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NOTE 

 

The thesis is structured in two chapters, which describe different projects. 

The first chapter is related to the scientific work done in the organic chemistry group at 

the University of Ferrara under the supervision of Prof. Alessandro Massi. The main 

topic of this research is the Reactivity of Alpha-Diketones in Umpolung Catalysis. 

The second chapter is related to the scientific work done during my research period 

abroad (8 mounths), at the University of Cologne (Universität zu Köln, Department f!r 

Chemie) in the Group of Prof. A Berkessel. The main topic of this research is the use 

of Novel Titanium cis-Salalen Complexes as Catalysts for the Enantioselective 

Synthesis of Sulfoxides.  
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CHAPTER I: Reactivity of Alpha-Diketones in Umpolung Catalysis 

 

1. Introduction 

1.1. Carbon-carbon bond forming reactions: the umpolung reactivity 

The term “organocatalysis” was used for the first time by David McMillan in 2000 to 

describe the research field before known as “metal-free catalysis”.1 Organocatalysts are 

stable small metal-free molecules, generally cheap and easy to find, that are able to 

catalyse chemical reactions in a very efficient way.2 

In the investigation of effective chemical transformations, the organocatalyzed carbon-

carbon bond forming reactions play an outstanding role.3

Beside their facile reaction course, selectivity, and environmental friendliness, new 

synthetic strategies are made possible. Particularly, the inversion of the typical reactivity of 

a given substrate (Umpolung) opens up new synthetic pathways.4  

The Umpolung concept was popularized in 1970 by Seebach4 and is defined as “any 

process by which the normal alternating donor and acceptor reactivity pattern of a chain, 

which is due to the presence of O or N heteroatoms, is interchanged"; this concept 

revolutionized the way of seeing molecules, introducing new possibilities of reactivity. The 

author assumed that the presence of a heteroatom in an organic molecule is responsible of 

an alternative donor/acceptor reactivity in the carbon atoms along the carbon skeleton of 

the molecule; if this alternation is inverted by a modification of the substrate, we have 

inversion of reactivity for all the carbons of the molecule. 

!

Figure 1.1. Seebach’s umpolung theory; a) direct reactivity; b) inverted reactivity. 

 

In this case it’s possible to distinguish direct reactivity and inverted reactivity and we can 

label the carbon atoms of the chains referring to their number and reactivity (Figure 1.1); 

for example in the case of the inverted reactivity in Figure n1., the carbon next to the 

heteroatom X will be called carbon d1, and all the carbons in odd position will be called 
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d(2n+1). We will use the same convention also for the acceptor carbons in every position that 

will be called a(2n). 

Looking to the traditional C-C bond-forming methods, umpolung (polarity reversal) of 

carbonyl groups (acyl anion equivalents) adds new dimensions to the design of synthetic 

targets. 

1. 2. Cyanide-catalyzed benzoin condensation 

A typical example of umpolung strategy is the benzoin condensation, that is the cyanide 

ion-catalyzed dimerization of two aldehydes, which was fortuitously discovered by Liebig 

and Wöhler in 1832.5 Benzoin condensation is an important strategy to create new C-C 

bonds leading the formation of "-functionalized carbonyl compounds. This unique process 

and its mechanism have been intensively studied.  

In 1903, Lapworth was the first to establish the mechanism of cyanide ion catalyzed 

benzoin condensation and to determine the formation of the crucial carbanion intermediate 

3 (Scheme 1.1).6 

 

Scheme 1.1. Mechanism of the cyanide-catalyzed benzoin condensation. 
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The mechanism proposed starts with a nucleophilic attack of the cyanide to the aldehyde, 

followed by the formation of the adduct 2 that rearranges, into the key carbanion 3 by a 

proton shift; this intermediate attacks another molecule of aldehyde, to form the adduct 4, 

that rearranges into the species 5, that finally gives the "-hydroxy ketone 6 with the release 

of  cyanide, ready for the next catalytic cycle. 

Although one of the easiest and most efficient ways to synthesize "-hydroxy ketones is the 

benzoin condensation, this reaction often suffers from intrinsic drawbacks. Benzoin 

condensation has a very limited substrate scope since aromatic aldehydes with strong 

electron-donating or electron-withdrawing groups do not furnish the expected products 

with consistent yields. Furthermore, cyanide ion does not catalyze the benzoin 

condensation between aliphatic aldehydes, because they tend to undergo aldol 

condensation. Another drawback of benzoin condensation is the incomplete conversion of 

reactions caused by the reversible steps in the mechanism. Benzoin condensations under 

classical reaction conditions are also limited to the synthesis of symmetrical benzoins. 

 

1.3. N-Heterocyclic carbenes in umpolung Catalysis 

In nature, the coenzyme thiamine (vitamin B1), a natural thiazolium salt, is involved in 

umpolung biochemical processes such s nucleophilic acylations;7 the catalytically active 

species is a nucleophilic carbene (Figure 1.2).8  

 

Figure 1.2. Coenzyme thiamine (vitamin B1). 

 

Carbenes belong to the most investigated reactive species in the field of organic chemistry. 

As typical structural features, all carbenes are neutral and possess a bivalent carbon atom 

with an electron sextet. First evidence for the existence of carbenes is found in the 

pioneering work of Buchner and Curtius and Staudinger and Kupfer in the late 19th and 
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early 20th century.9  Because of their pronounced reactivity, carbenes could not be isolated 

until recently and were regarded as reactive intermediates.10,11 

More important information concerning the carbene structure were introduced thanks to 

the impressive work of Arduengo and co-workers.12 In 1991 they were able for the first 

time to isolate and characterize the first stable carbene ever, deprotonating with KI an 

imidazolium chloride salt substituted in position 1 and 3 with adamantly groups (Figure 

1.3); X-Ray analyses gave fundamental information about the structure and the stability of 

this compound. 

 

Figure 1.3. First NHC isolated by Arduengo and co-workers. 

 

After this important event in the carbene research, the broad application of N-heterocyclic 

carbenes (NHCs) in organic synthesis has been impressively demonstrated starting from 

the early 1990s. Beside their role as excellent ligands in metal-based catalytic reactions13, 

organocatalytic carbene catalysis has emerged as an exceptionally fruitful research area in 

synthetic organic chemistry.  

The main classes of carbenes include, imidazol- (A), imidazolin- (B), triazol- (C) and 

thiazol- 2-ylidenes (D) (Figure 1.4). 

 

 

Figure 1.4.  General types of N-heterocyclic carbenes. 

 

Looking at their structure and main features, the stability these heterocycles is due to steric 

and electronic factors. In the first case, the presence of bulky substituents on the ring 

inhibits the dimerization process, while in the second case, there is a “push-pull” effect that 
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stabilizes the carbene: the heteroatom lone pair increases the electron density on the empty 

p orbital of the bivalent carbon (# stabilization, Figure 1.5a), while the electronegativity of 

the heteroatoms in the $ bond with the bivalent carbon decreases its nucleophilicity (Figure 

1.5b).14 

 

Figure 1.5. NHC stabilizing “push-pull” effect. 

 

These particular electronic features diversify NHCs from common Lewis bases; while 

Lewis bases donate an electron pair, NHCs show at the same time $ basicity and # acidity. 

For these reasons they represent nowadays the most popular and used molecules for 

umpolung reactivity. 

 

1.3.1. Benzoin reaction 

The first example of a NHC catalysed umpolung reaction dates back to 1943 when Ugai 

and co-workers15 were able to perform the condensation reaction between two molecules 

of aldehyde 1, to give the corresponding "-hydroxy ketone 6, in a process later called 

“benzoin reaction”; this reaction was possible thanks to the use of different thiazolium salts 

as catalysts, in the presence of a base. 

Later, in 1958, Breslow suggested a mechanism for the thiazolium salt-catalyzed benzoin 

condensation (Scheme 1.2). 16 
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!

Scheme 1.2. Catalytic cycle of the thiazolium salt catalyzed benzoin condensation 

proposed by Breslow. 

 

According to the proposed mechanism, deprotonating of thiazolium salt 7 gives the 

resulting singlet thiazolin-2-ylidene 8, which attacks the carbonyl group of the 

benzaldehyde to give the adduct 9. Rearrangement of the intermediate 9 to 10 leads to the 

active aldehyde in the form of the resonance-stabilized enaminol-type “Breslow 

intermediate” 10. This nucleophilic acylation reagent 10 (equivalent to a d1 synthon in the 

terminology of Seebach et al.) reacts again with an electrophilic substrate such as the 

carbonyl group of a second aldehyde molecule to give the intermediate 11. Proton shift 

from 11 to 12 is followed by detachment of the "-hydroxy ketone 6 and release of the 

active carbene 8 ready for the next catalytic cycle.   

Finally, Stetter and co-workers were the first to use thiazolium salts as catalysts for the 

preparation of benzoin compounds on a preparative scale. They could utilize this synthetic 

concept for the preparation of numerous "-hydroxyketones. Aliphatic aldehydes showed 
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the best results with catalyst 7a, whereas for aromatic substrates, the thiazolium salts 7b or 

7c were better catalysts (Scheme 1.3). 17,18 

 

 

Scheme 1.3. Thiazolium salts utilized by Stetter and co-workers. 

 

1.3.2. Enantioselective benzoin reaction 

Inspired by the great work done for the first thiazolium salt-catalysed benzoin reaction, 

several research groups focused their study on the stereoselective version of this reaction. 

Indeed, the target molecule of this reaction is an "-hydroxy ketone and its formation is 

accompanied by the formation of a new stereocenter. 

In 1966, Sheehan and Hunneman reported the first asymmetric benzoin condensation 

employing the chiral thiazolium salt 13 as the catalyst precursor.19 The enantiomeric 

excess of the benzoin product was, however, quite low (22%). Nearly seven years later, the 

same research group was able to obtain enantiomeric excesses up to 52% with thiazolium 

salts such as 14 (Figure 1.7).20 

 

Figure 1.7. Thiazolium salts used by Sheehan et al. in the enantioselective benzoin 

condensation of benzaldehyde. 

A breakthrough in this field came in 2002, when Enders and co-workers discovered that 

triazolium-derived NHCs catalyzed highly enantioselective intermolecular benzoin 
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condensation reactions.21 Enders planned to fix the triazolium core in a bicyclic structure 

developing catalyst 16, which was capable to promote the homo-benzoin reaction with 

excellent values of yield and enantioselectivity (Table 1.1). Looking at the selected scope 

of reaction, it is clear that electronic features of the aldehyde and reaction conditions 

strongly affect the reaction efficiency.  

 

Entry 17 Ar Temp (°C) Yield (%) ee (%)  

1 a Ph 18 83 0 

2 b 4-FC6H4 18 81 83 

3 c 4-FC6H4 0 61 91 

4 d 3-ClC6H4 0 85 86 

5 e 4-MeC6H4 18 16 93 

6 f 4-MeOC6H4 18 8 95 

7 g 2-furyl 0 100 64 

8 h 2-furyl -78 41 88 

 

Table 1.1. Selected examples from the scope of the enantioselective benzoin reaction 

catalyzed by 16. 

 

After the work of Enders, several research groups began to investigate more e!cient and 

selective catalysts for this biomimetic transformation by studying from the computational 

point of view the origin of the enantioselectivity and going deeply into the analysis of the 

enantiomeric determining transition states. Most relevant recent works on this topic are 

summarized in Scheme 1.4., which reports the authors, the year of the work and the 

performance of reaction.22 
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Scheme 1.4.  NHCs recently tested in the enantioselective benzoin reaction. 

 

In this contest, Connon and Zeitler and their colleagues have discovered the most efficient 

conditions for the enantioselective benzoin reaction reported so far.23 Using just 4 mol % of 

triazolium pre-catalyst 24, they e"ected the homocoupling of benzaldehyde in 90% yield 

and >99% ee.  

The catalytic e!ciency of 24 has been attributed to the incorporation of an H-bonding 

group, which helps the control of selectivity. A variety of other aryl aldehydes also 

participate in the benzoin condensation with high levels of stereocontrol, although with 

less consistent results (Scheme 1.5). 
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!

Scheme 1.5. Highly e!cient catalytic system for the enantioselective benzoin reaction. 

 

1.3.3. Aldehyde-aldehyde cross-benzoin reactions 

The cross-benzoin reaction has also been studied as a powerful reaction between two 

different aldehydes, allowing access to a wider variety of products.  

Cookson and Lane demonstrated for the %rst time the intramolecular cross-coupling of two 

aldehydes in 1976.24 This work highlighted a lack of chemoselectivity of the process, 

which plagues many of the cross-benzoin reactions reported to date.  

Indeed, two products can result in a 1:1 ratio from an intramolecular cross-benzoin 

reaction, while in the intermolecular reaction, four di"erent products can be obtained; 

however, it is possible to control the product ratio by increasing the equivalents of one 

aldehyde, as originally demonstrated by Stetter and Dämbkes.25 Indeed in crossed acyloin 

condensations, a mixture of all possible symmetric and asymmetric acyloins 29-29' and 28-

28' is usually obtained (Scheme 1.6).  
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Scheme 1.6. Crossed benzoin condensation by Stetter and Dämbkes. 

 

Stetter and Dämbkes showed that, in some special cases, an excess of aliphatic aldehyde 

(R2 = i-Bu) in combination with an aromatic or heteroaromatic aldehyde (R1 = o-Cl-Ph, 

thiophenyl) (3:1) could yield selectively one of the two asymmetric acyloins 28 (Scheme 

n.6).25  

This chemoselective outcome can be explained by the reaction of the more stable Breslow 

intermediate, derived from the aromatic aldehyde, with the more reactive aliphatic 

aldehyde.  

While the cross coupling between aromatic and aliphatic aldehydes can be driven 

preferentially towards the desired cross coupling product, the regiochemistry control in the 

cross coupling between two different aromatic aldehydes still remains a big challenge. 

In this direction, enzymatic catalysis can give an answer to this synthetic unsolved 

problem. In 2002, M!ller and co-workers reported the first asymmetric crossed benzoin 

condensation. Mixed benzoins 28 were obtained with high selectivities and enantiomeric 

excesses utilizing the thiamine diphosphate (ThDP)-dependent enzyme benzaldehyde lyase 

(BAL) as the biocatalyst (Scheme 1.7). 26  
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Scheme 1.7. Enzymatic asymmetric cross-benzoin reaction by M!ller and co-workers. 

 

Finally, another synthetic strategy for avoiding the formation of undesired by-products is 

the use of acylsilane in the cross benzoin reaction with an aldehyde. Jonson and co-

workers27 were the first to report the use of a silyl derivate in the cyanide catalyzed cross 

benzoin reaction (Scheme 1.8). 

!

Scheme 1.8. Acylsilanes employed in cyanide-catalyzed cross benzoin reactions.  

Recently, cyanide ion-promoted silyl benzoin reactions have been reported where 

acylsilanes 30 generate acyl anion equivalents that selectively react with aldehydes in an 

intermolecular fashion to provide unsymmetrical silyl ether-protected benzoin compounds 

like 31 with good regioselectivity.28 

As shown in Scheme 1.9, the proposed mechanism of the reaction is basically the same as 

the classical benzoin condensation catalyzed by the cyanide ion. The cross silyl benzoin 

reaction relies on the generation of an acyl anion equivalent 33 by addition of cyanide to an 

acylsilane 30 followed by [1,2]-Brook rearrangement. On the other hand, Johnson later 

demonstrated that the counter ion (M+) in MCN catalysis is highly critical: lanthanum 

tricyanide La(CN)3 was identified as the optimal catalyst after screening of various metal 

cyanides.28 

Nowadays, cyanide-catalyzed silyl benzoin reactions play a prominent and practical role in 

cross-benzoin condensation reactions. It is a well-established method utilizing the catalytic 
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generation of acyl anion equivalents. Nevertheless, the major limitation of the acylsilane 

chemistry is its complexity and the difficult availability of the starting acylsilanes.29 

!

Scheme 1.9. Regioselective synthesis of unsymmetrically protected benzoin compounds 

using acyl silanes as acyl anion source. 

 

The use of acylsilanes as acyl anion source will be described again later in the text, 

regarding their use in the addition to Michael acceptors, in the so called “Sila-Stetter 

reaction”. 

Exploring the field of different acyl anion sources to be employed in cross-benzoin 

reactions, a great scientific contribute was given by Demir and co-workers, which reported 

the use of acyl phosphonates as powerful substrates for this purpose; these precursors 

undergo nucleophile-promoted phosphonate phosphate rearrangement to afford the 

corresponding acyl anion equivalents as reactive intermediates (Scheme 1.10).30 
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Scheme 1.10. Synthesis of protected crossed benzoin derivatives from acylphosphonates 

and aldehydes. 

 

The proposed mechanism (Scheme 1.11) resembles the benzoin reaction mechanism and 

its congeners. Cyanide ion-promoted rearrangement affords the critical acyl anion 

equivalent 40, which reacts with the aldehyde to give the intermediate adduct 41. This 

adduct undergoes a [1,4]- O, O-phosphate migration, leading to retrocyanates as usual to 

give the desired benzoin product 135. This method provides a highly practical and flexible 

access to all isomers of cross benzoin except for R1 = alkyl and R2 = alkyl combination. 

Beside this exception, the introduced method had no drawbacks for the synthesis of 

unsymmetrical benzoins. 

!

Scheme 1.11. Mechanism of the cross-benzoin reaction using acylphosphonate donors. 
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Another important class of acyl anion precursors is represented by "-diketones, which will 

be discussed deeply later in the text, because they represent the main source of acyl anions 

used in our research. The study of their reactivity in umpolung reactions is the main topic 

of my PhD work. 

 

1.3.4. Aldehyde-ketone intramolecular cross-benzoin reactions 

Until this point it has been reported intermolecular couplings catalyzed by NHCs. This 

kind of catalysts can also be employed in intramolecular reactions, which are highly 

attractive in the building of new rings, eventually in a stereocontrolled manner. 

In 2003, Suzuki and co-workers conducted the first intramolecular crossed aldehyde-

ketone benzoin reaction catalyzed by the thiazolium bromide 7c in the presence of DBU 

(1,8diazabicyclo[5.4.0]undec-7-ene) in the course of a well-designed natural product 

synthesis. Employing the highly functionalized isoxazole 43 as substrate, the tetracyclic "-

hydroxyketone 44 was obtained by base-promoted cyclocondensation in good yield. The 

high diastereoselectivity was induced by the pre-existing stereocenters in the substrates 

(Scheme 1.12). This is the first catalytic chemical aldehyde-ketone coupling process 

reported.31 

 

Scheme 1.12. Intramolecular cross-benzoin reaction by Suzuki and co-workers. 

 

1.3.5. Intermolecular Stetter reaction 

In the field of umpolung reactions, scientists were always searching for new classes of acyl 

anion sources and new electrophile partners for their reactions.  

Concerning the second challenge, the most logic development of their research was the 

employment of a classic electrophile that can be susceptible of nucleophilic attack: a 

Michael acceptor, bearing an activated double bond. 
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In the early 1970s, Stetter and co-workers succeeded in transferring the concept of the 

thiazolium-catalyzed nucleophilic acylation to the substrate class of Michael acceptors.27 

Since then, the catalytic 1,4-addition of aldehydes 45 to an acceptor bearing an activated 

double bond 46 carries his name. The Stetter reaction enables a new catalytic pathway for 

the synthesis of 1,4-bifunctional molecules 47, such as 1,4-diketones, 4-ketoesters, and 4-

ketonitriles. 23,31   

The reaction can be catalyzed by a broad range of thiazolium salts. Stetter and co-workers 

found that the benzyl-substituted thiazolium salt 7a gave the best results for the addition of 

aliphatic aldehydes, whereas 7b and 7c were chosen for the addition of aromatic 

aldehydes. Any one of these three was found to be suitable for additions with heterocyclic 

aldehydes. Salt 7d was utilized with ",&-unsaturated esters (Figure 1.13).  

 

!

Scheme 1.13. General scheme for the Stetter reaction. 

 

With linear-chain aldehydes, yields in the range of 60-80% are usually obtained. "-

branched aliphatic aldehydes give lower yields. Unsaturated aldehydes with conjugated or 

isolated double bonds can be employed as well as aldehydes with isolated triple bonds. For 

the synthesis of 1,4-diketones, most of ",&-unsaturated ketones can be used as acceptors. 

Aromatic and heterocyclic ",&-unsaturated ketones are particularly well-suited.32 

This versatile method has found broad application in the synthesis of organic key 

intermediates and diverse natural products, also for the formation of two new stereocenters 

that can be built in an enantioenriched fashion using properly designed chiral NHCs. 

Looking at the mechanism of the reaction, the aldehyde 45 is activated by the carbene 8 

with generation of the Breslow intermediate 49; subsequent nucleophilic attack of the acyl 

anion equivalent to the Michael acceptor 46 leads to the formation of adduct 50 that is 
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converted into 51 thanks to a proton transfer (Scheme 1.14). Finally this intermediate 

releases the 1,4-diketone 47 and the free carbene 8, ready for another catalytic cycle. 

 

 

Scheme 1.14. General mechanism of the Stetter reaction.. 

After the discovery of this reaction, new coupling partners have been reported.  

For example You’s group demonstrated the coupling of aryl aldehydes with arylsulfonyl-

indoles, providing "-(3indolyl) ketone derivatives in high yields for a wide range of 

substrates (Scheme 1.15).33 
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Scheme 1.15. Coupling of aldehydes with arylsulfonyl indoles. 

 

They realized that 3-(1-arylsulfonylalkyl)indoles are good electrophilic precursors.34 

Indeed, the sulfonyl moiety at the benzylic position of 3-substituted indoles serves as a 

good leaving group, which allows the generation of an electrophilic species under basic 

conditions (Scheme 1.16). The intermediate generated in situ equals an active ",&-

unsaturated imine, and they supposed that this electrophilic intermediate might be a 

suitable acyl receptor in the NHC-catalyzed umpolung reaction.  

 

Scheme 1.16. 3-(1-Arylsulfonylalkyl)indole as good electrophilic precursor. 

 

After the in situ generation of 54, the reaction proceeds following the standard Stetter 

reaction pathway, considering 54 as the electrophilic species.  
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1.3.6. Sila-Stetter reaction 

In the intermolecular Stetter reaction, the self-condensation of the donor aldehyde can, in 

principle, takes place besides the desired 1,4-addition, leading to benzoins as side products. 

To circumvent this problem, Scheidt and co-workers35 devised a strategy that employs 

acylsilanes as acyl anion precursors.27 

The thiazolium-catalyzed reaction of acylsilanes 55 and the conjugate acceptors 46 

proceeded smoothly to give the corresponding 1,4-dicarbonyl compounds 47 in good 

yields (Scheme 1.17). Interestingly, electron-donating and electron-withdrawing groups on 

either side of the ",&-unsaturated system had no significant influence on the reaction 

outcome. The reaction is tolerant to an unprotected phenol (R3 = p-OH-Ph) at the acceptor 

46 as well as to enolizable groups at the acylsilane (R4 = Me, Cy).  

 

Scheme 1.17. Sila-Stetter reaction by Scheidt and co-workers.!

 

In the postulated catalytic cycle, the carbene catalyst 8, generated by direct deprotonation 

with a base, initially attacks the acylsilane 55. Via 1,2-silyl migration (Brook 

rearrangement), the intermediate 56 is formed, which is in equilibrium with 57 and is 

presumably desilylated to the Breslow intermediate 49 because of the added alcohol and 

the present 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).  

The reduced electrophilicity of the acylsilane, in comparison with an aldehyde, inhibits the 

homo-coupling pathway and favors the conjugate addition. Then, intermediate 50 

rearranges thanks to a proton shift into 51 and finally the acylated product 47 is released, 

with the free carbene 8 (Scheme 1.18).  
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Scheme 1.18. Mechanistic proposal for the Sila-Stetter reaction.!

 

1.3.7. Intermolecular enantioselective Stetter reaction 

Despite the impressive works devoted to the achiral intermolecular reaction and the 

enantioselective intramolecular version, the enantioselective intermolecular Stetter reaction 

remained an open question for many years. First answers came from Enders in 1989, who 

performed the cross coupling of n-butanal with chalcone to deliver the corresponding 1,4-

diketone in a modest 30% ee and 29% yield with a chiral thiazolium pre-catalyst (Scheme 

1.19). After screening of several catalysts, the ee could be improved slightly to 39% using 

thiazolium pre-catalyst 60, although at the expense of yield (4%).36 
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Scheme 1.19. First attempts of an asymmetric Stetter reaction by Enders et al. 

 

However, after this work no more studies on the intermolecular Stetter reactions were 

published in literature; in 2008, Enders and Rovis reported the %rst major advances in this 

area.  

Enders and colleagues described the coupling of aryl aldehydes 1 with chalcones 59 

(Scheme 1.20), in good yields with promising enantioselectivity (up to 66% ee).37  

 

Scheme 1.20. Enders’ improved catalytic system for the intermolecular Stetter reaction. 

 

Better results in terms of stereoselection were achieved by Rovis and co-workers, who 

reported the Stetter reaction between glyoxamides and alkylidene malonates in good yield 

with excellent levels of stereocontrol (Scheme 1.21).38 

 

 

Scheme 1.21. Rovis’ improved catalytic system for the Stetter reaction between 

glyoxamides and alkylidene malonates. 
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1.3.8. Intramolecular Stetter reaction 

In 1995, Ciganek reported an intramolecular version of the Stetter reaction.39 The presence 

in the same molecule of an aldehyde functional group and of an activated double bond 

allows the NHC mediated ring closing via umpolung catalysis. 

2-Formylphenoxycrotonates and formylphenoxyacrylates 68 have been shown to be highly 

active substrates for the Stetter reaction, affording the bicycle 69 as reaction product. The 

reactivity of the substrates was considerably enhanced, which may be due to entropic 

factors (Scheme 1.22).  

 

Scheme 1.22. Intramolecular Stetter reaction by Ciganek and co-workers. 

 

1.3.9. Intramolecular enantioselective Stetter reaction                                                         

Ring construction is always a challenging target for organic chemists; a lot of natural 

products and bioactive compounds are characterized by a chemical structure that involves 

rings; at the same time most of them are also chiral molecules, and sometime their 

biological activity is strictly connected with their absolute configuration. For those and 

more other reasons, a lot of research group focused their studies on the enantioselective 

intramolecular Stetter reaction, a powerful tool in organic synthesis. The most significant 

contribute in this field was given for the first time by the research group of Rovis.40 They 

reported a synthetic strategy to access a broad range of different chromanones as well as 

their aza-, thia-, and carbacyclic analogues 69' with enantiomeric excesses of 82-97% and 

yields of 63-95%; to perform this reactions they used the aminoindanol-derived triazolium 

salt 70 or the triazolium salt 71 with a catalyst loading of 20% mol (Table 1.2). 
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Entry R1 R2 X Precat. Yield (%) ee (%)  

1 H Et O (R,S)-70 94 94 

2 6-Me Et O (R,S)-70 80a) 97 

3 8-Me Et O (R,S)-70 90 84 

4 6-MeO Et O (R,S)-70 95a) 87 

5 H Me S (R,S)-70 63 96 

6 H Me NMe (R,S)-70 64 82 

7 H Me NCH2CHCHCO2Me (R,S)-70 72 84 

8 H Me CH2 (R)-71 90 92 

a) Reaction performed with 10% mol cat. and 10% mol KHMDS. 

Table 1.2. Scope of the asymmetric intramolecular Stetter reaction by Rovis and co-

workers. 

 

The only limit of this procedure is that is restricted to (E)-alkenes as Michael acceptors, 

because they resulted more reactive. 

The next challenge accepted by the group of Rovis and later by Hamada and co-workers 

was the generation of quaternary stereocenters. 

Also in this occasion the key of the work stayed in the catalyst design; indeed, the 

substitution pattern of the phenyl ring of the catalyst was found to be a decisive factor. In 

this case, the N-pentafluorophenyl-substituted catalyst (R,S)-72 proved to be the most 

effective for the conversion of the &,&-disubstituted substrates 72 to the corresponding 

cyclized products 74 with up to 99% enantiomeric excess (Table 1.3). 



24 
 

 

Entry R1 R2 X EWG Base Yield (%) ee (%)  

1 H Et O CO2Me NEt3 96 97 

2 Br Et O CO2Me NEt3 92 89 

3 H Et S CO2Me KOt-Bu 90 97 

4 H Et S CO2Me KOt-Bu 89 86a) 

5 H n-Pr S CO2Me KOt-Bu 83 98 

6 H n-Pr S CO2Me KOt-Bu 85 89a) 

7 H CH2CH2Ph S CO2Me KOt-Bu 91 99 

8 H CH2CH2Ph S CO2Me KOt-Bu 92 84a) 

9 H Ph O COMe NEt3    55b)
 99 

a) Utilizing the (Z)-isomer; b) 1.10 equiv of NEt3. 

Table 1.3. Scope of the asymmetric intramolecular Stetter reaction for the generation of 

quaternary stereocenters by Rovis and co-workers. 

 

1.3.10. NHCs homoenolate chemistry 

As discussed until now, in the benzoin and Stetter reactions the polarity inversion takes 

place always at the C1 position. As a result this reactions can be considered “Umpolung a1-

d1”, where the C1 changes its behavior from acceptor to donor. 

This is not the only type of umpolung process that can be promoted by NHCs; indeed, 

there is a reactivity called “Umpolung a3-d3” that involves the polarity reversal of the C3. 

This kind of reactivity takes place using ",&-unsaturated aldehydes with NHCs: after the 

formation of the Breslow intermediate the negative charge can be transferred to the C3 

thanks to the double bond movement, allowing the electrophilic attack on carbon 3 

(Scheme 1.23). 
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Scheme 1.23. NHC-promoted homoenolate chemistry. 

 

From the mechanistic point of view, contrary to the a1-d1 umpolung, which proceeds with 

spontaneous release of the catalyst from the catalytic cycle, homoenolate reactions need 

the presence of a stoichiometric amount of a nucleophile that can be external or linked to 

the acceptor species, to allow the catalyst release. So, homoenolate reactions consist in two 

different steps: the formation of the new C-C bond trough umpolung reactivity and the 

final release of the product and the catalyst thanks to the action of a nucleophile. 

The cycle starts with the attack of the in situ generated carbene 8 to the unsaturated 

aldehyde, to give adduct 80 that rearranges into the Breslow intermediate 81. At this stage 

there is the attack of the electrophile on the C3 position (82) followed by tautomerization to 

give 83. Finally the release of the reaction product 84 and of the free carbene 8 is possible 

thanks to the attack of the nucleophile on the carbonyl group (Scheme 1.24).  
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Scheme 1.24. NHC catalyzed homoenolate catalyctic cycle. 

 

It’s important to underline that in NHC-catalyzed reactions, ",&-unsaturated aldehydes can  

show both “a1-d1” and “a3-d3” reactivity in the same reaction. 

An enormous amount of work has been done on the homoenolate chemistry since its 

discovery; the possibility to generate umpolung on the C3, which was not possible before 

the discovery of this kind of reactivity, attracted a lot of interest. 

Glorius and Bode, in their independent works, reported the formation of '-butyrolactone 98 

through the cross condensation between enal and aromatic aldehyde (Scheme 1.25).41 Both 

authors underline the importance of the substituents on the NHC for the efficiency of 

reaction; indeed hindered imidazolium salts gave better results compared to imidazolium 

salts that are not substituted in all the positions of the ring. 

After this studies, Bode introduced the use of a new electrophile, N-sulfonyl imine 85 

(Scheme 1.25) that reacting with homoenolate 78 produces '-lactams 86.42 

Another homoenolate reaction is the formation of 90 through the action of an external 

nucleophile that attacks the activated carbonyl intermediate, derived from the homoenolate 
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adduct 78 via proton transfer. In this case the choice of the base seems to be critical; in 

fact, while the use of DIPEA leads to the ester 90, the use of a stronger base such as t-

BuOK leads to the '-butyrolactone 88.43 

In 2006 Bode expanded the application of homoenolate chemistry to the Diels-Alder 

reaction.44 According to the proposed mechanism, the homoenolate intermediate undergoes 

a proton transfer, to generate a triazolium enolate that play the dienophile role in the Diels-

Alder reaction with the ",&-unsaturated imine 93 (Scheme n.25). The crucial step of the 

reaction is the protonation step that is strictly connected to the use of imidazolium or 

triazolium catalysts. However, triazolium salts seemed to be more reactive with the ene-

imine than with the enal; final optimization revealed that the use of an activated enal, 

bearing, for example, an ester group trans to the aldehyde, was needed to avoid the 

formation of '-lactams 86 and give selectively the desired product 94. 

 

Scheme 1.25. Different applications of homoenolate chemistry. 
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1.3.11. NHC-catalyzed oxidation of aldehydes: the single electron transfer pathway 

Despite the enormous amount of work done on NHC research, all studies focused on ionic 

processes. Recently in the scientific community started to increase a huge interest to 

radical processes connected with NHCs catalysis.  

In this regards, in 2008 Studer and co-workers started to study the NHC-catalyzed 

aldehyde oxidation; their work was inspired by Pyruvate ferredoxin oxidoreductase 

(PFOR), a CoA-dependent enzyme that uses thiamine pyrophosphate as additional factor, 

which catalyzes the oxidative decarboxylation of pyruvate to form acetyl-CoA and CO.45 

In this reversible decarboxylation process, the two electrons obtained during one turnover 

are transferred to ferredoxine via [Fe4S4] clusters. 

Guided by PFOR chemistry, they planned to oxidize the Breslow intermediate, formed in a 

NHC catalytic cycle, by organic single-electron transfer (SET) oxidants. The process 

represents a biomimetic transition-metal-frree organocatalytic oxidation of an aldehyde.  

As oxidant they chose 2,2,6,6-tetramethylpiperidine N-oxyl radical (TEMPO), which has 

been widely used in transition-metal-mediated reactions and in various radical 

processes.10studer Hence, the oxidizing [Fe4S4] clusters in PFOR had been replaced by two 

oxidizing TEMPO units (Scheme 1.26). 

 

Scheme 1.26. NHC-catalyzed oxidation of aldehydes promoted by TEMPO. 

 

As clearly shown in Scheme n.26 aldehyde 26 is oxidized to the corresponding acyl-

TEMPO derivative 99 that can be easily converted later in the corresponding acid with acid 

hydrolysis; the production of 99 is accompanied by the stoichiometric formation of 

TEMPOH, which can be quantitatively oxidized to TEMPO by O2 or air.16studer 



29 
 

The suggested mechanism is depicted in Scheme 1.27.  

Reaction of the carbene 104 with the aldehyde 26 provides Breslow intermediate 106 via 

105. Single electron transfer (SET) to TEMPO would lead to radical cation 107 and 

TEMPO-. Subsequent deprotonation of 107 by TEMPO- should generate radical 108 and 

TEMPOH. It is important to underline that direct hydrogen transfer from 106 to TEMPO 

to give 108 and TEMPOH cannot be ruled out. Finally, renewed SET from 108 to 

TEMPO might provide activated ester 109, which can react further with TEMPO- to give 

99 and the corresponding carbene 104. 

 

Scheme 1.27. Suggested mechanism for the NHC-catalyzed oxidation of aldehydes 

promoted by TEMPO. 
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1.4. Reactivity of !-diketones in umpolung catalysis 

In the continuous research of new acyl anion precursors, "-diketones actually represent 

innovative and efficient substrates. Indeed, they are a valid alternative to the well studied 

aldehydes and their silyl surrogates, or to the more recently discovered pyruvates and acyl 

phosphonate, expanding the range of substrates capable to participate to umpolung reaction 

(Scheme 1.28). 

 

Scheme 1.28. Different acyl anion precursors known in literature. 

 

Despite the lack of publications regarding this class of compounds, "-diketones have an 

enormous synthetic potential; indeed, thanks to the double carbonyl functionality they are 

very versatile substrates, acting as electrophiles, nucleophiles or both in domino processes. 

 

1.4.1. Enzyme-catalyzed umpolung reactions of aliphatic and alkyl-aryl !-diketones 

In the last five years my research group focused its attention on the reactivity of "-

diketones in umpolung reactions; before, the employment of these substrates in umpolung 

reactions was not deeply investigated in literature. 
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Umpolung reactivity of 1,2-diketones was first reported in 1954 by Mizuhara and 

Handler46, who studied the thiamine-catalyzed reaction between diacetyl and 14C-

acetaldehyde. The authors described this process as a scission of the dicarbonyl compound 

in two functionalities: the first one represented by the acyl anion that reacts with 

acetaldehyde to give the acetoin product, and the second one that is converted in acetate. 

They also underlined that the reaction did not proceed under neutral or acid conditions, but 

just under basic conditions, that are needed for the pre-catalyst activation. 

These results represented the pillars of the study of "-diketones as umpolung substrates; 

they unambiguously confirm that this class of compounds is capable to undergo reactivity 

inversion thanks to the nucleophilic attack of a NHC catalyst to one of the two carbonyl 

groups. 

About fifty years later, my research group studied the stearothermophilus Acetilacetoin 

sintasi (AAS)-catalyzed homo-coupling reaction of symmetrical and unsymmetrical 

dialkyl "-diketones to give the corresponding 1,3-"-hydroxy diketones with good values of 

yield and enantioselectivity (Scheme 1.29).47 

 

Scheme 1.29. AAS-catalyzed homo-coupling reactions of 1,2-diketones 109. The 

methodology can be applied to unsymmetrical and symmetrical diketones. In the second 

case there is the formation of only one reaction product. 

 

Regarding the mechanism of this enzyme-catalyzed reaction, it is assumed that the 

thiamine functionality is responsible of the attack to the carbonyl of diketone 112 yielding 

the intermediate 113, which undergoes hydrolysis of the acetyl group by water to produce 

the key Breslow intermediate 114. At this stage a subsequent nucleophilic attack to another 

molecule of diketone forms the intermediate 115, which rearranges into 116, to give finally 

the desired 1,3-"-hydroxy diketones 117, releasing the enzyme (Scheme 1.30). 
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Scheme 1.30. Proposed mechanism for the enzymatic homo-coupling of symmetrical 1,2-

diketones. 

 

In the case of unsymmetrical substrates, there is the possibility of the formation of two 

different products (Scheme 1.29). Regarding the chemoselectivity of this reaction, for 

dialkyl substrates the transfer of the less hindered alkyl portion seemed to be favored, 

while for alkyl-aryl substrates it has been observed only the transfer of the alkyl portion of 

the molecule. 

 

1.4.2. Organocatalyzed umpolung reactions of aliphatic !-diketones 

Inspired by these promising results, the challenge was to find an organocatalyst able to 

mimic the enzymatic activity, promoting umpolung reactivity with1,2-diketones; in this 

direction, in 2011 my research group reported the catalytic activity of thiamine 

hydrochloride 2a and its simple analogue thiazolium salt 2b, which were able to activate "-
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diketones as acyl anion equivalents in nucleophilic acylations such as the homo-coupling 

of "-diketones and the hitherto unreported cross-coupling between "-diketones and "-

ketoesters.48 

Finally these carboligation reactions were optimized under stoichiometric (2a) and 

catalytic conditions (2b) by using the eco-friendly PEG400 as the reaction medium, thus 

allowing both solvent and thiazolium salt recycling (Scheme 1.31). 

 

Scheme 1.31. Synthesis of "-hydroxy-1,3-diketones (homo-coupling) and "-hydroxy-1,3-

ketoesters (cross-coupling) catalysed by thiamine hydrochloride  and its simple analogue 

thiazolium salt using "-diketones as acyl anion equivalents, and PEG400 as solvent 

recycling medium. 

 

The investigation of the reaction started with the evaluation of the activity of the thiamine 

hydrochloride 2a-NEt3 couple in water using 2,3-butanedione (biacetyl) 119 as donor-

acceptor substrate; this system was very similar to the enzymatic one but unfortunately the 

reaction product did not survive the basic aqueous conditions. For this reason the reaction 

was then performed with the same catalyst-base system in EtOH achieving a 75% yield. 

Encouraged by this promising result, the selection of protic solvents was widened with 

polyethylene glycol (PEG400), a non-toxic and eco-friendly medium that allowed for both 

solvent and pre-catalyst recycling, with great values of yield, over 90% also after 4 cycles. 

The only limit stayed in the high catalytic loading (100%) but it was overcome using 20% 

mol of the commercially available thiazolium salt 7a (95% yield after 12h). 
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Next, the tolerance of the procedure for different donor-acceptor substrates with 

stoichiometric thiamine 2a and catalytic 2b was evaluated, with excellent results for simple 

symmetrical substrates (88% yield for 3,4-hexanedione) and confirming, for the 

unsymmetrical substrates, the reactivity trend pertaining to the AAS enzymatic system: 

acetyl anion transfer (MeCO-) was predominant over migration of its higher carbanion 

counterparts. The only difference in the two catalytic conditions stayed in the reaction 

time, which was longer for the catalytic process. 

The mechanism that accounts for all these findings may invoke the formation of the 

intermediate 123 resulting from the addition of the thiazolin-2-ylidene 122 to the !-

diketone 119, and its evolution to the Breslow intermediate 124 by attack of the PEG 

solvent to the carbonyl of 123. Subsequent addition of the Breslow intermediate to a 

second molecule of !-diketone 119, leads to the formation of the product 118 and 

regeneration of the catalyst 122 (Scheme n.32). It is worth noting that formation of the key 

intermediate 124 by the above postulated mechanism seems to be confirmed by the 

isolation of one equivalent of acetylated PEG solvent (PEG-OAc) from the crude reaction 

mixture. 

Finally the donor-acceptor attitudes of !-ketoesters toward the thiazolium-Et3N system 

was investigated. In a control experiment ethyl pyruvate was not reactive under the 

previously optimized homo-coupling conditions. This finding, however, was exploited to 

perform cross-coupling reactions between "-ketoester acceptors and a suitable acyl anion 

source such as 1,2-diketones. Gratifyingly, the corresponding "-hydroxy-1,3-ketoesters 

120 were obtained in fair yields (around 55%), thus demonstrating the feasibility of this 

approach.  
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Scheme 1.32. Proposed mechanism for the NHC-catalyzed homo-coupling of aliphatic "-

diketones. 

 

1.4.3. Thiazolium-catalyzed intermolecular Stetter reaction of linear and cyclic alkyl 

!-diketones 

In continuation of the research in the study of umpolung reactivity of "-diketones, my 

group reported the use of alkyl "-diketones as acyl anion equivalents in the Stetter reaction, 

employing conjugate acceptors to produce valuable 1,4-dicarbonyl compounds.49 This 

study focused on the conjugate addition of the acetyl anion (MeCO-) due to the relevance 

of this simple nucleophile in organocatalytic strategies and the continuous need for 

improving its generation.50  

In the case of the Stetter reaction, existing methods for the non-enzymatic,51 NHC-

catalyzed generation of acetyl anion comprise the use of acetaldehyde,52 sodium pyruvate53 

or acetyldimethylphenylsilane54 as its surrogates (Scheme 1.33). 

Though operative in both racemic and asymmetric versions, the first method requires the 

utilization of a large excess (10 equiv.) of the volatile acetaldehyde, while the second 

strategy is restricted to unsaturated 2-acyl imidazoles as acceptors; the sila-Stetter reaction, 

instead, requires the synthesis of the precursor acetyldimethylphenylsilane.55  
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My group introduced the bench stable (bp 88 °C) diacetyl 119 as an alternative, cheap 

precursor of acetyl anion for intermolecular Stetter reactions.  

 

Scheme 1.33. State of the art of the NHC-catalyzed generation of acetyl anion in the 

Stetter reaction. 

 

The reaction study started with the optimization of the reaction conditions, screening 

different solvents, temperatures, catalysts, base and reactants ratio. As result of this 

investigation two different optimized reaction conditions were proposed:  the first 

consisted in the use of EtOH as solvent, with a temperature of 50°C for 24 h, while the 

second consisted in a microwave-assisted reaction, developed to decrease the reaction 

time, run in the same solvent, at 100°C for 2 h. 

With the optimized conditions in hand, the scope of reaction was explored with good 

values of yields for different substrates (Table 1.4).a) 
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Entry R1 R2 R3 R4 Prod. Yield (%)b) 

1 Me Ph H Ph 128a 91/75 

2 Me 4-BrPh H Ph 128b 88/72 

3 Me 4-MePh H Ph 128c 71/62 

4 Me Me H Ph 128d 82/65 

 5c) Me H H Me 128e 80/- 

 6c) Me Me EtO2C OEt 128f 68/- 

    7d),e) Me -(CH2)3- H -( )- 128g 58/42 

8 Et Ph H Ph 129a 65/51 

9 Et 4-BrPh H Ph 129b 62/50 

10 Et 4-ClPh H Ph 129h 55/47 

a) Reactions performed with 1.00 mmol of "-diketone (0.5 M) and 0.50 mmol of 2. b) Isolated 

yields (method A/method B). c) Reaction performed at 25 °C. d) Structure of 2g: . e) 

Reaction performed with 4 equiv. of 1. 

Table 1.4. Scope of the reaction. 

 

As shown in the Table, chalcone derivatives having both electron-withdrawing and 

electron-donating substituents on the aromatic ring gave the corresponding adducts in 

comparable yields (88-71%) while the less reactive alkyl chalcone 127d resulted almost 

equally effective (82%, entry 4). It was also evaluated the homologue of 119, the 3,4-

hexanedione 8, which gave nucleophilic acylations of chalcones with similar yields (65-

55%) to those obtained by using propionaldehyde as the acyl anion source. 

From the mechanistic point of view the reaction proceeds through the formation of the 

intermediate 123 resulting from the addition of the thiazolin-2-ylidene 122 to the !-

diketone 119, and its evolution to the Breslow intermediate 124 by attack of EtOH to the 

carbonyl of 123 with elimination of ethyl acetate (Scheme 1.34). Subsequent addition of 

the Breslow intermediate to the &-position of the conjugate acceptor 127 leads to the 



38 
 

formation of product 128 and regeneration of the catalyst. For the key step of the catalytic 

cycle (C-C bond breaking) it has been postulated an alkoxide-assisted nucleophilic attack 

of the amphiprotic solvent involving a proton transfer from EtOH to the alkoxide 123 as 

shown in the transition state TS. 

 

 

Scheme 1.34. Proposed reaction pathway for the thiazolium-catalyzed Stetter reaction of 

linear "-diketones 119 and 128 (substrate 119 as representative example). 

 

Finally, it has been also reported the unprecedented atom economic nucleophilic acylation 

of chalcones with cyclic "-diketones to furnish 1,4-diketone derivatives displaying a 

suitably spaced ester functionality in their structure (see the full paper for more details 

about the use of cyclic "-diketones as donors in NHC catalyzed Stetter reactions).49 
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1.4.4. Umpolung reactivity of diaryl !-diketones 

The reactivity of diaryl "-diketones was first studied in 1979 by Kuberich and Showen.56 

The authors reported the cyanide-catalyzed homo-benzoin and cross-benzoin reactions: the 

first reaction takes place between two molecules of the same diketone, while the second 

involves one molecule of diketone and one aldehyde. 

They also proposed a mechanistic rationalization for this reactions; both mechanisms have 

in common one key intermediate that is represented by carbanion 134. 

Carbanion 134 is generated by initial cyanide attack on benzil 131, to give intermediate 

132, that undergoes epoxidic rearrangement furnishing the target intermediate (Scheme 

1.35). 

!

Scheme 1.35. Cyanide-promoted umpolung of diaryl "-diketones: generation of key 

intermediate 134 (in this case Ar = Ph, but it can be different from Ph). 

 

Depending on the reaction where it is involved, this key intermediate can follow different 

routes: reacting with another molecule of diketone, or reacting with a different electrophile 

such as an aldehyde; the different behavior in protic and aprotic solvent has also been 

evaluated (Scheme 1.36). 

In the homo-coupling reaction, the product is the ","’-stilbendiol dibenzoate 136 with 

preferred trans configuration, while the cross-coupling product is the benzoylated "-

hydroxy diaryl diketone 138. 

It has been reported that this reaction is feasible only in aprotic polar solvents such as DMF 

or DMSO for charge stabilization reasons; the use of polar protic solvents like EtOH is 

responsible for the intermediate 134 lysis, by solvent attack, with release of the free 

aldehyde and the corresponding benzoate (in the case of EtOH, production of aldehyde and 

ethyl benzoate).  
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Scheme 1.36. Mechanism of the cyanide-catalyzed homo-benzoin, cross-benzoin and 

behavior in protic-polar solvents. 

 

Inspired by this work, in 2004 Demir and co-workers studied the cyanide-catalyzed cross-

benzoin reaction between diaryl "-diketones and aldehydes.57 

A variety of unsymmetrical benzoin derivatives were synthesized in this way; subsequent 

hydrolysis of benzoin esters followed by their oxidation afforded the corresponding 

unsymmetrical benzoins and benzils in high yields (Scheme 1.37). 
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Scheme 1.37. Selected examples from the cross-benzoin reaction scope. 

 

1.4.5. Unexpected reactivity of diaryl !-diketones with thiazolium carbenes: 

multicomponent reaction for the facile synthesis of 1,4-thiazin-3-ones 

 

As reported before, my research group has recently demonstrated the capability of linear 

and cyclic dialkyl "-diketones to undergo polarity reversal under thiazolium carbene 

catalysis in benzoin-type48 and Stetter reactions,49 and thus act as a novel class of acyl 

anion precursors.  

The logic development of this research consisted in the parallel study of the reactivity of 

diaryl 1,2-diones 2 (benzils) in the same reaction conditions. Surprisingly, they cannot 

serve as surrogates of aromatic aldehydes by thiazolin-2-ylidene catalysis.  

This investigation, however, culminated with the identification and optimization of a novel 

multicomponent reaction (MCR), in which benzils are intercepted by equimolar amounts 

of a thiazolium/benzothiazolium carbene and water to generate 4H-1,4-thiazin-3-one 

derivatives of type 139 in a straightforward manner (one-pot procedures). 

The first approach in the optimization study was to evaluate the behavior of diaryl 

diketones in EtOH at 50 °C with equimolar 131/7a and in the presence of Et3N (2 equiv.) 
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producing the 2,3-dihydro-4H-1,4-thiazin-3-one 139 (8%) and benzoic acid (BzOH) as the 

sole isolable reaction products. After full characterization of 139, it was possible to realize 

that its structure corresponded to the 1/1/1 adduct of 131, water, and thiazolium 7a-derived 

carbene. Hence, the effect on reaction outcome of the change from an amphiprotic to a 

polar aprotic solvent such as DMF was first evaluated. Indeed, this choice proved to be 

successful furnishing a much higher yield (63%) of 139a, which was formed together with 

its benzoyl derivative 139a’ (5%). 

 

Scheme 1.38. Novel 3CR of benzil 131, thiazolium salt 7a, and water via the one-step 

thermal procedure (Method A). 

 

Enlightened by this results, a mechanistic rationalization for the observed reactivity of 

diaryl "-diketones was proposed as shown in Scheme 1.39. Thus, the in situ generated 

thiazolin-2-ylidene 140 initially attacks benzil 131 to give the alkoxide 141, which then 

rearranges to form the zwitterion 143 through the epoxide intermediate 142. In the basic 

reaction medium, the ring opening of 143 by nucleophilic addition of the hydroxyl anion 

produces a reactive thiolate 145, which subsequently undergoes cyclization to produce the 

4H-1,4-thiazin-3-one ring by elimination of benzoate. The different chemical behavior of 

diaryl diketones over dialkyl diketones probably resides in the effective stabilization of 

electron density at the exocyclic C1 atom of 143 by the aromatic and benzoyl groups; this 

stabilization effect was hypothesized to be responsible for the preferential formation of 143 

over the Breslow intermediate (intermediate 124 previously presented in the Stetter 

reaction with Ph instead of Me, Scheme 1.34). 
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Scheme 1.39. Proposed reaction pathway for the 3CR of thiazolium carbenes, diaryl "-

diketones, and water. 

 

An experimental result in support of this mechanistic hypothesis was the isolation and 

characterization (NMR and MS) of thiazolium salt 144 bearing a benzoyl group at the exo-

C1 position. This salt was quantitatively recovered from an experiment conducted at room 

temperature under strictly anhydrous conditions with equimolar 131/7a in DMF as the 

solvent (Scheme 1.40). This outcome inspired an alternative procedure for the model 3CR, 

which consisted in simply adding 10% aqueous NaOH (2 equiv.) to the solution of crude 

144 (Method B). This novel protocol furnished the thiazin-3-one 139 under milder 

conditions (RT) and in almost quantitative yield. Significantly, addition of H2
18O (10 

equiv.) to the intermediate 10a (anhydr. DMF, RT, 72 h) smoothly led to 18O-labelled 139, 

thus providing further evidence for the proposed MCR mechanism.  

Finally, a third method was developed, which consisted in the 4CR of thiazole 146, BnBr, 

benzil 131, and water (Method C, Scheme 1.40). A two-step sequence entailing generation 

of the thiazolium salt 7a and subsequent completion of the Et3N-promoted MCR was made 

necessary because of the incompatibility in the same pot and basic medium of the 

alkylating agent and the 1,2-dione substrate. The whole one-pot procedure, however, was 

accelerated by the use of MW irradiation and gave 139 in 68% yield. 
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Scheme 1.40. One-pot two-step 3CR (Method B) and one-pot two-step 4CR (Method C) 

leading to 1,4-thiazin-3-one 139. 
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2. Methylsulfinyl (Dimsyl) Anion as Umpolung Catalyst for the Chemoselective Cross 

Benzoin Reaction of !-Diketones with Aldehydes 

 

2.1. Introduction 

The umpolung strategy1 represents nowadays a powerful tool for the development of new, 

selective, and efficient routes for the synthesis of target molecules.  

The benzoin condensation is a classical example of this concept as it proceeds through the 

generation of an acyl anion equivalent from an aldehyde,2 pyruvate,3 acyl silane,4 acyl 

phosphonate,5 or "-diketone6 (Figure 2.1).  

 

 

Figure 2.1. Generation of an acyl anion equivalent from different sources. 

 

So far, nonenzymatic benzoin reactions have been realized catalytically only by the use of 

the cyanide anion,2a-c,7 N-heterocyclic carbenes (NHCs),2d-k,8 or metallophosphites,9 being 

the efficiency of each class of catalyst strictly dependent on the family of acyl anion 

precursors employed.  
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Despite the many successes already achieved in this area of research, the benzoin reaction 

is continuously attracting great interest in the organic chemistry community.10  

Hence, many efforts have been recently devoted to the development of highly 

stereoselective versions of this reaction through optimal catalyst design,11 to the discovery 

of domino processes based on this reactivity,12 and to the effective preparation of non-

symmetrical products by the chemoselective cross-coupling of suitable donor/acceptor 

couples.10,13 

In this regard, in 2011 my research group reported the racemic, thiazolium carbene-

catalysed condensation of dialkyl "-diketone donors with "-ketoester acceptors, mimicking 

the peculiar behavior of thiamine diphosphate-dependent acetylacetoin synthase; they 

clearly demonstrated that thiamine hydrochloride and its simple analogue thiazolium salt 

were able to activate "-diketones as acyl anion equivalents in nucleophilic acylations, such 

as the homo-coupling of "-diketones and the hitherto unreported cross-coupling between 

"-diketones and "-ketoesters.14 These carboligation reactions were finally optimized under 

stoichiometric and catalytic conditions by using the eco-friendly PEG 400 as the reaction 

medium, thus allowing both solvent and thiazolium salt recycling (Scheme 2.1). 

!

Scheme 2.1. Synthesis of "-hydroxy-1,3-diketones (homo-coupling) and "-hydroxy-1,3-

ketoesters (cross-coupling) using "-diketones as acyl anion equivalents catalyzed by 

thiamine hydrochloride and its simple analogue thiazolium salt, using PEG400 as solvent 

recycling medium. 

The most logical development of this study was the employment of diaryl "-diketones 

(benzils) as donor species, but they revealed a total different reactivity compared with the 

dialkyl "-diketones. Indeed, in this occasion, an unexpected enlargement of the thiazolium 

ring occured,15 preventing the use of benzils as equivalents of aromatic aldehydes. 
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In details, diaryl "-diketones do not undergo polarity reversal in the presence of 

(benzo)thiazolium carbenes but are engaged in a novel multicomponent reaction with 

water to ef%ciently give medicinally relevant 1,4-thiazin-3-one heterocycles (Scheme 2.2).  

 

!

Scheme 2.2. MCR reaction between diaryl "-diketones, (benzo)thiazolium carbenes and 

water for the synthesis of 1,4-thiazin-3-one heterocycles. 

 

Diaryl "-diketones, however, are conveniently used to perform cross-benzoin 

condensations with aryl aldehydes under cyanide catalysis using aprotic polar solvents.16  

In 2004, Demir and co-workers studied this reaction, building up a solid protocol for the 

synthesis of benzoylated cross-benzoins and their relative unsymmetrical free benzoins. 

The evident limit of the work was the absence of aliphatic aldehydes as coupling partners. 

Finally, they also postulated a reaction mechanism where cyanide attacks the diketone, 

giving a first adduct, that rearranges through an epoxidic form B with formation of the 

carbanion key intermediate C (Scheme 2.3); this intermediate finally attacks the aldehyde 

and subsequent intramolecular trans-esterification gives the reaction product, releasing the 

free cyanide, ready for the next catalytic cycle. 
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!

Scheme 2.3. Proposed mechanism by Demir and co-workers for the cyanide cross benzoin 

coupling between diaryl "-diketones and aryl aldehydes. 

 

In general, the mechanism of action of the cyanide ion in benzoin reactions is similar to 

that of NHCs and phosphite anions, with the catalyst working at different stages in the 

catalytic cycle as Lewis base (LB; step i), as anion stabilizing group (ii), and as leaving 

group (iv; Scheme 2.4). 
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!

Scheme 2.4. Catalytic cycle in benzoin-type couplings. 

In the search of a non-toxic but equally effective alternative to the cyanide ion for the 

polarity reversal of benzils and taking into consideration the above mechanistic 

requirements for new catalyst design, we studied the unprecedented reactivity of 

methylsulfinyl carbanion (dimsyl ion I) as new catalyst for the umpolung of diaryl "-

diketones, and demonstrated its general efficacy in the atom-economic synthesis of 

racemic benzoylated benzoins using aryl and alkyl aldehyde acceptors. 

 

2.2. Results and discussion 

At the beginning of this study, we were aware of the typical use of the dimsyl anion, first 

reported by Corey and Chaykovsky,17 as Brønsted base,18 but also of its capability to act as 

nucleophilic carbanion in additions to some unsaturated systems.19 

Hence, we envisaged that the dimsyl ion, obtained from direct deprotonation of dimethyl 

sulfoxide solvent, could also function as Lewis base for !-dicarbonyl attack, and thus 

behave as umpolung catalyst in close analogy to the cyanide ion.  

This speculation was verified in the reaction of benzil 1a with o-chloro benzaldehyde 2a in 

anhydrous DMSO (4 Å molecular sieves) in the presence of catalytic t-BuOK (10 mol %). 
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Indeed, this reaction successfully afforded the cross-coupling derivative 3a in a short 

reaction time (1 h) and 95% isolated yield (entry 1, Table 2.1).  

Exposure of the reaction mixture to the residual water present in the commercial anhydrous 

DMSO had a negligible effect on the final output (entry 2), while a halving of the t-BuOK 

amount reduced to 55% the isolated yield of 3a (entry 3). The latter result and the 

dependence of the reaction efficiency on the strength of the base in DMSO, i.e. t-BuOK > 

Cs2CO3 > DBU >> Et3N, led to suppose the actual role of the dimsyl anion as active 

catalyst (entries 4-6).  

This conclusion was initially supported by an independent experiment consisting in the 

generation of I from DMSO/t-BuOK and its subsequent trapping with benzophenone to 

produce the Ph2C(OH)CH2S(O)CH3 adduct.17b  

Nevertheless, in order to exclude the direct activation of benzil 1a by t-BuOK, the model 

benzoin condensation was next performed in the ‘inactive’ solvents THF and 

dichloromethane, and no product formation was observed under those conditions (entries 

7-8). The same result was detected using dimethylacetamide (DMA) and N-methyl 

pyrrolidone (NMP) solvents, which are closer to DMSO in terms of stabilization capability 

of charged intermediates (entries 9-10).  

The possibility of a benzilic-like rearrangement20 promoted by the hydroxide ion, 

eventually generated under basic conditions from the residual water of DMSO, was also 

excluded by an experiment carried out in THF with catalytic (20 mol %) Bu4NOH (entry 

11).  

To unequivocally prove the catalytic activity of the dimsyl anion in the model benzoin 

condensation, the 1a/2a coupling was finally performed in THF with increasing amounts 

of anhydrous DMSO (from 0.2 to 10 equivalents; only selected data are reported). 

Gratifyingly, a direct correlation between the added DMSO and the yield of 3a was 

observed (entries 12-13), thus confirming the necessity of an excess of DMSO to generate 

a quantity of dimsyl anion sufficient for promoting the reaction (pKa [DMSO] = 35.0; pKa 

[t-BuOH] = 32.2).21 
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Table 2.1. Optimization of the model benzoin reaction of benzil 1a with o-chloro 

benzaldehyde 2a.a) 

 

Entry Solvent Base  
(mol %) 

Time 
(h) 

Yield 
(%)b) 

1 DMSOc) t-BuOK (10) 1 95 

2 DMSO t-BuOK (10) 1 93 

3 DMSO t-BuOK (5) 1 55 

4 DMSO Cs2CO3 (10) 1 68 

5 DMSO DBU (10) 1 45 

6 DMSO Et3N (10) 60 - 

7 THF t-BuOK (10) 60 - 

8 CH2Cl2 t-BuOK(10) 60 - 

9 DMA t-BuOK(10) 60 - 

10 NMP t-BuOK(10) 60 - 

11 THF Bu4NOH (20)d) 60 - 

12 THFe) t-BuOK (10) 16 5 

13 THFf) t-BuOK (10) 16 28 
a)Reaction conditions: benzil (0.50 mmol), 2-chloro benzaldehyde (0.50 mmol), anhydrous solvent 

(1.0 mL), and the stated amount of base. Residual water content determined by Karl Fischer 

analysis (see the Experimental Section). b)Isolated yield. c)Reaction performed in the presence of 4 

Å MS. d)Bu4NOH is in the 30 hydrate form. e)Reaction performed in the presence of 1 equiv. of 

anhydrous DMSO. f)Reaction performed in the presence of 10 equiv. of anhydrous DMSO. 

 
It is widely recognized that the synthesis of cross benzoin products is still a challenging 

task;10,13 therefore, the general applicability of the disclosed dimsyl anion catalysis was 

next addressed by considering different diketone/aldehyde combinations (Table 2.2).  
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Table 2.2. Substrate scope of the cross benzoin reaction. 
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a)Isolated yields.b)Yield of 3b containing ca. 20% of isomeric 3b (see the Experimental Section). 
c)Performed at 50 °C with 3 equiv. of 2.d)Performed with 2 equiv. of 1c.e)Performed with 2 equiv. of 

2. 
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Indeed, the use of DMSO/t-BuOK appears as a significant improvement over the reported 

methodology,6,16 as it provides a complete chemoselective, practical, economical, and safe 

access to benzoylated benzoins without the need for toxic cyanide catalysis.22  

Hence, several benzils 1 and aryl/alkyl aldehydes 2 with various substitution patterns that 

include electron-withdrawing and electron-donating groups were explored using the new 

catalytic conditions.  

It was observed that the electronic features of the acceptor aldehyde had a great relevance 

on the final reaction output. More precisely, electron-deficient aromatic aldehydes afforded 

the best results (entries 1-4), whereas when electron-donating groups were involved as 

substituents on either diketone 1 or aldehyde 2, the reaction outcomes were less remarkable 

(entries 6-7).  

The substrate scope was subsequently extended to the 2,2’-pyridyl 1d, which resulted 

highly reactive as well (entries 8-9). It was also demonstrated that the presence of an ortho-

substituent on benzil did not reduce the coupling efficiency (entry 10).  

Of note, the disclosed process can accommodate the challenging elaboration of non-

aromatic aldehydes (entries 11-12). While the side aldol reaction of 2h,i could not be 

suppressed under the basic reaction conditions, formation of the corresponding aryl-alkyl 

benzoin adducts 3h,i was guaranteed by the complete chemoselectivity of the umpolung 

process (preferential !-dicarbonyl activation), which precluded alkyl aldehydes 2h,i from 

participating in homo-benzoin reactions. 

A mechanistic rationalization for the observed new catalysis is proposed as shown in 

Scheme 2.5.  

The direct deprotonation of DMSO with the Brønsted base generates the dimsyl anion I.23 

This activated species is capable to attack the !-diketone 1 forming the intermediate II, 

which then rearranges to the carbanion IV through the epoxide III in analogy with what 

proposed for the cyanide catalysis.6,24 Then, the carbanion IV intercepts the aldehyde 

electrophilic carbon affording the intermediate V, which finally releases the benzoin 

benzoate product 3 and catalyst I through intramolecular trans-esterification.25 
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Scheme 2.5. Proposed mechanism for the cross benzoin reaction catalysed by the dimsyl 

anion. 

 

With the aim to elucidate the postulated mechanism, the capture of the intermediate IV 

was initially attempted through a dedicated experiment performed with benzil 1a and t-

BuOK (20 mol %) under strictly anhydrous conditions (DMSO, molecular sieves) and in 

the absence of the aldehyde acceptor (see the Experimental Section). In this occasion, the 

only detectable product was the !,!’-stilbenediol dibenzoate 9a, which was formed by the 

addition of IV to a second molecule of diketone 1a (homocoupling pathway, Scheme 2.6).  

Significantly, this reaction outcome closely resembled that found in a previous study 

carried out under the same conditions but using the cyanide ion as the catalyst.6a,24 

 

 
Scheme 2.6. Proposed mechanism for the homocoupling pathway.  
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The assumption that IV is the key player in the disclosed catalytic system was thus 

supported by a parallel investigation on its formation in the gas-phase from DMSO/t-

BuOK/1a using electrospray ionization mass spectrometry (ESI-MS).  

This technique, in fact, is considered as efficient as low-temperature NMR to detect and 

characterize elusive intermediates.26a  

The ESI-MS experiments showed the formation of the addition product between the dimsyl 

anion and benzil, which was detected in negative-ion mode at m/z 287 with DMSO and at 

m/z 292 with DMSO-d6.  

The possibility to distinguish among the isobaric intermediates II, III, and IV came from 

tandem mass spectrometric (MS/MS) analysis.26b Relevant is the fact that when the ion 

species at m/z 287 was mass selected and fragmented, it was observed the formation of the 

benzoate anion (m/z 121) together with its counterpart [PhCCHS(O)CH3]- (m/z 165)27 and 

the methylsulfinyl anion (m/z 77; Figure 2.2); in order to confirm this observation we 

performed the same experiment using DMSO-d6, finding the same deuterated pattern of 

signals (Figure 2.3). This results indicated the structure IV as the most plausible one,28 and 

confirmed the rearrangement of II to IV as a fast process.6a 

 

 
Figure 2.2. MS/MS mass spectrum of the benzil/dimsyl adduct (m/z 287) and the related 

signature fragments. 
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Figure 2.3. MS/MS mass spectrum of the deuterated adduct IV obtained from DMSO-d6 

solutions containing benzyl 1a and t-BuOK (10 mol %). 

 

Also functional theory (DFT) calculations carried out at the B3LYP/6-31G(d,p) level of 

theory using the Gaussian03 Program, indicated the structure IV as the most stable one, 

showing lower values of energy, compared to the isobaric sctructures II  and III (Figure 

2.4.). 

 

 
Figure 2.4. Calculated equilibrium geometries for the intermediates II, III, and IV (Ar = 
Ph). 

 

 

 

II
E =  -1242.5908 Hartree

Erel = +4.1 kcal mol-1

III
E =  -1242.5770 Hartree

Erel = +12.7 kcal mol-1

IV
E =  -1242.5973 Hartree

Erel = 0.0 kcal mol-1
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2.3. Conclusions 

In summary, we have described a new reactivity of the methylsulfinyl carbanion (dimsyl 

anion), which consists in its capability to generate acyl anion equivalents from diaryl !-

diketones.  

The dimsyl anion has been conveniently generated from direct deprotonation of DMSO 

solvent with the optimal base t-BuOK employed in catalytic amounts.  

The chemoselective activation by dimsyl anion of !-diketones over aldehydes has been 

exploited for the effective, environmentally benign, and low-cost synthesis of benzoylated 

benzoin products avoiding the use of hazardous cyanide sources.  

A mechanistic rationalization of the disclosed unconventional umpolung catalysis has been 

proposed and an insight into the structure and stability of the postulated acyl anion 

equivalent (intermediate IV) has been provided with the support of ESI-MS experiments.  

It is important to emphasize that we have herein introduced for the first time sulfinyl 

carbanions as a new class of catalyst capable of promoting the challenging cross benzoin 

reaction, which, so far, has been performed catalytically only by the use of the cyanide 

anion, N-heterocyclic carbenes, and metallophosphites. 

An investigation on the polarity reversal of other classes of acyl anion precursors by the 

discovered catalytic methodology and the utilization of different unsaturated acceptors29 is 

currently underway in our laboratories, and our progress will be reported in due course. 

 

2.4. Experimental section 

 

General remarks 

Liquid aldehydes were freshly distilled before their utilization. Reactions were monitored 

by TLC on silica gel 60 F254 with detection by charring with phosphomolybdic acid. Flash 

column chromatography was performed on silica gel 60 (230-400 mesh). 1H (300 MHz) 

and 13C (75 MHz) NMR spectra were recorded in CDCl3 solutions at room temperature. 

Peaks assignments were aided by 1H-1H COSY and gradient-HMQC experiments. 

Elemental analyses were performed with FLASH 2000 Series CHNS/O analyzer 

(ThermoFisher Scientific). ESI-MS routine analyses were performed in positive ion mode 

with samples dissolved in 10 mM solution of ammonium formate in 1:1 MeCN/H2O. For 

accurate mass measurements, the compounds were analysed in positive ion mode by 

Agilent 6520 HPLC-Chip Q/TOF-MS (nanospray) using a quadrupole, a hexapole, and a 

time-of-flight unit to produce spectra. The capillary source voltage was set at 1700V; the 

gas temperature and drying gas were kept at 350°C and 5 L/min, respectively. MS analyzer 
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was externally calibrated with ESI-L low concentration tuning mix from m/z 118 to 2700 

to yield accuracy below 5 ppm. Accurate mass data were collected by directly infusing 

samples in 40/60 H2O/ACN 0.1% TFA into the system at a flow rate of 0.4 (L/min. The 

mass spectrometric investigations were carried out on a LCQ Duo (ThermoQuest, San 

Jose, CA, USA), equipped with an electrospray ionization source operating in negative-ion 

mode. Instrumental parameters: capillary voltage -10 V, spray voltage 4.50 kV, capillary 

temperature of 150 °C, mass scan range from m/z 50 to 1200, for 30,000 ms scan time; N2 

was used as sheath gas. The samples were injected into the spectrometer by a syringe pump 

at a constant flow rate of 8 µL/min using the appropriate eluting solvent. 

 Karl Fisher analysis of commercially available (Sigma-Aldrich) anhydrous solvents was 

performed with the 756 KF Coulometer (Metrohm) to determine the residual water (% 

w/w): DMSO (0.016%), DMA (0.009%), and NMP (0.184%). -Diketones 1a-e and 

aldehydes 2a-g were purchased from Sigma-Aldrich. Spectroscopic data of compounds 

3e,25 3h,30 8a,13a and 9a6a,24,34 were identical to those reported in the literature. 

 

Optimization study of the model cross-benzoin reaction of 1a and 2a (Table 2.1)  

To a vigorously stirred mixture of 1a (105 mg, 0.50 mmol), 2-chlorobenzaldehyde 2a (56 

(L, 0.50 mmol), and the stated anhydrous solvent (1 mL), the stated amount of base (5-20 

mol% referred to 1a) was added in one portion. The mixture was stirred at room 

temperature for the stated reaction time. Then, the mixture was diluted with H2O (5 mL) 

and extracted with Et2O (2 ) 25 mL). The combined organic phases were dried (Na2SO4), 

concentrated, and eluted from a column of silica gel with 10:1 cyclohexane–AcOEt to give 

3a as a white foam. 

 

General procedure for the cross-benzoin reactions of -diketones 1 with aldehydes 2 

(Table 2.2) 

To a vigorously stirred mixture of -diketone 1 (1.00 mmol), aldehyde 2 (1.00 mmol), 

and anhydrous DMSO (2 mL), potassium tert-butoxide (11 mg, 0.10 mmol) was added in 

one portion. The mixture was stirred at room temperature until complete disappearance of 

the starting diketone was detected (TLC analysis, #1-16 h). Then, the mixture was diluted 

with H2O (5 mL) and extracted with Et2O (2 ) 25 mL). The combined organic phases were 

dried (Na2SO4), concentrated, and eluted from a column of silica gel with the suitable 

elution system to give the benzoylated benzoins 3-7. 
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1-(2-Chlorophenyl)-2-oxo-2-phenylethyl benzoate (3a) 

Column chromatography with 20:1 cyclohexane–AcOEt afforded 3a 

(332 mg, 95%) as a white foam. 1H NMR: " = 8.12-8.07 (m, 2 H, Ar), 

8.02-7.98 (m, 2 H, Ar), 7.60-7.40 (m, 8 H, Ar), 7.44 (s, 1 H, H-1), 

7.36-7.24 (m, 2 H, Ar). 13C NMR: " = 193.3, 165.8, 134.9, 134.4, 

134.2, 133.8, 133.4, 131.8, 130.8, 130.4, 130.2, 130.1, 130.0, 129.9, 

129.5, 129.2, 129.0, 128.8, 128.4, 127.6, 74.0. ESI MS (350.8): 373.9 (M + Na+). Anal. 

calcd. for C21H15ClO3: C, 71.90; H, 4.31. Found C, 71.75; H, 4.07. HRMS (ESI/Q-TOF): 

calcd m/z for C21H15ClO3Na [M+Na]+: 373.0601; found: 373.0597. 

 

1-(4-Chlorophenyl)-2-oxo-2-phenylethyl benzoate (3b) 

Column chromatography with 20:1 cyclohexane–AcOEt gave first 

2-(4-chlorophenyl)-2-oxo-1-phenylethyl benzoate 3b’31,32 (66 mg, 

19%) as a white amorphous solid. 1H NMR: " = 8.14-8.08 (m, 2 H, 

Ar), 7.94-7.90 (m, 2 H, Ar), 7.60-7.50 (m, 2 H, Ar), 7.48-7.32 (m, 

8 H, Ar), 7.03 (s, 1 H, H-1). 13C NMR: " = 192.6, 166.0, 133.5, 

130.2-128.5 (17 C), 77.9. ESI MS (350.8): 373.8 (M + Na+). Anal. calcd. for C21H15ClO3: 

C, 71.90; H, 4.31. Found C, 71.63; H, 4.55. HRMS (ESI/Q-TOF): calcd m/z for 

C21H16ClO3 [M+H]+: 351.0782; found: 351.0779. 

Eluted second was 3b[32] (266 mg, 76%) as a white amorphous solid. 1H NMR: " = 8.14-

8.06 (m, 2 H, Ar), 8.00-7.94 (m, 2 H, Ar), 7.60-7.32 (m, 10 H, Ar), 7.06 (s, 1 H, H-1). 13C 

NMR: " = 193.4, 165.9, 135.4, 134.5, 133.7, 133.5, 130.0-128.4 (14 C), 77.3. ESI MS 

(350.8): 373.7 (M + Na+). Anal. calcd. for C21H15ClO3: C, 71.90; H, 4.31. Found C, 71.66; 

H, 4.11. HRMS (ESI/Q-TOF): calcd m/z for C21H15ClO3Na [M+Na]+: 373.0602; found: 

373.0601. 

 

1-(2,3-Dichlorophenyl)-2-oxo-2-phenylethyl benzoate (3c) 

Column chromatography with 50:1 cyclohexane–AcOEt afforded 3c 

(307 mg, 80%) as a white amorphous solid. 1H NMR: " = 8.12-8.04 

(m, 2 H, Ar), 8.02-7.94 (m, 2 H, Ar), 7.62-7.53 (m, 2 H, Ar), 7.61 (s, 1 

H, H-1), 7.52-7.39 (m, 6 H, Ar), 7.22 (t, 1 H, J = 8.0 Hz, Ar). 13C 

NMR: " = 193.2, 165.8, 134.5, 134.2, 133.8, 132.4, 131.7, 130.3, 

129.1-128.1 (12 C), 74.5. ESI MS (385.1): 386.7 (M + H+). Anal. 

calcd. for C21H14Cl2O3: C, 65.47; H, 3.66. Found C, 65.31; H, 3.40. HRMS (ESI/Q-TOF): 

calcd m/z for C21H14Cl2O3Na [M+Na]+: 407.0218; found: 407.0259. 
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1-(2-Bromophenyl)-2-(4-bromophenyl)-2-oxoethyl 4-bromobenzoate (4d) 

For the synthesis of 4d 6 mL of solvent were used. Column 

chromatography with 30:1 cyclohexane–AcOEt afforded 4d (503 

mg, 91%) as a white amorphous solid. 1H NMR: " = 7.98-7.90 

(m , 2 H, Ar), 7.88-7.80 (m, 2 H, Ar), 7.70-7.64 (m, 1 H, Ar), 

7.62-7.52 (m, 4 H, Ar), 7.44 (s, 1 H, H-1), 7.43-7.38 (m, 1 H, Ar), 

7.36-7.20 (m, 2 H, Ar). 13C NMR: " = 192.3, 165.1, 133.7, 133.0, 

132.2-130.2 (11 C), 192.2, 128.7, 128.3, 127.9, 124.7, 77.3. ESI MS (553.0): 554.6 (M + 

H+). Anal. calcd. for C21H13Br3O3: C, 45.61; H, 2.37. Found C, 45.88; H, 2.65. HRMS 

(ESI/Q-TOF): calcd m/z for C21H13Br3O3Na [M+Na]+: 572.8307; found: 572.8295. 

 

2-Oxo-1,2-diphenylethyl benzoate (3e) 

For the synthesis of 3e three equiv. of aldehyde 2e were used and the 

reaction was performed at 50 °C. Column chromatography with 10:1 

cyclohexane–AcOEt afforded 3e[25] (205 mg, 65%) as a white 

amorphous solid. 1H NMR: " = 8.14-8.08 (m, 2 H, Ar), 8.02-7.94 (m, 

2 H, Ar), 7.60-7.50 (m, 4 H, Ar), 7.48-7.34 (m, 7 H, Ar), 7.08 (s, 1 H, 

H-1).13C NMR: " = 193.7, 166.0, 134.7, 133.7, 133.5, 133.4, 130.0, 129.3, 129.1-128.4 (12 

C), 77.9. ESI MS (316.3): 339.6 (M + Na+). Anal. calcd. for C21H16O3: C, 79.73; H, 5.10. 

Found C, 79.99; H, 5.48. HRMS (ESI/Q-TOF): calcd m/z for C21H16O3Na [M+Na]+: 

339.0997; found: 339.0925. 

 

2-Oxo-2-phenyl-1-(o-tolyl)ethyl benzoate (3f) 

For the synthesis of 3f three equiv. of aldehyde 2f were used and the 

reaction was performed at 50 °C. Column chromatography with 12:1 

cyclohexane–AcOEt afforded 3f[16] (182 mg, 55%) as a white 

amorphous solid. 1H NMR: " = 8.14-8.08 (m, 2 H, Ar), 7.92-7.86 (m, 

2 H, Ar), 7.60-7.7.37 (m, 8 H, Ar), 7.32-7.14 (m, 2 H), 7.29 (s, 1 H, 

H-1), 2.50 (s, 3 H, CH3). 13C NMR: " = 194.2, 166.1, 137.3, 135.0, 133.4, 133.3, 132.3, 

131.3, 130.0-128.4 (11 C), 126.7, 75.6, 19.5. ESI MS (330.4): 331.9 (M + H+). Anal. calcd. 

for C22H18O3: C, 79.98; H, 5.59. Found C, 79.61; H, 5.21. HRMS (ESI/Q-TOF): calcd m/z 

for C22H18O3Na [M+Na]+: 353.1148; found: 353.1138. 
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1-(2-Chlorophenyl)-2-oxo-2-(p-tolyl)ethyl 4-methylbenzoate (5a) 

For the synthesis of 5a two equiv. of diketone 1c were used. 

Column chromatography with 9:1 cyclohexane–AcOEt afforded 

5a (317 mg, 84%) as a yellow foam. 1H NMR: " = 8.00-7.94 (m, 2 

H, Ar), 7.93-7.88 (m, 2 H, Ar), 7.54 (s, 1 H, H-1), 7.52-7.43 (m, 2 

H, Ar), 7.38-7.18 (m, 6 H), 2.40 (s, 3 H, CH3), 2.36 (s, 3 H, CH3). 
13C NMR: " = 193.0, 165.8, 144.7, 144.1, 134.1, 132.2, 131.9, 

130.6-128.9 (10 C), 127.5, 126.5, 126.4, 73.7, 21.7 (2 C). ESI MS (378.8): 401.5 (M + 

Na+). Anal. calcd. for C23H19ClO3: C, 72.92; H, 5.06. Found C, 72.77; H, 5.29. HRMS 

(ESI/Q-TOF): calcd m/z for C23H20ClO3 [M+H]+: 379.1095; found: 379.1084. 

 

1-(2-Chlorophenyl)-2-oxo-2-(pyridin-2-yl)ethyl picolinate (6a) 

Column chromatography with 2:1 cyclohexane–AcOEt afforded 6a 

(320 mg, 91%) as a white foam. 1H NMR: " = 8.79-8.74 (m, 1 H, Ar), 

8.62-8.56 (m, 1 H, Ar), 8.20-8.14 (m, 1 H, Ar), 8.09-8.03 (m, 1 H, 

Ar), 8.08 (s, 1 H, H-1), 7.86-7.74 (m, 2 H, Ar), 7.49-7.36 (m, 4 H, Ar), 

7.30-7.26 (m, 2 H, Ar). 13C NMR: " = 193.9, 164.3, 151.3, 150.1, 

149.1, 147.5, 136.9, 136.8, 135.2, 131.9, 130.4, 130.3, 130.2, 127.6, 127.1, 127.0, 125.7, 

122.8, 75.5. ESI MS (352.7): 375.9 (M + Na+). Anal. calcd. for C19H13ClN2O3: C, 64.69; 

N, 7.94; H, 3.71. Found C, 64.85; N, 7.72; H, 3.95. HRMS (ESI/Q-TOF): calcd m/z for 

C19H14ClN2O3 [M+H]+: 353.0687; found: 353.0690. 

 

1-(1-Bromonaphthalen-2-yl)-2-oxo-2-(pyridin-2-yl)ethyl picolinate (6g) 

Column chromatography with 2.5:1 cyclohexane–AcOEt afforded 6g 

(393 mg, 88%) as a white foam. 1H NMR: " = 8.80-8.76 (m, 1 H, Ar), 

8.58-8.55 (m, 1 H, Ar), 8.45-8.40 (m, 1 H, Ar), 8.38 (s, 1 H, H-1), 

8.19-8.16 (m, 1 H, Ar), 8.10-8.05 (m, 1 H, Ar), 7.85-7.73 (m, 4 H, 

Ar), 7.64-7.58 (m, 1 H, Ar), 7.57-7.51 (m, 2 H, Ar), 7.50-7.44 (m, 1 

H, Ar), 7.40-7.35 (m, 1 H, Ar). 13C NMR: " = 194.2, 164.2, 151.3, 150.1, 149.5, 149.2, 

147.5, 135.9, 136.8, 134.5, 132.7, 131.6, 128.3-127.0 (7 C), 126.1, 125.7, 122.8, 79.0. ESI 

MS (447.2): 448.8 (M + H+). Anal. calcd. for C23H15BrN2O3: C, 61.76; N, 6.26; H, 3.38. 

Found C, 61.58; N, 6.49; H, 3.65. HRMS (ESI/Q-TOF): calcd m/z for C23H16BrN2O3 

[M+H]+: 447.0339; found: 447.0330. 
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2-(2-Chlorophenyl)-1-(2,3-dichlorophenyl)-2-oxoethyl 2-chlorobenzoate (7c) 

Column chromatography with 20:1 cyclohexane–AcOEt afforded 7c 

(358 mg, 79%) as a white foam. 1H NMR: " = 8.00-7.96 (m, 2 H, Ar), 

7.74-7.70 (m, 2 H, Ar), 7.55.7.50 (m, 2 H, Ar), 7.49 (s, 1 H H-1), 

7.48-7.44 (m, 1 H, Ar), 7.42-7.21 (m, 4 H, Ar). 13C NMR: " = 194.4, 

164.2, 136.1, 134.5, 133.8, 133.3, 132.9, 132.5, 132.4, 132.1, 131.7, 

131.6, 131.3, 130.6, 129.6, 128.7, 128.4, 127.7, 126.9, 126.7, 77.1 

ESI MS (454.1): 455.6 (M + H+). Anal. calcd. for C21H12Cl4O3: C, 55.54; H, 2.66. Found 

C, 55.35; H, 2.47. HRMS (ESI/Q-TOF): calcd m/z for C21H13Cl4O3 [M+H]+: 455.1381; 

found: 455.1344. 

 

1-Oxo-1-phenylpropan-2-yl benzoate (3h) 

For the synthesis of 3h two equiv. of aldehyde 2h were used. Column 

chromatography with 10:1 cyclohexane–AcOEt afforded 3h30 (142 mg, 

56%) slightly contaminated by uncharacterized products. 1H NMR: " = 

8.12-8.08 (m, 2 H, Ar), 8.03-7.96 (m, 2 H, Ar), 7.62-7.56 (m, 2 H, Ar), 

7.52–7.42 (m, 4 H, Ar), 6.21 (q, 1 H, J = 6.8 Hz, H-2), 1.64 (d, 3 H, J = 

6.8 Hz, CH3). 13C NMR: " = 196.7, 166.0, 134.5, 133.6, 133.3, 129.9, 129.5, 128.8-128.4 

(7 C), 71.9, 17.2. ESI MS (254.3): 255.7 (M + H+). HRMS (ESI/Q-TOF): calcd m/z for 

C16H14O3Na [M+Na]+: 277.0835; found: 277.0838. 

 

1-Oxo-1-phenylbutan-2-yl benzoate (3i) 

For the synthesis of 3i two equiv. of aldehyde 2i were used. Column 

chromatography with 9:1 cyclohexane–AcOEt afforded 3i33 (219 mg, 

82%) as a white foam. 1H NMR: " = 8.14-8.08 (m, 2 H, Ar), 8.03-7.96 

(m, 2 H, Ar), 7.62-7.54 (m, 2 H, Ar), 7.53-7.38 (m, 4 H, Ar), 6.08 (dd, 1 

H, J = 4.6 Hz, J = 7.8 Hz, H-2), 2.15-1.92 (m, 2 H, 2 H-3), 1.11 (t, 3 H, 

J = 7.4 Hz, CH3). 13C NMR: " = 196.5, 166.3, 135.0, 133.6, 133.3, 129.9-128.1 (9 C), 76.8, 

25.0, 10.1. ESI MS (268.3): 269.9 (M + H+). Anal. calcd. for C17H16O3: C, 76.10; H, 5.55. 

Found C, 75.82; H, 6.01. HRMS (ESI/Q-TOF): calcd m/z for C17H16O3Na [M+Na]+: 

291.0992; found: 291.1002. 
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Representative procedure for the deprotection of benzoylated benzoins 3-7 

A mixture of benzoylated benzoin 3a (150 mg, 0.43 mmol) and MeCN (4 mL) was 

vigorously stirred, degassed under vacuum, and saturated with argon (by an Ar-filled 

balloon) three times. Then, to the refluxed mixture was added a 0.09 M aqueous solution of 

NaOH (6 mL) by a syringe-pump apparatus during 15 min. At the end of the addition, the 

mixture was refluxed for an additional 30, cooled to room temperature, and neutralized 

with 0.1 M aqueous HCl. The resulting mixture was partially concentrated, diluted with 

H2O (5 mL), and extracted with AcOEt (2 ) 25 mL). The combined organic phases were 

dried (Na2SO4), concentrated, and eluted from a column of silica gel with 14:1 

cyclohexane–AcOEt to give 2-(2-chlorophenyl)-2-hydroxy-1-phenylethanone 8a[13a] (89 

mg, 85%) as a white amorphous solid.  
1H NMR: " = 7.94-7.90 (m, 2 H, Ar), 7.56-7.50 (m, 1 H, Ar), 7.44-

7.36 (m, 3 H, Ar), 7.24-7.14 (m, 2 H, Ar), 7.15-7.08 (m, 1 H, Ar), 6.38 

(d, 1 H, J = 5.5 Hz, H-2), 4.57 (d, 1 H, J = 5.5 Hz, OH). 13C NMR: " = 

199.7, 136.7, 134.1, 136.6, 133.1, 130.3, 130.0, 128.9-128.7 (5 C), 127.7, 72.7. ESI MS 

(246.7): 269.8 (M + Na+). Anal. calcd. for C14H11ClO2: C, 68.16; H, 4.49. Found C, 68.16; 

H, 6.01. HRMS (ESI/Q-TOF): calcd m/z for C14H11ClO2Na [M+Na]+: 269.0340; found: 

269.0330. 

 

!! ,!!’-Stilbenediol dibenzoate (9a) 

To a vigorously stirred mixture of benzil 1a (105 mg, 0.50 

mmol), 4 Å molecular sieves (50 mg), and anhydrous DMSO 

(1 mL), potassium tert-butoxide (11 mg, 0.10 mmol) was 

added in one portion. The mixture was stirred at room 

temperature and analysed (1H NMR) at regular time intervals 

(30 min) to eventually detect the formation of diagnostic species. After 8 h reaction time, 

the mixture was diluted with H2O (5 mL) and extracted with Et2O (2 ) 25 mL). The 

combined organic phases were dried (Na2SO4), concentrated, and eluted from a column of 

silica gel with 25:1 cyclohexane–AcOEt to give first unreacted 1a (61 mg, 58%). 

Eluted second was 9a[6a,24,34] (37 mg, 35%) as a 2.5:1 mixture of E/Z diastereoisomers. 1H 

NMR (selected data for the E-isomer): " = 8.14-8.06 (m, 4 H, Ar), 7.72-7.64 (m, 4 H, Ar). 
13C NMR (selected data for the E-isomer): " = 164.6, 140.0. 1H NMR (selected data for the 

Z-isomer): " = 8.06-8.00 (m, 4 H, Ar), 7.64-7.56 (m, 4 H, Ar). 13C NMR (selected data for 

the Z-isomer): " = 164.2, 138.9. ESI MS (420.5): 443.7 (M + Na+). Anal. calcd. for 
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C28H20O4: C, 79.98; H, 4.79. Found C, 79.72; H, 4.50. HRMS (ESI/Q-TOF): calcd m/z for 

C28H20O4Na [M+Na]+: 443.1259; found: 443.1232. 

If the reaction is not performed under strictly anhydrous conditions the benzoylated 

benzoin 3e is formed in place of 9a. 
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3. One-Pot, Two-Step Desymmetrization of Symmetrical Benzils Catalyzed by the 

Methylsulfinyl (Dimsyl) Anion 

 

3.1. Introduction 

Unsymmetrical benzils are attractive intermediates in organic synthesis and structural 

motifs of considerable importance in biologically active compounds.1  

They represent a direct access to valuable heterocyclic compounds such as quinoxalines, 

pyrazines, imidazoles,1b,2 and exhibit potential as inhibitors of mammalian 

carboxylesterases (CE) involved in the metabolism of esterified drugs including cocaine, 

heroin, and xenobiotics.3 In addition, they display photoresponsive activity in 

photoisomerization processes4 and free radical photoinduced polymerizations.5  

Effective methods for the preparation of unsymmetrically substituted benzils are based on 

the oxidation of various precursors as alkynes,6 alkenes,7 !-hydroxyketones,8 methylene 

aryl ketones,9 benzotriazolyl ketones10 (paths a-e, Scheme 3.1), on the oxidative coupling 

of acetophenones with unactivated arenes (path f),11 on the oxidative C-C bond cleavage of 

1,3-diketones12 (path g), or on non-oxidative procedures from iminoethanones2a,13 and #-

ketoaldehydes14 (paths h-i). 

 

 
Scheme 3.1. Existing synthetic strategies to unsymmetrically substituted benzils. 

 

Although some of the reported synthetic protocols are quite effective, the access to the 

above precursors is not without associate efficiency consideration as the need of multiple 

non-trivial steps in their synthesis,15 the use of expensive starting materials, and/or metal 
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catalysts.16 Therefore, a simple, straightforward, and chemoselective general method to 

access unsymmetrically substituted benzils is highly desirable. Such a method should 

employ commercial or readily available starting materials, avoid the use of toxic reagents, 

and be easily adaptable to the preparation of a diversified library of benzils.  

Undoubtedly, the most direct and atom-efficient preparation of benzils is through the 

benzoin condensation of aromatic aldehydes under cyanide or N-heterocyclic carbene 

(NHC) catalysis to obtain !-hydroxyketones,17 which in turn are conveniently oxidized to 

benzils (Scheme 3.2).  

 

 
 

Scheme 3.2. Synthesis of symmetrical diaryl -diketones through the benzoin 

condensation of aromatic aldehydes under cyanide or N-heterocyclic carbene (NHC) 

catalysis followed by oxidation. 

 

While such a strategy is highly effective for the preparation of symmetrically substituted 

benzils, its extension to the synthesis of unsymmetrical benzils is complicated by the lack 

of regiochemical control in the cross-benzoin reaction of two different aldehydes (Scheme 

3.3).  
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Scheme 3.3. Synthesis of unsymmetrical diaryl -diketones through the cross benzoin 

condensation of different aromatic aldehydes under cyanide or N-heterocyclic carbene 

(NHC) catalysis followed by oxidation. 

 

As clearly shown in Scheme 3.3, the cross benzoin reaction between two different 

aldehydes is characterized by the formation of different products: two products from the 

cross-coupling  and other two from the respective homo-couplings of the two aldehydes; 

the proper tuning of the electronic and steric features of the reaction partners allows for the 

increase of the chemoselectivity through one of these pathways, but without solving 

completely the problem of the formation of byproducts in different ratios. 

Without purification of the products at this stage, the chemoselectivity issue is reflected 

also in the subsequent oxidation step, with a bed influence on yield values. 

This limitation has been obviated by the umpolung of electrophiles alternative to the 

classical aldehydes and through optimal catalyst design.18 

In this regard, we have recently reported the methylsulfinyl (dimsyl) anion I, which is 

obtained by direct deprotonation of DMSO with a base, as an e"ective replacement of 
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hazardous cyanide sources for the polarity reversal of symmetrical benzils 1 in cross-

benzoin condensations with aldehydes 2 (Scheme n.4).19 

As previously pointed out, two crucial elements exercise control on the chemoselectivity of 

the process: the preference of the dimsyl anion for !-diketone over aldehyde addition, and 

the aptitude of the generated acyl anion equivalent III to intercept the aldehyde 2 (cross-

coupling) rather than a second molecule of 1 (homo-coupling). By this strategy, the 

benzoylated benzoin products 3 are obtained with high efficiency in a fully atom-economic 

manner. Noteworthy, the dimsyl anion belongs to the restricted class of organocatalysts 

capable of promoting umpolung transformations.17 

 
Scheme 3.4. Proposed mechanism for the cross-coupling of symmetrical benzils 1 with 

aromatic aldehydes 2 mediated by the dimsyl anion I. 

 

With a ready access to benzoylated cross benzoins in hand, we envisaged the possibility of 

a direct elaboration of these compounds getting back to the !-diketone stage; in this 

direction the implementation of the synthetic strategy with a subsequent in situ oxidative 

step was the key to the access to unsymmetrical -diketones. 

Overall, the sequence is none other than the desymmetrization of a symmetrical benzil 1, 

with the advantage that the aryl substituents of the final benzil 4 may be chosen 

independently (Scheme 3.5). 
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Scheme 3.5. The designed two-step sequence towards unsymmetrical benzils 4. 

 

3.2. Results and discussion 

The planned strategy towards unsymmetrical benzils 4 required a preliminary study to find 

out the most suitable conditions for an efficient benzoylated benzoin-to-benzil conversion 

via initial benzoyl (Bz) group removal from 3 and subsequent in situ oxidation of the 

resulting benzoin intermediate.  

Aerobic basic conditions were first investigated due to their successful utilization in the 

oxidation of genuine benzoins to benzils and their suitability for the Bz deprotection 

step.8,20 Hence, exposure of the model benzoylated benzoin 3a to either NaOH,20 NaH,8b or 

DBU,8a in different base/solvent combinations at different temperatures and in the presence 

of air led to a maximum 51% yield of isolated benzil 1a (Table 3.1, entries 1-5; selected 

experiments). Also, no improvements were observed by replacing air with pure oxygen as 

the terminal oxidant (entry 6).8b,c,20,21 Poor results were obtained under the above 

conditions mainly because of the instability of the intermediate benzoin in basic aqueous 

media (entries 1-2) and/or the only partial hydrolysis of the benzoate functionality in 

organic solvents (entries 3-6).  

Therefore, aerobic acidic conditions were next examined by treating 3a with a 2:1 acetic 

acid (AcOH)-trifluoroacetic acid (TFA) mixture at 125 °C under air. Again, benzil 1a was 

recovered in modest yield (22%, entry 7), but a good level of conversion of 3a into benzoin 

was observed. This result and literature reports22,23 prompted us to consider the utilization 

of the ammonium nitrate/acetic acid couple in virtue of its stronger oxidation ability.  

Accordingly, a solution of 3a and NH4NO3 (10 equiv.) in acetic acid was warmed at 

125 °C for 24 hours furnishing benzil 1a in 70% isolated yield (entry 8). Aiming at 
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decreasing the reaction time, it was next evaluated the use of microwave (MW) dielectric 

heating (entries 9-13).24 With a temperature control of 150 °C, the complete conversion of 

3a was achieved after 2 hours and benzil 1a could be recovered in gratifying 88% yield 

(entry 9).  

These conditions represented the better compromise between reaction time (entry 10) and 

oxidant loading (entry 11). Following the observation that a small excess of NH4NO3 (2 

equiv.) was sufficient for the oxidation of a genuine sample of benzoin, benzil formation 

from benzoylated benzoin 3a was finally optimized with three equivalents of oxidant in a 

more acidic reaction medium (2:1 AcOH-TFA), obtaining 1a in 95% isolated yield (entry 

12). The implication of NH4NO3 in 3a oxidation, either or not in the presence of oxygen, 

was evident from an experiment performed under an argon atmosphere (entry 13).  
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Table 3.1. Optimization of the oxidation reaction of the benzoylated benzoin 3a.a) 

 

Entry Prom. Oxidant Solv. Temp. 

(°C) 

Time 

(h) 

Yield 

(%)b) 

1 NaOHc) aird) DMSO 25 16 28 

2 NaOHc) aird) MeOH 25 16 41 

3 NaH aird) THFe 25 16 20 

4 DBU aird) DMSO 25 16 <5 

5 DBU aird) EtOAc 70 24 51 

6 DBU O2
f) EtOAc 70 24 50 

7 TFA aird) AcOH 70 24 22 

8g) - NH4NO3 AcOH 125 24 70 

9g),h) - NH4NO3 AcOH 150 2 88 

10g),h) - NH4NO3 AcOH 150 1 52 

11h),i) - NH4NO3 AcOH 150 2 53 

12h),j) TFA NH4NO3 AcOH 150 2 95 

13h),j),k) TFA NH4NO3 AcOH 150 2 92 

 
a)Reactions performed with 0.50 mmol of 3a. b)Isolated yield. c)1 N aqueous solution. d)Air-filled 

balloon. e)Anhydrous solvent. f)Oxygen-filled balloon. g)NH4NO3: 10 equiv. h)Microwave-assisted 

reaction performed with a single-mode cavity dedicated reactor (Biotage Initiator). i)NH4NO3: 5 

equiv. j)NH4NO3: 3 equiv.  k)Degassed and performed under argon. 

 

Regarding the oxidation mechanism, two major reacting species have been proposed to 

form from ammonium nitrate in strong acidic media, that are nitronium (NO2
+) and 

nitrosonium (NO+) ions, both active in the oxidation of alcohols to carbonyl compounds.25  

It seems reasonable, therefore, to predict a mechanism that involves hydrolysis of the 

benzoyl group of 3a, followed by addition of NO2
+ and/or NO+ to form the benzoin nitrate 

and/or benzoin nitrite esters, next converted into the diketone (Scheme 3.6); the recovery 

of equimolar benzoic acid, eventually containing the corresponding benzamide, further 

supported our hypothesis. 
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Regarding the NO+ promoted oxidation (Scheme n.3b), the presence of oxygen seems to be 

important because it is responsible for the NO+ regeneration. Indeed, performing alcohol 

oxidation in presence of just NO+ (no presence of NO2
+ source) under inert atmosphere 

gives lower values of yield (in our case ,entries 12-13, the yield difference is low because 

we worked with 3 eq of NH4NO3, a NO2
+ source, so both pathways a and b are presents). 

 

 

 

Scheme 3.6. NH4NO3/acid promoted oxidation mechanism. a) NO2
+ pathway. b) NO+ 

pathway. 

 

With the optimal conditions identified, the scope of the oxidation step was next explored. 

Accordingly, a set of benzoylated benzoins 3 (Table 3.2, entries 1-8) was initially prepared 

through cross-benzoin reactions (anhydrous DMSO, t-BuOK 10 mol%) of benzil 1a and 

aryl aldehydes 2b-i displaying halogen electron withdrawing groups, electron neutral, and 

electron donating substituents (-Me, -OMe).19  
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Table 3.2. Substrate scope for the desymmetrization of symmetrical benzils 1. 
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a)Isolated yield. b)Yield of 4 starting from isolated 3 + 7. c)Yield of 4 starting from 1 by the one-pot 

two-step procedure. d)First step performed at 50 °C with 3 equiv. of 2. e)First step performed with 2 

equiv. of 1c. f)First step performed with 3 equiv. of 2. g)First step performed with Cs2CO3 (20 

mol%) as the catalyst.  

 

In agreement with our previous findings, a moderate propensity of compounds 3 to 

rearrange into the isomeric benzoylated benzoins 7 was observed when starting from para-

substituted (entries 3 and 4) and, to a much lower extent, from meta-substituted aldehydes 

(entry 5).18f,26 The isomerization is supposed to proceed through intramolecular 

transesterification of the enolate intermediate 5 formed from 3 by deprotonation (Scheme 

3.5). While this side reaction can be almost suppressed by lowering the base loading (5 
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mol%) and the reaction temperature (0 °C) at the expense, however, of the reaction time 

and benzil conversion,19 in this study it did not represent a limit of the whole procedure 

since both 3 and 7 concur to the formation of 4. Therefore, conversion efficiency was 

privileged over selectivity in the formation of benzoylated benzoins 3 when staring from 

meta- and para-substituted aldehydes 2. 

 

 
Scheme 3.5. Rearrangement of benzoylated benzoins 3 into the isomers 7. 

 

In a first protocol towards benzils 4, intermediates 3 were isolated, eventually with the 

corresponding isomers 7, and subjected to the optimized oxidation procedure using the 

NH4NO3/AcOH-TFA/MW system. Yields of unsymmetrical benzils 4 (entries 1-8) scored 

from acceptable to very good (70-85%, first yield value in bracket) irrespective of 3/7 

isomeric composition, as proved by control experiments.27  

This promising result was the prerequisite for the development of a reliable one-pot 

process by simply interlocking the two reactivity steps. Accordingly, the symmetrical 

benzil 1a and aryl aldehyde 2 were dissolved in DMSO and then t-BuOK (10 mol%) was 

added in one portion under an argon atmosphere. After completion of the reaction (TLC 

analysis), the resulting solution containing the benzoylated benzoin 3 (or the 3/7 mixture) 

was neutralized with a small amount of AcOH and freeze-dried. Subsequently, the residue 

was re-dissolved in AcOH-TFA and, after addition of NH4NO3, heated by MW irradiation. 

Finally, the unsymmetrical benzil 4 was recovered by aqueous work-up and 

chromatography. It is important to stress that quenching the first condensation reaction 

with acidic aqueous solutions promoted extensive decomposition of 3.  

The scope and limitations of the disclosed one-pot, two-step procedure were finally 

investigated by also considering the utilization of substituted benzils 1b-d (Ar = 4-BrPh, 4-
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MePh, 4-CF3Ph), 2,2’-pyridyl 1e, and (hetero)aromatic aldehydes 2j-m displaying 

common electron withdrawing substituents (-CF3, -NO2, -CN) and the electron rich furyl 

group. As far as the efficiency of the cross-benzoin is concerned, it resulted that the 

electronic feature of the aryl substituent on the acceptor aldehyde 2 was the most important 

factor determining the final yield of 4 (second value in bracket). More precisely, electron-

deficient aromatic aldehydes afforded the best reaction outcomes (entries 1-5, 9, 13, and 

16), whereas electron-donating groups on either !-diketone 1 or aldehyde 2 produced less 

remarkable results (entries 8, 10, and 12). Some particular comments have to be made 

about 4-nitro and 4-cyano benzaldehydes 2k,l (not shown), and 2-furfuraldehyde 2m as 

acceptors. The latter was highly reactive in the cross-benzoin reaction with benzil 1a 

affording, however, the rearranged benzoylated benzoin 7am as the major coupling 

product. By contrast, 4-nitrobenzaldehyde 2k and 4-cyanobenzaldehyde 2l turned out to be 

unsuitable coupling partners because only trace amounts of the corresponding benzoylated 

benzoins 3/7 were obtained. Nevertheless, the low reactivity of nitro and cyano substituted 

aromatic aldehydes in benzoin condensations has been previously observed even using 

cyanide and NHCs catalysts.18f,20 

Overall, a good tolerance to the quite harsh oxidation conditions was detected for the 

majority of functional groups investigated in this study (entries 1-14).  

Exceptions were the furyl and pyridyl substituents as reflected by the low yields of isolated 

unsymmetrical benzils 4am and 4eb, respectively (entries 15-16).  

While degradation to several by-products was observed in the oxidation of furfural-derived 

benzoin 7am, conversion of pyridyl intermediate 3eb into the target benzil 4eb (25%) was 

accompanied by the formation of a major by-product tentatively assigned as the 

corresponding pyridyl N-oxide derivative.28 

 

3.3. Conclusions 

In summary, we have demonstrated that a practical two-step procedure for the 

desymmetrization of symmetrical benzils can be pursued using environmental benign 

conditions and low-cost reactants and catalyst. Indeed, the synthetic sequence relied on the 

chemoselective cross-benzoin reaction of symmetrical benzils with aromatic aldehydes 

catalyzed by the methyl sulfinyl (dimsyl) anion, and the subsequent microwave-assisted 

oxidation of the benzoylated benzoin intermediates with NH4NO3.  

The optimization of a one-pot procedure for the above sequence further increased the level 

of efficiency of the disclosed strategy by minimization of time-consuming and expensive 

isolation steps.  
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Given the wide availability of symmetrical benzils and aromatic aldehydes, this 

methodology should permit access to a large number of unsymmetrical benzils with a 

broad range of structural elements of diversity for an extensive exploration of their 

properties in medicinal1a,29 and synthetic chemistry.30 

 

3.4. Experimental section 

 

General remarks 

Potassium tert-butoxide was purified by sublimation (200-220 °C at 5 mmHg) using a 

Büchi glass oven B580 in the sublimation mode. Liquid aldehydes were freshly distilled 

before their utilization. Reactions were monitored by TLC on silica gel 60 F254 with 

detection by charring with phosphomolybdic acid. Flash column chromatography was 

performed on silica gel 60 (230-400 mesh). 1H (400 MHz) and 13C (75 MHz) NMR spectra 

were recorded in CDCl3 solutions at room temperature. Peaks assignments were aided by 
1H-1H COSY and gradient-HMQC/HMBC experiments. ESI-MS analyses were performed 

in positive ion mode with samples dissolved in 10 mM solution of ammonium formate in 

1:1 MeCN/H2O. For accurate mass measurements, the compounds were analyzed in 

positive ion mode by Agilent 6520 HPLC-Chip Q/TOF-MS (nanospray) using a 

quadrupole, a hexapole, and a time-of-flight unit to produce spectra. The capillary source 

voltage was set at 1700V; the gas temperature and drying gas were kept at 350°C and 5 

L/min, respectively. MS analyzer was externally calibrated with ESI-L low concentration 

tuning mix from m/z 118 to 2700 to yield accuracy below 5 ppm. Accurate mass data were 

collected by directly infusing samples in 40/60 H2O/ACN 0.1% TFA into the system at a 

flow rate of 0.4 (L/min. Elemental analyses were performed with FLASH 2000 Series 

CHNS/O analyzer (ThermoFisher Scientific). Microwave-assisted reactions were carried 

out using a single-mode cavity dedicated reactor (Biotage InitiatorTM). Reactions were 

performed with temperature-controlled programs in glass vials (0.5-2 or 2-5 mL depending 

on the scale) sealed with a Teflon septum. Temperatures were measured externally by an 

IR sensor. The reaction time was counted when the reaction mixture reached the stated 

temperature. Pressure was measured by a non-invasive sensor integrated into the cavity lid. 

Residual water (% w/w) of commercially available (Sigma-Aldrich) anhydrous DMSO 

(0.016%) was determined by Fisher analysis with the 756 KF Coulometer (Metrohm). !-

Diketones 1a-c,e and aldehydes 2a-m are commercially available (Sigma-Aldrich). !-

Diketone 1d was synthesized as described.31 Benzoylated benzoins 3ab,19 3ac,17f 3ad,19 

7ad,19 3ah,19 3am,18f 7am,18f and 3ae19 are known compounds. Benzils 4ab,7c 4ac,9a 
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4ad,7b,c,9a, 4ae,7b,c,9a 4af,7b,12c 4ag,6i,12c 4ah,6e 4ai,7c 4cf,8d 4aj,6j and 4am10 are known 

compounds. 

 

Optimization Study of the oxidation reaction of benzoylated benzoin 3a (Table 3.1). 

Entries 1-2. A mixture of 3a (158 mg, 0.50 mmol), 1 N NaOH (1 mL, 1 mmol), and the 

stated solvent (1 mL) was saturated with air (by an air-filled balloon) and stirred at room 

temperature for 16 hours. Then, the mixture was diluted with H2O (5 mL) and extracted 

with Et2O (2 $ 15 mL). The combined organic phases were dried (Na2SO4), concentrated, 

and eluted from a column of silica gel with 30:1 cyclohexane-AcOEt to give 1a as a yellow 

solid. 

Entry 3. To a cooled (0°C), stirred solution of 3a (158 mg, 0.50 mmol) in anhydrous THF 

(5 mL), was added NaH (60% dispersion in mineral oil, 40 mg, 1.00 mmol) in one portion. 

After the addition, the mixture was allowed to warm to room temperature, saturated with 

air (by an air-filled balloon), and stirred for 16 hours. Then, the mixture was diluted with 

0.1 M NaHCO3 (10 mL) and extracted with AcOEt (2 $ 15 mL). The combined organic 

phases were dried (Na2SO4), concentrated, and eluted from a column of silica gel with 30:1 

cyclohexane-AcOEt to give 1a. 

Entry 4. To a vigorously stirred solution of 3a (158 mg, 0.50 mmol) in DMSO (1 mL) was 

added 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 149 µL, 1.00 mmol) in one portion. The 

mixture was saturated with air (by an air-filled balloon) and stirred at room temperature for 

16 hours. Then, the mixture was diluted with H2O (5 mL) and extracted with Et2O (2 $ 15 

mL). The combined organic phases were dried (Na2SO4), concentrated, and eluted from a 

column of silica gel with 30:1 cyclohexane-AcOEt to give 1a. 

Entry 5. To a vigorously stirred solution of 3a (158 mg, 0.50 mmol) in AcOEt (1 mL) was 

added 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 149 µL, 1.00 mmol) in one portion. The 

mixture was saturated with air (by an air-filled balloon), warmed to 70°C, and stirred at 

that temperature for 24 hours. Then, the mixture was cooled to room temperature, diluted 

with H2O (5 mL) and extracted with AcOEt (3 $ 15 mL). The combined organic phases 

were dried (Na2SO4), concentrated, and eluted from a column of silica gel with 30:1 

cyclohexane-AcOEt to give 1a. 

Entry 6. To a vigorously stirred solution of 3a (158 mg, 0.50 mmol) in AcOEt (1 mL) was 

added 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 149 µL, 1.00 mmol) in one portion. The 

mixture was saturated with oxygen (by an oxygen-filled balloon), warmed to 70°C, and 

stirred at that temperature for 24 hours. Then, the mixture was cooled to room temperature, 

diluted with H2O (5 mL) and extracted with AcOEt (3 $ 15 mL). The combined organic 
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phases were dried (Na2SO4), concentrated, and eluted from a column of silica gel with 30:1 

cyclohexane-AcOEt to give 1a. 

Entry 7. A vigorously stirred mixture of 3a (158 mg, 0.50 mmol), AcOH (1 mL), and 

trifluoroacetic acid (TFA, 2 mL) was saturated with air (by an air-filled balloon) and 

refluxed for 24 h. Then, the mixture was cooled to room temperature, diluted with AcOEt 

(20 mL), and washed with cold (0 °C) saturated Na2CO3 solution (2 $ 5 mL). The organic 

phase was dried (Na2SO4), concentrated, and eluted from a column of silica gel with 30:1 

cyclohexane-AcOEt to give 1a. 

Entry 8. A vigorously stirred mixture of 3a (158 mg, 0.50 mmol), AcOH (1 mL), and 

NH4NO3 (400 mg, 5.00 mmol) was refluxed for 24 h. Then, the mixture was cooled to 

room temperature, diluted with AcOEt (20 mL), and washed with cold (0 °C) saturated 

Na2CO3 solution (2 $ 5 mL). The organic phase was dried (Na2SO4), concentrated, and 

eluted from a column of silica gel with 30:1 cyclohexane-AcOEt to give 1a. 

Entries 9-11. A 0.5-2.0 mL process vial was filled with 3a (158 mg, 0.5 mmol), AcOH (1 

mL), and the stated amount of NH4NO3 (5.00 or 2.50 mmol). The vial was sealed with the 

Teflon septum and aluminium crimp by using an appropriate crimping tool. The vial was 

then placed in its correct position in the Biotage Initiator cavity where irradiation was 

performed at 150 °C for the stated reaction time. After the full irradiation sequence was 

completed, the vial was cooled to room temperature and then opened. The mixture was 

diluted with AcOEt (20 mL), and washed with cold (0 °C) saturated Na2CO3 solution (2 $ 

5 mL). The organic phase was dried (Na2SO4), concentrated, and eluted from a column of 

silica gel with 30:1 cyclohexane-AcOEt to give 1a.  

Entries 12-13. A 0.5-2.0 mL process vial was filled with 3a (158 mg, 0.5 mmol), AcOH 

(0.66 mL), TFA (0.33 mL) and NH4NO3 (120 mg, 1.50 mmol). The vial was sealed with 

the Teflon septum and aluminium crimp by using an appropriate crimping tool. The vial 

was then placed in its correct position in the Biotage Initiator cavity where irradiation was 

performed at 150 °C for the stated reaction time. After the full irradiation sequence was 

completed, the vial was cooled to room temperature and then opened. The mixture was 

diluted with AcOEt (20 mL), and washed with cold (0 °C) saturated Na2CO3 solution (2 $ 

5 mL). The organic phase was dried (Na2SO4), concentrated, and eluted from a column of 

silica gel with 30:1 cyclohexane-AcOEt to give 1a. In entry 13, the mixture was degassed 

under vacuum and saturated with argon (by an argon-filled balloon) three times before 

irradiation. 
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General Procedure for the Cross-Benzoin Reactions of !!-Diketones 1 with Aldehydes 

2 (Table 3.2, columns 4-5 and 10-11). 

To a vigorously stirred mixture of !-diketone 1 (1.00 mmol), aldehyde 2 (1.00 mmol), and 

anhydrous DMSO (2 mL), potassium tert-butoxide (11 mg, 0.10 mmol) was added in one 

portion. Then, the mixture was degassed under vacuum and saturated with argon (by an 

argon-filled balloon) three times. The mixture was stirred at the stated temperature (Table 

2) until complete disappearance or best conversion of the starting diketone was detected 

(TLC analysis, ca. 1-16 h). Then, the mixture was diluted with H2O (5 mL) and extracted 

with Et2O (2 $ 25 mL). The combined organic phases were dried (Na2SO4), concentrated, 

and eluted from a column of silica gel with the suitable elution system to give the 

benzoylated benzoins 3 eventually containing isomers 7. 

 

1-(2-Chlorophenyl)-2-oxo-2-phenylethyl benzoate (3ab) 

Column chromatography with 20:1 cyclohexane-AcOEt afforded 

3ab19 (332 mg, 95%) as a white foam. 1H NMR:  = 8.12-8.07 (m, 2 

H, Ar), 8.02-7.98 (m, 2 H, Ar), 7.60-7.40 (m, 8 H, Ar), 7.44 (s, 1 H, 

H-1), 7.36-7.24 (m, 2 H, Ar); 13C NMR:  = 193.3, 165.8, 134.9, 

134.4, 134.2, 133.8, 133.4,131.8, 130.8, 130.4, 130.2, 130.1, 130.0, 

129.9, 129.5, 129.2,129.0, 128.8, 128.4, 127.6, 74.0.  

 

1-(2-Bromophenyl)-2-oxo-2-phenylethyl benzoate (3ac) 

Column chromatography with 25:1 cyclohexane-AcOEt afforded 

3ac17f (344 mg, 87%) as a white amorphous solid. 1H NMR: + = 8.13-

8.05 (m, 2 H, Ar), 8.05-7.96 (m, 2 H, Ar), 7.67 (dd, J = 7.9, 1.4 Hz, 1 

H, Ar), 7.61-7.52 (m, 1 H, Ar), 7.54 (s, 1 H, H-1), 7.53-7.50 (m, 1 H, 

Ar), 7.49-7.39 (m, 5 H, Ar), 7.36-7.20 (m, 2 H, Ar); 13C NMR  = 

193.4, 165.7, 133.8, 133.6, 133.5, 133.4, 131.0, 130.6, 130.6, 130.1, 129.1, 128.8, 128.7, 

128.4, 128.2, 124.7, 76.6. Found: C, 63.71; H, 3.69. C21H15BrO3 requires C, 63.81; H, 

3.83%. 

1-(4-Chlorophenyl)-2-oxo-2-phenylethyl benzoate (3ad) 

Column chromatography with 20:1 cyclohexane-AcOEt gave 

3ad19 (266 mg, 76%) as second eluted compound. 1H NMR: + = 

8.14-8.06 (m, 2 H, Ar), 8.00-7.94 (m, 2 H, Ar), 7.60-7.32 (m, 10 
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H, Ar), 7.06 (s, 1 H, H-1); 13C NMR:  = 193.4, 165.9, 135.4, 134.5, 133.7, 133.5, 130.0-

128.4 (14 C), 77.3.  

2-(4-Chlorophenyl)-2-oxo-1-phenylethyl benzoate (7ad) 

Column chromatography with 20:1 cyclohexane-AcOEt gave 

7ad19 (66 mg, 19%) as first eluted compound. 1H NMR:  = 

8.14-8.08 (m, 2 H, Ar), 7.94-7.90 (m, 2 H, Ar), 7.60-7.50 (m, 2 H, 

Ar), 7.48-7.32 (m, 8 H, Ar), 7.03 (s, 1 H, H-1); 13C NMR:  = 

192.6, 166.0, 133.5, 130.2-128.5 (17 C), 77.9.  

 

1-(4-Bromophenyl)-2-oxo-2-phenylethyl benzoate (3ae) 

Column chromatography with 20:1 cyclohexane-AcOEt gave 3ae 

(182 mg, 46%) as second eluted compound. 1H NMR: + = 8.15-

8.06 (m, 2 H, Ar), 8.02-7.93 (m, 2 H, Ar), 7.63-7.49 (m, 4 H, Ar), 

7.49-7.35 (m, 6 H, Ar), 7.04 (s, 1 H, H-1); 13C NMR:  = 193.4, 

165.9, 134.5, 133.8, 133.6, 132.8, 132.4, 130.3, 130.0, 129.7, 

129.2, 128.8, 128.5, 123.7, 77.4. ESI-MS (395.2): 418.3 [M + Na]+. HRMS (ESI) m/z 

calcd for C21H15BrO3 [M]+ 394.0205, found 394.0227. Found: C, 63.99; H, 4.01. 

C21H15BrO3 requires C, 63.81; H, 3.83%. 

 

2-(4-Bromophenyl)-2-oxo-1-phenylethyl benzoate (7ae)  

Column chromatography with 20:1 cyclohexane-AcOEt gave 7ae 

(106 mg, 27%) as first eluted compound. 1H NMR: + = 8.15-8.06 

(m, 2 H, Ar), 7.89-7.82 (m, 2 H, Ar), 7.60-7.50 (m, 5 H, Ar), 7.48-

7.34 (m, 5 H, Ar), 7.01 (s, 1 H, H-1); 13C NMR:  = 192.9, 

166.1, 134.8, 133.5, 133.4, 132.1, 130.4, 130.0, 129.5, 129.3, 

129.1, 128.8, 128.6, 128.5, 77.9. ESI-MS (395.2): 434.8 [M + K]+. HRMS (ESI) m/z calcd 

for C21H16BrO3 [M + H]+ 395.0283, found 395.0240. Found: C, 63.55; H, 4.62. 

C21H15BrO3 requires C, 63.81; H, 3.83%. 

 

 

 

1-(3-Bromophenyl)-2-oxo-2-phenylethyl benzoate (3af) 

Column chromatography with 20:1 cyclohexane-AcOEt afforded 

3af (347 mg, 88%) as a white amorphous solid. 1H NMR: + = 
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8.16-8.07 (m, 2 H, Ar), 8.03-7.94 (m, 2 H, Ar), 7.76-7.69 (m, 1 H, Ar), 7.62-7.52 (m, 2 H, 

Ar), 7.51-7.38 (m, 6 H, Ar), 7.30-7.24 (m, 1 H, Ar), 7.04 (s, 1 H, H-1); 13C NMR:  

=193.2, 165.8, 135.89, 134.4, 133.8, 133.5, 132.5, 131.5, 130.6, 130.0, 129.3, 129.1, 128.8, 

128.5, 127.2, 123.1, 76.9. ESI-MS (395.2): 396.5 [M + H]+. HRMS (ESI) m/z calcd for 

C21H15BrO3 [M]+ 394.0205, found 394.0219. Found: C, 63.58; H, 3.61. C21H15BrO3 

requires C, 63.81; H, 3.83%. 

 

1-(Naphthalen-1-yl)-2-oxo-2-phenylethyl benzoate (3ag) 

For the synthesis of 3ag three equiv. of aldehyde 2g were used and the 

reaction was performed at 50 °C. Column chromatography with 20:1 

cyclohexane-AcOEt afforded 3ag (212 mg, 58%) as a yellow 

amorphous solid. 1H:  = 8.34 (d, J = 8.5 Hz, 1 H, Ar), 8.13-8.07 (m, 

1 H, Ar), 7.96-7.90 (m, 3 H, Ar), 7.85 (s, 1 H, H-1), 7.67-7.51 (m, 4 

H, Ar), 7.50-7.39 (m, 4 H, Ar), 7.39-7.29 (m, 3 H, Ar); 13C NMR:  

= 194.0, 166.1, 134.7, 134.2, 133.5, 133.4, 131.5, 130.4, 130.1, 129.9, 129.3, 129.1, 128.7, 

128.6, 128.4, 127.4, 126.3, 125.4, 123.3, 75.6. ESI-MS (366.4): 367.7 [M + H]+. HRMS 

(ESI) m/z calcd for C25H19O3 [M]+ 366.1256, found 366.1281. Found: C, 81.88; H, 4.68. 

C25H18O3 requires C, 81.95; H, 4.95%. 

 

2-Oxo-2-phenyl-1-(o-tolyl)ethyl benzoate (3ah) 

For the synthesis of 3ah three equiv. of aldehyde 2h were used and the 

reaction was performed at 50 °C. Column chromatography with 12:1 

cyclohexane-AcOEt afforded 3ah19 (297 mg, 90%) as a white 

amorphous solid. 1H NMR:  = 8.14-8.08 (m, 2 H, Ar), 7.92-7.86 (m, 

2 H, Ar), 7.60-7.37 (m, 8 H, Ar), 7.32-7.14 (m, 2 H, Ar), 7.29 (s, 1 H, 

H-1), 2.50 (s, 3 H, CH3); 13C NMR:  = 194.2, 166.1, 137.3, 135.0, 133.4, 133.3, 132.3, 

131.3, 130.0-128.4 (11 C), 126.7, 75.6, 19.5. ESI-MS (330.4): 353.7 [M + Na]+. HRMS 

(ESI) m/z calcd for C22H19O3 [M + H]+ 331.1334, found 331.1358. Found: C, 79.65; H, 

5.68. C22H18O3 requires C, 79.98; H, 5.49%. 

 

1-(2-Methoxyphenyl)-2-oxo-2-phenylethyl benzoate (3ai)  

For the synthesis of 3ai three equiv. of aldehyde 2i were used and the 

reaction was performed at 50 °C. Column chromatography with 20:1 

cyclohexane-AcOEt afforded 3ai (246 mg, 71%) as a white 
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amorphous solid. 1H NMR:  = 8.15-8.07 (m, 2 H, Ar), 8.08-7.99 (m, 2 H, Ar), 7.59 (s, 1 

H, H-1), 7.58-7.49 (m, 2 H, Ar), 7.49-7.38 (m, 5 H, Ar), 7.38-7.30 (m, 1 H, Ar), 7.01-6.90 

(m, 2 H, Ar), 3.92 (s, 3 H, CH3); 13C NMR:  = 194.0, 166.2, 156.7, 134.7, 133.4, 133.2, 

130.8, 130.0, 129.9, 129.7, 128.7, 128.5, 128.35, 122.3, 121.2, 111.3, 71.6, 55.8. ESI-MS 

(346.4): 347.7 [M + H]+. HRMS (ESI) m/z calcd for C22H19O4 [M + H]+ 347.1283, found 

347.1298. Found: C, 76.44; H, 5.12. C22H18O4 requires C, 76.29; H, 5.24%. 

 

1-(3-Bromophenyl)-2-(4-bromophenyl)-2-oxoethyl 4-bromobenzoate (3bf) 

For the synthesis of 3bf 6 mL of solvent were used. Column 

chromatography with 30:1 cyclohexane-AcOEt afforded 3bf 

(475 mg, 86%) as a white foam. 1H NMR:  7.98-7.92 (m, 2 

H, Ar), 7.85-7.80 (m, 2 H, Ar), 7.71-7.66 (m, 1 H, Ar), 7.63-

7.55 (m, 4 H, Ar), 7.55-7.48 (m, 1 H, Ar), 7.49-7.43 (m, 1 H, 

Ar), 7.31-7.26 (m, 1 H, Ar), 6.94 (s, 1 H, H-1); 13C NMR:  = 

191.8, 164.9, 135.0, 132.7, 132.6, 132.37, 132.0, 131.7, 131.3, 130.6, 130.0, 129.0, 128.7, 

127.6, 127.0, 123.1, 76.8. ESI-MS (553.0): 576.5 [M + Na]+. HRMS (ESI) m/z calcd for 

C21H14Br3O3 [M + H]+ 550.8493, found 550.8478. Found: C, 45.48; H, 2.50. C21H13Br3O3 

requires C, 45.61; H, 2.37%. 

 

2-(4-Bromophenyl)-2-oxo-1-(o-tolyl)ethyl 4-

bromobenzoate (3bh) 

For the synthesis of 3bh 6 mL of solvent and three equiv. of 

aldehyde 2h were used; the reaction was performed at 50 °C. 

Column chromatography with 30:1 cyclohexane-AcOEt 

afforded 3bh (341 mg, 71%) as a white amorphous solid. 1H 

NMR:  = 7.97-7.92 (m, 2 H, Ar), 7.75-7.69 (m, 2 H, Ar), 

7.61-7.50 (m, 4 H, Ar), 7.33-7.24 (m, 4 H, Ar), 7.19 (s, 1 H, H-1), 2.51 (s, 3 H, CH3); 13C 

NMR:  =  193.1, 165.3, 137.2, 134.6, 133.5, 132.0, 131.8, 131.7, 131.5, 130.1, 129.8, 

129.5, 128.8, 128.65, 128.1, 126.8, 75.7, 19.4. ESI-MS (488.2): 489.6 [M + H]+. HRMS 

(ESI) m/z calcd for C22H17Br2O3 [M + H]+ 486.9544, found 486.9531. Found: C, 54.29; H, 

3.45. C22H16Br2O3 requires C, 54.13; H, 3.30%. 
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1-(3-Bromophenyl)-2-oxo-2-(p-tolyl)ethyl 4-

methylbenzoate (3cf) 

For the synthesis of 3cf two equiv. of !-diketone 1c were 

used. Column chromatography with 20:1 cyclohexane-AcOEt 

afforded 3cf (364 mg, 86%) as a white amorphous solid. 1H 

NMR:  = 8.04-7.94 (m, 2 H, Ar), 7.95-7.85 (m, 2 H, Ar), 

7.72 (t, J = 1.8 Hz, 1 H, Ar), 7.53-7.43 (m, 2 H, Ar), 7.29-7.18 

(m, 5 H, Ar), 7.00 (s, 1 H, H-1), 2.41 (s, 3 H, CH3), 2.38 (s, 3 H, CH3); 13C NMR:  = 

192.7, 165.6, 144.5, 144.1, 136.1, 132.1, 131.7, 131.2, 130.3, 129.8, 129.3, 128.9, 128.8, 

126.9, 126.2, 122.8, 76.8, 26.7, 21.5. ESI-MS (423.3): 446.5 [M + Na]+. HRMS (ESI) m/z 

calcd for C23H19BrO3 [M]+ 422.0518, found 422.0535. Found: C, 65.38; H, 4.41. 

C23H19BrO3 requires C, 65.26; H, 4.52%. 

 

2-Oxo-1-(o-tolyl)-2-(p-tolyl)ethyl 4-methylbenzoate (3ch) 

For the synthesis of 3ch three equiv. of aldehyde 2h were used 

and the reaction was performed at 50 °C. Column 

chromatography with 20:1 cyclohexane-AcOEt afforded 3ch (186 

mg, 52%) as a white amorphous solid. 1H NMR:  = 8.02-7.95 

(m, 2 H, Ar), 7.82-7.76 (m, 2 H, Ar), 7.36 (d, J = 7.4 Hz, 1 H, 

Ar), 7.26-7.24 (m, 3 H, Ar), 7.23 (s, 1 H, H-1), 7.22-7.15 (m, 4 H, 

Ar), 2.52 (s, 3 H, CH3), 2.40 (s, 3 H, CH3), 2.35 (s, 3 H, CH3); 13C NMR:  = 193.7, 

165.9, 144.1, 143.8, 137.0, 132.4, 132.2, 131.0, 129.8, 129.4, 129.3, 129.1, 128.6, 126.4, 

126.4, 75.1, 21.5, 21.5, 19.3. ESI-MS (358.5): 397.8 [M + K]+. HRMS (ESI) m/z calcd for 

C24H23O3 [M + H]+ 359.1647, found 359.1628. Found: C, 76.44; H, 5.12. C24H22O3 

requires C, 80.42; H, 6.19%. 

 

2-Oxo-2-phenyl-1-(2-(trifluoromethyl)phenyl)ethyl benzoate (3aj) 

Column chromatography with 20:1 cyclohexane-AcOEt afforded 3aj 

(299 mg, 78%) as a white amorphous solid. 1H NMR: + = 8.08-8.04 

(m, 2 H, Ar), 7.96-7.92 (m, 2 H, Ar), 7.82-7.77 (m, 1 H, Ar), 7.60-

7.52 (m, 4 H, Ar), 7. 52 (s, 1 H, H-1), 7.46-7. 38 (m, 4 H, Ar); 13C 

NMR:  = 193.4, 165.6, 134.5, 133.8, 133.5, 132.7, 132.2, 130.9, 

130.1, 129.7, 129.5, 129.2, 128.9, 128.8, 128.5, 126.9, 126.8, 125.5, 73.1; 19F NMR (376 

MHz:  = -58.6 (s, 3 F, CF3). ESI-MS (384.3): 407.2 [M + Na]+. HRMS (ESI) m/z calcd 
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for C22H15F3O3 [M]+ 384.0973, found 384.0912. Found: C, 68.41; H, 3.70. C22H15F3O3 

requires C, 68.75; H, 3.93%. 

1-(2-Bromophenyl)-2-oxo-2-(4-(trifluoromethyl)phenyl)ethyl 4-

(trifluoromethyl)benzoate (3dc) 

For the synthesis of 3dc three equiv. of aldehyde 2c were used. 

Column chromatography with 30:1 cyclohexane-AcOEt afforded 

3dc (419 mg, 79%) as a white foam. 1H NMR:  = 8.24-8.18 

(m, 2 H, Ar), 8.12-8.06 (m, 2 H, Ar), 7.74-7.68 (m, 5 H, Ar), 7.53 

(s, 1 H, Ar), 7.46-7.41 (m, 1 H, Ar), 7.39-7.22 (m, 2 H, Ar); 13C 

NMR:  = 192.4, 164.7, 137.0, 135.7, 135.3, 135.2, 135.0, 

134.9, 134.7, 134.0, 132.5, 132.3, 131.7, 130.7, 130.6, 129.2, 128.6, 127.5, 126.1, 126.0, 

125.9, 125.8, 125.7, 125.6, 125.6, 125.4, 124.9, 124.8, 124.8, 122.3, 122.1, 76.8; 19F NMR 

(376 MHz:  = -63,2 (s, 3 F, CF3), -63.3 (s, 3 F, CF3). ESI-MS (531.2): 554.8 [M + Na]+. 

HRMS (ESI) m/z calcd for C23H13BrF6NaO3 [M+ Na]+ 552.9850, found 552.9821. Found: 

C, 52.67; H, 2.11. C23H13BrF6O3 requires C, 52.00; H, 2.47%. 

 

1-(Furan-2-yl)-2-oxo-2-phenylethyl benzoate (3am) 

Column chromatography with 10:1 cyclohexane-AcOEt gave 3am18f 

(25 mg, 8%) as first eluted compound. 1H NMR:  = 8.15-8.10 (m, 2 

H, Ar), 8.02-7.96 (m, 2 H, Ar), 7.60-7.50 (m, 2 H, Ar), 7.48-7.40 (m, 5 

H, Ar), 7.19 (s, 1 H, H-1), 6.55-6.50 (m, 1 H, Ar), 6.42-6.35 (m, 1 H, 

Ar); 13C NMR:  = 190.9, 165.9, 147.0, 144.4, 134.4, 133.8, 133.6, 

130.2, 129.2, 128.8, 128.5, 112.2, 111.3, 71.3. ESI-MS (306.3): 399.2 [M + K]+. HRMS 

(ESI) m/z calcd for C19H14O4 [M]+ 306.0892, found 306.0855. Found: C, 74.12; H, 4.87. 

C19H14O4 requires C, 74.50; H, 4.61%. 

 

2-(Furan-2-yl)-2-oxo-1-phenylethyl benzoate (7am) 

Column chromatography with 20:1 cyclohexane-AcOEt gave 7am18f 

(257 mg, 84%) as second eluted compound. 1H NMR: + = 8.16-8.10 

(m, 2 H, Ar), 7.66-7.52 (m, 4 H, Ar), 7.48-7.34 (m, 5 H, Ar), 7.32-7.28 

(m, 1 H, Ar), 6.90 (s, 1 H, H-1), 6.48-6.40 (m, 1 H, Ar); 13C NMR:  

= 182.6, 166.0, 150.7, 147.1, 133.6, 133.5, 130.1, 129.4, 129.4, 129.1, 
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128.7, 128.5, 119.1, 112.7, 77.4. ESI-MS (306.3): 418.3 [M + Na]+. HRMS (ESI) m/z 

calcd for C19H14O4 [M]+ 306.0892, found 306.0840. Found: C, 74.08; H, 4.20. C19H14O4 

requires C, 74.50; H, 4.61%. 

 

1-(2-Chlorophenyl)-2-oxo-2-(pyridin-2-yl)ethyl picolinate (3eb) 

For the synthesis of 3eb Cs2CO3 (20 mol%) was used as the catalyst. 

Column chromatography with 2:1 cyclohexane-AcOEt afforded 3eb19 

(335 mg , 95%) as a white foam; 1H NMR:  = 8.79-8.74 (m, 1 H, 

Ar), 8.62-8.56 (m, 1 H, Ar), 8.20-8.14 (m, 1 H, Ar), 8.09-8.03 (m, 1 

H, Ar), 8.08 (s, 1 H, H-1), 7.86-7.74 (m, 2 H, Ar), 7.49-7.36 (m, 4 H, 

Ar), 7.30-7.26 (m, 2 H, Ar); 13C NMR:  = 193.9, 164.3, 151.3, 150.1, 149.1, 147.5, 

136.9, 136.8, 135.2, 131.9, 130.4, 130.3, 130.2, 127.6, 127.1, 127.0, 125.7, 122.8, 75.5. 

 

General Procedure for the oxidation of benzoylated benzoins 3/7 to asymmetrical 

benzils 4 (Table n.2). Method A. 

A 0.5-2.0 mL process vial was filled with the benzoylated benzoin 3 or 3/7 isomers 

mixture (0.5 mmol), AcOH (0.66 mL), TFA (0.33 mL), and NH4NO3 (120 mg, 1.50 

mmol). The vial was sealed with the Teflon septum and aluminium crimp by using an 

appropriate crimping tool. The vial was then placed in its correct position in the Biotage 

Initiator cavity where irradiation was performed at 150 °C for 2 h. After the full irradiation 

sequence was completed, the vial was cooled to room temperature and then opened. The 

mixture was diluted with AcOEt (20 mL), and washed with cold (0 °C) saturated Na2CO3 

solution (2 $ 5 mL). The organic phase was dried (Na2SO4), concentrated, and eluted from 

a column of silica gel with the suitable elution system to give the benzil 4. Final elution 

with 10:1 AcOEt-MeOH afforded the corresponding benzoic acid/benzamide mixture.  

 

 

General Procedure for the one-pot, two step synthesis of benzils 4 (Table n.2). Method 

B. 

To a vigorously stirred mixture of !-diketone 1 (1.00 mmol), aldehyde 2 (1.00 mmol), and 

anhydrous DMSO (2 mL) in a 0.5-2.0 mL process vial, potassium tert-butoxide (11 mg, 

0.10 mmol) was added in one portion. Then, the mixture was degassed under vacuum and 

saturated with argon (by an argon-filled balloon) three times. The mixture was stirred at 

the stated temperature (Table 2) until complete disappearance or best conversion of the 

starting diketone was detected (TLC analysis, ca. 1-16 h). Then, the mixture was 
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neutralized with AcOH and freeze-dried. The resulting residue containing the benzoylated 

benzoin 3 or 3/7 isomers mixture was dissolved in AcOH (1.3 mL mL) and TFA (0.7 mL), 

then NH4NO3 (240 mg, 3.00 mmol) was added in one portion. The vial was sealed with the 

Teflon septum and aluminium crimp by using an appropriate crimping tool. The vial was 

then placed in its correct position in the Biotage Initiator cavity where irradiation was 

performed at 150 °C for 2 h. After the full irradiation sequence was completed, the vial 

was cooled to room temperature and then opened. The mixture was diluted with AcOEt (40 

mL), and washed with cold (0 °C) saturated Na2CO3 solution (2 $ 10 mL). The organic 

phase was dried (Na2SO4), concentrated, and eluted from a column of silica gel with the 

suitable elution system to give the benzil 4. Final elution with 10:1 AcOEt-MeOH afforded 

the corresponding benzoic acid/benzamide mixture. 

 

1-(2-Chlorophenyl)-2-phenylethane-1,2-dione (4ab) 

Method A. Column chromatography with 25:1 cyclohexane-AcOEt 

afforded 4ab7c (103 mg, 85%) as a yellow amorphous solid. Method 

B: 4ab7c (190 mg, 78%). 1H NMR:  = 8.07-8.00 (m, 2 H, Ar), 7.94-

7.88 (m, 1 H, Ar), 7.70-7.63 (m, 1 H, Ar), 7.58-7.49 (m, 3 H, Ar), 7.47-7.40 (m, 2 H, Ar); 
13C NMR:  = 193.7, 192.0, 134.6, 134.5, 134.0, 133.8, 132.4, 132.1, 130.5, 130.2, 128.9, 

127.4. ESI-MS (244.0): 245.6 [M + H]+. HRMS (ESI) m/z calcd for C14H10ClO2 [M + H]+ 

245.0369, found 245.0355. Found: C, 68.90; H, 3.48. C14H9ClO2 requires C, 68.72; H, 

3.71%. 

 

1-(2-Bromophenyl)-2-phenylethane-1,2-dione (4ac) 

Method A. Column chromatography with 40:1 cyclohexane-AcOEt 

afforded 4ac9a (106 mg, 74%) as a yellow amorphous solid. Method 

B: column chromatography with 1.8:1 cyclohexane-CH2Cl2 afforded 

4ac9a (187 mg, 65%). 1H NMR:  = 8.10-8.03 (m, 2 H, Ar), 7.84-7.79 (m, 1 H, Ar), 7.70-

7.61 (m, 2 H, Ar), 7.58-7.49 (m, 2 H, Ar), 7.49-7.43 (m, 2 H, Ar); 13C:  = 194.2, 191.5, 

136.1, 134.5, 134.4, 133.8, 132.7, 132.6, 130.4, 128.9, 127.9, 121.8. ESI-MS (289.1): 

312.4 [M + Na]+. HRMS (ESI) m/z calcd for C14H10BrO2 [M + H]+ 288.9864, found 

288.9835. Found: C, 58.28; H, 3.25. C14H9BrO2 requires C, 58.16; H, 3.14%. 
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1-(4-Chlorophenyl)-2-phenylethane-1,2-dione (4ad) 

Method A. Column chromatography with 30:1 cyclohexane-

AcOEt afforded 4ad9a (102 mg, 84%) as a pale yellow solid (mp 

71-73 °C). Method B: 4ad7b,c,9a (185 mg, 76%). 1H NMR:  = 

7.98-7.87 (m, 4 H, Ar), 7.71-7.62 (m, 1 H, Ar), 7.56-7.44 (m, 4 H, Ar); 13C NMR:  = 

194.1, 193.3, 141.8, 135.3, 133.0, 131.5, 131.4, 130.2, 129.7, 129.3. ESI-MS (244.0): 

267.3 [M + Na]+. HRMS (ESI) m/z calcd for C14H9ClO2 [M]+ 244.0291, found 244.0270. 

Found: C, 70.01; H, 3.45. C14H9ClO2 requires C, 68.72; H, 3.71%. 

 

1-(4-Bromophenyl)-2-phenylethane-1,2-dione (4ae) 

Method A. Column chromatography with 40:1 cyclohexane-

AcOEt afforded 4ae7b,c,9a (114 mg, 79%) as a pale yellow solid 

(mp 81-83 °C). Method B. Column chromatography with 1.3:1 

cyclohexane-CH2Cl2 afforded 4ae7b,c,9a (176 mg, 61%). 1H NMR:  = 7.99-7.92 (m, 2 H, 

Ar), 7.87-7.81 (m, 2 H, Ar), 7.71-7.62 (m, 3 H, Ar), 7.56-7.47 (m, 2 H, Ar); 13C NMR:  

= 193.9, 193.3, 135.1, 132.8, 132.5, 131.8, 131.3, 130.6, 123.0, 129.1. ESI-MS (289.1): 

290.1 [M + H]+. HRMS (ESI) m/z calcd for C14H10BrO2 [M + H]+ 288.9864, found 

288.9811. Found: C, 58.45; H, 3.60. C14H9BrO2 requires C, 58.16; H, 3.14%. 

 

1-(3-bromophenyl)-2-phenylethane-1,2-dione (4af) 

Method A. Column chromatography with 1.5:1 cyclohexane-CH2Cl2 

afforded 4af7b,12c (123 mg, 85%) as a yellow amorphous solid. Method 

B: 4af7b,12c (205 mg, 71%). 1H NMR:  = 8.12 (t, J = 1.7 Hz, 1 H, 

Ar), 8.00-7.92 (m, 2 H, Ar), 7.92-7.84 (m, 1 H, Ar), 7.82-7.74 (m, 1 

H, Ar), 7.74-7.63 (m, 1 H, Ar), 7.59-7.46 (m, 2 H, Ar), 7.39 (t, J = 7.9 Hz, 1 H, Ar); 13C 

NMR:  = 193.5, 192.9, 137.7, 135.2, 134.6, 132.6, 132.5, 130.6, 130.0, 129.1, 128.6, 

123.3. ESI-MS (289.1): 312.5 [M + Na]+. HRMS (ESI) m/z calcd for C14H10BrO2 [M + H]+ 

288.9864, found 288.9824. Found: C, 58.01; H, 3.75. C14H9BrO2 requires C, 58.16; H, 

3.14%.  
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1-(Naphthalen-1-yl)-2-phenylethane-1,2-dione (4ag) 

Method A. Column chromatography with 32:1 cyclohexane-AcOEt 

afforded 4ag6i,12c (95 mg, 73%) slightly contaminated by 

uncharacterized by-products. Method B. For the synthesis of 4ag 

three equiv. of aldehyde 2g were used and the benzoin reaction was performed at 50 °C. 

Column chromatography with 1.7:1 cyclohexane-CH2Cl2 afforded 4ag6i,12c (104 mg, 40%) 

slightly contaminated by uncharacterized by-products. 1H NMR:  = 9.30 (d, J = 8.5 Hz, 

1 H, Ar), 8.13 (d, J = 8.5 Hz, 1 H, Ar), 8.07-7.98 (m, 2 H, Ar), 7.98-7.85 (m, 2 H, Ar), 

7.81-7.70 (m, 1 H, Ar), 7.70-7.57 (m, 2 H, Ar), 7.57-7.47 (m, 3 H, Ar); 13C NMR:  = 

197.2, 194.6, 136.0, 135.1, 134.7, 134.1, 133.3, 130.9, 130.0, 129.5, 129.0, 128.8, 127.2, 

127.1, 125.9, 124.4. ESI-MS (260.3): 312.5 [M + K]+. 

 

1-Phenyl-2-(o-tolyl)ethane-1,2-dione (4ah) 

Method A. Column chromatography with 40:1 cyclohexane-AcOEt 

afforded 4ah6e (95 mg, 85%) as a yellow solid (mp 56-57 °C). Method 

B. For the synthesis of 4ah three equiv. of aldehyde 2h were used and 

the benzoin reaction was performed at 50 °C. 4ah6e (163 mg, 73%). 1H NMR:  = 8.01-

7.93 (m, 2 H, Ar), 7.70-7.59 (m, 2 H, Ar), 7.55-7.45 (m, 3 H, Ar), 7.37-7.25 (m, 2 H, Ar), 

2.70 (s, 3 H, CH3); 13C NMR:  = 196.8, 194.9, 141.4, 134.7, 133.8, 133.12, 132.6, 131.8, 

130.0, 129.1, 126.1, 22.0. ESI-MS (224.2): 225.6 [M + H]+. HRMS (ESI) m/z calcd for 

C15H13O2 [M + H]+ 225.0916, found 225.0948. Found: C, 80.61; H, 5.90. C15H12O2 

requires C, 80.34; H, 5.39%. 

 

1-(2-Methoxyphenyl)-2-phenylethane-1,2-dione (4ai) 

Method A. Column chromatography with 15:1 cyclohexane-AcOEt 

afforded 4ai7c (84 mg, 70%) as a white amorphous solid. Method B. 

For the synthesis of 4ai three equiv. of aldehyde 2i were used and the 

benzoin reaction was performed at 50 °C. Column chromatography with 1.6:1 

cyclohexane-CH2Cl2 afforded 4ai7c (108 mg, 45%). 1H NMR:  = 8.06-7.99 (m, 1 H, Ar), 

7.96-7.89 (m, 2 H, Ar), 7.65-7.54 (m, 2 H, Ar), 7.54-7.44 (m, 2 H, Ar), 7.16-7.08 (m, 1 H, 

Ar), 6.93 (d, J = 8.5 Hz, 1 H, Ar), 3.56 (s, 3 H, CH3); 13C NMR:  = 194.6, 193.5, 160.4, 

136.5, 133.8, 132.9, 130.5, 129.3, 128.7, 123.8, 121.5, 112.3, 55.7. ESI-MS (240.2): 263.8 

[M + Na]+. HRMS (ESI) m/z calcd for C15H12O3 [M]+ 240.0786, found 240.0711. Found: 

C, 74.77; H, 5.27. C15H12O3 requires C, 74.99; H, 5.03%.  
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1-(3-Bromophenyl)-2-(4-bromophenyl)ethane-1,2-dione (4bf) 

Method A. Column chromatography with 1:1 cyclohexane-CH2Cl2 

afforded 4bf (158 mg, 87%) as a yellow amorphous solid. Method 

B. For the synthesis of 4bf 6 mL of solvent were used in the 

benzoin reaction: 4bf (269 mg, 73%). 1H NMR:  = 8.11 (t, J = 

1.8 Hz, 1 H, Ar), 7.90-7.76 (m, 4 H, Ar), 7.71-7.63 (m, 2 H, Ar), 7.40 (t, J = 7.9 Hz, 1 H, 

Ar); 13C NMR:  = 192.1, 191.9, 137.7, 134.2, 132.31, 131.1, 130.6, 130.5, 130.4, 128.4, 

123.2. ESI-MS (368.0): 391.5 [M + Na]+. HRMS (ESI) m/z calcd for C14H9Br2O2 [M + H]+ 

366.8969, found 366.8911. Found: C, 45.90; H, 2.55. C14H8Br2O2 requires C, 45.69; H, 

2.19%. 

 

1-(4-Bromophenyl)-2-(o-tolyl)ethane-1,2-dione (4bh) 

Method A. Column chromatography with 1.5:1 cyclohexane-

CH2Cl2 afforded 4bh (92 mg, 61%) as a yellow amorphous solid. 

Method B. For the synthesis of 4bh 6 mL of solvent and three 

equiv. of aldehyde 2h were used in the benzoin reaction that was performed at 50 °C: 4bh 

(109 mg, 36%). 1H NMR:  = 7.88-7.80 (m, 2 H, Ar), 7.70-7.63 (m, 2 H, Ar), 7.63-7.56 

(m, 1 H, Ar), 7.54-7.46 (m, 1 H, Ar), 7.37-7.26 (m, 2 H, Ar), 2.69 (s, 3 H, CH3); 13C NMR: 

 = 196.1, 193.6, 141.5, 134.0, 133.0, 132.6, 132.4, 131.8, 131.5, 131.3, 130.3, 126.1, 

21.9. ESI-MS (303.1): 326.8 [M + Na]+. HRMS (ESI) m/z calcd for C15H11BrNaO2 [M + 

Na]+ 324.9840, found 324.9814. Found: C, 59.81; H, 3.12. C15H11BrO2 requires C, 59.43; 

H, 3.66%. 

 

1-(3-Bromophenyl)-2-(p-tolyl)ethane-1,2-dione (4cf) 

Method A. Column chromatography with 25:1 cyclohexane-

AcOEt afforded 4cf8d (113 mg, 75%) as a yellow amorphous 

solid. Method B. For the synthesis of 4cf two equiv. of !-diketone 

1c were used. Column chromatography with 1.6:1 cyclohexane-

CH2Cl2 afforded 4cf8d (188 mg, 62%). 1H NMR:  = 8.11 (t, J = 1.7 Hz, 1 H, Ar), 7.90-

7.82 (m, 3 H, Ar), 7.80-7.73 (m, 1 H, Ar), 7.42-7.34 (m, 1 H, Ar), 7.34-7.28 (m, 2 H, Ar), 

2.44 (s, 3 H, CH3); 13C NMR:  = 193.1, 192.8, 146.3, 137.4, 134.6, 132.3, 130.3, 130.0, 

129.9, 129.6, 128.3, 123.1, 21.8. ESI-MS (303.1): 304.4 [M + H]+. HRMS (ESI) m/z calcd 

for C15H11BrO2 [M]+ 301.9942, found 301.9976. Found: C, 59.21; H, 3.88. C15H11BrO2 

requires C, 59.43; H, 3.66%. 
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1-(o-Tolyl)-2-(p-tolyl)ethane-1,2-dione (4ch) 

Method A. Column chromatography with 10:1 cyclohexane-

AcOEt afforded 4ch (87 mg, 73%) as a white amorphous solid. 

Method B. For the synthesis of 4ch three equiv. of aldehyde 2h 

were used in the benzoin reaction that was performed at 50 °C. Column chromatography 

with 1.3:1 cyclohexane-CH2Cl2 afforded 4ch (83 mg, 35%). 1H NMR:  = 7.86 (d, J = 8.2 

Hz, 2 H, Ar), 7.63 (dd, J = 7.8, 1.1 Hz, 1 H,Ar), 7.48 (dt, J = 7.6, 1.3 Hz, 1 H, Ar), 7.36-

7.26 (m, 4 H, Ar), 2.70 (s, 3 H, CH3), 2.44 (s, 3 H, CH3); 13C NMR:  = 197.0, 194.7, 

146.0, 141.4, 133.7, 133.1, 132.6, 131.9, 130.1, 129.8, 128.8, 126.0, 22.0. ESI-MS 

(238.28): 239.5 [M + H]+. HRMS (ESI) m/z calcd for C16H15O2 [M + H]+ 239.1072, found 

239.1080. Found: C, 80.41; H, 5.78. C16H14O2 requires C, 80.65; H, 5.92%. 

 

1-Phenyl-2-(2-(trifluoromethyl)phenyl)ethane-1,2-dione (4aj) 

Method A. Column chromatography with 12:1 cyclohexane-

AcOEt afforded 4aj6j (114 mg, 82%) as a yellow amorphous 

solid. Method B: 4aj6j (167 mg, 60%). 1H NMR:  = 8.12-8.06 

(m, 2 H, Ar), 7.84-7.78 (m, 1 H, Ar), 7.76-7.62 (m, 4 H, Ar), 7.60-7.50 (m, 2 H, Ar); 13C 

NMR:  = 193.1, 191.0, 134.9, 134.6, 132.5, 132.1, 131.4, 130.9, 129.0, 128.6, 127.2, 

127.2, 124.9, 122.1; 19F NMR (376 MHz):  = -57.9 (s, 3 F, CF3). ESI-MS (278.2): 279.5 

[M + H]+. HRMS (ESI) m/z calcd for C15H9F3O2 [M]+ 278.0555, found 278.0511. Found: 

C, 64.98; H, 3.12. C15H9F3O2 requires C, 64.75; H, 3.26%. 

 

1-(2-Bromophenyl)-2-(4-(trifluoromethyl)phenyl)ethane-1,2-dione (4dc) 

Method A. Column chromatography with 35:1 cyclohexane-

AcOEt afforded 4dc (179 mg, 77%) as a yellow foam. Method B. 

For the synthesis of 4dc three equiv. of aldehyde 2c were used in 

the benzoin reaction. Column chromatography with 1.3:1 cyclohexane-CH2Cl2 afforded 

4dc (182 mg, 51%). 1H NMR:  = 8.24-8.16 (m, 2 H, Ar), 7.84-7.76 (m, 3 H, Ar), 7.66-

7.60 (m, 1 H, Ar), 7.55-7.44 (m, 1 H, Ar); 13C NMR:  = 193.7, 190.0, 136.0, 135.7, 

135.0, 135.4, 134.8, 133.7, 133.6, 132.6, 132.7, 131.7, 130.8, 130.5, 129.2, 128.1, 128.0, 

126.1, 126.0, 125.9, 125.8, 124.9, 122.2, 121.9 ; 19F NMR (376 MHz):  = -63.3 (s, 3 F, 

CF3). ESI-MS (357.1): 380.4 [M + Na]+. HRMS (ESI) m/z calcd for C15H8BrF3NaO2 [M + 
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Na]+ 378.9557, found 378.9511. Found: C, 50.12; H, 2.66. C15H8BrF3O2 requires C, 50.45; 

H, 2.26%. 

 

1-(Furan-2-yl)-2-phenylethane-1,2-dione (4am) 

Method A. Column chromatography with 12:1 cyclohexane-AcOEt 

afforded 4am10 (17 mg, 17%) as a yellow oil. Method B: 4am10 (22 

mg, 11%). 1H NMR:  = 8.06-8.00 (m, 2 H, Ar), 7.78-7.75 (m, 1 H, 

Ar), 7.70-7.62 (m, 1 H, Ar), 7.55-7.46 (m, 2 H, Ar), 7.42-7.38 (m, 1 H, Ar), 6.65-6.58 (m, 

1 H, Ar); 13C NMR:  = 191.7, 180.2, 149.8, 149.2, 134.5, 132.2, 130.0, 128.8, 123.1, 

112.7; ESI-MS (200.2): 201.5 [M]+. HRMS (ESI) m/z calcd for C12H8O3 [M]+ 200.0473, 

found 200.0412. Found: C, 69.78; H, 3.88. C12H8O3 requires C, 72.00; H, 4.03%. 

 

1-(2-Chlorophenyl)-2-(pyridin-2-yl)ethane-1,2-dione (4eb) 

Method A. Column chromatography with 4:1 cyclohexane-AcOEt 

afforded 4eb (31 mg, 25%) as a yellow amorphous solid. Method B: 

4eb (51 mg, 21%). 1H NMR:  = 8.74-8.68 (m, 1 H, Ar), 8.24-8.18 

(m, 1 H, Ar), 8.14-8.06 (m, 1 H, Ar), 8.00-7.90 (m, 1 H, Ar), 7.60-7.30 (m, 4 H, Ar); 13C 

NMR:  = 193.6, 191.7, 150.0, 149.3, 135.0, 132.6, 135.0, 130.3, 129.0, 123.5, 113.1 

ESI-MS (245.7): 246.8 [M + H]+. HRMS (ESI) m/z calcd for C13H8ClNO2 [M]+ 245.0244, 

found 245.0216. Found: C, 63.70; N, 5.12; H, 3.41. C13H8ClNO2 requires C, 63.56; N, 

5.70; H, 3.28%. 
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4. Nucleophilic and electrophilic double aroylation of chalcones with benzils 

promoted by the dimsyl anion as a route to all carbon tetrasubstituted olefins 

 

4.1. Introduction 

Atom-economical reactions represent a powerful tool in synthetic organic chemistry and a 

means to mitigate its negative effects on the environment.1  

In this context, the formation of multiple bonds in a single organocatalytic transformation 

is of great significance to readily access diverse structural motifs displaying all portions of 

the starting materials.2  

Bi-functional molecules constitute valuable substrates for the design of organocatalytic 

domino sequences; nevertheless, the use of highly reactive !-diketones has been rarely 

investigated in this type of approach,3 in which the double carbonyl functionality of 1,2-

diones exhibits electrophilic behavior at the carbonyl carbon and nucleophilic character at 

the alpha position.  

A complementary mode of carbonyl reactivity is, however, possible for this class of 

substrates; as demonstrated by our group, !-diketones can be rendered nucleophilic at 

carbonyl carbon (umpolung reactivity) through the catalysis of thiamine diphosphate 

(ThDP)-dependent enzymes4 and N-heterocyclic carbenes (NHCs)5 (Scheme 4.1a,1b) in 

nucleophilic acylations. Recently, we also discovered the capability of methylsulfinyl 

(dimsyl) carbanion 1 to induce the polarity reversal of diaryl !-diketones (benzils) in 

chemoselective cross-benzoin condensations with aldehydes (Scheme 4.1c).6  

After the study on the dimsyl anion-catalyzed cross-benzoin reaction between "-diketones 

and aldehydes, and its consequent evolution in the one-pot two-step procedure for the  

synthesis of unsymmetrical benzils (discussed before), the evolution of our research project 

consisted in the discovery of different applications for our new umpolung catalyst, the 

dimsyl anion. 



106 
 

 

Scheme 4.1. Organocatalyzed umpolung reactivity of "-diketones studied in my research 

group. 

At this stage of our study we decided to evaluate its activity with different kinds of 

substrates that are usually reactive in umpolung catalysis. Unluckily, it seemed that the 
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activity of this catalyst was restricted to the diaryl "-diketone as donor species. For this 

reason we decided to investigate the use of the dimsyl anion catalyst with "-diketone as 

donor species and evaluate the reactivity with different acceptors. 

Dimsyl anion, generated by deprotonation of the DMSO solvent, served as surrogate of 

hazardous cyanide ion promoting the formation of benzoylated benzoins in an atom-

economic fashion through sequential nucleophilic C- and electrophilic O-aroylations 

(Scheme 4.2). As a logical extension of the study on the benzoin reaction, we reasoned that 

utility of dimsyl anion catalysis could be further enhanced by conducting a double C-

aroylation process on activated alkenes, thus providing a novel variant of the parent Stetter 

reaction (hydroacylation process).7  

We also envisaged that the resulting activated 1,4-dicarbonyls could be further elaborated 

going back to the alkene stage via a catalytic oxidative dehydrogenation step to produce all 

carbon tetrasubstituted olefins from chalcones through a simple and effective one-pot 

process (Scheme 4.2.). On the other hand, tetrasubstituted alkenes with conjugated systems 

are challenging synthetic targets8 with unique structural and electronic features in material 

science9 as well as useful building blocks for synthetic chemistry.10 

!

Scheme 4.2. Double aroylation of aldehydes and activated alkenes with benzils promoted 

by the dimsyl anion A. 
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4.2. Results and discussion 

The reaction of benzil 1a with chalcone 2a was initially investigated to verify the 

feasibility of the project (Table 4.1).  

Reaction selectivity was a major issue to be addressed since formation of the desired 

double C-aroylation product 3aa could be accompanied by generation of by-products 4aa 

and 5aa via competitive double C,O-aroylation and hydroacylation pathways, respectively 

(vide infra). Gratifyingly, under the conditions previously described for the generation of 

dimsyl anion 1 (anhydrous DMSO, 30 mol% t-BuOK, r.t.), the reaction of equimolar 1a 

and 2a gave the expected compound 3aa (34%, entry 1) with only trace amounts of the 

Stetter product 5aa and no evidence of 4aa.  

While a mild heating (50 °C) of the reaction mixture had a negative effect on the reaction 

output (entry 2), an increase of t-BuOK amount (100 mol%) improved the yield of 3aa 

(46%, entry 3), thus highlighting the importance of the excess of base to produce the 

necessary quantity of dimsyl anion (pKa [DMSO] = 35.0; pKa [t-BuOK] = 32.2).11  

In line with our previous findings, the reaction output was strictly correlated to the strength 

of the base in DMSO, that is t-BuOK > Cs2CO3 % CsOH > DBU >> Et3N (entries 4-7).  

Optimal reaction conditions delivering 3aa in 75% yield (entry 8) were finally established 

using an excess of benzil 1a (2 equiv.). For the sake of comparison, the catalytic activity of 

cyanide anion was also tested detecting the same reaction selectivity and a comparable but 

appreciably higher yield of 3aa (83-82%, entries 10-11).  
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Table 4.1. Optimization of the model double C-aroylation of chalcone 2a with benzil 1a.a) 

!

Entry Solvent 
(Pre)catalyst 

(mol %) 

Base 

(mol %) 

Yield 

(%) 

1b) DMSO - t-BuOK (30) 34 

   2b),c) DMSO - t-BuOK (30) 28 

 3b) DMSO - t-BuOK (100) 46 

4 DMSO - DBU (100) 24 

5 DMSO - Cs2CO3 (100) 32 

 6d) DMSO - CsOH (100) 35 

7 DMSO - Et3N (100) - 

8 DMSO - t-BuOK (100) 75 

 9e) DMSO - t-BuOK (100) 32 

10 DMSO KCN (25) - 83 

11 DMSO TBACN (25) - 82 

12 CH2Cl2 B (20) DBU (50) 15 

13 CH2Cl2 C (20) DBU (50) - 

14 CH2Cl2 D (20) DBU (50) - 

15 DMSO E (20) NEt3 (50) - 

16 DMSO F (20) DBU(50) 28 

17 DMSO G (20) DBU (50) 25 
a)Reaction conditions: benzil 1a (0.50 mmol), chalcone 2a (0.25 mmol), and anhydrous solvent (1.0 

mL). b)2a: 0.50 mmol. c)Temperature: 50 °C. d)Reaction performed in the presence of 4 Å MS. e)2a: 

1.00 mmol. 
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!

In addition, commercially available NHC salts B-G were screened under suitable 

conditions evaluating the effects of altering the solvent, temperature, and base.  

After some experimentation, it was found that the sole triazolium salt B-DBU couple 

catalyzed the reaction in CH2Cl2 affording 3aa in modest yield (15%, entry 12). Indeed, 

the more hindered triazolium salts C-D (entries 13-14) and thiazolium,12 imidazolium, and 

imidazolium pre-catalysts E-G (entries 15-17) proved to be totally inactive, being the 

observed formation of 3aa in DMSO the result of a background activity of the dimsyl 

anion. 

The substrate scope of the disclosed double C-aroylation reaction was initially examined 

with benzils 1a-h and chalcones 2a-g displaying various substitution patterns under two 

sets of conditions (Table 4.2).  

In general, the process promoted by the dimsyl anion (100 mol% t-BuOK, DMSO; 

conditions 1) provided a safe and environmentally benign access to 2-benzoyl-1,4-diones 3 

and 3’, albeit with slightly diminished yields (2-18%) compared to the same process 

catalyzed by the toxic KCN (25 mol%, DMSO; conditions 2).  Relative efficiencies of 

reactions between benzil 1a and chalcones 2a-g bearing electron-withdrawing, -neutral, 

and -donating groups indicated a more pronounced effect of substituents on the benzoyl 

ring of chalcone, obtaining higher yields of 3 with electron poor aromatic rings (entries 1-

7).  

Investigation on the electronic requirements for the !-diketone 1 showed the 2,2’-pyridyl 

1b with an electron-withdrawing moiety as a highly reactive substrate (entries 8-9); 

unexpectedly, the use of electron-deficient 4,4’-ditrifluoromethylbenzil 1c and 4,4’-

difluorobenzil 1d led to a significant reduction of reaction efficiency (entries 10-11) 

mainly because of the diketone self-condensation side-reaction.13 Combination of the 

electron-rich 4,4’-dimethylbenzil 1e and activated chalcone 2b rendered the corresponding 

product 3eb with good conversion (entry 12).  
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Table 4.2. Scope of the double C-aroylation reaction.a) 
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a)Conditions 1: t-BuOK (100 mol%), DMSO, r.t, 16 h. Conditions 2: KCN (25 mol%), DMSO, r.t. 

16 h. b)Diaestereomeric ratio determined by 1H NMR analysis of crude reaction mixtures. c)Yields 

(conditions 1/conditions 2). d)Chemoselectivity ratio determined by 1H NMR analysis of crude 

reaction mixtures. e)3’ = 3.  f)Conditions 1 with Cs2CO3 (100 mol%) as the base. g)3ga’= 3ae. h)3ha’ 

= 3af. 

The employment of unsymmetrical benzils 1f-h produced the two regioisomers 3 and 3’ in 

variable isomeric ratios.  
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The mono-substituted 2-chloro benzil 1f exhibited the highest capability in controlling the 

chemoselectivity (3:3’ cr) of the double C-aroylation process as it reacted with chalcone 2b 

yielding almost exclusively the isomer 3fb’ (5:95 cr; entry 13). This result implied that 

dimsyl/cyanide anion favorably added to the less hindered carbonyl carbon of 1f.  

Similarly, a comparison of the reactivity of mono-substituted 4-Cl and 4-OMe benzils 1g 

and 1h toward chalcone 2a indicated the preferential attack of the catalyst to the diketone 

carbonyl carbon with lower electron density (entries 14-15).  

A limitation of the dimsyl anion-based methodology appeared evident from the 

representative couplings of enone 2h (R = H) with benzil 1a and activated 2,2’-pyridyl 1b 

(entries 16-17). The expected products 3ah and 3bh were, in fact, detected in only trace 

amounts by MS analysis of the crude reaction mixtures;14 by contrast, the cyanide-

catalyzed couplings proceeded smoothly affording 3ah and 3bh in moderate and good 

yield, respectively. 

All these findings are in agreement with the following mechanistic proposal (Scheme 4.3). 

 

 
Scheme 4.3. Proposed mechanism of the double C-aroylation reaction promoted by the 

dimsyl anion A. 

 

Similarly to what reported for the cyanide catalysis,15 addition of dimsyl anion A to the 

more electrophilic carbon (blue colored) of !-diketone 1 forms the intermediate I, which in 

turn evolves to the carbanion III via the epoxide II. Then, conjugate addition of III to 
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chalcone 2 (R = Ar) affords the anion IV, which finally liberates the double C-aroylation 

product 3/3’ and the promoter A through an intramolecular Claisen-type reaction.  

Carbonyl group formation is supposed to be the driving force for the elimination of dimsyl 

anion in the final step of the proposed mechanism;16 on the other hand, regeneration of the 

promoter A requires the presence of stoichiometric t-BuOK because of the higher acidity 

of the product 3/3’ compared to that of DMSO.17  

It can also be speculated that formation of the hydroacylation product of type 5aa (Table 

4.1), occasionally detected in trace amounts in some substrate combinations, originates 

from partial hydrolysis of the species IV with benzoyl group elimination. It is important to 

emphasize that involvement in the catalytic cycle of the acyl anion equivalent III and 

dimsyl anion A has been previously supported by ESI-MS/MS experiments and trapping of 

A with benzophenone.6  

Next, to demonstrate the utility of the double C-aroylation process we showed that the 2-

benzoyl-1,4-diones 3/3’ could be converted into the corresponding all carbon substituted 

olefins 6/6’ in a straightforward manner.  

Accordingly, the copper-catalyzed oxidative dehydrogenation of isolated 3/3’ was briefly 

investigated in DMSO; full conversions in 6/6’ were achieved using 10 mol% of 

Cu(OAc)2
.H2O, t-BuOK (1 equiv.), and air as the terminal oxidant (80 °C, 2 h).18  

This result paved the way for the development of a convenient one-pot two-step process 

for the direct elaboration of chalcones 2 into the doubly aroylated olefins 6/6’.  

Hence, to the solution of benzil 1 and chalcone 2 in DMSO was initially added t-BuOK 

(100 mol%) or KCN (25 mol%); then, after having established the completion of the 

reaction by TLC analysis, the reaction mixture containing the 2-benzoyl-1,4-dione 3/3’ 

was treated at 80 °C with Cu(OAc)2
.H2O (10 mol%) giving the desired tetrasubstituted 

olefins 6/6’ in satisfactory overall yields (Table 4.3). 
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Table 4.3. One-pot two-step synthesis of tetrasubstituted olefins 6/6’. 

 

 
a)Yields (dimsyl catalysis/cyanide catalysis). b)Diaestereomeric ratio determined by 1H and 13C 

NMR analyses of crude reaction mixtures. c)First step performed using Cs2CO3 (100 mol%) as the 

base. 

 

To provide an insight into the mechanism of aerobic oxidative dehydrogenation,19 3aa 

oxidation was initially performed in the presence of the radical scavenger TEMPO; 6aa 

was obtained as the major product, thus suggesting that radicals were not involved in this 

reaction.  

Also, it was verified that 3aa dehydrogenation could proceed in the absence of t-BuOK (or 

KCN) with lower kinetics but still high conversion efficiency.  
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A parallel ESI-MS investigation on 3aa oxidation without the base was then carried out to 

identify key intermediates of the catalytic cycle (Scheme 4.4).  

When an acetonitrile solution of 3aa was treated with Cu(OAc)2
.H2O, formation of the 

ionic cluster V corresponding to [3aa+CuII(AcO)]+ (Figure n.1, n.2) was observed at m/z 

540 (63Cu).20 Relevant is the fact that V released AcOH during the MS/MS fragmentation 

(Figure 4.3) with formation of the species VI (m/z 480), in which copper(II) replaces the 

lost proton.20  

Elimination of AcOH in the presence of deuterated acetonitrile unequivocally confirmed 

the proton abstraction from the substrate.  

It can be hypothesized that a similar mechanism of copper-mediated C-H activation may 

also occur in solution;19a #-hydride elimination should then complete the formation of the 

double bond in 6aa with generation of a copper species,21 which is converted to the active 

catalyst by molecular oxygen. 

 

 

 
Scheme 4.4. Proposed mechanism for the copper-catalyzed aerobic dehydrogenation of 

3/3’ based on an ESI-MS/MS study. 
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Figure 4.1. (+)-ESI MS full scan of equimolar solutions of 3aa and Cu(OAc)2

.H2O 

dissolved in acetonitrile.  

 

 
Figure 4.2. Experimental isotopic pattern of the ionic species V at m/z 540 (63Cu) 

identified as [3aa+Cu(OAc)]+. 
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Figure 4.3. MS/MS of V ([3aa+Cu(AcO)]+, m/z 540) at 26% collision energy. 

 

n.3. Conclusions 

In conclusion, we have developed a novel umpolung reaction consisting in the double 

aroylation of chalcones with benzils promoted by dimsyl or cyanide anion, confirming 

again the efficiency of dimsyl anion as umpolung catalyst.  

The utility of the resulting 2-benzoyl-1,4-diones has been also demonstrated improving the 

synthetic strategy by their facile conversion into the corresponding tetrasubstituted olefins. 

Finally we also provided mechanistic proposal for both reactions, coupling and subsequent 

oxidation, supporting our mechanisms with ESI-MS observation, confirming ESI-MS as a 

powerful tool in investigation of reaction mechanisms. 

 

4.4. Experimental section 

 

General remarks 

Potassium tert-butoxide was purified by sublimation (200-220 °C at 1 mmHg) before 

utilization. Reactions were monitored by TLC on silica gel 60 F254 with detection by 

charring with phosphomolybdic acid. Flash column chromatography was performed on 

silica gel 60 (230-400 mesh). 1H (300 MHz), 13C (75 MHz), and 19F (282 MHz) NMR 

spectra were recorded in CDCl3 solutions at room temperature. Peaks assignments were 
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aided by 1H-1H COSY and gradient-HMQC experiments. ESI-MS routine analyses were 

performed in positive ion mode with samples dissolved in 10 mM solution of ammonium 

formate in 1:1 MeCN/H2O. For accurate mass measurements, the compounds were 

detected in positive ion mode by HPLC-Chip Q/TOF-MS (nanospray) analysis using a 

quadrupole, a hexapole, and a time-of-flight unit to produce spectra. Residual water of 

commercially available anhydrous DMSO (0.016% w/w) was determined by Karl Fisher 

analysis. Diketones 1a,b, 1d, 1e, 1h and chalcones 2a-d are commercially available 

compounds. Diketones 1c,22 1f,6 1g,6 chalcones 2e-g,23 and enone 2h24 were synthesized as 

described. The 2-benzoyl-1,4-dione 3ah is a known compound.7a 

 

Optimization of the model double C-aroylation of chalcone 2a with benzil 1a (Table 

4.1) 

Entries 1-9. To a vigorously stirred mixture of benzil 1a (105 mg, 0.50 mmol), the stated 

amount of chalcone 2a, and anhydrous DMSO (1 mL), the stated amount of base (mol% 

based on 1a) was added in one portion. Then, the mixture was degassed under vacuum and 

saturated with argon (by an argon-filled balloon) three times. The mixture was stirred at 

the stated temperature for 16 h, then diluted with H2O (5 mL), extracted with CH2Cl2 (2 $ 

25 mL). The combined organic phases were washed with brine (5 mL), dried (Na2SO4), 

concentrated, and eluted from a column of silica gel with 10:1 cyclohexane-AcOEt to give 

3aa. 

Entries 10-11. To a vigorously stirred mixture of benzil 1a (105 mg, 0.50 mmol), 2a (54 

mg, 0.25 mmol), and anhydrous DMSO (1 mL), potassium cyanide (8.1 mg, 0.13 mmol) or 

tetrabutylammonium cyanide (34 mg, 0.13 mmol) was added in one portion. Then, the 

mixture was degassed under vacuum and saturated with argon (by an argon-filled balloon) 

three times. The mixture was stirred at the stated temperature for 16 h, then diluted with 

H2O (5 mL), extracted with CH2Cl2 (2 $ 25 mL). The combined organic phases were 

washed with brine (5 mL), dried (Na2SO4), concentrated, and eluted from a column of 

silica gel with 10:1 cyclohexane-AcOEt to give 3aa. 

Entries 12-17. To a vigorously stirred mixture of benzil 1a (105 mg, 0.50 mmol), 2a (54 

mg, 0.25 mmol), stated amount of azolium salt (20 mol% based on 1a) and anhydrous 

DMSO (1 mL), the stated base (0.25 mmol) was added in one portion. Then, the mixture 

was degassed under vacuum and saturated with argon (by an argon-filled balloon) three 

times. Then, the mixture was degassed under vacuum and saturated with argon (by an 

argon-filled balloon) three times. The mixture was stirred at the stated temperature for 16 

h, then diluted with H2O (5 mL), extracted with CH2Cl2 (2 $ 25 mL). The combined 
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organic phases were washed with brine (5 mL), dried (Na2SO4), concentrated, and eluted 

from a column of silica gel with 10:1 cyclohexane-AcOEt to give 3aa (no product 

formation in entries 13-15). 

 

General procedure for the double C-aroylation of activated alkenes 2 with benzils 1 

promoted by the dimsyl anion (Conditions 1, Table 4.2) 

To a vigorously stirred mixture of benzil 1 (1.00 mmol), alkene 2 (0.50 mmol), and 

anhydrous DMSO (2 mL), potassium tert-butoxide (112 mg, 1.00 mmol) was added in one 

portion. Then, the mixture was degassed under vacuum and saturated with argon (by an 

argon-filled balloon) three times. The mixture was stirred at room temperature until 

complete disappearance or best conversion of the starting alkene (TLC analysis, ca. 2-16 

h).  The mixture was then diluted with H2O (5 mL), and extracted with CH2Cl2 (2 $ 35 

mL). The combined organic phases were washed with brine (8 mL), dried (Na2SO4), 

concentrated, and eluted from a column of silica gel with the suitable elution system to 

give 3/3’. 

 

General procedure for the double C-aroylation of activated alkenes 2 with benzils 1 

catalyzed by potassium cyanide (Conditions 2, Table 4.2) 

To a vigorously stirred mixture of benzil 1 (1.00 mmol), alkene 2 (0.50 mmol), and 

anhydrous DMSO (2 mL), potassium cyanide (16 mg, 0.25 mmol) was added in one 

portion. Then, the mixture was degassed under vacuum and saturated with argon (by an 

argon-filled balloon) three times. The mixture was stirred at room temperature until 

complete disappearance or best conversion of the starting alkene (TLC analysis, ca. 2-16 

h). The mixture was then diluted with H2O (5 mL), and extracted with CH2Cl2 (2 $ 35 

mL). The combined organic phases were washed with brine (8 mL), dried (Na2SO4), 

concentrated, and eluted from a column of silica gel with the suitable elution system to 

give 3/3’. 

 

2-Benzoyl-1,3,4-triphenylbutane-1,4-dione (3aa) 

Column chromatography with 10:1 cyclohexane-AcOEt afforded 

3aa (155 mg, 75%; conditions 1) as a white amorphous solid. 

Conditions 2: 3aa (174 mg, 83%). 1H NMR:  = 8.08-7.98 (m, 2 

H, Ar), 7.95-7.89 (m, 2 H, Ar), 7.70-7.65 (m, 2 H, Ar), 7.54-7.44 

(m, 2 H, Ar), 7.43-7.32 (m, 4 H, Ar), 7.31-7.21 (m, 5 H, Ar), 7.14-

7.06 (m, 2 H, Ar), 7.05-6.95 (m, 1 H, Ar), 6.38 (d, J = 10.7 Hz, 1 H, H-2), 5.80 (d, J = 10.7 
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Hz, 1 H, H-3); 13C{1H} NMR:  = 198.1, 195.9, 194.2, 136.6, 136.2, 135.9, 134.8, 133.4, 

133.3, 133.1, 129.1, 129.0, 128.6, 128.5, 128.4, 127.8, 60.5, 55.2; IR (CDCl3) &:  3031, 

2937, 1704, 1634, 1630, 1532 cm-1. ESI MS (418.4): 441.6 (M + Na+). HRMS (ESI/Q-

TOF) calcd for C29H22NaO3 ([M + Na]+) 441.1467, found: 441.1474. 

 

2-Benzoyl-3-(4-chlorophenyl)-1,4-diphenylbutane-1,4-dione (3ab) 

Column chromatography with 13:1 cyclohexane-AcOEt 

afforded 3ab (174 mg, 77%; conditions 1) as a white 

amorphous solid. Conditions 2: 3ab (202 mg, 89%). 1H NMR: 

 = 8.04-7.96 (m, 2 H, Ar), 7.94-7.87 (m, 2 H, Ar), 7.74-7.67 

(m, 2 H, Ar), 7.54-7.44 (m, 3 H, Ar), 7.44-7.35 (m, 3 H, Ar), 

7.35-7.27 (m, 3 H, Ar), 7.24-7.19 (m, 2 H, Ar), 7.12-7.03 (m, 2 H, Ar), 6.36 (d, J = 10.7 

Hz, 1 H, H-2), 5.79 (d, J = 10.7 Hz, 1 H, H-3); 13C{1H} NMR:  = 197.8, 195.5, 194.0, 

136.5, 136.1, 135.7, 133.8, 133.6, 133.5, 133.3, 130.3, 129.2, 129.0, 128.7, 128.7, 128.6, 

60.4, 54.3; IR (CDCl3) &:  3061, 2960, 1689, 1660, 1659, 1596 cm-1. ESI MS (452.9): 

475.7 (M + Na+). HRMS (ESI/Q-TOF) calcd for C29H21ClNaO3 ([M + Na]+) 475.1077, 

found: 475.1084. 

 

2-Benzoyl-3-(4-bromophenyl)-1,4-diphenylbutane-1,4-dione (3ac) 

Column chromatography with 13:1 cyclohexane-AcOEt 

afforded 3ac (173 mg, 70%; conditions 1) as a white amorphous 

solid. Conditions 2: 3ac (218 mg, 88%). 1H NMR:  = 8.04-

7.96 (m, 2 H, Ar), 7.95-7.88 (m, 2 H, Ar), 7.73-7.67 (m, 2 H, 

Ar), 7.53-7.43 (m, 3 H, Ar), 7.42-7.36 (m, 3 H, Ar), 7.35-7.27 

(m, 3 H, Ar), 7.26-7.20 (m, 2 H, Ar), 7.18-7.12 (m, 2 H, Ar), 6.35 (d, J = 10.7 Hz, 1 H, H-

2), 5.78 (d, J = 10.7 Hz, 1 H, H-3); 13C{1H} NMR:  = 197.8, 195.5, 194.0, 136.5, 136.1, 

135.7, 134.0, 133.6, 133.5, 133.3, 132.2, 130.7, 129.0, 128.7, 128.7, 128.6, 122.0, 60.4, 

54.4; IR (CDCl3) &:  3062, 2924, 1690, 1663, 1661, 1595 cm-1. ESI MS (497.4): 520.6 (M 

+ Na+). HRMS (ESI/Q-TOF) calcd for C29H21BrNaO3 ([M + Na]+) 519.0572, found: 

519.0585. 
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2-Benzoyl-1,4-diphenyl-3-(p-tolyl)butane-1,4-dione (3ad) 

Column chromatography with 14:1 cyclohexane-AcOEt afforded 

3ad (136 mg, 63%; conditions 1) as a white amorphous solid. 

Conditions 2: 3ad (163 mg, 75%). 1H NMR:  = 8.05-7.98 (m, 

2 H, Ar), 7.95-7.88 (m, 2 H, Ar), 7.73-7.64 (m, 2 H, Ar), 7.52-

7.39 (m, 4 H, Ar), 7.38-7.33 (m, 3 H, Ar), 7.32-7.27 (m, 2 H, Ar), 

7.18-7.09 (m, 2 H, Ar), 6.93-6.88 (m, 2 H, Ar), 6.36 (d, J = 10.7 Hz, 1 H, H-2 ), 5.77 (d, J 

= 10.7 Hz, 1 H, H-3), 2.11 (s, 3 H, CH3); 13C{1H} NMR:  = 198.2, 195.9, 194.3, 137.5, 

136.8, 136.3, 136.0, 133.3, 133.1, 133.0, 131.7, 129.7, 129.0, 128.9, 128.7, 128.7, 128.6, 

128.5, 128.4, 60.7, 54.8, 20.9; IR (CDCl3) &:  3063, 2919, 1691, 1688, 1687, 1595 cm-1. 

ESI MS (432.5): 455.5 (M + Na+). HRMS (ESI/Q-TOF) calcd for C30H24NaO3 ([M + Na]+) 

455.1623, found: 455.1614. 

 

2-Benzoyl-1-(4-chlorophenyl)-3,4-diphenylbutane-1,4-dione (3ae) 

Column chromatography with 10:1 cyclohexane-AcOEt 

afforded 3ae (158 mg, 70%; conditions 1) as a 1:1 mixture of 

diastereoisomers. Conditions 2: 3ae (194 mg, 86%; dr = 1:1). 

Separation of the two diastereoisomers was carried by a second 

column chromatography using toluene as the elution system . 

First eluted diastereoisomer slightly contaminated by uncharacterized by-products: 1H 

NMR:  = 8.05-7.96 (m, 2 H, Ar), 7.89-7.82 (m, 2 H, Ar), 7.66-7.58 (m, 2 H, Ar), 7.53-

7.22 (m, 10 H, Ar), 7.14-7.08 (m, 2 H, Ar), 7.07-7.00 (m, 1 H, Ar), 6.31 (d, J = 10.7 Hz, 1 

H, H-2), 5.78 (d, J = 10.7 Hz, 1 H, H-3); 13C{1H} NMR:  = 198.0, 195.6, 193.0, 139.9, 

136.5, 135.8, 134.7, 134.5, 133.5, 133.2, 130.0, 129.1, 129.0, 129.0, 128.8, 128.6, 128.5, 

128.4, 128.0, 127.8, 60.4, 55.3; IR (CDCl3) &:  3067, 2924, 1697, 1667, 1665, 1589 cm-1. 

ESI MS (452.9): 475.8 (M + Na+). HRMS (ESI/Q-TOF) calcd for C29H21ClNaO3 ([M + 

Na]+) 475.1077, found: 475.1083.  Second eluted diastereoisomer: 1H NMR:  = 8.05-

7.96 (m, 2 H, Ar), 7.92-7.85 (m, 2 H, Ar), 7.66-7.58 (m, 2 H, Ar), 7.52-7.43 (m, 2 H, Ar), 

7.41-7.32 (m, 4 H, Ar), 7.29-7.22 (m, 4 H, Ar), 7.18-7.08 (m, 2 H, Ar), 7.07-7.00 (m, 1 H, 

Ar), 6.31 (d, J = 10.7 Hz, 1 H, H-2), 5.77 (d, J = 10.7 Hz, 1 H, H-3); 13C{1H} NMR:  = 

197.9, 194.8, 193.8, 139.9, 136.1, 135.8, 134.9, 134.7, 133.5, 133.2, 130.0, 129.2, 129.0, 

128.9, 128.8, 128.7, 128.6, 128.5, 127.9, 60.4, 55.1; IR (CDCl3) &:  3063, 2923, 1692, 

1661, 1587 cm-1. ESI MS (452.9): 475.7 (M + Na+). HRMS (ESI/Q-TOF) calcd for 

C29H21ClNaO3 ([M + Na]+) 475.1077, found: 475.1092. 
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2-Benzoyl-1-(4-methoxyphenyl)-3,4-diphenylbutane-1,4-dione (3af)  

Column chromatography with 6:1 cyclohexane-AcOEt 

afforded 3af (89 mg, 40%; conditions 1) as an inseparable 1:1 

mixture of diastereoisomers. Conditions 2: 3af (98 mg, 44%; 

dr = 1:1). 1H NMR:  = 8.05-7.98 (m, 2 H, Ar), 7.95-7.88 (m, 

2 H, Ar), 7.73-7.64 (m, 2 H, Ar), 7.52-7.41 (m, 2 H, Ar), 7.41-

7.32 (m, 4 H, Ar), 7.31-7.26 (m, 2 H, Ar), 7.15-7.06 (m, 2 H, Ar), 7.06-6.98 (m, 1 H, Ar), 

6.85-6.69 (m, 2 H, Ar), 6.32 (d, J = 10.8 Hz, 0.5 H, H-2’), 6.31 (d, J = 10.8 Hz, 0.5 H, H-

2”), 5.79 (d, J = 10.8 Hz, 0.5 H, H-3’), 5.78 (d, J = 10.8 Hz, 0.5H, H-3”), 3.80 (s, 1.5 H, 

CH3’), 3.78 (s, 1.5 H, CH3”); 13C{1H} NMR:  = 198.3 (0.5 C), 198.1 (0.5 C), 196.0 (0.5 

C), 194.4 (0.5 C), 194.0 (0.5 C), 192.4 (0.5 C), 163.7 (0.5 C), 163.4 (0.5 C), 136.7, 136.2, 

136.0, 134.9, 133.3, 133.2, 133.0, 131.1, 130.3, 129.7, 129.6, 129.0, 128.7, 128.6, 128.5, 

128.4, 127.7, 113.8 (0.5 C), 113.6 (0.5 C), 60.4 (0.5 C), 60.2 (0.5 C), 55.4, 55.1 (0.5 C), 

55.0 (0.5 C); IR (CDCl3) &:  3062, 2936, 1672, 1669, 1667, 1596 cm-1. ESI MS (448.5): 

471.7 (M + Na+). HRMS (ESI/Q-TOF) calcd for C30H24NaO4 ([M + Na]+) 471.1572, 

found: 471.1559. 

 

2-Benzoyl-3-(4-chlorophenyl)-1-(4-methoxyphenyl)-4-phenylbutane-1,4-dione (3ag) 

Column chromatography with 7:1 cyclohexane-AcOEt 

afforded 3ag (134 mg, 55%; conditions 1) as an 

inseparable 1:1 mixture of diastereoisomers. Conditions 2: 

3ag (169 mg, 70%; dr = 1:1). 1H NMR:  = 8.03-7.95 (m, 

2 H, Ar), 7.94-7.85 (m, 2 H, Ar), 7.76-7.68 (m, 2 H, Ar), 

7.53-7.36 (m, 4 H, Ar), 7.35-7.17 (m, 4 H, Ar), 7.11-7.04 (m, 2 H, Ar), 6.84-6.73 (m, 2 H, 

Ar), 6.29 (d, J = 10.7 Hz, 0.5 H, H-2’), 6.28 (d, J = 10.7 Hz, 0.5 H, H-2”), 5.78 (d, J = 10.7 

Hz, 0.5 H, H-3’), 5.76 (d, J = 10.7 Hz, 0.5 H, H-3”), 3.81 (s, 1.5 H, CH3’), 3.78 (s, 1.5 H, 

CH3”); 13C{1H} NMR:  = 198.0 (0.5 C), 197.9 (0.5 C), 195.7 (0.5 C), 194.3 (0.5 C), 

193.6 (0.5 C), 192.2 (0.5 C), 163.8 (0.5 C), 136.6, 136.2, 135.8, 133.8, 133.5, 133.4, 133.3, 

131.1, 130.4, 130.3, 129.4, 129.2, 129.0, 128.6, 113.9 (0.5 C), 113.8 (0.5 C), 60.3 (0.5 C), 

60.1 (0.5 C), 55.5 (0.5 C), 55.4 (0.5 C), 54.3 (0.5 C), 54.1 (0.5 C); IR (CDCl3) &:  3061, 

2924, 1671, 1669, 1667, 1596 cm-1. ESI MS (482.9): 506.3 (M + Na+). HRMS (ESI/Q-

TOF) calcd for C30H23ClNaO4 ([M + Na]+) 505.1183, found: 505.1175. 
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2-Benzoyl-3-phenyl-1,4-di(pyridin-2-yl)butane-1,4-dione (3ba) 

Column chromatography with 4:1 cyclohexane-AcOEt afforded 3ba 

(166 mg, 79%; conditions 1) as an inseparable 1.5:1 mixture of 

diastereoisomers. Conditions 2: 3ba (170 mg, 81%; dr = 1.5:1). 1H 

NMR:  = 8.71-8.66 (m, 1 H, Ar), 8.66-8.60 (m, 0.4 H, Ar ), 

8.41-8.34 (m, 0.6 H, Ar ), 8.23-8.12 (m, 1 H, Ar), 8.06-7.94 (m, 1 

H, Ar), 7.88-7.80 (m, 1 H, Ar), 7.78-7.65 (m, 2 H, Ar), 7.62-7.52 (m, 0.6 H, Ar ), 7.48-

7.41 (m, 0.4 H, Ar ), 7.41-7.12 (m, 8 H, Ar), 7.01-6.84 (m, 3 H, Ar), 6.90 (d, J = 11.5 Hz, 

0.4 H, H-2”),  6.66 (d, J = 11.5 Hz, 0.6 H, H-2’), 6.42 (d, J = 11.5 Hz, 0.4 H, H-3”), 6.30 

(d, J = 11.5 Hz, 0.6 H, H-3’); 13C{1H} NMR:  = 199.1 (0.6 C), 198.6 (0.4 C), 198.2 (0.6 

C), 197.9 (0.4 C), 196.3 (0.6 C), 195.1 (0.5 C), 152.3, 151.4, 149.1, 149.1, 148.5, 148.4, 

138.0, 136.9, 136.6, 134.3, 133.1, 132.0, 130.2, 129.8, 129.1, 129.0, 128.4, 128.2, 127.9, 

127.6, 127.3, 127.1, 127.0, 126.9, 126.9, 122.8, 122.7, 122.5, 59.7 (0.6 C), 58.1 (0.4 C), 

52. 6 (0.4 C), 52.1 (0.6 C); IR (CDCl3) &:  3057, 2916, 1691, 1690, 1685, 1581 cm-1. ESI 

MS (420.5): 421.9 (M + H+). HRMS (ESI/Q-TOF) calcd for C27H21N2O3 ([M + H]+) 

421.1552, found: 421.1541. 

 

2-Benzoyl-3-(4-chlorophenyl)-1,4-di(pyridin-2-yl)butane-1,4-dione (3bb) 

Column chromatography with 4:1 cyclohexane-AcOEt afforded 

3bb (175 mg, 77%) as an inseparable 1.5:1 mixture of 

diastereoisomers. Conditions 2: 3bb (191 mg, 84%; dr = 1.5:1). 
1H NMR:  = 8.71-8.64 (m, 1.4 H, Ar), 8.44-8.37 (m, 0.6 H, 

Ar ), 8.18-8.11 (m, 1 H, Ar), 8.05-7.96 (m, 1.6 H, Ar), 7.89-

7.82 (m, 1.4 H, Ar), 7.81-7.70 (m, 2 H, Ar), 7.66-7.59 (m, 1 H, Ar), 7.47-7.20 (m, 7 H, 

Ar), 6.98-6.87 (m, 2 H, Ar) 6.91 (d, J = 11.5 Hz, 0.4 H, H-2”), 6.63 (d, J = 11.5 Hz, 0.6 H, 

H-2’), 6.40 (d, J = 11.5 Hz, 0.4 H, H-3”), 6.28 (d, J = 11.5 Hz, 0.6 H, H-3’); 13C{1H} 

NMR:  = 198.8 (0.6 C), 198.3 (0.4 C), 198.0 (0.6 C), 197.6 (0.4 C), 196.0 (0.6 C), 194.8 

(0.4 C), 152.2, 152.1, 151.3, 149.1, 149.0, 148.6, 148.5, 137.9, 137.0, 136.8, 136.7, 136.4, 

133.2, 133.1, 133.0, 132.2, 131.5, 131.1, 129.1, 129.0, 128.5, 128.4, 128.1, 127.8, 127.3, 

127.2, 127.1, 127.0, 122.9, 122.8, 122.6, 122.6, 59.6 (0.6 C), 57.9 (0.4 C), 51.9 (0.4 C), 

51.4 (0.6 C); IR (CDCl3) &:  3057, 2920, 1692, 1670, 1669, 1581 cm-1. ESI MS (454.9): 

456.3 (M + H+). HRMS (ESI/Q-TOF) calcd for C27H20ClN2O3 ([M + H]+) 455.1162, 

found: 455.1150. 
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2-Benzoyl-3-phenyl-1,4-bis(4-(trifluoromethyl)phenyl)butane-1,4-dione (3ca) 

Column chromatography with 16:1 cyclohexane-AcOEt 

afforded 3ca (83 mg, 30%; conditions 1) as a 19:1 mixture of 

diastereoisomers slightly contaminated by uncharacterized by-

products. Conditions 2: 3ca (88 mg, 32%; dr = 19:1). 1H 

NMR:  = 8.12-8.06 (m, 2 H, Ar), 8.02-7.96 (m, 2 H, Ar), 

7.78-7.70 (m, 2 H, Ar), 7.69-7.58 (m, 4 H, Ar), 7.52-7.43 (m, 

2 H, Ar), 7.32-7.27 (m, 2 H, Ar), 7.25-7.21 (m, 2 H, Ar), 7.16-7.10 (m, 2 H, Ar), 6.35 (d, J 

= 10.7 Hz, 1 H, H-2), 5.75 (d, J = 10.7 Hz, 1 H, H-3). 13C{1H} NMR:  = 197.2, 195.2, 

193.4, 138.7, 138.5, 136.2, 133.8, 130.5, 129.4, 129.3, 128.9, 128.6, 128.6, 128.3, 128.3, 

126.5, 125.8, 125.7, 123.1 (q, J = 270 Hz, 2 CF3), 60.5, 55.6. 19F NMR:  = -63.0, -63.2, -

63.3, -63.4; IR (CDCl3) &:  3071, 2918, 1700, 1681, 1679, 1582 cm-1. ESI MS (554.5): 

577.1 (M + Na+). HRMS (ESI/Q-TOF) calcd for C31H20F6NaO3 ([M + Na]+) 577.1214, 

found: 577.1231. 

 

2-Benzoyl-1,4-bis(4-fluorophenyl)-3-phenylbutane-1,4-dione 

(3da) 

Column chromatography with 18:1:1 cyclohexane-AcOEt-

dichloromethane afforded 3da (50 mg, 22%; conditions 1) as an 

inseparable 1:1 mixture of diastereoisomers. Conditions 2: 3da 

(66 mg, 29%; dr = 1:1). Separation of the two diastereoisomers 

was carried by a second column chromatography using toluene 

as the elution system. First eluted diastereoisomer: 1H NMR:  = 8.09-7.98 (m, 2 H, Ar), 

7.97-7.89 (m, 2 H, Ar), 7.68-7.61 (m, 2 H, Ar), 7.47-7.40 (m, 1 H, Ar), 7.32-7.22 (m, 4 H, 

Ar), 7.16-6.96 (m, 7 H, Ar), 6.30 (d, J = 10.7 Hz, 1 H, H-2), 5.72 (d, J = 10.7 Hz, 1 H, H-

3); 13C{1H} NMR:  = 196.5, 195.6, 192.6, 165.7 (d, J = 255 Hz, 2 CF), 136.5, 134.6, 

133.5, 131.8, 131.7, 131.4, 131.3, 129.2, 128.9, 128.6, 128.0, 115.7, 115.6, 60.4, 55.2; 19F 

NMR:  = -103.8,-104.0 (m), -104.7,-104.9 (m); IR (CDCl3) &:  3065, 2920, 1693, 

1667, 1593 cm-1. ESI MS (454.5): 477.1 (M + Na+). HRMS (ESI/Q-TOF) calcd for 

C29H20F2NaO3 ([M + Na]+) 477.1278, found: 477.1293. Second eluted diastereoisomer: 1H 

NMR:  = 8.09-7.98 (m, 2 H, Ar), 7.93-7.84 (m, 2 H, Ar), 7.77-7.63 (m, 2 H, Ar), 7.53-

7.45 (m, 1 H, Ar), 7.40-7.30 (m, 2 H, Ar), 7.27-7.20 (m, 2 H, Ar), 7.17-7.01 (m, 5 H, Ar), 

7.01-6.88 (m, 2 H, Ar), 6.29 (d, J = 10.7 Hz, 1 H, H-2), 5.70 (d, J = 10.6 Hz, 1 H, H-3); 
13C{1H} NMR:  = 196.6, 194.5, 194.2, 165.9 (d, J = 255 Hz, CF), 136.3, 134.8, 133.8, 
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133.2, 132.5, 132.0, 131.9, 131.7, 131.5, 129.5, 129.1, 129.0, 128.8, 128.25, 116.1, 115.8, 

60.5, 55.3; 19F NMR:  = -104.2,-104.3 (m), -104.7,-104.9 (m); IR (CDCl3) &:  3075, 

2919, 1691, 1666, 1593 cm-1. ESI MS (454.5): 477.9 (M + Na+). HRMS (ESI/Q-TOF) 

calcd for C29H20F2NaO3 ([M + Na]+) 477.1278, found: 477.1296. 

 

2-Benzoyl-3-(4-chlorophenyl)-1,4-di-p-tolylbutane-1,4-dione (3eb) 

Column chromatography with 12:1 cyclohexane-AcOEt 

afforded 3eb (161 mg, 67%; conditions 1) as an inseparable 1:1 

mixture of diastereoisomers. Conditions 2: 3eb (197 mg, 82%; 

dr = 1:1). 1H NMR:  = 7.95-7.86 (m, 2 H, Ar), 7.85-7.78 (m, 

1 H, Ar), 7.74-7.66 (m, 1 H, Ar), 7.65-7.57 (m, 1 H, Ar), 7.50-

7.40 (m, 1 H, Ar), 7.39-7.27 (m, 2 H, Ar), 7.23-7.15 (m, 5 H, 

Ar), 7.14-7.04 (m, 4 H, Ar), 6.32 (d, J = 10.7, 0.5 H, H-2’), 6.31 (d, J = 10.7, 0.5 H, H-2”), 

5.77 (d, 1 H, J = 10.7 Hz, H-3’ and H-3”), 2.34 (s, 3 H, CH3), 2.32 (s, 3 H, CH3); 13C{1H} 

NMR:  = 197.5 (0.5 C), 197.4 (0.5 C), 195.7 (0.5 C), 195.0 (0.5 C), 194.1 (0.5 C), 193.4 

(0.5C), 144.7, 144.4, 144.2, 136.6, 136.2, 134.0, 133.8, 133.7, 133.6, 133.5, 133.4, 133.2, 

130.3, 129.3, 129.1, 128.9, 128.8, 128.7, 128.6, 60.3 (0.5 C), 60.2 (0.5 C), 54.2 (0.5 C), 

54.1 (0.5 C), 21.6; IR (CDCl3) &:  3032, 2920, 1690, 1667, 1604, 1572 cm-1. ESI MS 

(481.0): 504.2 (M + Na+). HRMS (ESI/Q-TOF) calcd for C31H25ClNaO3 ([M + Na]+) 

503.1390, found: 503.1388. 

 

2-Benzoyl-4-(2-chlorophenyl)-3-(4-chlorophenyl)-1-phenylbutane-1,4-dione (3fb) and 

2-benzoyl-1-(2-chlorophenyl)-3-(4-chlorophenyl)-4-phenylbutane-1,4-dione (3fb’)  

Column chromatography with 13:1 

cyclohexane-AcOEt afforded 3fb and 

3fb’ (107 mg, 44%; conditions 1) as a 

1:19 mixture of isomers. Conditions 

2: 3fb and 3fb’ (124 mg, 51%; cr 

=1:19). 3fb: 1H NMR (selected data): 

 = 6.38 (d, J = 10.7 Hz, 1 H, H-2), 5.98 (d, J = 10.7 Hz, 1 H. H-3). 3fb’: 1H NMR (1.5:1 

mixture of diastereoisomer):  = 7.98-7.92 (m, 2 H, Ar), 7.75-7.65 (m, 1 H, Ar), 7.62-

7.53 (m, 1 H, Ar), 7.52-7.42 (m, 2 H, Ar), 7.41-7.28 (m, 6 H, Ar), 7.26-7.13 (m, 4 H, Ar), 

7.12-7.02 (m, 2 H, Ar), 6.42-6.27 (m, 1 H, H-2  and H-2 ), 5.79 (d, J = 10.7 Hz, 0.4 H, 

H-3’), 5.64 (d, J = 10.7 Hz, 0.6 H. H-3”). 13C{1H} NMR (1.5:1 mixture of 
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diastereoisomer):  = 198.6 (0.6 C), 198.0 (0.4 C), 194.9 (0.6 C), 194.4 (0.4 C), 194.1 

(0.6 C), 193.2 (0.4 C), 137.2, 136.4, 136.2, 134.2, 134.1, 133.8, 133.6, 133.6, 133.4, 132.9, 

132.2, 131.9, 131.4, 130.90, 130.8, 130.5, 130.3, 130.0, 129.6, 129.2, 129.0, 128.7, 128.6, 

128.5, 126.7, 64.3 (0.4 C), 59.9 (0.6 C), 57.6 (0.6 C), 53.4 (0.4 C); IR (CDCl3) &:  3063, 

2920, 1688, 1686, 1665, 1594 cm-1. ESI MS (487.4): 510.9 (M + Na+). HRMS (ESI/Q-

TOF) calcd for C29H20Cl2NaO3 ([M + Na]+) 509.0687, found: 509.0677. 

 

2-Benzoyl-4-(4-chlorophenyl)-1,3-diphenylbutane-1,4-dione (3ga) 

Column chromatography with 10:1 cyclohexane-AcOEt 

afforded 3ga and 3ga’ (117 mg, 52%; conditions 1) as a 2.3:1 

mixture of isomers. Conditions 2: 3ga and 3ga’ (144 mg, 64%; 

cr = 2.3:1). First eluted was 3ga’ (= 3ae). Second eluted was 

3ga as a white amorphous solid. 1H NMR:  = 7.98-7.92 (m, 2 

H, Ar), 7.91-7.85 (m, 2 H, Ar), 7.70-7.64 (m, 2 H, Ar), 7.50-7.39 (m, 3 H, Ar), 7.38-7.32 

(m, 3 H, Ar), 7.28-7.21 (m, 4 H, Ar), 7.14-7.07 (m, 2 H, Ar), 7.06-6.98 (m, 1 H, Ar), 6.35 

(d, J = 10.7 Hz, 1 H, H-2), 5.72 (d, J = 10.7 Hz, 1 H, H-3); 13C{1H} NMR:  = 196.9, 

195.7, 194.1, 139.6, 136.5, 136.0, 134.5, 134.2, 133.5, 133.4, 130.4, 129.2, 128.9, 128.9, 

128.7, 128.6, 128.5, 128.2, 127.9, 60.3, 55.2; IR (CDCl3) &:  3065, 2928, 1692, 1666, 

1664, 1588 cm-1. ESI MS (452.9): 475.6 (M + Na+); HRMS (ESI/Q-TOF) calcd for 

C29H21ClNaO3 ([M + Na]+) 475.1077, found: 475.1098. 

 

2-Benzoyl-4-(4-methoxyphenyl)-1,3-diphenylbutane-1,4-dione (3ha)  

Column chromatography with 6:1 cyclohexane-AcOEt afforded 

3ha and 3ha’ (105 mg, 47%; conditions 1) as 1:5.3 mixture of 

isomers slightly contaminated by uncharacterized by-products. 

Conditions 2: 3ha and 3ha’ (130 mg, 58%; cr =1:5.3). 3ha: 1H 

NMR (selected data):  = 6.39 (d, J = 10.7 Hz, 1 H, H-2), 5.80 (d, 

J = 10.7 Hz, 1 H, H-3), 3.86 (s, 3 H, OCH3); 13C{1H} NMR 

(selected data):  = 55.0; IR (CDCl3) &:  3063, 2927, 1673, 1671, 1597, 1575 cm-1. ESI 

MS (448.5): 471.6 (M + Na+); HRMS (ESI/Q-TOF) calcd for C30H24NaO4 ([M + Na]+) 

471.1572, found: 471.1573. 3ha’ = 3af.  
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2-Benzoyl-1,4-diphenylbutane-1,4-dione (3ah) 

Conditions 1: trace amounts of 3ah as determined by MS analysis 

of the crude reaction mixture; ESI MS (342.4): 365.6 (M + Na+). 

Conditions 2: column chromatography with 5:1 cyclohexane-AcOEt 

afforded 3ah7a (48 mg, 28%) as a yellow solid: mp 154-155 °C. 1H 

NMR:  = 8.06- 7.94 (m, 6 H, Ar), 7.62-7.54 (m, 3 H, Ar), 7.51-

7.40 (m, 6 H, Ar), 6.12 (t, J = 7.0 Hz, 1 H, H-2), 3.78 (d, J = 7.0 Hz, 2 H, 2 H-3); IR 

(CDCl3) &:  3062, 2924, 1731, 1678, 1663, 1596 cm-1. 

 

2-Benzoyl-1,4-di(pyridin-2-yl)butane-1,4-dione (3bh)  

Conditions 1: trace amounts of 3bh as determined by MS analysis 

of the crude reaction mixture; ESI MS (344.4): 345.8 (M + H+). 

Conditions 2: column chromatography with 3:1 cyclohexane-AcOEt 

afforded 3bh (129 mg, 75%;) as a yellow foam 1H NMR:  = 8.68-

8.64 (m, 1 H, Ar), 8.58-8.54 (m, 1 H, Ar), 8.14-8.00 (m, 4 H, Ar), 

7.86-7.78 (m, 2 H, Ar), 7.60-7.52 (m, 1 H, Ar), 7.50-7.39 (m, 4 H, Ar), 6.47 (dd, 1 H, J = 

5.0, 8.0 Hz, H-2), 4.17 (dd, 1 H, J = 8.0, 18.5 Hz, H-3a), 3.75 (dd, 1 H, J = 5.0, 18.5 Hz, 

H-3b); 13C{1H} NMR:  = 198.5, 197.3, 197.0, 152.8, 151.7, 149.0, 148.9, 137.0, 136.9, 

136.0, 133.2, 128.9, 128.7, 127.3, 122.6, 121.9, 50.6, 37.0; IR (CDCl3) &:  3057, 2924, 

1695, 1673, 1596, 1582 cm-1. HRMS (ESI/Q-TOF) calcd for C21H17N2O3 ([M + H]+) 

345.1239, found: 345.1255. 

 

 

Model aerobic oxidative dehydrogenation of 3aa 

To a vigorously stirred mixture of 3aa (209 mg, 0.50 mmol), potassium tert-butoxide (56 

mg, 0.50 mmol), and anhydrous DMSO (2 mL), Cu(OAc)2
.H2O (10 mg, 0.05 mmol) was 

added in one portion. The mixture was stirred at 80 °C for 2 h under atmospheric air 

(balloon), then cooled to room temperature, diluted with H2O (5 mL), and extracted with 

CH2Cl2 (2 x 35 mL). The combined organic phases were washed with brine (8 mL), dried 

(Na2SO4), concentrated, and eluted from a column of silica gel with 10:1 cyclohexane-

AcOEt to give 6aa (197 mg, 95%). 
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General procedure for the one-pot two step synthesis of tetrasubstituted olefins 6/6’ 

(Conditions 1, Table n.3) 

To a vigorously stirred mixture of benzil 1 (1.00 mmol), alkene 2 (0.50 mmol), and 

anhydrous DMSO (2 mL), potassium tert-butoxide (112 mg, 1.00 mmol) was added in one 

portion. Then, the mixture was degassed under vacuum and saturated with argon (by an 

argon-filled balloon) three times. The mixture was stirred at room temperature until 

complete disappearance or best conversion of the starting alkene (TLC analysis, ca. 2-16 

h), then Cu(OAc)2
.H2O (20 mg, 0.10 mmol) was added in one portion. The mixture was 

stirred at 80 °C for 2 h under atmospheric air (balloon), then cooled to room temperature, 

diluted with H2O (5 mL), and extracted with CH2Cl2 (2 $ 35 mL). The combined organic 

phases were washed with brine (8 mL), dried (Na2SO4), concentrated, and eluted from a 

column of silica gel with the suitable elution system to give 6/6’. 

 

General procedure for the one-pot two step synthesis of tetrasubstituted olefins 6/6’ 

(Conditions 2, Table 4.3) 

To a vigorously stirred mixture of benzil 1 (1.00 mmol), alkene 2 (0.50 mmol), and 

anhydrous DMSO (2 mL), potassium cyanide (16 mg, 0.25 mmol) was added in one 

portion. Then, the mixture was degassed under vacuum and saturated with argon (by an 

argon-filled balloon) three times. The mixture was stirred at room temperature until 

complete disappearance or best conversion of the starting alkene (TLC analysis, ca. 2-16 

h), then Cu(OAc)2
.H2O (20 mg, 0.10 mmol) was added in one portion. The mixture was 

stirred at 80 °C for 2 h under atmospheric air (balloon), then cooled to room temperature, 

diluted with H2O (5 mL), and extracted with CH2Cl2 (2 $ 35 mL). The combined organic 

phases were washed with brine (8 mL), dried (Na2SO4), concentrated, and eluted from a 

column of silica gel with the suitable elution system to give 6/6’. 

 

2-Benzoyl-1,3,4-triphenylbut-2-ene-1,4-dione (6aa) 

Column chromatography with 10:1 cyclohexane-AcOEt afforded 

6aa (135 mg, 65%; conditions 1) as a white amorphous solid. 

Conditions 2: 6aa (158 mg, 76%). 1H NMR:  = 8.01-7.93 (m, 2 H, 

Ar), 7.89-7.84 (m, 2 H, Ar), 7.84-7.77 (m, 2 H, Ar), 7.50-7.38 (m, 3 

H, Ar), 7.37-7.32 (m, 3 H, Ar), 7.31-7.24 (m, 5 H, Ar), 7.17-7.10 (m, 

3 H, Ar); 13C{1H} NMR:  = 195.0, 194.3, 193.1, 151.7, 141.9, 136.6, 136.1, 135.7, 

134.0, 133.7, 133.4, 133.3, 129.8, 129.7, 129.6, 129.4, 128.8, 128.6, 128.6, 128.5, 128.3; 
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IR (CDCl3) &:  3063, 2923, 1662, 1646, 1595, 1578 cm-1. ESI MS (416.5): 439.1 (M + 

Na+); HRMS (ESI/Q-TOF) calcd for C29H20NaO3 ([M + Na]+) 439.1310, found: 439.1318. 

 

2-Benzoyl-3-(4-chlorophenyl)-1,4-diphenylbut-2-ene-1,4-dione (6ab) 

Column chromatography with 13:1 cyclohexane-AcOEt afforded 

6ab (155 mg, 69%; conditions 1) as a white amorphous solid. 

Conditions 2: 6ab (184 mg, 82%). 1H NMR:  = 8.01-7.94 (m, 

2 H, Ar), 7.88-7.85 (m, 4 H, Ar), 7.54-7.44 (m, 2 H, Ar), 7.44-

7.33 (m, 5 H, Ar), 7.33-7.20 (m, 4 H, Ar), 7.18-7.08 (m, 2 H, 

Ar); 13C{1H} NMR:  = 194.8, 193.9, 192.8, 150.2, 142.6, 136.4, 136.0, 135.9, 135.5, 

134.1, 133.6, 133.5, 132.4, 129.9, 129.8, 129.7, 129.4, 129.16, 128.8, 128.6, 128.4; IR 

(CDCl3) &:  3062, 2924, 1652, 1595, 1579 cm-1. ESI MS (450.9): 473.4 (M + Na+). HRMS 

(ESI/Q-TOF) calcd for C29H19ClNaO3 ([M + Na]+) 473.0920, found: 473.0917. 

 

2-Benzoyl-1,4-diphenyl-3-(p-tolyl)but-2-ene-1,4-dione (6ad) 

Column chromatography with 14:1 cyclohexane-AcOEt afforded 

6ad (112 mg, 52%; conditions 1) as a white amorphous solid. 

Conditions 2: 6ad (129 mg, 60%). 1H NMR:   = 8.02-7.93 (m, 2 

H, Ar), 7.89-7.83 (m, 2 H, Ar), 7.82-7.76 (m, 2 H, Ar), 7.51-7.39 

(m, 3 H, Ar), 7.39-7.30 (m, 4 H, Ar), 7.30-7.21 (m, 2 H, Ar), 7.21-

7.11 (m, 2 H, Ar), 6.99-6.87 (m, 2 H, Ar), 2.17 (s, 3 H, CH3); 13C{1H} NMR:  = 195.2, 

194.5, 193.2, 152.2, 141.1, 140.0, 136.7, 136.2, 135.8, 133.6, 133.3, 133.2, 131.0, 129.8, 

129.7, 129.6, 129.3, 128.6, 128.5, 128.5, 128.3, 21.2; IR (CDCl3) &:  3063, 2921, 1663, 

1643, 1595, 1578 cm-1. ESI MS (430.5): 453.1 (M + Na+). HRMS (ESI/Q-TOF) calcd for 

C30H22NaO3 ([M + Na]+) 453.1467, found: 453.1470. 

 

(E/Z)-2-Benzoyl-1-(4-chlorophenyl)-3,4-diphenylbut-2-ene-1,4-dione (6ae)  

Column chromatography with 10:1 cyclohexane-AcOEt afforded 

6ae (129 mg, 60%; conditions 1) as a 1:1 mixture of 

diastereoisomers. Conditions 2: 6ae (186 mg, 83%; E/Z = 1:1). 
1H NMR:  = 8.01-7.94 (m, 1 H, Ar ), 7.94-7.88 (m, 1 H, 

Ar ), 7.87-7.73 (m, 4 H, Ar), 7.52-7.40 (m, 2 H, Ar), 7.40-7.32 

(m, 3 H, Ar), 7.32-7.21 (m, 5 H, Ar), 7.21-7.08 (m, 3 H, Ar); 13C{1H} NMR:  = 194.9 

(0.5 C), 194.8 (0.5 C), 194.2 (0.5 C), 193.2 (0.5 C), 193.0 (0.5 C), 192.0 (0.5 C), 151.9 (0.5 
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C), 151.7 (0.5 C), 141.6 (0.5 C), 141.4 (0.5 C), 140.3 (0.5 C), 139.9 (0.5 C), 136.5, 135.9, 

135.6, 134.9, 134.4, 133.9, 133.8, 133.6, 133.5, 133.4, 131.1, 130.8, 129.9, 129.8, 129.7, 

129.3, 129.0, 128.9, 128.9, 128.8, 128.7, 128.4, 128.5, 128.4; IR (CDCl3) &:  3061, 2928, 

1653, 1652, 1586, 1582 cm-1. ESI MS (450.9): 473.6 (M + Na+). HRMS (ESI/Q-TOF) 

calcd for C29H19ClNaO3 ([M + Na]+) 473.0920, found: 473.0903. 

 

(E/Z)-2-Benzoyl-3-(4-chlorophenyl)-1-(4-methoxyphenyl)-4-phenylbut-2-ene-1,4-

dione (6ag) 

Column chromatography with 7:1 cyclohexane-AcOEt 

afforded 6ag (115 mg, 48%; conditions 1) as a 1:1 mixture 

of diastereoisomers. Conditions 2: 6ag (144 mg, 60%; E/Z = 

1:1). 1H NMR:  = 8.05-7.99 (m, 1 H, Ar’), 7.99-7.92 (m, 

1 H, Ar”), 7.84-7.80 (m, 4 H, Ar), 7.53-7.43 (m, 2 H, Ar), 

7.42-7.31 (m, 3 H, Ar), 7.29-7.19 (m, 3 H, Ar), 7.18-7.07 (m, 2 H, Ar), 6.89-6.81 (m, 1 H, 

Ar), 6.81-6.72 (m, 1 H, Ar), 3.83 (s, 1.5 H, CH3), 3.78 (s, 1.5 H, CH3); 13C{1H} NMR:  

= 194.9 (0.5 C), 194,9 (0.5 C), 194.0 (0.5 C), 192.9 (0.5 C), 192.1 (0.5C), 190.9 (0.5 C), 

164.3 (0.5 C), 164.0 (0.5 C), 149.2 (0.5 C), 149.0 (0.5 C), 143.3 (0.5 C), 143.1 (0.5 C), 

136.4, 136.0, 135.6, 134.1, 133.6, 133.4, 132.5, 132.4, 132.1, 129.8, 129.7, 129.4, 129.3, 

129.1, 128.8, 128.6, 128.4,114.1 (0.5 C), 113.7 (0.5 C), 55.5 (0.5 C), 55.4 (0.5 C); IR 

(CDCl3) &:  3060, 2920, 1652, 1650, 1581, 1579 cm-1. ESI MS (480.9): 503.6 (M + Na+). 

HRMS (ESI/Q-TOF) calcd for C30H21ClNaO4 ([M + Na]+) 503.1026, found: 503.1032. 

 

(E/Z)-2-Benzoyl-3-(4-chlorophenyl)-1,4-di-p-tolylbut-2-ene-

1,4-dione (6eb) 

Column chromatography with 12:1 cyclohexane-AcOEt afforded 

6eb (148 mg, 62%; conditions 1) as a 1:1 mixture of 

diastereoisomers. Conditions 2: 6eb (191 mg, 80%; E/Z = 1:1). 
1H NMR:  = 8.01-7.94 (m, 1 H, Ar’), 7.92-7.85 (m, 1 H, Ar”), 

7.85-7.69 (m, 4 H, Ar), 7.59-7.43 (m, 1 H, Ar), 7.43-7.33 (m, 1 H, Ar), 7.33-7.25 (m, 1 H, 

Ar), 7.25-7.19 (m, 2 H, Ar), 7.18-7.05 (m, 6 H, Ar), 2.35 (s, 1.5 H, CH3), 2.34 (s, 3 H, 

CH3), 2.29 (s, 1.5 H, CH3); 13C{1H} NMR:  = 194.5 (0.5 C), 194.4 (0.5 C), 194.0 (0.5 

C), 193.5 (0.5 C), 192.8 (0.5 C), 192.3 (0.5 C), 149.8, 145.2, 144.7, 144.5, 142.7, 136.5, 

136.0, 135.7, 134.0, 133.6, 133.4, 133.2, 132.7, 130.1, 130.0, 129.9, 129.8, 129.7, 129.6, 

129.5, 129.3, 129.1, 129.1, 128.8, 128.3, 127.0, 21.7 , 21.6; IR (CDCl3) &:  3039, 2920, 
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1651, 1650, 1602, 1580 cm-1. ESI MS (479.0): 502.3 (M + Na+). HRMS (ESI/Q-TOF) 

calcd for C31H23ClNaO3 ([M + Na]+) 501.1233, found: 501,1250. 

 

(E/Z)-2-Benzoyl-1-(2-chlorophenyl)-3-(4-chlorophenyl)-4-phenylbut-2-ene-1,4-dione 

(6fb’)  

Column chromatography with 13:1 cyclohexane-AcOEt afforded 

6fb’ (92 mg, 38%) as a 1:1 mixture of diastereoisomers. 

Conditions 2: 6fb’ (111 mg, 46%; E/Z = 1:1). 1H NMR:  7.99-

7.91 (m, 4 H, Ar), 7.59-7.53 (m, 1 H, Ar), 7.52-7.45 (m, 2 H, 

Ar), 7.41-7.33 (m, 4 H, Ar), 7.24-7.17 (m, 5 H, Ar), 7.13-7.05 

(m, 2 H, Ar); 13C{1H} NMR:  = 194.1, 193.2, 192.7, 146.7 (0.5 C) , 146.6 (0.5 C), 

136.2, 135.9, 135.6 (0.5 C), 135.5 (0.5 C), 134.2, 133.8, 132.9, 132.7, 131.8, 131.6, 130.8, 

130.5, 130.2, 130.0, 129.8, 129.6, 129.5, 128.9, 128.7, 128.6, 128.5, 126.7; IR (CDCl3) &:  

3067, 2923, 1655, 1651, 1594, 1590 cm-1. ESI MS (485.4): 508.0 (M + Na+). HRMS 

(ESI/Q-TOF) calcd for C29H18Cl2NaO3 ([M + Na]+) 507.0531, found: 507.0520. 

 

2-Benzoyl-4-(4-chlorophenyl)-1,3-diphenylbut-2-ene-1,4-

dione (6ga)  

Column chromatography with 10:1 cyclohexane-AcOEt afforded 

6ga (85 mg, 38%; conditions 1) as a white amorphous solid. 

Conditions 2: 6ga (99 mg, 44%). 1H NMR:  = 7.99-7.92 (m, 2 

H, Ar), 7.82-7.74 (m, 4 H, Ar), 7.50-7.39 (m, 2 H, Ar), 7.38-7.30 

(m, 5 H, Ar), 7.29-7.22 (m, 3 H, Ar), 7.19-7.12 (m, 3 H, Ar); 13C{1H} NMR:  = 194.2, 

194.0, 193.1, 151.8, 142.0, 140.0, 136.5, 136.0, 134.1, 133.9, 133.6, 133.5, 131.1, 130.0, 

129.9, 129.4, 129.0, 128.8, 128.7, 128.6, 128.5; IR (CDCl3) &:  3063, 2920, 1653, 1651, 

1588, 1585 cm-1. ESI MS (450.9): 473.8 (M + Na+). HRMS (ESI/Q-TOF) calcd for 

C29H19ClNaO3 ([M + Na]+) 473.0920, found: 473.0922. 

 

Aerobic oxidative dehydrogenation of 3aa in presence of TEMPO  

To a vigorously stirred mixture of 3aa (209 mg, 0.50 mmol), potassium tert-butoxide (112 

mg, 1.00 mmol), (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (78 mg, 0.50 mmol) and 

anhydrous DMSO (2 mL), Cu(OAc)2
.H2O (20 mg, 0.10 mmol) was added in one portion. 

The mixture was stirred at 80 °C for 2 h under atmospheric air (balloon), then cooled to 

room temperature, diluted with H2O (5 mL), and extracted with CH2Cl2 (2 x 35 mL). The 
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combined organic phases were washed with brine (8 mL), dried (Na2SO4), concentrated, 

and eluted from a column of silica gel with 10:1 cyclohexane-AcOEt to give 6aa (135 mg, 

65%). 

 

Mass spectrometric experiments 

(+)-ESI and MS/MS mass spectra were acquired using the following instrumental 

parameters: capillary voltage -10 V, spray voltage 4.50 kV, capillary temperature of 

150 °C, mass scan range from m/z 50 to 1000; N2 was used as sheath gas. The samples 

were injected into the spectrometer by a syringe pump at a constant flow rate of 8 µL/min, 

using acetonitrile as eluting solvent. The 2-benzoyl-1,4-diones  3aa and Cu(OAc)2
.H2O 

were mixed in equimolar amounts of 10-3 M. MS/MS experiments were carried out by 

using tickling voltages in the range 10-40 mV. 
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5. An insight into the mechanism of the aerobic oxidation of aldehydes catalyzed by 

N-heterocyclic carbenes 

 

5.1. Introduction 

The electron richness and structure of the N-heterocyclic carbenes (NHCs) provide a 

unique class of '-donor species, which have found widespread applications in 

organocatalysis.1  

The most successful uses of these azolylidene catalysts involve the polarity reversal of 

aldehydes, in which the NHC promotes the formation of an acyl anion equivalent 

commonly referred as the Breslow intermediate (II of Scheme 5.1).  

This NHC-catalysis has been recently enriched with oxidative protocols to access a wide 

range of organic compounds, especially acids and esters.2  

The key oxidation event characterizing these transformations takes place on the Breslow 

intermediate II, which may be converted by air as the terminal oxidant into an electrophilic 

acyl azolium ion III3 (stoichiometric external oxidants as MnO2, azobenzene, riboflavin, 

phenazine, TEMPO, and quinones can also be employed),2 and/or into an azolium 

peroxidic species V.3  

In the former case III is prone to transfer the acyl group to an alcohol forming the 

corresponding ester (oxidative pattern);3a,b,e in the latter case V is supposed to intercept a 

second molecule of aldehyde or II to generate the carboxylic acid via formation of the 

corresponding peracid and/or the anionic intermediate VI (oxygenative pattern).3c,d,e,f,g,i 

Eventually, the acid is converted into the ester by O-alkylating reagents and base (Scheme 

5.1).3f,g,4  

A number of mechanistic studies have been performed on the NHC-catalyzed aerobic 

oxidation of aldehydes;3b,c,e,g,h,4a,5b nevertheless, key questions concerning the Breslow 

intermediate fate are still unanswered, including a precise characterization of the postulated 

intermediates and a rationalization of the proposed mechanistic dichotomy.  
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Scheme 5.1. Most commonly proposed mechanisms for the NHC-catalyzed aerobic 

oxidation of aldehydes. 

 

A very interesting scientific contribute in this topic was produced by Studer and co-

workers.3c 

In 2013, they decided to study in details the aerobic oxidation of aldehydes catalyzed by a 

NHC-Ruthenium redox cooperative catalytic system, using air as terminal oxidant for the 

regeneration of the Ruthenium catalyst. 

In their work, they studied the NHC-Ruthenium oxidative esterification of various 

aromatic and heteroaromatic aldehydes. In addition, they observed that, in the absence of 

the Ruthenium redox catalyst and alcohol, NHC-catalyzed aerobic oxidation of aldehydes 

occurred delivering the corresponding acids in good to excellent yields (Figure 5.1).  
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Figure 5.1. a) NHC-Ruthenium oxidative esterification of aldehydes; b) NHC-catalyzed 

aerobic oxidation of aldehydes. 

 

They started their work with some important considerations regarding the reaction 

mechanism: as shown before in Scheme 5.1., these oxidations do not necessarily need to 

proceed via acylazolium ions. Oxidation of the Breslow intermediate with O2 can lead via 

single electron transfer and in cage recombination to the peroxy adduct V without 

formation of the acylazolium ion (Scheme n.1, oxygenative pathway). Subsequent proton 

transfer and carbene fragmentation provides the corresponding peracid which upon 

reaction with the aldehyde can afford two equivalents of the acid.  

Hence, with this in mind and in the research for a metal catalyst for the cooperative system, 

they tried to identify a catalyst which answered to some specific features: (i) it did not react 

with the carbene by ligation (NHC poisoning), (ii) it reacted with the Breslow intermediate 

faster than O2 (to suppress peracid formation), and (iii) it could be regenerated by air 

oxidation after successful oxidation of the Breslow intermediate. 

Their research ended finding in the Ru(bpz)3(PF6)2 the optimal catalyst. Then they 

optimized the model reaction ending up using the aldehyde, the alcohol, a 5% mol loading 

of the metal catalyst and 2.5% mol of the triazolium salt A (Figure 5.1) as NHC catalyst in 

acetonitrile, in presence of air; with the optimized conditions in hand they explored the 

substrate scope of the reaction with good values of yields and reaction times. 

From the mechanistic point of view, they pointed out that the NHC and Ru(II)-catalysis 

proceeds via acylazolium ion III (Scheme 5.1, oxidative pathway), thanks to the oxidation 

of the Breslow intermediate II by the Ru catalyst. Final trapping of the acylazolium ion III 

by the alcohol provides the ester with consequent release of the free NHC. 
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On the other hand, during the study of the reaction scope, they realized that the major side 

product identified in these oxidative esterifications was the acid, which is likely formed via 

O2 oxidation of the Breslow intermediate II without involvement of Ru catalysis (Scheme 

5.1, oxygenative pathway).  

They investigated deeply this side reaction and demonstrated that in the absence of the 

Ru(II)- complex and alcohol, aldehyde oxidation provided the corresponding acids in good 

to excellent yields. These transition metal-free aerobic oxidations of carbaldehydes 

occurred with small amounts of O2 present in the solvent and with low organocatalyst 

loading (2.5 mol%) and likely it did not proceed via acylazolium ions.  

Finally, they postulated a mechanism for these aerobic oxidations in line with the 

oxygenative pathway described in Scheme 5.1. 

In the attempt to provide responses to these issues and as part of our ongoing interest on 

the chemistry of NHCs,6 we envisaged the use of charge-tagged N-heterocyclic carbenes as 

mass spectrometric probes to identify the species involved in the different oxidation steps 

and their dynamic equilibria.  

The charge-tag strategy entails the use of reagents, catalysts or ligands bearing a cationic 

or anionic unit installed remotely from the reaction site.7  

It is noteworthy, also, that mass spectrometry (MS) has gained great benefit from the 

advent of electrospray ionization (ESI), since molecules of high polarity and complexity 

can be gently transferred directly from solution to gas-phase, thus permitting the detection 

of elusive and highly reactive intermediates.8 

In the present study, the 3,3'-dimethyl-1,1'-(hexane-1,6-diyl) diimidazolium glutarate 1 has 

served as the precursor of carbene catalysts 2, which displays the second imidazolium ring 

as positive label for MS detection (Scheme 5.2).  

By this approach, we provide evidence of the key intermediates III, V, and VI as well as 

justification of preferential oxidative or oxygenative patterns in dependence of aldehyde 

stereoelectronic features. 

 

 
Scheme 5.2. Generation of the charge-tagged NHC 2 

 

 



141 
 

5.2. Results and discussion 

Our investigation began with the ESI-MS monitoring of the reaction between pre-catalyst 1 

and the model 2-bromo benzaldehyde 3a using acetonitrile-MeOH (5:1) as the eluent.  

Firstly, it was observed that significant amounts of 2 could be produced without the need 

of an external base, being the relative intensity of 2 (m/z 247) about 70% in the absence of 

aldehyde. Upon addition of 3a the intensity of 2 quickly decreased in parallel with an 

increase (up to 100%) of the signal at m/z 447 (79Br isotope) unequivocally assigned, by 

accurate mass analysis, to the Breslow intermediate 4a containing an additional oxygen 

atom [4a+O]+ (Figure 5.2 and Scheme 5.3). 

 
Figure 5.2 (+)-ESI-MS full scan of the reaction of 3a with 2. The ions identified with 

circles are related to the 3,3'-dimethyl-1,1'-(hexane-1,6-diyl)diimidazolium derivative in 

association with its glutarate anion.

Noteworthy, when this ionic species was mass selected and submitted to collision induced 

fragmentation (MS/MS), the release of the neutral carboxylic acid 7a and formation of the 

NHC 2 was observed (Figure 5.3). Significantly, this decomposition perfectly fits with the 

reactivity found in solution (Table 5.1), thus corroborating the structure proposed in Figure 

5.2 for the [4a+O]+ ion. 
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Figure 5.3. MS/MS of the Breslow intermediate 4a containing an additional oxygen atom 

(8a, m/z 447) formed by the 1/3a reaction. 

 

In addition, the full scan acquisition highlighted the presence, although in much lower 

relative intensity (ca. 2%), of a second important ion cluster (m/z 463), identified as the 

Breslow intermediate formally containing two oxygen atoms [4a+2O]+.9  

The MS/MS analysis of this ionic species (Figure 5.4) disclosed even more important 

information consisting in the release of O2 with formation of the genuine Breslow 

intermediate 4a (m/z 431), species otherwise not detectable in the full mass spectrum. 
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Figure 5.4. MS/MS of the Breslow intermediate 4a containing two additional oxygen atom 

(5a, m/z 463 for 79Br) formed in low relative intensity by the 1/3a reaction.  

 

 
Figure 5.5. MS/MS of [4a+2O]+ = 5a, m/z 465 for 81Br. 

 

The detailed snapshots of the involved intermediates and their preferential decomposition 

substantiate the mechanism described in path A of Scheme 5.3.  
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Accordingly, molecular oxygen adds to the Breslow intermediate 4 with formation of the 

zwitterionic peroxide 5 (heretofore named [4a+2O]+); reasonably, 5 then attacks a second 

molecule of aldehyde by a mechanism reminiscent of the Baeyer-Villiger oxidation to 

yield a first molecule of acid 7.10 The final event consists in the release of an additional 

molecule of 7 from the intermediate 8 (heretofore named [4a+O]+) with regeneration of 

catalyst 2. Remarkably, in our MS experiments we had no evidence of the formation of 

free deprotonated peracids (Scheme 5.1), species that survive the (-)-ESI MS conditions, as 

proved by control experiments with genuine samples. 

 
Scheme 5.3. Proposed mechanism for the aerobic oxidation of aldehydes:  path A, 

oxygenative, path B, oxidative. 

 

To corroborate the above findings, the reaction of 2-bromo benzaldehyde 3a with pre-

catalyst 1 (1 equiv.) was investigated in solution (anhydrous THF, molecular sieves, 55 °C) 

using DBU (1.1 equiv.) as the base. As hinted in the mechanistic proposal (path A), 

aldehyde 3a was converted into the corresponding acid 7a in 51% yield.  

However, when this reaction was performed in THF-MeOH (2:1), a low amount (5%) of 

methyl ester 11a was detected together with the acid 7a (45%; Table n.1, entry 1).  
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Extension of these conditions to aldehydes 3b-k possessing ortho-, meta- or para-groups 

with either electron-withdrawing or electron-donating properties, confirmed the concurring 

partial or almost complete esterification of the substrates (Table 5.1).  

Although the activity of pre-catalyst 1 in solution was limited,11 its utilization represented 

the gateway for accessing key intermediates by ESI-MS.  

Replacement of the cationic imidazolium tag of 1 with an uncharged alkyl chain as in 1-

butyl-3-methylimidazolium trifluoromethanesulfonate [bmim(OTf)] produced similar 

results in terms of isolated yields of acids 7 and esters 11 (entries 1 and 5). 

 

Table 5.1. Oxidation/esterification of aldehydes 3a-k. 

 

 
Entry Aldehyde X 8 

(ab. %)a) 

10b) 7/11 

(%)c) 

1 3a 2-Br 100 N 45/5 (37/8)d) 

2 3b 2-Cl 80 N 32/8 

3 3c 2-NO2 [5]e N 40/0 

4 3d 2-OMe 60 N 24/0 

5 3e 4-Br <1 Y 11/78 (19/72)d) 

6 3f 4-Cl 8 Y 10/76 

7 3g 4-NO2 <1 Y 5/84 

8 3h 4-OMe 10 Y 6/32 

9 3i 3-Br 8 Y 10/72 

10 3j 2,6-Cl2 80 N 25/5 

11 3k 2,4,6-Me3 100 N 28/0 
a)Relative abundance as determined by ESI-MS (see Electronic Supplementary Information). b)N = 

not detected; Y = detected and characterized. c)Isolated yield. d)Reaction performed with 

bmim(OTf). e)Very unstable species that spontaneously undergoes fragmentation. 

 

This divergent reactivity was deeply examined by the ESI-MS monitoring of the reaction 

between 1 and a model aldehyde that predominantly affords the ester rather than the acid, 

i.e. the 4-bromo benzaldehyde 3e.  
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The most resounding evidence in the (+)-ESI full spectrum was the absence of the oxidized 

Breslow intermediate 8e (Figure n.6). Detectable, on the contrary, remained the peroxidic 

Breslow intermediate 5e, whose MS/MS spectrum showed the release of O2, thus 

confirming oxygen insertion on 4 still effective (Figure 5.7). 

 

 
Figure 5.6. (+)-ESI-MS full scan of the reaction of 3e with 2. The ions identified with 

circles are related to the 3,3'-dimethyl-1,1'-(hexane-1,6-diyl)diimidazolium derivative in 

association with its glutarate anion. Note the difference of the relative intensity of the 

cluster at m/z 447/449 compared to that shown in Figure n.2. for the 2-bromo benzaldehyde 

3a. 
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Figure 5.7.MS/MS of [4e+2O]+ = 5e, m/z 463 for 79Br. 

 

Pleasantly, it was also possible to detect and characterize the crucial intermediate 10e of 

the oxygenative mechanism (path B), which was intercepted as a doubly charged ion at m/z 

215. The MS/MS spectrum of 10e enlightened us about its structure since the observed 

fragments were the acyl cation (m/z 183) and the singly charged catalyst 2 (m/z 247; Figure 

5.8). 
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Figure 5.8. MS/MS (12% relative CID energy ) of the doubly charged acyl intermediate 
10e, m/z 215 for 79Br. 

It is worth to emphasize that all aldehydes having preference for ester over acid formation 

showed the presence of the related acyl intermediate 10 and traces of the oxidized Breslow 

species 8, while distinctive for preferential acid production was the detection of 8 in high 

relative abundance (Table 5.1, columns 4 and 5). 

Few mechanistic considerations would be appropriate in light of these results.  

Nucleophilic addition of carbene 2 to aldehyde 3, irrespectively of its electronic and steric 

features, results in the formation of the Breslow intermediate 4. This new nucleophile then 

intercepts molecular oxygen affording the zwitterionic peroxide 5. In analogy with Studer 

et al.,3c we suggest for this step oxidation of 4 by O2 to give the radical cation [4].+ and the 

superoxide radical anion [O2].-.  

Accordingly, we calculated at the DFT level the structure of the complex between [4].+ and 

[O2].-. The optimized structures are reported along with spin densities in Figure 5.9 for 4a 

and 4e. We found that a fraction of the [O2].- spin density spreads on [4].+, mainly on the C-

atom next to the OH group. This result fully conforms with those reported for triazolium-

based systems.3c 

 
Figure 5.9. Complexes between [4].+ and [O2].- (Ar = 2-Br-Ph, left; and Ar = 4-Br-Ph, 

right. For model simplification, R1 = R2 = Me). The threshold value of the spin density is 

0.03 a.u.. The spin densities, calculated with the Mulliken population analysis, on the C-

atom next to the OH group are 0.149 and 0.140 a.u. ([4a].+ and [4e].+ respectively). The 

total spin densities on [4a].+ and [4e].+ are 0.260 and 0.262 a.u., respectively. 
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Significantly, peroxide 5 appears as the common intermediate of both oxygenative and 

oxidative mechanisms. Indeed, DFT calculations showed the H-bonded transition state TS 

(Scheme 5.2, R1 = Me; R2 = Me; Ar = Ph) in the tautomeric equilibrium between 5 and 9.  

In the oxidative mechanism, 5 is converted into the acyl cation equivalent 10 through the 

intermediate 9 by intramolecular proton transfer and liberation of the hydroperoxide 

anion.3a,l Path B is finally completed with acylation of MeOH to give the ester 11 and 

catalyst 2.  

Both A and B reaction patterns fully conform to the oxygenative and oxidative 

classification proposed by von Wangelin et al.2b and the divergent reactivity seems to be 

mainly directed by steric factors. Indeed, meta- and para-substituted aldehydes 3e-i are 

good substrates for esterification. By contrast, path A is preferred by ortho-substituted 

aldehydes 3a-d,j,k that, however, give the corresponding acids with lower efficiency (24-

45%).  

 

5.3. Conclusions 

In this work we employed a charge-tagged N-heterocyclic carbene as mass spectrometric 

probes to identify the species involved in the different oxidation steps of the aerobic NHC 

catalyzed oxidation of aldehydes and we studied their dynamic equilibria. The use of 

charge-tag strategy in combination with mass spectrometry (MS) allowed us to detect 

elusive and highly reactive intermediates8, otherwise impossible to be detected using 

different techniques. 

Finally, comparing the spectroscopic observations with the synthetic results, we were able 

to purpose two reaction patterns (A and B) fully conform to the oxygenative and oxidative  

processes, observing a divergent reactivity between these two that seems to be mainly 

directed by steric factors.  

We would like to stress that the mechanistic picture of Scheme 5.2 is proposed for 

imidazolium type catalysts and that paths A and B coexist in most of the investigated 

cases. As imidazolinium-, triazolium-, and thiazolium-based protocols have also been 

reported for the aerobic oxidation of aldehydes,3 further investigation on these systems will 

be done  using the charge-tag strategy. 
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5.4. Experimental Section 

 

General remarks 

Liquid aldehydes were freshly distilled before their utilization. Reactions were monitored 

by TLC on silica gel 60 F254 with detection by charring with phosphomolybdic acid. Flash 

column chromatography was performed on silica gel 60 (230-400 mesh). 1H (400 MHz) 

and 13C (75 MHz) NMR spectra were recorded in CDCl3 or DMSO-d6 solutions at room 

temperature. Peaks assignments were aided by 1H-1H COSY and gradient-HMQC/HMBC 

experiments. Aldehydes 3a-k, 1-methylimidazole, 1,6-dibromohexane, 1-butyl-3-

methylimidazolium trifluoromethanesulfonate, and glutaric acid are commercially 

available (Sigma-Aldrich). Acids 7a-k and esters 11a-k are known compounds. 

 

3,3'-dimethyl-1,1'-(hexane-1,6-diyl) diimidazolium glutarate (1) 

A solution of 1-methylimidazole 

(11.1 mL, 0.14 mol), 1,6-

dibromohexane (10.8 mL, 0.07 

mol), and ethanol (20 mL) was stirred at room temperature for 4 days, and then 

concentrated. The resulting dibromide salt was then converted into the corresponding di-

hydroxide salt by treatment with an equimolar amount of freshly prepared Ag2O in water. 

Insoluble AgBr was removed by filtration, and an equimolar amount of glutaric acid was 

added to the water solution of the di-hydroxide derivative.  After further filtration of 

residual AgBr, water was removed under vacuum.  Drying in a vacuum oven gave a high 

viscous liquid identified by NMR and ESI-MS as the 3,3'-dimethyl-1,1'-(hexane-1,6-

diyl)diimidazolium glutarate 1 (25.5 g). 

 

General procedure for the aerobic oxidation of aldehydes 3a-k catalyzed by 1. 

A mixture of aldehyde 3 (0.40 mmol), 1,8-diazabicyclo[5.4.0]undec-7-ene (66 µL, 0.44 

mmol), diimidazolium glutarate 1 (151 mg, 0.40 mmol), activated 4-Å powdered 

molecular sieves (100 mg), anhydrous THF (2 mL), and anhydrous MeOH (1 mL) was 

warmed at 55 °C and stirred at that temperature for 16 h under air (air-filled balloon). The 

mixture was filtered through a pad of Celite, diluted with CH2Cl2 (15 mL) and 1 M HCl (5 

mL), cooled to room temperature, and then poured into a separatory funnel. The organic 

phase was separated and the aqueous phase was extracted with CH2Cl2 (3 $ 15 mL). The 

combined organic phases were dried (Na2SO4) and concentrated to give the corresponding 

acid 7 and/or the ester 11 (Table 1). The reaction conversion and 7/11 ratio was determined 
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by 1H NMR analysis (DMSO-d6) using bromoform as the internal standard (5 mg/mL in 

methanol, analytical standard). The above crude mixture was eluted from a column of 

silica gel with 15:1 cyclohexane-AcOEt to isolate the ester 11 and then with 10:1 AcOEt-

AcOH to recover the acid 7 (Table n.1). 
 

Oxidation of aldehydes 3a,e catalyzed by bmim(OTf). 

A mixture of aldehyde 3 (0.40 mmol), 1,8-diazabicyclo[5.4.0]undec-7-ene (66 µL, 0.44 

mmol), 1-butyl-3-methylimidazolium trifluoromethanesulfonate (BMIM-OTf) (116 mg, 

0.40 mmol), activated 4-Å powdered molecular sieves (100 mg), anhydrous THF (2 mL), 

and anhydrous MeOH (1 mL) was warmed at 55 °C and stirred at that temperature for 16 h 

under air (air-filled balloon). The mixture was filtered through a pad of Celite, diluted with 

CH2Cl2 (15 mL) and 1 M HCl (5 mL), cooled to room temperature, and then poured into a 

separatory funnel. The organic phase was separated and the aqueous phase was extracted 

with CH2Cl2 (3 $ 15 mL). The combined organic phases were dried (Na2SO4) and 

concentrated to give the corresponding acid 7 and/or the ester 11 (Table n.1). The reaction 

conversion and 7/11 ratio was determined by 1H NMR analysis (DMSO-d6) using 

bromoform as the internal standard (5 mg/mL in methanol, analytical standard). 
 

Control experiments for evaluating the background oxidation of aldehydes 3a-l. 

A mixture of aldehyde 3 (0.40 mmol), activated 4-Å powdered molecular sieves (100 mg), 

anhydrous THF (2 mL), and anhydrous MeOH (1 mL) was stirred at 55 °C for 16 h under 

air (air-filled balloon). The mixture was then cooled to room temperature, filtered through 

a pad of Celite, concentered, and analyzed by 1H NMR (DMSO-d6) to evaluate the 3/7 

ratio (Table 5.2). 
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Table 5.2. Background oxidation of aldehydes 3a-l. 

 

 
Entry substrate X 7 (%)a) 

1 3a 2-Br 10 

2 3b 2-Cl 11 

3 3c 2-NO2 <5 

4 3d 2-OMe <5 

5 3e 4-Br 6 

6 3f 4-Cl 7 

7 3g 4-NO2 <5 

8 3h 4-OMe <5 

9 3i 3-Br 8 

10 3j 2,6-Cl2 5 

11 3k 2,4,6-Me3 <5 

12 3l H 85 
a)Yield determined by 1H NMR analysis (DMSO-d6). 

NOTE: The high level of background oxidation of benzaldehyde 3l under our optimized 

conditions precluded its utilization in the present study. 

 

Mass spectrometric experiments 
(+)-ESI and MS/MS mass spectra were acquired using a LCQ Duo (ThermoQuest, San 

Jose, CA, USA), equipped with an electrospray ionization source. Instrumental parameters: 

capillary voltage -10 V, spray voltage 4.50 kV, capillary temperature of 150 °C, mass scan 

range from m/z 50 to 1000; N2 was used as sheath gas. The samples were injected into the 

spectrometer by a syringe pump at a constant flow rate of 8 µL/min, using acetonitrile-

MeOH (5:1) as eluting solvent. The appropriate aldehyde 3 and 1 were mixed in equimolar 

amounts of 10-3 M. MS/MS experiments were carried out by using tickling voltages in the 

range 10-40 mV. HRMS were acquired in positive-ion mode on an ESI-Q-TOF LC-MS 

(Agilent Accurate Mass 6520). Gas Temperature: 300°C, Vcap 3500 V, Fragmentor 175V, 

Skimmer 65 V, OCT1 RF Vpp 750 V. Eluent, acetonitrile-MeOH (5:1). There are 

significant differences in the ESI spectra obtained with the two instruments. The Breslow 
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intermediate containing an additional oxygen atom [4+O]+ is well detectable in both cases. 

On the contrary the peroxo derivative [4+2O]+is hardly measurable on an ESI-Q-TOF 

instrument. 

Original spectra from the (+)-ESI and MS/MS study on representative aldehyde 3a and 3e 

plus 1 were showed in results and discussion section; spectra for the other aldehydes will 

not be showed because they follow the same behavior. 

(+) ESI-MS control experiments using acetonitrile-CD3OD (5:1), acetonitrile-CD3OH 
(5:1) or DMSO as eluting solvents 

 

Since CH3OH and O2 are isobaric (32 amu), the formation of the [4+2O]+ species was 
examined in the above mentioned solvents; diagnostic MS/MS fragmentations, in 
particular O2 loss, were also evaluated. As shown in Figure n.10 for 2-bromobenzaldehyde 
3a, CD3OD is not suitable for this study since a progressive shift of the position of the ions 
is observed due to incorporation of deuterium on exchangeable hydrogens. 

 

Figure 5.10. Frames of the full scan mass spectrum of the reaction of 3a with 2 in 
acetonitrile-CD3OD (5:1). 

 

Using acetonitrile-CD3OH or DMSO as eluting solvents, no mass shifts are observed and 
the [4+2O]+ ions are found at the correct m/z values for all aldehydes 3a-k, thus confirming 
the incorporation of O2 on the Breslow intermediate 4. The case of 2-bromobenzaldehyde 
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3a is reported. The relevant MS spectra  (Figures n.11 and n.12) should be to be compared 
with Figure n.5. 

 

 

Figure 5.11. MS/MS of [4a+2O]+ = 5a, m/z 465 for 81Br using acetonitrile-CD3OH (5:1) 
as eluent. 

 

 

Figure 5.12. MS/MS of [4a+2O]+ = 5a, m/z 465 for 81Br using DMSO as eluent. The 
peroxidic species 5a is formed and detected; however, due to noise and interferences, 
DMSO is confirmed to be not suitable to promote the ESI process.  
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MS identification of genuine samples of model perbenzoic acids 

 

(-)-ESI mass spectra were acquired using a LCQ Duo (ThermoQuest, San Jose, CA, USA), 

equipped with an electrospray ionization source. Instrumental parameters: capillary voltage 

-10 V, spray voltage -3.50 kV, capillary temperature of 150 °C, mass scan range from m/z 

50 to 1000; N2 was used as sheath gas. The samples was prepared by mixing a THF 

solution of benzoic acid with aqueous H2O2 or by dissolving m-chloro perbenzoic acid (10-

3 M) in THF. Both solutions were injected into the spectrometer by a syringe pump at a 

constant flow rate of 8 µL/min. 

 

Fig. 5.13. (-)-ESI mass spectrum of the reaction of benzoic acid (THF solution) and 

aqueous H2O2.  
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Figure 5.14. (-)-ESI mass spectrum of m-chloro perbenzoic acid. 

 

DFT calculations

Calculations have been performed using the Gaussian 03 package1 with B3LYP functional 
employing the 6-311++G(d,p) basis set. 

 

!

 

Figure 5.15. Calculated equilibrium geometries for the possible intermediates arising from 
O2-addition to the Breslow intermediate II. 
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6. Thiazolium-Functionalized Polystyrene Monolithic Microreactors for Continuous-

Flow Umpolung Catalysis 

 

6.1. Introduction 

The generation of acyl anions by the polarity reversal of carbonyl compounds through N-

heterocyclic carbene (NHC) catalysis is today a well-established methodology, which 

provides access to unconventional strategies for the successful synthesis of target 

molecules such as natural products and drugs.1  

The unique catalytic activity of NHCs has therefore spurred intense research on the 

fixation of this valuable class of catalysts onto different types of solid2,3 and soluble 

supports,4 with the aim not only to simplify work-up procedures but also to improve NHCs 

stability towards air and moisture.5,6  

Surprisingly, although the advantages associated to continuous-flow techniques have been 

amply demonstrated in different chemistries,7 process intensification by the assistance of 

flow strategies has been almost ignored in the field of polarity inversion.8  

On the other hand, heterogeneous catalysis in microstructured flow reactors appears a well 

suited synthetic platform for NHC-based processes,9 offering advantages over conventional 

batch systems in terms of mechanical degradation of supports, stability of the sensitive 

carbene species and thus, ultimately, in terms of process productivity (Figure 6.1). 

 

 

 

 

Figure 6.1. Advantages of the heterogeneous organocatalyzed flow systems. 
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Recently, our10 and other groups11 have demonstrated the high synthetic potential of 

organocatalytic packed-bed microreactors in the continuous-flow production of valuable 

(chiral) molecules.  

Ease of product purification, high (stereo)selectivity, reproducibility, and absence of metal 

contamination, which is a problematic issue especially in pharmaceutical applications, 

were the most striking features of the disclosed procedures. 

As part of our ongoing studies in the fields of NHC-catalysis12 and flow-chemistry,10 we 

decided to immobilize thiazolium salt pre-catalysts on silica and monolithic polystyrene, 

and to use them in fundamental benzoin, acyloin-type, and Stetter reactions. 

Regarding the monolithic systems, the goal of our project (Figure 6.2) was to realize a 

system as much as possible similar to the enzymatic system of the thiamine-dependent 

enzymes, using the catalytic activity of the NHC catalyst combined with the hydrophobic 

effect of the monolithic polystyrene matrix  and finally to compare the performance of the 

two different immobilizing systems; the last challenge was to perform the reactions in 

water, with good values of yields and conversions, in order to build up a real green 

chemistry process. 

Indeed, the use of water as solvent, of a packed-bed microreactor that can be used for 

several reactions and a metal free catalytic system, which minimizes the waste of products 

and deletes the problems related to the catalyst-product separation, are all factors that drive 

in the direction of an environmentally friendly process. 

 

 

 

Figure 6.2. Goal of the project. 

 

Initial batch investigations were propaedeutic for selecting polystyrene over silica as the 

support; the macroporous polymeric matrix, in fact, imparted higher activity to fixed NHC 

catalysts when water and the ecofriendly alternative ethanol were used as the solvents.13  

The study culminated with the fabrication of the corresponding polystyrene monolithic 

microreactors,14 and the subsequent analysis of productivity and long-term stability 
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thereof. Monolithic columns of the type first described by Fréchet and Svec15 were 

preferred to randomly packed reactors for their improved flow characteristics16 and, 

specifically, for avoiding stagnation zones and hot-spot formation that we envisaged could 

be detrimental for carbene stability. 

It’s important to remember that in the development of the monolithic system we had to 

deal with some important problems (Figure 6.3): the catalyst dimerization and the 

hydrolytic cleavage of the thiazolium ring by aqueous solvents; regarding the dimerization 

process we will see later that the catalyst loading will play a crucial role and for what 

concerns the hydrolytic cleavage the use of the flow regime will help in minimizing this 

process. 

 

 
 

Figure 6.3. Issues to be addressed: dimerization and hydrolytic cleavage of the catalyst. 

 

Indeed, as we will understand better in the results and discussion part, the results of this 

study clearly indicate that the polymeric support and the flow regime of the process 

contribute in a synergic way to preserve the activity of the monolithic carbene catalysts 

over the time (up to 7 days on-stream), thus making thiazolium-functionalized packed-bed 

reactors suitable tools for continuous-flow applications in the field of umpolung catalysis. 

 

6.2. Results and discussion 

The synthesis of the styryl thiazole derivatives 4a (R = Bn) and 4b (R = Et) was initially 

considered for the preparation of the target silica-supported thiazolium salts S7a,b 

(Scheme 6.1) and the polystyrene monolithic counterparts M9a,b (Scheme 6.1). 

As far as the catalyst structure is concerned, both types of heterogeneous species S7 and 

M9 were designed to display the active thiazolium moiety covalently linked to the matrix 

through a quite flexible spacer. Earlier studies, in fact, demonstrated the low catalytic 

activity of analogous, ionically bound derivatives prepared by N-alkylation of the thiazole 

ring with chloromethyl polystyrene;8,17 a decreased activity was also observed for covalent 

polymeric thiazolium salts with shorter spacers.2i 
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Therefore, the intermediate 3 was readily obtained from the commercially available 5-(2-

hydroxyethyl)-4-methylthiazole 1 and 4-vinylbenzyl chloride 2 (75% yield), and 

quantitatively converted into the thiazolium salts 4a and 4b by standard chemistry.  

In analogy with our previous works on silica-supported organocatalysts,10 the synthesis of 

heterogeneous S7a,b was addressed using the photoinduced thiol-ene coupling (TEC) as 

the covalent immobilization strategy.18 Main advantage of this approach is the utilization 

of mild reaction conditions (RT, h&),19 which may prevent sensitive substrates from side-

reactions occurring on the solid matrix and thus of difficult interpretation.  

Surprisingly, the photoinduced TEC ( max = 365 nm) of thiol-silica S510b with either 4a or 

4b in the presence of the sensitizer 2,2-dimethoxy-2-phenyl-acetophenone (DMAP) 

resulted in no formation of target S7a,b, as confirmed by FT-IR and elemental analyses of 

the solid matrix.  

A similar, unsatisfactory outcome was also detected under standard thermal conditions 

(AIBN, 90 °C), thus confirming an inhibition effect of the thiazolium salt unit towards the 

free-radical coupling.20 Fortunately, the photoinduced TEC of the styryl thiazole 3 with 

thiol-silica S5 proceeded in a straightforward manner furnishing the thiazole silica S6 with 

a satisfactory level of functionalization (f: 1.07 mmol g-1; Scheme 6.1).  
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Scheme 6.1. Synthesis of silica-immobilized thiazolium salts S1-37a and S1-37b. 

 

Since the catalyst loading (i.e. the degree of thiazole N-alkylation) have been reported to 

strongly influence the catalytic activity of supported NHCs because of unfavorable carbene 

dimers formation,2j,21 quaternization of S6 (acetonitrile, 70 °C) was modulated by varying 

the equivalents of the alkylating agents BnBr and EtBr. By this procedure, two triads of 

functionalized silica S1-37a and S1-37b were obtained with a different loading of thiazolium 

units (f: 0.44-1.05 mmol g-1) as determined by elemental analysis (Scheme n.1). 
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The synthesis of the polystyrene monolithic counterparts of S7 was next addressed by an 

extensive polymerization study (Scheme 6.2).  

 

 
 
Scheme 6.2. Synthesis of polystyrene monolithic thiazolium salts M1-39a and M1-39b. 

 

Notably, as the ultimate goal of this work was the execution of continuous-flow processes, 

monolithic materials were molded into both glass and stainless-steel columns (10 cm 

length, 4.6 mm internal diameter) in parallel experiments.  

This approach allowed to estimate the influence of the polymerization parameters on the 

flow-through behavior of the monolithic reactors (“wall effect” and very high backpressure 

had to be avoided) and, at the same time, to evaluate the mechanical and morphological 

properties of the prepared materials.  

Technically, the new polymers obtained within the glass tube were first triturated for 

loading determination and then tested in the form of powder in batch experiments. 

As expected, the free-radical polymerization (AIBN, 70 °C, 24 h) of the styryl thiazolium 

salts 4a or 4b, styrene (STY), and divinylbenzene (DVB), in the presence of toluene/1-

dodecanol as the porogenic mixture, did not produce any polymeric product. Hence, after 

some experimentation with the suitable thiazole monomer 3, the composition of the 
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polymerization mixture was optimized as it follows: 1-dodecanol (50% w/w), toluene 

(10% w/w), styrene (23% w/w), DVB (8% w/w), 3 (8% w/w), and AIBN (1% w/w).  

Under these conditions, the polymerization was quantitative allowing a complete 

incorporation of monomers into the polymeric monolith.22 Elemental analysis of the 

resulting monolith M18 indicated a satisfactory loading of thiazole units (f: 0.92 mmol g-1).  

Nonetheless, following the previous reasoning on carbene activity on supports, monoliths 

M28 and M38 were also prepared with a lower degree of functionalization (f: 0.57 and 0.22 

mmol g-1, respectively) by diminishing the amount of 3 while keeping constant the sum of 

STY and 3 in the polymerization mixture.  

Afterwards, each triturated M8 resin was quantitatively alkylated to afford the two sets of 

polymeric thiazolium salts M1-39a and M1-39b (Scheme 6.2; see below for the N-alkylation 

step under flow conditions). 

At this stage of the study, preliminary batch experiments were performed with S7 and M9 

for establishing the influence of the support, the level of functionalization, and also of the 

N-substituent on the activity and recyclability of the prepared heterogeneous thiazolium 

salt pre-catalysts.  

Accordingly, the classical benzoin condensation, and our recently developed acyloin-type 

homocoupling of biacetyl 12a12c and Stetter reaction of 12a with chalcone12b were selected 

as the benchmarks (Table 6.1).  
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Table 6.1. Evaluation of catalysts S7 and M7 performance under batch conditions.a) 

 

 
Entry Reaction Catalyst Product Yield [%]b) 

1 a S27a 11a 15 (-)c) 

2 b S27a 13a 42 (-)c),e) 

3  cd) S27a 16a 38 (-)c) 

4 a M29a 11a >95 (-)c),e) 

6 b M29a 13a >95 (5)c) 

5 c M29a 16a >95 (-)c) 

7 a M19a 11a 85 (-)c) 

8 a M39a 11a 61 (-)c) 

9 a M29b 11a 84 (12)c) 

10 b M29b 13a 88 (44)c),e) 

11 c M29b 16a 81 (15)c) 
a)Reaction performed with 0.125 mmol of acyl anion donor and equimolar acceptor (reaction time: 

24 h). b)Isolated yield. c)Isolated yield at 2nd cycle. d)Reaction performed with 0.125 mmol of 15a 

and 3 equiv. of 12a. e)Yield determined by 1H NMR analysis of the crude reaction mixture using 

bromoform as internal standard. 

 

 

 

As anticipated, a prerequisite of the present study was the utilization of water or ethanol 

solvent for the next development of green applications of the newly prepared materials.  
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Thus, under these solvent conditions, it found that polystyrene monoliths M9 outperformed 

the silica analogues S7 in all the model reactions investigated (entries 1-3 vs. entries 4-6; 

only selected experiments are reported in Table 6.1).23  

In general, this result might be explained by the occurrence of favorable hydrophobic 

interactions between the catalytic sites and the polymeric support in polar media.24  

To this end, it is important to remember that the umpolung of !-diketone 12a strictly 

requires the use of amphiprotic solvents;12b,c therefore, this mechanistic constraint 

prevented us to evaluate a plausible positive effect of the polar silica support on the 

activity of thiazolium salts S7 in acyloin-type and Stetter reactions performed in apolar 

solvents.25  

Additionally, the utilization of biacetyl 12a was precluded in aqueous basic medium 

because of the preferential formation of the lactone 14 through an aldol/cyclization 

sequence.  

Biacetyl, however, works nicely in EtOH/Et3N and it may be preferred to acetaldehyde as 

acetyl anion equivalent in virtue of its higher boiling point (88 vs. 21 °C) and, 

consequently, of its safer handling in thermal flow processes.  

Overall, the results of the batch study indicated monolith M29a as the most active catalyst 

among the materials tested. Indeed, this polymer furnished complete conversions (>95%) 

within 24 hours in the benzoin condensation (phosphate buffer pH = 8, RT), acetyl acetoin 

13a formation (Et3N, EtOH, RT), and in the synthesis of -diketone 16a (Et3N, EtOH, 

50 °C; entries 4-6). Remarkably, monolith M29a displayed the same activity of its 

homogeneous counterpart, that is the 3-benzyl-5-(2- hydroxyethyl)-4-methylthiazolium 

chloride, in all the model reactions investigated in terms of both reaction rate and 

productivity.  

A direct comparison was, in fact, possible thanks to our previous studies on acyloin-type 

and Stetter reactions,12b,c and through a dedicated experiment with the above unsupported 

thiazolium salt utilized catalytically (20 mol%) in the aqueous benzoin condensation of 

10a (isolated yield of 11a: 95% in 24 hours reaction time).  

Monoliths M19a and M39a with higher and lower levels, respectively, of thiazolium 

functionalization resulted less active than M29a (entries 7-8), thus confirming the 

requirement of a suitable balance between the catalyst loading and catalyst site isolation 

for the good activity of polystyrene-supported NHC species.2j  

Additionally, it was observed that the presence of the ethyl instead of the benzyl N-

thiazolium group determined a slight decrease (ca. 10%) in the catalytic activity of 

monoliths M29. Nevertheless, M29b was the sole monolith that, after the first recycling, 
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only very partially retained its catalytic activity in all the reactions examined (entries 9-

11).26  

Taken as a whole, the recycling experiments showed the complete deactivation of catalysts 

M9a within 24 hours27 and, at the same time, indicated the improved stability of monoliths 

M9b when reacted at room temperature with the EtOH/Et3N system. The highest turnover 

number value (TON = 6.4) was in fact observed for the catalyst M29b in the model 

acyloin-type condensation. 

With this information in hand, we next tested the performance of the monolith M29b as 

column microreactor with the hope that the continuous removal of trace impurities and 

exclusion of air could improve catalyst stability for longer-term utilizations of flow 

reactors.  

Accordingly, a micro-HPLC was suitably adapted for this study with minimized extra-

column volumes.  

For the preparation of the monolithic microreactor (hereafter designed as MM), the 

optimized polymerization mixture containing monomer 3 was transferred into the stainless-

steel column, which was subsequently sealed at both ends and heated at 70 °C for 24 h in a 

standard convection oven (Scheme 6.3). After cooling, the resulting monolithic 

microreactor MM28 was connected to the HPLC instrument and then washed with THF 

(50 (L/min; HPLC oven: 50 °C; 5 h) to remove the porogen and residual non-polymeric 

material. 

 

 
Scheme 6.3. Fabrication of monolithic microreactor MM29b. 

 

The thiazolium-functionalized monolithic microreactor MM29b was then prepared by 

means of the stop-flow reaction technique. Hence, an input stream of pure EtBr was 

pumped inside the microreactor to completely fill the monolith; subsequently, the column 

3 (5% w/w)
STY (26% w/w)
DVB (8% w/w)
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was tightly sealed and warmed at 60 °C for 12 h. Finally, the column was washed with 

THF (50 (L/min; RT; 2 h) to eliminate the excess alkylating agent.  

The hold-up (dead) volume V0 and the total porosity tot of MM8 and MM29b were 

determined by pycnometry.  

The main features of these microreactors including the loaded amount of catalyst, 

residence time, and the observed backpressure are summarized in Table 6.2. 

 

Table 6.2. Main features of microreactors MM28 and MM29b.a) 

 

Reactor Loading 

[mmol/g]b) 

V0
 

[mL]c) 

Total  

Porosityd) 

Time  

[min]e) 

Pressure 

[bar]f) 

MM28 0.52 1.32 0.80 132 5 

MM29b 0.48g 1.16 0.77 116 5 
a)Geometric volume (VG) of the stainless-steel column: 1.66 mL. b)Determined by elemental 

analysis of reference monolithic columns and expressed as mmol of thiazole units per gram of 

functionalized resin. c)Determined by pycnometry (see the Experimental Section). d)Total porosity 

tot = V0/VG. e)Residence time calculated at 10 (Lmin-1. f)Backpressure measured at 10 (Lmin-1 

(RT, THF). g)Amount of active thiazolium salt. 

 

A SEM image of monolith MM29b fracture surface shows the macroporous nature of this 

material (Figure 6.4). Monolith MM29b is mechanically stable and displays nearly no 

swelling in aqueous buffer and ethanol solvents.28 

 

 
Figure 6.4. SEM picture of the macroporous polymer MM29b. 
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Continuous-flow experiments were performed by first considering the benzoin 

condensation of benzaldehyde 10a.  

It turn out that the preparation of a fully homogeneous 0.10 M solution of 10a in the 

reaction phosphate buffer (pH = 8) required the addition of DMSO (10% v/v). Then, the 

above reaction mixture was continuously degassed with argon using the purge system of 

the HPLC instrument and pumped at different flow rates through the microreactor MM29b 

for establishing the influence of the residence time on conversion efficiency.  

Accordingly, portions of the outlet stream were taken at regular time intervals (60 min) and 

analyzed (NMR spectroscopy) to determine the 11a/10a ratio.  

While good levels of conversion (> 50%) were detected at 35 °C with flow rates up to 50 

(L/min, complete conversion of benzaldehyde into benzoin was obtained with a flow rate 

of 10 (L/min (residence time: 116 min; Table 6.3, entry 1).  

Actually, driving the reaction to completion is an important goal in continuous process 

optimization for the easier purification of target molecules; indeed, under the above 

operative conditions, isolation of pure 11a was simply achieved by extraction of the 

collected eluate with organic solvent.  

The long-term stability of monolithic microreactor MM29b was next examined to 

determine the effect of the flow regime on catalyst deactivation rate. 

The analysis of the conversion versus process time plot (model benzoin reaction, Figure 

6.5a) shows that the steady-state conversion29 is reached after ca. 6 h at 35 °C and it is 

maintained at elevated values (-95%) for 36 h.  

A progressive loss of catalytic activity is observed after that time with monolith MM29b 

fully deactivated after ca. 95 h on stream. The turnover number after 36 h for the process 

presented in Figure 6.5a is 7.4, a value close to that found in the corresponding batch 

process (TONbatch = 4.8).  

Taken together, these results indicate the poor stability of catalysts of type M9b in aqueous 

basic medium as well as the modest effect of the continuous set-up on the productivity of 

benzoin condensation.30 
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Figure 6.5. Conversion of the model reactions as a function of time in microreactor MM29b. (a): 

benzoin condensation of 1a in phosphate buffer (pH = 8) at 35 °C (plain line). (b): acyloin-type 

condensation of 12a in EtOH/Et3N at room temperature (dashed line). (c): Stetter reaction of 12a 

with 15a in EtOH/Et3N at 50 °C (dotted line). 

 

The transition of acyloin-type and Stetter reactions from batch to flow conditions was next 

addressed following the thread of the previous study on benzoin reaction.29  

Accordingly, a solution of biacetyl 12a and Et3N in absolute EtOH ([12a] = 0.10 M; [Et3N] 

= 0.10 M) was continuously degassed and injected into microreactor MM29b with a flow 

rate of 10 (L/min to give acetyl acetoin 13a with almost complete conversion, as detected 

by GC analysis (Table 6.3, entry 2).  

Isolation of the valuable -hydroxyketone 13a was achieved by fractional distillation of 

the collected eluate, that permitted the removal of the EtOH solvent and triethyl 

ammonium salt by-product.31  

Outstandingly, the efficiency of the continuous-flow process was maintained unaltered for 

ca. 180 h (Figure 6.5b). This result corresponds to a turnover number of 37.5 and 

demonstrates that the productivity of the model acyloin condensation can be maximized 

under flow conditions with a 5-fold increase relative to the batch process (TONbatch = 6.4).  

A beneficial, but less marked effect of the flow regime on process productivity was also 

detected for the Stetter reaction of biacetyl 12a with chalcone 15a (Table 6.3, entry 3).  
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This process was optimized at 50 °C with a flow rate of 10 (L/min and using an excess of 

biacetyl in analogy to the batch study (feed composition: [12a] = 0.15 M; [Et3N] = 0.15 M; 

[15a] = 0.05 M).29  

High conversions into the -diketone 16a (- 90%) were maintained for 90 h (TONflow = 

9.3; TONbatch = 4.8); after that period, however, catalytic MM29b quickly degraded (Figure 

6.5c), this being a further evidence of the detrimental effect of the temperature on the 

stability of the prepared monolithic carbene catalysts. 
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Table 6.3. Optimization of continuous-flow model reactions in monolithic microreactor 

MM29b and short substrate scope study.a) 
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2
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3
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-
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aSee the Experimental Section for a description of the experimental setup. bAll temperatures were 

measured by a thermometer placed inside the thermostated unit containing the microreactor. 
cCalculated residence time. dInstant conversion in steady-state regime as established by 1H NMR or 

GC analysis. eProductivities are measured in mmol(product) h-1 mmol(catalyst)-1) 103. fHomo-

coupling reaction. gReaction performed with DMSO (10% v/v).  hReaction performed with [Et3N] = 

0.10 M. iReaction performed with [Et3N] = 0.15 M. 

 

Finally, the scope and the applicability of the disclosed flow processes were briefly 

investigated. Gratifyingly, the benzoin condensation of both furfural 10b and 4-

fluorobenzaldehyde 10c proceeded with high conversion efficiencies (- 95%) by suitably 

adjusting the flow rate of the optimized feed solutions as reported in Table 6.3 (entries 4-

5).  

The homocoupling of 3,4-hexanedione 12b and the cross-coupling of 12a with ethyl 

pyruvate 17 also proved to be compatible with the continuous-flow set-up, thus offering 

further operational simplicity and practicability to the synthesis of the challenging tertiary 

alcohols 13b and 18 (entries 6-7).  

Satisfactory conversion efficiencies were lastly detected in the Stetter reactions of biacetyl 

with chalcone 15b and 15c having, respectively, an electron-withdrawing and electron-

donating substituent on the aromatic ring (entries 8-9). Notably, the high selectivity of the 

disclosed continuous-flow processes was confirmed by the unique formation of the target 
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7
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8

Productd) Productivitye)tc)
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-

[min] (Conversion [%])

Me

O

O
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O
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O
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OMe
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116Me

O

O
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O

HO Me

O

OEt

12a (0.05) 18 (52)
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9 23250 5 36
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products and, in the case of incomplete conversions, by the recovery of unmodified starting 

materials. 

 

6.3. Conclusions 

In summary, we have prepared unprecedented thiazolium-functionalized monolithic 

microreactors and demonstrated their synthetic potential in continuous-flow umpolung 

transformations such as benzoin, acyloin-type, and Stetter reactions.  

The utilization of environmentally benign reaction media (aqueous buffer or ethanol), the 

easy of product/catalyst separation, and the continuous-flow operation synergistically 

contributed to the development of effective and green umpolung processes.  

In this endeavor, the observed increase of carbene stability moving from batch to flow 

conditions was an additional and fundamental benefit, which permitted productivity 

enhancements up to fivefold as in the case of the acyloin-type reaction.  

While small-scale monolithic reactors have been presented in this work, an easy scale-up 

of the disclosed flow procedures may be envisaged by the use of multiple columns 

(numbering up) and the design of monoliths with larger diameters.  

On the other hand, monolithic microreactors can be fabricated a low cost without the need 

of specialist equipment, as demonstrated in this study.  

Therefore, we believe that the methodology herein described may represent an attractive 

strategy for the development of efficient continuous-flow processes based on thiazolium 

carbene catalysis. 

 

6.4. Experimental Section 

 

General remarks 

Liquid aldehydes were freshly distilled before their utilization. All moisture-sensitive 

reactions were performed under a nitrogen atmosphere using oven-dried glassware. 

Solvents were dried over standard drying agent and freshly distilled prior to use. Flash 

column chromatograph was performed on silica gel 60 (230-400 mesh). Reactions were 

monitored by TLC on silica gel 60 F254 with detection by charring with sulfuric acid and/or 

ninhydrin. Flash column chromatography was performed on silica gel 60 (230-400 mesh). 
1H (300 MHz) and 13C (75 MHz) NMR spectra were recorded for CDCl3 solutions at room 

temperature unless otherwise specified. Peaks assignments were aided by 1H-1H COSY 

and gradient-HMQC experiments. ESI MS (LTQ-XL Linear Trap from Thermo Scientific) 

analyses were performed in positive ion mode with samples dissolved in 10mM solution of 



176 
 

HCO2NH4 in 1:1 MeCN/H2O. FT-IR analyses were performed with the Bruker Instrument 

Vertex 70. Elemental analyses were performed with FLASH 2000 Series CHNS/O 

analyzer (ThermoFisher Scientific). SEM analyses were performed with a Zeiss Gemini 

1530 scanning electron microscope. Vertical agitation was performed with the FirstMateTM 

synthesizer, Argonaut Technology. The household UVA lamp apparatus was equipped 

with four 15 W tubes (1.5 ) 27 cm each). Photoinduced reactions were carried out in a 

glass vial (diameter: 1 cm; wall thickness: 0.65 mm), sealed with a natural rubber septum, 

located 2.5 cm away from the UVA lamp (irradiation on sample: 365 nm, 1.04 W/m2). The 

system used for continuous-flow reactions was composed of an HPLC pump (Agilent 1100 

micro series), an in-line pressure transducer, a thermostated microreactor holder (Peltier 

unit), a system to collect fractions, and a data acquisition system (Agilent ChemStation). 

The units were connected by peek tubing (internal diameter 0.01 inch from Upchurch 

Scientific). The system hold-up volume was smaller than 80 (L. The temperature was 

controlled by inserting a thermometer inside the Peltier unit (temperature measurement 

error: ±0.5 ºC). Silica gel (grade 9385, pore size 60 Å, particle size ~50 (m, superficial 

area 500 m2/g) and 5-(2-hydroxyethyl)-4-methylthiazole 1 were purchased from Sigma-

Aldrich. The level of functionalization f of solid supports is expressed as mmol of ligand 

per gram of bare support; f is utilized to evaluate the conversion of solid-phase reactions by 

elemental analysis and it is determined using nitrogen as the reference atom [N(%) = (f ) 

14 ) 100 /1 + f ) (MWligand)) 103]. The loading value is expressed as mmol of ligand per 

gram of functionalized support. To preserve support particles from mechanical 

degradation, the derivatization steps on solid-phase were carried out with the FirstMateTM 

synthesizer. Continuous-flow benzoin, acyloin-type, and Stetter reactions were performed 

with continuous degassing of the input stream with Ar using the purge system of the HPLC 

instrument. Spectroscopic data of compounds 11a-c,32 13a,b,12c 18,12c and 16a-c12b were 

identical to those reported in the literature. 

 

4-Methyl-5-(2-((4-vinylbenzyl)oxy)ethyl)thiazole (3) 

 To a cooled (0 C), stirred mixture of NaH (134 mg, 3.36 

mmol of a 60% dispersion in oil), 4-vinylbenzyl chloride (592 

L, 4.20 mmol), and anhydrous DMF (4 mL) a solution of 2-

(4-methylthiazol-5-yl)ethanol (335 L, 2.80 mmol) in anhydrous DMF (1 mL) was added 

dropwise. The resulting mixture was then warmed to room temperature, stirred overnight, 

diluted with AcOEt (45 mL), and washed with saturated aqueous NH4Cl (2 ) 10 mL), 

brine (2 ) 10 mL), and H2O (2 ) 5 mL). Then, the organic phase was dried (Na2SO4), 
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concentrated, and eluted from a column of silica gel with 3.5 : 1 cyclohexane-AcOEt to 

give 3 (545 mg, 75%) as a pale yellow oil. 1H NMR:  8.30 (s, 1 H, H-2), 7.42-7.38 (m, 2 

H, Ar), 7.35-7.24 (m, 2 H, Ar), 6.70 (dd, 1 H, J = 10.9 Hz, J = 17.6 Hz, H-1”), 5.74 (dd, 1 

H, J = 0.9 Hz, J = 17.6, Hz, H-2”a), 5.23 (dd, 1 H, J = 0.9 Hz, J = 10.9 Hz, H-2”b), 4.51 (s, 

2 H, CH2Ph), 3.64 (t, 2 H, J = 6.5 Hz, 2 H-2’), 3.04 (t, 2 H, J = 6.5 Hz,  2 H-1’), 2.39 (s, 3 

H, CH3). 13C NMR:  149.8, 149.2, 137.6, 137.0, 136.4, 128.0, 127.8 (2 C), 126.3 (2 C), 

113.9, 72.8, 70.0, 27.0, 14.9. ESI-MS (259.4): 260.9 (M + H+). HRMS (ESI/Q-TOF): calcd 

m/z for C15H18NOS [M + H]+: 260.1109; found: 260.1135. Found: C, 69.46; H, 6.61; N, 

5.40; S, 12.36. C15H17NOS requires C, 69.61; H, 6.85; N, 5.32; S, 12.53%. 

 

3-Benzyl-4-methyl-5-(2-((4-vinylbenzyl)oxy)ethyl)thiazol-3-ium bromide (4a)  

A screw-capped vial, containing a magnetic bar, was 

charged with a solution of 3 (100 mg, 0.39 mmol) in 

acetonitrile (0.5 mL); then, benzyl bromide (70 L, 

0.59 mmol) was added in one portion. The mixture 

was warmed to 70 C, stirred at that temperature for 16 h, and then cooled to room 

temperature and concentrated. The excess benzyl bromide was removed by repeatedly 

adding pentane to the residue and pipetting away the upper portions of the liquid to give 4a 

(167 mg, >95%) at least 95 % pure as determined by 1H NMR analysis. 1H NMR:  11.27 

(s, 1 H, H-2), 7.32-7.14 (m, 9 H, Ar), 6.61 (dd, 1 H, J = 10.9 Hz, J = 17.6 Hz, H-1”), 6.01 

(s, 2 H, NCH2Ph), 5.69 (dd, 1 H, J = 0.9 Hz, J = 17.6, Hz, H-2”a), 5.20 (dd, 1 H, J = 0.9 

Hz, J = 10.9 Hz, H-2”b), 4.43 (s, 2 H, CH2Ph), 3.61 (t, 2 H, J = 6.5 Hz, 2 H-2’), 3.00 (t, 2 

H, J = 6.5 Hz,  2 H-1’), 2.34 (s, 3 H, CH3).13C NMR:  157.7, 142.0, 137.4, 136.5, 136.3, 

135.5, 131.9, 129.4 (2 C), 129.3 (2 C), 128.3 (2 C), 128.2 (2 C), 126.4, 114.3, 73.1, 67.7, 

56.9, 27.8, 12.6. ESI-MS (430.4): 430.9 (M+). 

 

3-Ethyl-4-methyl-5-(2-((4-vinylbenzyl)oxy)ethyl)thiazol-3-ium bromide (4b) 

A screw-capped vial, containing a magnetic bar, was 

charged with a solution of 3 (100 mg, 0.39 mmol) in 

acetonitrile (0.5 mL); then, ethyl bromide (146 L, 1.95 

mmol) was added in one portion. The mixture was warmed to 70 C, stirred at that 

temperature for 16 h, and then cooled to room temperature and concentrated. The resulting 

residue was co-evaporated three times with toluene to give 4b (141 mg, >95%), at least 

95 % pure as determined by 1H NMR analysis. 1H NMR:  11.3 (s, 1 H, H-2), 7.42-7.38 
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(m, 2 H, Ar), 7.25-7.20 (m, 2 H, Ar), 6.70 (dd, 1 H, J = 10.9 Hz, J = 17.6, Hz, H-1”), 5.74 

(dd, 1 H, J = 0.9 Hz, J = 17.6 Hz, H-2”a), 5.23 (dd, 1 H, J = 0.9 Hz, J = 10.9 Hz, H-2”a), 

4.76 (q, 2 H, J = 8.0 Hz, NCH2), 4.51 (s, 2 H, CH2Ph), 3.64 (t, 2 H, J = 6.5 Hz, 2 H-2’), 

3.04 (t, 2 H, J = 6.5 Hz, 2 H-1’), 2.39 (s, 3 H, CH3), 1.60 (t, 3 H, J = 8.0 Hz, CH3). 13C 

NMR:  157.3, 141.1, 137.3, 136.5, 136.2, 135.5, 127.9 (2 C), 126.3 (2 C), 114.2, 73.1, 

67.8, 49.2, 27.8, 15.6, 12.1. ESI-MS (368.3): 368.8 (M+). 

 

Preparation of 3-mercaptopropyl silica gel (S5)  

To preserve silica particles from mechanical degradation, this derivatization step was 

carried out in a standard rotary evaporator in which a two-necked flask was fitted with 

solvent condenser, solvent collector, and nitrogen inlet for syringe addition of reactant 

solutions under an inert atmosphere. Mixing was obtained by spinning the flask around its 

axis and warming by means of a standard oil-bath. Silica gel (grade 9385, pore size 60 Å, 

particle size ~50 (m, superficial area 500 m2/g) was dried before its use (0.1 mbar, T= 

110 °C, 2 h). To a stirred slurry of silica gel (5.00 g), anhydrous toluene (60 mL), and 

freshly distilled triethylamine (0.25 mL) was slowly added a solution of (3-

mercaptopropyl)-trimethoxysilane (2.5 mL) in anhydrous toluene (10 mL). The resulting 

mixture was then warmed to 60 °C and stirred for 20 h. Subsequently, the mixture was 

refluxed until ca. 15 mL of solvent were collected (eventually by the aid of a nitrogen 

stream). The mixture was then refluxed for an additional 1 h, cooled to room temperature, 

and centrifuged with 20-mL portions of toluene, MeOH, EtOH, and cyclohexane. The 

resulting thiol-functionalized silica gel S510b was finally dried at reduced pressure (0.1 

mbar, 60 °C, 6 h). FT-IR (KBr): & 2577(SH) cm-1. Elemental analysis (%) found: S 3.36 (f 

= 1.29 mmolg-1; loading = 1.05 mmolg-1). 

 

Synthesis of silica-supported thiazole S6 via photoinduced TEC  

A vertically-agitated mixture of thiol-silica S5 (1.00 g, 1.05 mmol; loading = 1.05 mmolg-

1), thiazole derivative 3 (816 mg, 3.15 mmol), 2,2-dimethoxy-2-phenyl-acetophenone 

(DMAP, 267 mg, 1.05 mmol), and MeOH (6 mL) was irradiated at room temperature for 5 

h, and then centrifuged with 5-mL portions of MeOH (4 )). The resulting silica-supported 

thiazole S6 was finally dried at reduced pressure (0.1 mbar, 40 °C, 6 h). Elemental analysis 

(%) found: N 1.02 (f = 1.07 mmolg-1; loading = 0.73 mmolg-1). Excess intermediate 3 can 

be easily recycled by column chromatography of the centrifugate. 
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Synthesis of silica-supported N-benzyl thiazolium salts (S1-37a) 

A mixture of thiazole-silica S6 (500 mg, 0.37 mmol; loading = 0.73 mmolg-1), benzyl 

bromide (131 L, 1.11 mmol), and acetonitrile (4 mL) was vertically-agitated at 70 C 

for 12h, and then cooled to room temperature and centrifuged with 5-mL portions of 

acetonitrile (4 ). The resulting silica-supported N-benzyl thiazolium salt S17a was finally 

dried at reduced pressure (0.1 mbar, 40 °C, 6 h). Elemental analysis (%) found: N 0.89 (f = 

1.05 mmolg-1; loading = 0.64 mmolg-1). FT-IR (KBr): & 2947, 1496, 1455 cm-1. 

Silica S27a was obtained by the same procedure using 2.0 equiv. of benzyl bromide. 

Elemental analysis (%) found: N 0.73 (f = 0.78 mmolg-1; loading = 0.52 mmolg-1). 

Silica S37a was obtained by the same procedure using 1.0 equiv. of benzyl bromide. 

Elemental analysis (%) found: N 0.51 (f = 0.47 mmolg-1; loading = 0.36 mmolg-1). 

 

Synthesis of silica-supported N-ethyl thiazolium salts (S1-37b) 

A mixture of thiazole-silica S6 (500 mg, 0.37 mmol; loading = 0.73 mmolg-1), ethyl 

bromide (138 L, 1.85 mmol), and acetonitrile (4 mL) was vertically-agitated at 70 C 

for 12h, and then cooled to room temperature and centrifuged with 5-mL portions of 

acetonitrile (4 ). The resulting silica-supported N-ethyl thiazolium salt S17b was finally 

dried at reduced pressure (0.1 mbar, 40 °C, 6 h). Elemental analysis (%) found: N 0.89 (f = 

1.00 mmolg-1; loading = 0.64 mmolg-1). FT-IR (KBr): & 2860, 1607, 1514, 1416 cm-1. 

Silica S27b was obtained by the same procedure using 3.0 equiv. of ethyl bromide. 

Elemental analysis (%) found: N 0.74 (f = 0.75 mmolg-1; loading = 0.53 mmolg-1). 

Silica S37b was obtained by the same procedure using 2.0 equiv. of ethyl bromide. 

Elemental analysis (%) found: N 0.49 (f = 0.44 mmolg-1; loading = 0.35 mmolg-1). 

 

Synthesis of thiazole-functionalized monoliths (M1-38) 

A homogeneous mixture of thiazole derivative 3 (130 mg, 0.50 mmol), styrene (400 L, 

3.46 mmol), divinylbenzene (technical grade, 80%; 140 L, 1.00 mmol), toluene (180 

L, 1.74 mmol), 1-dodecanol (940 L, 4.18 mmol), and AIBN (6 mg, 0.04 mmol) was 

degassed under vacuum, and saturated with argon (by an Ar-filled balloon) three times. 

The mixture was then poured in a glass column (length: 10 cm, 0.46 cm internal diameter) 

sealed at both ends, and placed in a vertical position in a standard convection oven. The 

polymerization was allowed to proceed for 24 h at 70 C, then the column was cooled to 

room temperature, the glass broken, and the resulting monolith M18 triturated to obtain a 

yellow powder. This powder was suspended in THF (5 mL) and centrifuged with 5-mL 
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portions of THF (2 )). The collected supernatants were analyzed (1H NMR analysis) to 

verify the complete incorporation of monomer 3 into the polymer. The triturated M18 resin 

was utilized for elemental and FT-IR analyses and subsequent derivatization steps. 

Elemental analysis (%) found: N 1.12 (f = 0.92 mmolg-1; loading = 0.80 mmolg-1).  

Monolith M28 was obtained by the same procedure but varying the amounts of styrene 

(508 L, 4.42 mmol) and 3 (80 mg, 0.31 mmol). Elemental analysis (%) found: N 0.73 (f 

= 0.57 mmolg-1; loading = 0.52 mmolg-1). 

Monolith M38 was obtained by the same procedure but varying the amounts of styrene 

(419 L, 3.65 mmol) and 3 (30 mg, 0.12 mmol). Elemental analysis (%) found: N 0.30 (f 

= 0.22 mmolg-1; loading = 0.21 mmolg-1). 

 

Synthesis of N-benzyl thiazolium salt-functionalized monoliths (M1-39a) 

A mixture of triturated M18 (100 mg, 0.40 mmol; loading = 0.80 mmolg-1), benzyl 

bromide (143 L, 1.20 mmol), and acetonitrile (2 mL) was vertically-agitated at 70 C 

for 12h, and then cooled to room temperature and filtered. The resulting N-benzyl 

thiazolium salt-functionalized monolith M19a was finally dried at reduced pressure (0.1 

mbar, 40 °C, 6 h). Elemental analysis (%) found: N 0.97 (f = 0.90 mmolg-1; loading = 0.69 

mmolg-1). FT-IR (KBr): & 3025, 2922, 1601, 1510, 1493, 1452 cm-1. 

Monolith M29a was obtained by the same procedure starting from M28. Elemental analysis 

(%) found: N 0.67 (f = 0.57 mmolg-1; loading = 0.48 mmolg-1). 

Monolith M39a was obtained by the same procedure starting from M38. Elemental analysis 

(%) found: N 0.28 (f = 0.21 mmolg-1; loading = 0.20 mmolg-1). 

 

Synthesis of N-ethyl thiazolium salt-functionalized monoliths (M1-39b) 

A mixture of triturated M18 (100 mg, 0.40 mmol; loading = 0.80 mmolg-1), ethyl bromide 

(149 L, 2.00 mmol), and acetonitrile (2 mL) was vertically-agitated at 70 C for 12h, 

and then cooled to room temperature and filtered. The resulting N-ethyl thiazolium salt-

functionalized monolith M19b was finally dried at reduced pressure (0.1 mbar, 40 °C, 6 h). 

Elemental analysis (%) found: N 1.02 (f = 0.91 mmolg-1; loading = 0.73 mmolg-1). FT-IR 

(KBr): & 3024, 2920, 1601, 1492, 1425 cm-1. 

Monolith M29b was obtained by the same procedure starting from M28. Elemental analysis 

(%) found: N 0.70 (f = 0.57 mmolg-1; loading = 0.50 mmolg-1). 

Monolith M39b was obtained by the same procedure starting from M38. Elemental analysis 

(%) found: N 0.24 (f = 0.18 mmolg-1; loading = 0.17 mmolg-1). 
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Procedure for the model benzoin reaction under batch conditions (Table 6.1, entry 9) 

A mixture of benzaldehyde 11a (25 L, 0.25 mmol), monolith M29b (0.025 mmol, 50 

mg; 20 mol%), and phosphate buffer pH = 8 (1 mL) was vertically-stirred for 24 h at 

35 °C, and then filtered. The filtrate was analyzed by 1H NMR to determine the reaction 

conversion. Subsequently, the residue was eluted form a column of silica gel with 4: 1 

cyclohexane - AcOEt to give benzoin 11a32 (23 mg, 84%). The recycled catalyst M29b was 

subjected to the same reaction furnishing 11a in 12% isolated yield. Catalyst M29b was 

inactive at the third run. This result corresponds to a turnover number of 4.8 for M29b in 

the model benzoin reaction. 

 

Procedure for the model acyloin-type reaction under batch conditions (Table 6.1, 

entry 10) 

A mixture of biacetyl 12a (22 L, 0.25 mmol), monolith M29b (0.025 mmol, 50 mg; 20 

mol%), Et3N (34 L, 0.25 mmol), and EtOH (1 mL) was vertically-stirred for 24 h at 

room temperature, and then filtered. The filtrate was analyzed by 1H NMR to evaluate the 

yield of acetyl acetoin 13a12c (88%) using bromoform as the internal standard. The 

recycled catalyst M29b was subjected to the same reaction furnishing 13a in 44% isolated 

yield. Catalyst M29b was inactive at the third run. This result corresponds to a turnover 

number of 6.4 for M29b in the model acyloin-type reaction. 

 

Procedure for the model Stetter reaction under batch conditions (Table 6.1, entry 11) 

A mixture of trans-chalcone 15a (26 mg, 0.125 mmol), biacetyl 12a (33 L, 0.38 mmol), 

monolith M29b (0.025 mmol, 50 mg; 20 mol%), Et3N (52 L, 0.38 mmol), and EtOH (1 

mL) was vertically-stirred for 24 h at 50 C, and then cooled to room temperature and 

filtered. The filtrate was analyzed by 1H NMR to determine the reaction conversion. 

Subsequently, the residue was eluted form a column of silica gel with 12: 1 cyclohexane - 

AcOEt to give the g-diketone 16a12b (26 mg, 81%). The recycled catalyst M29b was 

subjected to the same reaction furnishing 16a in 15% isolated yield. Catalyst M29b was 

inactive at the third run. This result corresponds to a turnover number of 4.8 for M29b in 

the model Stetter reaction. 
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Preparation of monolithic microreactor (MM29b) 

A homogeneous mixture of thiazole derivative 3 (80 mg, 0.31 mmol), styrene (508 L, 

4.42 mmol), divinylbenzene (technical grade, 80%; 140 L, 1.00 mmol), toluene (180 

L, 1.74 mmol), 1-dodecanol (940 L, 4.18 mmol), and AIBN (6 mg, 0.04 mmol) was 

degassed under vacuum, and saturated with argon (by an Ar-filled balloon) three times. 

The mixture was then poured in a stainless-steel columns (length: 10 cm, 0.46 cm internal 

diameter) sealed at both ends, and placed in a vertical position in a standard convection 

oven. The polymerization was allowed to proceed for 24 h at 70 C, then the column 

MM28 was cooled to room temperature and the seals removed. The column was provided 

with fittings, connected to the HPLC pump, and warmed to 50 C. Then, THF was 

pumped through the warmed column at a flow rate of 50 L min-1 for 5 h to remove the 

porogenic solvents and residual non-polymeric materials. The column MM28 was cooled 

to room temperature and then an input stream of pure EtBr (2 mL) was pumped at 50 L 

min-1 inside the column to completely fill the microreactor (V0 = 1.07 mL). The pump was 

then stopped, the column sealed at both ends, and placed in a vertical position in a standard 

convection oven. The N-alkylation step was allowed to proceed for 12 h at 60 °C, then the 

column MM29b was cooled to room temperature and the seals removed. The column was 

provided with fittings, connected to the HPLC pump, and washed at room temperature 

with THF at a flow rate of 50 L min-1 for 2 h to remove the excess BnBr. The whole 

procedure was performed with a reference microreactor in a parallel experiment with the 

aim to establish the level of N-alkylation and the weight of dried polymer inside the 

stainless-steel column (604 mg). Elemental analysis (%) found: N 0.67 (f = 0.55 mmolg-1; 

loading = 0.48 mmolg-1). 

 

Determination of microreactor void-volume 

Microreactor void volume (V0) was determined by pycnometry.33 This method consists in 

filling the microreactor successively with two distinct solvents (solvent 1: water; solvent 2: 

n-hexane) and weighing the filled microreactors accurately. Simple math shows that:34 

21

21
0V !! "

"
=
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where 1w  and 2w  are the weights of the microreactor filled with solvents 1 and 2 and 1!

and 2!  the densities of the solvents. 
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Continuous-flow benzoin reactions (Table 6.3, entries 1, 4, and 5) 

Microreactor MM29b was fed with a continuously degassed solution of the aromatic 

aldehyde 10 in phosphate buffer (pH 8) and DMSO (10% v/v; see Table 3 for molarity 

concentrations), and operated at the stated temperature for 5 h (under steady-state 

conditions) at the stated flow rate. Instant conversion was determined (1H NMR analysis) 

every 60 min by taking a sample of the eluate. The collected solution was finally extracted 

with Et2O (3 ) 25 mL), and the resulting organic phase concentrated to give the 

corresponding adduct 1125 (yield: > 95%), at least 95% pure as established by 1H NMR 

analysis.  

The long-term stability experiment was performed using benzaldehyde 10a (0.10 M) as the 

substrate; microreactor MM29b was operated at 35 C with a flow rate of 10 L min-1 

for ca. 100 h. After the achievement of the steady-state regime (ca. 6 h), full conversion of 

10a was maintained for 36 h, while a progressive loss of catalytic activity was observed 

after that time (TONflow = 7.4). 

 

Continuous-flow acyloin-type reactions (Table 6.3, entries 2, 6, and 7) 

Microreactor MM29b was fed with a continuously degassed solution of donor 12a or 12b, 

acceptor 12a, 12b, or 17, and Et3N in absolute EtOH (see Table 3 for molarity 

concentrations), and operated at 25 °C for 5 h (under steady-state conditions) at the stated 

flow rate. Instant conversion was determined (1H NMR or GC analysis) every 60 min by 

taking a sample of the eluate. The collected solution containing the adduct 13a or 13b was 

bulb-to bulb distilled (13a: 50 °C, 5 mmHg; 13b: 84 °C, 5 mmHg) to give the 

corresponding product 1312c (yield: > 90%), at least 95% pure as established by 1H NMR 

analysis. In the case of product 18, the collected solution was concentrated and eluted from 

a column of silica gel with 3: 1 cyclohexane-AcOEt to give 1812c (yield: 52%). 

The long-term stability experiment was performed using biacetyl 12a (0.10 M) as the 

substrate; microreactor MM29b was operated at 25 C with a flow rate of 10 L min-1 

for ca. 250 h. After the achievement of the steady-state regime (ca. 4 h), full conversion of 

12a was maintained for ca. 180 h, while a progressive loss of catalytic activity was 

observed after that time (TONflow = 37.2). 

 

Continuous-flow Stetter reactions (Table 6.3, entries 3, 8, and 9) 

Microreactor MM29b was fed with a continuously degassed solution of biacetyl 12a, 

chalcone 15, and Et3N in absolute EtOH (see Table n.3 for molarity concentrations), and 

operated at 50 °C for 5 h (under steady-state conditions) at the stated flow rate. Instant 
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conversion was determined (1H NMR analysis) every 60 min by taking a sample of the 

eluate. The collected solution was concentrated and eluted from a column of silica gel with 

the suitable elution system to give the -diketone 1612b (yield: 69-95%). 

The long-term stability experiment was performed using biacetyl 12a (0.15 M) and trans-

chalcone 15a (0.05 M) as the substrates; microreactor MM29b was operated at 25 C 

with a flow rate of 10 L min-1 for ca. 130 h. After the achievement of the steady-state 

regime (ca. 5 h), full conversion of 15a was maintained for ca. 90 h, while a progressive 

loss of catalytic activity was observed after that time (TONflow = 9.3). 
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CHAPTER II: Novel Titanium Complexes as Catalysts for the Enantioselective 

Synthesis of Sulfoxides  

 

7. Introduction 

 

7.1. Chiral sulfoxide as interesting class of compounds 

Nowadays, chiral sulfoxides represent a very interesting and valuable class of compounds. 

They are widely employed in organic synthesis as chiral auxiliaries, as chiral sulfur ligands 

in asymmetric catalysis and as organocatalysts.1 One of the most interesting aspect of their 

use is related with their crucial role in biology.2 Indeed, in recent years, the pharmaceutical 

industry has shown an increasing interest in nonracemic compounds; among them, sul%nyl 

derivatives are of special importance. Esomeprazole, the (S) form of omeprazole, which is 

used to heal and relieve symptoms of gastric or duodenal ulcers, is counted among the 

world’s most sold pharmaceuticals.3 

Three principal approaches used for preparation of nonracemic compounds involve 

separation of a racemic mixture, transformation of a reagent from the chiral pool, or the 

use of chiral catalyst for enantioselective synthesis. These methods can also be utilized to 

obtain a chiral sulfoxide. Racemic sul%nyl derivatives were separated using chiral columns 
4 and by fractional crystallization of the binary compounds formed with a chiral resolving 

agent; Chemical resolution methods include the reversible reactions with nonracemic 

compounds.  

Finally, the enantioselective transformations using substoichiometric amounts of a chiral 

catalyst are particularly attractive, since multiplication of chirality may be achieved in 

these reactions. While catalytic C-S bond formation reactions leading to chiral sulfoxides 

are rare,5 various ef%cient oxidation systems were designed and used for preparation of 

these compounds in high enantiomeric purity, and in many cases both optical antipodes 

were accessible; in this area, we will focus our attention on the stereoselective oxidation of 

sulfides (Scheme 7.1). 
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Scheme 7.1. General scheme for the enantioselective oxidation of sulfides. 

 

The catalytic enantioselective oxidation of sul%des 1 represents the most direct approach to 

sulfoxides 2.  

Over the past 20 years a variety of catalytic systems have been developed, and some of 

these are now used at the industrial scale. There are, however, no fully generalized 

methods as the enantioselectivity is highly sensitive to the substrate structure.  

On occasion, a competitive overoxidation to sulfone 2’ is observed, together with some 

kinetic resolution, which increases the ee value of the isolated sulfoxide with a 

simultaneous decrease in the yield.  

Looking in the literature, there are several synthetic methods for the enantioselective 

sulfoxidation of sulfides using different chemical approaches: enzymatic catalysis, 

organocatalysis and metal catalysis.  

We will focus our attention on the wide area of metal complex catalyzed stereoselective 

sulfoxidation reactions, showing representative examples of some of the main metal 

complexes found in the literature. 

All the metal catalysts that will be herein presented suffers from low enantioselectivity 

with dialkyl sulfides as substrates. This issue also affects the organocatalyzed sulfide 

oxidations and, somehow, some of the enzymatic processes as well. 

In this regard, the design of a catalyst able to promote with excellent values of 

stereoselectivity this kind of chemical transformation is still a big challenge in the 

scientific community.  
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7.2. Titanium-based catalysts for asymmetric sulfoxidation 

 

7.2.1. Diesters of tartaric acid 

In 1984, the catalysts for the Sharpless asymmetric epoxidation of allylic alcohols were 

modi%ed by the groups of Kagan and Modena for their utilization in the enantioselective 

oxidation of sul%des..  

Kagan and colleagues used a titanium complex prepared from Ti (Oi-Pr)4, (R,R)-diethyl 

tartrate (DET), water (1 : 2 : 1) with tert-butyl hydroperoxide (TBHP) as oxidant.6 The 

reaction was run at -22 °C in methylene chloride. At the beginning, the titanium complex 

was used in stoichiometric amounts, but a subsequent improved procedure decreased the 

catalytic amounts down to 10 mol.%.7 The replacement of TBHP with cumyl 

hydroperoxide led to a general improvement of the enantiomeric excess of the sulfoxide.7,8  

By contrast, Modena et al. used a slightly di"erent titanium system, with the combination 

Ti (Oi-Pr)4/(R,R)-DET = 1 : 4.9 Final optimization of the Kagan procedure with cumene 

hydroperoxide (CHP) as oxidant and stoichiometric amounts of the titanium complex 

allowed the preparation of ferrocenyl p-tolyl sulfoxide or methyl p-tolyl sulfoxide with ee 

> 99%.10 

Regarding the reaction mechanism, Kagan and Modena systems are, presumably, very 

similar and NMR studies have demonstrated a great complexity for the species in 

equilibrium in solution.11 The existence of a peroxotitanium species A (Scheme 7.2) has 

been postulated, and this has been well supported by the X-ray crystal structure of a 

peroxotitanium complex.12 

The Kagan oxidation has been used on a quite large scales to prepare sulfoxides of 

industrial interest, either as intermediates or products. The numerous applications of 

Kagan’s oxidation system result from the ready availability of reagents and from the fact 

that in many cases this procedure leads to high ee and reasonable sulfoxide yields, which 

are sometimes lowered by the overoxidation to the sulfone. This fact may complicate the 

isolation of the expected monooxygenated product. However, the reaction outcome can be 

altered by the choice of peroxide, stoichiometry, or conditions (solvent, temperature, order 

of reagent addition) and by addition of suitable chiral or achiral substances.  

Some examples of the oxidation with both systems are included in Scheme 7.2. 
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Scheme 7.2. Sulfoxidation in the presence of a Ti/DET complex. 

 

7.2.2. Symmetric 1,2-diols as ligands 

In the water-modi%ed Kagan reagent, the DET ligand was replaced by a variety of chiral 

diols. For example, 1,2-diarylethane 1,2-diols 3 (Ar = 2-methoxyphenyl) allowed 

stoichiometric, enantioselective oxidations of sul%des to be performed, sometimes with 

high ee values (Scheme 7.3).13 

A goal in this field was to identify conditions that could avoid the overoxidation of sul%des 

into sulfones. For example, aryl methyl or benzyl sul%des (ee values up to 99%) were 

cleanly oxidized at 0 °C by TBHP in the presence of 10 mol.% of the combination of 

Ti(Oi-Pr)4/3/H2O; the target compound of this reaction represents a good starting material 

for the preparation of many sulfoxides, as the benzyl group can be displaced (with 

inversion of con%guration) by various organometallics.14 Finally, Imamoto and co-workers 

used diol 5 instead of DET, with moderate ee values in the preparation of some sulfoxides, 

although some subsequent kinetic resolution was allowed. 

 

 

Scheme 7.3. Sulfoxidation in the presence of some Ti/1,2-diol complexes. 
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7.2.3. Ti salen catalysts 

The Ti complexes with chiral salen ligands such as 5 (Scheme 7.4) were %rst investigated 

by Fujita and co-workers.15 Later, Katsuki and colleagues employed new Salen–Ti (IV) 

catalysts for sulfoxidation using the eco-friendly hydrogen peroxide as oxidant;16 the use of 

H2O2 as oxidant is in line with the green chemistry guidelines, producing water as reaction 

byproduct.  

They designed and synthetized complex 5 was dimerized according to a procedure 

described by Belokon17 to a cis-(-dioxo dimer 6. This complex is an excellent catalyst 

precursor for the oxidation of sul%des at room temperature. For example, methyl phenyl 

sulfoxide was prepared at room temperature in 76% ee with aqueous H2O2 and in 94% ee 

with the urea hydrogen peroxide adduct (UHP). The procedure with UHP in methanol at 0 

°C gave the best results, and it was used for the oxidation of many aryl methyl sul%des 

(with ee values in the range of 92–99%) in 80 to 90% yield. Benzyl ethyl sulfoxide was 

obtained with 93% ee and 72% yield.  

From the mechanistic point of view, presumably, UHP is responsible for the transformation 

of complex 7 into the active peroxo complex 8. In the presence of water, 8 is in equilibrium 

with the less-stereoselective hydroperoxo(hydroxo)titanium species. 

 

Scheme 7.4. Ti/salen catalysts for stereoselective sulfoxidation. 
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7.3. Vanadium-based catalysts for asymmetric sulfoxidation 

First examples of Vanadium-based catalysts employed in stereoselective sulfoxidation 

were reported by Nakajima and co-workers; they synthetized oxo vanadium complexes 

derived from chiral Schi" bases such as 9 as catalysts (Figure 7.1), and they used cumene 

hydroperoxide (CHP) as oxidant.18 The enantioselectivity was at best 40% ee, although the 

catalytic activity was excellent (0.1 mol.% catalyst).  

In order to increase the stereoselectivity of the process, Bolm and co-workers introduced in 

1995 the preparation of highly active vanadium catalysts (used at 0.01 mol.% amounts) 

derived from Schi" bases 10 and [VO(acac)2 ].19 The oxidant was aqueous H2O2 (30%), 

and the sulfoxides were formed in 50 to 70% ee from aryl alkyl sul%des. They extended the 

reaction to the monooxidation of dithioketals or dithioacetals, and monosulfoxides could 

be obtained with ee values up to 85%.20 Inspired by the work of Bolm, Skarzewski and co-

workers screened several Schi" bases (e.g. 11) deriving from (S)-valinol in the oxidation 

of thioanisole and acyclic disul%des21, achieving good enantioselectivity, comparable to 

that obtained by Bolm. 

 

Figure 7.1. Some examples of Vanadium catalysts for asymmetric sulfoxidation. 

 

7.4. Manganese-based catalysts for asymmetric sulfoxidation. 

Manganese complexes have been studied as stereoselective sulfoxidations catalysts as 

well. 

In this regard, Halterman and co-workers in 1991 developed a manganese 

tetraphenylporphyrin catalyst for the enantioselective oxidation of sul%des by 

iodosylbenzene, used as “oxo-transfer reagent”;22 this procedure gave quite good values of 

stereoselectivity (up to 68% ee).  
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As discussed before, the family of salen ligands is widely used in metal catalysis, and also 

some Salen-Manganese(III) complexes have been studied, providing some active 

enantioselective catalysts.  

For example, Jacobsen and co-workers prepared complex 12 (Figure 7.2) which showed 

good catalytic activity (2 mol.%) for the oxidation of alkyl aryl sul%des into sulfoxides (ee 

values up to 68%).23 Also Katsuki studied this family of complexes, designing and 

synthetizing the Salen–manganese complexes 13–14,24 which catalyzed the 

enantioselective oxidation of sul%des with ee values up to 90% (2-nitrophenyl methyl 

sulfoxide) with iodosobenzene as oxidant. Finally Mukaiyama and co-workers have also 

studied the family of &-oxo aldiminato Mn(III) complex 15 using the combination 

pivaladehyde/molecular oxygen as the oxidant system.25 With this catalytic system, methyl 

ortho-bromophenyl sulfoxide was obtained in 70% ee. 

 

Figure 7.2. Some examples of Manganese catalysts for asymmetric sulfoxidation. 
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8. Novel Titanium cis-Salalen Complexes as Catalysts for the Enantioselective 

Synthesis of Sulfoxides  

 

8.1. Introduction 

The oxidation of thioethers to enantiomerically enriched sulfoxides has been the subject of 

extensive studies in the last decades, with the design of catalyst systems relying on the use 

of practical and environmentally benign oxidants such as hydrogen peroxide.1 

Although a number of research groups studied new catalysts for this chemical 

transformation, none of the novel catalysts has, so far, been transferred from laboratory to 

industry; indeed, the industry continues exploiting the Kagan-Modena-type titanium 

dialkyltartrate/ alkylhydroperoxide catalyst systems. 2 

Analyzing deeply the scientific production in this area, it is clear that there is still a lack of 

simple and stereoselective catalyst systems for the asymmetric oxidation of thioethers with 

bulky or alkyl substituents groups at the sulfur atom. Most of the substrate scopes shown in 

the literature are limited to diaryl or alkyl-aryl sulfides because the utilization of the 

presented catalyst systems on dialkyl sulfide generally leads to poor results in terms of 

stereoselectivity. 

With this in mind, we tried to use a different catalytic system, that is Ti cis-salalen 

complex, in order to overcome these problems and achieve enantiopure sulfoxides with 

good yield and ee; the final goal of our project was to use the innovative catalytic system 

in the final stereoselective sulfoxidation step of the synthesis of omeprazole, finding a 

valid alternative to the Kagan-Modena industrial process. 

After Katsuki and co-workers who used Ti-salalen complexes 1 for the epoxidation of 

conjugated olefins with hydrogen peroxide as oxidant,3 Berkessel’s group proposed a 

simplified version of Katsuki’s catalyst focusing on Ti cis-salalen complexes 2 (Figure 

8.1). 

This catalysts performed better than trans-counterpart in stereoselective epoxidations of 

non conjugated olefins4; in addition the authors developed a practical synthesis for cis-

DACH-salalen ligands 7 (Scheme 8.1) and an in situ procedure for the complex 

formation.4 
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Figure 8.1. Katsuki’s Ti-salalen catalyst 1 and Berkessel’s simplified Ti cis-salalen 
catalyst 2 

 

 

 

 

Scheme 8.1. Modular synthesis of cis-salalen ligands 7 

 

The stereoselective synthesis of ligand 7 starts from the enantiopure monoalloc-protected 

cis-DACH, produced via enzymatic desymmetrization of cis-DACH.5 Reductive alkylation 

with a salicylic aldehyde 4 introduces the amine functional group of the salalen ligand; 

finally, the imine group is introduced by alloc group deprotection followed by subsequent 

condensation with a second salicylic aldehyde 6, to give the target ligand 7 with high level 

of enantiopurity (ee up to 99%). It is important to remember that Boc protection of 3, 

followed by alloc deprotection, provides access to the enantiomeric salalen ligands ent-7. 

This procedure allows the access to a wide collections of ligands, just changing the 

aldehydes involved in the synthesis. 

With the optimized conditions for the ligand synthesis, the catalytically active Ti 

complexes is generated in situ by combining the corresponding ligands with one equivalent 

of Ti(Oi-Pr)4 in methylene chloride at room temperature. 
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Inspired by the good results of these catalysts in the stereoselective epoxidation of non 

conjugated olefins using H2O2 as oxidant, we wondered if this complexes could be active 

in asymmetric oxidation of sulfides, representing a new class of catalyst that maybe could 

solve the main issues related to to this challenging chemical reaction. 

 

n.2. Results and discussion 

In order to evaluate the catalytic activity of Ti cis-salalen complexes in stereoselective 

sulfoxidation reactions, we chose thioanisole as substrate.  We performed the sulfoxidation 

reaction of thioanisole using an aqueous solution of H2O2  (30% w/w) as oxidant, in the 

presence of Ti-salalen complex as catalyst (5% mol); we run the reactions at different 

temperatures and we screened different catalytic systems (Table 8.1). 
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Table 8.1. Stereoselective sulfoxidation of thioanisole 8a) 

 

!

Entry Salalen T [°C] Conv., t [h] ee [%]
b
 Sulfone 7 

1 11 25 20, 2 37 - 

2 14 25 98, 2 32 Trace 

3 11 0 22, 2 69 - 

4 14 0 52, 2 30 - 

5 12 0 48, 3 39 Trace 

6 13 0 99, 3 70 Trace 

a) Reaction conditions: thioanisole 8 (0.2 mmol), salalen ligand (0.01 mmol), Ti(OiPr)4                                                                                                      

(0.01 mmol), H2O2 (1.3 eq), C2H4Cl2 (1.0 mL); diphenyl ether was used as internal standard (1.5 

mmol); b) ee was determined by GC, Lipodex-E, 85 kPa, Program: initial T= 110 ºC for 5 min, 

then slope 10 ºC/min until 170 °C, Rt1sulfoxide = 11.1 min, Rt2sulfoxide = 12.1 min, Rt3sulfone = 18.4 min. 

 

As shown in the table, trans-salalen 14 is more efficient in terms of starting material 

conversion than the corresponding cis-salalen 11 but less efficient in terms of 

stereoselectivity. Change of catalyst to cis-cyclohexyl substituted 13 afforded full 

conversion after 3 hours and 70% ee with some trace of sulfone. After these results, we 

decided to focus our study on the use of cis-salalen ligands that performed better in terms 

of stereoselectivity. 
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With this in mind, we started investigating the stereoselective sulfoxidation of dialiphatic 

sulfides, which represented a very big challenge in our research. In this direction, we 

performed the oxidation of dodecyl methyl sulfide 15 running reactions with different 

catalysts, temperatures and solvents (Table 8.2). 

 

Table 8.2. Stereoselective sulfoxidation of dodecyl methyl sulfide 15a) 

 

Entry Salalen Solvent T [°C] Conv., t [h] ee [%]b Note 

1 11 C2H4Cl2 25 55, 4 <5  

2 17 C2H4Cl2 25 85, 2 <5 Byproduct 

3 17 C2H4Cl2 0 34, 2 <5 Byproduct 

4 13 C2H4Cl2 25 90, 2 16  

5 13 C2H4Cl2 0 84, 2 21  

  6 13 CH3OH 25 90, 1 <5  

a) Reaction conditions: dodecyl methyl sulfide 15 (0.2 mmol), cis-salalen ligand (0.01 mmol), 

Ti(OiPr)4 (0.01 mmol), H2O2 (1.3 eq), Solvent (1.0 mL); diphenyl ether was used as internal 

standard (1.5 mmol); b) ee was determined by HPLC on Daicel OB-H column, n-hexane/i-PrOH 

(98:2), 0.5 ml min-1,  T = 18 °C, Rt1 = 26.1 min, Rt2 = 28.0 min. 

For this reaction, catalyst 13 seemed to be the more efficient one giving almost complete 

conversion after 2 hours and 21% and 16% ee at 0 °C and 25 °C, respectively. The same 

catalyst in methanol gave 90% yield in 1 hour but the racemic product. The results 

obtained with catalyst 17 have to be underlined because this catalyst is completely 

ineffective in epoxidation reactions while it works in sulfoxidation with near full 
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conversion after 2 hours, but with low ee and formation of some byproduct. In conclusion, 

for this substrate we were not able to afford high ee values. 

Then we moved to use the cyclohexyl methyl sulfide 18 as substrate screening different 

catalysts and temperature conditions (Table 8.3). 

 

Table 8.3. Stereoselective sulfoxidation of dodecyl methyl sulfide 18a) 

 

Entry cis-Salalen Solvent T [°C] Conv., t [h] ee [%]
a
 

1 11 C
2
H
4
Cl
2
 25 98, 1 <5 

2 11 C
2
H
4
Cl
2
 0 97, 1 <5 

3 13 C
2
H
4
Cl
2
 25 99, 1 39 

4 13 C
2
H
4
Cl
2
 0 99, 1 49 

5 13 CH
3
OH 25 99, 2 12 

a) Reaction conditions: cyclohexyl methyl sulfide 15 (0.2 mmol), cis-salalen ligand (0.01 mmol), 

Ti(OiPr)4 (0.01 mmol), H2O2 (1.3 eq), Solvent (1.0 mL); diphenyl ether was used as internal 

standard (1.5 mmol); b) ee was determined by HPLC on Daicel OB-H column, n-hexane/i-PrOH 

(80:20), 0.7 ml min-1,  T = 18 °C, Rt1 = 7.9 min, Rt2 = 9.7 min. 

 

As shown in the table, catalyst 11 gives full conversion of the starting material after 1 hour, 

but very low values of ee; on the other hand, catalyst 13, using C2H4Cl2 as the solvent, 

gives full conversion in 1 hour and 39% and 49% ee at 25°C and 0°C, respectively. 
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Next, we decided to use a sulfide containing in the heterocycle ring an atom that could be 

bounded by the metal and we choose the 2-methylthio pyridine 20 as a representative 

example (Table 8.4). 

 

Table 8.4. Stereoselective sulfoxidation of 2-methylthio pyridine 20a) 

 

 

Entry cis-Salalen Solvent T [°C] Conv., t [h] ee [%]
b
 

1 11 C
2
H
4
Cl
2
 25 99, 2 57 

2 13 C
2
H
4
Cl
2
 25 99, 2 52 

a) Reaction conditions: 2-methylthio pyridine 20 (0.2 mmol), cis-salalen ligand (0.01 mmol), 

Ti(OiPr)4 (0.01 mmol), H2O2 (1.3 eq), Solvent (1.0 mL); diphenyl ether was used as internal 

standard (1.5 mmol); b) ee was determined by HPLC on Daicel OB-H column, n-hexane/i-PrOH 

(90:10), 1.0 ml min-1,  T = 18 °C, Rt1 = 18.2 min, Rt2 = 23.8 min. 

 

Both catalysts showed full conversion in 2 hours, and moderate enantioselectivity, 57% ee 

for catalyst 11 and 52% ee for catalyst 13. 

With all these results in hand, we decided to use our new catalytic system to perform the 

final step of Esomeprazole synthesis; Esomeprazole 23 is the S-enantiomer of Omeprazole, 

a proton pump inhibitor, which reduces stomach acid secretion through inhibition of the 

H+/K+ ATPase in the parietal cells of the stomach. By inhibiting the functioning of this 

transporter, the drug prevents formation of stomach acid. It is used in the treatment of 

dyspepsia, peptic ulcer disease, gastroesophageal reflux disease, and Zollinger-Ellison 

syndrome. 
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The final step of the total synthesis consists in a stereoselective sulfoxidation of sulfide 22 

to give Esomeprazole 23 in high enantiopurity.6  

Our investigation first started evaluating the different catalytic activity of different cis-

salalen catalysts with different structure motifs in R positions (Table 8.5). 

 

Table 8.5. Omeprazole synthesis: screening of catalystsa) 

 

!

Entry cis-Salalen Conv,t [h] ee [%]
b
 

1 11 84, 2  72 

2 13 99, 2 80 

3 17 38, 3 45 

4 27 98, 2 68 

5 24 97, 2 77 

6 25 98, 2 68 

7 26 97, 2 77 

a) Reaction conditions: Omeprazole Sulfide 22 (0.2 mmol), cis-salalen ligand (0.01 mmol), 

Ti(OiPr)4 (0.01 mmol), H2O2 (1.3 eq), C2H4Cl2 (1.0 mL); diphenyl ether was used as internal 

standard (1.5 mmol); b) ee was determined by HPLC on Chiralpak AD-H column, n-hexane/i-
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PrOH (85:15), 1.0 ml min-1,  T = 18 °C, Rt1 = 18.7 min, Rt2 = 25.4 min. According to Tetrahedron: 

Asymmetry, 2012, 23, 457-460 our major enantiomer has R configuration. 

 

As shown in Table 8.5, the best ee was achieved using catalyst 13 with full conversion of 

the starting material and no byproducts formation after 2 hour of reaction. Looking at this 

data, we decided to employ for the next experiments catalysts 13 and 11, the more efficient 

ones for sulfoxidation and epoxidation, respectively.  In order to increase the 

stereoselectivity of the reaction, we screened different temperature conditions, from -25 °C 

to 40 °C (Table 8.6). 
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Table 8.6. Omeprazole synthesis: temperature effecta) 

 

 

Entry cis-Salalen T [°C] Conv., t [h] ee [%]
b
 Note 

1 11 -25 30, 4 15  

2 11 0 23, 12 30  

3 11 25 88, 6 72  

4 11 40 4, 16 88 Byproduct 

5 13 -25 55, 4 43  

6 13 0 99, 2 80  

7 13 25 99, 2 80  

8 13 40 9, 3 85 Byproduct 

a) Reaction conditions: Omeprazole Sulfide 22 (0.2 mmol), cis-salalen ligand (0.01 mmol), 

Ti(OiPr)4 (0.01 mmol), H2O2 (1.3 eq), C2H4Cl2 (1.0 mL); diphenyl ether was used as internal 

standard (1.5 mmol); b) ee was determined by HPLC on Chiralpak AD-H column, n-hexane/i-

PrOH (85:15), 1.0 ml min-1,  T = 18 °C, Rt1 = 18.7 min, Rt2 = 25.4 min. According to Tetrahedron: 

Asymmetry, 2012, 23, 457-460 our major enantiomer has R configuration. 

 

The trend of temperature effect on the stereoselectivity of reaction looked quite clear: ee 

increased with temperature. The optimal condition was set at 25°C because over this value 

we observed several byproducts and the decrease of starting material conversion, likely 

because of catalyst deactivation.. 
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This relationship between enantioselectivity and temperature is quite uncommon; indeed in 

the future it will be further investigated by the Berkessel group because it give some 

important information regarding the reaction mechanism. 

With this in mind we started to evaluate the solvent effect screening different solvents 

(Table 8.7). 
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Table 8.7. Omeprazole synthesis: solvent effecta) 

 

Entry cis-Salalen Solvent Conv., t [h] ee [%]
b
 

1 11 C
2
H
4
Cl
2
 84, 6 72 

2 13 C
2
H
4
Cl
2
 99, 2 80 

3 13 CH
2
Cl
2
 99, 2 83 

4 11 CHCl
3
 96, 2 84 

5 13 CHCl
3
 99, 2 85 

6 13 THF 99, 2 88 

7 13 EtOAc 99, 2 82 

8 11 CH
3
OH 98, 1 92 

9 13 CH
3
OH 99, 1 95 

10 13 EtOH 99, 1 81 

11 13 i-PrOH 99, 1 91 

a) Reaction conditions: Omeprazole Sulfide 22 (0.2 mmol), cis-salalen ligand (0.01 mmol), 

Ti(OiPr)4 (0.01 mmol), H2O2 (1.3 eq), Solvent (1.0 mL); diphenyl ether was used as internal 

standard (1.5 mmol); b) ee was determined by HPLC on Chiralpak AD-H column, n-hexane/i-

PrOH (85:15), 1.0 ml min-1,  T = 18 °C, Rt1 = 18.7 min, Rt2 = 25.4 min. According to Tetrahedron: 

Asymmetry, 2012, 23, 457-460 our major enantiomer has R configuration. 
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As clearly shown in Table 8.7, solvent effect played a crucial role in the stereoselectivity 

of the reaction. The best result was given by catalyst 13 running the reaction in methanol at 

room temperature and full conversion after 1 hour and 95% ee. 

Last important aspect of the reaction optimization was the lowering of catalyst loading. In 

this direction, we decreased catalyst loading from 5% to 0.1% (Table 8.8). 

 

Table 8.8. Omeprazole synthesis: catalyst loading 

 

 

Entry cis-Salalen Catalyst 

Loading [%] 

Solvent Conv., t [h] ee [%]
a
 

1 13 5 CH
3
OH 99, 1 95 

2 13 1 CH
3
OH 99, 1 96 

3 13 0.5 CH
3
OH 99, 1 86 

4 13 0.1 CH
3
OH 15, 1 24 

a) ee was determined by HPLC on Chiralpak AD-H column, n-hexane/i-PrOH (85:15), 1.0 ml min-

1,  T = 18 °C, Rt1 = 18.7 min, Rt2 = 25.4 min. According to Tetrahedron: Asymmetry, 2012, 23, 

457-460 our major enantiomer has R configuration. 

Catalyst loading could be decreased to 1% without loosing enantioselectivity and yield: 

after one hour, we observed full conversion and 96% ee. Decreasing the loading to 0.5% 

still gave full conversion after 1 hour but 86% ee, while decreasing to 0.1% gave low 

conversion after 1 hour and 24% ee. Probably the uncatalyzed background reaction of 

Omeprazole Sulfide with H2O2 was responsible of this trend of data.  
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8.3. Conclusions 

We have synthesized a series of cis-DACH-derived salalen ligands and evaluated them in 

the titanium-catalyzed asymmetric sulfoxidation of thioethers with aqueous hydrogen 

peroxide.  

We screened several different substrates and catalysts, tuning the reaction conditions. This 

empirical study identified the salalen 13 as the ligand that optimally combined high 

activity and enantioselectivity. It is important to underline that this synthetic protocol looks 

to be strongly substrate dependent, in fact it was clear from our substrate scope that 

dialiphatic thioethers gave good yields but low ee values. This means that also this new 

catalytic system employed in asymmetric sulfoxidation reactions does not solve the 

problems related to the sulfoxidation of dialiphatic thioethers. 

On the other hand, regarding the synthesis of the bioactive compound Esomeprazole, we 

were able to develop a solid methodology for the last enantioselective sulfoxidation step, 

using a low amount of catalyst (1 mol %) , with full conversion of the starting material 

after 1 hour and very good value of enantioselectivity (95% ee). Looking at the state of the 

art in the Esomeprazole synthesis, this methodology looks to be very efficient and 

competitive. 

 

8.4. Experimental section 

 

General remarks 

NMR (1H and13C NMR) spectra were recorded on a Bruker AV300 orBruker DPX300 

instruments. Chemical shifts for protons and carbon atoms are reported in parts per million 

(ppm) downfield from tetramethylsilane and are referenced to residual proton and carbon 

resonances of the solvent. GC analyses were performed with an Agilent Technologies 

6890N Network GC System and Agilent HP 6890 Series GC system by using N as carrier 

gas. HPLC analysis was performed on Merck Hitachi HPLC (Chiralpak OJ,AD, AD-H) 

and PDA(photodiode array) detector. All commercially available chemicals (purchased 

from Sigma Aldrich, Acros or Carbolution) were used without further purification. Cis-

DACH- derived salalen ligands were synthetized according to literature procedures.4 

Methyl phenyl sulfone 107 and 2-Methylthio pyridine 208 were synthetized according to 

literature procedures. 
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General procedure for the Ti cis-salalen catalized stereoselective sulfoxidation of 
sulfide with hydrogen peroxide. 

The salalen ligand (0.01 mmol, 0.05 equiv) was added to a solution  of Ti(OiPr)4 (2.8 mg, 

3.0 (L, 0.01 mmol, 0.05 equiv) in anhydrous CH2Cl2 (0.5 mL). The mixture was stirred for 

1 h at room temperature, then all volatiles were evaporated at room temperature at 10-2 

mbar. After, sulfide (0.10 mmol, 1.00 equiv), solvent (1 mL), diphenyl ether (0.3 mmol, 

1.5 eq) and 30% aqueous H2O2 (0.26 mmol, 1.3 eq) were added and the reaction mixture 

was stirred at the stated temperature. The course of the reaction was studied with several 

samplings: an aliquot (50 (L) was withdrawn and diluted with diethyl ether or CH2Cl2 (2 

mL), and filtered through MgSO4. The sulfoxide yield and the ratio of enantiomers were 

analyzed by HPLC or GC based on calibrations versus internal standard. 

 

GC and HPLC conditions 

For the determination of the enantiomeric excesses of the sulfoxides by GC, Lipodex-E 

column was used. 

 

Table 8.9. Determination of enantiomeric excess values by GC 

Substrate Column Programa) Rt1sulfoxide Rt2sulfoxide Rt3sulfone 

16 Lipodex-E 110/5/10/170 11.1 12.1 18.4 

  a) Program: initial T (ºC)/ time (min)/ slope (ºC/min)/T (ºC) 

 

For the determination of the enantiomeric excesses of the sulfoxides by HPLC, a Chiralcel 

OB-H (0.46 cm x 25 cm) column from Daicel was employed, except for compound 23, for 

which a Chiralpak AD-H (0.46 cm x 25 cm) also from Daicel was used. 
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Table 8.10. Determination of enantiomeric excess values by HPLCa) 

Substrate Column Flow      

[mL min-1] 

T [°C] Eluent Retention 

Time [min] 

16 Chiralcel OB-H 0.5 18 n-hexane-i-PrOH 

98:2 

Rt1 = 26.1  

Rt2 = 28.0  

19 Chiralcel OB-H 0.7 18 n-hexane-i-PrOH 

80:20 

Rt1 = 7.9  

Rt2 = 9.7 

21 Chiralcel OB-H 1.0 18 n-hexane-i-PrOH 

90:10 

Rt1 = 18.2  

Rt2 = 23.8  

23 Chiralpak AD-H 1.0 18 n-hexane-i-PrOH 

85:15 

Rt1 = 18.7  

Rt2 = 25.4 

a) All the experiments were performed with isocratic eluent. 
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