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Abstract
The carbon-carbon bond has always been at the very core of chemical research. Strategies for the creation of C−C bonds
are one of the keys to the construction game that organic chemists play with the building blocks provided by Nature,
with the ultimate goal of producing useful molecular structures that will serve society as medicines, materials, imaging
tools, catalysts, and ligands (to mention but a few). While very different in their structure, all of these molecules are often
prepared by the same methods. However, efficiency could be improved with tailored chemical strategies that would serve
an individual purpose. Ideally, these chemical manipulations should be efficient, selective, environmentally friendly and
economic, in order to truly fulfill their final objective.

However, despite the ever-expanding rule-book of chemical reactions, target molecules of increasing complexity often
face chemists with daunting challenges, whose success rely on multi-step synthetic sequences. There is therefore a
permanent need for new, specific methods and strategies that are capable of seamlessly creating C−C bonds, evading the
synthesis of difficult or expensive substrates. In this regard, common organometallic reagents display a unique behavior
as carbon precursors, in particular as powerful nucleophiles. Reagents based on main-group elements such as lithium or
magnesium have therefore played a central role in organic synthesis ever since their discovery. The challenge often lies
in controlling their high reactivity, as well as their basic character. Tuning and taming these properties provides chemists
with a wide range of unique strategies for the selective synthesis of countless molecular targets.

In the first part of this thesis, a scalable and stereoselective [3+3] homocoupling of imines in which two C−C bonds are
formed in a single step is reported. This reaction relies on an unusual combination of visible-light irradiation and aluminum
organometallics. This photochemical process enables the circumvention of the native [3+2] reactivity of these readily
available starting materials, thus enabling rapid access to densely functionalized piperazines. Thanks to the congested
environment they provide, these heterocyclic scaffolds can be used as ligands to prevent catalyst deactivation through
oligomerization.

The next chapter presents a novel Pummerer-type redox-neutral coupling of sulfoxides and Grignard reagents. This
reaction is enabled by a unique turbo-magnesium amide base, and allows the use of a wide range of carbon nucleophiles
in intermolecular Pummerer C−C coupling for the streamlined preparation of thioethers. Given the central character of
sulfur in organic chemistry, these compounds can then be converted to a variety of unrelated functional groups for the
streamlined preparation of diverse building blocks.

In the final two chapters, the development of a method for the direct conversion of carboxylic acids to ketones with
Grignard reagents is described. Using the above-mentioned combination of organometallics, a wide variety of carboxylic
acids substrates and Grignard reagents can be coupled in a convenient, scalable and highly selective method that suppresses
the need for activation and offers a straightforward approach to ketones from readily available starting materials.
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Abstract 

The carbon-carbon bond has always been at the very core of chemical 

research. Strategies for the creation of C−C bonds are one of the keys to 

the construction game that organic chemists play with the building blocks 

provided by Nature, with the ultimate goal of producing useful molecular 

structures that will serve society as medicines, materials, imaging tools, 

catalysts, and ligands (to mention but a few). While very different in their 

structure, all of these molecules are often prepared by the same methods. 

However, efficiency could be improved with tailored chemical strategies 

that would serve an individual purpose. Ideally, these chemical 

manipulations should be efficient, selective, environmentally friendly and 

economic, in order to truly fulfill their final objective. 

However, despite the ever-expanding rule-book of chemical reactions, 

target molecules of increasing complexity often face chemists with 

daunting challenges, whose success rely on multi-step synthetic 

sequences. There is therefore a permanent need for new, specific methods 

and strategies that are capable of seamlessly creating C−C bonds, evading 

the synthesis of difficult or expensive substrates. In this regard, common 

organometallic reagents display a unique behavior as carbon precursors, 

in particular as powerful nucleophiles. Reagents based on main-group 

elements such as lithium or magnesium have therefore played a central 

role in organic synthesis ever since their discovery. The challenge often 

lies in controlling their high reactivity, as well as their basic character. 

Tuning and taming these properties provides chemists with a wide range 

of unique strategies for the selective synthesis of countless molecular 

targets. 

In the first part of this thesis, a scalable and stereoselective [3+3] 

homocoupling of imines in which two C−C bonds are formed in a single 

step is reported. This reaction relies on an unusual combination of 

visible-light irradiation and aluminum organometallics. This 

photochemical process enables the circumvention of the native [3+2] 

reactivity of these readily available starting materials, thus enabling rapid 

access to densely functionalized piperazines. Thanks to the congested 
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environment they provide, these heterocyclic scaffolds can be used as 

ligands to prevent catalyst deactivation through oligomerization. 

The next chapter presents a novel Pummerer-type redox-neutral coupling 

of sulfoxides and Grignard reagents. This reaction is enabled by a unique 

turbo-magnesium amide base, and allows the use of a wide range of 

carbon nucleophiles in intermolecular Pummerer C−C coupling for the 

streamlined preparation of thioethers. Given the central character of 

sulfur in organic chemistry, these compounds can then be converted to a 

variety of unrelated functional groups for the streamlined preparation of 

diverse building blocks. 

In the final two chapters, the development of a method for the direct 

conversion of carboxylic acids to ketones with Grignard reagents is 

described. Using the above-mentioned combination of organometallics, a 

wide variety of carboxylic acids substrates and Grignard reagents can be 

coupled in a convenient, scalable and highly selective method that 

suppresses the need for activation and offers a straightforward approach 

to ketones from readily available starting materials. 
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Abbreviations are used in agreement with the standards of the subject*. 

Additional abbreviations used in this thesis are given below:  

 

 

bpy  bipyridine 

cataCXium A  di(1-adamantyl)-n-butylphosphine 

CFL  compact fluorescent light 

DBH  1,3-dibromo-5,5-dimethylhydantoin 

DCM  dichloromethane   

DIBAL-H  diisobutylaluminum hydride 

DIPA  diisopropylamine 

dipp  2,6-diisopropylphenyl 

DOSY  diffusion ordered spectroscopy 

DPPF  1,1’-bis(diphenylphosphino)ferrocene 

dtbbpy  di-tert-butyl-bipyridine 

equiv.  equivalent(s) 

LDA  lithium diisopropylamide 

LED  light-emitting diode 

pin  pinacol 

ppy  phenylpyridine 

py  pyridine 

r.t.  room temperature 

SET  single-electron transfer 

TIB  tri-isopropylbenzoate 

TMP  1,1,2,2-tetramethylpiperidine 

TMS  trimethylsilyl 

TPA  tris(2-pyridylmethyl)amine 

 

*The ACS Style Guide, 3
rd 

Edition, American Chemical Society: 

Washington, DC, 2006. 
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1. Introduction 

1.1 Organometallic compounds 

Organometallics are compounds that contain a C‒M bond, where M 

represents a main-group metal, a transition metal or a metalloid element such 

as boron or silicon.
1a

 The polarity of the C‒M bond defines organometallic 

compounds as both powerful nucleophiles and strong bases (Scheme 1). 

Depending on the metal used, they can be prepared through numerous 

methods such as direct metal insertion, halogen-metal exchange or directed 

metalation (see sections 1.2 and 1.3.1 for details).
1b-2

  

 

Scheme 1: Organometallics behave as nucleophiles and bases. 

In general, the behavior of organometallic species greatly depends on the 

nature of the metal. For instance, compounds based on strongly 

electropositive metals are extremely reactive and less tolerant to existing 

functionalities. In contrast, organometallics based on less electropositive 

metals such as zinc are less reactive, but also more tolerant, while 

compounds based on boron or aluminum display unique reactivities due to 

their Lewis acidic p-orbital.
3a

 Organometallics are thus very versatile tools 

for organic synthesis, in particular for the construction of C‒C bonds 

(Scheme 2).
2a

 They readily add to electrophiles such as carbonyls or 

epoxides to provide alcohols, while some (based on copper or zinc, for 

instance) can instead partake in 1,4-additions with Michael acceptors.
1b-2a

 

Several organometallics (based on boron, magnesium, zinc, tin, …) are also 

substrates of cross-coupling reactions.
4
 As bases, organometallics (lithium-

based in particular) have been extensively used in enolate chemistry
5
 and in 



2 

ortho-metalation reactions,
6
 thus providing an even greater variety of 

carbon-nucleophiles.
2a

  

 

Scheme 2: Organometallics can react as nucleophiles and bases. 

The partially filled d-orbitals of transition-metal based organometallics give 

them a donor/acceptor character and allows them to engage in both σ- and  

π-bonding.
1c, 2b, 7

 These properties also explain why the reactivity of 

organometallic compounds of titanium (which has an empty d-orbital) and 

zinc (which has a filled d-orbital) resembles that of main-group 

organometallics.
2b

  

1.2 Organoaluminum reagents 

Aluminum organometallics (organoalanes) are common reagents that can be 

prepared through reduction of organic halides, transmetallation, acid-base 

reactions or hydrometalation (Scheme 3).
3b

 The direct insertion of aluminum 

into a carbon‒halogen bond (Scheme 3, A) is desirable but only practical 

with alkyl-, allyl- or benzyl halides. This approach is mostly used for the 

preparation of trialkylaluminum reagents  on industrial scales. As a matter of 

fact, AlMe3 is the organometallic reagent that is produced on the largest 

volume in the chemical industry, primarily to manufacture Ziegler-Natta 

polymerization catalysts.
3b

 When it comes to aryl-halides, the activation of 

the aluminum dust requires milling, high temperatures and/or metallic 



3 

additives (such as AlCl3, LiCl or PbCl2).
3b

 Due to these shortcomings, 

arylaluminum compounds are commonly obtained from the corresponding 

arylmagnesium (or aryllithium) reagents by transmetallation (Scheme 3, B). 

Alternatively, arylaluminum compounds can also be prepared by directed 

alumination from arenes using aluminum amide bases (Scheme 3, C). 

Finally, hydroalumination of alkynes and alkenes  provides vinyl- or alkyl-

aluminum species upon treatment with DIBAL-H (Scheme 3, D).  

 

Scheme 3: Strategies for the preparation of organoalanes. 

The structure of organoalanes depends on the substituents on the metal 

center (Scheme 4).
3c

 Trialkylaluminums readily form dimeric species that are 

noteworthy for their pentavalent bridging carbons, an example of 3-centre-2-

electron bonding. Likewise, the triphenylaluminum dimer is remarkable for 

its bridging phenyl rings. In contrast, monomeric compounds like Al(
t
Bu)3 

occur when increasing the steric hindrance on the aluminum atom. 

 

Scheme 4: Organoaluminum compounds can have dimeric or monomeric structures. 

The vacant p-orbital and high oxophilicity of aluminum make these 

organometallics particularly Lewis acidic. In addition, organolaluminum 

reagents display a mild nucleophilicity. This dual reactivity has been 

exploited in numerous synthetic applications (Scheme 5).
3
 For instance, they 

are widely used as catalysts for olefin polymerization
8
 and as carbon 
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nucleophiles towards carbonyls,
9
 epoxides,

10
 imines

11
 and Michael 

acceptors.
12

 Organoaluminum reagents are also employed as reducing 

agents. For instance, DIBAL-H is known for its unique ability to prevent 

overreduction.
13

 Finally, organoalanes can also engage in more unusual 

applications, such as C-F activation
14

or cross-coupling reactions.
15

  

 

Scheme 5: The Lewis acidity and nucleophilicity of organoalanes allows for a 

variety of synthetic applications.  

1.3 Organomagnesium reagents 

1.3.1 Grignard reagents 

Organomagnesium compounds of the general formula RMgX are known as 

Grignard reagents. They were first reported by Victor Grignard in 1900, a 

discovery which was recognized by the 1912 Nobel prize.
16

 Several methods 

exist for their preparation (Scheme 6).
2a

 The direct oxidative addition of 

magnesium into a carbon−halogen bond is the most conventional approach 

(Scheme 6, A). The magnesium turnings must be activated, using catalytic 

amounts of I2,
17

 dibromoethane
18

 or DIBAL-H,
19

 or via mechanical
20

 or flow 

techniques.
21

 The process is exothermic and often run in refluxing solvent. 

Therefore, sensitive substrates require lower temperatures and the more 

reactive Rieke magnesium.
22

 However, significantly better functional group 

tolerance is currently achieved through halogen-magnesium exchange, 

which can often be performed at −78 
⁰
C (Scheme 6, B).

2a, 23
 Finally, 
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Grignard reagents can be prepared by direct metalation of arenes with 

magnesium amide bases (Scheme 6, C), also called Hauser bases, which will 

be discussed in more detail later in this introduction (see section 1.4.1).  

 

Scheme 6: Grignard reagents are prepared through various methods. 

After more than a century of research, the precise structural aspects of 

Grignard reagents remain a notoriously mysterious matter.
24

 While the 

simplified representation “RMgX” is widely used, it is well known that they 

form multimeric aggregates in solution. This is further complicated by 

disproportionation of heteroleptic RMgX to homoleptic diorganomagnesium 

R2Mg and magnesium halide MgX2, known as the Schlenk equilibrium 

(Scheme 7). Grignard reagents are therefore highly dynamic species 

  

Scheme 7: The Schlenk equilibrium complicates the structural behavior of Grignard 

reagents. 

Schlenk and other aggregation equilibria differ in solution and in the solid 

state, making research on the topic even more challenging. In 2016, detailed 

studies were published by the groups of Stalke and Koszinowski, exploiting 

a combination of mass-spectrometry, electrical conductivity measurements, 

DFT calculations and diffusion-ordered spectroscopy (DOSY) NMR 

analysis.
24

 This study shows how the aggregation level and the position of 

the equilibrium are influenced by factors such as solvent, temperature, 

concentration and the nature of the organic ligand. In THF for instance, 

Grignard reagents are mostly found as monomers with significant amounts 

of homoleptic species. On the other hand, in dioxane solutions the 

equilibrium is fully shifted towards the diorganomagnesium species R2Mg 

due to the capacity of the solvent to sequester the magnesium halide MgX2. 

Grignard reagents have been an indispensable part of the chemist arsenal 

ever since their discovery.
25

 They efficiently add to carbonyl groups to 

provide alcohols,
2a, 26

 aldehydes,
27

 ketones
28

 and carboxylic acids
29

 (Scheme 

8). They have also found use in the construction of C−O,
30

  

C−N,
31

 C−S,
32

 C−Se,
32a

 C−P
33

 or C−B
34

 bonds, to name but a few. This wide 

scope of applications can be explained by the balanced reactivity-selectivity 

profile of Grignard reagents compared to that of their organolithium 
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analogues.
1
 As such, they can generally be used at room temperature or 

higher with reasonably good chemoselectivities.
25b

 

 

Scheme 8: Grignard reagents react with a variety of electrophiles. 

Grignard reagents also engage in asymmetric reactions with transition metal 

catalysis, for example in 1,4-additions to Michael acceptors (Scheme 9, A).
35

 

They are also known for their tendency to engage in single-electron transfer 

processes, typically giving rise to Wurtz-type homocoupling products 

(Scheme 9, B).
36

 Finally, they readily undergo sulfoxide-magnesium 

exchange,
37

 with complete retention of the  stereochemical information,  as 

illustrated in Scheme 9, C.
32b

  

 

Scheme 9: Examples of applications of Grignard reagents. 
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1.3.2 turbo-Grignard reagents 

The latest breakthrough in the field of organomagnesium compounds is 

arguably Knochel’s discovery of the effect of LiCl on Grignard reagents.
38

 

The originally reported 
i
PrMgCl∙LiCl was named turbo-Grignard, and the 

term applies by extension to other LiCl complexed Grignard reagents. These 

compounds display an enhanced reactivity, in particular in  

halogen-magnesium exchange reactions, thus increasing the scope and 

availability of polyfunctionalized organomagnesium reagents.
39

 Knochel 

attributed this enhancing effect of LiCl to its capacity to break multinuclear 

magnesium aggregates in favor of “ate” complexes (Scheme 10), which are 

more electron-rich and more nucleophilic. This was confirmed by Stalke and 

Koszinowski, who noted that while both Grignard reagents and their turbo-

analogues showed similar structural behavior and equilibria, the amount of 

magnesate complex is significantly higher in the turbo-variant.  

 

Scheme 10: Aggregation equilibrium of Grignard reagents with lithium chloride. 

As mentioned earlier, turbo-Grignard reagents are effective at promoting the 

halogen-magnesium exchange reaction. This effect was first discovered in 

the metalation of electron-rich aryl halides, which were known to be poorly 

reactive in magnesium insertion. For instance, para-bromoanisole undergoes 

efficient exchange with 
i
PrMgCl∙LiCl to provide the corresponding new 

turbo-Grignard reagents in high yield (Scheme 11).
38

  

 

Scheme 11: Br-Mg exchange promoted by LiCl. 

1.4 Magnesium amides 

1.4.1 Hauser bases 

The treatment of secondary amines, most commonly diisopropylamine 

(DIPA) or 2,2,6,6-tetramethylpiperidine (TMP), with a Grignard reagent 

yields magnesium amide species known as Hauser bases (Scheme 12).
40

 



8 

 

Scheme 12: Preparation of Hauser bases DIPAMgCl and TMPMgCl. 

Similarly to Grignard reagents, Hauser bases have challenged scientists with 

their complex and dynamic structural behavior. Stalke used DOSY NMR 

experiments to study the structure of DIPAMgCl in THF solutions  

(Scheme 13).
41

 Like Grignard reagents, Hauser bases exist as aggregates in a 

Schlenk equilibrium between homoleptic and heteroleptic species. 

Concentration and temperature play a key role in the position of the 

equilibria: while the heteroleptic form is favored at high temperatures (above 

‒20 °C), at lower temperatures the homoleptic species (
i
Pr2N)2Mg and 

MgCl2 dominate. Mulvey, Weatherstone and Hevia studied the TMP variant 

and were able to report crystal structures of the reagent in the solid state.
42

 

 

Scheme 13: Simplified representation of the Schlenk equilibria involving 
i
Pr2NMgCl.  

Hauser bases were developed as an alternative to lithium amides, whose high 

reactivity is incompatible with sensitive electrophilic functional groups and 

often requires very low reaction temperatures. The most notable application 

of Hauser-bases is the ortho-metalation of carboxamides.
43

 However, further 

investigation of their potential was hampered by their poor solubility in most 

organic solvents, a clear disadvantage in comparison with their lithium 

amide relatives.
41
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1.4.2 turbo-Hauser bases 

After the discovery of the LiCl effect on Grignard reagents, Knochel 

developed analogous turbo-variants of the Hauser bases.
44

 The preparation is 

straightforward using 
i
PrMgCl∙LiCl (see Scheme 12). The “turbo” prefix that 

is often used in the literature refers to their strongly increased basicity and 

reactivity. Stalke, Hevia and Mulvey studied the structures of both 

DIPAMgCl∙LiCl and TMPMgCl∙LiCl and found that the presence of LiCl 

has “an enormous impact” on the equilibria at play (Scheme 14).
41, 45

 It was 

found that LiCl shifts the Schlenk equilibrium towards the more reactive 

bimetallic species, both monomeric and dimeric, even at low temperatures 

(Scheme 14, left). 

 

Scheme 14: Simplified structures of DIPAMgCl∙LiCl in solution.  

The structural behavior of TMPMgCl∙LiCl is similar, but the increased steric 

hindrance provided by the TMP core further prevents the formation of 

dimeric species, favoring almost exclusively the bimetallic monomer.
45a

 

Stalke suggests that since monomeric species are the most reactive, this 

explains why the TMP turbo-Hauser base is much more potent than its DIPA 

analogue in C-H metalation (Scheme 15, A). Indeed, the latter has been used 

only rarely since its first report, while the former has been applied for the 

direct magnesiation of a large variety of substrates, including the 

regioselective synthesis of heavily functionalized aryl and heteroaryl 

Grignard reagents (Scheme 15, B).
44, 46
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Scheme 15: (A) Comparison of DIPAMgCl∙LiCl and TMPMgCl∙LiCl and (B) 

examples of application to direct magnesiation. 

1.4.3 Organomagnesium amides 

Compounds of the general formula R2NMgR’ (where R and R’ are organic 

ligands) are called organomagnesium amides, and can be prepared through 

various methods (Scheme 16).
26a

 They are generally synthesized from 

diorganomagnesium compounds by treatment with an amine, or with a 

metallic amide (Scheme 16, A). Alternatively, metallic amides can be 

combined with Grignard reagents to generate organomagnesium amides, 

releasing metal halides (Scheme 16, B). This method benefits from the 

availability of Grignard reagents, but their ethereal solvents have sometimes 

been correlated to a lower reactivity.
26a, 47

 

 

Scheme 16: Various methods exist for the preparation of organomagnesium amides. 
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Organomagnesium amides are structurally diverse, and many have been 

characterized crystallographically.
26a

 Most of these compounds are 

multimeric, although the degree of aggregation varies depending on the 

amine fragment (Scheme 17). For instance, the structure of DIPAMgBu is 

similar to the parent Hauser base (see section 1.4.1),
45b

 while the related 

dippNHMgEt forms a remarkable cyclic dodecamer featuring bridging 

amido and ethyl ligands.
48

 In sharp contrast, the similar dippNHMgBu, when 

complexed with TMEDA, is mostly monomeric.
45b

 

 

Scheme 17: Organomagnesium amides display wildly different structural 

properties. 

Organomagnesium amides have mostly been used in challenging metalation 

reactions.
26a

 The alkyl fragment acts as the base and releases the 

corresponding alkane (often as a gas) leading to an irreversible 

deprotonation, as shown in the example in Scheme 18.
49

  

 

Scheme 18: Regioselective deprotonation and functionalization of cyclopropane 

carboxamides using DIPAMgBu. 

Organomagnesium amides have also been reported to react with carbonyl 

compounds (Scheme 19), to irreversibly generate enolates;
50

 or to obtain 

alcohols through β-hydride transfer if the alkyl fragment is suitable.
51

 They 

can also react as mild nucleophiles to provide alkylation products (Scheme 

19 and see section 4.1).
52
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Scheme 19: Reactions of organomagnesium amides with carbonyl compounds. 

1.5 Aims of the thesis 

This thesis is aimed at developing new C‒C coupling methods using main-

group organometallics. These widely available, inexpensive and relatively 

non-toxic reagents have been used for decades in a large variety of reactions 

as the most common source of nucleophilic carbon. Taking advantage of 

these solid groundings, emphasis is put on practical and economical 

reactions that can enable new advantageous retrosynthetic disconnections. In 

a broader sense, enabling shorter synthetic routes impacts the pace of 

discovery and the economic, human and environmental sustainability of 

synthesis.
53

 With this research, we hope to facilitate the efficient and 

expedient synthesis of chemical building blocks, and ultimately more 

complex functional molecules such as pharmaceuticals and ligands. 

In chapter 2, we report a synthesis of functionalized piperazine ligands 

through a [3+3] dimerization of azomethine ylides that is enabled by a 

radical mechanism. Chapter 3 describes a Pummerer-type reaction of 

sulfoxides and strong organomagnesium nucleophiles that is made possible 

by the use of a turbo-Hauser base. In the final two chapters, a similar 

strategy is reported as a solution for the challenging direct conversion of 

carboxylic acids to ketones with Grignard reagents. 
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2. Scalable Synthesis of Piperazines Enabled 

by Visible-Light Irradiation and Aluminum 

Organometallics 

 

The contents of this chapter have been published in part in paper I. 

2.1 Introduction 

The deactivation of homogeneous catalysts is a common problem that limits 

important reactions and obscures mechanistic investigations.
54

 In the context 

of C−H oxidation, the aggregation of the catalysts into stable, unreactive 

multinuclear clusters remains a challenge.
55

 In principle, this oligomerization 

phenomenon could be addressed by the design of suitably engineered ligands 

that minimizes such aggregation. This issue has mainly been tackled by 

designing bulky ligands
56

 that require multi-step syntheses. Janus-type 

ligands (who take their name from the Roman two-faced God Janus) offer 

new opportunities to modify the aggregation behavior of their complexes.
55b-

e, 57
 However, they are mostly based on conjugated heterocyclic cores,

57a
 

which are known to promote non-stereoretentive Fenton-type reactions. In 

this regard, piperazines are attractive, as they display a Janus-type topology 

together with a non-conjugated core. When functionalized with pyridine-

based  substituents, they are Janus-analogues of popular pyridylamine 

ligands that are commonly found in oxidation catalysts.
57h, 57i, 58

 However, the 

synthesis of densely functionalized piperazines  is surprisingly challenging 

and currently requires tailor-made starting materials for multi-step C−N 

bond forming reactions, which suffer from stereocontrol issues.
59

 A direct, 

straightforward synthesis of piperazines would therefore facilitate the 

exploration of these substrates in catalysis. From a retrosynthetic point of 

view, the most symmetrical disconnection across the two C−C bonds of the 

piperazine core would trace back to readily available imine starting materials 

1 (Scheme 20). However, the derived azomethine ylides 2 are known to react 

in a [3+2] fashion to provide imidazolidine products 4.
60
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Scheme 20: The native reactivity of azomethine ylides is [3+2] cycloaddition. 

  

The desired [3+3] cycloaddition of aza-allyl anions is a thermally forbidden 

process which has been reported only rarely.
61

 Gibson, Xia and Li observed 

the formation of two piperazines while studying titanium complexes, in 

which the tridentate monoanionic backbone was necessary for the reaction to 

occur (Scheme 21, A).
61

 In depth studies of this phenomenon have been 

conducted by the Wolczianski group (B),
62

 who established the tendency of 

pyridine-functionalized 2-aza-allyl anion complexes of iron to undergo [3+3] 

dimerization (Scheme 21, B). This represents a proof of principle, as these 

reactions are reversible and specific of a few substrates. The dimerization 

process is proposed to proceed via a radical mechanism.
62

  

 

Scheme 21: The formation of piperazines from imines bearing anionic substituents 

was observed by Gibson and Xia-Li.  
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Furthermore, piperazine formation had also been detected by Wang as a 

minor product upon treatment of a related amine substrate with 

trimethylaluminum (Scheme 22).
63

 However, the authors explicitly stated 

that they could not reproduce this particular result. 

 

Scheme 22: Traces of piperazines form by treatment of dipicolylamine with AlMe3. 

2.2 Aims of the project 

The above-mentioned results suggest that a [3+3] cycloaddition of 

azomethine ylides may be possible through an SET process. We 

hypothesized that taking advantage of the photophysical properties of 

heterocyclic 2-aza-allyl-anions, visible light may be a suitable promoter to 

drive the synthesis of polyfunctionalized piperazines (Scheme 23).
64

 We 

expected challenges to control the reversibility and he stereochemical 

outcome of this cycloaddition. Ultimately, we aimed to explore the potential 

of the resulting products as multidentate Janus-type ligands in challenging 

catalytic reactions. 

 

Scheme 23: Synthetic strategy for the [3+3] cycloaddition of azomethine ylides. 
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2.3 Results and discussion 

2.3.1 Reaction conditions 

Wolczianski’s studies show that Lewis acids are instrumental to triggering 

the [3+3] dimerization process, while the main challenge is the reversibility 

of the process (see section 2.1).
62

 To overcome this, an ideal Lewis acid 

would  need to be able to stabilize the piperazine bis-amide product (see 

Scheme 23) to prevent reversibility. In addition, it needs to be compatible 

with the strong bases needed to generate the azomethine ylide from the 

imine, and to be able to generate an electron-rich azomethine ylide suitable 

for single-electron transfer. Table 1 shows a variety of Lewis acids 

investigated for this purpose under visible light irradiation.
65

 The potential 

involvement of a highly reactive diradical intermediate prompted the use of 

carefully deoxygenated solvents for our screening. Titanium reagents do not 

provide any product (entries 1, 2), possibly due to the absence of anionic 

substituents that had been succesful in a previous report (Scheme 21, A).
61

 

Likewise, reagents based on zirconium, boron, silicon, zinc, copper or 

lithium are unable to promote the reaction (entries 3 – 7). Inspired by the 

results of Wang (with a different substrate, see Scheme 22),
63

 we found that 

trimethylaluminum provides the desired piperazine 3a in 56% yield along 

with amine 5 as the main byproduct (entry 8). This amine likely stems from 

methyl transfer to the initial imine 1a from trimethylaluminum.  

Table 1: Screening of Lewis acid reagents for the [3+3] dimerization of 1a.
[a] 

 
Entry Reagent 3ab (%) 5b (%) 

1 Ti(NEt)4 0 0 

2 Ti(OiPr)4 0 0 

3 ZrCl4 0 0 

4 BF3·OEt2 0 0 

5 TMSOTf 0 0 

6 ZnEt2 0 0 

7 Me2CuLi 0 0 

8 AlMe3 56 15 

[a] Conditions: 1a (0.1 mmol) in indicated solvent (0.1 mL), light irradiation (from a 20 W cold 

fluorescent bulb) at 0 ⁰C; then indicated reagent (0.1 mmol), light irradiation at r.t. for 4 h. Toluene was 

degassed by three freeze-pump-thaw cycles. [b] Yields determined by 1H NMR using 1,1,2,2-

tetrachloroethane as internal standard.  
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Aluminum based Lewis acids were investigated further (Table 2). 

Interestingly, arylaluminum reagents and aluminum-bases were found 

ineffective (entries 2 – 4). Furthermore, higher-alkylaluminum and 

aluminum hydrides lead to reduction of the imine substrate and did not 

provide any desired piperazine (entries 5, 6), highlighting the specificity of 

the trimethylaluminum promoter. Fortunately, the more coordinating solvent 

THF minimizes the formation of by-product 5 (entry 7), perhaps due to a 

decreased nucleophilicity of the organometallic, similarly to Grignard 

reagents. Other solvents were screened as well, although none proved 

superior to THF.
66

 Among the various light sources investigated (entries 8, 

9), white LEDs give the best yield and reproducibility (89 ± 3%, N = 9, entry 

9). Additional control experiments show that while an extensive irradiation 

time only has a modest negative impact on the yield of 3a, the degassing of 

the solvent is crucial (entry 10, 11). Likewise, visible light irradiation is 

necessary (entry 12, see section 2.3.3).  

Table 2: Optimization of the [3+3] dimerization of 1a with aluminum regents.
[a] 

 
Entry Reagent Light source Solventb 3ac (%) 5c (%) 

1 AlMe3 CFLd Toluene 56 15 

2 AlPh3 CFLd Toluene 0 0 

3 Al(OtBu)3 CFLd Toluene 0 0 

4 [Al(NR2)3]2
e CFLd Toluene 0 0 

5 Al(iBu)3 CFLd Toluene 0f 0 

6 DIBAL-H CFLd Toluene 0f 0 

7 AlMe3 CFLd THF 60 2 

8 AlMe3 Wg
 THF 58 2 

9 AlMe3 LEDh THF 89 3 

10 AlMe3 LEDh THF 74i 2 

11 AlMe3 LEDh THFj 11 23 

12 AlMe3 none THF 11 3 

[a] Conditions: 1a (0.1 mmol) in indicated solvent (0.1 mL), light irradiation from the indicated light 

source at 0 ⁰C; then indicated reagent (0.1 mmol), light irradiation at r.t. for 4 h. [b] The solvent was 

degassed by three freeze-pump-thaw cycles. [c] Yields determined by 1H NMR using 1,1,2,2-

tetrachloroethane as internal standard. [d] Standard household light bulb 20 W. [e] NR2 = pyrrolidin-1-yl. 

[f] Imine reduction observed as the major product [g] Tungsten filament bulb 100 W. [h] 14.4 W cold 

white LED strip. [i] 24 h reaction time. [j] Solvent not degassed. CFL = compact fluorescent light, LED = 

light-emitting diode, THF = tetrahydrofuran. 
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2.3.2 Substrate scope 

The optimal conditions were applied to a set of symmetrical imines, 

observing the formation of piperazines 3 as a single all-equatorial 

diastereoisomer (Scheme 24). Alkyl substituents are tolerated on all four 

available positions of the pyridine ring, providing good to excellent yields 

(3a-d), with the notable exception of 3e, which was obtained in only 37% 

yield. This is likely due to steric hindrance caused by the methyl substituent 

on position 6, which disfavors the interaction with the aluminum center 

within the azomethine ylide complex. All products are conveniently obtained 

by recrystallization, and suitable for gram-scale synthesis, as illustrated with 

3a. 

 

Scheme 24: Scope of alkyl-pyridines-substituted imines. Conditions: 1 (0.2 mmol) in 

THF (0.2 mL), LED irradiation at 0 ⁰C; then AlMe3 (0.2 mmol), LED irradiation at 

r.t. for 4 h. Isolated yields after purification by recrystallization. [a] Reaction time 

20 h.  

Imines containing non-alkyl-substituted pyridine rings also efficiently 

engage in this [3+3] cycloaddition (Scheme 25). Pyridines bearing electron-

withdrawing (3f, g) and electron-donating (3h) groups are tolerated with 

similarly good efficiency. Likewise, other heterocyclic scaffolds like the 

electron-deficient pyrazine and the electron-rich imidazole are compatible 

with these conditions, providing the corresponding piperazines 3i, j. 

Unsymmetrical imines also provide piperazines in excellent yields, and in 

the case of 3jk and 3ij, complete regioselectivity is achieved. The structure 
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of the regioisomer formed, with the identical groups in a 1,2-disposition, was 

confirmed by X-ray diffraction analysis. Remarkably, in the similar titanium 

system that was successful in [3+3] cycloadditions with anionic substituents, 

the regioselectivity observed was opposite
61

 (i.e., with the identical groups in 

1,4-disposition, Scheme 21, A), which suggests that different mechanisms 

are operating in these two systems. Interestingly, 3ia was obtained as a 1.6:1 

mixture of regioisomers, which leads us to speculate that imines featuring a 

strongly electron-donating and a strongly electron-withdrawing group 

(“push-pull”)  may be required to obtain a high regioselectivity.  

 

Scheme 25: Substrate scope with variously substituted N-heterocycles. For detailed 

reaction conditions, see Scheme 24. Isolated yields after purification by 

recrystallization. [a] Reaction time 16 h.  
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2.3.3 Mechanistic studies 

Control experiments were run to investigate the essential role of the 

aluminum reagent in this process, and are summarized in Scheme 26. 

Following the reaction of AlMe3 and imine 1a by 
1
H NMR, it is possible to 

witness the formation of the azomethine ylide intermediate 2a as well as to 

observe the formation of methane as a by-product, which demonstrates the 

dual role of AlMe3 as a base and a [Me2Al]
+
 source in this process. In the 

absence of visible-light, there is only margnial conversion. Moreover, 

piperazine 3a can be prepared via treatment of the Li(smif) 2b with 

AlMe2Cl; however, irradiation of 2b in the absence of the aluminum reagent 

does not provide any piperazine, thus demonstrating the essential role of 

both visible-light and the organoaluminum handle. We currently rationalize 

the reactivity observed with trimethylaluminum over other organoaluminum 

reagents based on the stronger electron-donating ability of the methyl 

ligands. We speculate that this effect increases the energy of the HOMO of 

the CNC backbone of 2a, enabling the single-electron-transfer to the 

pyridine π* orbital to occur. 

 

Scheme 26: Although the azomethine ylide can be generated through an alternative 

pathway, both light and [AlMe2]
+
 are essential to produce piperazine 3a. 

The effect of alternating periods of visible-light irradiation and darkness 

clearly shows the correlation between illumination and formation of 3a 

(Figure 1). We observe a slight conversion to 3a in the absence of light that 

stalls over time. Although we reason that this is a photo-mediated reaction, 

our current data cannot rule out a photo-initiated process with low chain-

carrying capacity.
67
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Figure 1: The formation of 3a is clearly accelerated by visible-light irradiation. 

Experiments thermostatized at 0 ⁰C. Yields determined by 
1
H NMR using 1,1,2,2-

tetrachloroethane as internal standard. Grey shadow indicates the absence of light 

in the light on/off experiment. 

2.3.4 Application of the products in catalysis 

To investigate the potential of the products as ligands in iron catalyzed C−H 

oxidation, 3a was N-alkylated to provide Janus-type ligand 6, which we 

termed PiPy6 (Scheme 27, A). The corresponding dinuclear iron catalyst 7 

was then prepared using iron triflate. We hypothesized that the highly 

congested environment provided by the PiPy6 ligand would hinder the 

dimerization of the catalyst. While X-ray analysis shows the presence of two 

water molecules, the dinuclear complex is monomeric. This is further 

confirmed by HRMS analysis, in which only the monomer was observed 

even at high water concentrations. In contrast, analogues of this catalyst 

bearing the benchmark TPA ligand 8 readily form oxo-bridged dimers in 

presence of water, which are catalytically inactive (Scheme 27, B).
55a-e, 57g, 58e, 

68
  

 

0

20

40

60

80

100

0 1 2 3 4 5

3
a 

yi
el

d
 (

%
) 

time (h) 

background thermal reaction (light off)
light on/off (see grey zones)
standard conditions (light on)



22 

 

Scheme 27: (A) Synthesis of the dinuclear iron catalyst 7 and (B) Formation of a 

dinuclear iron complex 9 in the presence of water.
55a

 

The performance of dinuclear monomeric catalyst 7 was compared with that 

of the TPA analogue 9 on the oxidation of cis-dimethylcyclohexane  

(Table 3).
58d, 58e

 It was found that for the same amounts of iron, the dinuclear 

system performed better, further supporting the hypothesis that the 

congested ligand environment limits the oligomerization deactivation 

pathway observed with TPA. 

 

Table 3: Comparison of the catalytic activity of  FeTPA and Fe2PiPy6.
[a] 

 
Entry Catalyst Catalyst loading 11b (%) 

1 FeTPA (9) 5 mol% 6.8 

2 Fe2PiPy6 (7) 2.5 mol% 10.9 

[a] Conditions: 10 (0.2 mmol) in MeCN (1.0 mL) and the indicated catalyst (0.05 – 0.1 M in MeCN) 

added to dry flask at r.t. under Ar; then acetic acid (0.1 mmol); then H2O2 (0.26 mmol, 1.5 M in MeCN) 

over 6 min via syringe-pump; then r.t., 10 min. [b] Yield determined by GC-MS using 1,2-

dichlorobenzene as internal standard, average of three experiments. 
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2.4 Conclusion and outlook 

In summary, an efficient and scalable procedure for the synthesis of densely 

functionalized piperazines has been developed. This  protocol relies on an 

unusual combination of visible light irradiation and aluminum 

organometallics that allows the rerouting of the native [3+2] reactivity of 

azomethine ylides into a [3+3] cycloaddition. The heterocyclic ring of the 

imine starting materials provides an acceptor for the intraligand charge 

transfer, and can be decorated in all positions with electron-rich and 

electron-poor functional groups alike. Furthermore, unsymmetrical imines 

provide piperazine products with an unexpected, complete regioselectivity, 

further showcasing the potential of this strategy for the synthesis of designed 

ligands, whose potential in catalysis has been preliminarily demonstrated. 

Additional studies are required to obtain a deeper understanding of the 

mechanistic features of the reaction, in particular the role of the light, the 

specificity of trimethylaluminum and the origin of the unusual 

regioselectivity observed in unsymmetrical substrates. 
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3. Intermolecular Pummerer Coupling with 

Carbon Nucleophiles in Non-Electrophilic 

Media  

 

The contents of this chapter have been published in part in papers II and III. 

3.1 Introduction 

3.1.1 Thioethers 

The natural abundance and the unique properties of sulfur have made it a 

central element in Nature as well as in chemistry.
69

 The thioether moiety is 

thus found in a large number of natural products,
69a-c

 pharmaceuticals,
69b-f

 

and ligands(Figure 2).
69g, 69h

 For instance, methionine is an essential amino 

acid, biotin has found important applications in protein tagging,
69i, 69j

 and 

volatile thioethers such as tropathiane are common ingredients in the 

fragrance industry.
69i, 70

 The widely used β-lactamic antibiotics penicillins 

and cephalosporins also contain the thioether moiety,
69b, 71

 and synthetic 

thioether-based drugs such as benzothiazepine derivatives are common as 

well.
69f

  

 

Figure 2: Thioethers are common in both natural and synthetic products. 
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The efficient synthesis of sulfur compounds is even more desirable 

considering their rich chemistry as versatile synthetic intermediates. Many 

methods allow the transformation of the thioether moiety into a variety of 

unrelated functional groups (Scheme 28).
72

  

 

 

Scheme 28: Thioethers are seamlessly desulfurized and converted to a wide range 

of building blocks such as [a] alkanes
72a

 [b] ketones
73

 [c] alkenes
72b

 [d] alkyl 

chlorides
72c

 [e] alkyl difluorides
72d

 and [f] organolithium reagents
72e, 72f

. 

Despite their importance, the synthesis of thioethers remains problematic, as 

it often relies on the use of tailored thiols and/or alkyl halides, whose 

preparation may require independent multistep syntheses (Scheme 29, A). 

Alternative preparation through the alkylation and reduction of sulfoxides 

(or sulfones) can also be challenging, and the reduction of these functional 

groups is not trivial (Scheme 29, B).
74

 In contrast, the reductive coupling of 

sulfoxides and nucleophiles known as the Pummerer reaction (Scheme 29, 

C) is straightforward and strategically appealing.
75

 New strategies for the 

synthesis of thioethers have recently been pioneered by Yorimitsu
76

 and 

Morandi,
77

 but these are beyond the scope of this thesis. 
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Scheme 29: Strategies for the preparation of thioethers (A) through substitution of 

alkyl halides, (B) through alkylation/reduction and (C) through Pummerer reaction. 

3.1.2 The Pummerer reaction 

Pummerer-type reactions broadly refer to the reductive coupling of 

sulfoxides with nucleophiles. The original reaction was first described in 

1910 as the reaction of a sulfoxide with acetic anhydride and the subsequent 

rearrangement into a thioether (Scheme 30).
78

 Perhaps surprisingly, 

Pummerer himself did not follow up on this reaction.
75a

 Despite its potential, 

the Pummerer reaction went unnoticed until the 1960s. A considerable 

amount of work has since been done on its mechanistic understanding, the 

extension of its scope as well as the exploitation of some of its competing 

pathways.  

 

Scheme 30: The original Pummerer reaction. 

The “classical” Pummerer reaction represents the general transformation of a 

sulfoxide (12) into an α-functionalized thioether (13) (Scheme 31, path a).
75

 

The reaction proceeds via the activation of the sulfoxide moiety by a strong 

electrophile (typically Ac2O, TFAA, Tf2O or HCl). In theory, the resulting 

thionium intermediate 15 can be trapped by any nucleophile, often the 

counter-anion of the electrophilic activator. Indeed, a variety of nucleophiles 

have been used,
75

 including phenols,
79

 amides,
80

 phosphites,
81

 arenes,
82

 and 

olefins.
75d, 83

 Both inter- and intra-molecular Pummerer reactions are 

possible, the latter often being more efficient and thus more often employed 

in total synthesis.
75c

 The net result of a Pummerer-type reaction is a transfer 

of the oxidation state of the sulfur atom to the α-carbon that receives the 

nucleophile. In terms of C−C bond formation, this method offers a number 
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of tactical advantages for the synthesis of thioethers: it is a single-step 

procedure, suppresses the need for the potentially problematic preparation of 

the relevant alkyl halide partner, and uses convenient sulfoxide substrates. 

In addition to the “classical” pathway, other variants of the Pummerer 

reaction have been developed.
75d, 75e, 84

 The interrupted version 

(Scheme 31, path b), which has been extensively studied by Procter,
82a, 84-85

 

refers to the direct attack of the nucleophile on the activated species 14, 

followed by  C−S bond  cleavage of the resulting intermediate 16. On the 

other hand, the connective Pummerer reaction (Scheme 31, path c) consists 

in generating the thionium intermediate 15  from the condensation of a thiol 

18 and an aldehyde 19 (or equivalent). This is particularly desirable when 

the corresponding sulfoxide is difficult to access and/or unstable. 

Furthermore, in the particular case of α,β-unsaturated sulfoxides, two further 

pathways (vinylogous and additive) are possible.
75d, 75e

 All these pathways, 

which are often competing with one-another, have been successfully 

exploited in the total synthesis of complex molecules.
75e

  

 

 

Scheme 31: The classical, interrupted and connective Pummerer-type reactions. 

However, the use of carbon nucleophiles in the intermolecular Pummerer 

reaction remains a challenge (Scheme 32).
82-84, 86

 The need for strong 

electrophilic activators inherently complicates the use of strong nucleophiles, 

limiting its scope to soft surrogates such as electron-rich arenes,
82

 enol 

ethers,
86a, 86b

 ene-donors
75d, 83

 or silanes.
84

 In the case of arenes, the scope is 

limited to electron-rich substrates, leading to ortho- and para-substituted 

products according to electrophilic aromatic substitution (SEAr). Olefins and 

alkynes react through ene-mechanisms, acting as allyl,
83, 84b

 propargyl
84a, 86e

 

or enolate equivalents.
86c, 86d, 86f
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Scheme 32: Soft C-nucleophiles that engage in intermolecular electrophilic 

Pummerer reactions. 

Our objective was to use Grignard reagents as nucleophiles. In principle, 

their strong and highly localized reactivity would be an ideal solution to the 

above-mentioned shortcomings, as they offer control of the regioselectivity, 

and can deliver sp-, sp
2
- and sp

3
-hybridized carbon fragments alike. 

However, organometallic nucleophiles are fundamentally incompatible with 

the Pummerer conditions, as they rapidly annihilate with the strong 

electrophilic activators required for this transformation. Further 

complications are to be expected due to the capacity of sulfoxides to undergo 

sulfur-magnesium exchange with Grignard reagents (see section 3.3.4). 

Nonetheless, pioneering work by Kobayashi demonstrated that sulfoxide-

Grignard coupling was possible, albeit on a limited scope, based on an 

intriguing combination of large excesses of Grignard reagent and secondary 

amines (Scheme 33).
87

   

 

Scheme 33: Kobayashi’s intermolecular Pummerer coupling with Grignard 

nucleophiles. 
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3.2 Aims of the project 

Inspired by Kobayashi’s results, we hypothesize that a Pummerer-type 

reaction based on Grignard reagents and magnesium amide bases may be 

feasible. Such a reaction would allow the use of a wide range of 

carbon-nucleophiles, facilitating the synthesis of complex thioethers. Thanks 

to the rich chemistry of sulfur, we also aim to demonstrate the potential of 

these compounds to streamline the synthesis of various unrelated building 

blocks. The control of the selectivity of this reaction is expected to be 

challenging, given that strong bases and powerful magnesium nucleophiles 

may lead to numerous competing pathways, such as sulfoxide-magnesium 

exchange, sulfoxide deprotonation or even radical processes. 

3.3 Results and discussion 

3.3.1 Reaction conditions 

We selected dibutylsulfoxide 12a and phenylmagnesium bromide 22a as 

model substrates for their low volatility and easily recognizable NMR peaks  

(Table 4).  

 

Only small excesses of reagents were used in order to enable the efficient 

transfer of potentially elaborate carbon-nucleophiles. We observed that in 

the absence of base, only small amounts of the desired thioether 13a are 

obtained (entry 1). Interestingly, Hauser bases, which may be formed in 

Kobayashi’s conditions,
87

 provide very different results depending on the 

secondary amine fragment used. TMPMgCl 21a only produces trace 

amounts of thioether 13a, while giving rise to dimer 20a in 35% yield 

(entry 2). On the other hand, DIPAMgCl 21b provides the desired thioether 

in 41% yield, along with 16% of 20a (entry 3). We speculate that this dimer 

may stem from the deprotonation of 12a, which would give rise to an α-

magnesiated sulfoxide that could compete with the Grignard reagent as a 

nucleophile (see Scheme 45, section 3.3.4).  Inspired by the effect of LiCl in 

organomagnesium chemistry (see sections 1.3.2 and 1.4.2), we turned our 

attention to turbo-Hauser bases.
44

 While TMPMgCl·LiCl 21c only provides 

a minor improvement (entry 4) over the non-turbo variant, the rarely used 

DIPAMgCl·LiCl 21d leads to a dramatic increase in the yield of 13a (91%, 

entry 5). The fact that lithium bases provide only little conversion  

(entries 6, 7) point to an essential role of the magnesium atom in the 

activation of the S−O bond (see section 3.3.4).  
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Table 4:  Base screening for the reductive arylation of sulfoxide 12a.
[a]

 

 

Entry base 13ab (%) 20ab (%) 

1 none 10 0 

2 TMPMgCl (21a) 6 35 

3 DIPAMgCl (21b) 41 16 

4 TMPMgCl·LiCl (21c) 14 28 

5 DIPAMgCl·LiCl (21d) 91 7 

6 LDA (21e) 22 0 

7 TMPLi (21f) 22 26 

[a] Conditions: 12a (0.1 mmol) and indicated base (0.11 mmol) in THF (1 mL) at 0 ⁰C for 1 h; then 22a 

(0.105 mmol) at 0 ⁰C, then 65 ⁰C for 12 h. [b] Determined by 1H NMR using 1,1,2,2,-tetrachloroethane as 

internal standard.  

With this base at hand, other parameters of the reaction conditions were 

investigated (Table 5). Lowering the temperature to r.t. leads to a significant 

drop in efficiency (entry 2). Perhaps surprisingly, additional LiCl proves 

detrimental to the formation of the desired product (entries 3, 4), which 

suggests that an optimal Li/Mg is important for the success of the reaction. 

Various solvents of distinct polarities and coordination capacities all lead to 

lower yields and varying amounts of dimer 11a (entries 5-12). All these 

results hint at the involvement of delicate aggregation equilibria,
41, 45

 which 

would be set at an optimal position in THF with a 1:1 base/LiCl ratio. 

Further screenings show that while the counterion of the Grignard reagent 

only has a moderate impact on the formation of 8a (entry 13), the use of 

turbo-Grignard analogues, which brings in another equivalent of LiCl, also 

underperforms (entries 14, 15).  
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Table 5: Optimization experiments for the arylation of 12a with PhMgBr.
[a]

 

 

Entry Deviation 13ab (%) 20ab (%) 

1 none 91 7 

2 r.t. instead of 65 ⁰C 71 12 

3 1 extra equiv. LiCl added to 21d 61 15 

4 2 extra equiv. LiCl added to 21d 53 13 

5 Et2O instead of THF, 40 ⁰C 61 17 

6 tBuOMe instead of THF 47 19 

7 Hexane instead of THF 39 26 

8 Toluene instead of THF 34 28 

9 Dioxane instead of THF 28 38 

10 DCM instead of THF 18 5 

11 iPr2O instead of THF 5 21 

12 Glyme instead of THF 0 0 

13 PhMgCl instead of 22a 77 12 

14 PhMgCl·LiCl instead of 22a 34 32 

15 PhMgBr·LiCl instead of 22a 66 19 

[a] For reaction condition details, see Table 4. [b] Determined by 1H NMR using 1,1,2,2,-

tetrachloroethane as internal standard.  

Encouraged by these results, we explored the extension of this protocol to 

the more reactive alkyl Grignard reagents using butylmagnesium chloride 

22b as a model (Table 6). In this case, the reaction proceeds at r.t. in 2 h 

(entry 1). Dimer 20a was observed in 13% yield. We found that conducting 

the reaction at higher temperatures yields identical results (entry 2).  

Variation in the structure of the base is important, yet less critical than for 

the arylation (entries 3-8). Significantly lower yields are obtained with 

lithium bases (entries 7, 8) or with additional LiCl (entries 9, 10), which 

corroborates our previous observations. The reaction in this case is less 

sensitive to the change of solvent (entries 11 – 18), although THF remained 

the best choice. The absence of a clear trend in solvent performance further 

supports our hypothesis that a subtle influence on the aggregation equilibria 

of the organomagnesium species involved is key to this reaction, which we 

plan to study in detail in the near future. 
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Table 6: Optimization experiments for the alkylation of 12a with BuMgCl.
[a]

 

 
Entry Deviation 13bb (%) 20ab (%) 

1 none 86 13 

2 65 ⁰C instead of r.t. 84 13 

3 No base 31 0 

4 TMPMgCl instead of 21d 52 26 

5 DIPAMgCl instead of 21d 72 15 

6 TMPMgCl·LiCl instead of 21d 62 31 

7 LDA instead of 21d 34 0 

8 TMPLi instead of 21d 37 8 

9 1 extra equiv. LiCl added to 21d 53 26 

10 2 extra equiv. LiCl added to 21d 13 21 

11 Et2O instead of THF 75 17 

12 tBuOMe instead of THF 70 17 

13 Toluene instead of THF 65 21 

14 Hexane instead of THF 53 18 

15 iPr2O instead of THF 49 31 

16 Dioxane instead of THF 26 12 

17 Glyme instead of THF 14 0 

18 DCM instead of THF 7 0 

[a] Standard conditions: 12a (0.1 mmol) and  21d (0.11 mmol) in THF (1 mL) at 0 ⁰C for 1 h; then 22b at 

0 ⁰C, then r.t. for 2 h. [b] Determined by 1H NMR using 1,1,2,2,-tetrachloroethane as internal standard.  

3.3.2 Substrate scope and limitations 

The scope of the arylation was first studied using commercially available 

Grignard reagents (Scheme 34). The model phenylmagnesium bromide 22a 

is efficiently coupled with various aliphatic and aromatic sulfoxides  

(13a,c,d) in good yields. The more sterically hindered mesityl moiety can 

also be introduced, albeit with lower efficiency (13e). Furthermore, electron-

rich aryl nucleophiles can be used to obtain meta-substituted products with 

complete regioselectivity, thus allowing to overcome the native SEAr 

reactivity of electron-rich arenes that limits electrophilic Pummerer 

reactions. For example, thioethers containing sulfur-, oxygen- or nitrogen-

based functional groups can be prepared in good to high yields (13f-i). With 

regards to the sulfoxide substrates, complex and/or sensitive structures are 

tolerated. The ferrocene-containing thioether 13j is obtained in 63% yield, 
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despite the potential of ferrocene to undergo intra-molecular reduction of 

sulfonium intermediates.
88

 Medicinally relevant products were also prepared. 

For instance, Boc-protected thiomorpholine
69e

  can be efficiently 

functionalized to provide aniline 13k. Perhaps more surprisingly, the 

unprotected ketone-containing thioflavanone 13l is obtained in 76% yield, 

providing an efficient access to this class of anti-carcinogenic compounds.
89

 

A trifluoromethoxyphenyl fragment could also be introduced on this 

substrate  in high yield (13m), although the product underwent rapid auto-

oxidation upon purification and was isolated as the thioflavone instead. In 

both cases, no nucleophilic attack on the ketone could be detected, which 

provided inspiration for our downstream research on ketone synthesis (see 

chapter 4) 

 

Scheme 34: Scope of the intermolecular (hetero)arylation. Conditions: 12 (0.3 

mmol) and 21d (0.33 mmol) in THF (2 mL) at 0 ⁰C for 1 h; then 22 (0.32 mmol) at 0 

⁰C, then 65 ⁰C, 12 h. Isolated yields. [a] Isolated as the thioflavone due to auto-

oxidation. 

The halogen-magnesium exchange procedures
23a

 can be used to generate 

Grignard reagents in situ from the corresponding (hetero)aryl halides  

(see section 1.3). Using this approach, 1- or 2-naphthyl fragments are 

introduced with complete regioselectivity (Scheme 35, 13n-p), where 
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traditional SEAr methods could lead to mixtures of regioisomers. Likewise, 

ortho-thioanisyl substituted compound 13q is seamlessly prepared. 

Furthermore, electron-deficient (hetero)aromatic nucleophiles, which would 

normally be problematic or incompatible with traditional Pummerer 

conditions, now couple readily, allowing the regioselective preparation of 

the pyridine 13r or the trifluoromethylbenzene derivative 13s in good yields.  

 

Scheme 35: Pummerer coupling with (hetero)aryl halides via Br-Mg exchange. For 

detailed reaction conditions, see supporting information for paper II. Isolated 

yields. 

In addition, Grignard reagents can be generated from (hetero)arenes using 

C−H magnesiation reactions (Scheme 36).
44

 This way, the functionalized 

furan 13t is obtained in 60% yield. In the case of 13u, this approach allows 

to overcome the SEAr selectivity and the nitrogen basicity of 2-phenyl-

pyridine in favor of a proximity-induced activation that is unavailable in 

electrophilic Pummerer methods. 
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Scheme 36: Pummerer coupling with heterocycles via direct C−H magnesiation. 

For detailed reaction conditions, see supporting information for paper II . Isolated 

yields. 

Next, the extension of these reaction conditions to vinyl- and alkynyl-

Grignard reagents was investigated (Scheme 37). These nucleophiles are 

traditionally challenging in the context of Pummerer reactions, as they 

typically react through ene-mechanisms.
83-84, 86c-f

 Nonetheless, various 

vinylmagnesium reagents engage in this coupling to produce linear or 

branched allylic thioethers 13v-x in good yields. Moreover, both internal and 

terminal alkynyl Grignard reagents can be used,  giving rise to propargylic 

thioethers 13y and 13z, which to the best of our knowledge constitutes the 

first examples of a direct alkynyl transfer in a Pummerer reaction. 

 

Scheme 37: Extension of the reaction to vinyl- and alkynyl-Grignard reagents. 

Conditions: 12 (0.3 mmol) and 21d (0.33 mmol) in THF (2 mL) at 0 ⁰C for 1 h; then 

22(0.32 mmol) at 0 ⁰C, then 65 ⁰C, 12 h. Isolated yields. 
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Various aliphatic Grignard reagents engage in this coupling at room 

temperature (Scheme 38). Primary alkyls are introduced in good to high 

yields (13b, aa-ac). For instance, the allyl moiety can be efficiently 

introduced on the thiomorpholine core to produce thioether 13ac in 80% 

yield. Furthermore, acyclic or cyclic secondary alkyls readily couple to 

provide thioethers 13ad-ah in moderate to high yields. Even tertiary alkyls, 

otherwise inaccessible through multistep sulfoxide alkylation-reduction, 

participate in this coupling upon heating. This way,  neopentylic thioethers 

13ai-al, including the ferrocene derivative 13aj, are prepared in moderate to 

excellent yields. Moreover, this coupling is suitable for the preparation of 

highly sterically congested thioethers, as illustrated by 13al. 

 

Scheme 38: Extension of the reaction to primary and secondary alkyl Grignard 

reagents. Conditions: 12 (0.3 mmol) and 21d (0.33 mmol) in THF (2 mL) at 0 ⁰C for 

1 h; then 22(0.32 mmol) at 0 ⁰C, then r.t or 65 °., 12 h. Isolated yields. 

 

We next studied the reaction of sulfoxides bearing two different reactive 

sites (Scheme 39, A). The sulfoxide 12am (obtained via a first coupling 

from tetrahydrothiophene oxide, see 13o; Scheme 35) reacts with the 

cyclopropyl Grignard reagent to produce thioether 8an in 52% yield. 
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Complete regioselectivity for the least hindered position is achieved, with a 

moderate stereoselectivity. The modest yield may arise partly from a 

side-reaction that readily occurs with α,α-disubstituted sulfoxides  

(Scheme 39, B). This type of substrate undergoes rapid elimination in the 

presence of DIPAMgCl·LiCl to provide vinylic thioethers, as illustrated by 

the transformation of 12an into 13an. This process occurs at temperatures as 

low as -78 ⁰C, thus making our reaction conditions unsuitable for the 

construction of quaternary centers.  

 

Scheme 39: (A) An unsymmetrical sulfoxide reacts on the least hindered position 

and (B) α,α-disubstituted sulfoxides readily eliminate in these reaction conditions. 

Isolated yields. [a] Unidentified by-products were observed that may account for the 

remaining mass-balance. 

This method has a limited performance with strongly electron-deficient 

Grignard reagents, whose products decompose during the reaction 

(Scheme 40, A). To our surprise, the benzyl nucleophile is unreactive in 

these conditions, a result which we cannot explain to date. Perhaps less 

surprisingly, highly congested nucleophiles give little to no conversion. 

Several nucleophiles based on thiophene and furan do engage in the 

Pummerer coupling, but we were unable to purify the resulting thioethers. 

From the sulfoxide standpoint, sensitive structures such as cephalosporin, 

omeprazole or biotin undergo various decomposition side-reactions 

(Scheme 40, B). More elaborate ferrocene-containing substrates either 

decompose or yield products that could not be purified. Finally, sterically 

hindered sulfoxides and substrates bearing unprotected polar groups remain 

unreacted. 



38 

 

Scheme 40: List of Grignard reagents (A) and sulfoxides (B)  that did not provide 

the desired reactivity. [a] β-lactame ring opening was observed. [b] Nucleophilic 

attack on the urea was observed. 

3.3.3 Iteration of the reaction and diversification of the products 

into various building blocks 

Thioethers can be easily and selectively oxidized under mild conditions, a 

characteristic that facilitates the application of the Pummerer reaction in total 

synthesis. As a matter of fact this route constituted the main source of the 

sulfoxides used in this study. An iterative system could be envisioned where 

a thioether is activated via selective S-oxidation, and subsequently reacted 

with our new Pummerer conditions to provide a new thioether, which could 

in turn be activated and coupled a second time. Owing to the central 

character of sulfur in organic chemistry, the resulting thioether products 

could be transformed into various functional groups, effectively turning this 

iteration/diversification system into a platform for the preparation of diverse 

building blocks using a single synthetic strategy. Even though the process is 

presently limited to two iterations (due to the incompatibility of tertiary 

carbon centers, see Scheme 39, B), this strategy could represent a proof of 

principle for future automatization technologies. 
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However, the need for two separate reactions (oxidation/coupling) limits the 

practicality of this strategy. It was therefore attempted to combine both steps 

in a telescoped operation, using thioanisole 13ao as a cheap, readily 

available synthetic handle. Although we initially used purified sulfoxides 

using normal-phase chromatography (Table 7, entry 1), for this iterative 

sequence the oxidation conditions developed by Kakarla
90

 were found both 

convenient and efficient, in particular since extraction was sufficient to 

obtain pure sulfoxides that react equally well in our protocol (entry 2). 

Surprisingly, the extraction work-up was deemed unnecessary, as solvent 

and moisture removal by high-vacuum treatment was sufficient to undertake 

the subsequent Pummerer coupling with minimal erosion in yield (entry 3). 

This way, the oxidation-Pummerer coupling procedure may be carried out in 

a one-pot fashion, thus providing a first approach to an iterative C−C 

coupling strategy. 

Table 7: Development of a one-pot protocol for the oxidation-Pummerer iterative 

coupling.
[a] 

 

Entry Work-up Purification 
12c (%) 

[step 1] 

13c (%) 

 [step 2]b 

13c(%) 

 [over two steps]c 

1 extraction chromatography 92d 73e 67e 

2 extraction none 98e 68e 66e 

3 concentration none 98e 65e 64e 

[a] Conditions :13ao (0.1 mmol), H2O2 (0.11 mmol), Ac2O (0.12 mmol) and SiO2 (0.33 mmol) in DCM 

(1 mL) at r.t. for 24 h; then indicated work-up and purification, then standard conditions identical to those 

described in Scheme 34.  [b] Calculated from 12c [c] Calculated from 13ao [d] Isolated yield [e] 

Determined after work-up by 1H NMR using 1,1,2,2,-tetrachloroethane as internal standard. 

The utility of this protocol was illustrated in the combinatorial couplings of 

thioanisole 13ao (Scheme 41). Upon activation/coupling, thioethers 13c and 

13p bearing a phenyl and a 2-naphthyl substituent, respectively, are obtained 

in moderate yields. After purification by column chromatography, these two 

thioethers can participate in another round of activation/coupling, this time 

with tert-pentyl or cyclohexyl Grignard reagents, to provide four different 

thioethers (13ak, af, ag, al) derived from the original thioanisole. 

Unfortunately, it is presently not possible to effect the whole iterative 

process in a one-pot fashion, as the crude mixture after the first coupling 

contains enough by-products to disrupt the efficiency of the second iteration.  



40 

Subsequently, product 13af, which was prepared on gram-scale, was 

selected as a model substrate to illustrate the potential relevance of the 

iterative C−C coupling in the synthesis of non-sulfur compounds. For 

instance, the sulfur moiety can be replaced by a proton or deuterium, thus 

producing 26 or 26-d1, as desired.
72a

 Oxidative hydrolysis of the sulfide 

handle yields ketone 27 in good yield. Using a methylenation procedure 

developed by Marek, it is possible to access the olefin 28,
72b

 which is a 

useful precursor of epoxides, aziridine and metathesis products. Alkyl 

halides can also be obtained, as illustrated by chloride 29 which was 

prepared in excellent yield using PhICl2.
72c

 Even the fluoride 30 could be 

prepared via a nickel-promoted reaction based on an existing procedure, 

which we are currently studying.
72d

 The difluoride could also be prepared 

through the original method, albeit with lower efficiency. Finally, reductive 

lithiation
72e

 enables the preparation of organolithiums from thioethers, which 

can be subsequently employed, for example to generate boronic ester 31 or 

aldehyde 32. 

Scheme 41: Iteration of the reaction and diversification of 13af. Conditions: [a] 13, 

H2O2, Ac2O, SiO2 in DCM at r.t., 24 h, then vacuum evaporation [b] 21d at 0 ⁰C, 1 

h, then 9, then 65 ⁰C, 12 h; [c] NiCl2, NaBD4, r.t.; [d] Py·9HF, DBH, r.t.; [e] H2O2, 

Ac2O, r.t., then LDA, then 
n
BuLi, then Zn(CH2I)2, −50 ⁰C to r.t.; [f] PhICl2, r.t.; [g]  

NiCl2·6H2O, Py∙9HF, DBH, r.t.; [h] LiNp, −78 ⁰C then (
i
PrO)Bpin; [i] LiNp, −78 

⁰C then DMF. Isolated yields. § >95% deuterium incorporation. †On large-scale 

reactions, the silica was filtered off after oxidation as a precaution.  
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3.3.4 Preliminary mechanistic investigations. 

Since sulfoxides can be chiral,  it seemed natural to explore the potential of 

the reaction with regards to chirality transfer. The enantioenriched substrate 

(+)-12g, prepared through Andersen’s method,
91

 was submitted to slightly 

modified reaction conditions (namely, the temperature was lowered to −20 

⁰C) using the cyclopropyl Grignard reagent, producing thioether 13ah with a 

70:30 enantiomeric ratio (Scheme 42, A). The absolute configuration of the 

major enantiomer of 13ah has not yet been determined. Further 

investigations were carried out in order to improve this ratio (variation of the 

secondary amine fragment on the base, temperatures, order and speed of 

addition) but no improvement was observed and further studies are still 

underway.
92

 Nonetheless, this partial chirality transfer seems to rule out an 

SET mechanism. To further support the non-radical character of this 

reaction, we synthesized a substrate equipped with a cyclopropylcarbinyl 

radical clock (Scheme 42, B) which was submitted to our standard 

conditions. No ring-opening product was detected. 

 

 

Scheme 42: (A) A partial transfer of chirality is observed when using 

enantiomerically pure sulfoxide (+)-12g. (B) Control experiments on a substrate 

bearing a radical clock seem to exclude a radical pathway. Isolated yields. 

The unique behavior of base 21d is further illustrated by deuteration 

labelling experiments (Table 8). The sulfoxide 12g was treated with different 

bases before quenching with D2O. While LDA and DIPAMgCl readily 

deprotonate sulfoxide 12g, the turbo-Hauser analogue 21d displays 

unexpectedly low basicity towards the sulfoxide substrate, which seems 

related to the differential reactivity observed.  
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Table 8: Deuteration experiments using various bases.
[a] 

 
Entry M         12g : 12g-d1

[b] 

1 Li    < 1 : 99 

2 MgCl 15 : 85 

3 MgCl·LiCl > 99 : 1 

[a] Conditions : 12g (0.1 mmol), indicated base (0.11 mmol), THF (1 mL), 0 ⁰C, 1 h; then D2O. [b] 

Determined by 1H NMR using 1,1,2,2,-tetrachloroethane as internal standard. 

Based on these results, we currently propose the following mechanism 

(Scheme 43). Firstly, the sulfoxide 12 coordinates to the Grignard reagent 22 

to give rise to 12’, which is selectively deprotonated by the turbo-Hauser 

base to generate the thionium ion 15’. The key role of the base is to 

deprotonate the sulfoxide complex 12’ without any prior reaction with 12. 

When this discrimination is not possible, the sulfoxide anion 12-MgX is 

produced. This competing nucleophile can then lead to the formation of 

homodimer 20, which is often observed as a by-product of the reaction (see 

section 3.3.1, Table 4). Likewise, if the base is insufficiently reactive, the 

Grignard reagent 22 can irreversibly deprotonate 12’ to produce 12-MgX. 

Further complications can arise from fast sulfoxide-magnesium exchange 

processes (see section 1.3.1; Scheme 9, A), which consume both 12 and 20 

to produce competing substrates 12’’ and 20’. This may account for the 

complex mixtures of products obtained in certain cases (see Scheme 40). 

Finally, the loose association of the ion pair 15’ could account for the 

relatively low (yet significant) chirality transfer observed (see Scheme 42). 

 

Scheme 43: Mechanistic proposal and possible competing pathways.  
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3.4 Conclusion and outlook 

In summary, a new coupling of sulfoxides and Grignard reagents enabled by 

an unusual turbo-Hauser base has been developed that expands the scope of 

the original Pummerer reaction to a wide variety of carbon nucleophiles 

without strong electrophilic activators. The use of Grignard reagents allows 

for complete regioselectivity control, including non-SEAr regioisomers, and 

enables the integration of Knochel’s turbo-halogen exchange as well as 

direct C−H magnesiation methods. This reaction tolerates a variety of 

sulfoxides, including heterocyclic-, ferrocene- and ketone-containing 

substrates, and provides rapid access to complex compounds of relevance for 

both ligand- and drug-design. Furthermore, the potential of this reaction as a 

diversification platform is demonstrated by the preparation of a variety of 

unrelated building blocks through an iterative strategy. The development of 

an efficient version of this coupling from chiral sulfoxides would be a useful 

extension of this procedure and is currently under investigation.  
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4. Synthesis of Arylketones from Carboxylic 

Acids Using Grignard Reagents and 

turbo-Hauser Bases 

 

This chapter is based on unpublished results (paper IV, manuscript in 

preparation). 

4.1 Introduction 

Carbonyls are central functional groups in organic chemistry. Aldehydes, 

ketones, esters and carboxylic acids  are ubiquitous in both natural and 

artificial molecules, and their reactivity has been studied in great detail. The 

intermediate oxidation state of the ketone facilitates the conversion of these 

handles into virtually any other functional group. The main approach to 

synthesize ketones is the acylation of carbon nucleophiles, using various 

types of substrates to avoid overaddition. In this regard, carboxylate anions 

represent an attractive  starting material: they are abundant and cheap, their 

chemistry is orthogonal to that of other carbonyls, and they can be generated 

from CO2. In practice however, due to the low electrophilicity of the 

carboxylate anion and the absence of a good leaving group, the single-step 

conversion of carboxylic acids to ketones remains a challenge.
93

 Therefore, 

common multi-step strategies rely on the pre-activation of the carboxylic 

acid. For instance, the preparation of the acyl chloride intermediate allows 

subsequent reaction with organometallic nucleophiles to obtain the desired 

ketone (Scheme 44, path a).
28b, 94

 However, acyl chlorides are often unstable 

and/or volatile and can give rise to overaddition by-products. To avoid these 

issues, Weinreb amides can be prepared from the corresponding acyl 

chlorides (Scheme 44, path b).
28a, 95

 Upon addition, they give rise to a stable 

tetrahedral intermediate that is unreactive towards further addition, only 

releasing the ketone after hydrolysis. Furthermore, reagents required for the 

synthesis of both the acyl chloride and the Weinreb amide intermediates are 

incompatible with acid- and base-sensitive functional groups, respectively.  
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Scheme 44: Classic strategies for the conversion of carboxylic acids to ketones. 

Recent strategies have focused on catalytic procedures enabled by alternative 

substrates (Scheme 45). In situ activation of carboxylic acids with 

anhydrides allows the use of boron nucleophiles in cross-coupling reactions 

(Scheme 45, A).
96

 Likewise, palladium-catalyzed carbonylative couplings 

(using CO generated from organic reactions) enables the use of aryl 

bromides in the place of benzoic acids (Scheme 45, B).
97

 Furthermore, 

amides and imide derivatives have been used as equivalents of activated 

acids,
37c, 98

 as illustrated by the radical coupling shown on Scheme 45, C.
98a

  

 

Scheme 45: Examples of catalytic approaches to the synthesis of ketones [a] ligand: 

PPh3, PCy3, DPPF or P(p-OMeC6H4)3 [b] ligand: cataCXium A.HI [c] from solid 

precursor [d] Ir[dFCF3(ppy)]2(bpy)PF6 [e] [Ni(dtbbpy)(H2O)4]Cl2. 

The direct conversion of carboxylic acids to ketones is nevertheless possible 

(Scheme 46).
93a, 99

 However, this approach requires large excesses of 

organolithium reagents, limiting the scope and functional group tolerance in 

both carboxylic acid and organometallic nucleophile.
93a, 99c

 In a series of 

studies, Levine showed that, perhaps counter-intuitively, the large excess of 

organolithium reagent actually helps stabilizing the post-addition tetrahedral 

intermediate until hydrolysis. Levine also reports that in the absence of 

excess organolithium, the proportion of overaddition by-product is larger.
99b

 

This is supported by a study in which isolated lithium carboxylates react 
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with only one equivalent of organolithium in good yields.
99a

 The 

organolithium nucleophile can be generated in situ,
99c

 or replaced by 

cyanocuprates, 
99e

 albeit still requiring large excesses of reagents.  

 

Scheme 46: Direct organometallic addition to carboxylic acids. 

Interestingly, unlike organolithiums, Grignard reagents generally do not 

react efficiently with carboxylates, leading to low yields of ketones and/or 

large amounts of tertiary alcohol (Scheme 47).
93c, 99a, 100

 Control experiments 

run in-house are in accordance with the literature on the matter  

(Scheme 47, A). It has been proposed that Grignard reagents are 

insufficiently reactive to add to the poorly electrophilic carboxylate anion, 

and that the magnesium-complexed post-addition tetrahedral intermediate is 

unstable.
93d, 99a

 Nonetheless, some precedents exist for the  successful 

addition of Grignard reagents to carboxylic acids. For instance, a one-pot 

procedure using in situ generated heteroaryl-Grignard reagents allows the 

preparation of ketones without overaddition products  

(Scheme 47, B).
101

 The authors suggest that the tetrahedral intermediate is 

stabilized by coordination to the nitrogen atom of the heteroaryl fragment, 

which explains why only Grignard reagents bearing a nitrogen ortho- to the 

reacting site can engage in this process. In another report, Asaoka showed 

that sodium carboxylates could be coupled with organomagnesium amides to 

provide ketones in high yields and without overaddition products  

(Scheme 47, C).
102

 Unfortunately, the scope of sodium carboxylates is 

narrow, and the reaction does not tolerate the presence of THF. This limits 

the scope of compatible Grignard reagents, as many of them can only be 

prepared or purchased as THF solutions due to their enhanced stability.  
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Scheme 47: (A) Grignard reagents do not react efficiently with carboxylic acids (B) 

Zhu’s the synthesis of heteroaryl ketones from magnesium carboxylates (C) Asaoka’ 

s reaction of sodium carboxylates with organomagnesium amides. 

4.2 Aims of the project 

Based on Asaoka’s results with organomagnesium amides, we reasoned that 

the combination of turbo-Hauser bases and Grignard reagents, which proved 

unique in our previous Pummerer system (see Chapter 3), could provide an 

edge in the addition to carboxylates. The tolerance to unprotected ketones 

observed in the Pummerer system was encouraging (Scheme 34). Since the 

Pummerer coupling seamlessly operated in THF, we hoped that it could 

provide a general procedure for the direct conversion of carboxylic acids to 

ketones that would complement existing procedures. We expected that fine-

tuning the reactivity of the Grignard reagent would be crucial to overcome 

the low electrophilicity of carboxylate anions while minimizing overaddition 

by-products. If these challenges could be overcome, we could exploit the 

carbonation of Grignard reagents, thus enabling the use of CO2 as a source of 

CO in the synthesis of ketones. 
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4.3 Results and discussion 

4.3.1 Reaction conditions 

Asaoka’s report only features one example of a diaryl ketone, synthesized 

from 1-naphthoic acid.
102

 In order to evaluate the generality of the procedure 

in this context, we attempted to use a simpler benzoic acid substrate 

(Table 9). In the standard conditions reported by Asaoka, no conversion is 

observed (entry 1). The magnesium carboxylate yields 21% of the ketone 

along with 14% tertiary alcohol (entry 2), in accordance with previous 

experiments using excess Grignard reagents (see Scheme 47, A). Replacing 

the propylamine fragment with turbo-Hauser base DIPAMgCl∙LiCl results in 

a spectacular improvement, with a remarkable complete selectivity for the 

desired ketone product. (entry 3). The efficiency of this coupling is 

particularly remarkable considering DIPAMgCl∙LiCl is prepared in THF, 

which is not tolerated even in small amounts in the standard procedure 

reported by Asaoka.
102

 

Table 9: Synthesis of diarylketones through Asaoka’s procedure.
[a]

 

 
Entry Deviation 33ab (%) 34ab (%) 35ab (%) 

1 none 97 0 0 

2 tBuMgCl instead of NaH 65 21 14 

3 DIPAMgCl∙LiCl instead of PrNHLic,d 
0 92 0 

[a] Conditions: 33a (0.1 mmol), toluene (2 mL), NaH (0.1 mmol) at 0 ⁰C for 15 min, then Ph(PrNH)Mg 

(0.12 mmol), r.t., 6 h. [b] Determined by GCMS using 1,2-dichlorobenzene as internal standard. [c] 

DIPAMgCl∙LiCl was premixed with PhMgBr for at 0 °C in THF for 15 min. [d] The reaction vial was 

sonicated for 15 min, and tBuMgCl was used instead of NaH. 

Based on these reaction conditions, various parameters were investigated 

(Table 10). Interestingly, the reduced secondary alcohol 36a was identified 

as a by-product in these reactions. Replacing DIPAMgCl∙LiCl with lithium 

or magnesium amide bases leads to low conversion (entries 2-4), 

highlighting the importance of the magnesium-lithium synergy to obtain the 

desired ketone. The nature of the amine fragment is also important, with 

DIPA proving superior to the bulkier TMP (entry 5). Alternative bases for 

the generation of the magnesium carboxylate are suboptimal (entries 6, 7), 

suggesting that the presence of excess lithium chloride or free amine is 



49 

detrimental to conversion. The use of sodium carboxylate does provide a 

good yield of ketone, but also a significant amount of the overaddition by-

product (entry 8). Larger excesses of base and/or Grignard reagents are 

either detrimental to the yield (by promoting the reduction of the product to 

36a, entry 9) or unnecessary (entries 10, 11). Finally, in the absence of 

sonication, the conversion drops significantly (entry 12), whereas a longer 

sonicating period only has a moderate impact, which nevertheless seems to 

promote the reduction side-reaction (entry 13), probably due to gentle 

warming.  

Table 10: Results from deviations of the standard conditions in the  coupling of 33a 

with PhMgCl.
[a]

 

 

Entry Deviation 
33ab 

(%) 

34ab 

(%) 

35ab 

(%) 

36ab 

(%) 

1 none 0 92 0 5 

2 LDA instead of DIPAMgCl∙LiCl 70 22 4 8 

3 TMPLi instead of DIPAMgCl∙LiCl 61 25 3 8 

4 DIPAMgCl instead of DIPAMgCl∙LiCl 55 36 4 4 

5 TMPMgCl·LiCl instead of DIPAMgCl∙LiCl c 7 72 2 8 

6 iPrMgCl∙LiCl instead of tBuMgCl 44 45 0 3 

7 DIPAMgCl∙LiCl instead of tBuMgCl 40 45 0 8 

8 NaH instead of tBuMgCl 9 77 14 0 

9 1 extra equiv. DIPAMgCl∙LiCl 12 60 3 17 

10 1.5 equiv. DIPAMgCl∙LiCl/PhMgBr 0 90 0 6 

11 2.0 equiv. DIPAMgCl∙LiCl/PhMgBr 0 90 0 9 

12 No sonication 26 49 3 25 

13 1h sonication 0 81 0 16 

[a] Standard conditions: 33a (0.1 mmol), toluene (2 mL), tBuMgCl (0.1 mmol) at 0 ⁰C for 15 min. In 

separate vial, PhMgBr (22a, 0.12 mmol) and DIPAMgCl∙LiCl (21d, 0.12 mmol) at 0 ⁰C for 15 min, 

then added to the carboxylate solution, then sonication, 0 ⁰C, 15 min, then  r.t., 7 h. [b] Determined by 1H 

NMR using 1,1,2,2-tetrachloroethane as internal standard. [c] As toluene is not compatible with this base, 

Et2O was used instead. 

We next studied the suitability of the reaction for aliphatic Grignard 

reagents, using butylmagnesium chloride as a model substrate (Table 11). 

We found that in this case, two equivalents of nucleophile and base were 

necessary, providing the desired ketone 34b in 97% yield (entry 1). Overall, 

the same trends were observed: lithium and magnesium amide bases 

underperform (entries 2-4), while the TMP-derived turbo-Hauser base is 
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almost as suitable as the DIPA analogue (entry 5). While a larger excess 

base increases the amount of reduction by-product (entry 6), lower amounts 

of reagents result in a drop in conversion, which may be explained by 

consumption of the reagents to form enolate-type intermediates, a process 

that was not possible with aryl-Grignard reagents (see Table 10 and section 

4.3.4). Sonication is also important in this case (entries 9), and prolonged 

sonicating or heating decreases the yield by promoting reduction (entries 10, 

11). 

Table 11: Results from deviations of the standard conditions in the  coupling of 20b 

with BuMgCl.
[a]

 

 

Entry Deviation 
33ab 

(%) 

34bb 

(%) 

35bb 

(%) 

36bb 

(%) 

1 none 0 97 0 0 

2 LDA instead of DIPAMgCl∙LiCl 58 49 0 3 

3 TMPLi instead of DIPAMgCl∙LiCl 54 51 0 0 

4 DIPAMgCl instead of DIPAMgCl∙LiCl 73 8 0 15 

5 TMPMgCl·LiCl instead of DIPAMgCl∙LiCl c 4 84 5 0 

6 1 extra equiv. DIPAMgCl∙LiCl 6 62 0 21 

7 1.5 equiv. DIPAMgCl∙LiCl/BuMgCl 18 78 0 4 

8 1.2 equiv. DIPAMgCl∙LiCl/BuMgCl 62 36 0 5 

9 No sonication 57 36 0 6 

10 1h sonication 0 79 0 17 

11 65 °C instead of r.t. 0 85 0 15 

[a] Standard conditions 33a (0.1 mmol), toluene (2 mL), tBuMgCl (0.1 mmol) at 0 ⁰C for 15 min. In 

separate vial,  BuMgCl (22b, 0.2 mmol) and DIPAMgCl∙LiCl (21d, 0.2 mmol) at 0 ⁰C for 15 min, then 

added to the carboxylate solution, then sonication, 0 ⁰C, 15 min, then  r.t., 7 h. [b] Determined by 1H 

NMR using 1,1,2,2-tetrachloroethane as internal standard. [c] As toluene is not compatible with base 

12c,Et2O was used instead.  

4.3.2 Substrate scope and limitations 

With these optimized conditions at hand, the scope of diarylketones was 

investigated first (Scheme 48). In addition to the model ketone 34a 

phenylmagnesium bromide  reacts efficiently with electron-poor acids to 

provide the corresponding fluorinated benzophenones 34c and 34d in 78% 

and 82% yield, respectively. Electron-rich aromatic Grignard reagents 

bearing oxygen (34e), sulfur (34f) or nitrogen (34g) functional groups are 

efficiently coupled, allowing the regioselective preparation of meta-
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substituted electron-rich products 34f and 34g that would be problematic 

through Friedel-Crafts acylation. Electron-poor nucleophiles are also 

efficiently introduced (34h,i), allowing the regioselective synthesis of 

phenyl-pyridine derivative 34i in 73% yield through telescoped C‒H 

metalation. Bromine substituents on the carboxylic acid moiety, which could 

have led to bromine-magnesium exchange by-processes, are also tolerated 

(34i,j). Heterocycles can be introduced from the Grignard reagent (34j), the 

carboxylic acid (34k) or both (34l). Remarkably, unprotected phenols are 

efficiently arylated (34m, 78%) provided that an additional equivalent of 

deprotonating 
t
BuMgCl is used. 

 

 

Scheme 48: Scope of diaryl ketones. Conditions: 33 (0.5 mmol), toluene (7 mL),
 

t
BuMgCl (0.5 mmol) at 0 ⁰C for 15 min. In separate vial,  Ar’MgX (22, 0.6 mmol) 

and DIPAMgCl∙LiCl (21d, 0.6 mmol) at 0 ⁰C for 15 min, then added to the 

carboxylate solution, then sonication, 0 ⁰C, 15 min, then  r.t., 7 h. Isolated yields. 

[a] 1.0 mmol of 
t
BuMgCl was used in step 1. 

We next studied the scope of alkylmagnesium reagents that can engage in 

this coupling (Scheme 49). In addition to the model substrate (34b), 

electron-rich and electron-poor acids are efficiently alkylated to provide 

valerophenones 34n-p in excellent yields, and the benzyl moiety can also be 

introduced (34q). Heterocyclic acids can be functionalized to yield ketones 
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34r and 34s, respectively introducing an alkene and an unprotected alcohol 

group from the Grignard reagent. Unprotected meta- or ortho-salicylic acids 

are also compatible (34t,u), the latter providing an interesting morpholine 

derivative. Secondary alkyl nucleophiles can be used as well to prepare 

electron-deficient ketones 34v-x in high yields, tolerating chloro- and 

bromo-substituted acids. Finally, electron-rich carboxylates containing 

unprotected amino- or hydroxy groups are also efficiently alkylated (34y,z). 

Unfortunately, tertiary alkyl Grignard reagents do not provide any 

conversion in these conditions, a feature we utilize in the initial 

deprotonation with 
t
BuMgCl. 

 

Scheme 49: For reaction conditions details, see Scheme 48. Isolated yields. [a] 1.0 

mmol of 
t
BuMgCl was used in step 1. [b] 1.5 mmol of 

t
BuMgCl were used in step 1. 

Several carboxylic acids do not couple in our reaction conditions, most 

notably aliphatic acids, which will be the topic of chapter 5 of this thesis. 

Furthermore, nitro- and iodo-functionalized carboxylic acids do not provide 

the desired reactivity, instead engaging in nitro-attack or iodine-magnesium 

exchange, as can be expected from Grignard reagents. Likewise, aldehydes-, 

ketones- and nitrile-containing acids result in mixtures of ketones and 

undesired addition into these sensitive functional groups. 
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4.3.3 Application to the coupling of Grignard reagents and 

carbon dioxide 

The capacity of Grignard reagents to react with CO2 offers an alternative 

entry into the magnesium carboxylate substrates. Since organomagnesium 

reagents can also be generated in situ through halogen-magnesium exchange 

or direct magnesiation (see section 1.3), this process could formally enable 

the reductive coupling of aryl-halides and arenes with CO2 into ketone 

products. In this sense, CO2 would act as a seamless source of CO. A similar 

approach has been reported by Hatton and Jamison, via a flow-chemistry 

procedure, albeit mostly limited to organolithium additions.
99d

 Using CO2 

(Scheme 50), dichloropyridine is directly converted into products 34aa, ab 

in excellent yields. The furyl-moiety, which is introduced directly from 

furan, can also be added to ester-containing thiophene derivative to provide 

ketone 34ac in 61% yield. At the time of printing this thesis, further 

experiments aimed at incorporating 
13

CO2 to prepare labelled ketones using 

this system are still ongoing.  

 

Scheme 50: In situ generation of the carboxylate from CO2 allows the selective 

coupling of two Grignard reagents into a ketone. Reaction conditions: ArMgX (0.5 

mmol) in toluene (7 mL), CO2 bubbling at r.t. for 15 min; in separate vial,  Ar’MgX 

(0.6 mmol) and DIPAMgCl∙LiCl (21d, 0.6 mmol) at 0 ⁰C for 15 min, then added to the 

carboxylate solution, then sonication, 0 ⁰C, 15 min, then  r.t., 7 h. Isolated yields. 

For details on the preparation of the Grignard reagents, see supporting information. 

4.3.4 Mechanistic investigations 

The optimization studies showed that two equivalents of reagents were 

necessary to reach complete conversion when using alkyl-Grignard 

nucleophiles. The standard reaction was repeated and quenched with D2O, 

observing the full monodeuteration of the product (34a-d1,Scheme 51). This 
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result likely indicates that after the alkyl-chain is introduced, the basic 

reactive medium lead to the enolization of the intermediate which becomes 

unreactive towards further addition of the Grignard reagent. Similar 

experiments were run using phenylmagnesium bromide, and no deuteration 

was observed, as could be expected from the non-enolizable diarylketone 

product. Therefore, the surprising ketone selectivity in the absence of 

enolizable products remains unexplained. 

  

Scheme 51: Deuteration experiments point at an in situ enolate protection. Yield 

determined by 
1
H NMR using 1,1,2,2-tetrachloroethane as internal standard. 

The potential intermediacy of the amide intermediate that would result from 

the initial attack of diisopropylamide into the carboxylate was also 

investigated (Table 12). Amide 38 was synthesized and submitted to the 

standard reaction conditions using either butyl- or phenyl-Grignard reagents. 

No conversion was observed in either case, thus discarding this possibility. 

Table 12: Diisopropylamide 38 is unlikely to be an intermediate in this reaction.
[a]

 

 
Entry Nucleophile         34 (%) 

1 BuMgCl   0 

2 PhMgBr 0 

3 BuMgCl·DIPAMgCl·LiCl 0 

4 PhMgCl·DIPAMgCl·LiCl 0 

[a] Conditions: 38 (0.1 mmol), toluene (2 mL), 0 ⁰C, indicated nucleophile (0.2 mmol), then sonication, 0 

⁰C, 15 min, then r.t., 7 h. [b] Determined by 1H NMR using 1,1,2,2-tetrachloroethane as internal standard. 

In most instances the secondary alcohol was observed as the main by-

product of the reaction, usually in trace amounts. We observed that treating 

benzophenone 33ad with the turbo-Hauser base alone resulted in complete 

conversion to the secondary alcohol 36ad (Scheme 52). We reason that this 
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proceeds through a hydride-transfer from the iso-propyl fragment of the 

amine.  

 

Scheme 52: DIPAMgCl·LiCl reduces ketones to secondary alcohols. Conditions: 

33ad (0.1 mmol), toluene (2 mL), 0 ⁰C, DIPAMgCl·LiCl (21d, 0.2 mmol), then r.t., 1 

h. Yield determined by 
1
H NMR using 1,1,2,2-tetrachloroethane as internal 

standard. 

Based on these results, we propose the mechanism shown on Scheme 53. 

The mixing of the Grignard reagent and the turbo-Hauser base allows them 

to form an organomagnesium amide aggregate, whose precise nature 

remains to be determined. Presumably, a 1:1 ratio of base to Grignard 

reagent and the brief sonication step help reach the optimal position of the 

equilibrium. Then, unlike the Grignard reagent alone, this aggregate is 

capable of adding to the magnesium carboxylate to form putative 

intermediate 39. This intermediate should be stable until hydrolysis to 

produce ketone 36ad. If 39 were unstable, it would collapse into the ketone 

during the reaction and be reduced into the secondary alcohol by the  

turbo-Hauser base (see Scheme 52), and/or lead to overaddition by-products.  

 

Scheme 53: Proposed mechanism for the direct synthesis of ketones from carboxylic 

acids with DIPAMgCl·LiCl (21d) and Grignard reagents. 

4.4 Conclusion and outlook 

In summary, a general and efficient protocol for the direct conversion of 

aromatic carboxylic acids to ketones has been developed. It relies on a 

combination of turbo-Hauser base and Grignard reagents and does not 

require pre-activated acyl donors. The reaction tolerates a large variety of 

carbon nucleophiles and a wide scope of carboxylic acids, thus streamlining 

access to ketone building blocks of importance in the synthesis of 

pharmaceuticals. Moreover, we are currently studying the combination of 

this reaction with in situ generation of carboxylates by carbonation of 
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Grignard reagents with CO2 and its application to the synthesis of 

isotopically labelled molecules. We are also investigating solutions to extend 

this concept to aliphatic acids, which will be discussed in the next chapter. 
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5. Synthesis of Ketones from Aliphatic 

Carboxylic Acids 

5.1 Introduction 

The addition of strong organometallic nucleophiles to enolizable carbonyl 

compounds is a challenging process (Scheme 54).
103

 As organometallics are 

also strong bases, these reagents readily deprotonate enolizable substrates, 

often resulting in low conversions or aldol self-condensation byproducts.
103

 

This phenomenon has been observed not only with carboxylates,
103g

 but 

sometimes even with acyl halides,
28b, 103m

 amides,
103h

 aldehydes,
103d, 103l

 

ketones
103a-f

 and esters.
103f

 In general, more success has been achieved with 

organometallics based on transition metals featuring low basicity.
104

 

 

Scheme 54: Organometallics can react with enolizable carbonyl compounds as 

nucleophiles or bases. 

A partial solution emerged with the use of cerium and other lanthanide 

additives (Scheme 55).
103d-k, 105

 Imamoto first reported that organocerium 

nucleophiles were significantly more efficient than organolithium or 

Grignard reagents for the addition to carbonyl compounds (Scheme 55, 

A).
103d

 These reportedly unstable lanthanoid compounds are usually 

generated immediately prior to use, from organolithium or Grignard 

reagents, by transmetallation to cerium trichloride.
103d, 103k, 105

 It is assumed 

that the greater oxophilicity of cerium (compared to that of other metals such 

as lithium) enhances the electrophilicity of the carbonyl group, thus favoring 

addition over enolization.
103g, 103k, 103l

 Recently, Knochel showed that the 

solubility of various lanthanide salts (CeCl3, LaCl3 and NdCl3) could be 

considerably improved by complexation with LiCl.
103i

 This allowed the use 

of catalytic amounts of mixed lithium-lanthanide salts in various addition 
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reactions.
103j

 Particularly, Cohen reported on the beneficial effect of CeCl3 

on the addition of organolithium reagents to lithium carboxylates (Scheme 

55, B).
103g

 The authors suggest that both a cerium carboxylate and an 

organocerium reagent may be formed, which would both minimize 

enolization and stabilize the post-addition tetrahedral intermediate.
103h, 103k

 

Enolization was proved to be a competing process even in this case with 

deuteration experiments.
103g

 

 

Scheme 55:  (A) Organocerium reagents add to hindered enolizable  ketones more 

efficiently than organolithium and Grignard reagents. (B) CeCl3 improves the 

addition of organolithium reagents to carboxylic acids. 

In chapter 4 of this thesis we reported a new approach to the direct synthesis 

of ketones from carboxylic acids. However, we have observed that aliphatic 

acids containing an α-proton are not tolerated. Experiments on a model 

secondary aliphatic acid showed no conversion in our reaction conditions 

(Scheme 56, A). We reason that in these highly basic conditions, the 

carboxylate may be enolized, in accordance with the reported literature 

discussed above.
103g

 Interestingly, the closely related procedure reported by 

Asaoka does tolerate primary aliphatic acids.
102

 However, we found that the 

scope of this reaction is limited, as for example simple secondary 

carboxylates like 40a were only marginally converted (Scheme 56, B).  

 

Scheme 56: (A) secondary aliphatic acids are unreactive in our conditions and (B) 

only give modest conversion with Asaoka’s procedure.
102
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5.2 Aims of the project 

In this ongoing project, we aim at extending the concept of our previous 

ketone synthesis (see chapter 4) to aliphatic carboxylic acids. This way, we 

would complement existing approaches using common (and commercial) 

Grignard reagents in conventional stabilizing solvents. We hypothesized that 

a general method to the direct synthesis of ketones with Grignard reagents 

from all kinds of carboxylic acids would allow streamlined access to relevant 

products and intermediates. We anticipate the main challenge to be the 

taming of the Grignard nucleophile to avoid enolization by-processes 

without compromising the reactivity required to overcome the low 

electrophilicity of carboxylate anions. 

5.3 Results and discussion 

5.3.1 Reaction conditions  

Following on our previous research, we hypothesized that we could tune the 

amine fragment of the turbo-Hauser base to adjust the basicity of the reagent 

while keeping the enhancements to its performance (Table 13). Secondary 

amines DIPA and TMP provides no conversion (entries 1, 2). Inspired by 

Asaoka, we explored turbo-Hauser bases derived from primary amines. 

Surprisingly, the propylamide that was successful for Asaoka leads mostly to 

the formation of amide 43 (entry 3). This suggests that LiCl increases the 

nucleophilicity of the metal amide.
106

 The same behavior is observed with 

other primary amines, alongside formation of the tertiary alcohol 42a arising 

from overaddition (entries 4 – 6). Interestingly, p-toluidine does provide the 

desired ketone in 34% yield, together with 64% of the amide product  (entry 

7). We reasoned that  increasing the steric hindrance of the aniline fragment 

may prevent amide formation and favor the desired reactivity. Pleasingly, 

2,6-diisopropylaniline (entry 10) and 2,4,6-trimethylaniline (entry 12) 

provide ketones with high selectivity, albeit in low yields. Secondary 

arylamines were also explored, being less selective (entry 14) or equivalent 

(entry 15) in comparison to the more available 2,6-diisopropylaniline  

(entry 10). As such, the diisopropylaniline based reagent, thereafter termed 

dippNHMgCl·LiCl, was selected for further optimization. Interestingly, 

organomagnesium amides based on this aniline fragment have been studied 

and noted for their remarkable structural behavior (see section 1.4.3, Scheme 

17).
26, 45b, 48
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Table 13: Screening of turbo-Hauser bases derived from various primary and 

secondary amine fragments.
a 

 
Entry base 40ab 

(%) 

41ab (%) 42ab (%) 43ab (%) 

1 DIPAMgCl·LiCl 99 0 0 0 

2 TMPMgCl·LiCl 99 0 0 0 

3 PrNHMgCl·LiCl 0 3 0 66 

4 PentNHMgCl·LiCl 0 4 50 46 

5 iPrNHMgCl·LiCl 0 8 55 31 

6 BnNHMgCl·LiCl 0 2 19 70 

7 4-MeC6H4-NHMgCl·LiCl 0 34 5 64 

8 CarbazoleMgCl·LiCl 99 0 0 0 

9 PhNHMgCl·LiCl 44 0 0 55 

10 2,6-iPr2-C6H4NHMgCl·LiCl 68 31 0 0 

11 2-Ph-C6H4NHMgCl·LiCl 83 4 0 11 

12 2,4,6-Me3-PhNHMgCl·LiCl 70 25 0 5 

13 4-F-PhNHMgCl·LiCl 22 0 0 74 

14 Ph2NMgCl·LiCl 0 52 21 0 

15 (PhNEt)MgCl·LiCl 69 31 0 0 

[a] Conditions: 40a (0.1 mmol), toluene (1.5 mL), tBuMgCl (0.1 mmol) at 0 ⁰C for 15 min. In separate 

vial, indicated base (0.2 mmol) and BuMgCl (0.2 mmol) at 0 ⁰C for 15 min, then added to the carboxylate 

solution, then sonication, 0 ⁰C, 15 min, then  r.t., 14 h. [b] Determined by 1H NMR using 1,1,2,2-

tetrachloroethane as internal standard. 

Further optimization work with dippNHMgCl·LiCl is presented in Table 14. 

At room temperature, only modest conversion is observed even in prolonged 

reaction time (entries 1, 2). Gratifyingly, running the reaction at 65 ⁰C leads 

to  an 84% yield of ketone 41a with complete selectivity (entry 3). Lower or 

higher temperature (entries 4,5) are suboptimal. Prolonged reaction time 

results in a drop in yield and an increase of tertiary alcohol (entry 6) 

formation, while shorter time provides lower conversion (entry 7). Finally, 

other solvents were screened (entries 8 – 11), including trifluorotoluene, 

THF, diisopropyl ether or glyme, but they were found to decrease the 

conversion (entries 8 – 11). These results are consistent with our previous 

observation of sensitive aggregation equilibria governing the reactivity of 

turbo-organomagnesium amides (see chapters 3 and 4). 
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Table 14: Optimization of reaction conditions for the coupling of 40a with 

BuMgCl.
[a] 

 
Entry Temperature 

(⁰C) 

Time 

(h) 

solvent 40ab 

(%) 

41ab 

(%) 

42ab 

(%) 

1 r.t. 14  Toluene 65 33 0 

2 r.t. 72  Toluene 54 39 6 

3 65  14  Toluene 7 84 0 

4 40  14 Toluene 61 36 0 

5 100 14  Toluene 10 74 6 

6 65  24  Toluene 0 63 37 

7 65  7  Toluene 33 64 0 

8 65 14  PhCF3 35 25 12 

9 65  14  THF 57 40 0 

10 65  14  i-Pr2O 99 0 0 

11 65 14  Glyme 99 0 0 

[a] Conditions: 40a (0.1 mmol), indicated solvent (1.5 mL), tBuMgCl (0.1 mmol) at 0 ⁰C for 15 min. In 

separate vial, dippNHMgCl (0.2 mmol) and BuMgCl (0.2 mmol) at 0 ⁰C for 15 min, then added to the 

carboxylate solution, then sonication, 0 ⁰C, 15 min, then  indicated temperature and time. [b] Determined 

by 1H NMR using 1,1,2,2-tetrachloroethane as internal standard. 

Furthermore, we observed that replacing 
t
BuMgCl by turbo-Grignard 

i
PrMgCl·LiCl for the deprotonation of the carboxylic acid yields equally 

good results in this case. Since this reagent is also used for the preparation of 

dippNHMgCl·LiCl, it is possible to run the entire reaction in a one-pot 

fashion with only minimal erosion in yield (Scheme 57). In this system, the 

acid and the aniline are charged in the reaction flask, while the Grignard 

promoter 
i
PrMgCl·LiCl and nucleophile BuMgCl are added in sequence. 

This protocol suppresses the need for reagent premixing and enables a more 

practical, simplified procedure. 

  

Scheme 57: One-pot procedure for the generation of the carboxylate anion, turbo-

Hauser base and the coupling with a Grignard reagent to obtain ketone 41a. For 

detailed reaction conditions, see supporting information. Yield determined by 
1
H 

NMR using 1,1,2,2-tetrachloroethane as internal standard. 
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5.3.2 Substrate scope and limitations 

With these optimized conditions at hand, the scope of the reaction was 

studied (Scheme 58). In addition to model compound 41a, the ketone 

derived from a secondary alkyl Grignard reagent 41b is obtained in good 

yield. Using a morpholine functionalized Grignard reagent, the indanone 

derivative 41c can be prepared in 96% yield. At the time this thesis is 

written, we have noticed that aromatic Grignard reagents tend to provide 

lower yields with these substrates, and further studies are ongoing. 

 

Scheme 58: Current scope of secondary acids. Conditions: 40 (0.5 mmol), 44 (1.0 

mmol) toluene (7 mL),  then 
i
PrMgCl·LiCl (1.5 mmol) at r.t. for 30 min, then R’MgX 

(22, 1 mmol) at 0 ⁰C, then sonication, 0 ⁰C, 15 min, then  65 ⁰C, 14 h. Isolated 

yields. 

The reactions conditions can also be applied to tertiary aliphatic carboxylic 

acids substrates (Scheme 59), which according to in-house experiments are 

not compatible with Asaoka’s procedure.
102

 Adamantyl-ketone 41d is thus 

obtained in quantitative yield, and the pharmaceutical gemfibrozil can also 

be efficiently functionalized to provide ketones 41e and 41f. The latter 

contains a free alcohol group introduced from the Grignard reagent. 

Furthermore, α,β-unsaturated acids can be used to obtain ketone 41g in 77% 

yield. Interestingly, trifluoromethyl ketones can also be prepared in these 

conditions, using both alkyl and aryl nucleophiles, providing 41h and 41i in 

good to excellent yields. These products can be prepared directly from 

sodium trifluoroacetate, which is more practically handled than 

trifluoroacetic acid. Even  perfluoroalkylcarboxylic acids can be used, 

producing the intriguing compounds 41k and 41l in good to excellent yield. 

The suitability of this method for the preparation of (per)fluorinated ketones 

is particularly appealing, as these compounds are valuable pharmaceutical 

targets, and their preparation requires longer routes.
107
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Scheme 59: Scope of tertiary aliphatic, alkenylic and fluorinated carboxylic acids. 

For detailed reaction conditions, see Scheme 60. Isolated yields. 

5.3.3 Reaction conditions for primary acids 

 

While exploring the scope of the reaction it became evident that primary 

acids were particularly challenging. In general, little to no conversion was 

obtained, regardless of the acid or Grignard reagent employed. We reasoned 

that primary acids may be more readily enolized than secondary ones, and 

investigated the role of lanthanide additives that were known to feature 

lower basicity and enhanced nucleophilicity (Table 15). Both LaCl3 and 

CeCl3 improved the efficiency without compromising the selectivity for the 

ketone product, albeit with incomplete conversion (entries 2, 3). 
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Table 15: Screening of additives for the coupling of 40m with PhMgCl.
[a]

 

 
Entry Deviation 40mb (%) 41mb (%) 42mb (%) 

1 none 71 25 0 

2 Added CeCl3 (2 equiv.) 46 52 0 

3 Added LaCl3 (2 equiv.) 55 38 0 

[a] Conditions: 40m (0.1 mmol), 44 (0.2 mmol), additive (0.2 mmol), toluene (1.5 mL),  then 

iPrMgCl·LiCl (0.3 mmol) at r.t. for 30 min, then PhMgCl (0.2 mmol) at 0 ⁰C, then sonication, 0 ⁰C, 15 

min, then  65 ⁰C, 14 h. [b] Determined by 1H NMR using 1,1,2,2-tetrachloroethane as internal standard.  

Further optimization of the conditions using CeCl3 is presented in Table 16. 

Given that the poor solubility of lanthanide salts  is a known  

problem,
103i, 103j

 we screened various solvents. While toluene, 

trifluorotoluene, diisopropyl ether and MTBE perform similarly 

 (entries 1-5), THF proves optimal (entry 5). This is remarkable considering 

that THF had consistently been unsuitable for addition reactions to 

carboxylate anions in both Asaoka’s conditions and ours.
102

 Increasing the 

reaction time to 14 h leads to a 90% yield of ketone (entry 6). Identical 

results were obtained when using the sequential procedure instead of the 

one-pot protocol (entry 7). The essential role of CeCl3 is further supported 

by the low conversion observed in its absence in THF (entry 8). 
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Table 16: Results from deviation of standard conditions for the coupling of 40m 

with PhMgCl.
[a]

 

Entry Deviation 40mb (%) 41mb (%) 42m (%) 

1 none 46 52 0 

2 PhCF3 instead of Toluene 31 59 0 

3 iPr2O instead of Toluene 43 54 0 

4 MTBE instead of Toluene 42 58 0 

5 THF instead of Toluene 26 73 0 

6 THF, 14 h 3 90 0 

7 THF, 14h, sequential procedure 6 91 0 

8 THF, 14 h, no CeCl3 66 31 0 

[a] Conditions: 40m (0.1 mmol), 44 (0.2 mmol) CeCl3 (0.2 mmol),  toluene (1.5 mL),  then iPrMgCl·LiCl 

(0.3 mmol) at r.t. for 30 min, then PhMgCl (0.2 mmol) at 0 ⁰C, then sonication, 0 ⁰C, 15 min, then  65 ⁰C, 

14 h. [b] Determined by 1H NMR using 1,1,2,2-tetrachloroethane as internal standard.  

The current scope of primary acids is presented in Scheme 60. The fragrance 

of raspberry, ketone 41n, can be prepared in 93% yield, in just one step from 

readily available p-hydroxy-hydrocinnamic without protection. Likewise, the 

unprotected natural vitamin biotin undergoes efficient coupling to produce 

arylated ketone 41o, highlighting the tolerance of this method for sensitive 

polar substrates. The thiazole moiety is also successfully introduced on 

unprotected deoxycholic acid to yield the steroid 41p. In this case, 

commercial sodium deoxycholate was used as the starting material, 

demonstrating the viability of sodium carboxylates in this reaction. The 

scope of this reaction currently remains under investigation. Thus far, the 

main limitation we have observed concerns highly polar substrates whose 

solubility in the reaction medium is problematic. 
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Scheme 60: Scope of primary carboxylic acids. Reaction conditions identical to 

those described in Scheme 60, with added CeCl3 (2.0 equiv.) Isolated yields. 

5.4 Conclusion and outlook 

In conclusion, an extension of our previous synthesis of ketones has been 

developed. It relies on the combination of Grignard reagents and 

turbo-Hauser base dippNHMgCl·LiCl. With the addition of CeCl3, even 

primary acids can be used. The reaction can be carried out in a one-pot 

fashion and exhibits a wide functional group tolerance, allowing for the 

simple and rapid preparation of a large variety of complex ketone 

compounds, thus complementing existing protocols. The current studies 

focus on the expansion of the substrate scope, with a strong focus on 

pharmaceutical targets, fragrances, amino-acids and other natural products. 
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Concluding remarks 

In this thesis, main-group organometallics have been employed for the 

development of new C−C bond-forming reactions, with a strong emphasis on 

transformations that allow the simplified and expedient synthesis of useful 

chemicals such as ligands, pharmaceuticals or commodity molecular 

building blocks. The research has focused on organoaluminum and 

organomagnesium compounds, readily available reagents based on highly 

abundant and environmentally benign main-group metals.  

Trimethylaluminum has been used in combination with visible-light to 

enable the single-step synthesis of polyfunctionalized piperazine ligands 

through a [3+3] dimerization of azomethine ylides. This symmetry-forbidden 

process has been made possible through a radical coupling of self-sensitized, 

photoexcited organometallics. Furthermore, the potential of the piperazine 

products as ligands has been investigated and promising results were 

obtained. 

In the second chapter, a new coupling of sulfoxides and Grignard reagents 

was developed. The unusual turbo-Hauser base DIPAMgCl·LiCl was found 

crucial and allowed for the first Pummerer-type coupling in non-electrophilic 

media. The use of Grignard reagents provides an enhanced pool of 

nucleophilic partners for this reaction. Thanks to the central character of 

sulfur in organic chemistry, this reaction could be used further for the 

preparation of diverse, unrelated building blocks from a common thioether 

intermediate. 

The final chapters describe new methods to enable the direct synthesis of 

ketones from carboxylic acids with Grignard reagents. The turbo-Hauser 

bases were found instrumental at enhancing nucleophilicity, taming the 

basicity and stabilizing the ketone products. While DIPAMgCl·LiCl proved 

the best in combination with aromatic acids, turbo-Hauser 

dippNHMgCl·LiCl base was developed for use with aliphatic acids, 

altogether enabling the efficient and selective synthesis of a wide variety of 

complex ketones. The mechanism of the reaction was investigated and 

further experimental work is still ongoing. 
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Populärvetenskaplig sammanfattning 

Kol-kolbindningen har alltid varit central i forskningen inom kemi. 

Strategierna för att skapa nya kol-kolbindningar är nyckeln för att organiska 

kemister fritt ska kunna sammanfoga de byggstenar som naturen gett oss. 

Det främsta målet är att producera molekyler som kan användas som 

läkemedel, material, katalysatorer eller ligander. Trots att organiska 

molekyler varierar strukturellt, är alla dessa molekyler oftast förberedda med 

samma metoder. Det finns dock utrymme för att förbättra metoderna. Helst 

bör dessa metoder vara effektiva, selektiva, miljövänliga och ekonomiska, 

för att verkligen uppfylla sitt syfte. 

Trots att det finns fler och fler metoder för att tillverka nya C-C bindningar, 

ställs oftast kemister inför alltmer komplexa molekyler, vars syntes kräver 

fler steg. Det finns därför ett ständigt behov av nya metoder som kan skapa 

C-C-bindningar med högre precision och selektivitet. I detta avseende har 

vanliga metallorganiska reagens unika möjligheter för att skapa nya 

kolbindningar. Användandet av litium och magnesium har spelat en central 

roll i organisk syntes ända sedan dess upptäckt. Utmaningen ligger oftast i 

att kontrollera deras höga reaktivitet och basicitet. Genom att finjustera 

metallernas egenskaper får kemister ett brett utbud av olika strategier för att 

selektivt syntetisera komplexa molekyler. 

Den första delen av avhandlingen beskriver en skalbar och stereoselektiv  

[3 + 3] homokoppling av iminer, i vilka två nya C-C bindningar bildas i 

samma steg. Denna reaktion möjliggörs av en ovanlig kombination av ljus 

och metallorganisk aluminiumreagens. Denna fotokemiska process resulterar 

i snabb åtkomst av funktionaliserade piperaziner. Tack vare piperazinernas 

struktur bidrar produkterna till att förhindra katalysatordeaktivering genom 

oligomerisering. 

I nästa kapitel presenteras en ny Pummerer reaktion av sulfoxider och 

organomagnesium (Grignard) reagenser. Denna reaktion möjliggörs av en 

turbo-Hauser bas och tillåter användningen av kraftiga C-nukleofiler för att 

syntetisera tioetrar. Tioetrar är en funktionell grupp som återfinns i många 

naturprodukter och läkemedel. Med tanke på svavels centrala karaktär i 

organisk kemi kan dessa föreningar också omvandlas till varierade 

funktionella grupper, som förenklar framställningen av olika kemiska 

byggnadsblock. 
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I de sista två kapitlen beskrivs utvecklingen av en metod för att bygga ihop 

ketoner direkt från karboxylsyror och Grignard-reagens, en omvandling som 

tidigare har varit problematisk. Båda reaktionerna baseras på två ovanliga 

magnesium-amider och tillåter en enkel och selektiv metod som inte kräver 

en föraktivering av karboxylsyran.  
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