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Introduction 

Cyclopentane-1,2-diones are a class of simple organic compounds that have 
been known since the end of the 18th century, when Dieckmann published his 
condensation reaction1 and later extended the use of his reaction for the 
preparation of simple cyclopentane-1,2-diones.2 Soon after that, cyclopentane-
1,2-diones were found in natural sources.3,4 Following these discoveries, the 
early research was directed towards the isolation and preparation of 
cyclopentanedione compounds, which were regarded as promising pesticides.5,6 
Although a considerable effort was put into the synthesis7 and isolation8 of 
cyclopentane-1,2-diones, the tautomeric structure of cyclic α-diketones proved 
to be a challenging question and early reports led to inconclusive results.9,10 In 
fact, the actual solution structure of cyclopentane-1,2-diones was unambiguously 
proved only after the first practical NMR techniques became available.11 It was 
shown that they exist in solution as keto-enols and preferably form the 
thermodynamically preferred more substituted enol (Figure 1). Such behavior of 
these compounds did not find theoretical explanation until several decades 
later.12,13 

 
Figure 1. Preferred structure of 3-alkylcyclopentane-1,2-diones in solution 

3-Methylcyclopentane-1,2-dione, the simplest member of the 3-
alkylcyclopentane-1,2-dione family, has been found in maple syrup14 and 
coffee.15 It constitutes to coffee aroma and has been used as a food-flavoring 
agent, marketed as cyclotene.16 Also, other structurally similar cyclpentane-1,2-
diones have pleasant organoleptic properties.17 Recent research on the biological 
effects of the compound has revealed that these structures have anti-
inflammatory properties18 and influence age-related inflammation processes.19 In 
vitro experiments have shown that cyclopentane-1,2-diones are able to cross-link 
proteins, an observation that may lead to new therapeutic strategies in the 
future.20 

In addition to organoleptic and biological properties, cyclopentane-1,2-diones 
have gained attention as intermediates in the preparation of various compounds, 
for instance propellanes21 and pyrazines.22 Cyclopentane-1,2-dione has been 
used as a starting material in the total synthesis of stemona alkaloids23 and 3-
alkylcyclopentane-1,2-diones can be asymmetrically oxidized to produce a 
natural product homocitric acid24 or nucleoside analogues with antiviral 
activity.25 
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Although some of the simpler cyclopentane-1,2-diones are present in plants and 
can be separated from them,14,15 the wider use of such diketones as synthetic 
feedstock has been hindered by the preparation difficulties of cyclic α-
dicarbonyl compounds. In most cases, the simple unsubstituted cyclopentane-
1,2-dione 1 is prepared by the relatively atom inefficient Dieckmann 
condensation reaction2,5,26 (Scheme 1, a). The same methodology can be applied 
for the preparation of 3-alkylcyclopentane-1,2-diones if the diester intermediate 
2 is alkylated prior to decarboxylation.27,28 Alternatively, cyclopentane-1,2-dione 
1 can be prepared by an inconvenient Swern oxidation of the corresponding 
cyclopentane-1,2-diol 3 (Scheme 1, b). Using this reaction to produce 3-alkyl 
derivatives of 1 involves separate synthesis of 3-alkyl derivatives of 3. 29 

A short selection of additional methods includes ozonolysis of appropriate 
precursors 4,30 oxidation of epoxides 531 and hydrolysis of α-haloketones 632 
(Scheme 1, c, d, e respectively). Although acyclic α-diketones can be prepared 
by oxidation of appropriate alkynes,33 cyclopentyne is not stable enough to be 
used as a practical starting material. All of the available methods either do not 
lend themselves well to the preparation of cyclopentane-1,2-diones with diverse 
substituents attached to the pentane template or use inefficient chemistry that 
produces a lot of waste. 

 
Scheme 1. Different strategies for the preparation of cyclopentane-1,2-dione 

The present thesis aims to look for improvements in the field of cyclopentane-
1,2-dione chemistry regarding the preparation and derivatization of the 
mentioned dicarbonyl compounds. Based on prior experience in the preparation 
of 3-alkylcyclopentane-1,2-diones by Swern oxidation,29 we aimed to develop a 
more economical method for the oxidation of 3-alkyl analogues of cyclopentane-
1,2-diol 3. Among different alcohol oxidation methods, aerobic oxidation is the 
most attractive methodology because it uses a cheap and green bulk oxidant – 
oxygen – that produces water as the only byproduct. Based on these 
considerations, a metal catalytic aerobic oxidation method for the preparation of 
cyclopentane-1,2-diones would be of considerable interest. The development of 
such a method is covered in articles I and IV. 
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As mentioned earlier, 3-alkylcyclopentane-1,2-diones can be asymmetrically 
oxidized to produce enantioenriched precursors to biologically active 
compounds.24,25 Although asymmetric oxidation is the key reaction in this 
conversion, its mechanism has not been fully rationalized. It is known that the 
oxidation of α-dicarbonyl compounds does not follow the same path as the 
oxidation of simple carbonyl compounds.34 However, later research has failed to 
agree upon a universal mechanism for the oxidation of vic-diketones35,36 and 
there are no examples available that would unambiguously establish the 
mechanism of the peroxide oxidation of enolizable 3-alkylcyclopentane-1,2-
diones (Scheme 2). A clarification of the mechanism of the asymmetric 
oxidation of cyclopentane-1,2-diones, which will help in further optimization 
and in the development of additional applications for the reaction, is covered in 
article II. 

 
Scheme 2. Asymmetric oxidation of enolizable 3-alkylcyclopentane-1,2-diones 

The asymmetric oxidation reaction is known to tolerate various functionalities in 
the 3-position substituent, including alkyl-,37 alkoxyalkyl-,37 ester-38 and 
hydroxyl39 groups. However none of the synthetic approaches depicted on 
Scheme 1 are compatible with the range of functional groups that one might 
want to introduce as 3-position substituents in the cyclopentane ring. It is 
reasonable to assume that the aerobic oxidation of their preceding diols, in order 
to obtain diketones, would also have limitations regarding the synthetic scope. 

One way to circumvent this is to first prepare the cyclopetane-1,2-dione 1 and 
then functionalize it in the 3-position with a suitable alkylating agent. Direct 3-
alkylation of cyclopentane-1,2-dione 1 has been achieved by a Mannich reaction 
with morpholine and formaldehyde,40 and by alkylating diketone dienolates with 
alkylhalides.41 Both of these methods provide mediocre yields and have been 
used to introduce very simple alkyl groups; none allow for the introduction of 
more diverse functional groups, nor do they make it possible to generate 
stereocenters with controlled configuration during the alkylation reaction. A 
method that would allow both would be desirable for the preparation of novel 
substrates for the earlier described asymmetric oxidation reaction. The 
development of an organocatalytic method that would fulfill these expectations 
is described in paper III. 
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1 Literature Overview 

1.1 Platinum Metal Catalytic Aerobic Oxidation of Alcohols to 
Carbonyl Compounds 

Organic compounds that bear carbonyl groups, obtained by oxidation of their 
preceding alcohols, are of enormous importance in the chemical industry and in 
laboratory research (Scheme 3). Oxidation of alcohols to carbonyl compounds is 
among the most widely used chemical transformations, with an annual output in 
excess of 2x106 tons.42 Traditionally, this reaction has been achieved by systems 
using corrosive chemical oxidants, such as ClO-, CrVI, Cl2 and peroxy acids. 

 
Scheme 3. Oxidation of alcohols to carbonyl compounds 

Due to the environmental and economic problems that arise with these reagents, 
there has been a steady search for greener and more economical alternatives. 
Ever since the development of the Wacker process43 in the 1950s, there has been 
a continuous interest in platinum metal-catalyzed oxidations. Still, further 
development in this direction was slow due to the somewhat complicated nature 
of the catalysis.44 The first successful example of the aerobic oxidation of 
alcohols to their corresponding carbonyl compounds dates to the late 1970s 
when Schwartz et al reported a homogeneous Pd catalytic aerobic oxidation of 
secondary alcohols to ketones.45 Following these successes, the field has seen 
steady growth, with new applications quickly emerging. Aerobic oxidations are 
especially attractive from the environmental viewpoint because they generate 
water as their only byproduct. 

Metal catalytic aerobic oxidation systems can be divided into two major 
categories: homogeneous catalytic systems, where the metal species forms a 
soluble complex in the reaction environment, and heterogeneous catalysis, where 
the metal is bound to a non-soluble carrier matrix or used as a finely dispersed 
metal powder. Homogeneous catalyst systems can be considered advantageous 
at first glance and the reaction mechanisms of many such catalyst systems have 
been established.46,47 As the catalyst and the reagents coexist simultaneously in 
the same phase, these methods enjoy the benefit of higher activity and also allow 
enantioselective reactions.48 For instance homogeneous catalysis has been used 
for the oxidative kinetic resolution of secondary alcohols.49 
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Heterogeneous catalysts have one crucial advantage over their homogeneous 
counterparts: easier catalyst recovery and product separation. They can be easily 
separated from reaction mixtures by filtration, in some cases by centrifuge50 or, 
in more exotic cases, by a magnet when magnetic particles are used as catalyst 
support.51 Unfortunately such catalysts may be of lower catalyst activity relative 
to their homogeneous analogues and the durability of the catalyst supports can 
also be a problem. 

As both catalyst types clearly have their advantages, they have been 
continuously developed. Soluble metal complex catalyzed homogeneous 
catalysis has been achieved both in water52,53 and in organic solvents.54,55,56 
Heterogeneous catalyst systems, consisting of traditional solid supported 
catalysts57,58 or metal nanoparticles,59 have been successfully implemented in 
various reaction media, including common organic solvents,60 water,59 
supercritical CO2,

61 and even in solvent free conditions.62 Metals that are 
commonly used as catalytic species primarily include such platinum group 
metals as ruthenium,58 palladium63 and platinum.64 More recently, heterogeneous 
gold catalysts have been developed for the aerobic oxidation of alcohols.65 Metal 
nanoparticles have their own distinctive catalytic properties that can be 
beneficial for chemical processes.66 

While many of the mentioned catalytic systems are run in organic or 
chloroorganic solvents, water as the reaction medium would offer some benefits 
as it is a safer, cheaper and arguably more environmentally friendly chemical. 
However, aqueous conditions can be difficult to achieve, as some of the catalytic 
systems require dry conditions, an intrinsic problem since water is also 
generated during the reaction. Water may not only interfere with the catalytic 
process but the presence of water also makes it difficult to obtain aldehyde 
products that will quickly turn to acids in the presence of water (Scheme 4).61,67 
One interesting idea is to use ionic liquids as a reaction medium, as they can 
prevent the over-oxidation of aldehydes to acids.68 Also organic solvents that 
remove the forming water quickly from the catalyst surface have solved the 
selectivity issue.69 

 
Scheme 4. Water influences product selectivity of metal catalytic aerobic 

oxidations 
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Many of the catalysts described above are either relatively expensive or must be 
separately prepared and may have only a limited shelf-life.70 For practical 
reasons, it would be highly beneficial to use catalysts that are inexpensive and 
commercially available, for instance catalysts that utilize activated carbon as the 
heterogeneous support.58 For the same reasons it would be desirable to use 
atmospheric air rather than pure oxygen as the oxidant source. 

1.1.1 Heterogeneous Metal Catalytic Aerobic Oxidation of Alcohols 

The most common solid supports used to carry catalytic species in 
heterogeneous catalysis include aluminium oxide57 and activated carbon.69 Also, 
other inorganic materials, such as polyoxymetalates64 and hydrotalcites, 71 have 
been used. More recent materials include carbon nanotubes72 and organic 
polymers and resins. The latter can be used ed to anchor otherwise soluble metal 
complexes to a heterogeneous support73 but can also be used for anchoring metal 
nanoparticles.59,65 However, polymer supports are not very widely used 
(compared to inorganic materials), partly due to the questionable stability of 
organic polymer supports under different reaction conditions. The mechanical 
durability of polymer supports can also be a problem. 

A great deal of effort has been put into examining the mechanism of 
heterogeneous aerobic oxidations. Grunwaldt et al showed that, in the case of 
supported Pd catalysis, oxidation proceeds via two major steps: the oxidation of 
alcohol by dehydrogenation and the regeneration of the active catalyst by 
oxidation.74 Later Ikeda et al showed that platinum catalytic oxidation proceeds 
by the same mechanism75 and, indeed, most heterogeneous metal-based catalysts 
are expected to follow similar mechanistic paths (Scheme 5). The reaction starts 
with the formation of an alkoxy-metal species. Next, the desired carbonyl 
product is formed by β-hydride elimination on the metal surface, leaving the 
metal covered in hydride species, which are finally removed by oxygen to 
complete the catalytic cycle. As with the homogeneous oxidation of primary 
alcohols, over-oxidation to carboxylic acids can occur (Scheme 4). It has been 
shown that the product selectivity of the Pt/C catalysts can be tuned to the 
formation of aldehydes or acids by means of solvent selection.69 

A common problem in heterogenic aerobic oxidations is catalyst deactivation 
during the process. This occurs for different reasons,76 such as aggregation and 
the sintering of the catalyst particles (irreversible deactivation) or due to 
modification of the metal surface (reversible deactivation). For instance, if an 
excess of oxygen is available, the metal surface can oxidize (Scheme 5). This is 
less of a problem in Pt catalysis because, due to its higher oxidation potential, 
platinum is less prone to oxidation to metal oxide.76 On the other hand, under 
conditions of oxygen deficiency, the catalyst surface can get saturated with 
strongly coordinating reaction byproducts and with hydrogen subtracted from 
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the substrate. It has been shown that, if deactivation occurs due to over-oxidation 
during a batch process, the catalyst can be regenerated afterwards by means of 
hydrogen reduction.77 The initial catalyst deactivation can be suppressed by 
combining different additives on the support surface to stabilize the metal 
particles, such as polyoxymetallates64 or promoter metals (Bi, Pb, Sn etc).67 
Also, small amounts of ionic liquids can serve as a rate-enhancing and catalyst-
stabilizing additive.72 

 
Scheme 5. The mechanism of heterogeneous aerobic oxidation of alcohols 

1.1.2 Aerobic Metal Catalytic Oxidation of vic-Diols 

The majority of aerobic oxidation systems that have been developed can be 
applied for the conversion of allylic or benzylic alcohols. These oxidations 
benefit from the resonance stabilization in the product and thus have an 
additional driving force. Due to industrial interest, the most widely studied 
polyols from the perspective of aerobic oxidations are such natural compounds 
as sugars78 and glycerol,77,79 or ethylene glycol.76,67 Examples in which more 
complex synthetic 1,2-diols have been successfully oxidized to the 
corresponding vic-diketones are scarce. 

The common outcome of the oxidation of vic-diols is the cleavage of the carbon-
carbon bond between the hydroxyl-bearing carbons. This reaction has been 
known for a long time and has been employed for the preparation of 
aldehydes80,81 and carboxylic acids82 (Scheme 6, a). Similarly, this was the main 
outcome in early aerobic oxidation methods. When cis-cyclohexane-1,2-diol was 
oxidized on a heterogeneous ruthenium oxide catalyst, cleavage of the cycle was 
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observed, producing diacids.83 This is also the usual outcome in heterogeneous 
Pd and Pt catalyses, but not necessarily in the case of Au catalyses, where no C-
C bond cleavage occurs and usually only one of the hydroxyl groups gets 
oxidized to an acid when the substrate is a terminal 1,2-diol.84, 

 
Scheme 6. Possible outcomes of the metal catalytic aerobic oxidation of vic-diols 

By the appropriate selection of a catalyst and conditions, it is possible to cleave 
diols to dialdehydes rather than acids over a carbon immobilized Ru catalyst85 
(Scheme 6, b) or to oxidize only one of the two hydroxyl groups, producing an 
hydroxyketone (Scheme 6, c).55 Still, there are a small number of examples 
available where vic-diols have been converted to the corresponding dicarbonyls 
without cleaving the C-C bond (Scheme 6, d)71 or where cyclic vic-diols have 
been oxidized to diketones over platinum metal catalysts.42 Some further 
examples are available in aerobic oxidations via radical mechanisms,86,87 but 
they remain scarce and there are no known examples available of the aerobic 
metal catalytic oxidation of cyclopentane-1,2-diols to cyclopentane-1,2-
diketones, either via radical or the earlier described dehydrogendation 
mechanisms. 
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1.2 Mechanism of the Asymmetric Oxidation of Cyclopentane-1,2-
diones 

Whereas the oxidative cleavage of cyclopentane-1,2-diones was mentioned as an 
unwanted product degradation process in the previous chapter, it can serve as a 
valuable and desired reaction under different circumstances. When subjected to a 
peroxide oxidation reaction in the presence of the titanium isopropoxide-tartrate 
catalyst discovered by Sharpless,88 3-alkyl- and 3-arylcyclopentane-1,2-diones 
can be cleaved in an enantioselective manner, resulting in chiral nonracemic 
diacids. 

The Sharpless catalyst was initially developed for the asymmetric epoxidation of 
allylic alcohols 7 (Scheme 7, a), but was soon employed for the asymmetric 
oxidation of sulfides.89 Later Lopp et al showed that the same catalyst could be 
used for the asymmetric Bayer-Williger oxidation of cyclobutanones 9 (Scheme 
7, b),90 as well as for the α-hydroxylation of β-hydroxy ketones 11 (Scheme 7, 
c).91 Upon further development of the scope of the catalyst system, it was found 
that 3-alkylcyclopentane-1,2-diones 13 also undergo asymmetric oxidation.92 As 
a result, a mixture of an α-hydroxylation product 14, a ring cleaved diacid 
product 15 and a lactone acid product 16, formed from diacid 15, was obtained 
(Scheme 7, d). Although the oxidative ring cleavage of cyclopentane-1,2-diones 
had been observed earlier,93,94 this was the first known example of doing so in a 
stereoselective manner. 
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Scheme 7. a) Sharpless epoxidation; b) asymmetric Baeyer-Williger oxidation;   

c) asymmetric α-hydroxylation; d) asymmetric oxidation of 1,2-diketones 

Soon it was found that the reaction could be optimized to the preparation of 
primarily the 3-hydroxylation product29 14 or the lactone acid product95 16, and 
it was suggested that the process is a three-step domino reaction. The first 
oxidation step produces the 3-hydroxylated compound 14, the diacid 15 is 
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produced during a second oxidation step and the lactone acid forms 
intramolecularly from the latter. The reaction was optimized further to yield only 
the lactone acid products in up to 83% yield and up to 96% ee,37 and it was used 
for the preparation of biologically active nucleoside analogues 17 (Scheme 8).96 

O

OH

R

O

O

R

COOH

O

R

B
OH

13 16 17  
Scheme 8. Preparation of 4’-substituted nucleoside analogues; B – nitrogen base 

Based on the knowledge that enol ethers can be asymmetrically α-
hydroxylated,97,98 and that an α-hydroxylation product 14 was indeed observed 
among the reaction products, it is reasonable to assume that the first step in the 
domino reaction is hydroxylation. Considering that the titanium catalyst is 
usually used for epoxidation reactions, it can be assumed that, once the starting 
material becomes coordinated to the metal, it is epoxidized. The epoxide 18 in 
turn is cleaved to give the α-hydroxylation products (Scheme 9, a). Provided the 
reaction conditions are appropriate,37 the intermediate hydroxylation product can 
undergo a second oxidation step (Scheme 9, b) that cleaves the cyclopentane 
ring, producing a diacid compound 15 that can be isolated. The latter product 
can be acid-catalytically cyclized to lactone acids 16 in the third step of the 
reaction sequence (Scheme 9, c). The enantioselectivity of the whole process is 
determined during the initial epoxidation, with no racemization occurring in 
further steps. 
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Scheme 9. The formal steps in the reaction sequence 

The mechanism of the Sharpless epoxidation reaction has been thoroughly 
studied99,100 and is generally agreed upon, although the exact structure of the 
catalytically active species is not clear. Based on earlier research, it is reasonable 
to conclude that the α-hydroxylation of 1,2-diones (Scheme 9, a) follows the 
mechanistic principles of asymmetric epoxidation reactions. On the other hand, 
the mechanism of the second step of the reaction sequence is unclear. Formally, 
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the cleavage of the cyclopentane ring is the result of a diketone oxidation 
reaction. Although, there are a few earlier examples available where vic-
diketones have been oxidatively cleaved, all of them deal with non-enolizable 
benzils.  

The earlier studies aimed at clarifying the mechanism produced inconsistent 
results and proposed several different possibilities.101 Foote et al showed that the 
peroxide cleavage of benzils should proceed via the Baeyer-Villiger mechanism 
(Scheme 10, b).35 That conclusion was, however, challenged by another study a 
few years later, which found the Baeyer-Villiger mechanism implausible and 
supported a different “epoxide” mechanism (Scheme 10, a).36 Thus the 
mechanism of C-C bond cleavage in 1,2-diketones has not been unambiguously 
clarified. Furthermore, there are no previous inquiries into the oxidation 
mechanism of enolizable vic-diketones that can be used to explain the 
asymmetric oxidation reaction that cleaves 3-alkylcyclopentane-1,2-diones. As a 
conclusion from the earlier examples, one can observe that both of the 
mechanisms depicted in Scheme 10 share common intermediates and produce an 
anhydride intermediate. The mechanistic suggestions differ only in the paths of 
specific oxygen atoms throughout the reaction sequence. 
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Scheme 10. Possible mechanisms for benzil cleavage (R = Ph) by peroxide 
oxidation via a) the “epoxide” mechanism or b) the Baeyer-Villiger 
mechanism 
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1.3 α-Alkylation of Cyclic Vicinal Diketones 

While the α-alkylation of simple carbonyl compounds is a common and well-
documented reaction, the α-alkylation of vic-diketones has been less explored. 
The most straightforward method for the electrophilic α-functionalization of 
carbonyl compounds involves the generation of a nucleophilic enolate species 
prior to the reaction with an electrophile (Scheme 11, a). However, due to 
electronic and electrostatic factors, this strategy does not work in the case of 
small ring vicinal diketones, where the carbonyl moieties are forced to be in the 
same plane13 and one of the carbonyls adopts the enol configuration (Scheme 11, 
b). As a result the dipole repulsions between the coplanar C=O groups are 
relieved and additional stabilization is obtained from a higher degree of 
conjugation102 and from the formation of an intramolecular hydrogen bond 
between the enol and carbonyl groups.12 The enolate obtained by deprotonating 
the keto-enol unit is a relatively weak nucleophile because the neighboring 
carbonyl group decreases the electron release and thus the nucleophilicity of the 
enolate.41 

 
Scheme 11. Generation of enolates and enolate resonance structures for               

a) carbonyl compounds and b) vicinal dicarbonyls 

Despite the electronic effects, cyclopentane-1,2-diones have been found to react 
with methyl vinyl ketone in a Michael reaction, although in modest yields.103 A 
detailed study of the reaction showed that both cyclohexane- and cyclopentane-
1,2-diones are suitable nucleophiles, but the product selectivity can be an 
issue.104 When potassium hydroxide was used as the base, the main product was 
a dialkylation product 20 in moderate yields with only trace amounts of the 
mono Michael product 19 isolated (Scheme 12). If KOH was replaced with 
ZnCl2, mainly the bicyclic compounds 21 and 21’ that form via an 
intramolecular aldol reaction were obtained. The intramolecular reaction is 
likely to be facilitated by the Lewis acid properties of ZnCl2. The ability of 
cyclic 1,2-diones to form multi-cyclic compounds by intramolecular aldol 
reactions in the presence of Lewis acids has been separately documented.105 A 
similar outcome, namely the formation of a bicyclic compound by an 
intramolecular aldol reaction after a Michael addition, has also been documented 
in the case of an organocatalytic reaction.106 
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Scheme 12. Michael adducts of 3-methylcyclopentane-1,2-dione and methyl vinyl 

ketone 

Better product selectivity has been achieved in the Heck arylation of 
cyclohexane-1,2-diones, where only a single product was isolated in reasonably 
good yields.107 Alternatively, very good results have been obtained from a 
combination of asymmetric allylic alkylation and Claisen rearrangement 
reactions (Scheme 13).108 In this transformation, the chirality is established in the 
first O-alkylation step and the second rearrangement step transfers the chirality 
in 22 to the C-C bond in 23. It was found that, when the starting diketone 22 was 
not substituted in the α-position, the product isomerized instantly to its more 
substituted enol form 24. This constitutes one of the few known methods for the 
generation of asymmetric 3-substituted cyclic 1,2-diones from simpler prochiral 
cyclic 1,2-diones. 

 
Scheme 13. Asymmetric 3-alkylation on cyclic 1,2-diones by asymmetric allylic 

alkylation – Claisen rearrangement 

It can be concluded that in the α-alkylation of cyclic-1,2-diones the yields and 
product selectivities are usually low. Better selectivity can be achieved by the 
organocatalytic Michael reaction or by the O-alkylation-Claisen rearrangement 
procedure. In these cases, the former gives an intramolecular aldol product and 
the latter is confined to reagents that are susceptible to the rearrangement. 
Attempts have been made to improve the outcomes of the electrophilic 
alkylations by converting the diketones 1 to dienolates 25 (Scheme 14, a). As a 
result the nucleophilicity of the enolate increases (Scheme 11) and the alkylation 
products 13 in up to 70% isolated yield could be obtained when the dienolate 25 
was alkylated with alkyl halides.41 
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Scheme 14. Alkylation of dienolates 

The dienolates 25 of cyclopentane-1,2-diones can be easily obtained. However, 
such dianions have low solubility and are difficult to handle. On the other hand, 
dione 1 can be converted into a silyl mono-enolate 26 (Scheme 14, b) and then 
converted to the active mixed silyl-lithium dienolate, to avoid the formation of 
poorly soluble dianions. Such a strategy was employed for an aldol reaction 
during a total synthesis of a natural compound (±)-bilobalide.109 Alternatively, 
bis-silyl dienolates 30, which are soluble in organic solvents, can be generated 
(Scheme 14, c). This approach has been used in Diels Alder reactions110 and in 
the preparation of disilyloxy substituted cyclopentadienyl zirconocenes.111 The 
bis-silyl dienolates could act as nucleophiles in Mukaiyama-Michael-type 
reactions. In the case of using dienolates, one of the silyl enolates is consumed 
during the reaction. The remaining second silyl enolate can serve as a ketone-
protecting group, preventing the intamolecular aldol reaction observed in the 
cases discussed above (see Scheme 12). Quite often in Mykaiyama reactions, the 
electrophile needs to be activated by a catalyst for the reaction to occur. The 
catalyst can be either a stereoselective organometallic catalyst or an 
organocatalyst. 

1.3.1 Organocatalytic Reactions  

Stereoselective reactions that produce enantiomerically enriched organic 
compounds are usually facilitated by metal- or enzymatic catalysis, both of 
which have their drawbacks. The use of enzymes is usually limited to certain 
chemical transformations and metal catalysts use heavy metal complexes that 
can be the source of unwanted impurities in the product. Furthermore, metal 
catalysts quite often require dry and air-free conditions that may be a hindrance 
in their use. Organocatalysis, on the other hand, offers an alternative between 
metal-mediated small molecule catalysis and enzymatic catalysis. 
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Organocatalysts usually do not use metals, are not poisonous and in several 
cases show selectivities that are close to enzymes. 

Although the first organocatalytic reactions were published as early as the mid 
1970s,112 modern organocatalysis took off in the late 1990s, with the work by 
List and Barbas.113 Soon after, noticeable contributions were made by others, 
most noticeably by Jorgensen114 and MacMillan,115 who expanded the range of 
compounds that could be used as organocatalysts and the range of reactions that 
could be facilitated by organocatalysis. This led to a very rapid development in 
the early 2000s that has been called the “gold rush” in organic chemistry.116 
However, by the end of the 2000s the “gold rush” was, according to other 
authors, over117 and many of the organocatalytic activation modes and 
mechanisms had been established. Since then, the focus of organocatalytic 
research has been shifting towards combining different activation modes into 
cascade reactions118,119,120 and applying organocatalysis for the synthesis of 
complex products.118,121 

The different activation modes that have been developed for organocatalytic 
transformations include primary amine catalysis,122 bifunctional thiourea 
catalysis123,124 and N-heterocyclic carbene catalysis.125 More recently, newer 
concepts, such as catalysis by chiral counterions126,127 and radical amino-
catalyses,128 have emerged. However, the most widely used activation mode in 
modern organocatalysis is secondary amine aminocatalysis, which utilizes chiral 
secondary amines as the catalytically active species (Scheme 15). The latter can 
be, according to the precise activation mechanism, divided into either HOMO-
raising or LUMO-lowering organocatalysis (Scheme 16).129 
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Scheme 15. Common chiral secondary amines employed in aminocatalyses 

In the case of HOMO-raising enamine catalysis (Scheme 16, a), the reaction 
initially starts with the condensation of an aldehyde with an amine to form an 
iminium ion 34. Unlike in the case of keto-enol equilibrium, the equilibrium 
with the iminium ion is shifted towards the more stable enamine 35, which acts 
as a nucleophile. The nonbonding lone electron pair on the enamine nitrogen 
raises the HOMO even further, making the enamine highly nucleophilic in the α-
position, readily attacking available electrophiles. 
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Scheme 16. HOMO-raising enamine catalysis (a) and LUMO-lowering iminium 

catalysis (b) 

As can be seen in Scheme 17, the catalytic cycle is acid catalytic throughout the 
first steps, leading to enamine 35. In the case of proline 31, the catalyst itself 
provides the active acidic proton but, in the case of substituted prolinol ethers 
32, the reaction benefits from a protic additive in the reaction environment. 
Finally, the nucleophilic enamine species 35 reacts with an electrophile and 
forms an iminium ion 37 that hydrolyzes and releases the α-functionalized 
carbonyl compound and the catalyst, ready to enter a new catalytic cycle. 
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Scheme 17. General catalytic cycle of enamine-catalyzed reactions 

Stereocontrol can be achieved in two different ways. The enamine 35 depicted in 
Scheme 17 is always in E configuration, as in Z configuration the R group would 
be, due to steric repulsions with the catalyst, energetically disfavored. Still, the 
electrophile can approach the E-enamine from either side. When the reaction is 
catalyzed by proline 31 or its modifications, the face selection is directed by 
hydrogen bonding with the carboxylic acid moiety (Scheme 18, a).130 The 
hydrogen bonding both activates the electrophile for the reaction with the 
enamine and directs the electrophile to approach from the “upper side” of the 
enamine, where it is able to stabilize the transition state. This mode of 
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electrophile activation and stereocontrol can be applied to a wide range of 
different electrophiles that have a basic lone pair of electrons interacting with the 
acid proton. For instance, in the structure described in Scheme 18 a, the 
electrophilic substrate Y=X (i.e. a carbonyl unit C=O) has the lone pair centered 
on the heteroatom X. 
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Scheme 18. Hydrogen bonding (a) and sterically directing (b) stereocontrol over 

enamine-catalyzed reactions. 

The other form of face stereocontrol applies to the bulky prolinol derivatives 32 
and oxazolidinone derivatives 33 catalyzed reactions (see Scheme 15), which 
lead to opposite stereogenic control when compared to proline. In this case, the 
sterically demanding groups of the catalyst shield the “upper side” of the 
enamine, allowing the electrophile to preferably approach from the “lower” side 
of the enamine plane (Scheme 18, b).131 Due to this difference, the two catalyst 
types lead to different enantiomers, although the catalysts themselves may be of 
the same absolute configuration. 

Utilizing these mechanisms, the enamine catalyses have been used to introduce a 
variety of different electrophiles to the α-position of carbonyl compounds, with 
the most well-known example being the enantioselective aldol reaction113 that 
may occur both intra- and intermolecularly. The same principles also apply to 
Mannich reactions.132 Non-carbon electrophiles can be used, for instance, in α-
amination,133 α-fluorination134 and chlorination135 reactions. It is important to 
note that not only addition but also enantioselective nucleophilic substitution 
reactions can be catalyzed by secondary amines.136 

In the LUMO-lowering amine catalysis (Scheme 16, b), the reaction starts with 
the condensation of an amine and an α,β-unsaturated carbonyl group. But here 
the iminium ion 36 renders the intermediate more electrophilic in the β-position, 
so that it will react with an available nucleophile to produce β-substituted 
carbonyl compounds. Although the mechanism of catalysis is similar to the 
enamine catalyses described above, there are some important differences. The 
catalytic cycle (Scheme 19) also starts with the initial condensation, the rate of 
which is enhanced by the presence of either water or acidic additives that assist 
the proton transfer from the amine to the forming water molecule. Unlike the 
enamine catalyses, this reaction step is not followed by tautomerization. Instead, 
β-addition of a nucleophile occurs, producing a β-substituted enamine 38, which 
is in equilibrium with its iminium derivative 39. The rate of this transformation 
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is enhanced by proton donor additives. In the final step of the catalytic cycle, the 
iminium species 39 is hydrolyzed, releasing the β-substituted carbonyl 
compound and the secondary amine, ready to enter a new catalytic cycle. 
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Scheme 19. General catalytic cycle for iminium-catalyzed reactions. 

The iminium-catalyzed reactions where imidazolidinone catalysts 33 are used 
include Diels-Alder reactions, which were first reported by MacMillan.115 
Following this discovery, the scope of the catalyses mode was expanded to 
diarylprolinol ether catalysts 32 and used in [3+2] cycloadditions,137 Friedel-
Crafts alkylations,138 conjugate additions and hydrogenations of α,β-unsaturated 
carbonyl compounds.116 The list of different nucleophiles that have been 
employed includes C, N, O and S nucleophiles.139 

Stereocontrol in the iminium catalyses is mainly directed by steric factors.140 The 
structures of the reactive iminium intermediates derived from prolinol catalysts 
(Figure 2) have been identified141 and shown to usually adopt a configuration 
where the (silyl) protecting group is closest to the double bonds and thus makes 
the largest contribution to stereocontrol. Bulky aryl groups (i.e. with meta-
trifluoromethyl substituents) can additionally contribute to the sterically driven 
stereoinduction. As in enamine catalyses, these effects both ensure that the 
iminium ion is in E configuration, which is the most energetically favored state, 
and that the nucleophile approaches the iminium intermediate preferably from 
the “lower side” of the alkene-iminium plane. 
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Figure 2. Stereocontrol in iminium-catalyzed β-functionalization of α,β-

unsaturated aldehydes 
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1.3.2 α-Diketones in Organocatalytic Reactions 

Despite the considerable and rapid developments in organocatalytic chemistry 
over the last 10 years, the organocatalytic functionalization of α-diketones has 
received surprisingly little attention. Most of the few examples available in the 
literature concentrate on using α-diketones as electrophilic counterparts in 
organocatalytic reactions. For instance, vic-diketones have been used as 
electrophiles in N-heterocyclic carbene-catalyzed reactions with α,β-unsaturated 
aldehydes,142 in thiourea-catalyzed reactions with α-isothiocyanato imides143 and 
in proline derivative-catalyzed cross-aldol reactions with ketones (Scheme 
20).144 
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Scheme 20. Cross-aldol reaction of 1,2-diketone and acetone 

Still, there are some examples available in which α-diketones have been used as 
nucleophiles in organocatalytic chemistry. Most of these examples utilize 
bifunctional thiourea catalysis,145,146,147 in which the diketone acts as a 
nucleophile in a Michael reaction with an α,β-unsaturated nitro compound145,146 
or benzylidene-malononitriles.147 Such α-diketones have also proved to be good 
nucleophiles in secondary amine-catalyzed iminium catalytic Michael reactions 
with α,β-unsaturated aldehydes.106 However, in all cases the first Michael adduct 
in situ proceeds to a conjugated secondary reaction, producing bicyclic 
compounds. In the case of iminium catalysis (Scheme 21), the Michael adduct 
40 is an enamine that gives an intramolecular aldol reaction with one of the 
carbonyl groups in the diketone to give a bicyclic product 41. Such secondary 
amine-catalyzed enamine aldol reactions have also been observed in an 
intermolecular manner.144 
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Scheme 21. Secondary amine catalytic iminium-enamine tandem catalyses 

1.3.3 Organocatalytic Mukaiyama-Michael Reactions 

Mukaiyama-type reactions have long been a useful means of transformation of 
organic molecules, especially when used in aldol reactions. In Mukaiyama-
Michael reactions the α,β-unsaturated carbonyl compounds usually tend to give 
1,2-addition products instead of Michael adducts. In 2003 MacMillan reported 
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the first known organocatalytic Mukaiyama-Michael addition reaction where 
iminium catalysis was used to overcome the 1,2-regioselectivity problem.148 In 
that report, unsaturated aldehydes were combined with silyloxy furans to obtain 
γ-butenolides 42 (Scheme 22, a), which were used in the synthesis of 
spiculisporic acid, a natural product. The synthetic utility of this transformation 
was further demonstrated by others in the synthesis of (+)-compactin.149 
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Scheme 22. a) Mukaiyama-Michael reaction of silyloxyfurans; b) Mukaiyama-

Michael reaction of silyl enol ethers; c) Mukaiyama-Michael reaction 
of silyl ketene acetals; X = heteroatom 

Soon an iminium catalytic Mukaiyama-Michael reaction between silyl enol 
ethers and α,β-unsaturated aldehydes was developed,150 making it possible to 
prepare enantiomerically enriched 1,5-dicarbonyl compounds 43 (Scheme 22, b). 
A few years later, MacMillan extended the scope of the reaction to the use of 
various silyl ketene acetals as nuclephilic counterparts,151 further broadening the 
range of compounds accessible via the organocatalytic Mukaiyama-Michael 
reaction (Scheme 22, c). Thus, it is quite surprising that these reports have not 
received sufficient attention. The scope of organocatalytic Mukaiyama-Michael 
reactions has been slowly extended, but these reports remain sparse. Thus, a 
novel iminium catalytic Mukaiyama-Michael reaction by using cyclopentane-
1,2-dione bis-silyldienolates would be of scientific value. 
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2 Aims of the Present Work 

Cyclopentane-1,2-diones are promising starting compounds for different organic 
transformations. Up to now, the synthetic potential of these compounds has not 
received sufficient attention. Based on the literature data and the conclusions and 
considerations drawn on their basis, the main aims of the present thesis are the 
following: 

• One hindrance that may hold cyclopentane-1,2-diones back from wider use 
is the lack of good methods for their preparation. Therefore, we aimed to 
develop a new method for the preparation of cyclopentane-1,2-diones from 
vic-diols using heterogeneous platinum metal-catalytic aerobic oxidation. 

• The asymmetric oxidation of 3-alkylcyclopentane-1,2-diones is a valuable 
tool in the preparation of chiral γ-lactone acids. The absence of a rational 
mechanism for this reaction hinders further development and the use of the 
method in practical applications. The elucidation of the reaction mechanism 
of the asymmetric oxidation of 3-alkylcyclopentane-1,2-diones was one of 
the aims of the thesis. 

• 1,2-Diketones may act as strong nucleophiles in the form of bis-dienolates. 
Elucidation of the possiblilities of organocatalytic reactions of these enolates 
was one of the aims of the work. The first example selected for such 
investigation was a Mukaiyama-Michael reaction. 
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3 Results and Discussion 

3.1 Platinum-Catalyzed Aerobic Oxidation of Cyclopentane-1,2-diols 

As discussed in chapter 1.1, the oxidation of vic-diols may lead to noticeable C-
C bond cleavage between oxygen-bearing carbons and there are only a few 
known oxidation methods for the preparation of cyclic 1,2-diones available. 
There are no earlier examples of the metal-catalytic aerobic oxidation of 
cyclopentane-1,2-diols 44 to 1,2-diketones 46 (Scheme 23). Preliminary 
scanning of activated carbon-supported catalysts showed that the oxidative 
dehydrogenation of cyclopentane-1,2-diols can be achieved over a 
heterogeneous platinum catalyst (Table 1). Activated carbon-supported platinum 
catalysts were used, as they are relatively cheap, durable and easily manipulated. 

HO OH O OH
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R R

O OH
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Scheme 23. Metal-catalytic aerobic oxidation of cyclopentane-1,2-diols 

All of the used catalysts contained noticeable amounts of intrinsic water, usually 
around 50% by weight. It is known that water can have a noticeable influence on 
aerobic metal-catalytic oxidations. To determine the effect of water, a dried Pt/C 
catalyst was used for the oxidation in dry toluene and proved to be inactive. 
Thus, we concluded that water was essential for the dehydrogenation reaction. It 
has been proposed that water can act as a weak base and help to subtract the OH 
proton,152 driving the formation of the alcoholate species in the catalytic cycle 
(Scheme 5). 

Table 1. Activity of different activated carbon supported catalysts 

HO OH

OBn

O OH

OBnAir

Toluene

Catalyst Rh/C Pd/C Pt/C Pd,Pt,Bi/C Dry Pt/C Pd/Al Pd(OH)2/Al 
Catalyst 
activity 

Not 
active 

Low 
activity 

Active Very low 
activity 

Not 
active 

Not 
active 

Not active 

Reactions were followed by TLC and activity was evaluated by comparing conversion at 
equal reaction times. 

The initial reaction conditions developed for the oxidation of 44 to 46 over a 
commercial Pt/C153 catalyst involved 5 mol% of the metal catalyst (metal basis) 
in toluene. For the reasons discussed in chapter 1.1.1, the reaction was sensitive 
to the amount of air available. For experimental simplicity, a method was 
developed that involved a batch-wise addition of air, i.e. the air atmosphere in a 
closed reactor was changed in 4 h intervals. Applying fresh air more frequently 
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increased the formation of undetermined degradation products (presumably ring 
cleavage products formed by over-oxidizing the diketone). Less frequent 
ventilation slowed the reaction down and eventually led to earlier catalyst 
deactivation.  

Although these preliminary reaction conditions were suitable for the oxidation of 
diols 44 with different R groups, quantitative conversion was not achieved and 
some starting material was always recovered. In all cases a certain amount of 
intermediate hydroxyketone 45 was detected in the reaction mixture, suggesting 
that the two hydroxyl groups were oxidized successively. 

Although a mixture of a flammable solvent, air and Pt/C catalyst is relatively 
safe to use in small laboratory scale reactions, it can be seen as a potential safety 
hazard in bench- and industrial scale preparations. Having established that water 
is essential for the oxidation to occur, oxidation of water-soluble diols (R = H, 
Me; see Scheme 23) was performed in water with good results. The developed 
4-hourly ventilating procedure reflects the challenges in the method 
development of heterogeneous oxidations.  

3.1.1 Alkali Additives 

It is known that inorganic bases can considerably enhance product yields in 
platinum metal-catalytic aerobic oxidations,152 presumably by providing an 
additional driving force for the alcoholate formation. We found that the addition 
of lithium hydroxide to the oxidation medium rendered the catalyst system less 
sensitive to the amount of air. It was possible to run the oxidation of diols 44 in a 
reactor equipped with an open vertical condenser. Good yields were obtained in 
shorter reaction times, both in toluene and in a 1:1 mixture of acetonitrile and 
water. The latter was found to be a tunable reaction medium suitable for a wide 
variety of substrates with different solubilities, and provided better yields than 
toluene. The optimal amount of alkali was found to be 1 equivalent towards the 
substrate. 

The possibility of recycling the catalyst was evaluated under the developed 
conditions and it was found that the catalyst could be regenerated by filtration 
and reused at least once, with only a small reduction in yield. Changing LiOH to 
CsOH produced a small decrease in product yield, accompanied by a complete 
loss of recovered starting material. It is possible that CsOH renders the reaction 
faster but the oxidation product is not stable in the presence of CsOH. Changes 
in the reaction temperature did not improve the yield: below 60°C the reaction 
was significantly slower and above 70°C the product started to decompose, 
suggesting that the optimal temperature was around 60 °C. 
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3.1.2 Method for the Aerobic Oxidation of Cyclopentane-1,2-diols to 
1,2-Diketones 

Based on the results and considerations presented above, it was possible to 
outline a practical method for the aerobic oxidation of cyclopentane-1,2-diols to 
1,2-diones. A 1:1 mixture of MeCN and water was used as the reaction medium 
in the presence of 1 eq of LiOH and 5 mol% of Pt/C catalyst for the oxidation of 
3-benzyloxyethylcyclopetane-1,2-diol 47 (Table 2, entry 1). The reaction was 
run in a reactor that was open to atmospheric air through a vertical condenser. In 
the presence of LiOH, no more intermediate 45 was observed among the 
reaction products, indicating that under the achieved conditions the 
transformation of 45 to 46 is faster than 44 to 45. 

It was found that different diols were suitable as substrates in these reaction 
conditions (Table 2, entries 3-8). A primary hydroxyl containing substrate 49 
(Table 2, entry 4) provided a product with only the secondary hydroxyls 
selectively oxidized. It is possible that some of the primary alcohol was also 
oxidized to acid, but this product remained in water and thus was lost during 
workup. 

The ester and amide group containing diols were not good substrates for the 
oxidation (Table 2, entries 5 and 7). From the ester containing diol 50, only a 
low yield of diketone was obtained and the amide group bearing diol 52 
provided no product at all. It is possible that the carbonyl groups in the side 
chains of these substrates coordinated strongly to the metal surface, blocking the 
desired reactivity of the catalyst. This may give rise to competing undesired 
reactions – we observed a complete decomposition of the starting material in 
both cases if the reaction time was extended. 

In a further attempt to optimize the reaction conditions, the catalyst loading was 
lowered to 1 mol% (Table 2, entries 2 and 9). As a result, longer reaction times 
were required to complete the reaction and slightly lower yields were obtained. 
However, the five-fold reduction in the catalyst amount signified a rise in the 
catalyst turnover number from 14-15 to 63 and 72 (Table 2, entries 1-2 and 8-9 
respectively), making lower catalyst loading economically feasible. The 
substrate scope of the reaction was reevaluated with 1 mol% of catalyst and 
certain trends were revealed. Whereas the position of the alkyl substituent in the 
diol is not crucial (compare 47 and 55), the spatial arrangement of the hydroxyl 
groups is: cis-diol 47 is a better substrate than trans-diols 58 and 59. It was also 
found that the method is not suitable for the oxidation of acyclic vic-diols (60) 
but is applicable for the conversion of cyclopentane mono-alcohols (61) to 
ketones. The latter observation is especially noteworthy since the similar diols 
with ester and amide groups (50 and 52 respectively) had not provided good 
results in earlier experiments (Table 2, entries 5 and 7). 
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Table 2. Aerobic oxidation of diols 44 

Entry Diol 44 Pt/C, mol% Time, h 46 yield, % 

1 

HO OH

OBn

47
 

5 4 70 

2 1 5.5 63 

3 
HO OH

48

 
5 5 74 

4 
HO OH

OH

49
 

5 5 49 

5 
HO OH

COOtAmyl

50 5 1.3 28 

6 
HO OH

Ph
51 5 3.5 69 

7 
HO OH

CONH2

52

 
5 3 0 

8 

HO OH

NHBoc

53
 

5 4 76 

9 1 4 72 

10 
HO OH

Bn
54

 
1 5 65 

11 
HO

HO OBn
55

1 5 63 

12 
HO

HO O tBu
56

 

1 5 61 

13 
HO OH

57

 
1 4 19 

14 1 4 38 

15 1 4 36 

16 1 4 0 

17 
 

1 3.5 28 
(+33*) 

All experiments run in 1:1 MeCN-H2O at 60 °C in an open glass 
reactor equipped with a condenser; 1 eq of LiOH·H2O. *Oxidation 
product with the ester hydrolyzed 
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3.1.3 Gram-Scale Oxidation 

When the reaction was scaled from a 100 mg scale to a gram scale, only 34% of 
the diketone product was obtained, with most of the starting material left 
unreacted. Most probably the rate of the unassisted mass transfer of air oxygen 
through the condenser was not enough, leading to catalyst deactivation (Table 3, 
entry 1). Thus, additional air was provided by saturating a 0.3 ml/min flow of air 
with fresh solvent in a different vessel and then bubbling it through the reactor, 
giving the diketone in 64% yield. Most of the unreacted starting material could 
be recovered and used in the next batch. A selection of different diketones was 
prepared in good yields under these conditions. Although quantitative turnover 
was not achieved, the overall loss in material was small. 

Table 3. Gram scale oxidation of diols 44 

HO OH O OH
44 46

Air

Pt/C

R R

LiOH*H2O
MeCN:H2O

Entry Substrate 44 Time, h 46 yield, % Regen. 44, % 

1* HO

HO OBn

55

 

5 34 62 

2 6 64 28 

3 
HO

HO OtBu

56

 
6 51 46 

4 
HO

HO OMe

62

 
6 56 40 

5 
HO OH

NHBoc
53

 
4 66 26 

All experiments run in 1:1 MeCN-H2O at 60 °C with 1 mol% Pt/C 
catalyst under an open vertical condenser; 1 eq of LiOH·H2O. A 
0.3 ml/min flow of atmospheric air saturated with solvent mixture 
was maintained through the reactor during the reaction. 
*Without air flow  

In summary, a practical method for the catalytic aerobic oxidation for 
cyclopentane-1,2-diols to cyclopentane-1,2-diones was developed. The reaction 
proceeded under relatively mild conditions (60 °C in MeCN/H2O) in the 
presence of 1 mol% of a heterogeneous Pt/C catalyst and 1 eq of LiOH. The 
method tolerated a wide choice of solvent systems, ranging from organic 
solvents to aqueous mixtures to water. Under the described reaction conditions, 
the secondary hydroxyl groups were preferably oxidized and various functional 
groups, including primary hydroxyl, tolerated the reaction conditions. The 
reaction method could also be scaled up for preparative use. 
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3.2 Mechanism of the Asymmetric Oxidation of 3-Alkylcyclopentane-
1,2-diones 

The reaction mechanism of the asymmetric oxidation reaction that has been used 
for the generation of chirality in the preparation of chiral tetrahydrofuran 
derivatives,154 homocitric acid38 and nucleoside analogues96 is not fully 
understood. The formal reaction scheme of the domino reaction sequence 
(Scheme 24) does not reveal all the steps, the intermediates involved or the 
mechanisms of their interconversion. 

 
Scheme 24. Asymmetric oxidation of 3-alkylcyclopentane-1,2-diones to 2-alkyl-

γ-lactone acids 

The whole oxidation process can be divided into three formal steps (Scheme 25). 
In step I the enolic double bond is epoxidized. The epoxide product 18 may 
rearrange, affording the α-hydroxylated diketone 14, which has been previously 
isolated and characterized.29 In step II, the intermediate epoxide 18 is further 
oxidized. This step results in C-C bond cleavage, producing an anhydride 
intermediate. After quenching the reaction mixture by alkaline hydrolysis and 
acid treatment, diacid 15 is isolated.37 Finally, in formal step III, the anhydride is 
acylated (or diacid 15 is cyclisized) to a lactone 16. The stereogenic center in the 
lactone acid is created in step I of the reaction sequence and the asymmetry is 
preserved throughout the following transformations. 

 
Scheme 25. The formal steps in the reaction sequence 

The first isolable compound is the 3-hydroxylated product 14. In analogy to the 
epoxidation of allylic alcohols, it is reasonable to assume that this compound 
arises from the cleavage of the epoxide from the epoxidation of the enolic 
double bond of the compound 13. However, it has been demonstrated earlier that 
compound 14 itself cannot be further oxidized into compounds 15 or 16.95 14 
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appears upon quenching the reaction mixture that contains the epoxide species 
18 (Scheme 26). Thus epoxide 18 must be the substrate for the second oxidation 
in Step II. 

 
Scheme 26. Step I – the asymmetric epoxidation and hydrolytic cleavage of 

epoxide 

Attempts were made to detect the epoxide species in the reaction mixture under 
conditions that were optimized for the preparation of 15 and 16.95 However no 
distinctive signals that could be assigned to the epoxide were detected by NMR 
when the reaction was run in an NMR tube. This suggests that Step I is the rate-
limiting step in the reaction sequence and the formed epoxide is quickly 
consumed by the following Step II. All reaction intermediates exist as a mixture 
of different titanium complexes, so the NMR spectra does not have characteristic 
chemical shift bands and is very difficult to interpret. 

Based on these considerations and earlier mechanistic insights presented in 
chapter 1.2, we may propose two possible reaction pathways, as presented in 
Scheme 27. Both share common intermediates and can only be distinguished by 
following the paths of individual oxygen atoms throughout the reaction cascade. 
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Scheme 27. Proposed mechanisms for the Ti(OiPr)4-tBuOOH oxidative cleavage 

of cyclopentane-1,2-diones 

3.2.1.  Determination of Labeled Oxygen Atom Pathways 

In previous attempts to clarify the mechanism of the oxidation of diketones, 
isotope-labeled oxygen atoms that are involved in the process have been 
followed either by mass spectroscopy35,155 or by NMR.36 13C NMR can be used 
to track 18O atoms in organic molecules because the change of 16O atom to 18O 
causes a small upfield chemical shift of the carbon attached to the oxygen.156 
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The magnitude of the shift is specific to the functional group.157,158 Partial 18O 
saturation on a given oxygen causes the 13C NMR signal to split, and the 
chemical shift difference between the splitting peaks is specific to the nature of 
the C-O bond. 18O saturation can be measured by the relative peak heights of 
different oxygen isotope-bound 13C peaks. As the isotope does not noticeably 
alter the relaxation time (and hence the peak shape) of the carbon nucleus, the 
peak heights are as good quantitative measures of the oxygen isotope content as 
are peak areas.159 

The labels were introduced into the reactant (tBuOOH) and into two different 
positions in the substrate. The 18O-labeled oxidant tert-butyl hydroperoxide 63 
was prepared from tert-butyl Grignard reagent and 18O2 gas according to a 
known procedure (Scheme 28, a).160 Differently labeled 3-benzylcyclopentane 
diones with 18O labels at C1 (compound 13a) and at C2 (compound 13b) were 
prepared separately by means of different synthetic routes. Labeled diketone 13a 
was prepared from 3-benzylcyclopetane-1,2-dione by an acid catalytic isotope 
exchange reaction161 that could be monitored by NMR (Figure 3). Labeled 
diketone 13b was prepared in two steps from a known intermediate of the 
synthesis of 2-alkylcyclopentane-1,2-diones.96 

 
Scheme 28. Preparation of 18O labeled reagents 

 
Figure 3. Oxygen isotope exchange at C1 of 3-benzyl-2-hydroxycyclopent-2-ene-1-

one 13, monitored by NMR 



38 
 

3.2.2 Oxidation with Labeled Oxidant 

3-Benzyl diketone 13 was subjected to oxidation with the labeled oxidant, and 
the product from Step II – diacid 15 – was isolated. A 13C NMR analysis of the 
product revealed distinctive isotope splitting on the carboxylic acid carbons of 
15, both corresponding to roughly 50% 18O saturation (Figure 4, a). According 
to a mass spectroscopy analysis, the diacid contained two 18O labels, which can 
be explained by the origin of the labels. One of the labels originated from Step I 
and was carried on to the C2-OH (Scheme 29) position without dilution of the 
saturation. Because the saturation was close to 100%, the peak corresponding to 
the unlabeled hydroxyl was not visible in 13C NMR. The second labeled oxidant 
was introduced in Step II and was, after the hydrolysis of the anhydride 
intermediate, found in both of the acid groups in equal probabilities, hence the 
approximately 50% saturation on both. This situation distinctively corresponds 
to the Baeyer-Villiger mechanism depicted in Scheme 29. If the reaction 
proceeded according to the epoxide approach, none of the labeled oxygens 
should have been found in the C1 acid. 

 
Figure 4. 18O saturation on C1 and C5 of diacid 15 (a) and lactone acid 16 (b) as 

observed by 13C NMR in labeled compounds derived from labeled 
oxidant 

When the diacid auto-catalytically cyclized to lactone acid 16, 24% 18O 
saturation was observed on the C1 acid and close to 50% saturation was retained 
in the C5 carboxyl group (Figure 4, b). A mass spectroscopy analysis of the 
product revealed 26% of the compound to contain one label and 73% two labels. 
This suggests that the Step I epoxide oxygen that had been incorporated into the 
lactone had retained its isotope saturation. Again these observations support the 
Baeyer-Villiger mechanism. The epoxide mechanism would not give any 
labeling on C1 and should produce a 1:1 mixture of mono and dilabeled 16. 

a) b)
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Scheme 29. Proposed reaction mechanisms followed by labeled oxidant 

3.2.3 Oxidation of Labeled Diketones 

In order to confirm the findings from the experiment with labeled oxidant and to 
clarify the path of the two oxygen atoms from substrate 13 to the product, 
differently labeled diketones 13a and 13b were separately submitted to oxidation 
with an unlabeled oxidant. When labeled diketone 13a was subjected to the 
oxidation reaction with tBuOOH, the isolated diacid showed 18O saturation only 
at C5 of the molecule when analyzed by NMR (Scheme 30; Figure 5, a). A mass 
spectroscopy analysis suggested that the compound had only one label, as 
expected. These observations again support the Baeyer-Villiger mechanism. 
According to the epoxide mechanism, the label should be equally distributed 
between C1 and C5. After cyclization to the lactone, a two-fold reduction in the 
isotope saturation on C5 was observed by NMR and mass spectroscopy (Figure 
5, b). This is explained by the lactonization mechanism, where one of the 
carboxyl oxygens is eliminated from C5. 
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Figure 5. 18O saturation on C5 of diacid 15 (a) and lactone acid 16 (b) as observed 

by 13C NMR in labeled compounds derived from 13a 

Using the labeled diketone 13b as the asymmetric oxidation substrate provided 
diacid 15d with good 18O saturation at C1 (Scheme 30). When this compound 
was cyclized, compound 16e with a label in C1 carboxylic moiety was observed 
with only a marginal loss in isotope saturation. A mass spectroscopy analysis of 
both compounds supported these findings. The experiments with labeled 
diketone 13b did not reveal additional information about the reaction 
mechanism. The results corresponded exactly to the expected outcome and there 
was no conflict with findings from the earlier experiments with other labeled 
starting materials. 

 

Scheme 30. Oxidation of 18O labeled diketones 

3.2.4 Conclusions About the Mechanism 

Based on the findings above, we can confirm the “Baeyer-Villiger mechanism” 
as depicted in Scheme 31. The first step of the oxidative reaction cascade for 3-
alkylcyclopentane-1,2-dione 13 – asymmetric epoxidation – is a key step in the 
whole process that stereoselectively generates a chiral center and also appears to 
be the reaction rate limiting step. The oxidation was very similar to the 
asymmetric oxidation of allylic alcohols developed by Sharpless et al88 and the 
formed stereogenic center retained its configuration throughout the rest of the 
reaction cascade. The reaction continued with the Baeyer-Villiger oxidation of 
the formed epoxide 18, with a second equivalent of t-butyl hydroperoxide. At 
this point, the process was quenched by aqueous alkali hydrolysis. As a result, 

a) b)
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the diacid was formed and isolated. In the third step, the diacid was cyclized to 
γ-lactone acid. 

It has to be remembered that throughout Step I and Step II the reagents are 
coordinated to a titanium complex. The chirality is generated in the rate-limiting 
Step I and the chiral intermediate proceeds to Step II instantly. At this point the 
titanium complexes are hydrolyzed, producing the diacid which can be isolated. 
Finally, in Step III, the diacid is acid-catalytically cyclized, forming the chiral γ-
lactone acid product in excellent yield and stereoselectivity. The 18O labeled 
experiments unambiguously demonstrate that the second oxidation, the cleavage 
of the cyclopentane ring, proceeds by the Baeyer-Villiger type mechanism. 

 
Scheme 31. Reaction mechanism. * Note that the magenta colored carbonyl 

oxygen in the lactone can have 18O labels both from the substrate diketone 
and from the tBuOOH oxidant 
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3.3 Organocatalytic Mukaiyama-Michael Reaction of Cyclopentane-
1,2-dione bis-Silyldienolate with α,β-Unsaturated Aldehyde – 
Access to Enantioenriched 3-Alkylcyclopentane-1,2-diones  

An organocatalytic Mukaiyama-Michael reaction of bis-silyldienolate 30 with an 
α,β-unsaturated aldehyde 64 was examined (Scheme 32). Bis-silyldienolate 30 
was used as the nucleohilic counterpart because, as discussed in chapter 1.3, 
cyclic vicinal dicarbonyls decrease each other’s nucleophilicity and thus 
additional activation was needed to complement organocatalysis. 

 
Scheme 32. Organocatalytic Mukaiyama-Michael reaction. 

3.3.1 Preparation of the Nucleophilic Dienolate 

The bis-silyl dienolate 30 is a known compound that had previously been 
prepared in a single step162 or in two steps.111 Although both of these protocols 
did indeed work, they utilize highly hygroscopic lithium salts, which makes 
them cumbersome to use. Better results were obtained by preparing 26 in 
conditions analogous to the earlier example111 and subsequently converting it to 
30 in a reaction with Et3N and TBSOTf (Scheme 33), inspired by an example by 
Reetz.110 

 
Scheme 33. Preparation of 2,3-bis-(t-butyldimethylsilyloxy)-cyclopenta-1,3-diene 

3.3.2 Preliminary Experiments 

First the mono silyl enolate 26 was subjected to a Mukaiyama-Michael reaction 
with trans-cinnamaldehyde 64 using a protected prolinol catalyst, but the 
reaction was found to be extremely slow. Dienolate 30, on the other hand, 
proved to be a good nucleophile. In the presence of 20 mol% of catalyst 66, all 
of cinnamaldehyde reacted in 6 h (Scheme 34). Being concerned about the 
hydrolytic stability of 30, the initial experiments were run in dry conditions in 
the presence of molecular sieves. Also, acid co-catalysts were avoided because 
such additives may contribute to the decomposition of silyl enolates in 
organocatalytic Mukaiyama type reactions.150 
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The product 67 formed as a 1:2 mixture of diastereomers, but was too unstable 
to be reproducibly isolated. In order to prepare α-substituted cyclopentane-1,2-
diones and to obtain stable results, aldehyde 67 was reduced in situ to a 
relatively stable alcohol 68 by NaBH4. Following an aqueous workup, the crude 
mixture was treated with TBAF to remove the remaining silyl group. Although, 
the product is initially formed in the enol form 69, it quickly rearranges to a 
thermodynamically more stable enol 70.11 

 
Scheme 34. Organocatalytic Mukaiyama-Michael reaction. 

Usually such organocatalytic reactions offer good enantioselectivities when run 
with an appropriate catalyst in suitable reaction conditions. Diastereoselectivity, 
however, depends much more on the reaction conditions and can be difficult to 
control, often leading to poor selectivity. In the present case, the 
diastereoselectivity during the transformation of 30 to 67 was low. Instead of 
separating the diastereomers, both were converted to a single product during the 
isomerization of 69 to 70. Thus the stereoselectivity of the reaction sequence 
was only determined by the enatioselectivity of the process. 

Utilizing this reaction methodology, the 3-substituted cyclopentane-1,2-dione 65 
was obtained from a reaction with trans-cinnamaldehyde 64 in 24% yield with a 
respectable 88% ee in the presence of 5% of organocatalyst 66 (Table 4, entry 
1). After 13 h of reaction time, all of the reactant 30 was consumed, leaving a 
substantial amount of aldehyde unreacted. Thus, the initial amount of 30 was 
increased until a total consumption of aldehyde was observed, with some 30 still 
present in the reaction mixture (Table 4, entry 3). 

3.3.3 Catalyst Screening 

While scanning different catalysts for the reaction, it was found that simple 
proline 31 was not active, with most of the aldehyde and some 30 left after 116 
h, and no desired product observed (Table 4). Also catalyst 71 proved to be 
inactive. This is not a surprising result, for imidazolidinone catalysts are usually 
active in iminium catalysis only if combined with an acid co-catalyst.163 The 
tetrazole catalyst 72 was more active than 66 but with poor selectivity, while the 



44 
 

fluorine containing prolinol derivative 73 was of low activity and selectivity. 
The sterically more demanding catalyst 74 proved to be of very low activity and 
also showed moderate selectivity after an extended reaction time. The 
hydrolytically more stable and bulkier 75 was slow to react but in the end 
provided both the highest yield and selectivity. 

Table 4. Optimization of the two-pot three-step reaction sequence 

 

Entry Catalyst 
30 
eq 

Reaction 
time, h 

70 
yield

% 

ee 
% 

1 66 
 

1,3 13 24 88 

2 66 
 

1,6 13 34 87 

3 66 
 

2 15 50 87 

4 31 
 

2 116 - - 

5 71 
 

2 100 - - 

6 72 
 

2 9 56 21 

7 73 
 

2 65 39 30 

8 74 
 

2 100 11 79 

9 75 
 

2 70 59 92 

Reaction conditions - Step 1: 5 mol% of catalyst, 0.15 M solution 
of aldehyde, 100 mass% MS4Å; Step 2: 1 eq of NaBH4 based on 
cinnamaldehyde; Step 3: 0,05 M solution in THF, 4 eq of TBAF 
based on cinnamaldehyde, 2 eq based on 30. 
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The small differences in selectivity between catalysts 66 and 75 were expected, 
as in silyl protected diarylprolinol catalysts most of the facial selectivity is owed 
to the silyl protecting group that will be closest to the iminium ion and provide 
most of the facial shielding.141 Thus the potentially H-donor and hydrogen 
bonding properties of 72 are not able to enhance enantioselectivity in 
Mukaiyama-Michael reactions. In a meta-substituted diarylprolinol catalyst 74, 
the large aryls contribute to the shielding, which in this case significantly 
lowered the catalyst activity. Fluorine substituted catalyst 73 should provide a 
similar transition structure to 74, but with less shielding.164 Hence, the higher 
activity and lower selectivity of catalyst 73. We can assume that the OTBS 
group of 75 provides the optimal conditions for the addition, shielding the Re 
face of the formed iminium intermediate and directing the silyl enolate 
nucleophile to attack from the Si face (Scheme 35).165 The end product 65 should 
be produced in S configuration. 

 

Scheme 35. Proposed stereoinduction in the addition reaction 

3.3.4 Solvent Screening 

In the presence of catalyst 75 the process was found to be noticeably faster if no 
precautions were taken to exclude water from the reaction environment (Table 
5). Unfortunately the selectivity was slightly lower and the decomposition of 30 
was noticeably faster with no excess dienolate left by the end of the reaction 
time. Using 10 mol% of the catalyst restored some of the yield and selectivity. 

No reaction was observed when the addition was performed in chloroform, 
toluene and HPLC grade acetonitrile. Surprisingly, a reasonable yield, although 
with lower selectivity, was observed in reagent grade (i.e. not dry) acetonitrile. It 
is possible that the intrinsic moisture in the latter played a role in the reaction. 
Further solvent screening established alcohols as the optimal environment. The 
reaction was slower but provided the highest selectivity in isopropanol. 96% 
ethanol as a solvent gave the optimal combination of reactivity and selectivity. 
In ethanol, it was possible to reduce the catalyst loading back to 5 mol% with a 
minimal decrease in yield and selectivity. 

 

 



46 
 

Table 5. Solvent scan for catalyst 75; reagent grade solvents used 

 
Entry Solvent Catalyst 

loading 
Reaction 

time 
Yield ee 

1 MeOH 5 11 56 88 

2 MeOH 10 14 60 90 

3 PhMe 10 11 0 - 

4 CHCl3 10 15 0 - 

5 MeCN* 10 23 0 - 

6 MeCN 10 23 57 86 

7 iPrOH 10 23 54 92 

8 EtOH 10 9 56 93 

9 EtOH 5 9 55 92 

Reaction conditions - Step 1: 0.15 M solution of aldehyde, 2 eq of 30; 
Step 2: 1 eq of NaBH4 based on cinnamaldehyde; Step 3: 0.05 M 
solution in THF, 4 eq of TBAF based on cinnamaldehyde. 
* Dry HPLC grade solvent 

3.3.5 Reaction Scope 

In addition to cinnamaldehyde 64, other α,β-unsaturated aldehydes were 
subjected to the optimal reaction conditions (Table 6). Both the electron-poor p-
nitrocinnamaldehyde and the electron-rich p-methoxycinnamaldehyde reacted 
well. While the results from the electron-poor counterpart were comparable to 
the results from cinnamaldehyde, the p-methoxy compound (Table 6, entry 2) 
provided a slightly lower yield. This result is not very surprising, as such 
electron-poor aldehydes are known to give slightly lower yields also in other 
organocatalytic reactions.166 In an attempt to produce crystals that would be 
suitable for X-ray diffraction analysis, the p-bromocinnamaldehyde was 
subjected to the reaction with good results. Although the product was a solid at 
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room temperature, it failed to give workable single crystals. Also an α,β-
unsaturated aldehyde with an aliphatic chain gave good results. Unfortunately, 
all of the products proved to be somewhat unstable in contact with silica gel, 
which made it difficult to obtain analytical samples in high purity. 

Table 6. Synthetic scope of the Mukaiyama-Michael reaction 

 

Entry Aldehyde 
Reaction 

time 
Yield ee 

1 
 

9 57 94 

2 
 

20 40 87 

3 
 

10 66 90 

4  9 63 91 

Reaction conditions. Step 1: 0.15 M solution of aldehyde in EtOH, 2 
eq of 30; Step 2: 1 eq of NaBH4 based on aldehyde; Step 3: 0.05 M 
solution in THF, 4 eq of TBAF based on aldehyde. 
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Conclusions 

The following problems regarding the preparation and reactions of 
cyclopentane-1,2-diones were explored and solved in the course of the 
present study: 

• A method for the aerobic oxidation of cyclopentane-1,2-diols to their 
corresponding cyclopentane-1,2-diones was developed. The method 
utilized a commercial activated carbon-supported platinum catalyst and 
used atmospheric air oxygen as the bulk oxidant in an aqueous reaction 
environment. It was possible to prepare unsubstituted, 3-alkyl- and 4-
alkylcyclopentane-1,2-diones in good yields without carbon-carbon 
bond cleavage between the forming carbonyl groups. 

• 18O isotope-labeled substrates and reagent were used to establish the 
mechanism of the asymmetric oxidation of 3-alkylcyclopentane-1,2-
diones with the Ti(OiPr)4/tartrate ester/tBuOOH catalytic complex. It 
was found that this cascade reaction proceeded via the following main 
steps: (I) enantioselective epoxidation of the enolic double bond of the 
cyclopentane-1,2-dione; (II) Baeyer-Villiger oxidation of the carbonyl 
group, followed by rearrangement of the intermediates and (III) intra-
molecular acylation, resulting in γ-lactone acids. 

• A method for the preparation of enantiomerically enriched chiral 3-
alkylcyclopentane-1,2-diones was developed. The method used a bis-
silyl dienolate derived from unsubstituted cyclopentane-1,2-dione as the 
nucleophile in an organocatalytic C-C bond formation by a Mukaiyama-
Michael reaction. The reaction tolerated both electron-rich and electron-
poor aromatic α,β-unsaturated aldehydes, as well as aliphatic α,β-
unsaturated aldehydes as the electrophilic counterparts to give chiral 3-
alkylcyclopentane-1,2-diones in up to 66% yield and up to 94% ee over 
three reaction steps 
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Abstract 

3-Alkylcyclopentane-1,2-diones are a group of compounds that occur in nature 
and that can be biologically active on their own. They can be used as starting 
materials for the synthesis of various biologically active compounds. Although 
some simpler 3-alkylcyclopentane-1,2-diones can be isolated from natural 
sources, the preparation of more complex synthetic analogues of these 
compounds can be challenging. 

One of the known ways of preparing cyclopentane-1,2-diones involves the 
oxidation of their preceding diols to the desired dicarbonyl compounds, while 
avoiding the oxidative cleavage of the diketones. This calls for mild and 
selective oxidation methods: for instance Swern oxidation has been used for the 
transformation. In order to devise a more effective and less waste-producing 
alternative, an aerobic oxidation method was developed in the course of this 
thesis. The method makes use of a commercial and reusable Pt/C catalyst in 
aqueous solvents and uses atmospheric air oxygen as the oxidant. A variety of 
unsubstituted, 3-alkyl- and 4-alkylcyclopentane-1,2-diols were oxidized to 
diketones. The reaction tolerated a variety of different functionalities in the 
substituents of the cyclopentane ring. 

Although the oxidative cleavage of cyclopentane-1,2-diones can be seen as an 
undesired degradation process, it can also be carried out in an asymmetric 
manner and used for the preparation of chiral γ-lactone acids. The process 
employs a Ti(OiPr)4/tartrate ester/tBuOOH complex and involves two successive 
oxidations by two equivalents of the oxidant. While the first oxidation is 
believed to proceed by a mechanism similar to the Sharpless epoxidation, the 
mechanism of the second oxidation that cleaves the cyclopentane ring has been 
unresolved. In the present work, isotopic labeling experiments were used to 
demonstrate that the oxidative cleavage of cyclopentane-1,2-diones proceeds by 
the Baeyer-Villiger oxidation mechanism. 

In order to prepare chiral diketones, a secondary amine-catalyzed 
organocatalytic Mukaiyama-Michael reaction was developed, which in 
combination with primary product reduction and deprotection made it possible 
to prepare enantiomerically enriched 3-alkylcyclopentane-1,2-diones. The 
reaction utilized α,β-unsaturated aldehydes and the bis-silyl dienolate of 
cyclopentane-1,2-dione as starting materials and allowed access to chiral 3-
alkylcyclopentane-1,2-diones in good yields and enantioselectivities. 
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Kokkuvõte 

3-alküültsüklopentaan-1,2-dioonid on looduses esinevad bioloogiliselt aktiivsed 
ühendid, mida saab kasutada lähteainetena keerukamate bioloogiliselt aktiivsete 
ainete sünteesil. Ükskuid lihtsamaid 3-alküültsüklopentaan-1,2-dioone saab 
looduslikest allikatest eraldada, kuid keerukamate sünteetiliste analoogide 
valmistamine võib olla tülikas. 

Üheks võimalikuks tsüklopentaan-1,2-dioonide saamise viisiks on vastavate 
dioolide dikarbonüülühenditeks oksüdeerimine, vältides tekkivate diketoonide 
täiendavat oksüdeerumist ja lagunemist. See on võimalik vaid pehmete ja 
selektiivsete oksüdeerimismeetoditega, näiteks Swerni oksüdeerimist kasutades. 
Käesoleva doktoritöö üheks eesmärgiks oli efektiivsema ja vähem jääke tootva 
aeroobse oksüdeerimismeetodi väljatöötamine. Saadud meetod kasutab 
kaubanduslikku taaskasutatavat Pt/C katalüsaatorit, reaktsioonikeskkonnana vett 
või vettsisaldavaid solvendisegusid ning oksüdeerijana õhuhapnikku. Meetod 
sobib erinevate asendamata, 3-asendatud- ja 4-asendatud tsüklopentaan-1,2-
dioolide vastavateks diketoonideks oksüdeerimiseks ning sobib paljusid 
erinevaid funktsioonaalrühmi sisaldavate lähteainetega. 

Kuigi tsüklopentaan-1,2-dioonide oksüdeerimise teel lõhustumine võib olla 
nimetatud ühendite lagunemisprotsessiks, saab 3-alküültsüklopentaan-1,2-
dioone sihilikult lõhustada ka asümmeetrilise oksüdeerimise teel, saades 
kiraalseid γ-laktoonhappeid. Nimetatud protsess kasutab Ti(OiPr)4/viinhappe 
estri/tBuOOH kompleksi ning hõlmab lähteaine kahte järjestikust oksüdeerimist 
kahe ekvivalendi oksüdeerijaga. Neist esimese oksüdeerimisetapi mehhanism 
sarnaneb Sharplessi epoksüdeerimisega, kuid teise etapi, mis lõhub 
tsüklopentaani tsükli, mehhanism oli seni teadmata. Käesolevas töös näidati 
isotoopidega märgistamise abil, et 3-alküültsüklopentaan-1,2-dioonide 
asümmeetriline oksüdatiivne lõhustamine kulgeb Baeyer-Villigeri oksüdeerimise 
mehhanismi järgi. 

Kiraalsete diketoonide sünteesimiseks töötati välja sekundaarse amiini 
katalüütiline Mukaiyama-Michael-i reaktsioon, mis kombinatsioonis esmase 
reaktsiooniprodukti taandamise ning vaheühendilt kaitsva rühma eemaldamisega 
võimaldab saada enantiomeerselt rikastatud 3-alküültsüklopentaan-1,2-dioone. 
Reaktsiooni lähteaineteks on α,β-küllastamata aldehüüdid ja tsüklopentaan-1,2-
diooni bis-silüüldienolaat ning produktidena saadakse heade saagiste ja 
enantioselektiivsustega kiraalseid 3-alküültsüklopentaan-1,2-dioone. 
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�k>��

>�Gm�26;K��l�V�;K��l/40;E��Y�6��5;E���H�H��65/@@;K�D���I�@@;��naopq̀arpcsugge;}�;
: :k
:> �=�l�V�;K��Y��2/�;E��l/40;E���H�H��65/@@;K�D���I�@@;��naopq̀arpcs�]zŷ ~^aopyuggu;h�;
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�\�a{�aaoq�\�naopq̀arpcs}x�jihh���wjk��w� :�



 



73 
 

Reproduced by permission of Elsevier Limited 

 

 

 

 

 

Article III 

 

 

 

Reile, I.; Paju, A.; Kanger, T.; Järving, I.; Lopp, M. Cyclopentane-1,2-dione 
bis(tert-butyldimethylsilyl) enol ether in asymmetric organocatalytic 
Mukaiyama–Michael reactions. Tetrahedron Letters 2012, 53, 1476-1478. 

 



 



��������	
����������������������	������	��������������	�����
�����	������
���
	
��	�����
��
�
�����
����
�	���� !"#$%&$'($)*!!$+,-.)/0!'12,!3$#) 4,#56#4'!3)7,#3.189::;<=>>?@@A@?BCDE?FGHI<CJK@H>HLGMNCO=DFPC@FHIQKCP?EFDGMRK?F=S=FCFCCTMUVWXY<=>>?@@MREFH@?=Z[\]̂ _` ]abcdDF?J>CK?EFHDGe&$f$'4$"ghi94$jk$#glmm&$4'1$"ggn$f$jk$#glmm*ff$:o$"ml5,!.,#pglmg*4,'(,k($9!('!$mq5,!.,#pglmgrCGsHDtEe7.%,'p,j,u7'fv,$(#$,fo'9!w#3,!9f,o,(p1'1xpf(9:$!o,!$ym)gy"'9!$xpf(9:$!o,!$ym)gy"'9!$k'1zFCDFyk.op("'j$ovp(1'(p({$!9($ov$#|)}y~!1,o.#,o$",("$vp"$
Z��\[Z^\xpf(9:$!o,!$ym)gy"'9!$k'1zFCDFyk.op("'j$ovp(1'(p({$!9($ov$##$,"'(p.!"$#39$19#3,!9f,o,(po'f#$,fyo'9!1�'ov|)}y.!1,o.#,o$",("$vp"$1#$1.(o'!3'!7.%,'p,j,u7'fv,$(,"".fo1�v'fv),�o$##$".fo'9!9�ov$,("$vp"$3#9.:,!""$:#9o$fo'9!#$1.(o'!fv'#,(m)gy"'%$o9!$1z'!j9!9y$!9('f�9#j{'!399"p'$("1z.:o9���{,!"�'ovv'3v1o$#$91$($fo'4'opz.:o9���$${��glmg�(1$4'$#8o"�*((#'3vo1#$1$#4$"�

/v$$!,!o'9y,!""',1o$#$91$($fo'4$9#3,!9f,o,(po'f7.%,'py,j,u7'fv,$(#$,fo'9!9�1'(p($!9($ov$#1�'ov|)}y.!1,o.#,o$",("$vp"$1�,1'!o#9".f$"kp7,f7'((,!�9#1'(p(9�p�.#,!m,!"(,yo$#$�o$!"$"o9,fpf('f%$o9!$$!9($ov$#1g ,!"1'(p(%$o$!$,f$o,(1�h !f9!o'!.,o'9!9�9.#�9#%9!9#3,!9f,o,(po'fxuxk9!"�9#jy'!3#$,fo'9!1�uq,!"9!ov$$(,k9#,o'9!9�:9(p�.!fo'9!,(fv'#,(k.'("'!3k(9f%1,!"!,o.#,(f9j:9.!"1�#9j fpf(9:$!o,!$ym)gy"'%$o9!$1)�umg�$�$#$'!o$#$1o$"'!,::(p'!39#3,!9f,o,(po'fxuxk9!"�9#j'!3#$,fo'9!1�9#ov$1p!ov$1'19�fv'#,(!9!y#,f$j'f1.k1o'o.o$"fpf(9:$!o,!$ym)gy"'%$o9!$1z'!j9!9y$!9('f�9#j{�9#�.#ov$#o#,!1�9#j,o'9!1�xpf(9v$�,!$ym)gy"'9!$1 v,4$ k$$! 1.ff$11�.((p .1$" ,1!.f($9:v'($1'!'j'!'.jyf,o,(p�$"mh,!"k'�.!fo'9!,(ov'9.#$,f,oy,(p�$"m�um�7'fv,$(#$,fo'9!1),!",1$($fo#9:v'($1'!9#3,!9f,o,(poy'f,("9(#$,fo'9!1�'ov%$o9!$1�mqhy7$ovp(yfpf(9:$!o,!$ym)gy"'9!$"9$1!9o#$,fo�v$!ov'9.#$,'1.1$",1ov$f,o,(p1o�m�/9ov$k$1o9�9.#%!9�($"3$)fpf(9:$!o,!$ym)gy"'9!$1'(p($!9($ov$#1v,4$!9ok$$!.1$",17.%,'p,j,yop:$!.f($9:v'($1'!,1pjj$o#'f,""'o'9!#$,fo'9!1),(ov9.3vov$'#!9!y,1pjj$o#'f,(%p(,o'9!1)m�,("9(#$,fyo'9!1m� ,!" n'$(1u*("$#fpf(9,""'o'9! #$,fo'9!1gl v,4$ k$$!#$:9#o$"� !ov$7.%,'p,j,u7'fv,$(#$,fo'9!9�"'%$o9!$k'1y1'(p($!9($ov$#1�'ov|)}y.!1,o.#,o$",("$vp"$1o�91o$#$93$!'ff$!o$#1f,!k$3$!$#,o$"'!9!$1o$:��$!f$)k9ovov$$!,!o'91$($fo'4'op

,!""',1o$#$91$($fo'4'op9�ov$#$,fo'9!v,4$o9k$f9!1'"$#$"� o'13$!$#,((p%!9�!ov,oov$EG@�=@F?1$($fo'4'op9�ov$#$,fo'9!'1"$:$!"$!o9!ov$fv9'f$9�19(4$!o),f'"f9yf,o,(p1o),!"o$j:$#,yo.#$�m*oov$1,j$o'j$)ov$,(j91o:(,!,#1o#.fo.#$9�"'%$o9!$k'1y1'(p($!9($ov$#1j,p,��9#"399"$!,!o'91$($fo'4'op'!ov$9#3,!9yf,o,(po'f,""'o'9!1o$:�/v'1#$,fo'9!f,!k$j9#$$,1'(pf9!o#9(($"kpj$,!19�1$($fo'9!9�1.'o,k($9#3,!9f,o,(p1o1�gmw!ov$9ov$#v,!")ov$:#9k($j9�1$:,#,o'9!9�ov$"',1o$#$9j$#1�9#j$"f9.("k$f'#f.j4$!o$"kpo,%'!3,"4,!o,3$9�ov$%$o9y$!9(o,.o9j$#'1j9�fpf('fym)gy"'%$o9!$1�'o'1%!9�!ov,ohy,(%p(1.k1o'o.o$"fpf(9y:$!o,!$ym)gy"'9!$1$!9('�$:#$�$#,k(po9ov$ov$#j9"p!,j'f,((pj9#$1o,k($'19j$#�'ov,!,(%p(3#9.:,oov$$!9("9.k($k9!"�gg/v'1j$,!1ov,o),�o$#ov$,""'o'9!1o$:)ov$#$1.(o'!3"',1o$#$9yj$#'fj'�o.#$f,!k$"$:#9o$fo$")f,.1'!3j'3#,o'9!9�ov$"9.k($k9!"o9ov$:91'o'9!1v9�!'!'19j$#�� !ov'1f,1$ov$1$f9!"1o$y#$93$!'ff$!o$#'1(91o,!"ov$:#9".fo�'ov9!$1o$#$93$!'ff$!o$#'19ko,'!$"�/v$1o$#$9'19j$#'ff9j:91'o'9!9�ov$#$,fo'9!j'�o.#$'1"$o$#j'!$"9!(pkpov$$!,!o'91$($fo'4'op9�ov$,""'o'9!#$,fyo'9!z�fv$j$m{� !ov$:#$1$!o1o."p�$'!4$1o'3,o$"ov$9#3,!9f,o,(po'f,""'yo'9!9�fpf(9:$!o,!$ym)gy"'9!$k'1y1'(p($!9($ov$#�o9|)}y.!1,o.y#,o$",("$vp"$1�kp.1'!3'j'!'.j,fo'4,o'9!��'1y1'(p($!9($ov$#��,1:#$:,#$",ff9#"'!3o9,('o$#,o.#$:#9f$11'!9!$gh9#o�91o$:1g��#9j fpf(9:$!o,!$ym)gy"'9!$�/v$k$1o#$1.(o1�$#$9kyo,'!$".1'!3,o�9y1o$::#9f$".#$)j9"'�$",ff9#"'!3o9&$$o�$o,(�glw.#:#$('j'!,#p$�:$#'j$!o1�'ov:#9('!9("$#'4,o'4$�z�'3�m{,1ov$f,o,(p1ozglj9(�{#$4$,($"ov,ok'1y1'(p($!9($ov$#�ll�ly�lh���y1$$�#9!oj,oo$#�glmg�(1$4'$#8o"�*((#'3vo1#$1$#4$"�"9'�ml�mlm��-�o$o($o�glmg�lm�l�m;x9##$1:9!"'!3,.ov9#�/$(���hqg�mh�l�h)�hqg�glg�l��R�P=?>=ttDCEEej,#3.1�(9::�oo.�$$z7�89::{�

/$o#,v$"#9!8$oo$#1�hzglmg{m�q�um�q���� ¡� ¢£¤¢ ¢¥¦¥¤£¥§£¡¥ ̈ ©¤ª¡«¢¡ ©̈¤¡�©¡¬¤«¡© /$o#,v$"#9!8$oo$#1�®«�¥£̄ �°¡±¥²¡³́ ´´µ¡£¢¡¦¤¡«µ©�°¶£�©¥ ¡¶ ¡ £¡ 



����������	��

������	�������
�	������
������������������������	�	������	�����	�������
��������	�
�	��	��������������
������
�
��������������������������������	��	���
���������
�� 	������������������������
������	��������!����������
���������������	�������������������
�������	"�#$�������	��%�&���������	���������
 �#' �������	�#()�������	���������
��� �����
�
�������������������	��*����	�
������� �
����
����'�	���+��(����������
 �	�����
����	��������,��-���./���
�*�������0������
�1�.���������+2	������+/�
��+��3
�	������
�����/�	��
������������������/�	��	���	����
��������
�	�����0���
������������
��
�0+/10���
��
���

������	��/+2���
��������������	��
�����������
���
������
��������	����0�
������
� �������	�+/10��4���
�/���
 �
�	������������
����	���/�
��	��������������� 
������	���������4�(���/��
������
����	�����
��
������	�����
�� 	�����
������

�
�
�
������������������������
���	�	�����	�� �����
����	����������
��
�����
��5���������	���	�����������������*��� 	�����
0
��������	�	���������������6�
�����������
�����	��7�8$�3
������
 �	�������������
���6���	������������������������+�2��1�9���������+/�
�����1�
�2����������
�
�
�������
�	���������������������5��	1�9�����6/������
�*���������
���
�-:.��������������	���������������	��������09��
��������;��
 �	�����
�����
��	��� �
����������������
)� ���+�����������
�	���������
�
������������	�	�������
�����	�������,��	����������������
����
�����+�5����
��	�������
�<���������
����������������	�
,�����
 �������	�����	����
��������
����	��6�
������������++�	������+/�
������	��������=��������
�������
�	���������
������+/�
��-���	�������������������/�������!0�����
��������������=����������
��� ��	�����	�
������0��������1-$������/��������
���
�����������������������
�	��������
�������/���������
 ���	�����������
���5�
 /1�������
����������	�������������
�������
����	����
��	�������
��������������������!����������>�����������������������	�
,�������
���������������������������+/�
������	�?����
�0��
���
�
 �����
������������6@��������	��� ��������
�����������������+/�
��A���	��������������
��
 �������66�	���������� ����������������������������������
����
����������
����������+/�
��B��)�
��0�/�	��������
��������������
��
 �������6����������	�	� 	��������
��������������
 �	��
����� �������������3����������������	���	�8�#' �������������6��	������	�CD�������	���������
��
�	����
��� �
�����������
���������	������
����	��6�������4�����	�EF�����������
 �	� 7�4�����G7��	��� ������ *� ���	 E ��
H ������
��'�	���1��1�/1AI�
H������
���	�����������
H ������
��*���������
 �	����������
�������������������
�������������	������������1B/1J�������
���
������
�������������	������������
����������

KL MNOPQRQRKL SMMLKLKM KL KL KKKKL TQRQRKL MNOPSULVWXSTVYZSULVWXSTVYZKL MN[PQRQR
\]̂ _̀à̀
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AĜR
J+G+&H<G
%<
 "<J!%]" [
F� "!
>CG%Z%-" 
!"+JG%>�
J>� %G%>�<
_+GZ><C="!%J
+%!'
M
Z>&̀
>I
J+G+&H<G'
M
"a
>I
B%bc'
+a:">:<
<>&?"�G<
+� 
QO
de
fghig21fj2gk
j6ljmlf5fjfgn8
oY
+� 
pY<:]<G%G:G" 
JHJ&>C"�G+�"YM'WY %>&<
>X% %-" 
G>
M'WY %J+!]>�H&
J>ZC>:� <
%�
)>> 
H%"& <[
E="
Z"G=> 
%<
+CC&%J+]&"
I>!
C!> :J%�)
JHJ&>C"�G+�"YM'WY %#"G>�"<[

q��r���
�	����

 

���r���r�	

9"G=> 
I>!
+"!>]%J
>X% +G%>�
>I
JHJ&>C"�G+�"YM'WY %>&<
G>
G="%!
J>!!"<C>� %�)
 %#"G>�"<[
bX% +G%>�
>I
JHJ&>C"�G+�"
?%JY %>&<
>?"!
+
="G"!>)"�">:<
AĜR
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