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Introduction 

In organic synthesis, there is an enormous toolbox of methods for different chemical 
transformations, although the tools are not universal and in many cases a new type of 
substrate demands a specific chemical instrument. This creates the need for the 
constant development of new procedures in order to overcome substrate-caused 
limitations. Nowadays, efficiency, safety and environmental feasibility are the key 
words in the development of new procedures for chemical syntheses. These are the 
driving forces behind discovering new and improving previously known methods, 
modifying them and in many cases, applying nature-inspired catalysts to achieve better 
stereo-, chemo- and enantioselectivities.  

Oxidation is one of the fundamental reactions in organic chemistry, as well as in 
living organisms. In the year 2016, nearly 50,000 articles on oxidation reactions were 
published according to Web of Science, and there has been a steady increase in them 
over the recent years. 

Substituted cyclopentane-1,2-diones are reactive organic molecules which undergo 
many chemical reactions. The reaction pathway usually depends on the reagent and 
the substrate structure: the nature of the substituent, keto-enol equilibrium etc. In 
oxidation reactions, these compounds may be oxidized in different ways and to 
different extents. Substituted cyclopentane-1,2-diones can also be epoxidized, 
hydroxylated and oxidatively cleaved in different ways (via a Baeyer-Villiger reaction, 
1,2-diol cleavage etc.), yielding a variety of products: keto-epoxides, 3-hydroxylated 
1,2-diketones, dicarboxylic acids, lactone carboxylic acids, ketoacids and diketoacids 
(Scheme 1). Since the products of these oxidation reactions are useful intermediates for 
the synthesis of many compounds, the development of chemo- and stereoselective 
methods of oxidation is of great value and importance. 

 

 
 

 
The present thesis summarizes the recent progress made by us in the oxidation of 
substituted cyclopentane-1,2-diones.  

The Sharpless catalyst has been used for the asymmetric oxidation of cyclopentane-
1,2-diones for around two decades now. In the present work, a general method has 
been described by using a non-stoichiometric amount of the catalyst for the synthesis 
of different dicarboxylic acids (transforming to lactone carboxylic acids) with high 

Scheme 1. Oxidation products of substituted cyclopentane-1,2-diones. 
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enantioselectivity, which completes this series of studies on the synthesis of 
enantiomeric lactone carboxylic acids. We also made an attempt to obtain 
enantiomeric ketoepoxides: valuable multifunctional intermediates for chemical 
synthesis. Furthermore, we studied the properties of epoxides of substituted 
cyclopentane-1,2-diones under kinetic resolution conditions and developed a method 
for the synthesis of enantiomerically enriched epoxides, as well as cyclic dihydroxy 
acetals.  

Possibilities of using organocatalysts for the oxidation of substituted cyclopentane-
1,2-diones were also studied. However, it was found that the reaction is not efficient: 
different types of products in small amounts were formed. The thesis also covers the 
oxidative cleavage of substituted cyclopentane-1,2-diones with metalloporphyrins, 
including using molecular oxygen from air as an oxidant, resulting in the ring cleavage 
products dicarboxylic acids, ketoacids and diketoacids (Scheme 1). 
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Abbreviations (optional) 

Ac acetyl 

AcOH acetic acid 

BINOL 1,1'-Bi-1-naphthol 

Bn benzyl 

Boc tert-butyloxycarbonyl 

Bz benzoyl 

BTSP bis(trimethylsiloxy)phosphine 

Cy cyclohexyl 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DET diethyl tartrate 

(DHQ)2PHAL hydroquinine 1,4-phthalazinediyl diether 

ee enantiomeric excess 

GLC gas-liquid chromatography 

HF x Py hydrogen fluoride pyridine complex 

iPr isopropyl 

mCPBA meta-chloroperbenzoic acid 

MOF metal-organic framework 

MOM methoxymethoxy 

MP metalloporphyrin 

NADH nicotinamide adenine dinucleotide 

NMR nuclear magnetic resonance  

OEP octaethylporphyrin 

Ph phenyl 

PhI iodobenzene 

PhIO iodosobenzene 

PTC phase transfer catalyst 

SAE Sharpless asymmetric epoxidation 

tAm tert-amyl 

TBAF tetra-n-butylammoniumfluoride 

TBS tert-butyldimethylsilyl 

tBuOH  tert-butanol 

tBuOOH tert-butylhydroperoxide 

THF tetrahydrofuran 

TPFPP tetra(pentafluoro)phenylporphyrin 

TPP tetraphenylporphyrin 
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1 Literature overview 

The overview covers the oxidation methods of different compounds, focusing on the 
oxidation systems used in this work. In addition, the uses and reactions of epoxides and 
lactone acids are discussed, providing insight into their practical value. 

1.1 Oxidation methods  

Oxidation reactions are generally considered to be the addition of an atom more 
electronegative than carbon, or the loss of a hydrogen atom from a molecule. In this 
overview, we use the term oxidation only to refer to the addition of an oxygen atom to 
a molecule. Some widely used oxidation reactions are the dihydroxylation, epoxidation 
and oxidative cleavage of alkenes, the oxidation of alcohols to aldehydes and carboxylic 
acids, and amines to amides and nitriles, and the oxidation of many other functional 
groups, such as β-lactams, phenols, hydrocarbons, carbonyl compounds and sulfides.1  

Of the enormous number of methods in the literature, we focus on the methods of 
oxidation of the double bond, mainly epoxidation, the oxidative cleavage of double 
bonds and the Baeyer-Villiger oxidation at a carbonyl group. The interest in the 
development of efficient, sustainable and environmentally friendly processes is 
increasing, and this is also the case with oxidation reactions.  

1.1.1 Epoxidation 
Epoxidation is a widely used chemical procedure in laboratory and industrial processes. 
Epoxidation reactions can be performed with direct peroxide oxidation, by using 
transition-metal catalysis, by using organocatalysts, with manganese catalysts etc. All of 
these methods have different environmental impacts that must be considered by 
chemists. Even simpler oxidation processes, such as the production of propylene oxide 
(one of the more important starting compounds in the chemical industry), which is 
commonly based on chlorohydrin,2 have several disadvantages, including the formation 
of chlorinated 1,2-dichloropropane and dichloroisopropyl ethers as by-products. For 
this reason no new chlorohydrin plants are being built.3 In the competing 
hydroperoxide process,4 the alkane is peroxidized to an alkyl-hydroperoxide that reacts 
with propene, producing propene oxide and an alcohol. Compared with the 
chlorohydrin process, it is more selective and produces less waste. However, the 
method produces unwanted co-products, and yet more efficient epoxidation methods 
are needed.  

In transition metal catalysis for epoxidation, there are several terminal oxidants 
available, such as hydroperoxides, hypochlorite and iodosylbenzene, which are 
unfortunately not efficient in terms of active oxygen content. However, they usually 
offer better product selectivity than the environmentally and ecologically preferable 

oxidation reactant:molecular oxygen (Table 1).1 
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Table 1. Oxidants used in transition metal-catalysed epoxidations, and their active oxygen 
content. 

 
The catalytic processes are more reactive and selective compared to hydrogen 
peroxide. With transition metals, such as titanium, vanadium, molybdenum and 
tungsten, tert-butyl hydroperoxide is often used as the terminal oxidant, as in the case 
of Sharpless asymmetric epoxidation.5 Hydrogen peroxide, however, can give better 
results in cases of heterogeneous titanium(IV)-silicate catalysts (TS-1), where the 
substrates are adsorbed in the micropores of the catalyst, thus preventing the 
inhibition of oxidation by water.6 In the field of homogeneous catalysis, sodium 
tungstate, (aminomethyl)phosphonic acid and methyltri-n-octylammonium bisulfate in 
2:1:1 ratio have been found to catalyse the epoxidation of different alkenes with 
hydrogen peroxide as a terminal oxidant, without the use of chlorinated solvents (Table 
2).7 

 
Table 2. Tungsten-catalysed epoxidation with hydrogen peroxide. 

 
 

No. Alkene Time (h) Conversion (%) Yield (%) 

1 1-octene 2 89 86 
2 1-decene 2 94 93 
3* 1-decene 4 99 99 
4* allyl  octyl ether 2 81 64 
5* styrene 3 70 2 

*20 mmol alkene in 4 mL toluene 

 
Even though the selectivities of the often used terminal oxidants are better than that of 
molecular air oxygen, epoxidation reactions are also performed with O2, for example by 
using manganese catalysts.8 Of the catalytic systems, manganese-based systems are 
among the most developed. For example, a chiral manganese porphyrin-based metal-
organic framework complex has been proposed as a catalyst for the epoxidation of 
alkenes with molecular oxygen (Scheme 2).9 The oxidation mechanism involves the 
incorporation of one oxygen atom of the oxygen molecule into the epoxide while the 
other is transferred to the added co-reductant.10 The main drawback of that system is 

Oxidant Active oxygen content (wt.%) Waste product 

Oxygen (O2) 100 Nothing or H2O 
Oxygen (O2)/reductor 50 H2O 

H2O2 47 H2O 
NaOCl 21.6 NaCl 

CH3CO3H 21.1 CH3CO2H 
tBuOOH (TBHP) 17.8 tBuOH 

KHSO5 10.5 KHSO4 
BTSP 9 hexamethyldisiloxane 
PhIO 7.3 PhI 
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the narrow scope of suitable substrates and the fact that the epoxidation of (Z)-olefins 
leads to significant amounts of trans-epoxide as a byproduct.8  

 

 
Scheme 2.  Epoxidation of styrene using MOF-525-Mn and molecular oxygen. 

 
As iron is the most common metal on earth and it acts as an oxygen carrier in biological 
systems, cheap and environmentally friendly iron-containing systems are also used for 
oxidation. For example, Simonneaux et al. used a chiral iron porphyrin for the 
epoxidation of substituted styrenes with the products obtained in 8-70% ee.11 The 
drawback common with most Fe and Mn systems that use H2O2 as the oxidant is the 
decomposition of the hydrogen peroxide, which leads to its overconsumption.8 

Ruthenium-containing systems have been developed by Che et al., using a chiral 
ruthenium porphyrin for the epoxidation of conjugated olefins with molecular oxygen 
without reductant, achieving ee values up to 73%.12 However, these catalyst systems 
are rather underdeveloped because of their high catalyst loading (5 mol%), limited 
substrate scope and low enantioselectivities compared to Mn- and Fe-based systems. 

1.1.2 Oxidation of carbonyl compounds 
Carbonyl compounds, such as aldehydes (alkanals) and ketones (alkanones), can be 
oxidized with different methods to obtain carboxylic acids and their derivatives.1 For 
aldehydes, the oxidants can be metal-free, such as oxygen13 and peroxides,14 or metal-
based, such as manganese,15 chromium,16 copper17 and silver,18 or several halogen-
based oxidants.19  

Keto-enol tautomerism creates a C=C bond which can undergo epoxidation. The 
oxidation of ketones predominantly occurs through the oxidation of its enol or enolate 
form. This can result in α-hydroxy ketones through the rearrangement of unstable 
epoxide intermediates (Scheme 3).20 This feature has been used by chemists to create 
synthetically valuable compounds. 

 

 
Scheme 3. Epoxidation of an enol.20 
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For example, proline catalysts and PhIO or trans-2-(p-methylphenylsulfonyl)-3-
phenyloxaziridine as an oxidant have been used to synthesize various α-hydroxy 
ketones through an enamine form, with up to 77% ee (Scheme 4).21 

 
 

Scheme 4. Direct organocatalytic asymmetric a-oxidations of ketones. 

 
Using the Sharpless complex, our group has shown that optically active hydroxylated 
products can be obtained with high ee values (up to 97%) and with reasonable 
conversions (up to 58%) under epoxidation conditions (Scheme 5).22,23  

 

 
 

Scheme 5. Asymmetric α-hydroxylation of ketones.  

 
The Baeyer-Villiger oxidation24 is one of the most well-known reactions in organic 
synthesis and a variety of carbonyl compounds can be oxidized using this method: 
ketones to esters, cyclic ketones to lactones, benzaldehydes to phenols and carboxylic 
acids to anhydrides.25 The carbon-carbon bond cleavage at the carbonyl group can 
result in carboxylic acids by Baeyer-Villiger oxidative rearrangements of ketones. When 
the ketone is asymmetrical, the migrating group in the cleavage using Baeyer-Villiger 
oxidation depends on the migratory aptitude, and is generally the more electron-
releasing and substituted one.26,27 This feature of the reaction has been widely used in 
organic synthesis (Scheme 6). 

 

 

Scheme 6. Baeyer-Villiger oxidation. 
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The Baeyer-Villiger oxidation employing metal catalysts has been conducted with 
hydrogen peroxide and platinum complexes (Figure 1, I),28 palladium complexes (Figure 
1, II),29 cobalt-salen complexes (Figure 1, III) 30 and second-generation zirconium-salen 
complexes (Figure 1, IV).31 Examples of metal-free systems for Baeyer-Villiger oxidation 
include those using chiral bisflavanium perchlorates (Figure 1, V),32 BINOL-derived 
phosphoric acids (Figure 1, VI) 33 and oligopeptide catalysts (Figure 1, VII).34  

 

 
 

 

1.1.3 Sharpless catalyst 
Barry Sharpless was awarded the Nobel prize in 2001 for his major contributions in the 
field of asymmetric epoxidation, which has been recognized as one of the most 
important achievements of synthetic chemistry in the last decades. The discovery 
involves a metal-catalysed asymmetric epoxidation process, using (+)- or (–)-diethyl 
tartrate, titanium tetraisopropoxide to build a catalytic complex with the substrate and 

Figure 1. Metal-based and metal-free catalysts for asymmetric Baeyer-Villiger oxidation. 

 
Simple acyclic ketones can be oxidized and cleaved using a haloform reaction, as well as 
cyclic ketones and functionalized ketones with substituents in the α-position. Together 
with carboxylic acids, dicarbonyl compounds are formed.1  

For the oxidation of ketones, other catalysts, such as copper salts, can also be used 
to create oxidative cleavage of the substrate (Scheme 7).17  

 

 
 

Scheme 7. Oxidative cleavage of cycloalkanones with copper and oxygen.35 
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tBuOOH, affording a high level of asymmetric induction for the allylic alcohol (Scheme 
8).5  

In Scheme 8 it can be seen that in the catalytic system the olefinic unit is placed on a 
plane with the hydroxymethyl moiety at the bottom right, (+)-DET as an asymmetric 
inducer leads to oxygen addition from the bottom while the use of (–)-DET leads to 
oxygen addition from the top.5 The enantioselectivity of this reaction mainly depends 
on the different substituents at the substrate (allylic alcohol), while titanium 
tetraisopropoxide as the source of the titanium species and tert-butylhydroperoxide as 
an oxidant are the reagents of choice to obtain epoxy alcohols. It must be taken into 
consideration that epoxy alcohols are sensitive to a ring-opening process,36 a property 
which can be used for the kinetic resolution of ketones. 

 
 

 
The catalyst for Sharpless epoxidation is a bimetallic Ti-complex that binds together 
two tartaric esters (asymmetric inducer), hydroperoxide (reagent) and allylic alcohol 
(substrate) (Scheme 9). In the catalytic species, the hydroperoxide occupies the 
equatorial site and one of the axial sites (the lower one because of sterical demands), 
and the allylic alcohol is in the remaining axial site.  

 
 

 
To transfer the oxygen atom, the distal oxygen is placed in the equatorial position. In 
the epoxidation process, the dihedral angle for the allylic moiety is very small (O-C-C=C, 

Scheme 8. Sharpless epoxidation oxygen addition. 

 

Scheme 9. Sharpless epoxidation mechanism. 
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ca. 30°), which explains the lower enantioselectivity for Z-substituted substrates 
(Scheme 9).36,37 

The Sharpless complex can be used both for the enantioselective epoxidation of 
prochiral primary allylic alcohols and for the kinetic resolution of racemic secondary 
allylic alcohols.38 The enantioselectivity of the Sharpless epoxidation reaction of 
secondary allylic alcohols comes from the kinetic resolution reaction, where one of the 
enantiomers reacts much faster than the other. This dependence from relative rate can 
be seen in Figure 2. 

 

 

 
The finding of Sharpless has largely expanded the scope of asymmetric synthesis to 
produce antibiotics, anti-inflammatory drugs and the like.39 Even recently, the Sharpless 
asymmetric epoxidation has been used as a key synthetic step in the synthesis of many 
biologically active compounds, including sauropunols A-D (antibacterial, anti-
inflammatory and analgesic compounds,40 Scheme 10), (6R,7R,8S)-8-chlorogonodiol 
(anti-inflammatory properties, scheme 11),41 and a truncated calyculone H analogue 
(containing the basic ring system, which may be the key pharmacophore to interact 
with cellular targets for anticancer properties, Scheme 12).42  

 

 

 
 

 

Figure 2. Dependence of enantiomeric excess on relative rate.38  

 

Scheme 10. Synthesis of sauropunols A-D.  

Scheme 11. Synthesis of (6R,7R,8S)-8-chlorogonodiol. 
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1.1.4 Use of Sharpless catalyst for the oxidation of ketones 
While the Sharpless catalyst has mostly been used for the oxidation of allylic alcohols, 
yielding enantiomerically enriched epoxyalcohols as products, there are also other uses 
for the complex, e.g. the asymmetric oxidation of sulphur.43 By using a modified 
procedure, the use of the Ti/TADDOL/tBuOOH complex in the oxidation of 
cyclobutanones to lactones via Baeyer-Villiger oxidation has been studied in our group 
(Scheme 13).44  

 

 
It has been shown that the Sharpless complex can also be applied for the oxidation of 
cyclopentane-1,2-diones.45  The reaction proceeds via a cascade that first includes 
epoxidation (resulting in an α-hydroxylation product), followed by Baeyer-Villiger 
oxidation and acylation. In all cases, the epoxide is an intermediate.46, 47,48 As a result, 
lactone carboxylic acids are formed as the main products (Scheme 14). 

 
Scheme 14. Oxidation of 3-alkyl cyclopentane-1,2-diones under Sharpless oxidation conditions. 

Scheme 12. Synthesis of truncated calyculone H.  

 

Scheme 13. Baeyer-Villiger oxidation using a modified Sharpless catalyst. 
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When investigating the mechanism of oxidation, it was found that after the initial 
epoxidation step, Baeyer-Villiger oxidation occurs, resulting in diacids 2 and lactone 
carboxylic acids 2’.49 For example, under Sharpless conditions epoxidation has been 
considered the possible rate-limiting step in the oxidation of these cyclic compounds 
and the Baeyer-Villiger oxidation has subsequently proceeded, cleaving the cycle. 
Scheme 15 represents the whole process.  

 
 

Scheme 15. Baeyer-Villiger oxidation after the forming of epoxide 5.49  

 
The results using the Sharpless catalyst in the oxidation of 1,2-cyclic diketones are 
presented in Table 3 where it can be seen that using the method, it is possible to obtain 
enantiomeric 2-alkyl-2-hydroxyglutaric acid γ-lactones and DAG-lactone templates. 

 
Table 3. Asymmetric oxidation of 3-alkyl-1,2-cyclopentanedione with Sharpless catalyst.50 

 
 

 
Furthermore, while a great deal of progress has also been made in the field of the 
oxidation of cyclic 1,2-diketones, using the Sharpless catalyst in stoichiometric amounts 
has so far remained a problem: the best results have been obtained with a 
Ti(OiPr)4/DET/tBuOOH ratio of 1/1.6/2.5 and the ratio of Ti(OiPr)4 to the substrate 1:1. 

To conclude, the oxygenation reactions mentioned in 1.1.1-1.1.4 have room for 
improvement in the field of selective reactions using environmentally benign oxidants 
and solvents. The most extensively used complexes for asymmetric oxygenation 
catalysis are ones involving transition metals, and organocatalysts are less used 
because of their low activities and efficiencies. However, they might be complementary 

 
No. 

 
Substrate 

 
R 

Isolated lactone acid 2’ 
Yield (%) ee (%) 

1 1a -CH3 75 93 
2 1b -C2H5 72 93 
3 1c -CH2-OBn 75 96 
4 1d CH2CH2-OMOM 69 94 
5 1e -CH2CH2-OBn 71 95 
6 1f -Bn 83 96 
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to metal catalysts.8 Also, the revealed unique properties of the Ti/DET complex for the 
3-alkyl cyclopentane-1,2-diones revealed the need to explore further opportunities for 
asymmetric synthesis. The opportunities to selectively obtain epoxides and other 
primary oxidation products are of the greatest interest. 

1.1.5 Organocatalysis for oxidation reactions 
Organocatalysis has emerged as a great alternative for metal-catalysed enantioselective 
oxidation reactions. For epoxidation, different organocatalytic approaches have been 
developed. One of the possibilities is the use of a ketone catalyst (Scheme 16), where, 
according to the mechanism, only a catalytic amount of ketone is needed, and the 
possibility of asymmetric epoxidation arises when chiral ketone catalysts are used. The 
development of a well-functioning system has, however, proved to be challenging.51 
The first reported asymmetric epoxidation of trans-β-methylstyrene and 1-
methylcyclohexene was accomplished by Curci and co-workers, who used (+)-
isopinocamphone (Figure 3, VIII) and (S)-(+)-3-phenylbutan-2-one (Figure 3, IX) as the 
ketone catalysts.52 Replacing the simple ketones with those containing a 
trifluoromethyl group (Figure 3, X and XI) increased the rate of the epoxidation 
reaction.53 

 

 
 

 

Figure 3. Earlier ketone organocatalysts for epoxidation. 

 
The ketones used for the epoxidation of olefins can be C2-symmetric,54 ammonium 
ketones,55 bicyclo[3.2.1]octan-3-ones,56 carbocyclic ketones57 and ketones with an 
attached chiral moiety.58 It is also possible to use chiral iminium salts,59 where the 
iminium salt catalyst is regenerated upon epoxidation (Scheme 17).51  

  

Scheme 16. Ketone-catalyzed epoxidation of olefins. 
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Oligopeptides are also attractive catalysts for asymmetric transformations, and were 
first proposed by the Juliá-Colonná method for epoxidation.60 There are also phase-
transfer catalysts,61 secondary and primary amines62 and cyclodextrins63 used as 
catalysts. 

In the synthesis of valuable ketoepoxides, polyamino acids are used as catalysts: the 
initial triphasic system (substrate in organic solvent treated with sodium hydroxide 
containing hydrogen peroxide and insoluble gel-like polyamino acid) can be replaced 
with a two-phase non-aqueous system, composed of a urea-hydrogen peroxide 
complex as an oxidant with a non-nucleophilic base or sodium percarbonate as a source 
of oxidant and base.64 With three-phase systems, a phase-transfer co-catalyst or 
sodium percarbonate can be used as an oxidant/base and in this method, where the 
PLL catalyst is prepared in an improved manner, using high-temperature polymerisation 
of L-Leu-NCA, no pre-activation of the polyamino acid catalyst is necessary, the reaction 
time is decreased and, in some cases, the enantioselectivity is increased (Scheme 18).65 

 

 
 

 
In asymmetric epoxidation reactions with phase transfer catalysts, the initial studies 
were made by Wynberg et al. in a biphasic Weitz-Scheffer epoxidation where α,β-
epoxyketones were afforded with up to 54% ee values using chiral ammonium salts 
derived from cinchona alkaloids.66 Further developments of the approach have been 
made by the groups of Lygo and Corey (Scheme 19). Lygo and co-workers 
demonstrated the use of PTC XII, where a 10 mol% loading in combination with NaOCl 
at room temperature afforded epoxides in yields up to 99% and enantioselectivities up 
to 90% with different substrates.67 Corey’s group demonstrated the possibility of using 
KOCl as an oxidant with the same catalyst in toluene at a lower temperature (-40°C).68 
Lygo’s group also optimized the parameters for catalyst XIII, lowering the catalyst 
loading to 1 mol%.69  

Scheme 17. Catalytic cycle for iminium salt-catalyzed epoxidation. 

 
 

Scheme 18. Epoxidation with polyamino acids. 
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It is also possible to get Baeyer-Villiger oxidation products by using organocatalysis. For 
example, 10-methylacridinium perchlorate has been used as an effective catalyst with 
hydrogen peroxide.70 The problems with enantioselectivity have been solved by using 
chiral flavinium salts with a basic co-catalyst (cinchona alkaloid dimer) to obtain 
lactones with high stereoselectivity (Scheme 20).71 

 

 

 
Significant advances have been made in the field of chiral organocatalysis to obtain 
valuable building blocks for the synthesis of biologically active compounds and 
pharmaceuticals. However, there is still room for improvement, especially for 
enantioselectivity, catalyst loading and substrate scope. 

1.1.6 Metalloporphyrins for epoxidation and oxidative cleavage 
Porphyrins and their derivatives are intense coloured macrocyclic compounds found in 
nature. They have been intensely investigated because of their role in life processes 
(chlorophyll a and heme b are metalloporphyrin derivatives; see Figure 4).  

 

Scheme 19. Epoxidation with PTC. 

 

Scheme 20. Baeyer-Villiger oxidation with organocatalysts. 
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Metalloporphyrins are well known as a prosthetic group of proteins and enzymes called 
hemoproteins.72 Ever since the discovery of cytochrome P450, the use of 
metalloporphyrin catalysts has become an alternative for oxidation reactions73 to 
substitute the stoichiometric use of such oxidizing agents as strong inorganic acids, 
peroxyacids or toxic oxo-metal oxidants.74  

In oxidation reactions, they utilize common metal-oxygen intermediates in their 
mechanistic cycles. These are metal-superoxo (O2

•‒),  -peroxo (O2
2‒),  -hydroperoxo 

(OOH‒) and -oxo (O2‒) (Scheme 21).75 
 

 
 

Scheme 21. Common metal-oxygen intermediates utilized by metalloproteins. 

 
Metalloporphyrins can be divided into three generations (Figure 5) based on their 
structures.76 The first generation porphyrins have no substituents in the aryl moiety at 
the meso positions (such as Fe(TPP)Cl), the second generation porphyrins are meso-
phenyl-substituted and have electronegative and bulky groups (such as meso-
tetrakis(pentafluorophenyl)porphyrin iron(III) chloride), and the third generation 
porphyrins have electron-withdrawing groups (such as halogens) in the β-pyrrole 
positions of second generation porphyrins. The reason for the development of second 
and third generation porphyrins was to overcome the oxidative degradation of the first-
generation porphyrin. The second-generation porphyrins are more resistant to 
degradation because of the hindered approach of the oxidants to the reactive meso-
positions. The third-generation porphyrins have the added benefit of an increase in the 
electrophilicity of the metal-oxo active species.77 

Figure 4. Metalloporphyrin derivatives involved in life processes. 
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The biggest challenge regarding the use of metalloporphyrins as catalysts is definitely 
the difficulty of their synthesis, which gives the macrocycle in 50% yields in the best 
cases, while normally ranging from about 10-20% (Scheme 22). The first reported 
synthesis of a porphyrin was accomplished by Rothemund in 1935,78 but the two most 
used methods up to now are the Longo-Adler79 and Lindsey80 methods. The Longo-
Alder method uses refluxing of aldehyde and pyrrole in propanoic acid to get the 
condensation product and, because it uses air for the oxidation of the porphyrinogen 
intermediate, it is not suitable for air-sensitive aldehydes. This problem can be 
overcome by using the Lindsey method, which is performed under argon and uses such 
oxidants as tetrachloro-1,4-benzoquinone (p-chloranil) or 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) to afford the final porphyrin product. 

 

 
Several oxygen atom donors have been used for the development of efficient P450 
biomimetic oxidation systems, the first ones being iodosylarenes, hypochlorites and N-
oxides, which only contain one oxygen atom and are well-adapted for the selective 
formation of metal-oxo intermediates.77 Iodosylbenzene and iodobenzene acetate are 
commonly used oxygen carriers for metalloporphyrin-mediated oxidation, and 
additives to prevent catalyst oxidative destruction, such as imidazole, are also used.81 

Figure 5. Three generations of metalloporphyrins. 

 

Scheme 22. Assembly of the porphyrin ring. 
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Many systems have used O2 as the oxygen atom source with Mn or Fe porphyrin 
catalysts. These systems also use a reducing agent, such as sodium borohydride,82 
ammonium borohydride, H2 in the presence of colloidal platinum, NADH analogues, 
ascorbate, Zn powder, Zn amalgam and aldehydes.77 For example, Murahashi et al. 
found that the aerobic oxidation of different alkanes, using cobalt, manganese and 
ruthenium porphyrins with meso-pentafluorophenyl groups afforded alcohols and 
ketones with high efficiency (Table 4).83 

A system based on Ru-porphyrin has also applied molecular oxygen without a 
reductant for the epoxidation of olefins, where the transfer of two oxygen atoms of O2 
to the alkene substrate takes place.84  

An example of another metalloporphyrin-mediated oxidation reaction without the 
use of reductants has been accomplished by Guo et al., who used simple iron, 
manganese and cobalt porphyrins to catalyse cyclohexane oxidation with air (Scheme 
23). In their reaction, the catalytic activity of cobalt was greater than that of iron or 
manganese (Table 5).85 

 

 
 

Scheme 23. Oxidation of cyclohexane with metalloporphyrins and oxygen. 

 
Table 4. Metalloporphyrin-catalysed oxidation of cyclohexane with molecular oxygen in the 
presence of acetaldehyde. 

No. Catalyst Yields* (%) Turnover 
number Alcohol Ketone Total 

1 Co(TPFPP) 11 64 75 1.70 x 104 
2 Mn(TPFPP)Cl 9.4 61 70 1.59 x 104 
3 Ru(TPFPP)(CO) 8.1 54 62 1.41 x 104 

*Determined by GLC analysis based on the starting acetaldehyde using an internal standard. It 
was assumed that 2 moles of aldehyde were necessary for ketone formation.83  

 
Table 5. Metalloporphyrin-catalysed oxidation of cyclohexane with molecular oxygen without 
additional solvents or reductants. 

 Co(TPP) Mn(TPP) Fe(TPP) 

Cyclohexane conversion (%) 15.0 11.9 8.54 
Yields of alcohol and ketone (%) 75.6 73.4 65.1 

Time until the yield maximum (h) 1.5 2.5 3.5 
Ratios of alcohol to ketone 0.91 0.97 0.94 

Catalyst mole turnover number 33937 26289 18866 
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While metalloporphyrins have been extensively studied over the past decades, 
limitations still exist in terms of reactivity, selectivity and suitable substrates. Also, the 
synthesis of the porphyrin cycle remains a challenge for synthetic chemists. 

1.2 Oxidation products as sources for natural and bioactive compounds 

1.2.1 Epoxides and their derivatives 
The cyclic epoxide moiety is a motif commonly found in different natural and bioactive 
compounds (Figure 6). For an example of cyclopentane epoxides, limonoids and their 
analogues, such as nimbinim 7, have anti-HIV activity.86 Another example is the 
cyclopentenone antibiotic methylenomycin A 8, which was isolated from the 
Streptomyces bacteria.87 A representative of cyclohexane epoxides is Escobarine A 9, a 
cassane diterpene found in the roots of Calliandra californica, which is used in herbal 
medicine and has shown significant inhibitory-growth activity against M. tuberculosis.88 

 

 

 
There are different methods to synthesise epoxides. For example, in the synthesis of 
Eutypoxide B (Figure 7), the different approaches of obtaining the epoxide moiety used 
were oxidation with mCPBA,89,90 tBuOOH with Triton B in THF91 or 30% aq. H2O2 with 
Triton B.92  

 

 
The use of hydrogen peroxide and peracids for the direct oxidation of alkenes is the 
main method for industrial applications. Some of them use the directing effect of an 
allylic alcohol moiety, and some are enantioselective. 

Since epoxides are very versatile in their functionality, it is possible for synthetic 
chemists to use them for regio- and stereoselective ring opening, oxidation, reduction, 
etc.37 Generally, the epoxide ring opening reactions can be either functional group 
transformations of the hydroxyl group, olefination at C1, deoxygenation to an allylic 
alcohol, reduction at C2 or epoxide opening at C2 or C3 (Scheme 24).93 

 

Figure 6. Examples of bioactive epoxides. 

 

Figure 7. Eutypoxide B. 

 



28 

 
 

 
The most common C1 transformations are oxidation to an aldehyde, halogenation and 
esterification. The reaction of epoxy alcohols with carbon nucleophiles, such as 
cuprates, leads to an epoxide opening at C2 with moderate regioselectivity. An epoxide 
opening at C3 yields 1,2-diols as products and the reagents used for this can be 
trimethylaluminium, oxygen, sulfur or nitrogen nucleophiles.93 

Chiral epoxy alcohols, such as 10, are also powerful and effective starting materials 
and intermediates in the synthesis of important compounds,93 for example jiadifenolide 
11 (Scheme 25), which is a potent neurotropic agent scarce in nature (1.5 mg per kg of 
Illicium jiadifengpi plant).94 

 

 
Since epoxides offer various further transformations and also are included in the 
composition of numerous natural compounds, the ongoing development of their 
synthesis is necessary. The enantioselective synthesis of epoxides is also of great 
importance. 

1.2.2 Lactones  
Gamma lactones are five-membered heterocyclic structures found in natural and 
bioactive compounds. Optically active γ-butyrolactones are a prominent class of chiral 
building blocks and numerous transformations can be performed on them because of 
the highly versatile functional group in the furanone structure. Because of these 
properties, the development of asymmetric synthetic strategies to assemble these 
compounds has attracted a great deal of attention among synthetic chemists.95  

Some L-lactones are commercially available and can be transformed into highly 
valuable L-sugars. For example L-galactono-1,4-lactone, which is a by-product of sugar 
production, can be used to prepare peracetylated L-galactose (Scheme 26).96 

 

Scheme 24. Reactions of epoxy alcohols. 

 

Scheme 25. Synthesis of jiadifenolide starting from a chiral epoxy alcohol. 
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Scheme 26. Synthesis of an L-sugar from an L-lactone. 

 
Commercially available (S)-γ-carboxy butyrolactone can be used in the synthesis of 
resolvin D3, a potent anti-inflammatory and pro-resolving lipid mediator (Scheme 27).97 
Lactone carboxylic acids can also be used for the total synthesis of a γ-lactone motif 
containing the natural products gonytolide C and G and lachnone C (Scheme 28).98 

 

 
 

Scheme 27. Total synthesis of resolving D3 based on enantiomerically pure starting materials. 

 

 
Scheme 28. Total synthesis of lactone motif containing natural products. 

 
It is also possible to obtain biologically active nucleoside analogues from lactones 
(Scheme 29). The method is suitable for the synthesis of nucleoside analogues with 
different alkyl substituents, which allows for the changing of the lipophilicity of the 
substituents and the achieving of the best antiviral and anticancer properties of the 
analogue.99 
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Scheme 29. Synthesis of 4’ -benzyl substituted nucleoside analogues. 

 
There are different ways to synthesize lactones and lactone acids for further 
transformations. For example, the above-mentioned Baeyer-Villiger reaction of 
cyclobutanones and oxidative cleavage and cyclization yields lactones and lactone 
carboxylic acids, depending on the substrate for the cyclization. Furanone derivatives 
can also be used as nucleophiles to obtain lactones with such reactions as an 
asymmetric Mukaiyama aldol reaction using a pyridinebis(oxazolinyl) Cu(II) complex as 
a catalyst.100 The future of the synthesis of biologically important gamma lactones as 
for other compounds involves the use of more environmentally friendly reagents that 
eliminate the need for metal catalysis. 
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2 Aims of the present work 

The general aim of the present work was to investigate the asymmetric oxidation of 
substituted 1,2-cyclopentanediones and find conditions for the selective formation of 
different synthetically useful oxidation products. 

Specific aims: 

 to elucidate the possibility and find conditions for the non-stoichiometric 
catalytic oxidation of substituted 1,2-cyclopentanediones, in order to 
increase the efficiency and practical usefulness of the process. 

 to elucidate the conditions and characteristics of competitive Sharpless 
epoxidation and enolate epoxidation of 4-hydroxy-substituted 
cyclopentane-1,2-diones.  

 to broaden the scope of use of the Sharpless complex to the kinetic 
resolution of epoxides, by studying the resolution of epoxyalcohols in order 
to obtain enantiomerically enriched products that cannot be achieved by 
using the Sharpless kinetic resolution of allylic alcohols. 

 to broaden the scope of oxidation catalysts for the oxidation of 3-
substituted cyclopentane-1,2-diones by using organocatalysts and 
metalloporphyrins. 
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3 Results and discussion 

3.1 Asymmetric oxidation of 3-alkyl-substituted cyclopentane-1,2-
diones  

3.1.1 Catalytic oxidation of 3-alkyl-substituted cyclopentane-1,2-diones (Publication I) 
The asymmetric oxidative cleavage of cyclopentane-1,2-diones with titanium 
isopropoxide/diethyl tartrate/tBuOOH catalytic complex resulting in enantiomeric 
lactone carboxylic acids is well documented.45,46,47,48,49 The reaction proceeded by using 
a stoichiometric amount of the Ti-catalyst. Now we have developed conditions for a 
non-stoichiometric process.  

3-benzyl-cyclopentane-1,2-dione 1f was chosen as the model substrate to find limits 
for the catalyst amount reduction without substantial loss of yield or enantioselectivity. 
(Scheme 30; Table 6). 

 
Scheme 30. Oxidation of 1f with the Sharpless complex. 

 
The Ti/substrate ratio was reduced from 1 to 0.1, while the amount of oxidizer tBuOOH 
remained the same and based on previous experiments the ratio of Ti/tartaric ester 
was kept at 1/1.6. It was very clear that the reduction of the complex amount affected 
the yield and ee values, decreasing both. An especially big effect was observed when 
the ratio of Ti/substrate was reduced to 0.1 (Table 6, No. 7). However, the important 
finding was that with 0.2 equivalents of the Ti reagent towards substrate, both the yield 
and ee values remained noticeably high (Table 6, No. 6), and at 0.3 Ti/substarte ratio 
the results were even slightly better (Table 6, No. 4 and 5). 

 
Table 6.a Oxidation of 3-benzyl cyclopentane-1,2-dione 1f with Ti/tartaric ester complex and 
tBuOOH at different Ti/substrate ratios. 

No. Ti(OiPr)4 (eq) (+)-DET (eq) tBuOOH (eq) Yield (%) eed (%) 

1 1 1.6 2.5b 83 96 
2 0.5 0.8 2.5b 78 93 
3 0.5 0.1 2.5c 42 25 
4 0.3 0.48 2.5b 71 91 
5 0.3 0.48 2.5c 72 93 
6 0.2 0.32 2.5c 69 91 
7 0.1 0.16 2.5b 26 68 

aSubstrate amount 1 mmol 
btBuOOH contains ~4% water 
canhydrous tBuOOH was used 
dee determined by chiral HPLC 

 
To prove the scope of the developed method the yields and ee values of the oxidation 
of 3-alkyl substrates with different functional groups in the chain by using 
stoichiometric and catalytic (Ti/substrate ratio 0.3) protocols were compared (Table 7).  
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Table 7. Oxidation of 3-alkyl cyclopentane-1,2-diones with Ti/tartaric ester complex and 
tBuOOH. 

 
No. Substrate  

1 
R Lactone acid 2’ 

Yield (%) ee (%) 
Stoich.a Cat.b Stoich.a Cat.b 

1 a -Me 75 69 94 94 
2 b -Et 72 - 93 - 
3 e -CH2CH2OBn 71c 69 95 94 
4 f -Bn 83c 72 96 93 
5 fc -Bn 62c 63 92 91 
6 fd -Bn - 68 - 92 
7 g -CH2CH2OH 80e 75f 95 90f 
8 h -CH2NHBoc 47 38 98 92 
9 i -CH2CH2NHBoc 69 66 98 92 

10 j -CH2CO2tAm - 58 - 94 
aRatio of substrate/Ti(OiPr)4/(+)-DET/tBuOOH 1:1:1.6:2.5; reaction time 48 h 
bRatio of substrate/Ti(OiPr)4/(+)-DET/tBuOOH 1:0.3:0.5:2.5; reaction time 48 h 
cReaction time 2 h  
dReaction time 4 h 
eSpirodilactone was obtained 
ftBuOOH contained 4% of water   

 
From the data of Table 7, one can conclude that the oxidation reaction tolerates a wide 
variety of substrates. The catalytic conditions are also mostly suitable. Only substrate 
1h led to poor results.  

It was previously found that Ti species participate in all steps of the cascade, 
catalysing not only the oxidation but also the epoxide re-arrangement and acylation 
reactions.49 Titanium is complexed to both the products and the reagent in this 
reaction. The possibility of a catalytic process hints at the equilibrium between 
Ti/product and Ti/substrate (Scheme 31), which is an important piece of knowledge for 
future oxidation reactions with similar substrates. 

 

 
 

Scheme 31. Prerequisite for the catalytic oxidation process. 
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An interesting problem arises from the possible oxidation of 4-hydroxy compounds, 
which can act as substrates for different processes: a Sharpless oxidation of allylic 
alcohols, enol oxidation and both (Scheme 32).  

 

 
 

Scheme 32. Possible pathways of oxidation of 4-hydroxy substrate 1k. 

 
To investigate this reaction, 4-hydroxysubstituted substrate 1k was synthesized and its 
oxidation was studied in more detail.  

 

3.1.2 Synthesis of 3-benzyl-4-hydroxy-substituted cyclopentane-1,2-dione 1k 
The synthesis of 3-benzyl-4-hydroxy-substituted cyclopentane-1,2-dione 1k started 
from cyclopent-2-ene-1,3-diol monoacetate 12. The ester group acts as a leaving group 
in an anti SN2’ reaction with a Grignard reagent (via R-ZnBr) in the presence of a Cu 
catalyst101 to afford a benzyl-substituted cyclohexene 13 with a hydroxyl moiety. The 
use of a picolinyl ester as the leaving group instead of the acetate group affords almost 
exclusive trans-selectivity.102 After dihydroxylation to diol 14 and modified Swern 
oxidation, 103 the expected product 1k was obtained (Scheme 33). 

 
 

 
 

Scheme 33. General scheme of the synthesis of 3-benzyl-4-hydroxysubstituted cyclopentane-1,2-
diones. 
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3.2 Oxidation of 3-benzyl-4-hydroxy-substituted cyclopentane-1,2-
dione 1k 

 
To understand the selectivity of the possible oxidation reactions, differently protected 
substrates 1k were prepared and their asymmetric oxidation using a Ti/tartaric 
ester/tBuOOH complex was studied (Scheme 34, Table 8).  
 

 
Scheme 34. Oxidation pathways of substrates 1k. 

 

Table 8.a Oxidation of 4-hydroxy 3-benzyl cyclopentane-1,2-diones with a Ti/tartaric 
ester/tBuOOH complex. 

No. Substrate Product 
Yield (%)/ee (%) 

Total 
yield, (%) 

drd 

1 rac-1k-4OTBS cis-2’k-4OTBS 
27/95 

trans-2’k-4OTBS 
27/97 

54 1:1 

2 rac-1k-4OTBSb cis-2’k-4OTBS 
26/95 

trans-2’k-4OTBS 
26/95 

52 1:1 

3 rac-1k-2OTBS cis-5k-2OTBS  
41/48 

Not detected 41 >20:1c 

4 rac-1k cis-2’k 
33/80 

trans-2’k 
11/70 

44 3:1 

aSubstrate/Ti(OiPr)4/(+)-DET/tBuOOH 1/1/1.6/2.5; CH2Cl2, 20°C, reaction time 48 h 
bCatalytic; substrate/Ti(OiPr)4/(+)-DET/tBuOOH 1/0.3/0.5/2.5; CH2Cl2, 20°C, reaction time 48 h 
cOnly one diastereomer detected 
dDetermined by NMR of isolated product 
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The asymmetric oxidation of rac-4-hydroxyl-protected diketone rac-1k-4OTBS 
proceeded via Pathway I and provided cis- and trans-diastereomers in 1:1 ratio with 
excellent enantioselectivity for both diastereomers (Table 8, No. 1). With this substrate, 
the catalytic conditions also afforded almost the same yield and selectivity as with a 
stoichiometric catalyst amount (Table 8, No. 2).  

With 2-protected substrate rac-1k-2OTBS, only a Sharpless oxidation occurred 
(Pathway II) and, as expected, allylic epoxide cis-5k-2OTBS was isolated in 41% yield. 
The enantioselectivity of the Sharpless oxidation of cyclic alkenes is moderate5 and we 
also obtained only 48% ee (Table 8, No. 3). In the case of enol oxidation (pathway I) the 
initial step was also epoxidation. However, in this case the formed initial hydroxy 
epoxide 5k-4OTBS was very unstable and immediately trasformed further.104 The 
finding of the possibility of isolating a stable epoxide cis-5k-2OTBS, which might be a 
valuable chiral intermediate, led us to further investigation of its chemical properties 
(Chapter 2.2). 

With all-unprotected substrate rac-1k where both pathways enol oxidation and 

Sharpless oxidation were possible and competing, the ring cleaved products cis-2’k 
and trans-2’k were obtained in 44% total yield with a 3:1 ratio of cis/trans isomers 
(Table 8, No 4). The enantioselectivity of the process was considerably lower than that 
for Reaction I and higher than that for Reaction II, which suggests that the rates of enol 
oxidation and Sharpless oxidation of the substrate were comparable. 

 

3.2.1 Epoxidation of 3-benzyl-4-hydroxy-substituted cyclopentane-1,2-dione 
(Publication II) 
With the protected enol 2-OH group of the 3-benzyl-4-substituted cyclopentane-1,2-
dione, the substrate acted as an allylic alcohol and oxidised according to Sharpless 
allylic oxidation (Scheme 34, Reaction II). This gave the opportunity to use Sharpless 
kinetic resolution of rac-1k-2OTBS to obtain the enantiomerically enriched substrate 
1k-2OTBS and also the enantiomerically enriched epoxyalcohol 5k-2OTBS (Scheme 35).  

 

 
 

Scheme 35. Sharpless epoxidation of 1k-2OTBS. 

 
The first kinetic resolution with Ti(OiPr)4/(+)-DET gave epoxide (–)-5k-2OTBS in 29% 
yield with 46% ee, isopropyl acetal (–)-15 in 7% yield and 14% ee, and diethyl tartrate 
acetal 16 in 21%. The ee value of the recovered substrate 1k-2OTBS was only 16% 
(Table 9, No. 1). The experiment was repeated with (–)-DET and the results differed 
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considerably. The reaction with (–)-DET resulted in epoxide (+)-5k-2OTBS in 26% yield 
and 74% ee, isopropyl acetal (+)-15 in 8% yield and 54% ee, and diethyl tartrate acetal 
16 in 18% yield; no unreacted substrate was recovered from this reaction (Table 9, No. 
2). The obtained result that (+)-DET and (–)-DET) gave different stereoselectivity values 
for (–)-5k-2OTBS and (+)-5k-2OTBS (46% and 74% ee, respectively) was surprising and 
emphasised the sensitivity of the reaction. 

The experiments with racemic substrate were repeated but the variations remained. 
(Table 9, No. 3 and 4). In all cases, together with the epoxide, acetals 15 and 16 formed. 
However, the variations in the epoxide/acetals ratio was also surprising. It was 
noteworthy that for both compounds (epoxide and acetal) the formation of only one 
diastereomer was observed.  

 
Table 9a Initial results for the kinetic resolution of rac-1k-2OTBS (Scheme 35). 

No. DET 5k-2OTBS 
yield (%)/ee (%) 

15  
yield (%)/ee (%) 

16 
yield (%) 

Unreacted 1k-2OTBS 
Yield (%)/ ee (%) 

1 (+) (–); 29/46 (–); 7/14 21 (–); 12/16 
2 (–) (+); 26/74 (+); 8/54 18 - 
3 (–) (+);48/38 (+); 2/52 13 (+); 37/2 
4 (+) (–); 36/38 (–); 2/62 19 (+); 27/6 

aReaction duration 1 day 

 
With these initial results, it was necessary to understand the reasons for differences of 
obtained stereoselectivities. 

We started to solve the first problem by using the enantiomerically enriched 
substrate 1k-2OTBS for oxidation to take advantage of the formation of 
“matched/mismatched” pairs with different DET enantiomers in the reagent complex. 

The enantiomerically enriched substrate 1k-2OTBS was prepared starting from 
enantiomeric cyclopentene diol monoacetate 12a (prepared by deacetalization of 
cyclopentene-1,4-diacetate with enzyme Novozym SP 435™)105 according to Scheme 33. 
Unfortunately, it was found that the removal of the 4-hydroxyl protecting group in 1k-
4OTBS with HCl, TBAF, HFxPy and AcOH racemised the product. (Scheme 36). 

 

 
 

Scheme 36. Racemisation of 1k-4OTBS during deprotection. 

 
It is possible to rationalise the racemisation as presented in Scheme 37, suggesting that 
racemisation occurs by forming a carbocation as an intermediate as one option. This 
assumption is supported by the formation of compound 17. 
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Scheme 37. Rationalisation of racemisation during deprotection of 1k-4OTBS. 

 
So we had to choose another route by using the enzyme Novozym™ in the acylation of 
diketone rac-1 (Scheme 38) and for the other enantiomer, Novozym using the 
deacylation of the obtained product (Scheme 39).106  

 

 
 

Scheme 38. Acylation reaction with Novozym enzyme. 

 
 

 
 

Scheme 39. Deacylation reaction with Novozym enzyme. 

 
With these enantiomerically enriched substrates, the epoxidation reaction was 
repeated with the substrate/reagent (+)/(—) and (—)/(+) combinations (Table 10) and 
also with the substrate/reagent (—)/(—) and (+)/(+) combinations (Table 11).  

In Table 10 it is seen that when the ee of the substrate is high, it is possible to get 
epoxides with high ee values from cyclic allylic alcohols (Nos. 1, 2 and 3). When the 
reaction time was increased to 3 days, the ee of the resulting epoxide was 90% and the 
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ee of the remaining substrate was 84% (Table 10, No. 2). It is noteworthy that in these 
experiments the acetals 15 and 16 were not detected. 

 
Table 10.a Epoxidation of enantiomerically enriched substrate 1k-2OTBS by using substrate/DET 
(+)/(—) and (—)/(+) pairs. 

 

No. DET Substrate; 
ee (%) 

Products 

Remaining 
substrate; 
Yield (%)/ 

ee (%) 

5k; 
yield (%)/ee (%) 

15; 
yield (%)/ee 

(%) 

16 

1 (+) (–);88 (–); 59/88 (–); 31/88 - - 
 2b (+) (–); 88 (–); 35/84 (–); 45/90 - - 
3 (–) (+); 99 (+); 32/99 (+); 54/99 - - 
4c (+) (–); 12 (–); 35/nd 48, ee nd 2/nd 16 
5c (–) (+); 74 (+); 32/82 (+); 63/92 1/nd 4 
6c (+) (–); 92 (–); 41/nd (–); 55/96 1/nd 2 

aReaction duration 1 day, all ee values obtained from chiral HPLC analysis of isolated products 
bReaction duration 3 days 
cConversions from RP-HPLC 

 
With the substrates of lower enantiomeric purity, the acetals appeared together with 
epoxides as reaction products in isolatable amounts (direct HPLC analysis of the 
product). It was clear that with a substrate with moderate ee value, acetals had formed 
in considerable amounts (Table 10, No. 4 and 5) and with a substrate of very high ee 
value, there was only very small amounts of acetals formed (Table 10, No. 6). 

For the substrate/DET (+)/(+) and (—)/(—) pairs with substrate ee value 88%, no 
separable amounts of acetals formed (Table 11, No. 3). Also the ee of the substrate 
remained unchanged during the reaction. The epoxide formed from the reaction had 
82% ee. This slight decrease in epoxide ee hinted at some chance of a different 
occurring reaction than just epoxidation. 

After repeated experiments with the substrate, the ee values were 94% (Table 11, 
No. 1) and 96% (Table 11, No. 2). It was seen that the ee value of the substrate had 
remained the same but the HPLC technique also made it possible to detect acetals. 
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Table 11.a Epoxidation of enantiomerically enriched substrate 1k-2OTBS by using substrate/DET 
(+)/(+) and (—)/(—) pairs. 

 

No DET Substrate; 
ee (%) 

Products 

Remaining 
substrate; 

yield (%)/ee (%) 

5k 
yield (%)/ee (%) 

15 
yield (%)/ee (%) 

16 

1  (+) (+); 94 (+); 52/99.5 (+); 35/100 (–); 1/90 12 
2b (–) (–);96 (–); 36/96 (–); 38/90 (–); 2/98 24 
3b (–) (–);88 (–);53/88 (–); 19/82 - - 

aReaction duration 1 day, all ee values obtained from chiral HPLC analysis of isolated products 
bConversions from RP-HPLC 

 

3.2.2 Kinetic resolution and mechanism of oxidation: rationale of the reaction 
behaviour 
When oxidizing the enantiomerically enriched substrates, we obtained epoxides with 
higher ee values, but these values also varied. The most striking effect was that the 
amount of different formed products depended on the enantiomeric purity of the 
starting substrate. When the ee value of the substrate was over 90% and there was a  
(—)/(+) and (+)/(—) situation, and an arbitrary “match” case complex for the substrate 
was used (Table 10, No. 6), the amount of formed acetals was very low (3%). However 
with the (—)/(—) and (+)/(+) situations, an arbitrary “mismatch” situation (Table 11, 
No. 1 and 2), more acetals had formed in the same time (13% and 26%, respectively).It 
could clearly be seen that when the match pair was used (either (—)-1k-2OTBS and (+)-
DET or (+)-1k-2OTBS and (—)-DET), the reaction followed this rule: when the ee of the 
substrate was high, the reaction proceeded via the epoxidation reaction and yielded an 
epoxide with approximately the same ee value as that of the substrate. When the 
substrate ee was lower, the ee value of the epoxide changed considerably compared 
with that of the substrate, and more acetals formed.  

On the basis of the obtained results, the reaction can be rationalised as proposed in 
Scheme 40. 
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Scheme 40. Rationalisation of the subsequent kinetic resolutions. 

 
It can be seen that in the first reaction the epoxidation occurred with low 
enantioselectivity (as reported before; the rate of formation of different enantiomers 
was still considerably different). In the next reaction, acetal formation from 
epoxyalcohol was highly stereoselective and could occur either with iPrOH or DET. This 
also explains why there were more acetals in the case of a noticeable change in the 
epoxide ee value compared with the substrate ee value and changes in the product 
profile depending on the substrate ee value. The obtained result, that the epoxide 
opening of 5k is stereoselective, opens up the possibility of using it in the kinetic 
resolution of epoxides. 

 

3.2.3 Kinetic resolution of epoxide 5k 
To test the suggestion of a possible kinetic resolution of epoxides, racemic 
epoxyalcohol 5k was synthesised and subjected to the Ti(OiPr)4/(+)-DET solution (Table 
12). After one day almost half of the starting compound 5k was consumed, and 33% of 
acetals (—)-15 and 16 had formed. The stereoselectivity of the process was moderate, 
affording (—)-5k with 60% ee, and acetals (—)-15 with 50% ee and acetal 16 as a single 
enantiomer. After four days, the ee of the remaining epoxide (53%) had increased to 
96%, with the total yield of the epoxide opening products acetals 15 and 16 having 
increased to 47% 
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Table 12.a Kinetic resolution of epoxyalcohol 5k. 

 

 
 

Time (—)-5k;  
Yield (%)/ ee (%) 

(—)-15 
Yield (%)/ee (%) 

16, 
Yield (%) 

1 day 66/ 60 4/ 50 29 

4 days 53/ 96 10/ 12 37 
aReaction conditions: sub./Ti(OiPr)4/(+)-DET 1/1/1.6; CH2Cl2, -20°C. All ee values are obtained 
from chiral HPLC analysis of separated products. Product conversion is calculated through RP-
HPLC. 

 
The obtained results confirm that the Sharpless complex can be used for the kinetic 
resolution of the epoxide derivatives of 1,2-cyclopentanediones. 

We made an attempt to broaden the scope of this kinetic resolution approach to 
other epoxides. For that purpose, cyclohexyl homoallylic alcohol epoxide (derived from 
cyclohexane-1,2-dione) rac-18 was subjected to kinetic resolution (Scheme 41). The 
kinetic resolution of epoxyalcohol rac-18 gave the following results: (—)-18 was 
obtained in 47% ee when ~90% of the epoxide was consumed. DET-acetals 19 
(diastereomeric ratio 1:1) and 20 were formed in 36% and 37% total yield, respectively. 

 

 
Scheme 41. Kinetic resolution of rac-18. 

 
Then, since the achieved results for obtaining enantiomerically enriched epoxide were 
insufficiently selective, we turned our attention to metalloporphyrins and H-bond 
forming organocatalysts for the oxidation of 1,2-diketones. 

3.3 Attempts to find a new oxidation catalyst 

3.3.1 Oxidation with organocatalysts (unpublished results) 
Hydrogen-bond mediated organocatalysis was employed for enantioselective oxidation 
reactions.64,65,66,67 We checked the possibility of obtaining epoxides from 3-substituted 
cyclopentane-1,2-diones.  

The catalysts chosen for the reaction were a set of known hydrogen-bond 
organocatalysts: prolinol XXV, thioureas XXVI and XXVIII and squaramide XVII. Also, the 
oxidant was tBuOOH, which is a common oxidant used in organocatalysis to obtain 
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epoxides.107 The initial reactions used a 0.2 M solution in CDCl3 and tBuOOH as the 
oxidant. The reaction of 1f with tBuOOH in the presence of 20 mol% of the 
organocatalyst was monitored by 1H NMR. The obtained results are presented in Table 
13. 

It was found that the only oxidation product that arose from the reaction was achiral 
ketoacid 3f. The formation of epoxide 5f was not detected with substrate 1f. (Scheme 
42; see also Schemes 43 and 44 in the present chapter). The yield of 3f varied from 42 
to 73% in a 2-day reaction. It is most probable that this reaction proceeds via 
aminocatalysis as in the case of the reaction with electrophiles and diphenylprolinol 
XXV (Gert Preegel et al.108). However, it may also be possible that the catalyst acts as a 
hydrogen bond donor. The results are comparable with those of catalysts XXVI, XXVII 
and XXVIII.  

 
Scheme 42. Organocatalytic oxidation of 1f. 

 
Table 13.a Oxidation of 1f by using organocatalyts. 

 
No. Catalyst 3f after 2 h (%) 3f after 1 day (%) 3f after 2 days (%) 

1 XXV 10 31 49 
2 XXVI 26 41 42 
3 XXVII 30 47 73 
4 XXVIII 24 44 61 

aOxidant tBuOOH, catalyst loading 20 mol%. 

3.3.2 Oxidation with metalloporphyrins (Publication III) 
Since these previously obtained results suggested that under organocatalytic conditions 
epoxide 5 and its derivatives cannot be obtained, we turned to metalloporphyrins in an 
attempt to find another approach. Although, the aerobic oxidation with 
metalloporphyrins usually requires an additional reductant, we tried not to use 
additional reagents.  

Our traditional substrate 3-benzyl cyclopentane-1,2-diketone 1f was chosen as a 
model compound. We observed the formation of different oxidation products 2-4 
(Scheme 43). 
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Scheme 43. Reaction products of the oxidation of diketone 1f. 

 
The formation of the isolated products can be rationalised as presented in Scheme 44. 

 
 

Scheme 44. Formation of the reaction products. 

 
It can be seen in Scheme 44 that epoxidation is the first step of oxidation. This step is 
followed by an epoxide opening reaction and oxidative ring cleavage process. Of the 
isolated products, only 2 and 2’ are chiral and may be obtained in an enantiomerically 
enriched form by asymmetric oxidation reactions. 

We had in hands a wide choice of metalloporphyrins (Figure 8; Victor Borovkov). It is 
known that the oxidation systems with metalloporphyrins are very sensitive to metal, 
solvent and substrate structures.109,110 It may be possible that every substrate has only 
one ideal combination of catalyst structure and reaction conditions. 

 

 
 

 

Figure 8. Metalloporphyrins used. 
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The conversion of the substrate was monitored by NMR spectra. The results are 
presented in Table 14. It was initially found that NMR spectra may give some 
misleading data, as the protons of diacid 2 and diketoacid 4 are located in similar areas. 
However, it was observed that the differentiation of these signals could be made from 
the shape of the chemical shifts of diacid 2 and diketoacid 4 (Figure 9, A and B, 
respectively). 

 
Figure 9. 1H NMR shifts of diacid (A) and diketoacid (B). 

 

Table 14.a Initial catalyst and solvent screening results for oxidation of 1f. 

 

No. Catalyst Loading Solvent Time 2f (%) 3f (%) 4f (%) 

1 XIV 5 mol% CDCl3 2h 49 51 - 
2 XV 5 mol% CDCl3 2h - 37 32 
3 XV 1 mol% CDCl3 2h - 24 48 
4 XV 1 mol% Toluene 24h - 41 59 
5 XV 1 mol% CH2Cl2 2h - 23 52 
6 XV 1 mol% CH2Cl2 24h - 35 58 
7 XV 1 mol% THF 24 h - 24 70 
8 XV 10 mol% CDCl3 2h - 26 40 
9 XVI 5 mol% CDCl3 2h 8 24 48 

10 XVII 5 mol% CDCl3 2h 33 67 - 
11 XVIII 5 mol% CDCl3 2h - 30 40 
12 XIX 5 mol% CDCl3 2h - 18 33 

aConditions: rt. Conversions from crude NMR. 
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If we consider diacid 2 the target compound, it can be seen that Mn is the best central 
metal for the porphyrin catalyst in the aerobic oxidation reaction. All other catalysts are 
too active, causing over-oxidation and the formation of compounds 3 and 4. When 
comparing the three Mn-catalysts, we observed that meso-TPFPP substituted 
metalloporphyrin XX was much less active: in two hours no conversion proceeded 
(Table 15, No. 3). Also it was found that the catalyst XIV affords the best yields of the 
product 2f. 
 
Table 15.a Comparison of different Mn porphyrins with the substrate 1f. 

 

No. Catalyst Loading  2f (%) 3f (%) 

1 XVII 5 mol% 33 67 

2 XIV 5 mol% 54 46 
3 XX 1 mol% - - 
4 XIV 1 mol% 55 42 

aSolvent CDCl3, rt, 2h. Conversions from crude NMR. 

 
Since the TPFPP-catalyst XX had different characteristics, we screened it under different 
reaction conditions. The results for oxidation with THF as a solvent are presented in 
Table 16. We found that the solvent change influenced the oxidation substantially. Of 
the Mn-catalysts, catalyst XX resulted in the best selectivity for products 2 and 3. 
However, because the reaction with catalyst XX was much slower than with catalyst 
Mn(TPP)Cl (XIV), we continued experiments with Mn(TPP)Cl catalyst XIV, as this was 
experimentally simple, requiring only small amounts of catalyst and using air as the 
source of oxygen. 
 
Table 16.a Conversion of 1f with TPFPP-catalyst XX. 

 

No. Time (h) 2f (%) 3f (%) 

1 2 0 0 
2 24 23 0 
3 48 87 13 

aTHF; rt; catalyst 1 mol%. Conversions from crude NMR. 

 
When we monitored the kinetics of the formation of products 2 and 3, we observed S-
shape curves for both of them (Figure 10). This might mean that the first step in the 
reaction is hydrogen abstraction from the enol hydroxyl group of the diketone, which 
then starts the radical chain for oxidation with dioxygen. The radical nature of the 
reaction (proven by reaction inhibition upon adding radical scavengers TEMPO and 
BHT) may cause the formation of a racemic product.  
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The scope of the reaction was also studied. The results are presented in Table 17.  
 
Table 17.a Substrate scope results. 

 

No. Substrate R1 R2 Time 2(%) 3 or 4 (%) 

1 1a H Me 24 h 11 (and 2’b 2) 3a 66 
2 1b H Et 48 h 40b 3b 16b  
3 1e H CH2CH2OBn 48 h 51b 3e 43b  
4 1f H Bn 18 h 75 (63b) 3f 16 (16b)  
5 1’f TBS Bn 24 h - - 
6 1g H CH2CH2OH 48 h 33b - 
7 1i H CH2CH2NHB

oc 
48 h - - 

8 1l H Ph 24 h - - 
9 1m H Cy 48 h - 4m 86  

10 1n H CH2COOtBu 48 h - - 
11 1o Ac H 24 h - - 

aSolvent toluene, rt, 1 mol% Mn(TPP)Cl. Conversions from NMR of crude mixture.  
bIsolated yield. 
 

Figure 10. Reaction kinetic curves for 2 and 3 with the catalyst XIV. 
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On the basis of the obtained results, we see that there are only a limited number of 
suitable substrates. The structures of investigated structures are presented in Figure 
11.  

It is clearly seen from Table 17 that electron-donating groups favour the reaction 
(compounds 1a, 1b, 1e, 1f, 1g and 1m), while electron-withdrawing groups inhibit the 
reaction (compounds 1l and 1n). Also, it is seen that enol-protected substrates (1’f and 
1o) are not suitable for the reaction. It may also be true that the sterical effect may be 
important and therefore bulky substituents also inhibit the reaction (substrate 1i) or 
influence the product formation (1m only gave 4m as a product under the used 
conditions). 

 
 

Figure 11. Substrates 1 for the oxidation with catalyst XIV. 

 

3.3.3 Attempts to achieve enantioselectivity in metalloporphyrin oxidation 
(unpublished results) 
To make the reaction non-radical and see the influence of it on product formation, we 
used another source of oxygen: PhIO. This oxygen donor has been used extensively 
with metalloporphyrins and is known to react in a non-radical manner.109 The chiral and 
enantiomeric metalloporphyrins (Figure 12; obtained from the groups of Gerard 
SImonneaux (XXI and XXII) and Emma Gallo (XXIII and XXIV)) were used as asymmetric 
inducers. The results are presented in Table 18.  

 
 

Figure 12. Chiral metalloporphyrins. 
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We observed that the use of bulky chiral metalloporphyrin catalysts and the other 
source of oxygen changed the product profile and substrate reactivities. While with 
catalyst XIV with unprotected Ph-substituted substrate 1l no reaction occurred, with all 
catalysts XXI-XXIV we detected the formation of dimerisation product 21 in up to 20% 
yield: this means that epoxidation occurred and after epoxidation the formed epoxide 
reacted with another molecule of the initial substrate 1l (Scheme 45). With all chiral 
metalloporhyrins (Figure 12), the reaction was non-stereoselective. 

 

 
 

Scheme 455. Reaction of 1l with chiral MP and PhIO. 

 
With methyl-protected diketone 1f-2OMe (enol-protected diketones were unreactive 
with non-chiral metalloporphyrins under aerobic conditions), only epoxidation occurred 
with all metalloporpyrins XXI-XXIV. The results are presented in Table 18. In most 
cases, the reaction was non-stereoselective. Only with Fe norbornene-type 
metalloporphyrin XXII 8% ee for 5f-2OMe was observed (Table 18, No. 2).  
 
Table 18.a Epoxidation results of 1’’f. 

 

aSolvent CDCl3, conversions were measured from crude NMR, ee values were determined from 
chiral HPLC analysis of isolated products. 

 
The possible reason for the lack of stereoselectivity (or very poor selectivity; see Table 
18, No. 2) may have been the long distance from the catalyst metal atom to the chiral 
part of the metalloporphyrin. The cavity size and the reaction mechanism were unclear 
and therefore it is impossible to draw conclusions at this time. However, even low 
selectivity obtained in one experiment provided hints of the possibility of controlling 
reaction selectivity with a selection of proper porphyrin catalysts. 

No. MP Time Conversion to 5f-2OMe (%) ee (%) 

1 XXI 4 days 30 0 
2 XXII  4 days 7 8 
3 XXIII 4 days 29 0 
4 XXIV 4 days 48 0 
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Conclusions 

The asymmetric oxidation of substituted 1,2-cyclopentaneones was investigated and 
conditions for the selective formation of different oxidation products were established. 
The following features of the oxidation of substituted cyclopentane-1,2-diones were 
explored and improved: 

1) A general method for the oxidation of substituted cyclopentane-1,2-diones by 
using the Ti-tetraisopropoxide/tartaric ester/tBuOOH complex (Sharpless 
complex) in a non-stoichiometric amount was developed. The ratio of 
substrate/Ti-species was reduced to 1/0.3 without a significant loss in yields or 
enantioselectivities.  

2) The Sharpless complex was used to oxidise 4-hydroxyl-substituted 3-benzyl-
cyclopentane-1,2-dione, resulting in synthetically valuable cyclic epoxyalcohols. 
The possible reaction pathways and product formation were rationalised. 

3) A method for the kinetic resolution of cyclic epoxyalcohols by using a Ti-
tetraisopropoxide/tartaric ester/tBuOOH complex resulting in enantiomerically 
enriched epoxyalcohols and its opening products was developed. 

4) The reaction pathways by using metalloporphyrin catalysts in the air oxidation 
of substituted cyclopentane-1,2-diones was elucidated: the reaction proceeded 
in different extents, with formation variety of oxidation products, depending on 
the central metal ion of the catalyst. 

5) Chiral porphyrins and organocatalysts were tested for the asymmetric oxidation 
of substituted cyclopentane-1,2-diones. The obtained results showed that the 
catalysts were non-selective. However, a small asymmetric induction obtained 
with one chiral metalloporphyrin indicates the possibility of stereoselection 
using that approach. 
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4 Experimental 

Full assignment of 1H and 13C chemical shifts is based on the 1D and 2D FT NMR spectra 
measured on a 400 MHz instrument. Residual solvent signals were used (CDCl3 δ = 7.26 
(1H NMR), 77.16 (13C NMR)) as internal standards. High resolution mass spectra were 
recorded by using an Q-TOF LC/MS spectrometer by using ESI ionization. Elemental 
analyses were done by using Elementar vario Micro. Precoated silica gel 60 F254 plates 
were used for TLC. Column chromatography was performed on a preparative 
purification system with silica gel Kieselgel 40-63 µm. Purchased chemicals and solvents 
were used as received. Petroleum ether has a boiling point of 40-60 °C. 

 
(1S*,3R*,4S*,6R*)-3-benzyl-1-((tert-butyldimethylsilyl)oxy)-4-hydroxy-7-oxabicyclo-
[4.1.0]heptan-2-one 18  
The compound was prepared by the procedure described in article II. 

1H NMR (400 MHz, CDCl3) δ 7.32 – 7.15 (m, 5H), 3.75 – 3.69 (m, 1H), 3.65 – 3.61 (m, 
1H), 3.08 – 3.04 (m, 1H), 3.10 – 2.97 (m, 1H), 2.80 – 2.70 (m, 1H), 2.31 (tdd, J = 18.7, 
5.1, 2.2 Hz, 2H), 1.21 (s, 1H), 0.89 (s, 9H), 0.23 (s, 3H), 0.12 (s, 3H). 13C NMR (101 MHz, 
CDCl3) δ 202.5, 138.2, 128.9, 128.7, 126.7 , 79.7, 68.4, 61.8, 55.4, 34.6, 29.5, 25.5, 17.9, 
-4.0, -4.2. Elemental analysis C19H28O4Si theoretical C 65.48% H 8.10%, experimental C 
65.62% H 8.82%. 

 
Diethyl(2R*,3R*)-2-(((1S*,3S*,4R*,6S*)-3-benzyl-1-((tert-butyldimethylsilyl)oxy)-4,6-
dihydroxy-2-oxocyclohexyl)oxy)-3-hydroxysuccinate and  diethyl(2R*,3R*)-2-
(((1R*,3R*,4S*,6R*)-3-benzyl-1-((tert-butyldimethylsilyl)oxy)-4,6-dihydroxy-2-
oxocyclohexyl)oxy)-3-hydroxysuccinate 19  
The compound was prepared by the procedure described in article II and isolated as a 
mixture of inseparable isomers. 

1H NMR (400 MHz, CDCl3): 7.37 – 7.32 (4H, m), 7.30 – 7.24 (4H, m), 7.22 – 7.15 (2H, 
m), 4.83 – 4.78 (1H, m), 4.69 – 4.64 (2H, m), 4.42 – 4.33 (1H, m), 4.21 – 4.14 (1H, m), 
3.75 – 3.64 (2H, m), 3.52 – 3.41 (2H, m), 3.41 – 3.23 (3H, m), 3.13 – 2.91 (4H, m), 2.36 – 
2.12 (4H, m), 1.85 – 1.75 (2H, m), 1.37 – 1.29 (7H, m), 1.27 – 1.16 (7H, m), 0.93 (8H, s), 
0.89 (10H, s), 0.20 (3H, s), 0.18 (3H, s), 0.08 (3H, s), -0.03 (4H, s). 13C NMR (101 MHz, 
CDCl3): 203.5, 203.1, 172.1, 171.6, 171.6, 168.9, 140.1, 139.2, 130.1, 129.8, 128.6, 
128.6, 126.5, 126.4, 99.7, 99.7, 72.3, 72.2, 72.0, 71.7, 71.6, 71.1, 69.1, 67.4, 62.8, 62.5, 
62.4, 61.8, 56.1, 55.6, 39.7, 39.4, 32.5, 31.9, 26.1, 25.7, 19.2, 19.0, 14.3, 14.2, 14.0, -3.0, 
-3.1, -3.3, -3.6. 

HRMS C27H42O10Si calculated [M+H]+ = 555.2620, found [M+H]+ = 555.2627. 
 

(1R*,3S*,4R*,6S*)-3-benzyl-1-((tert-butyldimethylsilyl)oxy)-6-hydroxy-7-oxabicyclo-
[2.2.1]heptan-2-one 20  
The compound was prepared by the procedure described in article II. 

1H NMR (400 MHz, CDCl3) δ 7.25 – 7.13 (m, 5H), 4.59 – 4.53 (m, 1H), 3.83 – 3.78 (m, 
1H), 3.16 – 3.08 (m, 2H), 2.95 – 2.87 (m, 1H), 2.46 – 2.31 and 2.01 – 1.92 (m, 2H), 0.92 
(s, 9H), 0.19 – 0.16 (m, 3H), 0.14 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 211.7, 138.1, 
129.0, 128.4, 126.9, 107.6, 77.4, 69.6, 54.7, 35.0, 32.7, 25.8, 18.1, -3.6, 3.6. 

HRMS C19H28O4Si calculated [M+H]+ =349.1830, found [M+H]+=349.1835 
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Synthesis of 4-oxo-5-phenylpentanoic acid 3f with organocatalysts. 
A solution of diketone 1f (0.1 mmol, 18.8 mg), tBuOOH (0.12 mmol, 21 μl) and 
organocatalyst (0.02 mmol) in CDCl3 (0.5 mL) is stirred at room temperature. The 
reaction progress is monitored by 1H NMR. After completion, the crude product is 
purified with column chromatography (DCM:MeOH 100:1-15:1) to afford ketoacid 3f as 
a colourless oil. 

 
Synthesis of 5-benzyl-1-methoxy-6-oxabicyclo[3.1.0]hexan-2-one 5’’f with MP. 
A solution of diketone 1’’f (0.1 mmol, 20.4 mg), PhIO (0.1 mmol, 11 mg) and MP (0.001 
mmol) in CDCl3 (0.5 mL) is stirred overnight at room temperature. The reaction 
progress is monitored by 1H NMR. After completion, the crude product is purified with 
column chromatography (DCM:MeOH 100:1-15:1) to afford epoxide 5’’f as a colourless 
oil. 1H NMR (400 MHz, CDCl3): 7.39 – 7.20 (5H, m), 3.84 (3H, s), 3.12 (2H, d, J=4 Hz), 2.26 
(1H, ddd, J=18, 9, 8 Hz), 2.08 – 1.94 (2H, m), 1.80 (1H, ddd, J=14, 9, 8 Hz).  13C NMR (101 
MHz, CDCl3): 207.8, 136.0, 129.5, 128.9, 127.1, 88.1, 74.1, 56.1, 36.6, 31.8, 23.6. 

HRMS C13H14O3 calculated [M+H]+=219.1016, found [M+H]+=219.1017 
 
Synthesis of 2-hydroxy-5-((5-oxo-2-phenylcyclopent-1-en-1-yl)oxy)-5-phenylcyclo-
pent-2-en-1-one 21 with MP. 
A solution of diketone 1l (0.1 mmol, 17.4 mg), PhIO (0.1 mmol, 11 mg) and MP (0.001 
mmol) in CDCl3 (0.5 mL) is stirred overnight at room temperature. The reaction 
progress is monitored by 1H NMR. After completion, the crude product is purified with 
column chromatography (Petroleum ether:EtOAc 15:1) to afford dimer 21 as a 
colourless oil. 1H NMR (400 MHz, CDCl3): 8.08 – 8.01 (2H, m), 7.52 – 7.40 (6H, m), 7.34 – 
7.22 (2H, m), 3.53 (1H, dd, J=18.5 Hz), 3.18 (1H, dd, J=18.5 Hz), 2.99 – 2.77 (2H, m), 2.53 
– 2.21 (2H, m). 13C NMR (101 MHz, CDCl3): 201.8, 197.8, 150.0, 149.8, 148.8, 137.5, 
133.8, 130.3, 128.7, 128.6, 128.4, 128.1, 126.6, 126.0, 84.7, 38.3, 32.4, 24.2. 

HRMS C22H18O4 calculated [M+H]+=347.1278, found [M+H]+=347.1274 
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Lühikokkuvõte 
Asendatud tsüklopentaan-1,2-dioonide oksüdeerimine 

Asendatud tsüklopentaan-1,2-dioonid on reaktiivsed orgaanilised molekulid, millega 
saab teostada palju erinevaid keemilisi reaktsioone. Reaktsiooni kulg sõltub tavaliselt 
reagendist ja substraadi struktuurist, keto-enoolsest tasakaalust jne. Erinevate 
oksüdeerijatega oksüdeerimisreaktsioonides võivad need ühendid oksüdeeruda 
erineval viisil ja määral. See tähendab, et asendatud tsüklopentaan-1,2-dioone saab 
epoksüdeerida, hüdroksüleerida ja oksüdatiivselt lõhustada (Baeyer-Villigeri 
reaktsiooniga, 1,2-dioolide lõhustamisega jne), et saada soovitud produkte. Kuna need 
oksüdeerimisreaktsioonide produktid võivad olla mitmete oluliste ühendite sünteesiks 
kasulikud vaheühendid, on nende kemo- ja stereoselektiivsete oksüdeerimismeetodite 
väljatöötamine väärtuslik ja oluline. 

Uurimaks asendatud 1,2-tsüklopentaandioonide asümmeetrilist oksüdeerimist ja 
leidmaks tingimusi erinevate sünteetiliselt oluliste oksüdatsiooniproduktide 
selektiivseks moodustumiseks, kasutati titaan-katalüütilist ja metalloporfüriinidel 
põhinevat oksüdatsiooni. 

Esmalt kirjeldati meetodit, mis kasutab Ti-tetraisopropoksiidi/viinhappe 
estri/tBuOOH kompleksi (Sharplessi katalüsaatorit) mittestöhhiomeetrilises koguses, et 
sünteesida kõrge enantioselektiivsusega dikarboksüülhappeid (mida saab muundada 
laktoonkarboksüülhapeteks). Sharplessi kompleksi kasutati ka 4-hüdroksüülasendatud 
3-bensüültsüklopentaan-1,2-diooni oksüdeerimiseks, mille tulemusena saadi tsüklilisi 
epoksüalkohole ja teisi oksüdeerimisprodukte. Arendati välja meetod tsükliliste 
epoksüalkoholide kineetiliseks lahutamiseks, kasutades Ti-tetraisopropoksiidi/tartraadi 
estri ja tBuOOH kompleksi, mis annab enantiomeerselt rikastatud sünteetiliselt 
väärtuslikke epoksüalkohole. Selgitati välja võimalikud reaktsiooni toimumise ja 
produktide moodustumise viisid. 

Laiendamaks 3-asendatud tsüklopentaan-1,2-dioonide oksüdeerimiseks kasutatavate 
katalüsaatorite hulka, uuriti erinevaid organokatalüsaatoreid ja metalloporfüriine. 
Tulemused näitasid, et katalüsaatorid olid üldiselt mitteselektiivsed. Samas, ühe 
kiraalse metalloporfüriiniga saavutatud väike enantiomeerne liig viitas, et selle 
lähenemisega võib saavutada stereoselektiivsust ning antud ala edasiuurimine 
erinevate porfüriinide struktuuri seisukohast on mõttekas. 
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Abstract 
Oxidation of substituted cyclopentane-1,2-diones 

Substituted cyclopentane-1,2-diones are reactive organic molecules which undergo 
many chemical reactions. The reaction pathway usually depends on the reagent and 
the substrate structure: the nature of the substituent, keto-enol equilibrium etc. In 
oxidation reactions with different oxidants, these compounds may be oxidised in 
different ways and to different extents. This means that substituted cyclopentane-1,2-
diones can also be epoxidised, hydroxylated and oxidatively cleaved in different ways 
(via a Baeyer-Villiger reaction, 1,2-diol cleavage etc.), yielding a variety of products. 
Since the products of these oxidation reactions can be useful intermediates for the 
synthesis of many compounds, the development of chemo- and stereoselective 
methods of oxidation is of great value and importance.  

To investigate the asymmetric oxidation of substituted 1,2-cyclopentanediones and 
find conditions for the selective formation of different synthetically useful oxidation 
products, Ti-catalysed and metalloporphyrin-based oxidation reactions  were used. 

First, a method was described which involves using a non-stoichiometric amount of a 
Ti-tetraisopropoxide/tartaric ester/tBuOOH complex (the Sharpless catalyst) for the 
synthesis of different dicarboxylic acids (transforming to lactone carboxylic acids) with 
high enantioselectivity. The complex was also used to oxidise 4-hydroxyl-substituted 3-
benzyl-cyclopentane-1,2-dione resulting in synthetically valuable cyclic epoxyalcohols. 
The possible reaction pathways and product formation were rationalised.  

Furthermore, a method for the kinetic resolution of cyclic epoxyalcohols by using a 
Ti-tetraisopropoxide/tartaric ester/tBuOOH complex resulting in enantiomerically 
enriched epoxyalcohols and their opening products was developed.  

To broaden the scope of oxidation catalysts for the oxidation of 3-substituted 
cyclopentane-1,2-diones, organocatalysts and metalloporphyrins were used, and the 
obtained results showed that the catalysts were mainly non-selective. However, a small 
enantiomeric excess obtained with one chiral metalloporphyrin indicates the possibility 
of stereoselection with that approach and provides motivation for further research in 
the area. 
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