same behavior was observed when, 1,3-cyclohexadiene was used as substrate in a 

reaction with a deuterated [FeV(O)(OD)(5tips3tpa)]2+ intermediate (generated from reaction with 

D2O2), in which syn-dihydroxylation predominates over oxygen atom transfer reaction.  

 

More interestingly is the analysis of the peaks that result from the O-transfer channel. In this 

case, not only the expected product ([FeIII(OD)(5tips3tpa)]2+, m/z = 416.3) was observed, but in 

addition, a peak at m/z 415.8 was also found in the spectrum, in accordance with the 
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replacement of the OD group by an OH. These peaks cannot be fully explained by an 

epoxidation reaction and instead point towards an additional oxygen atom transfer reaction.  

The data can be rationalized considering a two-step rebound mechanism, in which a first 

hydrogen atom abstraction from the allylic position of the substrate is followed by the rebound 

with the OH or the OD group of the incipient [FeIV(OD)(OH)(5tips3tpa)]2+ intermediate (Scheme 

VII.5). 

 

Finally, a peak at m/z = 454.90 can be assigned to the product resulting from H2O/DHO 

elimination from the initial syn-dihydroxylated substrate-complex (m/z = 464, Scheme VII.5b). 
 

 
Scheme VII.5. a) Proposed two-steps rebound mechanism. b) Reactivity of [FeV(O)(OD)(5-

tips3tpa)]2+ in the gas phase with 0.1 mTorr of 1,3-cyclohexadiene. 
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Finally, the reactivity with aromatic compounds (i.e. deuterated benzene, naphthalene) was 

investigated. These reactions are interesting because the syn-dihydroxylation of these 

compounds cannot be achieved by conventional methods based on Ru and Os oxides, and is 

performed exclusively by enzymes. In both cases, the peak corresponding to the intermediate 

for the addition products followed by dehydration was observed in the spectrum, suggesting 

that the isolated Fe(V) intermediate can perform syn-dihydroxylation in gas phase of these 

aromatic substrates (Scheme VII.6).  

 

Interestingly, in the case of naphthalene, a monocharged peak at m/z 847 was found in the 

spectrum, consistent with a FeIV(O)(OH) species. This represents a single electron transfer 

reaction between the Fe(V) and the naphthalene, that finally generates a naphthalene radical 

cation, that is also observed in the mass spectrum (m/z = 128). Therefore, and considering 

that in gas phase only exothermic reactions occur, the 1e- reduction potential for the 

FeV(O)(OH) species can be deduced to be higher than 8.14 eV (ionization energy for 

naphthalene). If this value is compared with the reduction potential of Fe(IV) porphyrin cation 

radicals considered as CpdI models, that is always lower than 7.5 eV, it can be concluded that 

the FeV(O)(OH) characterized in this section is a more powerful oxidant than the CpdI models. 
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Scheme VII.6. Reactivity of [FeV(O)(OH)(5-tips3tpa)]2+ in the gas phase with 0.1 mTorr of 

naftalene. 

 

 

To summarize, in this section we described the formation and characterization of a 

FeV(O)(OH) species in the gas phase using helium tagging infrared photodissociation 

spectroscopy and the [Fe(OTf)2(
5-tips3tpa)] complex described in previous chapters. The FeV=O 

and FeV-OH stretching frequencies have been identified, as well as the vibrational 

spectroscopic features of the cis-FeV(O)(OH) unit. In addition, reactivity studies revealed that 

this intermediate can perform syn-dihydroxylation of arenes, as well as the hydroxylation of 

aliphatic C-H bonds via a rebound mechanism. Overall, this constitutes the first experimental 

evidence for this type of C-H and C=C functionalization mechanism, that before this work, was 

only supported computationally. Of notice, the catalyst employed in this study is a prototypical 

example of a Class A type of catalyst and therefore the conclusions apply to this subgroup of 

catalysts. The identity of the active species in Class B catalysts remain under discussion. 
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VII.4. Site-Selective and Product Chemoselective Aliphatic C−H Bond 
Hydroxylation of Polyhydroxylated Substrates 
 

 
As discussed in Chapter I, chemoselective and site-selective hydroxylation of unactivated 

aliphatic C-H bonds is a challenging reaction, mainly due to the multiple C-H bonds presents 

in most organic molecules, with similar structural characteristics and chemical properties.54 

Furthermore, the higher reactivity of the hydroxyl groups of primary and secondary alcohols 

in comparison with the C-H bonds of alkyl groups makes overoxidation of the first formed 

alcohol products difficult to prevent, eroding product chemoselectivity.55-56 In addition, 

polyhydroxylated substrates easily undergo oxidative C-C bond cleavage.57 For these 

reasons, selective C-H bond hydroxylation in this kind of molecules, without using protecting 

groups, is an unresolved challenge in organic synthesis.  

 

It has been previously described by our group and others, that the use of fluorinated alcohols 

as solvents can strongly deactivate the electron rich a-C-H bond to the hydroxyl groups, in 

simple primary and secondary alcohols.58-63 This is due to a polarity reversal effect caused by 

the strong hydrogen donor ability of the O-H bond of the solvent and the hydroxyl group of the 

alcohol. This interaction removes electron density from the proximal C-H bonds, directing the 

oxidation towards more remote positions, and thus preventing overoxidation (Scheme VII.7). 

 

 

Scheme VII.7. Oxidation path using fluorinated alcohol solvents (S-OH). 

 

Taking advantage of this strategy, we considered the possibility to selectively oxidize aliphatic 

C-H bonds in unprotected polyhydroxylated molecules. The oxidation of this kind of molecules 

becomes more difficult because of the number of the hydroxyl groups present, that moreover 

can interact with the metal catalyst due to their chelating ability. 

 

VII.4.1. Reaction optimization and development 
 

To achieve this challenging goal, we first tested the oxidation of 1,2-octanediol (S1), that was 

chosen as model substrate in different solvents (MeCN, TFE, HFIP) using 1 mol% of (S,S)-
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[Mn (OTf)2(
tipsmcp)], (Figure VII.9), 2 equivalents of acetic acid and 1 equivalent of H2O2 

solution added by syringe pump during 30 minutes. 

 

Figure VII.9. Catalysts tested 

 

The use of MeCN leads to modest substrate conversion and the only oxidation product 

detected was 1-hydroxy-2-octanone (P1a) in 21% yield. This product results from the over 

oxidation of one of the alcohols of the starting diol, and its formation can be substantially 

reduced when the reaction was performed in fluorinated alcohol solvents. When TFE and 

HFIP were used, a higher substrate conversion was obtained and the major oxidation product 

was the diol P1b, resulting from C-H hydroxylation at the most remote methylenic position 

from the diol moiety, with minor amount of regioisomeric triols in d (P1d) and e (P1c) position. 

Only trace amounts of ketone P1a were detected. It is interesting to notice that the selectivity 

towards the most remote alcohol is higher with HFIP than TFE, in line with the strength of the 

hydrogen-bond donor ability of the solvents (Table VII.6). 

 

Table VII.6. Catalytic oxidation of S1 in different solvents. 

 

Solvent Conv. (%)a P1b-d Yield (%)a (d:e:z ratio) P1a Yield (%)a 

CH3CN 28 0 21 

TFE 52 22(6:25:69) 5 

HFIP 77 62(5:16:79) 1 
a
 Yields determined by GC 
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The reaction in HFIP was then tested using a series of iron and manganese catalysts 

previously used in C-H bond hydroxylation reactions (Figure VII.9).26, 64-66 The same trend in 

chemo- and regioselectivity is observed in all of them; being the manganese catalysts the 

ones providing the highest yields. Among them, Mn(tipsmcp)67 gave the bests results (Table 

VII.7).  

 

Table VII.7. Screening of a series of related iron and manganese catalysts. 

	

Cat Conv. 
(%)a 

P1b Yield 
(%)a 

P1c Yield 
(%)a 

P1d Yield 
(%)a 

P1a Yield 
(%)a 

S,S MnDMMpdp 71 49 17 4 2 

S,S Mntipsmcp 77 49 10 3 1 

S,S Mntipspdp 73 48 11 3 1 

R,R Fetipspdp 67 41 14 4 1 

S,S FeDMMpdp 43 27 9 4 3 

S,S Fetipsmcp 60 36 12 2 2 
a 

Conversion and yields determined by GC. Reactions were run in duplicate. Values included in 
table 2 represent average values with typical errors being <5%.  

 

Under the optimized conditions we then explored a series of polyhydroxylated molecules. 

Preferential oxidation at the most remote position was observed with 1,2-diol substrates, and 

only small amounts of ketoalcohol formed by HAT initiated a-C-H bond hydroxylation are 

detected (Table VII.7, Figure VII.10 and Scheme VII.8). With 1,2-octandiol (S1) as substrate, 

the oxidation occurs preferentially at the most remote methylenic site in 49% yield (P1b), 

accompanied by small amount of P1c and P1d (Table VII.7). 1,2-hexandiol (S2) gives 39% 

yield of P2b, and only 11% yield of 1-hydroxy-2-hexanone (P2a) (Figure VII.6). The same 

oxidation pattern is observed with 5-methyl-1,2-hexanediol (S3), where the major oxidation 

product is P3b in 42% and 5% of 1-hydroxy-5-methyl-2-hexanone P3a. Analogous 

observation derive for the oxidation of S4 and S5 substrates, where the major oxidation occurs 

at the most remote methylenic site in 35% and 45% yield respectively, while hydroxyketone 

product is obtained as a minor product (P4a) in the oxidation of S4 and 14% yield combined 

of hydroxylated product P5c-d with S5 as substrate (Scheme VII.8). 
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Scheme VII.8. Catalytic oxidation of 1,2-diol substrate. 

 

Interestingly, by comparing the oxidation of S1 with 1,2-hexanediol (S2) it can be deduced 

that as the larger is the alkyl chain, the higher is the product yield and the chemoselectivity for 

the remote C-H hydroxylation. (Figure VII.10) Improvement of both parameters can be 

explained by the reduction of the polarity reversal deactivating effect as C-H bonds are further 

away from the polar diol moiety.  

 

 

Figure VII.10. Catalytic oxidation of S1 and S2 substrates with optimized conditions. 
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completely changes, and the triol resulting from the oxidation at the most remote C-H bond is 

obtained as the major product. These results indicate that the C-H bond deactivation by the 

hydrogen bond donor ability of the solvent occurs in an effective manner up to position γ, 

leading to a chemoselective hydroxylation in d-position. Consequently, the oxidation of cis-

1,2-cycloctanediol (cis-S9) provide a 40% yield of 1,2,5-cyclooctanetriol (cis-P9b) and 17% 

yield of 1,2,4-cyclooctanetriol (cis-P9c) alone with only 17% of kydroxyketone product (P9a). 

 

 
 
Scheme VII.9. Catalytic oxidation of 1,2-cycloalkanediols.  
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VII.4.2. Application to complex molecules 
  
The results observed with simple 1,2-diol substrates led us to consider the possibility to 

translate the chemoselectivity of the reaction to more densely functionalized substrates. To 

test this hypothesis the oxidation of different unprotected glucoside derivatives was studied.68  

The oxidation of glucopyranoside (S10) is selective to the most remote tertiary C-H bond (74 

% yield), without affecting the unprotected hydroxyls of the molecule. The same tendency was 

observed when 1-hexyl β-D-glucopyranoside (S12) was tested obtaining a 53 % yield of the 

polyol resulting from oxidation at the most methylenic site. In addition, oxidation and the next 

methylenic side was also observed as side product in 12 % yield. After a short optimization 

we identified that the ((R,R)-Fetipspdp) catalyst was the optimum choice for this kind of 

substrates.  

 

Other interesting substrate was Capecitabine (P13), a drug used to treat different types of 

cancer, including mammarial and rectal ones. Its functionalization is challenging due to its 

highly functionalized core, composed by a polyhydroxylated five-membered ring, a fluorinated 

N-heterocycle and different functional groups units such as urea that can easily chelate a 

metal center and deactivate the catalyst. Remarkably, hydroxylation on this substrate occurs 

at the most remote methylenic site of the urea substituents without altering the core of the 

drug. 

 

Scheme VII.10. Catalytic oxidation of polyfuntional molecules. Conversion(yield). 
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Finally, we tested the reaction with steroidal substrates containing hydroxyls groups. To 

control the selectivity of the oxidation of steroids is an important issue, as it is well-known that 

the oxidation pattern can modify its recognition in biological systems. 

 

The oxidation of unprotected lithocholic acid methyl ester (S14) gave two diol products in a 

combined 52% yield; the diol resulting from the oxidation of the tertiary C-5 (P14b) is obtained 

in 34% yield and oxidation of the secondary C-6 (P14c) is observed in 18% yield. 

Overoxidation of the alcohol present in the starting substrate is only observed in 5% yield. 

 

Then, the oxidation of ursodeoxycholic acid methyl ester (S15), which incorporates an 

additional hydroxyl group was tested, and the product resulting of the hydroxylation of the 

tertiary C-5 (P15b) was achieved in 17% yield, and again only a small amount of overoxidation 

of the starting substrate was observed (8% yield). The incorporation of a third hydroxyl group 

in the substrate as in the cholic acid methyl ester (S16) completely deactivate the substrates, 

avoiding the reaction. The reduced product yields upon introduction of hydroxyl moieties 

presumably reflects an increased deactivation of the increasingly polarized substrates in the 

fluorinated alcohol solvents.   

 

To note that, product arising from decarboxylation of the acid where not detected although low 

molecular weight product may be skipped CG analysis, therefore competitive oxidation of the 

carboxylic acid cannot be fully discarded.  
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Scheme VII.11. Catalytic oxidation of different steroidal substrates containing hydroxyls 

groups. 

 
 
To summarize, in this chapter it has been demonstrated that the use of fluorinated alcohol 

solvents can be used to control the site-selectivity and the chemoselectivity of the metal-

catalyzed hydroxylation of complex polyhydroxylated molecules. HFIP has been found as the 

best solvent. The solvent interacts via hydrogen bonding with the hydroxyls of the substrate, 

removing electron density avoiding its overoxidation and deactivating the most proximal sites. 

Oxidation of complex molecules of biological interest, such as glucosides and steroids, have 

been performed with high selectivity and good yields. 
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In Chapter III, the design of a new sterically encumbered iron catalyst permits to 

achieve high yields and selectivity for syn-dihydroxylation reactions of a broad range 

of olefins, using aqueous H2O2 as oxidant. Labelling experiments using H2
18O allows 

us to identify the position of the oxygen from the water and the oxygen from the H2O2 

transferred to unsymmetrical olefins. This information has been used to clarify the 

mechanism of formation of the FeV(O)(OH) oxidizing species.  

 

Also, in this chapter IV we describe, for the first time, and iron catalyst suitable to 

perform this transformation in green solvents, achieving similar reactivity and 

selectivity as observed in acetonitrile media (Chapter III). Remarkably, the in situ 

generated catalyst performs in a satisfactory manner. For Chapter III and IV, the 

emerging knowledge from the current work represents a valuable tool to rationally 

design, in the near future, new catalysts to pursue enantioselectivity. Understanding 

of the structural aspects of the active species and its molecular shape can serve to 

identify types of olefins or arenes with matching shapes. 

 

In Chapter V, we used gas phase helium tagging infrared photodissociation (IRPD) 

spectroscopy to characterize the proposed [FeV(O)(OH)(5tips3tpa)]2+ oxidizing 

intermediate. These species have long been proposed to be the responsible for 

oxidation reactions, but the inability to accumulate them in solution, presumably 

because of their high reactivity has prevented their spectroscopic and chemical 

characterization. Gas-phase ion spectroscopy characterization methods have allowed 

us to address this problem. Therefore, this work represents a breakthrough in the field 

of bioinspired oxidation catalysis, as it provides new information on the nature of the 

species responsible for the syn-dihydroxylation reaction catalyzed by non-heme iron 

catalysts. However, ideally the next step should be to generate it in a condensed 

media. 

 

Finally, in Chapter VI, site and chemoselective C-H oxidation of polyhdroxylated 

molecules (such as sugars, steroids and polyfunctional molecules) is described using 

fluorinated alcohols (TFE and HFIP) as solvents. These solvents exert a strong polarity 

reversal effect in the hydroxyl moieties via hydrogen bonding and strongly deactivate 

the proximal C-H bonds. As a result, site-selective and chemoselective oxidation is 

achieved without having to protect the hydroxyls groups. In order to improve this work, 



 

 

selectivity patterns induced by the media should be combined with new catalyst 

structures that reinforce selectivities. For example, steric demand on the catalyst 

combined with polarity reversal may help concentrate oxidations at the most exposed, 

remote sites. 
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Material 
Reagents, substrates and solvents used were of commercially available reagent quality unless 

stated otherwise. Solvents were purchased from SDS, Aldrich, Fluorochem and Scharlab. 

Solvents were purified and dried by passing through an activated alumina purification system 

(M-Braun SPS-800) or by conventional distillation techniques. All liquid substrates were 

filtered through a basic alumina plug before being used. 

 

Instrumentation 
NMR experiments were recorded on a Bruker 400 MHz Avance III HD spectrometer equipped 

with a 5mm BBOF probe. NMR spectra were performed with standard experiments provided 

in the Bruker release. Spectra were referenced to the residual proto solvents peaks or TMS 

(tetramethylsilane) for 1H. GC-MS spectral analyses were performed on GS-MS spectral on 

an Agilent 7890A gas chromatograph interfaced with an Agilent 5975c mass spectrometer 

with a triple-axis detector. Oxidation products were identified by comparison of their GC 

retention times, GC analyses were carried out on an Agilent 7820A gas chromatograph (HP5 

column, 30m) with a flame ionization detector. Chromatographic resolution of enantiomers 

was performed on an AgilentGC-7820-A chromatograph using a CYCLOSIL-B column.  

Elemental analyses of C, H and N were performed using on a PerkinElmer EA2400 series II 

elemental analyzer. X-ray diffraction analysis were carried out on a BRUKER SMART APEX 

CCD diffractometer using graphite-monochromated MoKα radiation (λ = 0.71073 Å) from an 

X-ray Tube. Electrospray ionization mass spectrometry (ESI-MS) experiments were 

performed on a Bruker Daltonics Esquire 3000 Spectrometer using a 1>mM solution of the 

analyzed compound. High resolution mass spectrometry (HRMS) were performed on Bruker 

MicrOTOF-QII (Q-TOF) instrument with a quadrupole analyzer with positive and negative 

ionization mode using methanol as mobile phase at Serveis Tècnics of the University of 

Girona. Samples were introduced into the mass spectrometer ion source by direct infusion 

through a syringe pump and were externally calibrated using sodium formate. UV-vis 

absorption spectra were performed by a diode array spectrophotometer Agilent Cary 60 and 

low temperature control was maintained with a Cryostat from Unisoku Scientific Instruments. 

Cyclic voltammetry (CV) was performed using a model CHInstruments with three-electrode 

cell. The working electrode was a glassy carbon disk from BAS (0.07 cm2), the reference 

electrode was a saturated KCl calomel electrode, and the auxiliary electrode was platinum 

wire.  
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IX.1. Experimental Section for Chapter III 

 
 

Mechanistically driven development of an iron catalyst 

for selective syn-dihydroxylation of alkenes with 

aqueous hydrogen peroxide 
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IX.1.1. Synthesis of ligand 
 

IX.1.1.1. Synthesis of pyridine synthons 
 

Pyridine synthons tipsPyCHO, tipsPyCH2OH and tipsPyCH2Cl were synthetized following a 

previously described procedure.1-2 

 

Synthesis of tipsPyCH2NH2·HCl 

 

 
Scheme IX.1. Synthesis of tipsPyCH2NH2·HCl. 

 

tipsPyCHNOH. The procedure followed is inspired in the method described by Janicki.3 

tipsPyCHO (1 g, 3.80 mmol, 1 equiv.), NH2OH·HCl (0.67 g, 9.64 mmol, 2.5 equiv.) and K2CO3 

(0.72 g, 5.21 mmol, 1.4 equiv.) were added in a round bottom flask with 25 mL of a H2O:CH3OH 

(1:2) mixture.  The mixture is stirred overnight under reflux at 90°C. After this time, the solvent 

is removed under vacuum, in order to obtain 0.81 g as a yellow oil. This product is used in the 

next step without purification. 1H-NMR (CDCl3, 400 MHz) δ, ppm: 1.06 (d, J = 7.9 Hz, 18H2) 

1.41 (sept, J = 7.4 Hz , 3H1) 7.70 (d,  J= 7.2 Hz, 1H6) 7.88 (d, J = 7.2 Hz, 1H7) 8.45 (s,H9) 8.73 

(s, 1H3). 
13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 10.6, 18.4, 120.1, 131.4, 143.6, 151.4, 155.1. 

HRMS(ESI-MS): m/z calculated for C15H25NOSi, [M+H]+ 279.1887, found 279.1902. 

 

The crude obtained in the previous reaction (0.81 g, 2.9 mmol, 1 equiv.) is solved in 15 mL of 

glacial acetic acid at 80%. Then 3 g of Zn powder, previously activated by washing it with one 

drop of concentrated HCl in H2O, is added in one portion. After stirring for 48h at 40°C, the 

solution is brought to pH=14 by addition of NaOH(aq) and the crude is extracted with 

concentrated HCl. The combined aqueous layers were concentrated under vacuum to give 

0.45 g (1.50 mmol, 40% yield) of the product as a white solid. 1H-NMR (D2O, 400 MHz) δ, 

ppm: 0.98 (d, J = 7.2 Hz, 18H2) 1.46 (sept, J = 7.4 Hz, 3H1), 4.48 (s, 2H9), 7.87 (d, J = 7.4 

Hz, 1H6), 8.54 (d, J = 7.4 Hz, 1H7), 8.71 (s, 1H3). 13C{1H}-NMR (D2O, 100 MHz) δ, ppm: 9.7, 

17.4, 39.7, 125.6, 136.6, 146.2, 147.1, 153.9. HRMS(ESI-MS): m/z Calculated for C15H28N2Si, 

[M+H]+ 265.2095, found 265.2100. 
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IX.1.1.2. Synthesis of ligand 5-tips3tpa 

 
Scheme IX.2. Synthesis of ligand 5-tips3tpa. 

 

5-tips3tpa. The procedure followed is inspired in the method reported by Que and co-workers.4 

tipsPyCH2Cl and tipsPyCH2NH2 were first obtained from tipsPyCH2Cl·HCl and 

tipsPyCH2NH2·HCl, respectively, by dissolving them in 25 mL of a mixture of Brine and 

NaHCO3 (1:1) and extracted with CH2Cl2 (2 x 25 mL), the organic layers were combined, dried 

with MgSO4 and evaporated under reduced pressure.  

 

2 equiv. of tipsPyCH2Cl (520 mg, 1.84 mmols) and 1 equiv. of tipsPyCH2NH2 (243 mg, 0.92 

mmols) were mixed in a vial and solved in anhydrous CH3CN (15 mL) under a N2 atmosphere. 

Then Na2CO3 (0.7 g, 6.60 mmol, 8 equiv.) and 1 mg of [(Bu)4N]Br were added directly as 

solids. The resulting mixture was sealed with a rubber septum and brought to 110°C for 18h. 

After this time, the excess of Na2CO3 is filtered and the solvent is removed under vacuum. The 

residue is hydrolyzed with 50 mL of 1M NaOH and extracted with 2x50 mL of CH2Cl2. The 

combined organic layers were washed with 30 mL of a saturated solution of NaHCO3, dried 

over MgSO4, concentrated using a rotatory evaporator and purified by silica column 

chromatography eluting with hexane:ethyl acetate (8:2) to obtain 560 mg of product (0.74 

mmol, 58% yield) as a brown oil. 1H-NMR (CDCl3, 400 MHz) δ, ppm: 1.08 (d, J = 7.4 Hz, 

54H2), 1.42 (sept, J = 7.1 Hz, 9H1), 3.86 (s, 4H9), 3.99 (s, 2H9), 7.45 (d, J = 7.3 Hz, 3H6), 7.81 

(d, J = 7.3 Hz, 3H7), 8.64 (s, 3H3). 
13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 10.6 (C2), 18.4 

(C1), 60.1 (C9), 122.0 (C6), 127.8 (C4), 143.5 (C7), 154.8 (C3), 159.3 (C5). HRMS (ESI-MS): 

m/z calculated for C45H78N4Si3, [M+Na]+ 781.5426, Found 781.5414 Elemental Analysis (%) 

for C45H78N4Si3 (MW = 759.38). Calculated N: 10.35, C: 71.17, H: 10.35; obtained N: 9.98, C: 

72.22, H: 11.65 FT-IR (ATR) ν, cm-1: 2943-2864 (C-H)sp3, 1579, 1461, 1343, 1103.5, 1014, 

881, 733, 677, 655, 571.5, 514.9.  
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IX.1.1.3. Synthesis of the complex [FeII(OTf)2(5-tips3tpa)] 

 
 
Scheme IX.3. Synthesis of the complex [FeII(OTf)2(

5-tips3tpa)]. 

 

A suspension of Fe(OTf)2(CH3CN)2 (58 mg, 0.13 mmol, 1 equiv.) in anhydrous CH2Cl2  (1 mL) 

was added dropwise to a vigorously stirred solution of tris((5-(triisopropylsilyl)piridin-2-

yl)methyl)amine (5-tips3tpa) (100 mg, 0.13 mmol, 1 equiv.) in CH2Cl2 (1 mL), forming a brown 

homogeneous solution. The mixture was stirred for a minimum of 2 hours. The solvent was 

dried under reduced pressure. The residue obtained is solved again with the minimum volume 

of anhydrous CH2Cl2 and is filtered through celite©. Slow diethyl ether diffusion over the 

resulting solution afforded, in a few days, 55 mg (0.10 mmol, 78% yield) of yellow crystals.  

HRMS (ESI-TOF): m/z calculated for C45H78F6FeN4S6Si3, [M-OTf]+ 963.4400, Found 963.4375 

Elemental Analysis (%) for C45H78F6FeN4S6Si3 (MW = 1113.37 g/mol). Calculated N: 5.03, C: 

50.70, H: 7.06; obtained N: 5.16, C: 50.68, H: 6.70 FT-IR (ATR) ν, cm-1: 2943-2866 (C-H)sp3, 

1591, 1463, 1300, 1232, 1161, 1036, 983, 882, 685, 634, 586, 514.  
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IX.1.2. Catalytic studies 
 

IX.1.2.1. Reaction conditions for iron-catalyzed syn-dihydroxylation of alkenes 
An acetonitrile solution (1 mL) of the substrate (90 μmol, 1 equiv.) the catalyst (0.9 μmol, 1 

mol%) and Mg(ClO4)2·6H2O (198 μmol, 2.2 equiv.) was prepared in a 3 mL vial equipped with 

a stir bar, and the resulting mixture cooled with an ice bath. 114 μL (135 μmol, 1.5 equiv.) of 

0.58M H2O2 solution in acetonitrile (diluted from 50% in aqueous solution) were directly added 

by syringe pump over 30 minutes. Then, the solution was stirred for further 30 minutes. 

At this point, 0.1 mL methyl imidazole and 1 mL of acetic anhydride were added and stirred 

for 15 minutes at room temperature to esterify the syn-diol product. After 15 minutes, some 

ice is added to the solution and it was stirred for 15 minutes more. Then, an internal standard 

(biphenyl) was added to the solution and was extracted in 2 mL of CH2Cl2. The organic layer 

is treated with 2 mL of 1M H2SO4. After shaking vigorously, the vial, the organic layer is treated 

first with 2 mL of NaHCO3 and then with 2 mL of water. The resultant organic layer is filtered 

through MgSO4 plug and injected directly to gas chromatograph. GC analysis of the solution 

provided substrate conversions and product yields relative to the internal standard.  
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Table IX.1. Substrate scope of different alkenes using catalyst 1 and compared with the best 

reported iron catalysts.   

Entry [a] Alkene 
Syn-diol 
Isolated 
yield (%) 

Ratio 
Syn-diol vs. 
epoxide[b] 

Best reported syn-diol (%) 

Conv. Syn-diol[i] 

1  92 11 - 67[f] 

2  76 6.4 - 62[f] 

3 
 

79 3.8 - 57[f] 

4 
 

38 0.9 66 7[e] 

5  74 8 48 43[d] 

6  76 3.5 50 43[d] 

7 
 

96 24 98 56[e] 

8  77 24 - - 

9  76 14 76 38[e] 

10 
 

97 18 88 56[e] 

11 

 
94 69 90 45[e] 

12 
 

81 4 96 60[e] 

13 
 

89 146 - 45[f] 

14[g] 
 

80 3.3 62 31[d] 

15 
 

58 (-) 99 65[c] 

16[k] 

 
77 (-) - - 

17 

 

92 40 99 99[c] 

18[j], [h] 
 

67 (-) 94 77[c] 

 

OH

Cl

O

O

O

Cl

O
O

O

O

O

O

O

O



Chapter IX 

 146 

Table IX.1. (cont.). Substrate scope of different alkenes using catalyst 1 and compared with 

the best reported iron catalysts.   

Entry [a] Alkene 
Syn-diol 
Isolated 
yield (%) 

Ratio 
Syn-diol vs. 
epoxide[b] 

Best reported syn-diol (%) 

Conv. Syn-diol[i] 

19 

 

75 (-)[f] 52 21[d] 

20[h] 

 

55 (-) - - 

21[h] 

 

60 (-) - - 

22[h] 

 

84 (-) - - 

23[h] 

 

98 (-) - - 

24[g] 

 

82 57 97 94[d] 

25[g] 

 

53 25 - - 

26[g] 

 

56 (-) - - 

27[g] 

 

57 (-) - - 

28 
 

81 (-) - - 

[a]Reaction conditions: 1 equiv. of substrate, 1mol% catalyst, 2.2 equiv. of Mg(ClO4)2·6H2O 

and 1.5 equiv. of H2O2 (50% w/w solution) added via syringe pump addition over 30 min, 10 

ml of CH3CN, at 0ºC, plus 30 min stirring. [b]Syn-diol/epoxide ratio determined by GC using 

estimated response factors obtained with the substrate. Best reported examples: [c]from 

reference5; [d]from reference6; [e]from reference7; [f]from reference8.[g]2 mol% of catalyst at room 

temperature. [h]Yields determined by GC using response factors obtained with independently 

prepared, or commercially available products. [i]Yields based on starting substrate. [j]Oxidation 

performed without Mg(ClO4)2·6H2O.[k]1 equiv. H2O2 (50% w/w solution). 
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IX.1.3. General procedure for isolation of syn-diol products 
 

An acetonitrile solution (10 mL) of the substrate (900 μmol, 1 equiv.), the catalyst (9 μmol, 1 

mol%) and Mg(ClO4)2·6H2O (1.2 mmol, 2.2 equiv.) was prepared in a 25mL round bottom flask 

equipped with a stir bar and the mixture cooled with an ice bath. 775 μL (1.35 mmol, 1.5 equiv.) 

of 1.47M H2O2 solution in acetonitrile (diluted from 50% aqueous solution) was added by 

syringe pump during 30 minutes. Then, the solution was stirred for further 30 minutes. At this 

point, 10 mL of an aqueous NaHCO3 saturated solution were added to the mixture. The 

resultant solution was extracted with CH2Cl2 (3 x 10 mL) and the organic fractions were 

combined, dried over MgSO4, and the solvent was removed under reduced pressure to afford 

the oxidized product. The resulting residue was purified by flash chromatography on silica gel 

(Hexane/AcOEt: 8/2). Purity of obtained products was checked by 1H-NMR, 13C{1H}-NMR, 

HRMS-TOF and GC. In some cases, the syn-diol was acetylated.  

 

For the acetylation, 0.1 mL methyl imidazole and 1 mL of acetic anhydride were added and 

the mixture stirred for 15 minutes at room temperature. After 15 minutes, some ice is added 

to the solution and the mixture was stirred for 15 additional minutes. Then, an internal standard 

(biphenyl) was added to the solution, which was then extracted in 2 mL of CH2Cl2. The organic 

layer is treated with 2 mL of 1M H2SO4. After vigorously shaking the vial, the organic layer is 

separated and treated first with 2 mL of NaHCO3, and then with 2 mL of water. The resultant 

organic layer is filtered through a MgSO4 plug and analyzed by gas chromatography. GC 

analysis of the solution provided substrate conversions and product yields relative to the 

internal standard. 

 

IX.1.3.1. Characterization of isolated syn-diols products 
 
For known compounds the analytical data was compared with that described in the literature. 

The relative configuration of the products was confirmed by comparing NMR spectra with that 

of independently prepared or commercially available compounds, and GC retention times with 

that of independently prepared, or commercially available samples. 
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(P1b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (92% yield)  1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.70-3.59 (m, 2H), 3.41 (dd, J = 11.2, 7.9 Hz, 1H), 1.50-1.23 (m, 10H), 0.94-

0.83 (m, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 72.38, 66.71, 33.09, 31.78, 29.37, 

25.61, 22.59, 14.02. HRMS(ESI+) m/z calculated for C8H18O2 [M+Na]+ 169.1199, found 

169.1205.  

 

(P2b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (76% yield)  1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.66-3.54 (m, 2H), 3.37 (dd, J = 11.3, 7.8 Hz, 1H), 1.38 (s, 3H), 1.24 (s, 

11H), 0.85 (t, J= 6.6 HZ, 3H). 13C{1H }-NMR (CDCl3, 100 MHz) δ, ppm:74.43, 35.52, 18.42, 

13.96. HRMS(ESI+) m/z calculated for C10H22O2 [M+Na]+ 197.1512, found 197.1527.  

 

 (P3b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (79% yield) 1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.70 (dd, J = 11.0, 2.6 Hz, 1H), 3.53 (dd, J = 11.0, 8.0 Hz, 1H), 3.48-3.40 

(m, 1H), 2.96 (s, 2H), 1.92-1.83 (m, 1H), 1.75 (ddd, J = 12.0, 8.3, 4.2 Hz, 2H), 1.71-1.60 (m, 

2H), 1.47-1.34 (m, 1H), 1.31-1.12 (m, 3H), 1.04 (qd, J = 12.2, 3.4 Hz, 2H).13C{1H}-NMR 

(CDCl3, 100 MHz) δ, ppm: 76.49, 64.74, 40.72, 29.00, 28.67, 26.39, 26.10, 26.01. 

HRMS(ESI+) m/z calculated for C8H16O2 [M+Na]+ 167.1043, found 167.1052. 

 

 (P6b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (38% yield)  1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.51-3.36 (m, 2H), 2.50 (s, 1H), 2.26 (s, 1H), 1.53-1.45 (m, 2H), 1.40-1.23 

(m, 6H), 1.17 (s, 3H), 0.91 (t, J = 6.7 Hz, 3H). 13C{1H }-NMR (CDCl3, 100 MHz) δ, ppm:20.48, 

20.89, 20.95, 28.33, 39.94, 72.30, 76.40, 169.75, 169.91, 201.59. HRMS(ESI+) m/z calculated 

for C8H18O2 [M+Na]+ 169.1199, found 169.1203.  
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(P7b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (76% yield)  1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.54 (s, 2H), 1.43 (d, J = 42.5 Hz, 8H), 0.93 (s, 6H). 13C{1H}-NMR (CDCl3, 

100 MHz) δ, ppm: 72.37, 66.72, 33.08, 31.88, 29.73, 29.57, 29.31, 25.66, 22.66, 14.09. 

HRMS(ESI+) m/z calculated for C8H18O2 [M+Na]+ 169.1199, found 169.1197.  

 

(P8b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (74% yield)  1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.60-3.53 (m, 1H), 3.35-3.26 (m, 1H), 3.10 (s, 2H), 1.54-1.42 (m, 2H), 1.41-

1.21 (m, 6H), 1.17 (d, J= 6.4Hz, 3H) 0.95-0.83 (m, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, 

ppm: 76.20, 70.86, 33.87, 25.25, 22.57, 19.44, 13.98. HRMS(ESI+) m/z calculated for C8H18O2 

[M+Na]+ 169.1199, found 169.1204.  

 

(P9b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (96% yield)  1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.83 (s, 1H), 3.66 (s, 1H), 2.83 (s,2H), 1.52-1.32 (m, 8H), 1.16-1.15 (s, 3H), 

0.92-0.89 (m, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 74.90, 70.36, 31.85, 25.67, 22.56, 

16.34, 13.99, 1.89. HRMS(ESI+) m/z calculated for C8H18O2 [M+Na]+ 169.1199, found 

169.1202.  

 

(P10b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (77% yield) 1H-NMR (CDCl3, 

400 MHz) δ, ppm: 4.00-3.56 (m, 4H), 1.83 (dtd, J = 14.8, 8.8, 4.4 Hz, 1H), 1.71 (ddt, J = 14.7, 

5.3, 3.3 Hz, 1H), 1.61-1.24 (m, 8H), 0.92 (td, J = 6.8, 5.8, 3.2 Hz, 3H). 13C{1H}-NMR (CDCl3, 

100 MHz) δ, ppm: 74.54, 74.46, 61.44, 32.18, 31.95, 31.84, 25.65, 22.58, 14.03. HRMS(ESI+) 

m/z calculated for C9H20O3 [M+Na]+ 199.1303, found 199.1305. 
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(P11b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (76% yield) 1H-NMR (CDCl3, 

400 MHz) δ, ppm: 43.54 (t, J = 6.7 Hz, 2H), 2.45 (s, 2H), 1.80 (p, J = 7.0 Hz, 2H), 1.54-1.39 

(m, 6H), 0.99 (t, J = 7.4 Hz, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 76.29, 74. 31, 45.02, 

32.52, 30.94, 26.90, 25.36, 24.25, 10.46. HRMS(ESI+) m/z calculated for C9H19ClO2 [M+Na]+ 

217.0966, found 217.0969. 

 

(P12b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (57% yield) 1H-NMR (CDCl3, 

400 MHz) δ, ppm: 5.65 (s, 2H), 3.79 (s, 6H), 2.17 (s, 6H) . 13C{1H}-NMR (CDCl3, 100 MHz) δ, 

ppm: 20.50, 52.91, 70.92, 166.22, 169.58. HRMS(ESI+) m/z calculated for C10H14O8 [M+Na]+ 

285.0575, found 285.0581. This product was oxidized with the previous descried methodology 

but without using Mg(ClO4)2·6H2O. 

 

(P13b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (97% yield) 1H-NMR (CDCl3, 

400 MHz) δ, ppm: 5.83-5.69 (m, 1H), 5.59 (dd, J = 14.2, 7.6 Hz, 1H), 4.48 (d, J = 6.2 Hz, 2H), 

3.58 (s, 1H), 3.53-3.45 (m, 1H), 2.34-2.22 (m, 1H), 2.11 (dd, J = 16.9, 9.5 Hz, 1H), 2.03 (s, 

3H), 1.48 (dd, J = 26.5, 7.1 Hz, 4H) 0.96 (t, J = 7.2 Hz, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) 

δ, ppm: 171.00, 135.74, 124.41, 76.22, 73.72, 65.16, 30.24, 28.73, 24.37, 21.01, 10.42. 

HRMS(ESI+) m/z calculated for C11H20O4 [M+Na]+ 239.1254, found 239.1254 

 

(P14b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (92% yield) 1H-NMR (CDCl3, 

400 MHz) δ, ppm: 4.56 (s, 2H), 3.87 (d, J = 1.3 Hz, 6H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, 

ppm: 171.91, 71.91, 53.24. HRMS(ESI+) m/z calculated for C6H10O6 [M+Na]+ 201.0370, found 

201.0370. 
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(P15b) Purification by flash chromatography on silica gel (SiO2;Hexane/AcOEt: 

8/2) gave the product as a pale yellow oil (81% yield)  1H-NMR (CDCl3, 400 MHz) δ, ppm: 3.90 

(d, J = 10.4 Hz, 2H), 3.65 (s, 2H), 1.97-1.79 (m, 2H), 1.75-1.59 (m, 4H), 1.61-1.41(m, 6H). 

13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 73.09, 30.03, 26.25, 23.74. HRMS(ESI+) m/z 

calculated for C8H16O2 [M+Na]+ 167.1043, found 167.1045.  

 

 (P16b) Purification by flash chromatography on silica gel (SiO2;Hexane/AcOEt: 

8/2) gave the product as a pale yellow oil (89% yield) 1H-NMR (CDCl3, 400 MHz) δ, ppm: 3.80 

(s, 2H), 2.21 (s, 2H), 1.46 (d, J = 106.4 Hz, 8H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 

70.64, 29.95, 21.45. HRMS(ESI+) m/z calculated for C6H12O2 [M+Na]+ 139.0730, found 

139.0735. 

 

 (P17b), isolated as acetylated product. Purification by flash chromatography on 

silica gel (SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (75% yield) 1H-NMR 

(CDCl3, 400 MHz) δ, ppm: 5.58 (s, 1H), 5.28 (d, J = 3.4 Hz, 1H), 2.53 (d, J = 11.9 Hz, 1H), 

2.47-2.35 (m, 1H), 2.11 (s, 4H), 2.04 (s, 3H), 1.96 (d, J = 8.0 Hz, 3H).13C{1H}-NMR (CDCl3, 

100 MHz) δ, ppm: 201.59, 169.91, 169.75, 76.40, 73.30, 39.94, 28.33, 20.95, 20.89, 20.48. 

HRMS(ESI+) m/z calculated for C10H14O5 [M+Na]+ 237.0733, found 237.0743. 

 

(P19b), isolated as acetylated product. Purification by flash chromatography on 

silica gel (SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (55% yield) 1H-NMR 

(CDCl3, 400 MHz) δ, ppm: 5.47 (d, J = 3.4 Hz, 1H), 5.29-5.19 (m, 1H), 2.53 (td, J = 14.4, 6.6 

Hz, 1H), 2.41 (ddd, J = 14.9, 5.1, 2.3 Hz, 1H), 2.06 (d, J = 13.4 Hz, 6H), 1.96 (dd, J = 13.8, 

5.1 Hz, 1H), 1.66-1.54 (m, 1H), 1.32 (s, 3H), 0.95 (s, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, 

ppm: 20.51, 20.67, 23.81, 26.31, 33.99, 35.52, 36.55, 74.13, 79.87, 169.83, 170.12, 201.91. 

HRMS(ESI+) m/z calculated for C12H18O5 [M+Na]+ 265.1046, found 265.1057. 
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 (P23b), isolated as acetylated product. Purification by flash chromatography 

on silica gel (SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (80% yield) 1H-

NMR (CDCl3, 400 MHz) δ, ppm: 7.34 (d, J = 4.5 Hz, 5H), 5.92 (d, J = 4.3 Hz, 1H), 5.26-5.17 

(m, 1H), 2.13 (s, 3H), 1.99 (s, 3H), 1.17 (d, J = 6.6 Hz, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) 

δ, ppm: 20.48, 20.89, 20.95, 28.33, 39.94, 73.30, 76.40, 169.75, 169.91, 201.59. HRMS(ESI+) 

m/z calculated for C13H16O4 [M+Na]+ 259.0941, found 259.0953. 

 

(P24b), isolated as acetylated product. Purification by flash 

chromatography on silica gel (SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil 

(58% yield) 1H-NMR (CDCl3, 400 MHz) δ, ppm: 7.39-7.29 (m, 4H), 5.98 (s, 1H), 4.38-4.22 

(m, 2H), 2.13 (s, 3H), 2.06 (s, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 20.73, 21.03, 

65.76, 72.64, 128.13, 128.87, 134.50, 135.09, 169.91, 170.52. HRMS(ESI+) m/z calculated 

for C12H13ClO4 [M+Na]+ 279.0395, found 279.0392. 

 

(P27b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (82% yield) 1H-NMR (CDCl3, 

400 MHz) δ, ppm: 7.39 (dt, J = 24.2, 7.3 Hz, 5H), 5.04 (d, J = 2.8 Hz, 1H), 4.40 (d, J = 2.8 Hz, 

1H), 3.83 (s, 3H), 3.21 (s, 1H), 2.91 (s, 1H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm:173.16, 

139.91, 128.48, 128.10, 126.20, 74.71, 74.44, 52.87. HRMS(ESI+) m/z calculated for 

C10H12O4 [M+Na]+ 219.0628, found 219.0630. 

 

(P28b), isolated as monoacetylated product. Purification by flash 

chromatography on silica gel (SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil 

(57% yield) 1H-NMR (CDCl3, 400 MHz) δ, ppm: 7.50-7,40 (m, 2H), 7.35-7,21 (m, 3H), 5.24 (s, 

1H), 4.90 (q, J = 7.1 Hz, 2H), 2.04 (s, 3H), 1.61 (s, 3H), 1.10 (t, J = 7.1 Hz, 3H). 13C{1H}-NMR 

(CDCl3, 100 MHz) δ, ppm: 13.86, 20.47, 26.53, 61.60, 74.90, 78.34, 125.01, 127.41, 128.16, 

143.90, 160.98, 168.43, 169.90. HRMS(ESI+) m/z calculated for C14H18O5 [M+Na]+ 290.1080, 

found 290.1091. 
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(P29b), isolated as acetylated product. Purification by flash 

chromatography on silica gel (SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil 

(56% yield) 1H-NMR (CDCl3, 400 MHz) δ, ppm7.80-7.68 (m, 2H), 7.43 (dt, J = 31.1, 7.2 Hz, 

3H), 6.80 (s, 1H), 5.18 (p, J = 5.4 Hz, 1H), 4.30 (dd, J = 12.1, 4.1 Hz, 1H), 4.19 (dd, J = 12.1, 

5.6 Hz, 1H), 3.66 (t, J = 6.2 Hz, 2H), 2.06 (d, J = 1.5 Hz, 6H). 13C{1H}-NMR (CDCl3, 100 MHz) 

δ, ppm: 20.69, 20.94, 40.18, 63.09, 70.60, 126.98, 128.53, 131.59, 134.05, 167.76, 170.81. 

HRMS(ESI+) m/z calculated for C14H17O5 [M+Na]+ 302.0999, found 302.1003. 

 

 (P31b), isolated as acetylated product.  Purification by flash 

chromatography on silica gel (SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil 

(53% yield) 1H-NMR (CDCl3, 400 MHz) δ, ppm: 7.40-7.28 (m, 5H), 6.30 (d, J = 4.7 Hz, 1H), 

5.64 (d, J = 4.0 Hz, 1H), 3.70 (s, 3H), 3.05 (s, 3H), 2.09 (d, J = 10.0 Hz, 6H). 13C{1H}-NMR 

(CDCl3, 100 MHz) δ, ppm: 20.56, 20.96, 32.25, 61.20, 72.34, 73.13, 127.05, 128.34, 128.57, 

135.74, 169.75, 170.39. HRMS(ESI+) m/z calculated for C15H19O6 [M+Na]+ 332.1105, found 

332.1088.  

 

(P32b) Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (94% yield). The product is 

isolated with a 85:15 dr, which corresponds to the initial cis/trans composition of the substrate. 

Spectroscopic data for the major diastereoisomer; 1H-NMR (CDCl3, 400 MHz) δ, ppm: 3.58 

(s, 1H), 3.42-3.30 (m, 1H), 2.74-2.29 (m, 6H), 2.09 (s, 3H), 1.52 (d, J = 57.3 Hz, 2H), 0.97 (t, 

J = 7.3 Hz, 3H).13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 212.59, 174.87, 137.78, 75.38, 73.77, 

34.20, 32.29, 25.94, 25.42, 17.57, 10.28. HRMS(ESI+) m/z calculated for C11H18O3 [M+Na]+ 

211.0366, found 211.1159. 
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  (P33b), isolated as acetylated 

product. Purification by flash chromatography on silica gel (SiO2;Hexane/AcOEt: 8/2) gave the 

product as a pale yellow oil (81% yield) 1H-NMR (CDCl3, 400 MHz) δ, 5.39 (d, J = 5.1 Hz, 1H), 

5.04-4.93 (m, 2H), 4.69-4.57 (m, 1H), 2.35-2.25 (m, 5H), 2.06 (s, 6H), 1.93-1.77 (m, 4H), 1.69-

1.47 (m, 15H), 1.34-1.23 (m, 25H), 1.21-1.07 (m, 9H), 0.95-0.88 (m, 13H), 0.70 (s, 3H). 

13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 11.86, 14.10, 18.72, 19.32, 21.04, 22.56, 22.65, 

22.82, 23.83, 24.29, 24.98, 25.52, 25.56, 27.82, 28.01, 28.23, 29.02, 29.09, 29.21, 29.27, 

29.21, 29.39, 29.42, 31.83, 31.87, 31.91, 35.79, 36.19, 36.60, 37.00, 38.16, 39.52, 39.74, 

42.32, 50.03, 56.14, 56.69, 74.24, 122.58, 170.68. HRMS(ESI+) m/z calculated for C49H84O6 

[M+Na]+ 791.6160, found 791.6152. Despite the data is consistent with a single product, most 

likely the compound consists of an indistinguishable mixture of the two diastereoisomers 

resulting from syn-dihydroxylation at the aliphatic chain. 

 

IX.1.4. Competition studies 
 

An acetonitrile solution (1 mL) with the two substrates (45.0 μmol, 0.5 equiv. of each 

substrate), the catalyst (0.9 μmol, 1 mol%) and Mg(ClO4)2·6H2O (99 μmol, 2.2 equiv.) was 

prepared in a vial (3 mL) equipped with a stir bar, and the mixture was cooled with an ice bath. 

77.5 μL (45.0 μmol, 0.5 equiv.) of 0.58 mM H2O2 solution (diluted from 50% in acetonitrile) 

was added by syringe pump over 30 minutes. At this point, the solution was stirred for 30 

additional minutes. Then, an internal standard (biphenyl) was added to the solution and the 

resulting mixture was quickly extracted in 2 mL of CHCl3. The organic layer is treated with 2 

mL of 1M H2SO4. After shaking the vial vigorously, the organic layer is treated first with 2 mL 

of NaHCO3 and then with 2 mL of water. The resultant organic layer is filtered through a MgSO4 

plug and subjected to gas chromatograph. GC analysis of the solution provided substrate 

conversions and product yields relative to the internal standard integration.  

 

Competitive reactions have been performed (Table IX.2), revealing the preference of the 

system to preferentially oxidize the electron rich over the electron poor olefin (Entry 1), also 

preferentially oxidizes cis over trans aliphatic olefins (Entry 2). These experiments also show 

the tolerance of the catalyst in front of alcohols (Entry 3). When cyclic and cis-linear aliphatic 

olefins are present, the system slightly prefers to oxidize the linear aliphatic olefin (Entry 4).  

And when a terminal and a trans olefin are present the system slightly prefers to oxidize the 

terminal one (Entry 5). 

O
OAcO OAc
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Table IX.2. Competitive reactions. 

Entry [a] Alkenes Syn-diol product 
Syn-diol 
yield[b] 

(%) 

Ratio 
Syn-diol vs. 
epoxide[c] 

1 

  

62 4 

2 

 

 

23 3.5 

 

66 13 

3 

  

65 6 

4 

 

 

32 3.5 

 

41 10 

5 

 

 

31 2.6 

 
56 7 

[a]Reaction conditions: 1 equiv. of substrate, 1mol% catalyst, 0.5 equiv. of H2O2 (50% w/w 

solution), added via syringe pump addition over 30 min, 1 ml of CH3CN, at 0ºC, 30 min stirring. 
[b]Yields determined by GC using estimated response factors derived from the substrates. 
[c]Syn-diol/epoxide ratio determined by GC. 
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IX.1.5. Optimization reactions  
 

Solvent and additives effects examined for dihydroxylation of 1-octene.  

 

A solution of the corresponding solvent (1 mL), 1-octene as a substrate (90 μmol, 1 equiv.), 

the catalyst (0.9 μmol, 1 mol%) and Mg(ClO4)2·6H2O (198 μmol, 2.2 equiv.) was prepared in 

a 3 mL vial equipped with a stir bar, and cooled with an ice bath. 114.2 μL (134.8 μmol, 1.5 

equiv.) of 0.58M H2O2 solution in acetonitrile (diluted from 50% in aqueous solution) was 

added by syringe pump during 30 minutes. Then, the solution was stirred for further 30 

minutes. (Standard conditions) 

 

At this point, 0.1 mL methyl imidazole and 1 mL of acetic anhydride were added and stirred 

for 15 minutes at room temperature to esterify the syn-diol product. After 15 minutes, some 

ice is added to the solution and it was stirred for 15 additional minutes. Then, an internal 

standard (biphenyl) was added to the solution and was extracted in 2 mL of CH2Cl2. The 

organic layer is treated with 2 mL of 1M H2SO4. After vigorously shaking the vial, the organic 

layer is treated first with 2 mL of NaHCO3 and then with 2 mL of water. The resultant organic 

layer is filtered through a MgSO4 plug and analyzed by gas chromatography. GC analysis of 

the solution provided substrate conversions and product yields relative to the internal standard 

integration. Response factors were calculated using commercially available products.  
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Table IX.3. Solvents screening using catalyst 1. 

Entry Solvents Conv. 
(%) 

Yield diol 
(%) 

Yield 
epoxide 

(%) 
Ratio 

diol/epoxide 

1 CH3CN/ CH2Cl2 (1:1) 61 49 12 4.1 

2 Acetone 76 17 17 1.0 

3 i-PrCN 65 54 11 4.9 

4 CH2Cl2/ 10% i-PrCN[a] 17 8 3 2.7 

5 AcOEt 60 36 6 6.0 

6 AcOEt/ 10% i-PrCN[a] 53 42 7 6.0 

7 AcOEt/ 5% i-PrCN[a] 56 34 6 5.7 

8 PhCN[b] 40 30 10 3.0 

9 CH3CN 98 74 23 3.2 

10 CH3CN/10% i-PrCN[a] 93 67 22 3.0 

11 TFE 41 23 17 1.4 

12 CH3CN/ AcOEt (1:1) 98 63 17 3.7 

13 AcOEt/ 10% t-Butanol n.r. - - - 

14 AcOEt/ 10% DMF n.r. - - - 

15 AcOEt/ 10% MeOH n.r. - - - 

16 AcOEt/t-BuOH 1:1 n.r. - - - 

17 ethyl hexanoate 26 18 3 6.0 

18 
methyl 

cyclohexanecarboxylate 
14 12 2 6.0 

19 
1,1,1-trifluoropentan-2-

one 
6 2 5 0.4 

20 dihydrofuran-2(3H)-one 98 58 20 2.9 

 [a] Isobutyronitrile, [b] Benzonitrile. n.r: not reactive. 
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Table IX.4. Additive screening. 

Entry Additives (2.2 equiv.) Conv. 
(%) 

Yield diol 
(%) 

Yield 
epoxide 

(%) 
Ratio 

diol/epoxide 

1 LiClO4·3H2O 62 51 8 6.4 

2 Mg(ClO4)2·6H2O 100 86 14 6.1 

3 Zn(OTf)2 99 75 21 3.6 

4 NaOTf 80 59 14 4.2 

5 MgO 86 71 15 4.7 

6 Mg(OTf)2 94 77 17 4.5 

7 Mg(ClO4)2 53 43 10 4.3 

 

 

Table IX.5. Screening of different equivalents of Mg(ClO4)2·6H2O. 

Entry Mg(ClO4)2·6H2O Conv. 
(%) 

Yield diol 
(%) 

Yield 
epoxide 

(%) 
Ratio 

diol/epoxide 

1 0.2 equiv. 93 75 17 4.4 

2 0.5 equiv. 100 76 15 5 

3 1 equiv. 99 81 18 5 

4 1.2 equiv. 80 81 16 5 

5 1.7 equiv. 86 84 15 6 

6 2.2 equiv. 100 86 14 6.1 

7 3 equiv. 100 83 16 6.4 
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Table IX.6. Time course of the catalytic oxidation of 1-octene with catalysts 1 and 2.  

  

CATALYST 1 

Time (min) TN syn-
diol TN epoxide 

5 13 1 

10 25 3 

15 41 6 

25 64 9 

30 75 11 

35 78 12 

 

CATALYST 2 

Time (min) TN syn-
diol TN epoxide 

5 2 0 

10 5 1 

15 15 3 

20 20 4 

30 26 5 

35 37 7 

 

  

Fe
OTfTfO

N N
Si

N

Si

N

Si

[Fe(OTf)2(5tips3tpa)]2+

1
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IX.1.5.1. HRMS analysis of the syn-dihydroxylation of substrates S12 and S14 in 
presence and absence of Mg(ClO4)2·6H2O. 
 
A solution of the corresponding solvent (1 mL), substrate S12 or S14 (90 μmol, 1 equiv.), the 

catalyst (0.9 μmol, 1 mol%) and Mg(ClO4)2·6H2O (198 μmol, 2.2 equiv.) or without, was 

prepared in a 3 mL vial equipped with a stir bar, and the mixture cooled with an ice bath. 114.2 

μL (134.8 μmol, 1.5 equiv.) of 0.58M H2O2 solution in acetonitrile (diluted from 50% in aqueous 

solution) was added by syringe pump over 30 minutes. After 5 minutes of addition, a sample 

was analyzed by HRMS. The conversion and the yield of diol was calculated at the end of the 

addition.  

 

 
Figure IX.1. HRMS analysis of the reaction using S12 and S14 substrates performed with and 

without Mg(ClO4)2·6H2O. 

 

IX.1.5.2. Comparison of some results obtained with and without Mg(ClO4)2·6H2O 
 
Mg(ClO4)2·6H2O effect examined for dihydroxylation of substrates S1, S13 and S15. A solution 

of acetonitrile (1 mL), the substrate (90 μmol, 1 equiv.), the catalyst (0.9 μmol, 1 mol%) and 

Mg(ClO4)2·6H2O (198 μmol, 2.2 equiv.) (or in its absence), was prepared in a 3 mL vial 

equipped with a stir bar, and the mixture cooled with an ice bath. Then 114 μL (135 μmol, 1.5 

equiv.) of 0.58M H2O2 solution in acetonitrile (diluted from 50% in aqueous solution) were 
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directly added by syringe pump over 30 minutes. After stirring for additional 30 minutes, the 

reaction was analyzed with GC. 

 

Table IX.7. Results of the reaction of different substrates in the presence or absence of 

Mg(ClO4)2·6H2O. 

 

 Substrates 
Yields with 

Mg(ClO4)2·6H2O 
[diol, epoxide (conv.)] 

Yields without 
Mg(ClO4)2·6H2O 

[diol, epoxide (conv.)] 

S1  86, 14 (100) 74, 23 (98) 

S13 
 

90, 6 (99) 57, 8 (84) 

S15 

 

87, 11 (98) 47, 22 (76) 

 

 

IX.1.5.3. Labelling experiments 
 

IX.1.5.3.1. General procedure for the syn-dihydroxylation with H2O2 and H2
18O 

 
An acetonitrile solution (1 mL) with the substrate (1-octene, 45 μmol, 1 equiv.) and the catalyst 

(0.45 μmol, 1 mol%) was prepared in a vial equipped with stir bar, and 4 μL (225 μmol, 5 

equiv.) of H2
18O (97% 18O-isotopic content) were added. The resulting solution was cooled 

with an ice bath. 114 μL (135 μmol, 0.1 equiv.) of a 0.58 mM H2O2 solution (diluted from 50% 

in acetonitrile) was added by syringe pump during 30 minutes. At this point, the solution was 

stirred for 30 additional minutes.  

 

Then, 0.1 mL of methyl imidazole and 1 mL of acetic anhydride were added and stirred for 15 

minutes at room temperature to esterify the syn-diol product. After 15 minutes, some ice is 

added to the solution and it was stirred for 15 more minutes. Then, an internal standard 

(biphenyl) was added to the solution and was extracted in 2 mL of CH2Cl2. The organic layer 

is treated with 2 mL of 1M H2SO4. After shaking vigorously the vial, the organic layer is treated 

first with 2 mL of NaHCO3 and then with 2 mL of water. The resultant organic layer is filtered 

through MgSO4 plug and analyzed with a GC-MS equipped with EI and CI sources. GC-MS 

analysis of the solution provided m/z peaks of characteristic fragments.  

 

O

O
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IX.1.5.3.2. GC-MS Analysis 
 

The CI source allows us to determine the 18O-total labeling in the diol. Fragmentation at the 

EI detector allows us to determine the 18O content in each oxygen atom of the fragment. 
 

 

Figure IX.2. GC-MS analysis of the solution provided m/z peaks of characteristic fragments 

in EI and CI sources.  

 

Table IX.8. Labeling studies with different substrate. 

Entry Substrate 

EI CI 

Peak 
Non 

labelled 
(%) 

Labelled 
(%) Peak 

Non 
labelled 

(%) 
Labelled 

(%) 

1 
 

157 72% 28% 248-250 9.5% 90.5% 

2 

 

155 83% 17% 246-248 9.6% 90.1% 

3 

 

129 59,4% 38,5% 234-236 15.1% 84.5% 

4 

 

129 70,7% 28,5% 220-222 12,6% 86,9% 

5[a] 

 

155 44,7% 55,1% 246-248 8,3% 90,9% 

6 

 

149 85,3% 14,7% 312-314 10% 89,5% 

7 

 

149 73,7% 25,6% 254-256 18,0% 81,3% 

[a] Obtained with the [Fe(OTf)2(tpa)] catalyst.  

AcO
OAc NH4+

Chemical Formula: C12H26NO4+

Molecular Weight: 248,34

AcO
OAc NH4+

CI EI

Chemical Formula: C3H5O2•

Molecular Weight: 73,07
Chemical Formula: C9H17O2•

Molecular Weight: 157,23

AcO
OAc

OAc
OAc

AcO
OAc

OAc
OAc

OAc
OAc

OAc

OAc
OEt

O

OAc
OAc



Experimental Section 

 163 

IX.1.6. References 
 
(1) Cusso, O.; Cianfanelli, M.; Ribas, X.; Gebbink, R.; Costas, M., Iron Catalyzed Highly 

Enantioselective Epoxidation of Cyclic Aliphatic Enones with Aqueous H2O2. J. Am. 

Chem. Soc. 2016, 138 (8), 2732-2738. 

(2) Milan, M.; Bietti, M.; Costas, M., Highly Enantioselective Oxidation of Nonactivated 

Aliphatic C-H Bonds with Hydrogen Peroxide Catalyzed by Manganese Complexes. 

ACS Central Sci. 2017, 3 (3), 196-204. 

(3) Janicki, R., Synthesis, crystal structure and spectral properties of diammonium 

dihydrogen N-(methylene-2-pyridine)-N,N,-di-(methylenephosphonate). J. Molec. 

Struct. 2013, 1036, 35-41. 

(4) Zang, Y.; Kim, J.; Dong, Y.; Wilkinson, E. C.; Appelman, E. H.; Que Jr., L., Models for 

Nonheme Iron Intermediates:  Structural Basis for Tuning the Spin States of Fe(TPA) 

Complexes. J. Am. Chem. Soc. 1997, 119, 4197-4205. 

(5) Chow, T. W.-S.; Wong, E. L.-M.; Guo, Z.; Liu, Y.; Huang, J.-S.; Che, C.-M., cis-

Dihydroxylation of Alkenes with Oxone Catalyzed by Iron Complexes of a Macrocyclic 

Tetraaza Ligand and Reaction Mechanism by ESI-MS Spectrometry and DFT 

Calculations. J. Am. Chem. Soc. 2010, 132 (38), 13229-13239. 

(6) Zang, C.; Liu, Y.; Xu, Z.-J.; Tse, C.-W.; Guan, X.; Wei, J.; Huang, J.-S.; Che, C.-M., 

Highly Enantioselective Iron-Catalyzed cis-Dihydroxylation of Alkenes with Hydrogen 

Peroxide Oxidant via an FeIII-OOH Reactive Intermediate. Angew. Chem. Int. Ed. 

2016, 55 (35), 10253-10257. 

(7) Prat, I.; Font, D.; Company, A.; Junge, K.; Ribas, X.; Beller, M.; Costas, M., 

Fe(PyTACN)-Catalyzedcis-Dihydroxylation of Olefins with Hydrogen Peroxide. Adv. 

Synth. Catal. 2013, 355 (5), 947-956. 

(8) Ryu, J. Y.; Kim, J.; Costas, M.; Chen, K.; Nam, W.; Que Jr., L., High Conversion of 

Olefins to cis-Diols by Non-heme Iron Catalysts and H2O2. Chem. Commun. 2002, 12, 

1288-1289. 

 



 

 

  



 

 165 

 
 
 
IX.2. Experimental Section for Chapter IV 

 
 
Greening oxidation catalysis. Iron catalyzed alkene syn-

dihydroxylation with aqueous hydrogen peroxide in green 

solvents 
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IX.2.1. Synthesis of the iron complexes 1-4 
 
Iron complexes 1-4 were prepared according to literature procedures.1-4 

 

IX.2.2. The effect of the acetonitrile   
 

A solution of substrate (90 μmol, 1 equiv) and catalyst (0.9 μmol, 1 mol%) with the 

corresponding solvent (1 mL), were prepared in a 3 mL vial equipped with a stir bar, and the 

resulting mixture was cooled with an ice bath. 114 μL (135 μmol, 1.5 equiv) of 0.58M H2O2 

solution in the corresponding solvent (diluted from 50% in aqueous solution) were directly 

added by syringe pump over 30 minutes. At this point, 0.1 mL methyl imidazole and 1 mL of 

acetic anhydride were added and stirred for 15 minutes at room temperature to esterify the 

syn-diol product. After 15 minutes, some ice was added to the solution and it was stirred for 

15 minutes more. Then, an internal standard (biphenyl) was added to the solution and was 

extracted in 2 mL of AcOEt. The organic layer was washed with 2 mL of 1M H2SO4. After 

shaking vigorously the vial, the organic layer was washed first with 2 mL of NaHCO3 and then 

with 2 mL of water. The resultant organic layer was dried with MgSO4, filtered and injected 

directly to gas chromatograph. GC analysis of the solution provided substrate conversions 

and product yields relative to the internal standard integration of the substrate.  
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Table IX.9. Effect of the presence of acetonitrile in the reactions.  

 

 
 

Entry[a] Substrate CH3CN [b] Conv. 
(%) 

Yield D 
(%) 

Yield E 
(%) 

Ratio 
D/E 

1 
 

 

0.1 % 93 77 14 5.5 

100 % 98 81 17 5 

2  

0.1 % 86 75 11 7 

100 % 98 76 22 3.5 

3 
 

0.1 % 100 88 12 7 

100 % 100 88 12 7 

4 

 

0.1 % 100 69 26 2.6 

100 % 100 81 15 5.5 

5 

 

0.1 % 86 81 7 12 

100% 100 92 5 4 

6 [c] 

 

0.1 % 73 68 2 34 

100 % 100 99 - - 

7 [c] 

 

0.1 % - 58 23 2.75 

100 % 75 55 20 2.7 

8 
 

0.1 % 88 60 7 9 

100 % 99 90 6 15 

9 

 

0.1 % 94 91 0 - 

100 % 98 88 3 29 

[a] Conversions and yields determined by GC using the responsive constants of the 

products, results are the average of 2-3 reactions, and the error is <8%. b Solvents 

employed in the case of 0.1% of acetonitrile are a 1:1 mixture of PC:EtOAc, and 100% 

of acetonitrile in the other case. c Second addition of 1 mol % catalyst and 1.5 equiv. of 

H2O2. 

 
 
 
 

R R' R R' R R'

OHO OH
+

Cat 1 (1 mol%)
H2O2 (1.5 equiv.)

Mg(ClO4)2·6 H2O (2.2 equiv.)

Solvents, 30 min., 0ºC
D E

O

O

O

O

O

O

O
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IX.2.3. E factor  
E factor (environmental factor) 5: mass ratio of waste to desired product 

!	#$%&'( =
*+,-.	/-00	+1	2-0,3

*+,-.	/-00	+1	4305634	76+489,
 

 

All the reactions have been done using 45 µmols of substrate,  

Volume of the reaction: 

400	µ.	+1	=> =
1,2	/B
1	µ.

= 480	/B	=> 

400	µ.	+1	D,EF9 =
0,9	/B
1	µ.

= 361	/B	+1	D,EF9 

Volume of PC of the H2O2 solution: 

114	µ.	+1	=> =
1,2	/B
1	µ.

= 137	/B	=> 

Mg(ClO4)2·6H2O: 32 mg 

Cat: 0.5 mg 

Substrate:  

 

Example of the oxidation using 1-octene as a substrate: 

K8L0,6-,3 =
100 − >+NO ∗ Q/+.	+1	08L0,6-,3 ∗ RS	08L

10T
	/B	+1	08L 

 

K8L0,6-,3 =
100 − 94 ∗ 45Q/+. ∗ 112.2	08L

10T
= 0.30	/B	+1	08L 

 

Product (Diol):  

=6+489, =
W53.4	+1	76+489, ∗ Q/+.	+1	08L0,6-,3 ∗ RS	+1	76+489,

10T
= /B	+1	76+489, 

 

=6+489, =
78	 ∗ 45	Q/+. ∗ 146.2	

10T
= 5.13	/B	+1	76+489, 

 

Epoxide: 

D7+X543 =
W53.4	+1	37+X543 ∗ Q/+.	+1	08L0,6-,3 ∗ RS	+1	37+X543

10T
= /B	+1	37+X543 

 

D7+X543 =
15 ∗ 45	Q/+. ∗ 128.2	

10T
= 0.86	/B	+1	37+X543 

 

!	#$%&'( =
480 + 361 + 137 + 32 + 0.5 + 0.30 + 0.86

5.13
= 197 

The H2O is not taken into account  
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IX.3. Experimental Section for Chapter V 

 
 

Characterized cis-FeV(O)(OH) Intermediate Mimics 

Enzymatic Oxidations in the Gas Phase 
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IX.3.1. Synthesis of the complex 1 
 
Complex [FeIII(CF3SO3)2(

5-tips3tpa)] (1) was synthetized following previously described 

procedures.1  

 

IX.3.2. Generation of intermediate FeIII(OOH) 
 
 

 
 
Figure IX.3. Mass spectrum of the [(5-tips3tpa)FeIII(OOH)]2+ (2) solution.  

 
 
A 1 mM solution of 1 in dry acetonitrile was prepared inside the glovebox. 2 mL of this solution 

were placed in a UV-Vis cuvette. The quartz cell was capped with a septum and taken out of 

the box, placed in the Unisoku cryostat of the UV-Vis spectrophotometer and cooled down to 

233 K. After reaching thermal equilibrium, a UV-Vis spectrum of the starting complex was 

recorded. Then, 10 equiv. H2O2 in dry acetonitrile were added. The formation of a band at λmax 

= 544 nm was observed.  
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Figure IX.4. UV-Vis spectra of 1 (0.4 mM, black line), 2 (violet line). Solid gray lines show the 

progressive formation of 2 upon addition of 10 equiv H2O2 at -40 oC in acetonitrile over the 

course of 126 minutes. Inset: time trace at 544 nm.  

 

IX.3.3. Representative examples of catalytic syn-dihydroxylation 
reactions  
 

General procedure:1 An acetonitrile solution (1 mL) of substrate (90 μmol, 1 equiv.), the 

catalyst (0.9 μmol, 1 mol%) and Mg(ClO4)2·6H2O (198 μmol, 2.2 equiv.) was prepared in a 3 

mL vial equipped with a stir bar, and the resulting mixture cooled with an ice bath. 114 μL (135 

μmol, 1.5 equiv.) of 0.58M H2O2 solution in acetonitrile (diluted from 50% in aqueous solution) 

were directly added by syringe pump over 30 minutes. Then, the solution was stirred for further 

30 minutes. An internal standard (biphenyl) was added and the solution was immediately 

filtered through a short silica plug, which was subsequently rinsed with AcOEt. The reaction 

mixture was then analyzed by GC and GC-MS. Products were identified and quantified by 

comparison with authentic samples.  

 

 
Scheme IX.4. Catalytic syn-dihyroxylation of cyclohexene and naphthalene. 

	

	
	

-1800

-1000

-200

600

1400

2200

3000

420 470 520 570 620 670 720 770

ε
(M

-1
Cm

-1
)

λ (nm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2000 4000 6000 8000

Ab
s	
@
54
4	
nm

t	(s)

	

	
	

OH

OH
O

1 (1 mol%)
H2O2 (1.5 equiv.)
Mg(ClO4)2·6H2O (2 equiv.)

Solvent, 0 ˚C, 30'

89% Yield 10% Yield

1 (1 mol%)
H2O2 (1 equiv.)
Mg(ClO4)2·6H2O (2 equiv.)

Solvent, 0 ˚C, 30'

17% Yield

OH
OH



Experimental Section 

 175 

IX.3.4. Supplementary figures  
 

 
Figure IX.5. (a) IRPD spectra of 32+ and 32+(54Fe). (b) IRPD spectrum of an isobaric impurity 

present in 32+(16O18O) ions with m/z 425. The spectrum was obtained by depleting the helium 

clusters population by irradiation of the ion cloud with a visible laser concurrent with the IR 

irradiation. 
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Figure IX.6. (a) IRPD spectrum of 32+. (b-e) Theoretical predictions of the IR spectra of 

different isomers and isotopic labeling of 32+.  
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Figure IX.7. Comparison of experimental VIS spectrum of 3 with TD-DFT predictions (B3LYP-

D3/def2-TZVP). The convoluted spectrum is only shown to within 40 nm of the last predicted 

state (there were 64 states). Relative intensity was calculated by dividing the attenuation by 

the visible laser power in mW and irradiation time (0.780 s). 
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Figure IX.8. Ion-molecule reactivity of 32+(2H) in the gas phase with 0.1 mTorr of 1,4-

cyclohexadiene. The reaction was measured at nominally zero-collision energy determined 

from the retarding potential analysis. 
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Figure IX.9. Ion-molecule reactivity of 22+ in the gas phase with (a) 0.1 mTorr of 1,4-

cyclohexadiene and (b) 0.1 mTorr of benzene. The reactions were measured at nominally 

zero-collision energy determined from the retarding potential analysis. 
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IX.4. Experimental Section for Chapter VI 

 
 

Site-selective and product chemoselective 

aliphatic C-H bond hydroxylation of 

polyhydroxylated substrates 
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IX.4.1. Synthesis of the complexes  
 
(S,S)-[Mn(OTf)2(

tipsmcp)],1 OTf = trifluoromethanesulfonate anion, ((S,S)-Mntipsmcp), (S,S)-

[Fe(OTf)2(
tipsmcp)]2, ((S,S)-Fetipsmcp), (R,R)-[Fe(OTf)2(

tipspdp)]2, ((R,R)-Fetipspdp), (S,S)-

[Fe(OTf)2(
DMMpdp)]3 ((S,S)-FeDMMpdp) and (S,S)-[Mn(OTf)2(

DMMpdp)]4 ((S,S)-MnDMMpdp) were 

prepared according to the reported procedure.  

 

IX.4.2. Synthesis of the substrates  
 
The substrates S1, S2, S5, S6, S7, S9 and S13 are commercially available. The following 

substrates were prepared according to the reported procedures: 

• S3, S45 and S86 

• The esterification reactions of the steroids (S14, S15 and S16) were done according 

to the reported procedure.7 Spectral data match with those previously reported for 

Lithocholic ester, Ursodexycholic ester and Cholic ester.8-11  

• The synthesis of the different alkyl β-D-glucosides with different alkyl chain lengths 

(S10, S11 and S12).12 

 

IX.4.2.1. Characterization of the substrates 
 

(S3)5 Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (79% yield).  1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.66-3.60 (m, 2H), 3.41 (dd, J = 11.1, 7.8 Hz, 1H), 1.61-1.47 (m, 1H), 1.46-

1.37 (m, 2H), 1.32 (dt, J = 14.7, 6.8 Hz, 1H), 1.25-1.12 (m, 1H), 0.90 (d, J = 1.7 Hz, 3H), 0.88 

(d, J = 1.7 Hz, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 72.7, 66.7, 34.7, 31.0, 28.1, 22.5, 

22.5. HRMS(ESI+) m/z calculated for C7H16O2 [M+Na]+ 155.1043, found 155.1047.  

 

 (S4)5 Purification by flash chromatography on silica gel 

(SiO2;Hexane/AcOEt: 8/2) gave the product as a pale yellow oil (76% yield)  1H-NMR (MeOD, 

400 MHz) δ, ppm: 3.40-3.36 (m, 2H), 1.63-1.36 (m, 8H), 0.93 (s, 6H). 13C{1H}-NMR (MeOD, 

100 MHz) δ, ppm: 75.5, 73.7, 32.3, 28.0, 25.4, 22.4, 13.1, 9.4. HRMS(ESI+) m/z calculated 

for C8H18O2 [M+Na]+ 169.1199, found 169.1203.  

OH
HO

OH

OH
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(cis-S8)6 Purification by flash chromatography on silica gel (SiO2;Hexane/AcOEt: 

8/2) gave the product as a pale yellow oil (81% yield). 1H-NMR (MeOD, 400 MHz) δ, ppm: 

3.90 (d, 2H), 2.17 (s, 2H), 1.22-1.80 (m, 10H). 13C{1H}-NMR (MeOD, 100 MHz) δ, ppm: 73.8, 

30.9, 27.8, 21.9. HRMS(ESI+) m/z calculated for C7H14O2 [M+Na]+ 153.0886, found 153.0888.  

 

(S10)12 Purification by flash chromatography on silica gel 

(SiO2;CH2Cl2/MeOH: 6/1) gave the product as a colorless oil (52% yield). 1H-NMR (MeOD, 

400 MHz) δ, ppm: 4.28 (d, J = 7.8 Hz, 1H), 3.95-3.84 (m, 2H), 3.70 (dd, J = 11.9, 5.2 Hz, 1H), 

3.54 (dt, J = 9.5, 6.8 Hz, 1H), 3.43-3.28 (m, 2H), 3.30-3.16 (m, 1H), 1.71-1.62 (m, 1H), 1.67-

1.48 (m, 2H), 1.35-1.22 (m, 2H), 0.92 (d, J = 6.6 Hz, 5H). 13C{1H}-NMR (MeOD, 100 MHz) δ, 

ppm: 102.9, 76.7, 76.4, 73.7, 70.2, 69.8, 61.4, 34.9, 27.7, 27.3, 21.7. HRMS(ESI+) m/z 

calculated for C12H24O6 [M+Na]+ 551.3029, found 551.3038.  

 

(S11)12 Purification by flash chromatography on silica 

gel (SiO2;CH2Cl2/MeOH: 6/1) gave the product as a colorless oil (63% yield). 1H-NMR (MeOD, 

400 MHz) δ, ppm: 5.52-5.36 (m, 2H), 4.31 (d, J = 7.8 Hz, 1H), 3.94-3.82 (m, 2H), 3.72 (dd, J 

= 11.9, 5.2 Hz, 1H), 3.56 (dt, J = 9.4, 7.1 Hz, 1H), 3.48-3.29 (m, 2H), 3.31-3.18 (m, 1H), 2.47-

2.33 (m, 2H), 2.12-2.02 (m, 2H), 1.44-1.24 (m, 6H), 0.99-0.86 (m, 3H). 13C{1H}-NMR (MeOD, 

100 MHz) δ, ppm: 131.5, 125.1, 102.9, 76.6, 76.4, 73.6, 70.1, 69.1, 61.4, 31.3, 29.1, 27.6, 

26.9, 22.3, 13.3. HRMS(ESI+) m/z calculated for C15H28O6 [(M)2+Na]+ 631.3664, found 

631.3680.  

 

 

 

 

HO OH
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(S12)12 Purification by flash chromatography on silica gel 

(SiO2; CH2Cl2/MeOH: 6/1) gave the product as a pale yellow oil (60% yield). 1H-NMR (MeOH, 

400 MHz) δ, ppm: 4.27 (d, J = 7.8 Hz, 1H), 3.97-3.84 (m, 2H), 3.69 (dd, J = 11.9, 5.2 Hz, 1H), 

3.55 (dt, J = 9.5, 6.8 Hz, 1H), 3.43-3.28 (m, 2H), 3.30-3.15 (m, 1H), 1.64 (dq, J = 8.4, 6.8 Hz, 

2H), 1.47-1.27 (m, 5H), 0.99-0.85 (m, 3H). 13C{1H}-NMR (MeOH, 100 MHz) δ, ppm: 102.9, 

76.7, 76.5, 73.7, 70.2, 69.6, 61.8, 31.5, 29.4, 25.4, 22.3, 13.1. HRMS(ESI+) m/z calculated for 

C12H24O6 [M+Na]+ 287.1465, found 287.1462.  

 

IX.4.3 Reaction protocol for catalysis  
 

Hydrogen peroxide solutions employed in the oxidation reactions were prepared by diluting 

commercially available hydrogen peroxide (30% H2O2 solution in water, Aldrich) in HFIP 

(1,1,1,3,3,3-Hexafluoro-2-propanol) to achieve a 0.58 M solution. This solution can be stored 

in the fridge for a week wo apparent decrease in oxidation performance. Unless explicitly 

stated, commercially available glacial acetic acid (99-100%) purchased from Riedel-de-Haën 

was employed. The purity of the substrates synthetized as described above was in all cases 

>99%.  

 

An HFIP solution (400 µL) of the substrate (50 μmol, 1 equiv) and the corresponding catalyst 

(0.50 μmol, 1 mol%) was prepared in a 3 mL vial equipped with a stir bar, and the resulting 

mixture cooled with an ice bath. 6 μL (neat, 2 equiv.) of acetic acid (or the equivalent amount 

of cyclopropylcarboxylic acid) were added directly to the solution. Then, 86 μL (50 μmol, 1 

equiv) of 0.58 M H2O2 solution in HFIP (diluted from 30% in aqueous solution) were directly 

added by syringe pump over 30 minutes. Then, the solution was stirred for further 15 minutes. 

At this point, an internal standard (biphenyl) was added and the solution was quickly filtered 

through a basic alumina plug, which was subsequently rinsed with 2 x 1 mL EtOAc. GC 

analysis of the solution provided substrate conversions and product yields relative to the 

internal standard integration. The ratio of isomers was determined by GC (see spectra at the 

end of this document) or 1H-NMR. Commercially unavailable products were identified by a 

combination of 1H, 13C{1H}-NMR analysis, and HRMS. The oxidized products were identified 

by comparison to the GC retention time of authentic products.  

 

 

OHO

HO
OH

OH

O
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IX.4.3.1. Acetylation 
 
In specific cases, substrates were acetylated according to the following procedure;5 0.1 mL 

methyl imidazole and 1 mL of acetic anhydride were added and the mixture stirred for 15 

minutes at room temperature. After 15 minutes, ice (approx. 2 gr) is added to the solution and 

the mixture was stirred for 15 additional minutes. The organic layer is treated with 2 mL of 1M 

H2SO4. After vigorously shaking the vial, the organic layer is separated and treated first with 2 

mL of NaHCO3, and then with 2 mL of water. The resultant organic layer is filtered through a 

MgSO4 plug and concentrated under vacuum. The crude material was purified by column 

chromatography using an appropriate solvent system, as described in each individual 

procedure. 

 

IX.4.3.2. Oxidation with PCC 
 
Alcohol products resulting from the oxidation of cis-S8 and cis-S9 were identified after 

oxidation to the corresponding carbonyl products according to the following procedure;13 to a 

solution of the crude material in CH2Cl2 (2 mL) at RT was added Celite® (0.3 mmol) followed 

by PCC (0.3 mmol). The reaction mixture was stirred at RT for 16 h after which it was filtered 

through a pad of SiO2, eluted with EtOAc, and concentrated under vacuum. The crude material 

was purified by column chromatography using an appropriate solvent system, as described in 

each individual procedure. Ratio of ketones, determined by GC provided the ratio of the 

original alcohol regioisomers (spectra showed at the end of the file). 
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IX.4.4. Optimization 
 

IX.4.4.1. Different catalysts tested 
 
 

 
Scheme IX.5. Catalysts tested. 

 

Table IX.10. Catalytic oxidation of S1 in HFIP with a series of related iron and manganese 

catalysts. 

 

Catalyst Conv. 
(%)[a] 

Yield P1b 
(%)[a] 

Yield P1c 
(%)[a] 

Yield P1d 
(%)[a] 

Yield P1a 
(%)[a] 

(S,S)-MnDMMpdp 71 49 17 4 2 

(S,S)- Mntipsmcp 77 49 10 3 1 

(S,S)-Mntipspdp 73 48 11 3 1 

(R,R)-Fetipspdp 67 41 14 4 1 

(S,S)-FeDMMpdp 43 27 9 4 3 

(S,S)-Fetipsmcp 60 36 12 2 2 

a Conversion and yields determined by GC. Reactions were run in duplicate. Values included 

in the table IX.10 represent average values with typical errors being <5%.  
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Table IX.11. Catalytic oxidation of S14 in HFIP with a series of related iron and manganese 

catalysts. 

 
 

Catalyst[a] Conv. 
(%) 

Yield P14b 
(%) 

Yield P14c 
(%) 

Yield P14a 
(%) 

(R,R)-Fetipspdp 78 26 14 5 

(S,S)-Fetipsmcp 70 16 10 4 

(S,S)-FeDMMpdp 75 17 10 3 

(S,S)-Mntipspdp 76 23 10 6 

(S,S)-Mntipsmcp 82 20 8 5 

a Conversion and yields determined by GC. Reactions were run in duplicate. Values included 

in the table IX.11 represent average values with typical errors being <5%. 

 

IX.4.4.2. Mixture of solvents  
 
Table IX.12. Catalytic oxidation of S1 in a mixture of solvents. 

 

Solvents Conv. 
(%)[a] 

Yield P1b 
(%) 

Yield P1c 
(%) 

Yield P1a 
(%) 

CH3CN/HFIP 63 6 3 17 

ACOEt/HFIP 47 10 4 11 

CH2Cl2/HFIP 64 34 9 3 

a Conversion and yields determined by GC. Reactions were run in duplicate. Values included 

in the table IX.12 represent average values with typical errors being <5%. 
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IX.4.4.3. Rate of syringe pump addition of oxidant 
 
Table IX.13. Catalytic oxidation of S1 at different rate of syringe pump addition of oxidant. 

 
 

Time Conv. 
(%)[a] 

Yield P1b 
(%) 

Yield P1c 
(%) 

Yield P1a 
(%) 

15 min 74 52 11[b] 2 

30 min 77 49 10[b] 1 

60 min 88 55 13[b] 2 

a Conversion and yields determined by GC. b 3% of γ octane-triol (tentatively assigned by GC-

MS analysis) was also observed. Reactions were run in duplicate. Values included in the table 

IX.13 represent average values with typical errors being <5%. 

 

IX.4.4.4. Amount of oxidant 
 
Table IX.14. Catalytic oxidation of S1 with different amounts of H2O2. 

 

 

H2O2 
(equiv.) 

Conversion[a] 
(%) 

Yield P1b 
(%) 

Yield P1c 
(%) 

Yield P1a 
(%) 

Yield P1d 
(%) 

Yield 
P1e (%) 

1 equiv. 97 49 10 1 - - 

3 equiv. 97 8 4  23+4 8 

5 equiv. 98 2 -  13+2 25 

a Conversion and yields determined by GC. Reactions were run in triplicate. Values included 

in the table IX.14 represent average values with typical errors being <5%. 
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IX.4.4.5. Effect of HFIP on the oxidation of substrates containing other 
oxygenated functional groups 
 

 

 
Scheme IX.6. Oxidation of substrate containing other oxygenated functional groups in HFIP. 

 
 
Table IX.15. Catalytic oxidation of S0. 

 
 

Conversion (%)[a] Yield P0b 
(%) 

Yield P0c 
(%) 

Yield P0d 
(%) 

Yield P0a 
(%) 

81 45 13 10 5 

a Conversion and yields determined by GC. Reactions were run in duplicate. Values included 

in table IX.15 represent average values with typical errors being <5%. 

 
 
The comparison between the oxidation of 2-octanol and 1,2-octanediol indicates a modest 

enhanced deactivation by the diol moiety as evidenced by a smaller amount of carbonyl 

products in the oxidation of the diol.  
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IX.4.5. Comparison of product distribution between CH3CN and HFIP 
 
Table IX.16. Catalytic oxidation of S1 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P1b 
(%) 

Yield P1c 
(%) 

Yield P1a 
(%) 

CH3CN[a] 28   21[b] 

HFIP[a] 83 49 10 1 

HFIP Isolated - 63[c] 14[c] - 

a Conversion and yields determined by GC. Reactions were run in triplicate. Values included 

in the table IX.16 represent average values with typical errors being <5%. b Identification of 

product by GC-MS analysis.  c P1b and P1c isolated together in a 77% combined yield (as an 

inseparable mixture of isomers) and a ratio of 4.5:1 determined by GC. 3% of γ octane-triol 

was observed. 

 

 

Table IX.17. Catalytic oxidation of S2 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P2b 
(%) 

Yield P2c 
(%) 

Yield P2a 
(%) 

CH3CN[a] 53   14 

HFIP[a,b] 64 26 2 6 

HFIP Isolated - 39c - 11 

a Conversion and yields determined by GC. Reactions were run in triplicate. Values included 

in the table IX.17 represent average values with typical errors being <5%.  b additional 5% of 

1,2-dihydroxyhexan-5-one was also detected by GC. c Isolated with P2c (inseparable mixture 

of isomers), ratio of 10:1 determined by GC. d Identified by GC-MS analysis. 
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Table IX.18. Catalytic oxidation of S3 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P3b 
(%) 

Yield P3a 
(%) 

CH3CN[a] 10 - - 

HFIP[a,b] 75 55 5[c] 

HFIP Isolated 77 42  

a Conversion and yields determined by GC. Reactions were run in triplicate. 

Values included in the table IX.18 represent average values with typical 

errors being <5%.b In addition, two hydroxyketones are identified by GC-MS 

analysis (~13% combined yield).c Characterization of the product by 

comparison of the retention time with authentic compound, and by GC-MS.  

 

 

Table IX.19. Catalytic oxidation of S4 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P4b 
(%) 

Yield P4c 
(%) 

Yield P4a-a’ 
(%) 

CH3CN[a] 24   18 

HFIP[a] 70 39[b] 3 14[c] 

HFIP Isolated 72 35[d] 3[d] 13[c] 

a Conversion and yields determined by GC. Reactions were run in triplicate. Values included 

in the table IX.19 represent average values with typical errors being <5%.  b Mixture of 

inseparable mixture of diastereoisomers with ratio 1.6:1. c Mixture of the two isomers with ratio 

1.5:1, products determined by GC-MS analysis. d P4b and P4c isolated together (as an 

inseparable mixture) in a 38% combined yield and a ratio of 12:1 determined by GC. 
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Table IX.20. Catalytic oxidation of S5 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P5b 
(%) 

Yield P5c 
(%) 

Yield P5a 
(%) 

CH3CN[a] 50   7[b] 

HFIP[a] 79 50 11 Traces 

HFIP Isolated 75 46[c] 10  

a Conversion and yields determined by GC. Reactions were run in triplicate. Values included 

in the table IX.20 represent average values with typical errors being <5%. b Identification of 

product by GC-MS analysis. 4% of C5 hydroxylated isomer (P5d) based on GC-MS. c Isolated 

as an inseparable mixture of the 3 regioisomers in C-6 (P5c) and C-5 (P5d) in 10% and 4% 

yield respectively (combined yield 60%). c Identification of product by GC-MS analysis. 4% of 

C5 hydroxylated isomer (P5d) based on GC-MS. 

 

 

Table IX.21. Catalytic oxidation of cis-S6 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P6a 
(ee)[c] (%) 

Yield cis-P6b 
(%) 

CH3CN[a] 45 16 (22) n.d 

HFIP[a,b] 72 52 (29) n.d 

HFIP Isolated  54 (29) n.d 

a Conversion and yields determined by GC. Reactions were run in duplicate. 

Values included in the table IX.21 represent average values with typical 

errors being <5%.).b 19 % ee of P6a when AcOH is used instead of 

cyclopropanecarboxylic acid.c Enantiomeric excess (ee) determined by GC 

with a chiral stationary phase. (CYCLOSIL-B column). c 19 % ee of P6a when 

AcOH is used instead of cyclopropanecarboxylic acid. 
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Table IX.22. Catalytic oxidation of cis-S7 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P7a 
(ee)[b] (%) 

Yield cis-P7b 
(%) 

CH3CN[a] 33 29 (8) n.d 

TFE 82 47 (22) n.d 

HFIP[a,c] 87 75 (63) n.d 

HFIP Isolated 72 64 (63) n.d 

a Conversion and yields determined by GC. Reactions were run in triplicate. 

Values included in the table IX.22 epresent average values with typical errors 

being <5%. b ee determined by GC with a chiral stationary phase. 

(CYCLOSIL-B column). c 49 % ee of P7a when AcOH is used instead of 

cyclopropanecarboxylic acid. 

 

 

Table IX.23. Catalytic oxidation of cis-S8 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P8a 
(ee)[d] (%) 

Yield cis-P8b 
(%) 

CH3CN[a] 46 32 (9)[b] n.d 

HFIP[a] 82 48 (42)[b] 8[c] 

HFIP Isolated  52 (52)  

a Conversion and yields determined by GC. Reactions were run in triplicate. 

Values included in the table IX.23 represent average values with typical 

errors being <5%.  b Using AcOH instead of cyclopropanecarboxylic acid. c 

13% total yield of inseparable mixture of two regioisomers. d ee determined 

by GC with a chiral stationary phase. (CYCLOSIL-B column) 
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Table IX.24. Catalytic oxidation of cis-S9 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P5b 
(ee)[c] (%) 

Yield P5c 
(%) 

Yield P5a 
(%) 

CH3CN[a] 36 25 0  

HFIP[a] 78 12(12) 46 19 

HFIP Isolated   40[b] 17[b] 

a Conversion and yields determined by GC. Reactions were run in triplicate. Values included 

in the table IX.24 represent average values with typical errors being <5%. b Isolated together 

as an inseparable mixture of regioisomers. Identification of C-2 and C-3 alcohols was done by 

converting the mixture to ketones following PCC oxidation.  C ee determined by GC with a 

chiral stationary phase. (CYCLOSIL-B column). 
 
 

 
 
 

Table IX.25. Catalytic oxidation of S10 in different solvents. 

 

Solvents Conv. (%) Yield P10b (%) 

CH3CN[a] 11 0 

HFIP[a] 58 35 

HFIP[a,b] 76 52 

HFIP Isolated[b] 98 74 

a Conversion and yields determined by GC. Reactions were run in 

triplicate. Values included in the table IX.25 represent average values with 

typical errors being <5%.  b 3 mol% of catalyst and H2O2 followed by and 

second addition of catalyst (3 mol%) and H2O2. (CYCLOSIL-B column). c 

49 % ee of P7a when AcOH is used instead of cyclopropanecarboxylic 

acid. 
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Table IX.26. Catalytic oxidation of S11 in different solvents. 

 

Solvents Conv. (%) Yield P11b  (%) 

CH3CN[a] 100 93 

HFIP[a] 97 80 

HFIP Isolated[b] 96 61 

a Conversion and yields determined by GC. Reactions were run in 

triplicate. Values included in the table IX.26 represent average values with 

typical errors being <5%. 

 

 
Table IX.27. Catalytic oxidation of S12 in different solvents. 

 

 

Solvents Conv. 
(%) 

Yield P12b 
(%) 

Yield P12c 
(%) 

CH3CN[a] 0 0  

HFIP[a] 64 26 6 

HFIP[a,b] 78 52 13 

HFIP Isolated[b] 76 53[c] 12[c] 

a Conversion and yields determined by GC. Reactions were run in triplicate. 

Values included in the table IX.27 represent average values with typical 

errors being <5%. b Isolated using 3 mol% of catalyst.  c Isolated with P12c 

(inseparable mixture, total yield 65%). 
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Table IX.28. Catalytic oxidation of S13 in different solvents. 

 
 

Solvents Conv. 
(%) 

Yield P13b 
(%) 

Yield P13c 
(%) 

HFIP Isolated 68 50 12 

 

 
 
Table IX.29. Catalytic oxidation of S14 in different solvents. 

 

Solvents Conv. 
(%) 

Yield P14b 
(ee)[c] (%) 

Yield P14c 
(%) 

Yield P14a 
(%) 

CH3CN[a] 67   37 

HFIP[a] 78 26 14 5 

HFIP Isolated  34 18  

a Conversion and yields determined by GC. Reactions were run in triplicate. Values included 

in the table IX.29 represent average values with typical errors being <5%. 

 
 
 

Table IX.30. Catalytic oxidation of S15 in different solvents and isolated. 

 

Solvents Conv. 
(%) 

Yield P13b 
(%) 

Yield P13c 
(%) 

HFIP Isolated 35 17 8 
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IX.4.5. General procedure for isolation of products 
 

A 25 mL round bottom flask was charged with: catalyst (15.15 or 45.45 μmol, 1.0 or 3 mol%), 

substrate (1.51 mmol, 1 equiv.), HFIP (12 mL) and a magnetic stir bar. Acetic acid (or 

cyclopropylcarboxylic acid) was added (2 equiv.) and the mixture was cooled at 0 ºC under 

magnetic stirring. Then, 2.8 mL of a 0.53 M hydrogen peroxide solution in HFIP (1 equiv.) 

were added by syringe pump over a period of 30 min. Then, the solution was stirred for further 

15 minutes. At this point, the solvent was removed under reduced pressure. This residue was 

purified by column chromatography in silica gel to obtain the pure products. In several cases, 

separation between isomers was not possible, and a combined yield is provided.   

 

Modified procedure for the oxidation of glycoside S10. A 25 mL round bottom flask was 

charged with: catalyst (45.45 μmol, 3 mol%), substrate (1.51 mmol, 1 equiv.), HFIP (12 mL) 

and a magnetic stir bar. Acetic acid (or cyclopropylcarboxylic acid) was added (2 equiv.) and 

the mixture was cooled at 0 ºC under magnetic stirring. Then, 2.8 mL of a 0.53 M hydrogen 

peroxide solution in HFIP (1 equiv.) were added by syringe pump over a period of 30 min. At 

this point, a second addition of catalyst (45.45 μmol, 3 mol%) dissolved in 100 μL of HFIP was 

added to the reaction mixture. Then, 2.8 mL of a 0.53 M hydrogen peroxide solution in HFIP 

(1 equiv.) were added by syringe pump over a period of 30 min. Finally, the solution was stirred 

for further 15 minutes. At this point, the solvent was removed under reduced pressure. This 

residue was purified by column chromatography in silica gel to obtain the pure products 

 

IX.4.5.1. Characterization of isolated products 
 

 (P1b) Purification by flash chromatography on silica gel (SiO2; 

CH2Cl2/MeOH 9/1) gave the product combined with P1c, colorless oil (77% total yield and a 

ratio of 4.5:1 determined by GC) 1H-NMR (MeOD, 400 MHz) δ, ppm: 3.60-3.49 (m, 1H), 3.51-

3.43 (m, 3H), 1.53-1.38 (m, 8H), 1.15 (d, J = 6.2 Hz, 3H). 13C{1H-NMR (MeOD, 100 MHz) δ, 

ppm: 71.8, 67.1, 66.0, 38.8, 33.1, 25.6, 25.6, 22.2. HRMS(ESI+) m/z calculated for C8H18O3 

[M+Na]+ 185.1148, found 185.1152. 

*For spectroscopic characterization of the minor product (P1c), see digital experimental 

section. 

 
 

OH
HO

OH



Experimetal Section 

 199 

 (P2b) Purification by flash chromatography on silica gel (SiO2; 

CH2Cl2/MeOH 9/1) gave the product combined with P2c (10:1 ratio determined by GC) as a 

colorless oil (39% yield). 1H-NMR (MeOD, 400 MHz) δ, ppm: 3.78-3.73 (m, 1H), 3.60-3.43 (m, 

4H), 1.70-1.36 (m, 5H). 13C{1H}-NMR (MeOD, 100 MHz) δ, ppm: 72.1, 71.8, 67.4, 67.1, 66.0, 

66.0, 34.8, 34.7, 29.4, 29.3, 22.2, 22.2, 22.1. HRMS(ESI+) m/z calculated for C6H14O3 [M+Na]+ 

157.0835, found 157.0841. The assignment is in agreement with the reported.14  

*For spectroscopic characterization of the minor product (P2c), see digital experimental 

section. 

 

 (P3b) Purification by flash chromatography on silica gel (SiO2; 

CH2Cl2/MeOH 9/1) gave the product as colorless oil (42% yield) 1H-NMR (MeOD, 400 MHz) 

δ, ppm: 3.61-3.41 (m, 3H), 1.74-1.54 (m, 2H), 1.56-1.41 (m, 2H), 1.21 (d, J = 1.6 Hz, 

6H).13C{1H}-NMR (MeOD, 100 MHz) δ, ppm: 72.4, 69.9, 65.9, 39.2, 27.9, 27.8, 27.8. 

HRMS(ESI+) m/z calculated for C7H16O3 [M+Na]+ 171.0980, found 171.0987.  

 

 (P4b) Purification by flash chromatography on silica gel (SiO2; 

CH2Cl2/MeOH 9/1) gave the product combined with P4c (12:1 ratio determined by GC) as a 

colorless oil (35% yield) 1H-NMR (MeOD, 400 MHz) δ, ppm: 3.75 (h, J = 5.5 Hz, 1H), 3.46-

3.37 (m, 1H), 3.37-3.28 (m, 1H), 1.72-1.38 (m, 4H), 1.19 (d, J = 6.2 Hz, 3H), 0.99 (t, J = 7.4 

Hz, 3H). (MeOD, 100 MHz) δ, ppm:75.5, 73.8, 73.54, 67.4, 67.2, 35.3, 35.1, 29.1, 28.9, 25.4, 

22.3, 22.2, 9.4. HRMS(ESI+) m/z calculated for C8H18O3 [M+Na]+ 185.1148, found 185.1149.  

 

 (P5b) After esterification, purification by flash 

chromatography on silica gel (SiO2; Hexane/EtOAc 1/1) gave the product as a mixture of P5b 

(46%), P5c (10%) and P5d (4%) as a colorless oil (relative ratios determined by GC, combined 

yield 60%). 1H-NMR is reported as a mixture of regioisomers that overlap in the spectrum. 1H-

NMR (MeOD, 400 MHz) δ, ppm: 5.29-5.24 (m, 1H), 4.39-4.32 (m, 3H), 4.22-4.17 (dd, J=12.0, 
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6.2 Hz, 3H), 2.37 (t, J=7.3 Hz, 3H), 2.08 (s, 3H), 2.04 (s, 3H), 1.07-1.47 (m, 6H), 1.35 (s, 5H) 

1.22 (d, J=6.3 Hz, 3H). 13C{1H}-NMR (MeOD, 100 MHz) δ, ppm: 173.5, 171.5, 171.1, 170.6, 

71.0, 69.4, 62.1, 61.9, 35.4, 33.3, 28.5, 24.7, 24.4, 20.0, 19.6, 19.4, 19.0. HRMS(ESI+) m/z 

calculated for C17H28O8 [M+Na]+ 383.1676, found 383.1685. 

*For spectroscopic characterization of the minor product (P5c), see digital experimental 

section. 

 

 (P6a) Purification by flash chromatography on silica gel (SiO2; Hexane/EtOAc 6/4) 

gave the product as a colorless oil (54% yield) 1H-NMR (MeOD, 400 MHz) δ, ppm: 1.62-1.73 

(m, 2H), 1.76-1.89 (m, 1H), 1.99-2.09 (m, 1 H), 2.42-2.46 (m, 2H), 4.05 (t, J = 10.0 Hz, 1H). 

13C{1H}-NMR (MeOD, 100 MHz) δ, ppm: 218.4, 75.0, 30.2, 30.8, 16.2. HRMS(ESI+) m/z 

calculated for C5H8O2 [M+Na]+ 123.0417, found 123.0426. 

 

(P7a) Purification by flash chromatography on silica gel (SiO2; Hexane/EtOAc  

6/4) gave the product as a colorless oil (64% yield) 1H-NMR (MeOD, 400 MHz) δ, ppm: 4.20 

(ddd, J = 12.0, 6.5, 1.1 Hz, 1H), 2.53-2.38 (m, 2H), 2.34 (ddd, J = 12.5, 6.3, 2.9 Hz, 1H), 2.09 

(ddt, J = 13.6, 6.1, 3.1 Hz, 1H), 1.98-1.86 (m, 1H), 1.83-1.73 (m, 1H), 1.64-1.52 (m, 2H). 

13C{1H}-NMR (MeOD, 100 MHz) δ, ppm: 211.3, 75.1, 39.6, 36.5, 27.3, 23.3. HRMS(ESI+) m/z 

calculated for C6H10O2 [M+Na]+ 137.0573, found 137.0582. 

 

 (P8a) Purification by flash chromatography on silica gel (SiO2; CH2Cl2/MeOH 9/1) 

gave the product as a colorless oil (52% yield) 1H-NMR (MeOD, 400 MHz) δ, ppm: 4.35-3.38 

(m, 1H), 2.69-2.65 (m, 1H), 2.63-2.40 (m, 1H), 2.02-1.98 (m, 2H), 1.84-1.55 (m,7H). 13C{1H}-

NMR (MeOD, 100 MHz) δ, ppm: 213.7, 76.6, 39.8, 33.5, 29.0, 26.1, 23.2. HRMS(ESI+) m/z 

calculated for C7H12O2 [M+Na]+ 151.0730, found 151.0735. 
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 (P9b-c) Purification by flash chromatography on silica gel (SiO2; 

CH2Cl2/MeOH 9/1) gave the product as a mixture of P9b and P9c (2.4:1 ratio determined by 

GC, 57% combined yield) 1H-NMR (CDCl3, 400 MHz) δ, ppm: 3.89-3.78 (m, 3H), 2.05-1.44 

(m, 10H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm:73.2, 72.9, 72.7, 72.2, 72.2, 71.8, 71.3, 70.1, 

70.0, 69.6, 68.5, 67.5, 38.9, 37.8, 34.5, 34.2, 33.3, 33.3, 30.3, 30.1, 29.9, 29.5, 29.4, 29.1, 

26.6, 26.0, 23.0, 22.1, 21.7, 21.1, 19.2, 19.1. HRMS(ESI+) m/z calculated for C8H18O3 [M+Na]+ 

183.0997, found 183.0989. 

 

 (P10b) Purification by flash chromatography on silica 

gel (SiO2; CH2Cl2/MeOH 6/2) gave the product as a colorless oil (74% yield) 1H-NMR (MeOD, 

400 MHz) δ, ppm: 4.26 (s, 1H), 3.94-3.82 (m, 2H), 3.66 (dd, J = 11.9, 5.0 Hz, 1H), 3.61-3.48 

(m, 1H), 3.39-3.26 (m, 3H), 3.22-3.12 (m, 1H), 1.70 (dq, J = 10.9, 6.2 Hz, 2H), 1.53 (dd, J = 

9.7, 5.7 Hz, 2H), 1.18 (s, 6H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 103.0, 76.7, 76.5, 73.7, 

70.3, 70.0, 69.9, 61.4, 39.4, 27.9, 27.8, 24.4 HRMS(ESI+) m/z calculated for C12H24O7 [M+Na]+ 

303.1414, found 303.1429. 

 

 

 (P11b) Purification by flash chromatography 

on silica gel (SiO2; CH2Cl2/MeOH 6/2) gave the product as a colorless oil (61% yield and 89% 

yield determined by GC) 1H-NMR (MeOD, 400 MHz) δ, ppm: 4.29 (d, J = 9.3 Hz, 1H), 4.11-

3.99 (m, 1H), 3.86 (d, J = 11.7 Hz, 1H), 3.70 (d, J = 37.6 Hz, 2H), 3.32 (dd, J = 28.1, 7.6 Hz, 

3H), 3.18 (dd, J = 18.6, 10.0 Hz, 2H), 3.03-2.89 (m, 1H), 2.02-1.85 (m, 1H), 1.72 (m, 1H), 1.56-

1.48 (m, 4H), 1.42-1.25 (m, 4H), 0.85 (t, 3H). 13C{1H}-NMR (MeOD, 100 MHz) δ, ppm: 103.1, 

102.9, 76.6, 76.5, 73.7, 73.7, 70.3, 70.2, 66.9, 66.7, 61.4, 61.4, 57.3, 57.1, 54.8, 54.8, 31.4, 

28.2, 28.1, 27.5, 25.9, 22.3, 13.0.  HRMS(ESI+) m/z calculated for C15H28O7 [M+Na]+ 

343.1727, found 343.1737. 
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 (P12b) Purification by flash chromatography on silica 

gel (SiO2; CH2Cl2/MeOH 6/2) gave the product combined with P12c as a colorless oil (53% 

P12b and 12% P12c, relative ratios determined by GC) 1H-NMR (MeOD, 400 MHz) δ, ppm: 

4.27 (d, J = 7.8 Hz, 1H), 3.91 (d, J = 7.8 Hz, 1H), 3.78-3.65 (m, 2H), 3.57 (q, J = 7.4, 6.6 Hz, 

1H), 3.40-3.23 (m, 4H), 3.23-3.14 (m, 1H), 1.73-1.59 (m, 2H), 1.58-1.37 (m, 4H), 1.16 (s, 2H). 

13C{1H}-NMR (MeOD, 100 MHz) δ, ppm: 103.0, 76.7, 76.5, 73.7, 70.3, 69.4, 67.1, 61.4, 38.5, 

29.4, 22.1, 21.9. HRMS(ESI+) m/z calculated for C12H24O7 [M+Na]+ 303.1414, found 

303.1418. 

 

 (P13a) The sample is a mixture of P13a and 

P13b. For more details of the spectroscopic characterization see section 9. HRMS(ESI+) m/z 

calculated for C15H20FN3O7 [M+Na]+ 396.1177, found 396.1178. 

 

 (P13b) Purification by flash chromatography 

on silica gel (SiO2; EtOAc/MeOH 9/1) gave the product as a colorless oil (50% yield) 1H-NMR 

(D2O, 400 MHz) δ, ppm: 8.00 (d, J = 6.0 Hz, 1H), 5.71 (s, 1H), 4.39-3.93 (m, 5H), 3.90-3.69 

(m, 2H), 1.79-1.59 (m, 2H), 1.48 (q, J = 7.5 Hz, 2H), 1.39 (d, J = 6.3 Hz, 3H), 1.11 (d, J = 6.2 

Hz, 3H).13C{1H}-NMR (D2O, 100 MHz) δ, ppm: 154.3, 154.2, 128.8, 128.6, 91.8, 79.7, 74.5, 

74.0, 67.4, 66.9, 34.0, 24.2, 21.8, 17.2. HRMS(ESI+) m/z calculated for C15H22FN3O7 [M+Na]+ 

398.1334, found 398.1332. 
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 (P14a) Purification by flash chromatography on silica 

gel (SiO2; CH2Cl2/MeOH 9/1) gave the product as a colorless oil (5% yield). 1H-NMR (CDCl3, 

400 MHz) δ, ppm: 3.68 (s, 3H), 2.81-2.57 (m, 1H), 2.46-2.28 (m, 2H), 2.30 -2.12 (m, 2H), 2.08-

1.99 (m, 3H), 1.96 -1.75 (m, 4H), 1.56 -1.16 (m, 12H), 1.16 -1.05 (m, 4H), 1.03 (s, 3H), 0.93 

(d, J = 6.5 Hz, 3H), 0.69 (s, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 213.2, 174.7, 56.4, 

55.9, 51.5, 44.3, 42.8, 42.4, 40.7, 40.1, 37.2, 37.0, 35.5, 35.3, 34.9, 31.0, 31.0, 28.2, 26.6, 

25.8, 24.2, 22.7, 21.2, 18.3, 12.1. HRMS(ESI+) m/z calculated for C25H40O3 [M+Na]+ 411.2870, 

found 411.2877. 

  (P14b) Purification by flash chromatography on 

silica gel (SiO2; CH2Cl2/MeOH 9/1) gave the product as a colorless oil (34% yield) that 

crystallizes upon standing. 1H-NMR (CDCl3, 400 MHz) δ, ppm: 4.05-4.00 (m, 1H), 3.68 (s, 3H), 

2.41-2.38 (m, 1H), 2-36-2.24 (m, 1H), 2.19-1.69 (m, 5H) 1.65-1.55 (m, 7H), 1.45-1.30 (m, 9H) 

1.15-1.09 (m, 4H) 0.92 (d, 6H) 0.66 (s, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 174.8, 

75.7, 68.1, 56.5, 55.8, 51.5, 43.1, 42.5, 41.9, 39.8, 39.7, 37.0, 35.4, 35.0, 31.1, 31.0, 30.0, 

29.7, 28.7, 28.1, 24.2, 21.1, 18.2, 16.3, 12.0. HRMS(ESI+) m/z calculated for C25H42O4 

[M+Na]+ 429.2975, found 429.2975. Structure was confirmed by single crystal X-ray diffraction 

analysis. Crystals were obtained by slow evaporation of a CHCl3 solution of the compound. 

 

Crystal-Structure Determination of P14b  

Colorless crystals of C25H42O4, were grown from CHCl3, and used for low temperature (100(2) 

K) X-ray structure determination. The measurement was carried out on a Bruker D8 QUEST 

ECO diffractometer using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) from an 

x-Ray Tube. The measurements were made in the range 2.74 to 23.40° for θ. Full-sphere data 

collection was carried out with ω and φ scans. A total of 5671 reflections were collected of 

which 4883 [R(int) = 0.0225] were unique. 
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Structure solution and refinement was done using SHELXTL15. The structure was solved by 

direct methods and refined by full-matrix least-squares methods on F2. The non-hydrogen 

atoms were refined anisotropically. The H-atoms were placed in geometrically optimized 

positions and forced to ride on the atom to which they are attached.  

Final R indices [I>2sigma(I)]  R1 = 0.0597, wR2 = 0.1292  

R indices (all data)   R1 = 0.0951, wR2 = 0.1436 

 

 

 

 (P14c) Purification by flash chromatography on 

silica gel (SiO2; CH2Cl2/MeOH 9/1) gave the product as a colorless oil (18% yield) 1H-NMR 

(CDCl3, 400 MHz) δ, ppm: 4.07-4.03 (m, 1H), 3.67 (s, 3H), 2.36-2.22 (m, 4H), 1.99-1.59 (m, 

10H), 1.43-1.06 (m, 16H), 0.92 (s, 6H) 0.64 (s, 3H). 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 

174.8, 71.5, 68.0, 56.2, 55.4, 51.5, 48.5, 42.8, 40.0, 39.9, 36.0, 35.6, 35.4, 34.9, 34.8, 31.1, 

31.0, 30.1, 29.3, 28.1, 24.2, 23.5, 20.8, 18.3, 12.02.  HRMS(ESI+) m/z calculated for C25H42O4 

[M+Na]+ 429.2975, found 429.2971.  

 

 (P15a) Purification by flash chromatography on silica 

gel (SiO2; CH2Cl2/MeOH 9/1) gave the product as a colorless oil (8% yield) the sample is a 

mixture of P15a and S15. 13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 211.9, 174.7, 70.9, 55.7, 
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54.9, 51.5, 44.4, 43.8, 43.4, 40.0, 39.4, 37.0, 36.4, 35.2, 34.4, 31.1, 31.0, 28.6, 26.8, 23.4, 

21.7, 18.4, 12.1. The two quaternary carbons are not detected due to low amount of sample. 

HRMS(ESI+) m/z calculated for C25H40O4 [M+Na]+ 427.2830, found 427.2819.  

 

 (P15b) Purification by flash chromatography on 

silica gel (SiO2; CH2Cl2/MeOH 9/1) gave the product as a colorless oil (17% yield) 1H-NMR 

(CDCl3, 400 MHz) δ, ppm: 4.06-4.00 (m, 1H), 3.69 (s, 3H), 3.51 (s, 1H), 2.40-2.34 (m, 1H), 

2.26-2.21 (m, 1H), 1.95-1.69 (m, 11H), 1.49-1.25 (m, 12H), 0.96-0.93 (m,6H), 0.69 (s, 3H). 

13C{1H}-NMR (CDCl3, 100 MHz) δ, ppm: 174.7, 75.0, 72.3, 67.6, 55.8, 54.9, 51.5, 46.1, 43.5, 

43.0, 43.0, 41.3, 39.8, 39.2, 35.3, 31.1, 31.0, 29.8, 29.6, 28.7, 26.9, 21.3, 18.4, 16.4, 12.1. 

HRMS(ESI+) m/z calculated for C25H42O5 [M+Na]+ 445.2294, found 445.2927.  
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