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Abstract 

The use of light as activation mode for organic molecules is surely one of the 

oldest concepts in the universe. In fact, organic photochemistry is almost as old as 

organic chemistry itself. However, for long time the field remained mostly unexplored, 

and the applications limited. Only now, with depauperate reserves of fossil fuels, a 

quest for more sustainable energy sources to feed our processes started. Light, 

omnipresent on our planet and in the universe, makes the perfect candidate as source 

of green energy. After more than a hundred years humanity is eventually answering 

the hopes of Giacomo Ciamician, that envisioned a light-driven world already in 1912. 

Within the context of this steadily expanding field, the aim of the present 

thesis was to expand the synthetic toolbox of light driven transformation available to 

an organic chemist. The Introduction to this thesis will deliver to the readers less 

acquianted with modern photochemical processes the necessary background and 

theoretical context for the treated arguments. Within Chapters 2-4, each project is 

discussed in details after a shorter state-of-the art introduction. 

Chapter 2 presents the results of the recent merger between isocyanide-based 

multicomponent reactions and visible light activation. The development of a more 

selective, facile and effective protocol for performing ketene multicomponent 

reactions is discussed. The products achieved from the multicomponent transformation 

were then used for the stereoselective synthesis of simplified analogues of bioactive 

natural compounds, discussed in the second part of the chapter. 

A study aimed to the radical functionalization of olefins exploiting light-

induced protocols is presented in Chapter 3. Several approaches to achieve the desired 

functionalization are discussed, and the presented results, although yet not conclusive, 

represent a good leap forward towards the mild functionalization of olefin substrates. 

In the light of the recent Nobel prize awarded for the development of 

organocatalysis, I had the pleasure of working on the topic of enantioselective photo-

organocatalysed processes towards the functionalization of enals. The results of my 

efforts are reported in Chapter 4. 
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Chapter 1 

An introduction to photochemistry 

1.1 Let there be light 

It would be difficult to imagine life without light, or even the world or the 

universe themselves. Yet, while it is easy to conceive the idea of light interacting with 

physical objects (shadows, reflection or refraction are but a few phenomena that have 

long been known by humanity), the idea that light might also induce changes in the 

chemical structure of materials has long eluded scientists. In fact, how deep and 

noticeable a change should have been for a chemist to deduce the influence of some-

thing as ephemeral as light in the process?  

It is no mystery that nature had been using light since dawn of time – Earth’s 

oxygen atmosphere is but a consequence of photosynthesis; Earth’s protective ozone 

layer was generated upon action of UV rays on the newly formed oxygen;1 the very 

mechanism of our vision and the tanning of our skin are mere reactions of our body to 

external light stimuli.2 All these processes and many others, though, went unnoticed 

for long time. Some other phenomena were observed and some light-driven effects 

were actually known – the bleaching effect on dyed fabrics exposed to sunlight, the 

so-called chalking of paint, or harmful deterioration of stored beer.1 Yet, the official 

beginning date of photochemistry can be considered 1790, when John Priestly 

observed the formation of reddish nitrogen dioxide when he exposed vials filled with 

spirit of nitre (nitric acid) to sunlight, assuming correctly the necessity of light for the 

reaction to occur. He is also credited, along with Nicholas Theodore de Saussure, as 

one of the fathers of photosynthesis studies, being the first one to report the production 

of oxygen (“dephlogisticated air”) in water upon exposure to sunlight “by means of a 

green substance” (later identified as tiny plants).3 

The first photoinduced organic transformation that we know of was reported 

soon after, in 1834, by Hermann Trommsdorff, when he noticed that solutions of -

santonin (an antihelminthic drug) exposed to sunlight turned yellow, and its crystals 

ruptured.4 Most remarkably, Trommsdorff also proved that only the blue-violet 

fraction of the visible spectrum (divided with a prism) could induce the transformation, 

whereas the rest did not produce any significant change in santonin. The overall 

chemistry of the process, fully elucidated only in 2007,5 could not be understood by 

the scientific means of Trommsdorff era, but it is not surprising that the date of his 

findings is typically considered the year zero of organic photochemistry – just six years 

after Wohler’s synthesis of urea (1828), the formal beginning of organic chemistry 

itself.6   

 From there, organic photochemistry slowly sprouted. Studies on the photo-
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behaviour of santonin tied together several personalities in Italy, the first one being 

Fausto Sestini, righteously considered the father of Italian photochemistry. He soon 

introduced his colleague Stanislao Cannizzaro to photochemistry, and they identified 

photosantonic acid as the ultimate product of Trommsdorff’s reaction. Cannizzaro 

later introduced Giacomo Ciamician and Paul Silber to the topic, possibly two of the 

most influential and skilled chemists to ever work with light. In 1908 first and in 1912 

then, Ciamician held lectures before the French Chemical Society7 and the 

International Congress of Applied Chemistry8 respectively, most effectively 

summarizing the deep understanding he had achieved on the possibilities offered by 

photochemistry: “when oil will have all been burned in our prodigal industries, it may 

become necessary, even on social grounds, to come to exploit solar energy”.7  

From this point onward, it would be unexhaustive trying to sum up the huge 

accomplishments achieved in photochemistry during time. The use of light became a 

topic of wide interest in academy during the XX century; to the disappointment of 

Ciamician, unfortunately, it was quite neglected as chemical tool in the industry.9 

Towards the end of the century, the interest in organic photochemistry seemed to fade. 

In the last 20 years, however, the urge to find more environmentally sustainable 

synthetic protocols led to a renewed interest in light-driven chemistry. With the advent 

of photoredox catalysis and flow techniques, from 2010 onward the number of 

publications about photochemistry (in particular with visible light) skyrocketed, and 

kept growing steadily ever since.10  

It has been within the context of this golden age in organic photochemistry 

that I had the opportunity and the pleasure to carry out my doctoral studies, and this 

thesis is the results of my research activity over the last three years. This first Chapter 

will introduce the reader to the basic concepts in modern and classical photochemistry. 

Chapter 2 will focus on the optimization of visible light induced multicomponent 

processes and their synthetic applications. A new methodology to achieve the radical 

functionalization of olefins via photogeneration of radicals from the solvent will be 

presented in Chapter 3. Lastly, a novel light-driven strategy for the enantioselective -

functionalization of enals will be presented in Chapter 4. 

An important note on this introduction – This Chapter has been written and 

meant for all those readers who are approaching modern organic photochemistry for 

the first time, and reports therefore a general outlook on all the opportunities that this 

field offers. However, readers who are well acquainted with the topic might prefer 

reading directly the scientific dissertation of each project, presented in the other 

Chapters along with a brief state-of-the-art on the corresponding topics. Cross-

references to the more general outlook provided by this introduction are given within 

the discussion of the chapter themselves, should the readers desire to have a more 

general perspective to those topics. 
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1.2 Some fundamentals concepts in photochemistry 

1.2.1 From absorption to photochemical reactions 

For a photochemical reaction to occur, light must be absorbed by a species 

participating in the process, typically either one of the substrates or a photocatalyst. 

This simple yet fundamental statement is commonly known as the Grotthuss-Draper 

Law, or First Law of Photochemistry.11  

The absorption of light is due to the presence, on a molecular level, of 

functional groups called chromophores. The vastity of the conjugation of the system 

and the potential presence of other functional groups (auxochromes) affects the 

intensity (hyperchromic and hypochromic effect) and the wavelength of the absorption 

band (bathochromic and ipsochromic effect, or red and blue shifts respectively). The 

intensity of the absorption of a species in solution at a given wavelength is quantified 

by the molar attenuation coefficient  [L mol-1 cm-1], which is correlated to the 

absorbed quantity of light (I/I0), the concentration c [mol L-1] of the solution and the 

length l [cm] of the cell by the Beer-Lamber Law:  

𝐴 =  − log(𝑇) =  − log (
𝐼

𝐼0
) =  𝜀 ∙ 𝑙 ∙ 𝑐 

where A is called absorbance and T transmittance.  

For light to be absorbed, the energy of the incident photon (as per Planck’s 

relation E = h) must match that of the difference between the fundamental and an 

excited state of the molecule. The molecular phenomena following absorption are 

usually depicted and described through the Jablonski diagram (Figure 1.1). During 

absorption, an electron is promoted to a higher energy level (typically a HOMO-

LUMO transition) with retention of the spin (giving a singlet state)* and without 

 
* direct excitations to triplet states are spin forbidden (i.e. extremely unlikely to occurr) but possible.109 

Figure 1.1 A typical Jablonski diagram reporting the possible processes taking place 

in an excited state molecule. 
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structural reorganization of the nuclei (vertical transition, as postulated in Franck-

Condon principle). Upon loss of part of the excess energy via vibrational relaxation 

and internal conversion (thermal, non-radiative processes), the molecule reaches the 

lowest energy excited state. Then, the molecule can either lose energy directly emitting 

a photon (fluorescence) or reverse its spin state to give a triplet state (intersystem 

crossing), which can also deactivate via emission of light (phosphorescence). 

Generally, the radiative deactivation occurs from the lowest excited state of any 

multiplicity, according to Kasha’s rule. As just described, most processes usually 

proceed via spin retention since it implies the conservation of the magnetic dipole 

moment (Winger’s rule). The spin state reversal (e.g. in ISCs or phosphorescence 

phenomena) is made possible by the presence of magnetic fields influencing the orbital 

motion of the excited electron and the more these fields are relevant, the higher is the 

probability of occurence of an intersystem crossing. Fields favouring intersystem 

crossings might be generated by the orbital motion of other electrons (spin-orbit 

coupling, typical with heavy atoms), or by the spin motion of an electron or a nucleus 

(spin-spin and spin-nucleus couplings, respectively, more relevant in radical species). 

The unlikeliness of these events causes a huge difference in terms of time scale as spin-

allowed transitions (singlet-singlet and triplet-triplet) are exceedingly faster than spin-

forbidden ones (triplet-singlet and singlet-triplet). Lastly, it should be noted that any 

excited state of a molecule can also be represented with potential energy surfaces 

(PESs), which may be even overlapping in some cases. The overlap is allowed only 

for surfaces of different multiplicity, otherwise it is generally avoided and an adiabatic 

disexcitation pathway is preferred (Figure 1.2, right). When the excited molecule 

possesses an excess of energy causing multiple parameters to change simultaneously, 

the PESs may degenerate locally originating a conical intersection (Figure 1.2, left). 

This peculiar nonadiabatic disexcitation pathway may in principle lead to multiple, 

different states (or products in case of reactions) since the final outcome depends on 

the rotovibrational parameters of each molecule undergoing this pathway.12 

From a synthetic point of view, the excitation processes leading to singlet and 

triplet excited states and their evolution towards novel structures are the most relevant 

for the scientific discussion herein presented. Remarkably, the photochemical 

Figure 1.2 Depiction of a conical intersection and an avoided crossing 

generated by the overlap of two potential energy surfaces. 
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activation of a molecule is independent of the temperature, thus being orthogonal to 

the commonly exploited thermal processes. Moreover, the free energy variation in a 

photochemical process can be either negative or positive, opening up reaction 

pathways that are unfeasible in the mere thermal domain.13 These are the main reason 

for the huge success that photochemistry found among synthetic organic chemists. 

1.2.2 Quantum yield 

According to the Einstein-Stark Law, or Second Law of Photochemistry, for 

each photon absorbed by the system, only one molecule is activated towards a photo-

chemical reaction.† From this equivalence derives the concept of quantum yield () 

for a process, defined as the ratio of photoinduced events to the number of absorbed 

photons.  

Φ =  
𝑁.  𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠

𝑁.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 
 

In the case of photochemical reactions,  is usually calculated as the ratio of 

the moles of products (or of reacted starting materials) to the moles of photons 

absorbed by the system.  is typically a value between 0 and 1 since most molecules 

deactivate either through thermal and radiative decays as described earlier or giving a 

reaction. However, in the case of light-induced chain processes,  can be as high as 

105. Nevertheless it should be noted that a value of  lower than one does not rule out 

a chain mechanism, since it can be due to a process with an extremely inefficient 

initiation step.14 

Since in organic synthesis photoreactions are usually performed in solution 

upon irradiation with (almost) monochromatic light, the quantum yield can be 

generally determined by measuring (with any analytical technique) the change of 

concentration of the reagent(s) or product(s) in a given time interval. This ratio is then 

equal to the fraction of incident light absorbed by the system qabs times the quantum 

yield of the transformation. If the radiation is only absorbed by the reagent causing the 

phototransformation, qabs can be calculated from the number of incident photons qin 

using Lambert-Beer Law from the absorbance of the reagent at the beginning (A0) and 

at the end (At) of the irradiation. The more general form of the equation, after 

integration, can be written as follows.15  

Φ ≈
𝑛(𝑝𝑟𝑜𝑑𝑢𝑐𝑡)

𝑡 ×𝑞𝑎𝑏𝑠
 ≈  

𝑛(𝑝𝑟𝑜𝑑𝑢𝑐𝑡)

𝑡 ×𝑞𝑖𝑛 × 𝑓𝑚
   where    𝑓𝑚 =  

(1 −  10− 𝐴0  )+ (1 – 10− 𝐴𝑡)

2
 

To avoid problems originating from secondary reactions, the quantum yield 

 
† This assumption holds true for most photochemical reactions, as biphotonic absorption events are 

reported to occur only using high intensity emitting sources such as lasers.110 
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measurement should be carried out when the reaction progress is limited to less than 

10%. 

While it is rather easy to determine the number of molecules of either product 

formed or reagent consumed using NMR techniques, UV-Vis spectroscopy or 

chromatography, the determination of the number of photons incident on the reaction 

vessel usually requires an absolute or a chemical actinometer in a process called 

actinometry. Absolute actinometers are physical devices (e.g. power metres, 

photodiodes, etc.) which convert either the energy or the number of incident photons 

in a quantifiable electrical signal. Chemical actinometers are substances undergoing 

photochemical reactions with known stoichiometry and quantum yield. These 

substances are generally irradiated for a finite time interval and the 

photodecomposition products determined using a fast technique (e.g. UV-Vis 

spectroscopy). From their known quantum yield, it is therefore possible to calculate 

the incident photon flux. The most popular actinometer in use is surely potassium 

ferrioxalate K3[Fe(C2O4)3], typical for UV and visible light up to 500 nm. Upon 

absorption it decomposes giving Fe2+ ions that can be quantified 

spectrophotometrically upon chelation with phenanthroline to the complex 

[Fe(phen)3]
2+ that absorbs at 510 nm. However, in the visible region, the absorbance 

of the actinometer is poor and the quantum yield is wavelength dependant (particularly 

with intense photon fluxes),16 leading to large experimental errors at wavelengths 

longer than 450 nm. Other common actinometers are Reinecke’s salt 

K[Cr(NH3)2(SCN)4], with a stable quantum yield in the range 315 – 750 nm, suitable 

for polychromatic radiations but thermally unstable, and azobenzene, useful however 

only up to 340 nm circa.  

Given the features of the known actinometers, the determination of the 

quantum yield for one of the processes studied and discussed in this thesis has been 

performed by means of an absolute actinometric method of novel conception, 

thoroughly discussed in Chapter 2. 

1.3 Direct photochemistry 

Photochemistry slowly but firmly bloomed over the course of the XX century, 

and several processes were established in a relatively short amount of time. As one 

may expect, since most organic substances are white or colourless (at least to the 

human eye), the most exploited spectral range has been the ultraviolet region, able to 

excite several functional groups that are omnipresent in organic structures. Figure 1.3 

depicts the allowed transitions for most organic molecule classes; clearly, direct 

photochemistry is dominated by −* and n−* transtitions, the only ones falling into 

synthetically useful areas of the UV-visible region.  
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Historically, the first photochemical reaction introduced expoited the 

photoreactivity of C=O and C=C bonds, mainly using UV radiation, whereas with 

modern approaches it is possible to work in the visible region also through direct 

excitation. 

1.3.1 Outlook of the photochemistry of C=C and C=O double bonds 

1.3.1.1 C=C double bonds photoreactivity 

The photochemistry of alkenes is dominated by -* transitions. The 

irradiation usually gives a singlet excited state in which the C–C π-bond is destroyed, 

with loss of stereochemical information. The large change in geometry between the 

ground state and the singlet excited state accounts for their weak fluorescence, while 

the weak spin-orbit coupling accounts for their recalcitrance in giving triplet states 

(and thus also phosphorescence).17 The most common phototransformations of alkenes 

are reported in Scheme 1.1. 

The most relevant process is surely the trans-cis isomerization. It can proceed 

via either singlet or triplet state, both of which possess a perpendicular geometry that 

accounts for the possible conversion to either the cis or trans product upon 

Figure 1.3 Typical electronic transitions (−* and −* are 

symmetry-forbidden) and molecule classes associated to them.  

Scheme 1.1 Most common phototransformations of alkenes. 
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disexcitation to the ground state, event that usually occurs via a conical intersection.18 

The absorption properties of the two isomers may change, and a selective 

isomerization may be achieved with irradiation of proper wavelength. When irradiated 

in a spectral window where both isomers absorb, over time a photostationary state is 

achieved and the concentration of the two isomers are correlated by their molar 

extinction coefficient and their quantum yield of isomerization.17 

[𝑡𝑟𝑎𝑛𝑠] 𝜀𝑡𝑟𝑎𝑛𝑠 Φ𝑡→𝑐 = [𝑐𝑖𝑠] 𝜀𝑐𝑖𝑠 Φ𝑐→𝑡 

The undesired photoisomerization of a multicomponent product discussed in 

Chapter 2 has been originally controlled by the addition of triplet quenchers.19 

Other important photoinduced processes of alkenes are electrocyclizations 

and sigmatropic rearrangements, affording products stereochemically complementary 

to the ones achievable through the same processes upon thermal activation, [2+2]-

cycloadditions, that are unfeasible in the thermal domain, and di--methane 

rearrangements. All these processes generally proceed efficiently through singlet 

states. Although important in the synthetical panorama, these processes will not be 

disclosed in details as less relevant for the work herein presented. 

1.3.1.2 C=O double bonds photoreactivity 

The photochemistry of carbonyl compounds, aldehydes and ketones above 

all, is well-known and understood. Dominated by n−* transitions (280-330 nm), their 

photoinduced transformations usually proceed via triplet state, as the intersystem 

crossing is generally very fast, particularly for aryl ketones and aldehydes (the barrier 

is typically 5-20 kcal/mol). The most common transformations are reported in Scheme 

1.2.17 

The n-π* excited state of a C=O group usually features the n orbital localized 

on the oxygen atom and the π* orbital delocalized over both the carbon and oxygen 

atoms of the group. This implies a nucleophilic character on the oxygen (justifying the 

Scheme 1.2 Common phototransformations of carbonyl compounds. 
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tendency of these compounds in giving HATs as in the Norrish type II reactions or 

their tendency in undergoing -cleavage as in the Norrish type I reaction) and an 

electrophilic character on the carbon. The most popular transformation is surely the 

Paternò-Büchi reaction, a [2+2]-cycloadditions initially discovered by Italian 

chemists Paternò and Chieffi in 1909,20 wheres its regio- and stereochemical outcome 

was later investigated by Büchi in 1954.21 It generally proceeds via triplet state, 

although excess quantities of alkene can act as quencher, thus leading the reaction to 

proceed via singlet state in a stereospecific fashion.  

Another relevant process is the Wolff rearrangement of -diazoketones, first 

reported in 1902 and delivering ketenes as product.22 In this case, irradiation provides 

an orthogonal method of activation of the diazoketone moiety – the transformation can 

also be induced by metal cations (e.g. silver) and heat. The process mainly proceeds 

through a singlet state, although it is still debated today. This transformation is pivotal 

for the multicomponent reactions investigated in this thesis and therefore the 

mechanism and the feature of this process are fully disclosed in Chapter 2. 

1.3.2 Dyedauxiliary groups 

As briefly outlined in the previous Paragraph, the most common organic 

phototransformation require UV light as the chromophore groups, even in the presence 

of auxochromes, rarely possess absorption tails in the visible region. The main 

drawback, especially with complex structures, is the increased probability of having 

other functional groups absorbing the UV light and thus engaging in parasitic 

processes. This is, in fact, one of the probems that arose during the applications of the 

ketene multicomponent processes described in Chapter 2. Also for environmental 

reasons (the UV light that reaches the surface is far less abundant than the visible or 

infrared one), the possibility to have photoreactivity in the visible region would be 

highly desirable. If on one hand photocatalysis has allowed to greatly overcome this 

issue (vide infra), the simplest solution would still be to have direct absorption by one 

of the reagents involved in the desired process. 

In this regard, the concept of dyedauxiliary groups, moieties able to impart 

colour and reactivity to an organic molecule, has been introduced in the recent years.23 

The main properties of dyedauxiliary groups are (a) their facile introduction via 

functional group interconversion, giving a visible-light absorbing product, (b) the 

presence of a photolyzable bond that will lead to fragmentation to the desired reactive 

intermediate and (c) a mechanism of photoremoval non-dependant on the nature of the 

R group of the starting material (Scheme 1.3, top). 

As of now, the use of this approach is scarcely reported, although some 

remarkable examples can be found. Barton’s esters, bearing a thiohydroxamate 

chromophore, can be photolyzed delivering reactive alkyl radicals upon loss of carbon 

dioxide (Scheme 1.3a).24 Acyl radicals can be generated conveniently from acyl 
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dihydropyridines (Scheme 1.3b), a strategy that Melchiorre and co-workers applied to 

the enantioselective -functionalization of enals25 and hydroxyalkylation of 

heteroaromatic bases.26 The same group reported the synthesis of alkyl27–30 and acyl31 

radicals from carbon electrophiles using a nucleophilic dithiocarbamate catalyst 

(Scheme 1.3c). Lastly, several publications from Fagnoni, Protti and Ravelli reported 

protocols to achieve elusive aryl radicals upon conversion of anilines to azosulfones 

(Scheme 1.3d).23  

The approaches showed in Scheme 1.3c-d were of great relevance in the 

generation of aryl radicals to achieve the solventylation of olefins; more details on the 

topic can therefore be found in Chapter 3. 

1.3.3 EDA complexes 

Another approach to exploit visible light as activation method of a substrate 

is through the formation of an EDA complex.32 These species are formed upon 

interaction of a donor (D), an electron-rich compound with rather low ionization 

potential, with an acceptor (A), an electron-poor molecule with an high electron-

affinity. The interaction results in the formation of a weak-bonded electron donor–

acceptor (EDA) complex (Scheme 1.4). These interactions are generally less robust 

than other weak ones (e.g. hydrogen bonding), but they are usually responsible for the 

formation of a new absorption band, called charge-transfer (CT) band, not present in 

Scheme 1.3 Dyedauxiliary group introduction and fragmentation for the generation 

of reactive intermediates (top) and selected examples of this strategy (a-d). FGI: 

functional group interconversion, DAG: dyedauxiliary grup. 
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the individual species. This band originates from the mixing of the frontier orbitals 

(HOMO and LUMO) of the donor and the acceptor and can extend up to the visible 

region (whence the typical colouration of the solution). Upon absorption, the 

consequent excitation can produce a single electron transfer (SET) between the two 

molecules. The intrinsic limitation is the tendency of the newly formed ion pair in 

giving a back electron transfer (BET) to the ground state reagents; the general strategy 

to avoid this unproductive event is through the adornment of the acceptor with a 

suitable leaving group (LG), leading to an irreversible fragmentation that ensures the 

formation of reactive intermediates and thus a productive process.33  

After seminal publications in the 1970s by several authors,33–37 the 

photochemistry of EDA complexes fully bloomed after 2013, when two reports from 

Melchiorre38 and Chatani39 revived the general interest of the chemical community 

towards the untapped synthetic potential held by EDA complexes. 

It would be unexhaustive enumerating all the possible strategies known for 

the synthetic exploitment of EDA complexes. Generally, the produced radicals can 

react by direct coupling (both molecules that formed the EDA complex constitute the 

product as in the seminal works aforementioned)38,39 or with an external trap (either 

the donor or the acceptor is sacrificial). To broaden the scope of applicability, redox 

auxiliary groups (usually electron-poor moieties acting as acceptors and leaving group 

simultaneously) can be introduced (as showed by Aggarwal40 and Leonori).41 One of 

the partners (either the acceptor or the donor) may actually act as a catalyst, provided 

that a turnover event restores it to its ground state after the SET. Also, a catalyst might 

associate with a ground state molecule imparting its electron-donating or accepting 

properties, making it a suitable partner for the formation of an EDA complex with 

another substrate, either intra- or intermolecularly. These approaches have been 

successfully exploited by Gilmour42 and Melchiorre.43 Lastly, EDA complexes are 

also reported to form within the active sites of enzymes, as elegantly showcased by 

some recent reports by Hyster group.44,45 

An intramolecular EDA complex was exploited for the attempted 

enantioselective -functionalization of enones, which is discussed in Chapter 4. 

1.4 Photocatalysis 

Over time, direct photochemistry proved to be an exceptionally powerful 

activation system to achieve novel transformation, but it has also been extremely 

Scheme 1.4 General strategy for the synthetic exploitment of EDA complexes. 
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limited by the lack of appreciable absorption by most organic species, particularly in 

the visible region. Even the approaches relying on the introduction of a dyedauxiliary 

group or the formation of an EDA complex cannot completely circumvent the problem 

since the former approach is still scarcely developped while the latter needs specific 

electronic properties of the substrates. A more general method relies on the use of a 

photocatalyst, a foreign species in solution able to absorb light and transfer the energy 

gained upon excitation to one or more molecules in solution. The conceptual difference 

between a thermal reaction or a photochemical reaction proceeding via direct 

excitation of one of the reagents is reported in Figure 1.4.13  

A thermal reaction generally leads from reagent R to product P through one 

(or more) intermediates I and the transition states in between (Figure 1.4A). Whenever 

the energy barrier is too high for the reaction to occur, the presence of a catalyst C 

might help lowering the energy of the transition states and the intermediate, giving a 

smoother transformation. In the case of reactions with photoexcitation of one reagent, 

the involved molecule reaches the excited state potential energy surface R*, and the 

excess energy allows it to turn into the products without the need for an external 

catalyst to lower the barriers as in the previous case (Figure 1.4B). When none of the 

reactants can absorb, a photocatalyst can excite in their place reaching an excited state 

C* and then transfer the energy acquired to the reactant R in its ground state (Figure 

1.4C). Several intermediates are formed and evolve toward the final product, and the 

catalyst, if not yet in the ground state, is restored by a turnover event. The efficiency 

of the catalyst is generally expressed, as for other catalysts, by the turnover number 

TON defined as of the moles of reactant converted into the product to one mole of 

catalyst before its inactivation. 

The photocatalysts can be generally divided into three categories following 

the activation pathway of the substrate. Following the suggestions of Romero and 

Nicewicz,46 we can assign the label photoredox catalyst to those species that mainly 

activate the reagent via photoinduced electron transfer (PET) and photosensitizer to 

those that mainly operate via energy transfer (EnT) mechanisms. It should be noted 

that, however, most photocatalysts may in principle operate through both mechanisms, 

and that each catalyst should be addressed with the proper term depending on the 

nature of the process it is catalyzing. The activation of the substrates via PET and EnT 

is discussed in the following Paragraphs. 

Figure 1.4 Differences betwenn (A) a thermal reaction in presence of a 

catalyst, (B) a photochemical reaction via direct excitation of the 

substrate and (C) a photocatalyzed process. Reproduced from ref. 13. 
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It is worth mentioning the third class of photocatalysts, which includes all the 

heterogeneous species whose working mechanism is that of a semiconductor (e.g. 

TiO2). The absorption of light causes an electron of the valence band (VB) to be 

promoted to the conduction band (CB), creating a hole/electron (h+/e-) pair. On the 

surface of the catalyst, adsorbed species with a high electron affinity can be reduced 

while electron donors can be oxidized upon interaction with the hole. Overall, the 

behaviour of the catalyst is that of a photoelectrochemical cell.  

1.4.1 Photoredox catalysis 

Photoredox catalysis plunges its roots in seminal works published from the 

late 1970s onward. Kellogg first reported a reductive desulfonylation catalyzed by a 

ruthenium complex under visible light,47,48 followed some years later by the 

photocatalytic Pschorr reaction by Deronzier49 and some photoreduction protocols by 

Tanaka and Fukuzumi.50,51 In fact several authors investigated the photophysical and 

photochemical behaviour of molecules that are now widely renown for their 

photocatalytic activity. Balzani and Juris in the late 1980s had already widely 

described polypyridyl ruthenium complexes.52,53 Hill in the late 1990s54,55 and, 

separately, Dondi, Fagnoni, and Albini56–58 in the early 2000s explored the 

photochemistry of decatungstate anions. Yet, photoredox catalysis remained 

essentially ignored by the synthetic community until 2008-2009, when several 

contribution by Yoon,59 MacMillan60 and Stephenson61 led to an abrupt reckoning of 

the potential held within this field, and the publications on the topic kept increasing 

ever since (Figure 1.5).10 The reasons behind the fast growth of this activation method 

was in the recognition that readily accessible metal complexes and common organic 

dyes could allow the exploitment of visible light, mainly unharvested by known 

photochemical approaches, for the formation of open-shell (i.e. radical) reactive 

species under remarkably mild conditions.  

The stunning difference with thermal redox processes is that the excitation of 

the photocatalyst leads to the simultaneous generation of both a strong oxidant and 

Figure 1.5 Number of publication per year concerning visible light 

photoredox catalysis over time. Reproduced and adapted from ref. 10. 
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strong reductant species (Scheme 1.5a). In the ground state, the oxidation potential of 

the photocatalyst is the one required to remove one electron from the HOMO, whereas 

the reduction potential is the one required to fill the LUMO. The promotion of an 

electron following the excitation implies that the new reduction potential is the one 

required to add an electron in the HOMO, lying at a lower energy level, and the new 

oxidation potential the one required to remove an electron from the LUMO, lying at a 

higher energy level.32 

According to this property, each photoredox catalyst can operate through two 

complementary mechanisms. The excited state catalyst [cat]* can be oxidized to 

radical cation [cat]•+ by a species in solution (either the substrate or a sacrificial 

oxidant), and then be restored by reduction from another species, closing an oxidative 

quenching cycle (Scheme 1.5b). Alternatively, the excited state catalyst can be reduced 

to radical anion [cat]•- in a reductive quenching cycle, requiring then to be oxidized in 

the turnover step (Scheme 1.5c). While it is true that any photocatalyst may operate 

through either one of the two mechanisms, the intrinsic oxidation and reduction 

potentials of the excited state catalyst and  of its reduced and oxidized form, i.e. [cat]•-

and [cat]•+ respectively, make it generally more suitable for one of the two processes.46  

Scheme 1.6 Net-oxidative, net-reductive and redox-neutral transformations on a 

substrate employing a photoredox catalyst. 

Scheme 1.5 Schematic representation of the frontier orbitals of the photocatalyst in 

its ground and excited state (a) and working mechanism of the photoredox catalysts 

via oxidative (b) and reductive (c) quenching.  
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Most remarkably, all photoredox catalysts can catalyze transformations that 

with respect to the substrate are overall oxidations (net-oxidative processes), 

reductions (net-reductive processes) or redox-neutral processes through either the 

oxidative or reductive quenching cycle (Scheme 1.6).46 This is owed to the fact that in 

both cycles an oxidation and a reduction occur. In net-oxidative processes, an oxidant 

is reduced either in the PET step (i.e. by the excited state catalyst) or in the turnover 

step, whereas in net-reductive transformation the external reductant is oxidized in 

either one of the steps. Redox-neutral processes are generally more complicated and 

co-catalysts often act as electron mediators in the overall process. 

Remarkably, the photoinduced electron transfer (PET) is generally more 

productive from the triplet excited state, despite its lower energy (i.e. redox potential). 

In fact, right after the electron transfer – for example an oxidation, the oxidized 

substrate is still in close proximity to the radical ion form of the catalyst (Scheme 1.7). 

The spare electron on the LUMO of the catalyst species can undergo a back electron 

transfer on the HOMO of the substrate, leading to deactivation to ground state 

reagents. This back electron transfer is more favoured when the overall sysem has 

singlet multiplicity since the back-transferred electron does not have to undergo an 

intersystem crossing to the ground state. On the other hand, if the system possesses 

triplet multiplicity, the back-transfer of the electron is slowed down by the necessity 

of an intersystem crossing, determining a higher rate of free radicals formed from the 

triplet excited state.46 

The most common photoredox catalysts are depicted in Figure 1.6 along with 

their absorption maxima and redox potentials for both quenching cycles.62 The two 

more common transition metal centres in photoredox catalysts are ruthenium and 

iridium, and their archetypical complexes Ru(bipy)3Cl2 and Ir(ppy)3 are reported. Both 

complexes upon absorption exhibit a metal-to-ligand charge transfer (MLCT), 

promoting one electron from the metal centre to a * orbital of the ligand. Similarly to 

an EDA complex, the metal centre is effectively oxidized and the ligand reduced. The 

Scheme 1.7 Rationale behind the easier generation of radicals from the 

excited catalyst in its triplet state.  
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singlet state arising from the promotion usually evolves rapidly to the lowest-excited 

triplet state. While less appealing from an environmental point of view and being also 

more expensive due to the low availability of the metal from which they derive, 

ruthenium polypyridyl and iridium polyphenylpyridinato complexes offer the 

advantage to possess tunable redox properties. An increased electron density on the 

ligands (e.g. through electron -donating substituents) enhances the reductive power 

of the complex, whereas the use of more -donating ligand increases the electron 

density of the metal centre, and thus the oxidative power of the complex. Among other 

metals, copper found vast application, as highlighted by Reiser.63 Organic molecules 

work on similar principles, e.g. tetrakis(9H-carbazol-9-yl)isophtalononitrile, 4-CzIPN, 

is constituted by four electron-rich carbazole moieties tethered to an electron-poor 

arene and its redox properties can be tuned changing the nature of the carbazoyl moiety 

or the substitution pattern of the arene), whereas other organic catalysts mainly exploit 

different substitution patterns to achieve different redox properties (cfr Rhodamine-

6G and Eosin Y, also with fluorescein and Rose Bengal – not reported in Figure 1.6). 

A drawback of most metal-based photocatalysts is that a great part of the excitation 

energy (15–25 kcal/mol) is lost thermally to the solvent while reaching the 

synthetically useful triplet state. Recently, Rovis and co-workers reported new 

osmium-based photocatalysts that exploit a direct S0→T1 excitation allowed by the 

strong spin-orbit coupling in osmium complexes. These photocatalysts can directly 

absorb red light, resulting in even milder reaction conditions and better penetration for 

the light in solution.64 

Figure 1.6 Examples of various photoredox catalysts with their absorption 

wavelengths and their redox potentials. 
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Lastly, in some cases it is possible to harvest more than one photon from the 

reaction environment exploiting a consequential photoinduced electron transfer 

(conPET). The mechanistic rationale behind these strategies is the use of a sacrificial 

electron donor to form a relatively stable radical anion PC•- that can then absorb 

another photon, reaching excitation potentials close to those of inorganic alkali metals 

(Scheme 1.8).65 König’s group recently reported the use of Rhodamine-6G,66 

Ir(dttbpy)(ppy)2PF6
67

 and perylene diimide (PDI)68 to afford challenging reductions of 

aryl and alkyl halides; Nicewicz reported a similar reactivity for a mesityl acridinium 

photocatalyst.69 

The use of photoredox catalysis has been pivotal in the studies presented in 

this thesis, and several examples can be found in Chapters 2, 3 and 4. 

1.4.2 Photocatalysis by Energy Transfer (EnT) 

Photoredox catalysis found huge success in the synthetical community and 

nowadays uncountable methodologies are available for the functionalization of a wide 

array of substrate. However, photoredox catalysis still suffers from one major 

constraint, that is the redox potential compatibility of the susbstrate and the excited 

catalyst. Many organic molecules possess redox potentials that are incompatible with 

most excited photocatalysts, thus being recalcitrant in undergoing PETs. Yet, the 

excited photocatalyst in its triplet state can also act as an energy donor, activating an 

Scheme 1.8 conPET strategy for the reduction of challenging substrates and some 

catalysts used in this approach. 

Figure 1.7 Common photosensitizer and their respective triplet state energies. 
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acceptor with a lower triplet energy through an energy-transfer (EnT) pathway, in a 

process called photosensitization. These processes are not governed by the redox 

potentials of the species involved but generally depend on the triplet-state energies of 

the substrate and the excited catalyst. This activation mode is often complementary to 

the phoredox one, and unlocks several reaction pathways not achievable through other 

methods.70,71 

An efficient EnT process requires three conditions to be met: (i) the triplet 

energy of the photocatalyst must be higher than that of the substrate, (ii) the 

photocatalyst should have a high ISC rate to have a sufficiently populated triplet state 

and (iii) the process of EnT must release energy, i.e. must be exoergonic. Since the 

substrate does not possess significant absorption in the visible region to be excited by 

photons potentially emitted by the catalyst through radiative decays, the energy 

transfer follows a non-radiative mechanism (Scheme 1.9, left). In principle, the 

relaxation to ground state of the donor might induce the promotion of one electron on 

the substrate through dipole-dipole (coulombic) interactions, following a Förster 

(resonance) energy transfer (FRET) mechanism.72 However, this process would 

require two simultaneous ISC on the catalyst and on the substrate violating Winger’s 

rule. The operating mechanism features a simultaneous exchange of ground state and 

excited electrons, and is commonly referred to as Dexter exchange mechanism.73 This 

mechanism requires a thorough overlap of the molecular orbitals, and therefore is of 

collisional nature.  

Most photoredox catalysts can operate efficiently as photosensitizer; also 

aromatic ketones proved their efficiency in EnT processes (Figure 1.7). Prominent 

synthetic applications usually involve C=C double bonds, that are hardly activated 

through common photoredox catalysis. Relevant transformations are therefore E-Z 

isomerizations,42,74 [2+2]-cycloadditions59,75 or generation of elusive intermediates 

(e.g. nitrenes).76 Another molecule generally activated through EnT pathway is 

molecular oxygen to exploit its reactivity in the singlet state. Typical reactions of 

singlet oxygen are [4+2] and [2+2] cycloadditions and ene reactions, and all found vast 

applications in organic synthesis. The most used catalysts for these transformations are 

methylene blue, rose bengal and tetraphenylporphyrin (TPP).77 

Scheme 1.9 Energy transfer mechanisms (left) and SenI-ET strategy introduced 

by König. 
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Lastly, it is worth citing the recent coupling of EnT activation with a redox 

catalyst reported by König and co-workers.78 The approach, defined sensitization-

initiated electron transfer (SenI-ET) relies on the photosensitization of a substrate that, 

upon reduction with a sacrificial electron donor, delivers an extremely reductant 

radical anion, able to perform challenging reductions on aryl halides (Scheme 1.9, 

right).  

1.5 Radical photochemistry 

A remarkable difference between thermal and photoinitiated chemistry (and 

in particular photoredox catalysed processes) is the amount of transformations 

occurring through radical mechanisms. Clearly, radical transformations – upon either 

thermal or photoinduced initiation – have been known for a long time to organic 

chemists (e.g. Barton decarboxylation,79 Birch reduction,80 Hunsdiecker-Borodin 

reaction,81,82 or even the pinacol coupling83 to cite but a few historically relevant 

reactions) and some of them also made their way up to the industrial level (e.g. 

photonitrosylation, chlorinations and sulfonylations).9 Yet, most organic chemists are 

far less acquainted with the basic principles behind radical reactivity than they are with 

the ones governing classical polar transformations. Thus, a concise outlook on the 

main factors guiding radical reactions is presented in this Paragraph. 

1.5.1 Radical stability and radical philicity 

Radicals species, sometimes referred to as open-shell species, are atoms or 

molecules containing one or more unpaired electrons. These species are usually 

formed upon homolysis of weak bonds (e.g. X-X bonds in halogen in radical chain 

photohalogenations, or the O-O bond in peroxides) or upon single-electron transfer on 

closed-shell species, other than by elimination, addition or abstraction (e.g. atom 

transfer) from another radical species. Due to the high tendency of molecules to reach 

a stable electron configuration, open-shell intermediates are usually quite reactive.84 

Structurally, all radicals tend to assume a pyramidal geometry, more or less 

accentuated depending on their substitution pattern, with a high tendency in giving 

pyramidal inversion due to the generally low barrier. Methyl radical usually assumes 

a rather planar geometry, with the bond deviating only 5° from the plane, whereas 

alkyl and heterosubstituted radicals usually assume a much more accentuated 

pyramidal shape to maximize the hyperconjugative stabilizing effects and minimize 

electron repulsions (Figure 1.8). More planar shape are observed when the radical is 

conjugated to unsaturated systems.85 

Figure 1.8 Effects determining radical geometries. 
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Radical can be easily stabilized by nearby groups. With respect to closed-

shell intermediates where the charge stabilization occurs only if the group possesses 

the right electronic properties (i.e. a negative charge will be stabilized by electron-

withdrawing groups and a positive one by electron-donating one, including the 

inductive effects), neutral radical species are always stabilized regardless on the 

electronic nature of the neighbouring group (Figure 1.9, top). Conjugation stabilizes a 

radical lowering its reactivity, provided that the unpaired electron is originally located 

in a p-symmetry orbital to allow for a good orbital overlap. Also the steric hindrance 

might play a role if nearby groups can prevent the unpaired electron from interacting 

with other species (e.g. TEMPO radical). A good indicator of the thermodynamical 

stability of a radical is the bond dissociation energy (BDE) of the bond it derives from 

(e.g. the stability of methyl radical is roughly indicated by the BDE of the C-H bond 

in methane, Figure 1.9 bottom).84 Radicals that will rapidly undergo reaction with 

other species are defined transient, while strongly stabilized radicals showing a 

decreased tendency in undergoing any process are defined persistent. It should be 

noted that transient radicals might benefit from forms of stabilization; the labels 

persistent and transient only refer to the tendency of a radical in undergoing reactions. 

From the point of view of a synthetic organic chemist, radical reactions of 

major relevance are surely atom transfer reactions and addition reactions, e.g. Giese 

addition.86 In all these transformations a new radical species is generated. The 

thermodynamical feasibility of these transformations is given by the difference in 

terms of BDEs of the broken and formed bonds, i.e. the formation of the new radical 

species should be an exergonic process. Yet, these data alone do not provide enough 

information on the kinetics of the transformation, that depends solely on the activation 

energy of the process. Several factors can influence the transition state, in particular 

polar effects. Following the Hammond postulate, the more unstable the reacting radical 

will be, the more reagent-like will be the transition state, and thus the less sensitive it 

Figure 1.9 Stabilization effects from neighbouring groups in neutral radical 

species (top) and BDEs for archetypical C-H bonds (bottom). 
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will be towards the electronic and steric features of the other substrate.87 In these cases, 

radicals tend to react with almost any partner. In general, however, the reactivity can 

be predicted taking into account said polar effects and that are encompassed by the 

concept of radical philicity, that is the tendency of a radical to react either like a 

nucleophile or an electrophile.88 Simply put, nucleophilic radicals will tend to undergo 

addition to electron-poor olefins (Giese addition), whereas electrophilic ones will 

mainly give addition to electron-rich substrates. Similarly, in an atom transfer reaction, 

a nucleophilic radical will tend to abstract an atom whose removal will deliver an 

electrophilic radical, and vice versa. 

As a general rule, the simplest way to determine the radical philicity is 

determining whether the open-shell species would be stabilized by the addition or 

removal of an electron. Electrophilic radicals tend to accept electrons, whereas 

nucleophilic ones tend to lose them. For example, a tert-butyl radical would be more 

stable as carbocation (removal of one electron) than as carbanion (addition of one 

electron), therefore it can be assumed nucleophilic. An oxygen-centred radical would 

certainly be more stable as anion than as cation, and it should therefore be electrophilic. 

This rule is not extremely reliable although it can be applied easily and just exploiting 

the common knowledge that an organic chemist should possess. In Figure 1.10, a non-

exhaustive but surely helpful outlook of the reactivity trend for radicals in organic 

Figure 1.10 Radical philicity according to the empirical reactivity of the reported 

radical classes.  
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processes is reported, based on a recent review by Welin.88 As one would expect from 

the blending of the atomic orbitals in Figure 1.9, C(sp3)-centred radicals bearing 

hyperconjugative (alkyl) moieties or n-donating groups (in spite of any inductive 

effect) tend towards nucleophilicity as the SOMO is raised in energy. On the other 

hand, radicals with d-, p- or -accepting substituents tend towards electrophilicity, 

although more than one electron-withdrawing group is generlly needed to impart an 

electrophilic character to an otherwise nucleophilic alkyl radical. C(sp2)- and C(sp)-

centred radicals, due to the higher s-character of the orbital, tend to show a more 

electrophilic character and are usually not influenced by other functional groups as the 

orbital of the unpaired electron lies orthogonal to a potentially conjugating -system. 

An exception are acyl and imidoyl radicals, where the lone pairs of the heteroatoms 

can give n-donation due to the planar geometry of the system. Lastly, the behaviour of 

heteroatom-centred radicals is usualy correlated to the electronegativity of the 

heteroatom itself. Heteroatoms more electronegative than carbon will deliver 

electrophilic radicals, whereas atoms more electropositive will deliver nucleophilic 

radicals. Clearly, the whole concept of radical philicity uses carbon  as reference value, 

and the radical behaviour should not be discussed using philcity as an absolute scale, 

but merely a relative one. 

Radical philicity will be extremely relevant in Chapter 3 and 4 of this thesis, 

where novel radical transformations are disclosed. 

1.5.2 Hydrogen atom transfer (HAT) reactions 

Hydrogen atom transfer (HAT) reactions are a class or radical transformations 

of particular relevance in modern photochemistry, although some early seminal 

examples can be found, e.g. the Hofmann–Löffler–Freytag89,90 reaction or the Barton 

nitrite ester reaction.91 Formally, they can be considered a subset of the vaster class of 

proton-coupled electron transfer (PCET) processes.92 In a HAT reaction, a proton and 

an electron are moving from the same substrate to the same product in a single step, 

sharing the starting and final molecular orbitals. HAT reactions are finding several 

applications in organic chemistry since they provide a simple and mild C-H activation 

method, a pivotal class of transformations in late-stage functionalizations.93 Classical 

polar pathways to achieve C-H activation usually require transition metal catalysts 

Figure 1.11 Factors guiding a HAT reaction: (a) energies of the broken and formed 

bonds, (b) radical philicity and (c) geometry in intramolecular processes. 
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with specific directing groups (often non-removable) or carbenic intermediates that 

require the presence of electron-withdrawing group, thus limiting strongly the 

substrate choice. Moreover, the selectivity of transition metal-based processes depends 

on the strength of the carbon-metal bond that is formed (typically primary sites).94 In 

contrast, HAT reactions offer much more versatility since the thermodynamical 

feasibility of the process is determined by the BDEs of the involved bonds (Figure 

1.11a) and the selectivity by the polar factors encompassed by the aforementioned 

concept of radical philicity (Figure 1.11b). Nucleophilic abstractor will preferentially 

remove a hydrogen from protic C-H bonds, and electrophilic abstractor from hydridic 

ones. Additionally, intramolecular processes can be exploited to achieve different 

control. Carbon structures tend to give preferentially 1,5-HATs since the angle is 

almost linear (≤ 35°) and the distance adequate (≤ 3 Å). 1,3- and 1,4-HATs are 

disfavoured due to strain, and higher order HATs due to entropic factors. Yet, 

introducing heteroatoms can alter the preferential geometry for the intramolecular 

abstraction (Figure 1.11c).94  

HAT reactions can be thermally induced by common radical initiators (e.g. 

benzoyl peroxide, AIBN, etc.) or photoinitiated. In the latter case, we can distinguish 

several activation modes for a HAT reaction. With suitable photocatalysts, direct HAT 

(dHAT) on the substrate can occur (Scheme 1.10, left). A turnover step where the 

photocatalyst is oxidized with concomitant proton loss is required. Then, several 

indirect HAT (iHAT) pathways are envisionable (Scheme 1.10, right). A proper co-

catalyst can deliver the desired abstracting species upon interaction with an excited 

state photocatalyst. The typical pathways are through fragmentation of the abstractor 

precursor upon energy transfer (Scheme 1.10a) or direct generation of the radical 

abstractor via photoinduced or proton coupled electron transfer (Scheme 1.10b and c). 

Photocatalysts suitable for dHAT processes generally possess an X=O double bond 

that is responsible for the abstraction occurring from the triplet excited state.95 

Common co-catalysts for iHAT processes are usually nitrogen bases (e.g. quinuclidine 

Scheme 1.10 Photoinduced HAT reactions: direct HAT via excitation of the 

photocatalysts (left) and indirect HAT (right) via generation of an abstracting 

species through energy transfer (a) or photoinduced / proton coupled electron 

transfer (b and c, respectively) pathways. 
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derivatives),96 sulfur compounds (N- and S-abstractors, respectively) or organic 

peroxides (O-abstractor). These co-catalysts can be used either in catalytic or 

stoichiometric amount, depending on the process (Scheme 1.11). 

Since most HAT processes are governed by radical philicity, the site-selective 

abstraction strongly depends on the nature of the abstractor. In fact, even 

thermodynamically feasible processes may be sluggish if the polarity of the resulting 

radicals is not matched. An additional strategy that allows further flexibility in these 

transformations is polarity reversal catalysis (PRC).97 This approach relies on the 

addition of a supplementary co-catalyst in solution that allows to mediate a polarity-

mismatched HAT interaction. The PRC catalyst will first undergo a polarity-matched 

HAT with the first substrate and then the radical form of the same catalyst will perform 

a second polarity-matched HAT on the second substrate, in two kinetically favoured 

processes. An example is the reduction of alkyl halides with silanes reported by 

Roberts and co-workers (Scheme 1.12, left).98 Without addition of a PRC catalyst (a 

thiol in this case) the reaction is sluggish since the nucleophilic alkyl radical should 

perform a HAT on a hydridic proton, that of the silane, that is polarity mismatched. In 

presence of the thiol, the alkyl radical can perform a matched abstraction on the protic 

hydrogen of the thiol catalyst, and the sulfur-centred radical then performs a second 

matched abstraction on the silane, resulting in a much more efficient process. 

Lastly, it is worth recalling that HAT are but a subclass of a wider array of 

transformations, proton-coupled electron transfers (PCETs). If photoredox catalyzed 

processes are constrained by the redox potentials of the involved species, HAT 

reactions are similarly limited by the strength of the involved bonds. Yet, these 

limitations can be overcome at once through the applications of PCET principles to 

the development of new reactions.92 Like HAT reactions, PCETs are concerted 

processes that require the simultaneous presence of a proton donor/acceptor and a 

photoredox catalyst to activate bonds and substrates that would not undergo otherwise 

Scheme 1.11 Common photocatalysts for dHAT, classical HAT reagents and their 

application mode (catalytic and stoichiometric). 
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a PET or a HAT due to their incompatible redox potentials or BDEs (Scheme 1.12, 

right). Moreover, the selectivity is often orthogonal to HAT reactions since PCETs 

require the formation of a hydrogen bond between the substrate and the Brønsted base 

(or acid) before the electron transfer step, affording the selective oxidation of tougher 

N-H or O-H bonds in spite of the presence of weaker C-H bonds. A remarkable 

example of this strategy is the photoredox catalysed carboamination of alkenes 

reported by Knowles and co-workers (Scheme 1.12, right). Under mild conditions, an 

extremely resistant amidic N-H bond is oxidized, delivering a nitrogen-centred radical 

that leads to intramolecular cyclization and subsequent Giese addition to the olefin 

acceptor.99   

HAT reactions are pivotal for the research work presented in Chapters 3 and 

4. In Chapter 4, also XAT (halogen atom transfer) reactions, exploited in the first part 

of the research project there presented, are illustrated. 

1.6 Batch versus flow photochemistry 

1.6.1 Batch photochemistry: experimental setup 

With respect to thermal chemistry, in photoinduced processes chemists have 

to deal with a peculiar and ephemeral reagent: light. Ensuring proper reproducibility 

of the experiments requires an experimental setup that accounts for the properties of 

this unusual reactant (Figure 1.12a).14 

Scheme 1.12 Polarity reversal catalysis (PRC, left) and proton-coupled electron 

transfer (PCET, right) principles at work. 
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The light source is clearly pivotal within the whole experimental apparatus, 

as it allows to excite the desired substrate. Since the excitation of more than one 

chromophore can lead to undesirable side processes, a proper wavelength should be 

chosen (the absorbing wavelength of the chromophore can be determined upon simple 

UV-Vis spectroscopy). Solar light, albeit cheap and abundant, has a low intensity for 

most purposes, other than depending from the weather. The most powerful sources 

available are mercury vapour lamps (available at various pressures) and xenon high-

pressure lamps. These lamps emit with a broad band covering the whole UV-visible 

range (250-600 nm), and therefore filtres are required for a selective excitation of the 

starting material. Rayonet lamps (fluorescent tubes) still offer spectrally broad 

emissions centred at several wavelengths in the UV region (254, 300 and 350 nm), but 

their disposal is less concerning from an environmental point of view. These light 

sources long dominated the preparative chemistry panorama until recent years, when 

compact fluorescent lamps (CFLs) and high power light-emitting diodes (LEDs) were 

introduced. CFLs cover the broad UV to visible range (250-700 nm) and are common 

for exploratory studies. LEDs are at the moment the most common choice among 

synthetic chemists since they are cheap, available at almost any wavelength from 250 

to more than 800 nm, possess a long operational life and feature a narrow emission 

band (circa 20 nm). In any case, the source should be controlled by means of a power 

supply to allow for the fine tuning of the emitted light flux (also called irradiance). The 

light intensity should be kept to the minimum level that ensures light saturation of the 

solution without triggering side reactions or decomposition processes.  

Like any other reaction, also photochemical processes are strictly dependant 

on other reaction parameters. Temperature should be modulable through a thermostat 

apparatus (chiller or heater) connected to the vessel holder. Alternatively, a fan can 

provide dissipation of the heat generated by the light source. Since most photochemical 

processes are strongly influenced by the presence of oxygen, the vessel should allow 

for the modulation of the atmosphere in order to achieve inert conditions (via inert gas 

sparging within the solution or via freeze-pump-thaw technique, and using dry 

solvents).  

Figure 1.12 (a) Ideal experimental setup of a batch photoreaction and (b) attenuation 

of light in the reaction media. Reproduced from ref. 14 and 101 respectively. 
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Lastly, also the geometry of the reaction vessel plays a fundamental role. The 

distance from the light source should be kept fixed through the used of a vessel holder. 

As stated by Lambert-Beer law, light transmittance attenuates almost completely after 

within the first millimetres of irradiated solution (Figure 1.12b). A good stirring allows 

for an homogeneous irradiation of the reaction media on small scale, although the low 

penetration of light is usually the more troublesome factor to deal with when scaling 

up a photochemical transformation.  

1.6.2 Flow photochemistry 

Flow chemistry can be defined as the process of performing a chemical 

reaction in motion within a tubing system. Briefly, the solution of reagents are pumped 

with a suitable device (the most common are syringe pumps, HPLC pumps and 

peristaltic pumps) through the tubing and mixed together at a junction, after which 

comes a reactor kept under controlled conditions (temperature, pressure, and also light 

intensity in the case of photoinduced processes). The actual reaction time, called 

residence time tres can be easily modulated knowing the volume of the reactor (V, 

usually in mL) and the flow rate of the solutions (s, usually in mL/h or mL/min) from 

the simple relation tres = V/s. After the reactor, a junction for the mixing with a 

quenching solution can be present, together with a sampling point for in-line 

monitoring. When needed, a back-pressure regulator is added before the collecting 

outlet, generally equipped with a flask (Figure 1.13).100 

Flow chemistry offers several advantages over traditional chemistry, and 

these advantages are even more relevant for flow photochemistry.101–103 The small 

dimensions of the reactors allow for a precise tuning of reaction conditions. The 

residence time can be finely controlled through the pumping device while the 

temperature can be variated easily thanks to the reduced thermal capacity of the 

system. In general, also reactions under high temperatures and pressures can be 

performed with improved safety since only the reactor core (thus a small volume) has 

to endure them. The increased mass-, heat-, and also photon-transfer capacities with 

respect to a batch system are to be attributed to the increased surface-to-volume ratio 

of the flow reactors, and it generally translates to optimal reproducibility and 

selectivity for the desired process. In the case of flow photochemistry, the increased 

surface-to-volume ratio also implies the need for lower irradiances to efficiently reach 

the light saturation of the reaction system, reducing the risk of over-irradiation. Also, 

Figure 1.13 Simplified setup for performing reactions under 

flow conditions. Adapted from ref. 100. 
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the light exposure ceases right out of the reaction coil. These two factors combined 

minimize the risk of undesired side reactivity from unreacted substrate and formed 

products. With respect to a batch transformation, the scaling-up of any flow process 

becomes trivial as it is more than sufficient running the reaction for more time or 

running more reactors in parallel without changing the optimized conditions.  

Through a careful engineering of the processes, it is possible to perform more 

steps in sequence by connecting with joints additional feeding line to the main one to 

provide additional reagents. This setup allows to avoid the handling of reactive species 

when intermediates towards other transformation, reducing the health hazards for the 

operators. Although it is generally easier to perform flow reactions on homogeneous 

solutions, it is also possible to work with multiphase reaction systems using reactor 

specifically designed for the purpose.101,102 The most common flow reactors are built 

arranging a coil of tubing of desired length and volume around a support, exploiting 

the irradiation of the lamp from within or placing the lighting source outside (Figure 

1.14a). Common polymer tubings for photochemical reactors (FEP, fluorinated 

ethylene polymer, and PFA, perfluoroalkoxy alkanes) possess a good transparency to 

radiation and a mediocre thermal conductivity, circa 20% of that of glass.102 

Alternatively, more expensive systems consists of flat, transparent microreactors with 

engraved microchannels irradiated from both sides of the plate. The former 

arrangement can also be used for multiphase approaches under two different regimes: 

segmented flow (also referred to as slug flow or Taylor flow) and anular flow. The 

segmented flow is achieved by alternating a liquid phase with an immiscible one (gas 

or liquid, Figure 1.14b). It is also suitable for suspensions of solid, although with an 

increased risk of clogging of the tubing. Under Taylor flow conditions, the vortices 

forming within the two immiscible phases contributes to an intense mass transfer, 

enhancing the processes where an efficient mixing between the reactants is critical. A 

remarkable example is the synthesis of antimalarian drug artemisinin (commonly 

extracted from the leaves of Artemisia annua) by Seeberger, exploiting a flow 

photooxigenation with tetraphenylporphyrin as photosensitizer.104 Annular flow, on 

the other hand, is obtained when one phase flows at higher speed at the centre of the 

channel, enclosed by the other one. Other alternatives for liquid-gas multiphase 

reactions are the falling-film reactor (Figure 1.14c),105 showcased in a recent protocol 

Figure 1.14 Flow chemistry solution for preparative organic chemistry. 

Adapted from ref. 101. 
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by Rehm and Rueping for C-H arylation of heteroarenes using diazonium salts, and 

the tube-in-tube reactor (Figure 1.14d), exploited for example by Park in a 

photosensitized oxygenation of monoterpenes.106 The former features a film of liquid 

flowing by gravity on the microchannels, with a counter-flowing stream of gas; the 

latter consists of two concentric tubings separated by a permeable membrane through 

which the gas can diffuse with the liquid. Interestingly, in the falling-film reactor the 

catalyst is directly supported on the surface of the reactor bed. Similarly, Poliakoff, 

George and Rossen reported the flow synthesis of Artemisinin using a packed-bed 

reactor supporting the porphyrin catalyst.107 These examples showcase the possibility 

given by flow chemistry to perform reactions efficiently with a supported catalyst, 

removing tedious purification steps and simplifying the recovering step of the catalyst 

itself.  

As highlighted in this paragraph, the merger of photochemistry and flow 

techniques allows for even more flexibility of the photochemical processes, addressing 

issues that would otherwise be hardly circumvented, such as scaling up and poor 

mixing of reactant in heterogeneous transformation. It is no surprise how flow 

photochemistry is a steady growing field of studies, and its importance is well 

underlined by the slow incorporation of flow photochemical transformation by 

industries for the production of active pharmaceutical ingredients (APIs).108 

Flow conditions have been tested on the photoinduced processes presented in 

Chapter 2, and were relevant in the development of the protocol that originated the 

studies reported in Chapter 3. All the considerations reported in this and the previous 

paragraph were taken into account during the design of the batch and the flow systems 

for the photochemical experiments performed in Chapters 2 and 3. 
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Chapter 2  

Photoinduced ketene multicomponent reactions 

2.1  Multicomponent reactions (MCRs) in organic synthesis 

Multicomponent reactions (MCRs) are a class of reactions of remarkable 

interest in synthetic organic chemistry. A multicomponent reaction is defined as a 

transformation where three or more components react in a single process (be it 

concerted or multi-step) affording a product containing all the essential structural 

elements of the starting compounds.1 The first reported multicomponent reaction dates 

back to 1850, when Adolph Strecker discovered the one-pot synthesis of -aminoacids 

that is named after him.2 Yet, only a century later this field started to thrive, following 

the publication of Ivar Ugi’s well-known four-component reaction.3 Surely other 

multicomponent processes were discovered in between (e.g. the elder sibling of Ugi 

reaction, i.e. Passerini reaction,4,5 that dates back to 1921), but Ugi was the first one in 

recognizing the huge potential of this approach in applied chemistry, proposing the 

first combinatorial library of small molecules, namely several structural analogues of 

local anesthetic xylocaine. Multicomponent approaches offer several advantages over 

traditional, linear syntheses. First, these processes typically allow to forge in a single 

step structurally complex backbones with potentially high molecular weights. 

Concurrently, it is possible to adorn such backbones with diverse motifs by just 

changing the nature of the substituents around the involved functional groups in the 

starting materials. The by-products of these reactions are usually small molecules 

produced upon condensation of some components, making these transformation 

extremely advantageous in terms of step and atom economy. Most MCRs are usually 

air and moisture tolerant. This operational simplicity is of great advantage in practical 

terms, along with the possibility to exploit modern microwave heating or flow 

techniques. The strong chemoselectivity of MCRs makes protecting strategies 

unnecessary in most cases, and recently the merger of these processes with asymmetric 

or enzymatic catalysis allowed to partly overcome the common lack of stereoselection 

Figure 2.1 Left: the ideal synthesis according to Wender and Miller. Right: Orru and 

Ruijter correlation of MCRs’ features with the twelve principles of green chemistry. 
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that these transformations often display.6 All these features satisfy several principles 

of green chemistry7 and of the ideal synthesis,8 making MCRs an ever-growing field 

of studies (Figure 2.1).  

A fundamental, often neglected aspect of MCRs is the different area of 

chemical space to which they grant access with respect to the most common 

transformations used in the pharmaceutical sector. Being extremely robust and well-

scoped metal cross-couplings, alkylations, and amide-bond forming transformations 

are overwhelmingly used in drug research. However, most active molecules possess a 

remarkably linear shape and sp2-character, and can be ascribed to a small area of 

chemical space.9,10 It is surely questionable whether drug chemistry evolved in this 

direction because planar and linear structures are privileged scaffolds or just because 

the mentioned reactions are more reliable and modular than others, and thus preferable 

from a synthetic point of view. Yet, the success of a drug discovery campaign is strictly 

related to the area of chemical space chosen for the investigation. The sp3-rich area 

reachable with multicomponents processes, along with the possibility to introduce 

privileged motifs such as cylopropane rings and spiranes with ease, makes these 

reactions complementary to most other processes.11 It is not surprising how these 

transformations found vast success in biologically oriented synthesis (BiOS) and 

diversity-oriented synthesis (DOS), where the investigation on structure-activity 

relationships (SARs) plays a prominent role.12–14 

Lastly, what multicomponent reactions usually lack in terms of 

stereoselectivity, they make up in terms of modularity. Since most functional groups 

are tolerated and need no protection, MCRs adducts can be directly functionalized 

further to achieve greater diversification and structural complexity in build/couple/pair 

(B/C/P) strategies.15 Moreover, new multicomponent processes can be envisioned and 

engineered from existing ones via several procedures. The most common ones are the 

single reactant replacement (SRR), the design of modular reaction sequences (MRS), 

the modification of some reaction parameters to achieve condition-based divergence 

(CBD) or the direct combination of multicomponent reactions (MCR2).1  

2.2 IMCRs: Passerini reaction (P-3CR) and variants 

Among MCRs, isocyanide-based multicomponent reactions (IMCRs) are of 

particular interest in the pharmaceutical sector and in combinatorial synthesis, 

althought they found several applications also in natural product syntheses. The 

common element to all IMCRs is the presence of an isocyanide, and their potential 

relies mainly on the peculiar reactivity of this component. 

2.2.1 Isocyanide chemistry 

Structural isomers of nitriles, isocyanide surely are intriguing molecules with 

uncommon properties. The isocyano group is the only stable functional group with a 

formally divalent atom of carbon, that can easily undergo oxidation (CII to CIV).16,17 
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An isocyanide can be described as a resonance structure between a zwitterion form 

and a divalent form (Scheme 2.1b). The former clearly remarks the linear shape of the 

structure, while the second one justifies its carbene-like reactivity. This resonance can 

be better described in a single structure, with a coordinate covalent N-C bond and a 

lone pair on the carbon atom. Still, the carbene-like form also highlights the tendency 

of isocyanide to undergo the simultaneous reaction with a nucleophile and an 

electrophile at its carbon atom (-addition, Scheme 2.1c), while most organic 

molecules usually reacts on two different centres – a property that isocyanides share 

only with carbenes and carbon monoxide. 

The reactivity of isocyanides can be also rationalized through their frontier 

orbitals structure (Scheme 2.1a). The higher coefficient at the carbon atom of 

isocyanides in * (LUMO) justifies its interaction with nucleophiles. Concurrently, an 

electrophile can interact with the  orbital (HOMO), which is on the same carbon 

atom. On the other hand, nitriles will interact with nucleophiles at the carbon atom 

(higher * coefficient) and with electrophiles at the nitrogen atom (higher  

coefficient), showing the typical two-centres reactivity. Isocyanides also show a 

remarkable -acidity (that makes them racemization-sensitive), they tend to 

polymerize under Lewis acids catalysis and react easily with radicals (a property 

exploited in heterocyclic syntheses, e.g. in the Fukuyama-Kobayashi indole 

synthesis).18,19 

Lastly, it is worth mentioning that, in spite of their peculiar reactivity, 

isocyanides are also widely occurring as natural products, in particular from marine 

organisms.20 Interestingly, most of them possess remarkable fungicidal, antitumoral, 

insecticide and, most importantly, antibiotic properties. Compounds bearing more 

isocyano groups keep their antibiotic effectiveness on pathogens even after several 

generations, being among the substances less subject to pharmacoresistance 

phenomena.  

Scheme 2.1 (a) qualitative comparison of the frontiers orbital of nitriles and 

isocyanides; (b) resonance forms of the isocyano functional group and its most 

representative Lewis structure; (c) -addition to an isocyanide. 
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2.2.2 Passerini reaction (P-3CR) 

Passerini reaction (Passerini 3-component reaction, P-3CR) is the oldest 

among isocyanide-based multicomponent reactions, reported by Mario Passerini in 

Florence exactly a hundred years ago, in 1921.4,5 The reaction involves a carbonylic 

compound (an aldehyde or a ketone), a carboxylic acid, and an isocyanide, delivering 

-acyloxyamides with total atom economy (Scheme 2.2). In the process, the carbon 

atom of the carbonyl component undergoes a formal umpolung, with the isocyanide 

acting as the synthetic equivalent of an acyl anion.  

The mechanism of the Passerini reaction has been widely debated, and is still 

object of investigations. Experimentally, the reaction tends to proceed with faster rates 

in low polar solvents (e.g. dichloromethane, diethyl ether, tetrahydrofuran) and is 

reported to be first order in each of the three reagents.21 The accepted mechanism 

involves a concerted transition state II with an -addition of the aldehyde and the 

carboxylic acid to the isocyanide (Scheme 2.3). Imidate III then evolves giving the 

product via Mumm rearrangement.22 This mechanism is in accordance with the 

aforementioned empirical findings, but the discussion on whether the rate determining 

step is the -addition or the consequent rearrangement is still open. 

Recent investigations, mainly based on theoretical computations, pointed out 

that the mechanism might actually be more complicated than the one currently 

accepted. Maeda and co-workers, while suggesting the formation of hydrogen bonded 

cluster I and the concerted formation of imidate III via -addition, highlighted the 

strict necessity of a catalytic molecule of carboxylic acid for the Mumm rearrangement 

to occur, thus making the last step the rate determining one.23 This mechanistic 

rationale would make the Passerini reaction a formal 4-components reaction under 

organocatalytic regime. Ramozzi and co-workers further expanded the theoretical 

investigations.24 According to their calculations, the formation of a discrete nitrilium 

ion following the addition of the isocyanide to the carbonylic component would be the 

Scheme 2.2 A generic Passerini 3-component reaction (P-3CR). 

Scheme 2.3 Mechanism commonly accepted for the Passerini reaction. 
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rate determining step of the process (Scheme 2.4). The higher rate that the reaction 

shows in non-polar solvents would not be due to the nonexistence of the zwitterionic 

adduct, but rather to the lack of hydrogen-bonding interactions with the solvent itself 

that would otherwise interfere with the clusters formed by the reactants in the rate 

determining step and that are responsible for their enhanced reactivity. This would also 

explain the striking difference with the closely-related Ugi reaction, which actually 

proceeds faster in highly polar media, e.g. methanol. The addition of the isocyanide in 

the Ugi reaction occurs on an activated imine, stabilized by polar solvents, whereas 

the carbonyl compound in the Passerini reaction needs to establish this mechanistically 

crucial hydrogen-bonding interactions with the other reagents. 

Overall, the effective intervention of an additional molecule of carboxylic 

acid or the effective formation of the nitrilium ion might depend also on the nature of 

the reactants involved, expaining these discrepancies in the literature.25 

Synthetically, the scope is extremely broad for carboxylic acids and 

isocyanides. Aldehydes usually work better than ketones (that might require several 

days to react), while ,-unsaturated carbonyl compounds are poor substrates. In 

addition to a vast substrate scope, the Passerini reaction proved over time to be an 

extremely modular transformation that can be easily modified through rational design. 

2.2.3 Modifications of the Passerini reaction 

Passerini reaction has been extensively modified over time, especially by 

single reactant replacement of one component. In this sense, the acidic component 

Scheme 2.4 Alternative mechanistic proposal by Ramozzi et al. featuring the 

formation of a discrete nitrilium ion as rate determining step (RDS) of the process. 

A molecule of carboxylic acid is catalytic. 
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proved to be the easier one to replace, giving birth to several variations on the theme 

(Scheme 2.5).26 The replacement of the carboxylic acid with activated phenols and 

azide derivatives is relatively straightforward. In the case of the Passerini-Smiles 

reaction, the acidity of the phenols plays a relevant role, as a Smiles rearrangement has 

to occur to allow the migration of the aryl moiety. The use of azide derivatives (namely 

TMS-N3, HN3, NaN3) often requires Lewis acid activation but allows to assemble a 

privileged heterocyclic scaffold with a versatile functional handle (the hydroxy group) 

with ease. When alcohols or silanols are used (alkylative and silylative Passerini, 

respectively), the reaction tends to become sluggish. In fact, alcohols react only with 

Lewis acid and trimethyl orthoformate activation of the carbonyl component to give 

an oxycarbenium intermediate, actual electrophilic component in the process. Among 

silanols, only triphenylsilanol seems to meet the electronic requirements of the 

reaction. In this case, the silanol first activates the carbonyl as a Lewis acid towards 

the addition of the isocyanide, then its hydroxy group attacks the newly formed 

nitrilium ion. Despite being intramolecular, the migration of the hydroxy group still 

requires the cleavage of a rather resistant Si-O bond, slow step of the process. 

Although many other variants may be described, the most succesful one still 

is the Ugi reaction (U-4CR), which features the addition of a primary or secondary 

amine to the three components system of the Passerini reaction. The condensation of 

the amine with the carbonyl compound affords the new electrophilic substrate, an 

imine, giving as a final product an alkyl dipeptide. Although being pivotal in the 

current MCRs panorama for its vast success in combinatorial and diversity-oriented 

synthesis, this reaction will not be examined as not relevant for the studies hereby 

presented. 

2.3 Ketene Multicomponent Reactions (K-3CRs) 

2.3.1 Serendipity-driven synthesis of captodative olefins 

The introduction of the ketene multicomponent reactions by our group 

followed the rationalization of some unexpected results achieved with arylacetic acids 

and isocyanides.27 Upon heating at high temperature, two molecules of an arylacetic 

Scheme 2.5 Passerini reaction and its modifications afforded by single reactant 

replacement. 
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acid condense with a molecule of an isocyanide, giving a captodative olefin as final 

product, useful intermediate towards the synthesis of heterocycles.  The postulated key 

intermediate in this transformation is nitrilium ion IIb, formed upon nucleophilic 

attack of a molecule of isocyanide on activated acid I (Scheme 2.6). This intermediate 

can undergo addition of a second molecule of arylacetic acid, delivering the final 

product Z-stereoselectively after an acyl migration-tautomerization sequence. 

While interesting per se, this process requires a sacrificial molecule of 

isocyanide to activate the acid; moreover, only arylacetic acids can be employed in 

this reactivity, as the conjugation make the tautomerization to IIb favourable. In fact, 

in the absence of this stabilizing effect, the reaction proceeds yielding N-formylamides 

from the Mumm rearrangement of intermediate I, as reported by Danishefsky.28,29 

Lastly, mixtures or aryacetic and other acids gave very poor results. Alternative 

mechanisms involving the formations of a mixed anhydride of the acid might also take 

place; in any case, the lack of diversity input points in the process seemed in principle 

unsurmountable.  

The key intermediate IIb can be seen as the addition product of a molecule 

of isocyanide to a molecule of ketene, a process already reported in the literature by 

Robertson.30 The use of a ketene would circumvent the limitation of a single diversity 

input, allowing to diversify the electrophilic and the nucleophilic component that in 

the process described in Scheme 2.6 come from the same species, the arylacetic acid.  

Ketenes however are known to be extremely reactive molecules and only a handful of 

them can actually be isolated, e.g. diphenyl ketene or trimethylsilyl ketene. It is 

however possible to generate in situ the desired ketene starting from a suitable 

precursor; through this approach, the first ketene multicomponent reaction was 

succesfully developed. 

2.3.2 Some words on ketenes 

Ketenes are compounds possessing remarkable reactivity and instability. The 

functional group is characterized by a cumulene structure, with an sp ibridated central 

Scheme 2.6 Peculiar reactivity of arylacetic acids and isocyanides. 
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carbon atom. The HOMO in a ketene is oriented perpendicularly to the molecule plane, 

whereas the LUMO is lying onto it (Figure 2.2).31  This reveal the delocalization of a 

partial negative charge on the oxygen and the terminal atom of carbon, whereas the 

carbonylic carbon allocates a partial positive charge.  Accordingly, nucleophiles 

interacts with ketenes at the central atom of carbon, while electrophiles can either 

interact with the oxygen or the other atom of carbon. This behaviour can also be 

rationalized through the resonance forms that can be written for a ketene (Figure 2.3).32 

These structures explain the lower dipole moment for ketene (1.45 Debye, [D]) with 

respect to formaldehyde (2.27 D) or acrolein (3.04 D) as they highlight a high electron 

density on C2, but a rather low one on the oxygen atom. Alternatively, it has been 

proposed that the sp character of C1 might explain the lower negative charge on the 

oxygen – this however would not justify the higher one on C2.  

The stability of these species is strongly dependent on the nature of the 

substituents to the C=C double bond. A vast conjugation allows for a good 

stabilization. Otherwise, the high electron density on C2 is better stabilized by 

electropositive substituents, capable of − donation, whereas electronegative 

substituents, in particular heteroatoms (e.g. O, N, halogens) bearing lone pairs that 

may interact with the ketene LUMO, strongly destabilize the system. Silylketenes, due 

to the hyperconjugative electron donation and the steric shielding, are usually 

particularly stable. 

Synthetically, ketenes can be prepared in situ directly from carboxylic acids 

(using Mukaiyama reagent or triphosgene), from acyl chlorides (upon 

dehydrohalogenation with Et3N as reported by Staudinger, or stronger bases), from 

esters via E1cB mechanism, and, lastly, via Wolff rearrangement of -diazoketones. 

 

 

Figure 2.3 Resonance forms of a ketene. Structures (b) and (c) highlights the 

negative charge on C2, while (b) and (d) possibly explain the relatively low negative 

charge on the oxygen and the consequential low dipole moment that ketenes possess. 

Figure 2.2 Graphical representation of the frontier orbitals of 

the simplest ketene molecule (H2C=C=O). 
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2.3.3 Photoinduced Wolff rearrangement 

The discovery of the Wolff rearrangement dates back to 1902, when Ludwig 

Wolff first reported the conversion of diazoacetophenone to phenylacetic acid or 

phenylacetamide in water or ammonia, respectively, upon silver oxide catalysis.33 

Long gone unexplored, the reaction is now extremely relevant in the synthetic 

panorama as it allows a facile access to ketenes, actual products of the rearrangement 

and substrates of the transformation reported by Wolff. This rearrangement (although 

technically a molecule of nitrogen is lost in the process) of -diazoketones can be 

induced photochemically, thermally, or upon transition metal catalysis.34 Only the first 

activation method will be discussed, as pivotal in the conducted studies. 

The diazo group strongly influences the properties of the nearby carbonyl, as 

the conjugation can extend up to the oxygen atom, with the two involved groups lying 

planarly (Scheme 2.7). Resonance structures III show the partial double bond 

character that limits the interconversion between the favoured syn and the anti 

conformation of the diazoketone (the barrier is ca. 15 kcal mol-1 for diazoacetone).35 

While the partial positive charge on the central nitrogen atom and the partial negative 

one on the oxygen can attractively interact with each other stabilizing the syn 

conformation, the steric repulsion between R1 and R2 can favour the other one. This 

equilibrium has a remarkable influence on the mechanism of the reaction. Whether the 

rearrangement occurs with a concerted mechanism (i.e. with R1 migrating with 

retention of its configuration while displacing the nitrogen molecule) or through 

intermediates is still object of investigations. 

Scheme 2.7 Conformations (and relative resonance structures) of a generic -

diazoketone.  

Scheme 2.8 Mechanism for the photochemical Wolff rearrangement. The s-(E) 

conformation was omitted for clarity. Only diazoketones existing solely as (s)-Z 

conformation (e.g. cyclic ones) proceeds through the concerted pathway exclusively. 
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As of now, several studies indicate the excistence of competitive mechanisms 

(Scheme 2.8). The excitation of the diazoketone leads to its excited singlet state. The 

subsequent migration of R1 with extrusion of nitrogen in a concerted fashion requires 

these groups to be antiperiplanar, a geometry proper of diazoketones in the (s)-Z 

conformation. Several studies showed that diazoketones locked in a (s)-E 

conformation were sluggish in giving the desired rearrangement. However, the singlet 

state diazoketone can form a singlet ketocarbene, that can evolve to the desired ketene. 

This pathway seems therefore preferred for (s)-E conformed diazoketones.36,37 It 

should be noted though that also (s)-Z diazoketones might proceed through the 

ketocarbene intermediate, and that the contribution of the stepwise pathway to the final 

outcome of the reaction depends more on the stability of the generated carbene rather 

than on the conformation of the starting material or the migrating ability of R1. The 

stepwise pathway has been confirmed also by isotope labelling experiments, that 

showed an equilibrium between two possible isomeric ketocarbenes (a) and (c) 

through a common oxirene (b) intermediate.38,39 Lastly, both the diazoketone and the 

ketocarbene in their singlet state can undergo intersystem crossing to the 

corresponding triplet species, leading to other products – these paths, however, are 

only relevant were triplet sensitizers that can facilitate the ISC event are present.40   

2.3.4 Ketene 3-Component Reaction (K-3CR) 

First of its class being reported by our group, the Ketene 3-Component 

Reaction (K-3CR) can be formally considered a variant of the Passerini reaction upon 

single reactant replacement (a ketene in place of an aldehyde or ketone).41  To 

circumvent the issues connected to the instability of ketenes, the latters are generated 

in situ upon irradiation of -diazoketones (unreactive in the Passerini reaction)42 at a 

proper wavelength (Scheme 2.9). The generation of the desired ketene through other 

methods resulted unfeasible (acyl chlorides react directly with isocyanides in the Nef 

reaction,43 and with carboxylic acids forming mixed anhydrides).  

The reaction follows a Passerini-like mechanism with the formation of a 

discrete nitrilium ion I (Scheme 2.10). After the Wolff rearrangement delivering the 

ketene, the latter undergoes nucleophilic attack from the isocyanide. Then, the 

carboxylic acid can attack the newly formed nitrilium ion. Intermediate II, through a 

Mumm-like rearrangement and subsequent tautomerization, evolves to the final 

product, a (Z)-captodative olefin. These products are useful synthons towards 

heterocyclic syntheses44 and the PADAM strategy,45 as showed by the studies of the 

group. 

Scheme 2.9 Depiction of a general ketene 3-component reaction (K-3CR) 
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The reaction is usually carried out in heptane or toluene as solvents at an 

irradiation wavelength of 300-350 nm.41 However, a major drawback of this 

methodology is the parasitic light-induced C=C double bond isomerization of the final 

product, lowering the selectivity of the multicomponent process (Scheme 2.10). To 

limit this phenomenon, the reaction is typically performed in presence of triplet 

quenchers (e.g. piperylene or trans-stilbene) under dilute conditions. These 

photoactive substances allow to suppress undesired intersystem crossings (responsible, 

in the case of olefins, of their isomerization, see Chapter 1.3.1.1), without interfering 

substantially with the desired Wolff rearrangement. Another possibility to limit the 

isomerization of the final product is exploiting flow conditions, allowing to perform 

the reaction without quenchers and in more concentrated solutions, albeit this strategy 

can be considered only partially succesful since the isomerization still could not be 

suppressed completely.46 

2.3.5 Silylative Ketene 3-Component Reaction (SK-3CR) 

Following the previous studies, a second ketene multicomponent reaction was 

developed in our laboratories. The silylative ketene 3-component reaction (SK-3CR) 

can be achieved from the K-3CR upon single reactant replacement, and upon double 

reactant replacement from the parent Passerini reaction. In this case, the acidic 

component of the K-3CR is replaced by a silanol, as in the silylative Passerini reaction 

(see Paragraph 2.2.3). Most interestingly, the product is a silyl enol ether in (Z)-

configuration and is formed concurrently with a secondary amide, whereas it is usually 

extremely difficult achieving the same product from the corresponding -ketoamide 

because of the comparable acidity of the amide moiety and the -methylene (Scheme 

2.11).47 

Scheme 2.10 Postulated mechanism for the ketene 3-component reaction (K-3CR) 

and parasitic photoisomerization of the final product. 

Scheme 2.11 Silyl enol ethers of secondary ketoamides, products of the silylative 

ketene 3-component reaction (SK-3CR). 
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With respect to its sibling, the SK-3CR can be more effectively rationalized 

through a coordinative mechanism involving no discrete protonation or deprotonation 

steps (Scheme 2.12). Due to its high oxophilicity, the silanol can coordinate the oxygen 

of the ketene, assisting the nucleophilic attack of the isocyanide and locking 

immediately the enolate. Intermediate II then evolves toward the final product by 

intramolecular nucleophilic attack of the hydroxyl group, and subsequent 

tautomerization. The process efficiency strongly depends on the acidic properties of 

the silanol. Triphenylsilanol gives the best results, by analogy with the silylative 

Passerini reaction, although alkyl silanols can be still used.  

Also in the case of the SK-3CR, the UV irradiation causes the final product 

to isomerize, giving mixtures of isomers. By analogy with its classical sibling, the 

reaction is carried out in toluene using a wavelength of 300-350 nm with trans-stilbene 

as triplet quencher – the presence of the latter strongly increases the required time for 

the reaction to be complete. Synthetically, the final products proved their versatility 

being succesfully engaged in Mannich additions, oxidations, cycloadditions, 

cyclizations and, most interestingly, dimerization to natural product analogues (that 

will be discussed in Paragraph 2.5).48  

2.4 Ketene Multicomponent Reactions under Visible Light 

2.4.1 UV light versus visible light 

Given the synthetic utility of ketene multicomponent reactions, the possibility 

to perform them at higher concentrations and without the use of triplet quenchers 

would surely be highly desirable. Most importantly, the use of UV wavelengths for the 

activation of -diazoketones has an additional drawback, other than causing the 

isomerization of the product (Scheme 2.13a), that is the parasitic absorption of other 

functional groups in the substrates. In fact, most heteroatom-containing molecules and 

conjugated structures can give n-* or -* transitions, responsible for absorptions in 

the ultraviolet range (280-400 nm). These parasitic absorptions can hamper the Wolff 

rearrangement from occuring (e.g. diazoketones bearing indole or nitrophenyl moieties 

Scheme 2.12 Postulated mechanism for the SK-3CR, and photoisomerization of the 

product. 
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reported in the box in Scheme 2.13 did not react in the K-3CR nor in the SK-3CR), 

strongly limiting the scope of the reaction. The overall quantum inefficiency of the 

process is higlighted by the low quantum yields (namely 0.26 for the Wolff 

rearrangement of 1-diazo-3-phenyl-2-propanone, and 0.06 for a model SK-3CR 

involving it, Scheme 2.13b). This suggests that most UV light is absorbed by the 

system but does not promote efficiently the desired rearrangement. Besides most UV 

sources (Wood’s lamps) have broad emission bands, with the profile extending up to 

±50 nm from the maximum (see spectra reported in Paragraph 2.6.1.5). 

Reviewing the literature on the possibility of using visible light in the process, 

some contradictory data are found. In general, the chemistry of diazoalkanes and 

diazoketones is vastly dominated by metal-catalysed reactions. To a careful analysis, 

there are reported processes occurring under visible light, although most of them are 

carbene-mediated transformations rather than ketene-based ones.49,50 The group of 

Konopelski reported an elegant synthesis of enantiomerically pure -lactams via an 

intramolecular Wolff rearrangement - amine addition sequence, using a CFL source.51 

Similarly, Burtuloso and co-workers demonstrated that white LEDs can be used to 

induce the Wolff rearrangement of aliphatic and aromatic diazoketones for Arndt-

Eistert homologations.52 Both studies, however, do not show any correlation between 

the emission profile of the light source and the absorption properties of the scoped 

diazoketones. On the other hand, Lu and Xiao proved that aryl diazoketones possess 

an absorption band in the visible region and that the Wolff rearrangement can be 

induced with blue LEDs.53,54 Song group reported the complete consumption of phenyl 

methyl diazoketone in 10 hours upon blue LEDs irradiation, but no reaction with 

aliphatic diazocompounds that, however, were actually used by Lu and Xiao in a 

handful of examples.55 Lastly, Zhou presented a blue light induced cross-coupling of 

aryl diazoacetates and diazocarbonyls where only the first component is activated by 

light, claiming that the latter compounds were lacking any substantial absorption in 

the visible region.56 

As per our research experience, monosubstituted -diazoketones possess 

their absorption maxima in the 200-350 nm region with negligible bands falling over 

400 nm in spite of their bright yellow colour. This latter property however stimulated 

a more thorough and rigorous investigation on the absorption properties of 

Scheme 2.13 (a) undesired isomerization of the products, (b) quantum yields for a 

model SK-3CR reaction and (box) some unsuccesful substrates for ketene 

multicomponent reactions. 
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monosubstituted -diazoketones, hoping in the feasibility of our reaction under milder 

irradiation. 

2.4.2 UV-Visible absorption studies 

To evaluate the feasibility of ketene multicomponent reactions under visible 

light irradiation, the absorption properties of monosubstituted -diazoketones were 

studied. Several diazoketones 2.1a-i, both aliphatic and aromatic, chiral and non-

chiral, bearing different moieties both electron-withdrawing and electron-donating 

were synthetized (Figure 2.4).  

The results of the spectroscopic investigations are reported in Table 2.1. For 

each diazoketone, the absorption maximum and the corresponding molar extinction 

coefficient were determined in DCM at 0.10-0.05 M concentration, while the molar 

extinction coefficient at 450 nm was determined at 0.1M concentration in DCM. 

Table 2.1 Molar extinction coefficients at max and at 450 nm for diazoketones 2.1a-i. 

max was determined at the reported concentration in DCM, 450 at 0.1M in DCM. 

diazoketone conc. [mM] max [nm]  max [L mol-1 cm-1]  450 [L mol-1 cm-1]† 

2.1a 0.10 253 9600 1.21 

2.1b 0.05 268 11100 1.34 

2.1c 0.05 301 18400 2.11 

2.1d 0.05 306 13400 1.42 

2.1e 0.05 259 13600 1.20 

2.1f 0.05 307 13500 2.29 

2.1g 0.10 252 7600 0.96 

2.1h 0.10 248 8300 0.90 

2.1i 0.10 250 5200 0.84 

† determined in DCM 0.1M   

Figure 2.4 Diazoketones whose UV-Vis properties were studied in the preliminary 

spectroscopic investigation. 
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As it can be seen, the simple conjugation to a phenyl ring (2.1a) does not 

influence particularly the absorption properties of the diazoketone moiety (cfr with 

aliphatic diazoketones 2.1g-i). Only a small increment in the extinction coefficients 

can be noticed, whereas the absorption maximum remains the same as for aliphatic 

diazoketones. The presence of substituents on the aromatic moiety (2.1b-2.1e) strongly 

enhances the absorption intensity of the moiety, along with a bathochromic shift of the 

absorption maxima. Remarkably, the absorption in the visible region seems to increase 

with donating (or electron rich) aromatic substituents (diazoketones 2.1c and 2.1f). In 

any case, even with non aromatic substituents, the absorption tails of the diazoketone 

moiety extend up to 450 nm with non-negligible, albeit small, molar extinction 

coefficients. For clarity, the absorption spectra of diazoketones 2.1a-i in the visible 

region, overlapped with the normalized emission profiles of blue and green LEDs 

(350-700 nm, Figure 2.5) are reported. In DCM at 0.1 M concentration the overlap 

between the emission profile of the blue LEDs and the absorption tails of the 

diazoketones is clearly visible. The average absorbance of diazoketones at 430 nm is 

circa 0.5, ranging between 0.2-0.8, surely intense enough to envision their 

photoreactivity also with visible light.  

2.4.3 Quantum yield studies on a model reaction 

To probe the expected photoreactivity of diazoketones under blue light, a 0.1 

M solution of diazoketone 2.1a was irradiated at 450 nm with high-power LEDs 

(delivering 1W of radiant power). After 2 hours, substrate 2.1a was completely 

consumed; however, when the same solution was irradiated with regular commercial 

blue LED strips or high power green LEDs, no conversion was observed. While the 

lack of reactivity with green LEDs might be justified by the absence of relevant 

Figure 2.5 Absorption spectra of diazoketones 2.1a-i in DCM 0.1M in the visible region 

overlapped to the normalized emission of blue and green LEDs. 
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absorption bands matching the source emission, the unsuccessfulness of the 

transformation with low-power blue LEDs might be due to the low penetration power 

of the emitted light, that is dispersed by the reaction system (through scattering and 

reflection phenomena) rather than absorbed by the substrate. 

Following these findings, a model K-3CR reaction with diazoketone 2.1a, 

cyclohexyl isocyanide and benzoic acid was irradiated under blue light in the same 

conditions; after 2 hours, the expected product was isolated in 83% yield as sole Z-

isomer (Scheme 2.14). Already satisfied with the experimental result, the model 

reaction was subject of quantum yield studies (see Chapter 1.2.2 for more theoretical 

details). The quantum yields for the Wolff rearrangement and the overall 

multicomponent process were calculated according to the following definition: 

Φ =  
𝑁.  𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 
 

To the standard ferrioxalate actinometry, an absolute actinometric method of novel 

conception was preferred. This choice was motivated by the strong light intensity 

provided by the LEDs that might cause systematic errors in the measurement with the 

ferrioxalate actinometer.57 Moreover, it allows to calculate directly the number of 

photons absorbed by the system, avoiding to estimate the fraction of incident light 

absorbed by the acinometer (that is not complete under visible light) and the need for 

correction factors compensating the differences in the refractive indexes or molar 

exctinction coefficients of the actinometric and the analyte solutions.58  

To calculate the moles of consumed and produced molecules, the reaction 

was performed on a 0.3 mmol scale in CDCl3 using DMSO (0.05 mmol) as internal 

standard for NMR integration reference. Each species of the model reaction possesses 

a non-interfered NMR peak that allowed for the determination of the species 

concentration at selected time intervals. At every selected time interval, an aliquot of 

the reacting solution (100 L) was sampled, diluted with additional CDCl3 (up to 700 

L) and analysed to calculate the disappearance rates of the starting materials and the 

formation rate of product 2.2 (vide infra).  

Scheme 2.14 Model K-3CR reaction – quantum yield determination was performed in 

CDCl3 0.1M with DMSO (0.05 mmol) as internal standard. 
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The determination of the number of absorbed photons was conducted in 

parallel using a custom monitoring apparatus built ad hoc in collaboration with Dr. 

Paola Lova. The setup consisted of an integrating sphere connected via optical fiber to 

a CMOS spectrometer placed around the top of the reaction vessel for the collection 

of the light filtering through the reaction system over time (Figure 2.6). First, this setup 

was calibrated using a white light calibrated lamp (employed in the same geometry of 

the reaction to account for any possible loss) to correlate the LED intensity recorded 

with the actual emitted power. The integration of the emitted power over time gives 

the emitted energy, which can be then converted through the Planck relationship to the 

number of photons absorbed in the unit of time. After the calibration, a blank 

measurement of the light transmitted through the reaction system containing all 

reagents but diazoketone 2.1a was performed. Lastly, the intensity of the light 

transmitted through the reaction system over time was recorded while performing the 

Figure 2.7 NMR monitoring of the model K-3CR reaction reported in Scheme 2.14 

with conversions of starting materials and yield of product 2.2 (a) every 15 minutes 

for 120 minutes and (b) every 5 minutes for 30 minutes. 

Figure 2.6 Setup for the determination of the number of absorbed photon: LED 

apparatus and vessel holder topped with the integrating sphere (A), connected via 

optical fiber to the spectometer (B) just behind the laptop for spectral acquisition 

over time. 
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actual reaction. The absorbed intensity of light, calculated as the difference between 

the transmitted light intensity during the reaction and during the blank measurement, 

was converted as previously described into the number of photons in the unit of time. 

A more detailed explanation of the mathematical rationale is reported in the 

experimental section, Paragraph 2.6.2. 

 The reaction was run and monitored twice (Figure 2.7). In the first run, the 

reaction was sampled every 15 minutes up until complete consumption of diazoketone 

2.1a (120 minutes). The second run was monitored for 30 minutes with sampling every 

5 minutes, to allow for a more accurate calculation of the quantum yields by keeping 

the reaction yield lower and to limit the possible contributions of potential side 

reactions.59 The quantum yields for the Wolff rearrangement of 2.1a and for the model 

K-3CR were calculated at every sampling time through the following equations: 

Φ𝑊𝑜𝑙𝑓𝑓 =  
𝑁.  𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝟐. 𝟏𝒂 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑁.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
=  

[𝐶𝑜𝑛𝑣. 𝑜𝑓 𝟐. 𝟏𝒂] ∗ 0.3 𝑚𝑚𝑜𝑙 ∗ 𝑁𝐴

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠

 

Φ𝐾−3𝐶𝑅 =  
𝑁.  𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝟐. 𝟐 𝑓𝑜𝑟𝑚𝑒𝑑

𝑁.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
=  

[𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝟐. 𝟐] ∗ 0.3 𝑚𝑚𝑜𝑙 ∗ 𝑁𝐴

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠

 

The results of the calculations are reported in Table 2.2. 

Table 2.2 Quantum yields for the Wolff rearrangement of 2.1a and the model K-3CR 

(calculated every 5 minutes for 30 minutes and average values) 

Time [min] Conv. of 2.1a [%] Yield of 2.2 [%] photons 
Wolff

 
K-3CR 

0 0 0 1.24 × 1018 -- -- 

5 15.2 9.1 2.60 × 1019 1.05 0.63 

10 25.7 18.2 5.00 × 1019 0.93 0.66 

15 35.1 26. 5 7.29 × 1019 0.87 0.66 

20 44.2 34.0 9.47 × 1019 0.84 0.65 

25 53.3 40.0 1.15 × 1020 0.83 0.63 

30 60.3 45.6 1.35 × 1020 0.80 0.61 

average values ± standard deviation 0.89 ± 0.08 0.64 ± 0.02 

Most interestingly, the values for the quantum yield of the Wolff 

rearrangement are close to 1 in the first minutes of irradiation, but they steadily 

decrease over time, while the quantum yield values for the multicomponent process 

are constant within the experimental error. This result can be rationalized through the 

formation of by-products from the Wolff rearrangement that might be absorbing part 

of the incident light, causing the quantum yield for the process to apparently diminish. 

In fact, over time the signal of an unknown by-product forming can be seen in the 

NMR spectra, although it has not been possible to isolate it. The constant quantum 

yield for the multicomponent process implies that the reaction of the newly formed 

ketene with the other components of the K-3CR is the rate limiting step of the 

transformation and always occurs in presence of an excess of ketene. This hypothesis 



Chapter 2   –  Photoinduced ketene multicomponent reactions 

Novel photoredox and photoinduced approaches for synthetic applications 

53 

is further confirmed by the general trends for the conversion of the starting materials 

and the formation of the product reported in Figure 2.7. In plot (b) is clearly evident 

how the concentrations of the isocyanide and of the acid decrease at the same rate 

(perfectly in parallel to the rate of formation of the product), whereas the diazoketone 

is being consumed at a faster pace. 

The Wolff rearrangement for diazoketone 2.1a is way higher than the one 

previously reported for the same starting material under UV irradiation with Wood 

lamps at 300 nm (namely 0.28).46 In spite of the low absorbance at the irradiation 

wavelength, the photons absorbed by the system are almost exclusively promoting the 

Wolff rearrangment and are only marginally wasted in parasitic processes. UV light, 

in comparison, was also being absorbed by toluene (whose cut-off is around 284 nm, 

although the absorption tails extend up to 310 nm)60 and by the product, whereas not 

even traces of the (E)-isomer were found under the new conditions.  

Scheme 2.15 Scope of K-MCRs and comparison with the results achieved upon 

irradiation with blue light (blue) and UV light (black). Isolated yield and E:Z ratio 

are reported. UV conditions: 300 nm, PhCH3 0.1M, 0.1 eq. trans-stilbene, 16 hours 

(* 352 nm, 1 eq. trans-stilbene). 450 nm conditions: 450 nm, DCM 0.1M, 2 hours. 
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2.4.4 Scope 

The newly found conditions were tested in several reactions involving either 

carboxylic acids (K-3CR) or triphenylsilanol (SK-3CR). A library of products already 

synthetized with the old UV-based procedure was chosen for investigation to establish 

a comparison between the old and the new protocol. The results and the conditions 

employed are reported in Scheme 2.15. All selected diazoketones, both aliphatic and 

aromatic, reacted with comparable efficiency in the process, proving that the 

occurence of the Wolff rearrangement does not depend on the nature of the substituent. 

All aromatic diazoketones that previously required up to 1 equivalent of trans-stilbene 

even at 352 nm to suppress the undesired isomerization of the final product reacted 

smoothly and with total stereoselection at 450 nm (products 2.2-2.9 and 2.16) with 

remarkably higher yields. The only exception is product 2.4, where the bathochromic 

shift due to the presence of the nitro group causes the product to absorb in the visible 

region, with its consequent isomerization. The clear advantage, however, is the 

possibility to operate a transformation that previously failed (see Scheme 2.13 and 

discussion in Paragraph 2.4.1). As expected, carboxylic acids work better than 

triphenylsilanol (cfr 2.2 and 2.8 with 2.3) whereas the nature of the isocyanide seems 

to be less influential with aromatic diazoketones (cfr 2.6 with 2.7, and 2.8 with 2.9). 

With aliphatic diazoketones, the structure of the isocyanide seems to be more 

influential (cfr 2.11-2.13) than the one of the diazoketone (cfr 2.13 with 2.14) or of the 

acid component (cfr 2.14 and 2.15). Albeit with slightly lower efficiency, the processes 

proved their robustness with more structurally elaborated substrates (products 2.10 and 

2.12). 

2.4.5 Flow synthesis 

As additional proof of concept, several K-3CRs and SK-3CRs were 

succesfully carried out in flow conditions. While the parent reaction performed under 

UV irradiation also in flow,46 its silylative counterpart never gave acceptable results. 

It is likely that the products of the SK-3CR, being more sensitive to reaction conditions 

and less stable in general, could not tolerate the higher photon density typically 

Figure 2.8 Flow apparatus built ad-hoc for the study. (A) left to right: syringe pump, 

loading loop, reaction coil and illumination system and collecting flask; (B) close-up 

of the reaction coil and the dissipating fan below. 
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provided by flow conditions (see Chapter 1.6.2). Since high intensity irradiation is 

required for the occurence of the Wolff rearrangement, a new photoreactor for flow 

synthesis was built, consisting of 12 high-power LEDs arranged symmetrically around 

the irradiated coil. A fan provides air cooling to the LEDs, mounted on proper 

aluminum heat dissipators, while the irradiated coil is mounted around a water 

condenser to provide a strict control of the reaction temperature (Figure 2.8). More 

details are provided in the experimental section, Paragraph 2.6.1.4. First, the flow 

conditions were briefly optimized to find a suitable flow rate (Table 2.3) using reaction 

leading to product 2.8 as model reaction (Scheme 2.16).  

Table 2.3 Optimization of flow conditions on reaction reported in Scheme 2.16. 

Entry Flow rate [mL/h] Concentration [M] Residence time [h] Yield (E:Z) [%] 

1 2 0.10 1.5 --- 

2 1 0.10 3.0 82 (0:100) 

3 1 0.05 3.0 77 (0:100) 

4 1 0.20 3.0 61 (0:100) 

Surprisingly the reaction proceeded poorly with high flow rates (entry 1). 

With a slightly higher residence time, the reaction yield matched that of the batch 

process (entry 2), although no improvement was found upon changing the 

concentration (entries 3-4). To conclude the proof of concept, the best conditions 

(entry 2) were applied to the synthesis of different multicomponent products (Table 

2.4). As reported, the new conditions outperformed the best one found for the flow K-

3CR upon UV irradiation (product 2.8), and for the first time SK-3CRs product were 

achieved via flow synthesis with moderate to good yields and, once again, complete 

stereoselection. 

Table 2.4 Small scope to probe the feasibility of K-MCRs under flow conditions. 

Product Yield at 450 nm [%] Yield at 300 nm [%] 

2.8 82 (0:100) 46 (3:97) 

2.5 44 (0:100) -- 

2.7 43 (0:100) -- 

2.13 68 (0:100) -- 

Scheme 2.16 Model K-3CR chosen for the optimization of flow conditions. 
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2.4.6 Post-MCR transformations 

Having found optimal and operationally simple conditions for the synthesis 

of -substituted acrylamides through our multicomponent approach, the synthetic 

usefulness of these compounds as synthons was tested. As per previous report from 

our group, captodative -acyloxy acrylamides proved to be flexible substrate towards 

the synthesis of heterocyclic scaffolds.44 On the other hand, -silyloxy acrylamides 

did not show a classical silyl enol ether reactivity, being recalcitrant in undergoing 

aldol reactions or conjugated additions unless in presence of strong electrophiles (e.g. 

Eschenmoser’s salt). However, they were engaged effectively in other transformations 

such as oxidations, [2+2]-cycloadditions, and cyclizations.47 So far, the prominent 

synthetic application reported for SK-3CR adducts are their dimerization to natural 

product analogues (whose synthesis and reactivity is discussed in details in Paragraph 

2.5)47,48 and as radical traps for electrophilic radicals,61 as showed in the flow 

acetonylation protocol presented, discussed and improved in Chapter 3. Given the 

tendency of these compounds in undergoing radical processes, it was attempted to 

broaden the scope of radical transformation in which they are participating and, more 

in general, to find other valuable synthetic applications for these peculiar silyl enol 

ethers. The results of the tests performed are reported in Figure 2.9. Adduct 2.3 was 

successfully engaged in radical trifluoromethylation,62 giving the desired product 2.17 

in moderate yield. The same starting material was tested in the already reported TBAF-

Figure 2.9 Succesful and unsuccesful reactions with ketene multicomponent adducts. 

Conditions (a) 2.3 (0.06 mmol), Umemoto II (2 eq.), PC (1 mol%), MeCN 0.01M, 

flow 1.5 mL/h (tres 2h), rt, Ar, 450 nm (b) 2.3 (1 mmol) TBAF (1.1 eq.), DCM 0.01M, 

-20°C to rt, 24h (c) 2.13 (0.2 mmol), ArN2BF4 3.1a (1 eq.), PC (1 mol%), acetone 

0.01M, flow 3 mL/h (tres 1h), rt, 450 nm (d) 2.13 (0.14 mmol), DIPEA (5 eq.), 

Na2S2O3 (5 eq.), CH2I2 (2.5 eq.), MeCN 0.035M, Ar, rt, 450 nm (e) 2.13 (0.1 mmol), 

benzophenone (3 eq.), PhCH3 0.1M, Ar, rt, 405 nm (f) ArN2SO2CH3 (0.1 mmol), 2.3 

(2 eq.), NaHCO3 (2 eq.), MeCN 0.05M, rt, 450 nm (g), 2.16 (0.2 mmol), ArN2BF4 (2 

eq.), PC (1 mol%), DMF 0.4M, rt, 450 nm. PC = Ru(bipy)3Cl2, Ar = 4-

methoxyphenyl, tres = residence time. 
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induced dimerization.47,48 However, in place of the expected product 2.18a, the 

oxidised product 2.18b was found instead. The rationale behind this unexpected result 

is discussed in detail in Paragraph 2.5.4. The radical acetonylation of adduct 2.1961 

was successfully performed in flow directly on the crude of the MCR, proving the 

possibility to carry out the two steps in sequence in a single flow apparatus. 

Unfortunately, the same starting material did not give any result in the radical 

cyclopropanation reported by Suero and co-workers.63 Unexpectedly, the Paternò-

Büchi reaction between 2.3 and benzophenone under the conditions reported by 

Dell’Amico et al.64 did not afford the desired product 2.21 despite the proved ability 

of this class of silyl enol ethers to undergo [2+2]-cycloaddition.47 The same substrate 

failed in giving diazenylation product 2.22 according to a protocol reported by Fagnoni 

and co-workers.65 Lastly, adduct 2.16 did not react under Konig’s conditions for the 

photoredox catalyzed arylation of enol acetates.66 In most cases decomposition 

products were found, except for enol ether 2.16 which was recovered as starting 

material. Unfortunately, these findings highlighted once again the sensitivity of these 

adducts to most reaction conditions. 

2.4.7 Conclusions 

The studies reported in this section surely filled the gap left in the literature 

on the synthetic potential of monosubstituted -diazoketones under visible light. The 

diazoketone moiety appeared able to absorb in the visible region regardless of its 

substitution pattern. Most importantly, the quantum yield of the Wolff rearrangement 

at the operational wavelength of 450 nm approached 1, proving the high efficiency of 

the process compared to the same one achieved upon UV irradiation. The milder 

conditions worked well with a wide array of substrates, outmatching the results 

previously achieved in terms of yield and selectivity both in batch and flow conditions. 

DCM can be effectively employed as solvent (whereas is not stable under UV 

irradiation),67 allowing an easier retrieval of the final product. Despite the already-

known low tendency of these multicomponent adducts to undergo most 

transformations, the findings of this study allowed to further expand the synthetic 

toolbox associated with these classes of molecules, which can be of relevant synthetic 

use to any organic chemist. 

2.4.8 Ketene 3-Component Staudinger reaction 

For the sake of completeness, it is worth citing the latest addition to the ketene 

multicomponent reaction family, that is the ketene 3-component Staudinger reaction 

(Scheme 2.17),68 and whose conception sprouted from the studies hereinbefore 

discussed. 

Thanks to the possibility of generating ketenes efficiently with blue light 

irradiation, the 3-component version of the well-known Staudinger reaction has been 

reported for the first time in its 150-years history. Usually, the need for generating the 
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ketene from acyl chlorides prevented the possibility to achieve a direct 3-component 

transformation as this latter starting material would react with the amine component. 

With the photochemical approach, this intrinsic incompatibility was easily 

circumvented. Moreover, the milder conditions of this new multicomponent process 

allow for greater trans-selectivity for the desired -lactam product. These remarkable 

results highlight once again the importance of the studies presented in this chapter, and 

their influence on the world of ketene multicomponent reactions. 

2.5 SK-3CR and the route towards natural product analogues 

2.5.1 A serendipitous dimerization 

Duringe the studies on the reactivity of -silyloxyacrylamides (i.e. the 

products of the SK-3CR), a serendipitous discovery paved the way for a novel 

approach towards the synthesis of natural product analogues. While trying to engage 

silyl enol ether 2.13 in Mukaiyama-Michael additions using TBAF as activating agent, 

another adduct missing the moieties from the electrophilic acceptor was found. 

Carrying out the reaction in the same conditions without the Michael acceptor led to 

the formation of this adduct in good yield; upon detailed structural studies via NMR 

spectroscopy, structure 2.24 was assigned to the product (Scheme 2.18).47 The cyclic 

core of these dimers is common to two classes of natural products, Anchinopeptolides 

and Esynstyelamides, exhibiting biological activity (vide infra). 

The mechanism can be rationalized as follows. Upon addition of TBAF, 

fluoride anions cleave the Si-O bond freeing enolate Ia. This structure however is 

characterized by the presence of an acidic proton on the secondary amide sharing a 

Scheme 2.17 Ketene 3-component Staudinger reaction (K-3CSR). 

Scheme 2.18 Unexpected dimerization of adduct 2.13 upon TBAF cleavage of silyl 

enol ether moiety and postulated mechanism. 
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similar pKa with the -methylene. It is, therefore, safe to assume also the presence of 

anion Ib in solution, formed upon tautomerization of enolate Ia. While the latter is 

rather nucleophilic, the former possesses an electrophilic carbonyl group, and can 

undergo nucleophilic attack from Ia. The open-chain adduct II now possesses a 

nucleophilic nitrogen and an electrophilic carbonyl, thus leading to a second, 

intramolecular attack delivering, upon quenching, the final product 2.24. Interestingly, 

both molecules of the silyl enol ether act as nucleophiles and electrophiles at different 

centres in a single process. This mechanism is in agreement with the one proposed by 

Snider and co-workers for the dimerization of ketoamides under basic conditions, 

fundamental step in their total syntheses of Anchinopeptolide A69 and 

Eusynstyelamide B.70  

Most surprisingly, only one among four possible diastereoisomers is formed, 

an unexpected result considering the presence of an hemiaminal centre (the 

configuration of the tertiary chiral centre is given by the (Z)-configuration of the 

starting silyl enol ether). However, a careful spectral study through NOESY-2D 

experiments in DMSO-d6 corroborated the stereochemistry reported for 2.24 in 

Scheme 2.18.48 Snider and co-workers reported a condition-dependant equilibration of 

the two possible epimers at the hemiaminal centre (Scheme 2.19).69,70 Upon basic 

conditions, the ketoamide precursor should form the (Z)-enolate to minimize the steric 

repulsion between R1 and the amide moiety.  The desired syn-diastereoisomer is 

formed due to the supposed presence of a chelation effect of the four carbonyls of the 

starting materials on the metal cation of the base (Na+ or K+) in the transition state I of 

the aldol reaction. The same chelation effect would be responsible for the evolution of 

intermediate II to the final product with syn-stereochemistry. The stability of the final 

adduct however seems to depend on the establishment of intramolecular hydrogen 

bonding interaction between the two hydroxy groups, possible in low polar aprotic 

solvents (THF in the case of Snider chemistry). When protic solvents, capable of 

interfering with the hydrogen bonding structure (e.g. MeOH) are used, the 

epimerization readily occurs even in presence of the same metal cation. In fact, Snider 

Scheme 2.19 Snider and co-workers rationale behind the formation of the two 

epimers of the product. Conditions (a) NaH, THF, rt (b) NaOH, MeOH, 60°C.  

Figure 2.10 SK-3CR-dimerization protocol affording natural product 

scaffolds in 2 steps, forging 6 new bonds in a diastereoselective fashion. 
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reported that the anti-diasteroisomer can be achieved from the syn and vice versa upon 

changing conditions (Scheme 2.19). Given these reports and our experimental 

findings, it can be assumed that the formation of the syn-isomer in our case is driven 

by the use of a (Z)-silyl enol ether and of an aprotic low polar solvent (namely DCM) 

since silicon, despite its mild chelating properties,71 should not be available in solution 

due to its more favourable interaction with fluoride anions. 

The discovery of this extremely efficient and diastereoselective dimerization 

led us to study the synthetic potential of a multicomponent-dimerization protocol for 

the synthesis of natural analogues. As previously mentioned, the 5-membered 

heterocyclic core achieved through the dimerization is typical of natural products that 

feature relevant biological activity. In fact, in only two steps six new bonds – two per 

each of the two molecules of silyl enol ether, then two additional bonds in the 

dimerization -  are assembled under extremely mild conditions (virtually tolerant to 

almost any functional group) and with total diastereoselection (Figure 2.10). To 

diversify further the appendages on the final scaffold, in principle two different silyl 

enol ethers (or a silyl enol ether and an -ketoamide) can be used in a cross-

dimerization, although preliminary studies in this direction were only partially 

successful.48 

2.5.2 Anchinopeptolides and Eusynstyelamides 

Anchinopeptolides and Eusynstyelamides are a two families of natural 

compounds coming from marine organisms. 

Figure 2.11 Eusynstyelamides, on the left, and (cyclo)anchinopeptolides, on the 

right, are two classes of natural products sharing a common 3,5-

dihydroxypyrrolidin-2-one core. 
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Eusynstyelamide A, B and C (Figure 2.11, left) were first isolated by Tapiolas 

and co-workers from the colonial encrusting ascidian Eusynstyela latericius, found in 

the central region of the Great Barrier Reef.72 The structures were elucidated through 

careful NMR, IR, MS, UV and CD analyses. Interestingly, Eusynstyelamide A was 

found identical to another compound previously isolated from a similar ascidian, 

Eusynstyela misakiensis, by Ireland and co-workers.73 Eusynstyelamides A-C proved 

to be effective inhibitors of the neuronal nitric oxide synthase (nNOS), an enzyme 

whose overexpression is linked to several diseases - Alzheimer’s, Parkinson’s, AIDS, 

and dementia to cite a few. While Eusynstyelamides B-C exhibited remarkable 

inhibitorial activity (IC50 values of 4.3 and 5.8 μM, respectively), Eusynstyelamide A 

resulted less active by an order of magnitude (IC50 values of 41.7 μM). The same 

compounds resulted non toxic towards three human tumor cell lines, namely MCF-7 

(breast), SF-268 (CNS), and H-460 (lung). Lastly, Eusynstyelamides A-B showed 

mild antibiotic activity against Staphylococcus aureus. Structurally, Eusynstyelamides 

are diastereoisomers differing in the configuration of the two quaternary stereocentres. 

Eusynstyelamides A and C are epimers of Eusynstyelamide B at the hemiaminal and 

at the -carbonyl centre, respectively. Eusynstyelamide B is the only one sharing the 

configuration of its heterocyclic core with Anchinopeptolides A-D, whereas 

Anchinopeptolide E features the same configuration of Eusynstyelamide A. As for 

their biogenesis, this family of dimers likely originates from a modified linear 

bipeptide deriving from tryptophan and arginine. 

Anchinopeptolide A-D were isolated by Minale and co-workers from a deep 

blue marine sponge, Phorbas tenacior (previously Anchinoe tenacior), found off the 

coasts of Tunisia and typical of the Mediterranean Sea and the Atlantic Macaronesia 

(Figure 2.11, right).74,75 In addition to the monocyclic dimers, also a tricyclic adduct 

was found, Cycloanchinopeptolides C, deriving from the intramolecular [2+2]-

cycloaddition of the double bonds of the parent compounds, whereas 

Cycloanchinopeptolide D was synthetised by Snider along with the monocyclic parent. 

As recently highlighted by Evanno and co-workers, Cycloanchinopeptolide C is 

actually an artefactual derivative originated during the extraction of its congeners.76 

Moreover, the group of Evanno also isolated Anchinopeptolide E (not shown), epimer 

of Anchinopeptolide C at the hemiaminal centre. Anchinopeptolides B−D exhibited 

some in vitro activity against the somatostatin receptor, the human B2 bradykinin 

receptor, and the neuropeptide Y receptor, whereas Anchinopeptolide A showed poor 

biological potential. Structurally, Anchinopeptolides A-D are substantially 

differentiated by the presence or absence of a methyl group on the lateral chains, 

indicating their different biosynthetic pathway. This family of compounds is most 

likely formed upon dimerization of linear tripeptides formed by arginine, tyrosine and 

either glycine or alanine (whence their structural difference). 

2.5.3 Towards the total syntheses of natural compounds 

Given the pharmacological relevance of these families of compounds and the 
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inherent modularity of multicomponent reactions, we envisioned the possibility to 

establish a protocol for the rapid generation of combinatorial libraries of molecules 

featuring the privileged 3,5-dihydroxypyrrolidin-2-one core (as previously depicted in 

Figure 2.10), other than the natural compounds. In fact, before the discovery that blue 

light most efficiently promotes SK-3CRs, the planned total syntheses of 

Eusynstyelamide B and Anchinopeptolides D failed during the preliminary studies. 

The fundamental steps are reported in Figure 2.12. While the syntheses of the 

multicomponent building blocks were relatively straightforward, two inherently 

unsurmountable problems emerged while carrying out the SK-3CRs. Neither SEE-1 

nor SEE-2 could be achieved as both multicomponent steps failed. In the first case 

isocyanide NC-1, bearing a double bond, photoisomerized upon absorption of the 

incident UV radiation, degrading over time without reacting with the ketene originated 

from DK-1. In the other case, DK-2 failed in giving the desired ketene because of the 

parasitic absorbance of the indole moiety, hampering the whole process. 

Thrilled by the possibility to perform effectively the multicomponent step 

upon blue light irradiation, several silyl enol ethers were synthetized and submitted to 

the reaction conditions for the TBAF-induced dimerization, affording the desired 

dimers 2.25-2.28 in good yields and excellent diastereoselectivity (Figure 2.13). 

Figure 2.12 Retrosynthetic analysis of the two fundamental steps towards 

the total syntheses of Anchinopeptolide D and Eusynstyelamide B. 



Chapter 2   –  Photoinduced ketene multicomponent reactions 

Novel photoredox and photoinduced approaches for synthetic applications 

63 

The dimerization surely proved its robustness; simpler analogues 2.25 and 

2.27 were achieved in optimal yields, and also more crowded substrates were well 

tolerated (2.26, in particular, was achieved from the same isocyanide NC-2 needed for 

the total synthesis of Eusynstyelamide B, see Figure 2.12). Remarkably, 2.28 was 

isolated as two diastereoisomers. Reasonably, the relative configuration of the three 

stereocentres on the pyrrolidinone core is unchanged (all-syn), but the presence of the 

chiral side chains induced the preferential formation of one of the two possible 

diastereoisomers of the all-syn product. Additionally, the triphenyl silyl by-products 

were recovered from the chromatographic separation and, through an alkaline 

treatment (KOH in ethanol/water/dioxane) previously reported by Brook and co-

workers,77 converted back into triphenylsilanol, thus increasing the overall atom 

economy of the protocol. 

2.5.4 An unexpected benzylic oxidation 

As anticipated in Paragraph 2.4.6, when silyl enol ether 2.3 was subjected to 

the cyclization conditions, an unexpected result emerged (Scheme 2.20). In place of 

the expected product 2.18a, the oxidised product 2.18b was found in good yield.  

The identification of structure 2.18b required a thorough investigation. With 

respect to 2.18a, 1H and 13C-NMR spectra were missing two hydrogens and one 

carbon, respectively, whereas a peak at 196.8 ppm appeared in the 13C-NMR spectrum. 

Figure 2.13 Synthetic analogues of Anchinopeptolides and Eusynstyelamides 

achieved from the TBAF-induced dimerization of -silyloxy acrylamides. 

Scheme 2.20 Unexpected benzylic oxidation leading to oxidised products 2.18b 

and 2.29b during the dimerization. 
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The chemical shifts of the missing methylene were not compatible with the ones 

present on the cyclohexyl chains. Upon HPLC-MS analysis, an m/z of 505.2 [M+H] 

was found, corroborating the hypothesis of an oxidation of a methylene moiety to 

ketone.  1H–13C HSQC and 1H–13C HMBC experiments showed a correlation between 

the ketone group and one of the phenyl rings of the product, and its connection to the 

pyrrolidin-2-one core at C-3. All these information were in agreement with proposed 

structure 2.18b. Similarly, when silyl enol ether 2.6 was subjected to the same 

conditions, only a 27% of the expected dimer 2.29a was found, whereas the main 

product resulted being oxidized adduct 2.29b (45%). The NMR and HPLC-MS 

analyses of 2.29b gave results in perfect analogy with the one found for 2.18b. 

Additionally, the IR spectra of 2.29a-b showed the clear presence of an additional 

carbonyl group (with position compatible with those of conjugated ketones) in 

molecule 2.29b with respect of molecule 2.29a. 

It appeared evident that the oxidation occurred only when a benzyl methylene 

is connected to C-3 on the heterocyclic core, since aliphatic side chains never exhibited 

such phenomenon. The possibility to selectively oxidise the benzyl position of the 

dimer would surely add yet another differentiation input to the overall protocol, and 

therefore would be desirable. However, if not suppressible, this oxidation might 

prevent the access to the desired products, such as Eusynstyelamide B which possesses 

a pseudo-benzylic methylene that might in principle be affected.  

  To gain a deeper understanding of this unexpected process, several tests on 

silyl enol ethers 2.3 and 2.6 were performed, changing the conditions to selectively 

achieve either the oxidised or the non oxidised product (Scheme 2.20). The results are 

reported in Table 2.5. 

Table 2.5 Results of the tests performed on reaction reported in Scheme 2.20. Ratio 

b:a was determined upon NMR analysis, while the yield is that of the unseparated 

products after column chromatography.  

Entry Product 
Conditions  

(DCM 0.01M, -20°C to r.t., 24h) 
Ratio 
b:a 

Yield 

1 2.29 TBAF (1 M in THF), Ar 62:38 72% 

2 2.18 TBAF (1 M in THF), Ar 90:10 76% 

3 2.29 TBAF (1 M in THF), dry air 79:21 64% 

4 2.29 TBAF (12 mM in DCM), dry air 83:17 25% 

5 2.29 SiO2-supported TBAF, Ar 85:15 64% 

6 2.29 10% H2O2 120 vol., TBAF (1 M in THF), dry air 75:25 25% 

7 2.29 TBAF (1 M in THF), TEMPO (2.0 eq.), Ar 80:20 64% 

8a 2.29 TBAF (1 M in THF), dry air 62:38 N/A 

a. 2.29b:2.29a [62:38] used as starting material. 

As per entries 1 and 2, it appears clear that the degree of oxidation does not 

only depend on reaction conditions, but also on the reactivity of the molecule itself. 

The presence of a donor group seems to disfavour the oxidation process; tests with R 

= Cl (i.e. with silyl enol ether 2.5) were not insightful since the product decomposed 
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and could not be isolated. The presence of air seems to increase the oxidation degree 

(entry 3), as well as the use of silica-supported TBAF (entry 5). Surprisingly, the use 

of a freshly prepared solution of TBAF, while favouring the oxidation, caused a drop 

in the yield (entry 4). It is also unlikely that peroxides in solutions (TBAF is dissolved 

in THF, which easily undergoes peroxidation) may play a role since H2O2 did not 

increase the yield nor the b:a ratio (entry 6). Entry 7 seems to exclude the presence of 

a radical mechanism (TEMPO should interfere with such a process). 

Benzylic positions are easily oxidised with Oxone®, peroxides, hypochlorites 

or even molecular oxygen.78 The latter, due to its potential surreptitious presence in 

spite of all the possible precautions, might play a role. TBAF per se should not possess 

oxidising properties, although an oxidation of aromatic aldehydes to acids in presence 

of TBAF has been reported by Chung.79 Such transformation seemed similar to 

Canizzaro reaction, but with a reasonably different mechanism (the lack of equal 

amount of benzoic acids and benzyl alcohols suggests that no disproportionation is 

occurrring). Also in the case of Chung and co-workers the presence of eletron-donating 

substituents on the aromatic aldehyde seemed to disfavour the oxidation process, 

although it is not clear why. Given the wide variety of TBAF reagents employed, the 

possibility that a same impurity catalyses the reaction seems unfeasible. TBAF is 

known to decompose spontaneously to butene and tributylamine; however, it seems 

unplausible that such decomposition products might be playing a role, whereas the 

basicity of fluoride might. 

Scheme 2.21 Dimerization tests with silyl enol ethers bearing (a) a less hindered 

chain (2.30) and (b) a more hindered moiety (2.32) on the amide group. 

Conditions: TBAF (1M in THF) 1.1 eq., DCM 0.01M, -20°C to rt, Ar. 
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 The test in entry 8 suggests that the oxidation migh actually be taking place 

while the dimerization is ongoing since the b:a ratio of the dimer mixture did not 

change upon its exposure to the dimerization conditions. This evidence led to question 

whether the rate at which the cyclization step of the dimerization took place could 

actually have an influence. Silyl enol ethers 2.30 and 2.32 were synthetized and 

subjected to the dimerization conditions (Scheme 2.21). Compound 2.30 did not afford 

the expected oxidation product 2.31b, but only dimer 2.31a. The less hindered 

isocyanide-derived substituent (compared to the cyclohexyl chains of 2.18) might have 

led to a faster cyclization, preventing the occurence of the oxidation in the reaction 

media on the open chain adduct. On the othe hand, compound 2.32 did not give the 

oxidised dimer 2.34 nor its non-oxidised congener. In this case, the reaction product 

(albeit in low yield) resulted being heterocycle 2.33. Reasonably, the bulky tert-butyl 

groups slowed down the cyclization of adduct I, achieved from the aldol addition step. 

This substrate partially oxidized at the benzylic position giving IIa; however, the strain 

provided by the hindered amide groups might have forced a conformational change to 

IIb, bringing the less nucleophilic oxygen on the benzylic position in a favourable 

position for an intramolecular attack, eventually evolving to 2.33. 

As per these last observations, the following mechanism could be postulated 

(Scheme 2.22). After the aldol addition that follows the TBAF-induced cleavage of the 

silyl enol ether, fluoride anions can induce water elimination from the product, as the 

resulting double bond can be stabilized by a vast conjugation. Adduct II can then 

undergo dihydroxylation and oxidation (reasonably by oxygen, although the nature of 

the stoichiometric oxidant is still unclear) up to intermediate IV, which then would 

evolve to the final product. Although never isolated, intermediate II might explain why 

the oxidation occurs during the cyclization, but not on the final product, too strained 

to assume the anti-conformation needed for the elimination. Some reports show the 

occurence of dihydroxylations with stoichiometric dioxygen. The known processes 

that are closer to the working conditions presented here require visible light irradiation 

in presence of suitable photoinitiators (e.g. diacetyl,80 possessing a diketo group as the 

-ketoamide moiety in II, even though the initiator should be consumed in the process) 

or the catalysis of palladium species,81 although their presence as impurities from the 

Scheme 2.22 Putative mechanism for the benzylic oxidation of aryl -

silyloxy acrylamides during the TBAF-induced dimerization. 
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starting materials (bought or prepared in the laboratory) or the equipment (see 

Paragraph 2.6.1.1) seems extremely unlikely. A direct oxidation of styrenes to 

aldehydes with molecular oxygen under UV irradiation is reported only with 

concomitant cleavage of the former C=C bond, in very low yields and for a handful of 

substrates (mainly bearing terminal methylenic moieties).82 All things considered, a 

direct hydroxylation of I to III cannot be ruled out. Apparently, the fast cyclization of 

I to the final product, facilitated by little steric hindrance on the amidic nitrogen, seems 

to be the only factor allowing the total suppression of the oxidation phenomenon. 

2.5.5 Future work and considerations 

The studies hereby reported on the unexpected benzylic oxidation of 

Anchinopeptolides and Eusynstyelamides analogues can be considered only 

preliminary and a more detailed investigation is in order. Pivotal points still to be 

understood are (a) the nature of the oxidant, (b) the effects of the substitution patterns 

on the outcome of the reaction, and (c) if simplified precursors of Eusynstyelamide are 

affected by the oxidation.  

Surely, a stricter control of reaction conditions might be necessary. The high 

dilution needed to favour the dimerization and the low boiling point of the solvent 

make purging the environment of dissolved gases through the common freeze-pump-

thaw technique extremely unpractical. The presence of oxygen cannot be ruled out 

considering the lower efficiency of argon sparging in degassing the solutions, although 

the oxidations occurred in such high yields that might not be justified by the presence 

of oxygen in mere trace amounts.  

Different substitution patterns should be tested – while silyl enol ether 2.5 

(bearing a p-chlorophenyl substituent) did not give results, other aryl silyl enol ethers 

with electron withdrawing group (e.g. 2.4 or 2.35) can be synthetized and subjected to 

reaction conditions (Figure 2.14). Moreover, the influence of a heteroaryl group should 

be evaluated (e.g. 2.16), possibly also a 3-indolyl group (as in 2.36) to evaluate its 

possible influence on the envisioned Eusynstyelamide total synthesis.  

Lastly, the possibility to selectively control the oxidation condition should be 

probed into a more functional strategy, for which these results represent a sound 

starting base.  

Figure 2.14 Possible silyl enol ethers to test in the dimerization-oxidation. 
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2.6 Experimental data 

All the experimental data, procedure and analyses for compounds reported in 

this Chapter are reported hereinafter. 

2.6.1 Materials and methods 

Note: this Paragraph also contains the materials and method references for Chapter 3 

since the projects illustrated in both chapters were conducted at the same institution 

(Università di Genova, Dipartimento di Chimica e Chimica Industriale). Thanks to all 

the laboratory technicians for valuable discussions and help during the analyses, 

namely Andrea Galatini (NMR), Valeria Rocca (HPLC-MS) and Walter Sgroi (IR, 

UV-Vis). Additional thanks to Dr. Paola Lova for spectral acquisition and data 

elaboration during the quantum yield determination other than for the help in the 

conception of the overall apparatus. 

2.6.1.1 Materials 

Reagents and solvents were purchased from Sigma-Aldrich, Tokyo Chemical 

Industry, Carlo Erba, Honeywell / Riedel-de-Haen, Alfa Aesar, VWR International, 

Acros Organics and Merck and used without further purification. Celite for filtration 

is Acros Organic Celite 545. Flash chromatography was performed using silica Ge 

Duran SI 60, 230-400 mesh using a variable weight of silica and column diameter 

according to the observed TLC separation of the desired product.83 

All glass equipment and magnetic stirbars were washed with soap and water 

after every use and rinsed with acetone to remove any organic material. Additional 

washing with either (a) NaOH 8M (b) freshly prepared aqua regia (HCl:HNO3 3:1) or 

(c) piranha solution (H2SO4:H2O2 3:1) were performed in case organic traces were still 

present after acetone rinsing (a and c) or heavy metals (b) were used. All glassware 

was dried in the oven (105°C) overnight after any final washing. Volumetric 

glassware, NMR tubes and Hamilton syringes were air-dried to avoid altering their 

volumes. 

2.6.1.2 Analyses procedure and equipment 

NMR spectra were recorded either at 300 MHz (1H), 75 MHz (13C), and 282 

MHz (19F) on a Varian Mercury 300 or at 400 MHz (1H), 100 MHz (13C), and 376 

MHz (19F) on a Jeol JNM-ECZ400R. The chemical shifts (δ) are expressed in parts per 

million relatively to tetramethylsilane (TMS) as an internal standard (0.00 ppm). 

Coupling constants are reported in hertz. Unless otherwise stated, NMR acquisitions 

were performed at 300 K, and CDCl3 was used as a solvent. Multiplicity of signals is 

reported according to ACS standard notation (s, singlet; d, doublet; t, triplet; q, quartet; 

p, quintuplet, sext, sextet; hept, heptuplet; m, multiplet; additional signal labels: br, 

broad and app, apparent). Spectra were elaborated using MestReNova 14 by 
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MestReLab Research.  

UV−Vis analyses were performed on a Varian Cary 50 Scan (190−1100 nm) 

using quartz cuvettes (Hellma Standard absorption cuvettes in Suprasil quartz) using 

dichloromethane (cut-off ca. 230 nm) or acetonitrile (cut-off ca. 190 nm).60 

GC-MS analyses were performed on a Hewlett-Packard 5890 II series 

equipped with an HP-1 530 μ (length 10 m, inner diameter 0.2 mm) column using 

helium as carrier gas. The coupled MS is an Hewlett-Packard 5971A (electron impact 

ionization). Conditions: volume injection 1 μl, helium flow 0.9 mL/min, starting 

temperature 100°C, initial time 2 min, temperature gradient 20°C/min, final temperature 

280°C, total elution time 20 min. 

HPLC-MS analyses were performed on a Varian Agilent 1100 series 

spectrometer coupled with a Microsaic 4000 MiD electrospray ionization system. 

Chromatographic columns: (1) Phenomenex Synergi Hydro RP 150 × 3 mm and (2) 

Phenomenex Luna C8(2) P.S. 5 μm 150 × 4.6 mm. Standard parameters: injection 

volume 5 μl, temperature 25°C, VWD 220 nm, mass range: full scan 100–800 m/z 

positive ions, tip voltage 750 V, solvents: A – H2O + 0.1% HCOOH, B – MeOH + 

0.1% HCOOH. See each product for details. 

Optical rotatory power was determined using a JASCO P-2000; melting point 

were determined using a Büchi B-535. 

HR-MS analyses were carried out on a Synapt G2 QToF mass spectrometer. 

MS signals were acquired from 50 to 1200 m/z in ESI positive ionization mode. 

IR spectra were recorded on a Perkin Elmer Spectrum 65 FT-IR via direct 

acquisition on the neat sample through ATR (attenuated total reflectance) sampling 

system. 

Reactions were monitored via TLC analysis. TLCs were performed on Merck 

60 F254 silica-coated glass plates (0,25 mm thichkness), viewed under UV light (λ = 

254 nm or 365 nm) and then visualized with a proper stain: 

• Hanessian stain (a.k.a. cerium ammonium molybdate, CAM): dipping into a 

solution of (NH4)4MoO4·4H2O (21 g) and Ce(SO4)2·4H2O (1 g) in H2SO4 

(30 mL) and H2O (470 mL) and warming; 

• Ninihydrin: dipping into a solution of ninhydrin (900 mg) in n-BuOH (300 

mL) and AcOH (9 mL) and warming; 

• KMnO4: dipping into a 2% (w/v) solution of KMnO4 in H2O and warming; 

• I2: exposure to I2 vapours in a closed jar. 

2.6.1.3 Batch photochemical equipment 

Batch reactions were conducted in dedicated apparatuses consisting of an 

aluminum cooling plate (LWH 160x100x25 mm) with 6 high power LEDs mounted 
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in series powered by a MeanWell® LPC-20-700 or MeanWell® LPC-20-350 constant 

current power supply (700 mA and 350 mA, the latter for white LEDs) and a water-

cooled aluminium vessel holder. The vessel holder (LWH 170x110x38 mm) holds the 

sealed vials 10 mm over the LEDs in a fixed position while cooling both the LED plate 

and the vial, keeping the temperature of the latter below 20°C. Both the LED plate and 

the water-cooled vessel were custom built based on a design by König group, while 

the vials were purchased from Wicom International Co. (5 mL crimp top vial 

38.5x22.0 mm and 10 mL crimp top vial 42.0x22.0 mm with crimp caps with 3.0 mm 

PTFE septum).  

LEDs mounted on the various systems: 

• OSRAM® Oslon SSL 80 LDCQ7P (nominal 450 nm, royal blue) 

• OSRAM® Oslon SSL 80 LTCP7P (nominal 528 nm, true green) 

• OSRAM® Oslon SSL 80 LCW CR7PCC (warm white 4000K, CRI95) 

• Luminus SST-10-UV (nominal 365, 385 and 405 nm) 

Figure 2.15 Schematic depiction (top) and pictures (bottom) of the batch 

photoreactor: LEDs plate (A), vessel holder (B) and the two parts assembled (C). 
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2.6.1.4 Flow photoreactor and overall apparatus 

Flow reactions were conducted in a custom-built flow system consisting of: 

• A programmable syringe pump (World Precision Instrument AL-1000); 

• 1-50 mL air-tight syringes (purchased from SGE Analytical); 

• Loading loops (6 or 20 mL) in FEP tubing (ID 1.6 mm, OD 3.2 mm); 

• Reaction coil (3 mL) in FEP tubing (ID 0.8 mm, OD 1.6 mm); 

• Irradiation system with 12 x OSRAM® Oslon SSL 80 LDCQ7P (nominal 

450 nm, royal blue) LEDs mounted in series powered by a MeanWell® LPC-

35-700 constant current power supply (700 mA). 

• A light-shielded collecting flask  

All tubing was purchased from BOLA (Bohlender GmbH) and after mounting was 

shielded with aluminum foil to prevent undesired light exposure (except for the 

reaction coil). The reaction coil (height 70 mm) consists of FEP tubing for a total 

volume of 3 mL wrapped around a 50 mm cylindrical glass water jacket to ensure 

proper cooling, keeping the reaction mixture below 20°C during the irradiation. The 

reaction coil is clamped to a support and is placed in the middle of the irradiation 

system, with the tubing spacing 35 mm from the nearest LEDs plate. The irradiation 

system consists of 4 aluminium LEDs plates connected in series and mounted on a 

200x200 mm wooden support. Each aluminium cooling plate (HWD 130x40x25 mm) 

bears 3 blue LEDs (40 mm apart) and is placed in the middle of each side of the square 

wooden support. To ensure proper heat dispersion of the LEDs plates, an 80 mm fan 

(powered independently with a 12V DC power supply) is placed in the middle of the 

wooden support in a hollow cavity to grant air circulation.  

Figure 2.16 Schematic depictions of the irradiation system from above (A) and view 

from one side of the irradiation system (two LEDs plates were omitted for clarity) 

along with the mounted reaction coil (B). For additional pictures please refer to 

Paragraph 2.4.5. 
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2.6.1.5 LEDs and Rayonet lamps emission spectra 

For comparison, the normalized emission spectra of Rayonet lamps (used in 

the previous work on photoinduced multicomponent reactions) and the available LEDs 

are here reported. Spectra of both illumination sources were recorded using an 

AvaSpec ULS2048XL EVO by Avantes (range 200-1100 nm, resolution 1.5 nm, UA 

grating, second order filter), using a P300-1-SR EOS19510-1 optical fiber by Ocean 

Optics (range 200-1100 nm).  

Figure 2.17 Normalised emission spectra of the Rayonet lamps 

used in the previous studies (top) and of the high power LEDs 

used in the one here presented (bottom). 
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2.6.2 Quantum yield determination 

The quantum yield for the Wolff rearrangement and the multicomponent 

process of the model reaction depicted in Scheme 2.14 in Paragraph 2.4.3 has been 

determined in collaboration with Dr. Paola Lova. The reaction quantum yield () was 

calculated as follows.  

Φ =  
𝑁.  𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 
 

The number of consumed and produced molecules was retrieved from the NMR 

monitoring of the model reaction, while the number of absorbed photons was estimated 

employing a fiber-based optical setup built ad hoc. The photon flow from the LED 

system was collected using an integrating sphere (Avasphere, 5 cm, Avantes) 

opportunely placed around the reaction vial and connected to a CMOS spectrometer 

(AvaSpec-ULS2048CL-EVO, Avantes, resolution 1.4 nm) with an optical fiber 

(Ocean Optics P300-1-SR EOS19510-1, 200-1100 nm range). The estimation of the 

emitted number of photons was allowed by the precise calibration of the set-up 

response using a calibrated white light source (AvaLight-HAL-CAL, Avantes). The 

measurements were performed as follow. 

a) Calibration procedure 

To calibrate the set-up, the intensity emitted from the white light calibrated source was 

measured in the geometry employed for the reaction to account for possible losses. 

The measurement serves to relate the intensity collected by the detector, which is 

affected by the response of the detector itself, by the losses occurring in the sphere and 

in the optical fiber and by the reactor geometry, to the lamp power (in J/s) previously 

calibrated by the manufacturer. The calibration was further confirmed through 

comparison of the power of the white light and different LEDs measured using a power 

meter (PM100D mounting a S121C sensor, Thorlabs).  

b) Measurement of absorbed photons 

The calibration allowed to correlate the LED intensity to the emitted power. The 

emitted energy (in J) was then estimated by integration of the emitted power over the 

time. The number of photons (𝑁𝑃) was then calculated as the ratio between the energy 

emitted by the LED (Eemitted) and the energy of a photon (Ephoton = hc/ where h is the 

Plank constant and c is the speed of light). 

To estimate the number of photons absorbed by diazoketone 2.1a accounting for all 

the losses of the reaction geometry including reflectance from the vial walls and 

refraction phenomena, we performed two measurements. The first consisted of the 

collection of the LED light transmitted through the reaction vial containing all the 

reagents but the absorbing species 2.1a in the very same experimental condition 

employed for the reaction. The second was the intensity transmitted through the vials 

during the reaction itself. The absorbed intensity was then calculated as the difference 
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between the two values and converted to photon number as previously discussed.  

c) NMR monitoring of model K-3CR  

The model reaction has been carried out in CDCl3 in the very same conditions as a 

standard reaction (see 2.4.3) with the addition of 0.05 mmol of DMSO as internal 

standard for integration reference. Aliquots (100 L) of the solution were sampled, 

diluted in an NMR tube to a total volume of 700 mL of CDCl3 and analyzed via 1H-

NMR before the irradiation and at defined time intervals. The reaction was performed 

and monitored twice. The first run was sampled every 15 minutes up to the complete 

disappearance of diazoketone 2.1a (120 min); the second run was sampled every 5 

minutes for 30 minutes. Integration of selected, non-interfered signals with respect to 

that of the internal standard (DMSO, 2.61 ppm, 1.00 H) allowed to calculate the rate 

of disappearance of the starting reagents (2.1a, cHexNC and PhCOOH) and the rate 

of formation of product 2.2. The results are reported in Table 2.6. A depiction of the 

concentration of the species versus the sampling time is reported in Figure 2.7 in 

Paragraph 2.4.3. 

Table 2.6 Disappearance rates of components and formation rate of the product for 

model reaction depicted in Scheme 2.14. 

First replica (120 min) 

Time [min] 2.1a [%]a PhCOOH [%]b cHexNC [%]c 2.2 [%]d 

0 100.0 100.0 100.0 0.0 

15 66.0 75.0 74.1 24.9 

30 44.3 56.6 53.7 47.1 

45 27.4 43.9 38.4 60.9 

60 16.8 35.7 31.7 72.7 

75 9.1 30.7 22.0 76.2 

90 5.1 27.9 16.2 78.1 

105 3.8 26.2 15.0 81.9 

120 0.0 25.5 14.3 82.4 

Second replica (30 min) 

Time [min] 2.1a [%]a PhCOOH [%]b cHexNC [%]c 2.2 [%]d 

0 100.0 100.0 100.0 0.0 

5 84.8 88.3 89.8 9.1 

10 74.3 79.4 79.7 18.2 

15 64.8 72.7 74.0 26.5 

20 55.8 65.8 67.1 34.0 

25 46.7 58.5 60.5 40.0 

30 39.7 52.9 54.6 45.6 

a. monitored signal(s):  7.80 – 7.74 [m, 2H] 

b. monitored signal(s):  8.14 – 8.08 [m, 2H] 

c. monitored signal(s):  3.65 – 3.53 [m, 1H] 

d. monitored signal(s):  8.23 – 8.17 [m, 2H], 3.96 – 3.81 [m, 1H] 
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d) Determination of Wolff rearrangement quantum yield Wolff and K-3CR quantum 

yield K3CR 

To minimize potential errors in the determination of the quantum yields of 

the processes due to the possible presence of undesired reactions, quantum yields were 

determined from the estimations of the absorbed photons and of the reacted species 

within the first 30 minutes of irradiation. Quantum yields for processes involved in the 

model reaction previously described are given by the following equations: 

Φ𝑊𝑜𝑙𝑓𝑓 =  
𝑁.  𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝟐. 𝟏𝒂

𝑁.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 
=  

(1 − [𝟐. 𝟏𝒂]) ∗ 0.3 𝑚𝑚𝑜𝑙 ∗ 𝑁𝐴

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠

 

Φ𝐾3𝐶𝑅 =  
𝑁.  𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝟐. 𝟐 𝑓𝑜𝑟𝑚𝑒𝑑

𝑁.  𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
=  

[𝟐. 𝟐] ∗ 0.3 𝑚𝑚𝑜𝑙 ∗ 𝑁𝐴

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠

 

where [2.1a] and [2.2] are the integral ratios of molecules 1a and 2a calculated at the 

NMR and NA is Avogadro constant. Results are reported in Table 2.2 in Paragraph 

2.4.3. 

2.6.3 Synthetic procedures 

2.6.3.1 Synthesis of starting materials 

Synthesis of isocyanide NC-284 

Putrescine (11.3 mmol, 3.0 eq.) was dissolved in THF:H2O 20:1 v/v (16:0.8 mL), then 

a solution of N,N-bis(tertbutoxycarbonyl)-S-methylisothiourea (3.8 mmol, 1 eq.) in 10 

mL of THF was slowly added dropwise. After completion of the addition, the resulting 

solution was warmed at 50°C for 2 h (until complete disappearance of putrescine upon 

TLC analysis, DCM:EtOAc 1:2, ninhydrine). The solvent was removed under reduced 

pressure, then the crude was dissolved in DCM (15 mL) and washed once with 

saturated NaHCO3 (10 mL) and brine (10 mL). After drying over anhydrous Na2SO4, 

the solvent was removed at the rotavapor to give 2.37 as a turbid transparent oil used 

in the following step without any further purification. 

Scheme 2.23 Synthetic pathway for isocyanide NC-2. 
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2.37 (theoretical 3.8 mmol) was suspended in ethyl formate (25 mL, 0.45 M) and left 

reacting at reflux for 24 h. After TLC check (DCM:EtOAc 1:2, ninhydrine), the solvent 

was removed under reduced pressure and the crude product purified upon flash 

chromatography (SiO2,  EtOAc:DCM 1:1 → EtOAc:MeOH 98:2) to give pure 2.38 as 

a slight yellow oil.  

2.38 (1.1 mmol, 1 eq.) was dissolved in dry DCM (7 mL) under nitrogen inert 

atmosphere. DIPEA (3.1 mmol, 2.7 eq.) was added dropwise, then the solution was 

brought to 0°C in ice bath. Lastly, POCl3 (1.2 mmol, 1.1 eq.) was added dropwise. 

After the completion of the addition, the reaction was left proceeding at room 

temperature for 2 h. After TLC check (DCM:EtOAc 1:2, ninhydrine), POCl3 excess 

was carefully quenched by slow addition of saturated NaHCO3 (10 mL) previously 

cooled to 0°C in ice bath. After the evolution of CO2 ceased, the mixture was moved 

to a separatory funnel and the phases separated. The acqueous layer was extracted 

twice with DCM (2 x 15 mL), then the combined organic layers were washed with 

brine (15 mL) and dried over anhydrous Na2SO4. The solvent was eventually removed 

under reduced pressure to give the pure product as a sticky, orange solid. 

Synthesis of diazomethane85 

The still of a mini-Diazald® apparatus was loaded with a solution of KOH (7g, 125 

mmol, 3.8 eq.) in H2O:EtOH 1:1 w/w (22 g, 11 mL H2O + 14 mL EtOH) and warmed up 

to 65°C. Then, the condenser of the apparatus was filled with dry ice / acetone and through 

a dripping funnel a solution of Diazald® (7 g, 33 mmol, 1 eq.) in Et2O (50 mL) was 

gently dripped in the still. The dripping was adjusted  to have a diazomethane solution 

distillation rate roughly equal to the dripping rate. After the addition was complete, the 

whole apparatus was washed upon addition of 3 x 5 mL diethyl ether through the 

dripping funnel. After all the additional diethyl ether was distilled, the diazomethane 

solution (65 mL, collected during the distillation in a flask placed in an ice bath to 

prevent its evaporation) was used immediately (concentration by titration roughly 0.22 

M). The Diazald® apparatus was washed with diluted AcOH to quench all residual 

traces of diazomethane before washing. Titration of diazomethane solution: 1.5 mL of 

the distilled diazomethane solution were added to a solution of toluic acid (100 mg, 

0.73 mmol) in MeOH (1.5 mL). After 10 minutes the solvent was removed and the 

whole crude was dissolved in CDCl3 for 1H-NMR analysis. Integration of the methyl 

signals of residual toluic acid (2.43 ppm, integration set at 3.00) and its methyl ester 

(2.41 ppm ArCH3 and 3.90 ppm COOMe, integration value 2.34 for both) allowed the 

estimation of the concentration of diazomethane. 

Conversion of triphenylsilyl chloride and triphelylsilyl waste to triphenylsilanol77 

The silyl starting material (0.8 mmol of Ph3SiCl or silyl waste calculated as if they 

were silyl chloride) was dissolved in 4 mL of a solution of KOH in H2O:dioxane:EtOH 

(2 g in 41 mL of 1:20:20 v/v/v mixture). The resulting solution was heated at 65°C for 

2h. After completion of the reaction upon TLC analysis (PE:EtOAc 4:1), the solution 
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was quenched with 10 mL of HCl 1M and extracted with fresh Et2O (3 x 10 mL). The 

combined organic layers were dried over anhydrous Na2SO4 and the solvent 

evaporated to afford the pure product.  

Synthesis of diazoketones 2.1a-h86 

A solution of freshly distilled diazomethane (14.3 mmol, 1.1 eq., 0.22 M, 65 mL) was 

added to a suspension of CaO (18.2 mmol, 1.4 eq.) in Et2O (80 mL) in a 250 mL flask. 

The flask was chilled to 0°C in ice bath and then a solution of the corresponding 

commercial acyl chloride (13 mmol, 1 eq.) in Et2O (40 mL) was slowly added through 

a dripping funnel. The reaction was left proceeding overnight and checked by TLC 

(PE:EtOAc 8:2, UV/Hanessian stain). The solution was filtered under vacuum over 

celite, the solvent removed under reduced pressure and the crude purified by flash 

chromatography (SiO2, PE:EtoAc mixtures). 

Synthesis of diazoketones 2.1i87 

The substrate N-Boc-L-Ala (7.3 mmol, 1 eq.) was dissolved in dry THF (15 mL) in a 

100 mL flask under nitrogen atmosphere and the resulting solution was chilled at 0°C 

in ice bath. To this solution were added Et3N (7.3 mmol, 1 eq.) and ClCOOEt (7.3 

mmol, 1 eq.); after 20 minutes of vigorous stirring a solution of diazomethane in Et2O 

(8.8 mmol, 1.2 eq, 0.22 M, 40 mL) was added to the flask, and the reaction was left 

proceeding overnight. After a TLC check (PE:AcOEt 8:2, UV/Ninidrine) the solution 

was reduced in volume by evaporation and then extracted with EtOAc / NaHCO3 (sat.), 

brine and dried over anhydrous Na2SO4. The crude was eventually purified by flash 

chromatography (SiO2, PE: EtOAc 3:1 -> 2:1) affording the final product as a strongly 

electrostatic, bright yellow solid. 

2.6.3.2 Synthesis of multicomponent adducts and natural product analogues 

Synthesis of products 2.2-2.16, 2.30 and 2.32 under batch conditions 

The desired diazoketone 2.1 (0.3 mmol, 1 eq., 0.1M) and the acidic component 

(triphenylsilanol or carboxylic acid, 0.3 mmol, 1 eq., 0.1M) were added to a vial. The 

vial was sealed and degassed with argon for 5 minutes. The solvent (dry DCM, 3 mL) 

and the isocyanide (0.3 mmol, 1 eq., 0.1M) were added, then the solution was degassed 

for 5 minutes with argon. The mixture was then irradiated at constant temperature 

(below 20°C) at 450 nm (blue LEDs) under magnetic stirring until complete 

consumption of the diazoketone (2h) upon TLC analysis (PE:EtOAc 4:1, UV and 

Hanessian stain). Purification:                                                                                                                                            

Products 2.2, 2.4, 2.8-2.16, 2.32: flash chromatography (SiO2)                                                                           

Products 2.3, 2.5-2.7, 2.30: precipitation from 2 mL of Et2O (-24°C overnight). 

Synthesis of products 2.5, 2.7, 2.8 and 2.13 under flow conditions 

Before irradiation, the flow apparatus was flushed with nitrogen and conditioned with 
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dry DCM (including the air-tight syringe). The solution of reactants (see batch 

conditions above) was loaded into the loading loop and then eluted at 1 mL h-1 

(residence time 3h) for a total of 12h to ensure complete collection of the irradiated 

solution. The products were then purified as previously described for the batch 

conditions. 

Flow synthesis of product 2.17 

Product 2.3 (0.06 mmol, 1 eq., 0.01M), Umemoto II reagent (0.12 mmol, 2 eq.) and 

Ru(bipy)3Cl2 (1 mol%) were dissolved in acetonitrile (6 mL) under stirring. The 

solution was degassed with Ar for 5 minutes, then loaded into the 6 mL loading loop 

and eluted at 1.5 mL h-1 (residence time 2h) for a total of 12h to ensure complete 

collection of the irradiated solution. The collected solution was evaporated under 

reduced pressure, then the crude was dissolved in EtOAc and washed twice with water 

and once with brine. The combined organic layers were dried over anhydrous Na2SO4 

and then eventually purified by flash chromatography (SiO2, PE→PE:EtOAc 10:1). 

Flow synthesis of product 2.19 

4-methoxybenzenediazonium tetrafluoroborate 3.1a (0.20 mmol, 1 eq., 0.01 M), the 

crude product 2.13 (assuming quantitative yield: 0.40 mmol, 2 eq.) and Ru(bipy)3Cl2 

(1 mol%) were dissolved in acetone (20 mL) under stirring. The solution was degassed 

with Ar for 5 minutes, then loaded into the 20 mL loading loop and eluted at 3 mL h-1 

(residence time 1h) for a total of 10h to ensure complete collection of the irradiated 

solution. Prior to irradiation, the flow apparatus was flushed with nitrogen and 

conditioned with degassed acetone (including the air-tight syringe). The collected 

solution was evaporated under reduced pressure and purified by flash chromatography 

(SiO2, PE:EtOAc 4:1). 

Synthesis of products 2.18, 2.24-2.29, 2.31a and 2.33 

The desired a-silyloxy acrylamide (0.07 mmol, 1 equiv.) was dissolved in a round 

bottom flask in dry DCM (5 mL) under argon atmosphere. The flask was then cooled 

to –20 °C using a mixture of ice and NaCl. TBAF (0.08 mmol, 1.1 equiv.) was then 

added as a 1M solution in THF in small aliquots over 20 min. The temperature was 

then allowed to rise to room temperature and the reaction was left stirring overnight. 

After TLC check (PE – EtOAc, 4:1), the crude was transferred into a separating funnel 

and washed with saturated aqueous NaHCO3 (2 × 5 mL) and brine (5 mL). The organic 

phase was dried over anhydrous Na2SO4 and the solvent removed under reduced 

pressure. The residue was then purified through silica gel flash chromatography 

(PE:EtOAc mixtures). 
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2.6.4 Analytical data 

2.6.4.1 Starting materials 

1-(4-aminobutyl)-2,3-bis-(tert-butyloxycarbonyl)guanidine  2.37 

1H-NMR (300 MHz) δ 11.49 (s, 1H), 8.33 (s, 1H), 3.43 (td, J = 7.1, 5.2 Hz, 2H), 2.72 

(t, J = 6.8 Hz, 2H), 1.71 – 1.54 (m, 4H), 1.49 (d, J = 3.0 Hz, 18H). 

Spectrum from the crude NMR. Data consistent with the literature.84 

N-(4-(2,3-di(tert-butyloxycarbonyl)guanidino)butyl)formamide  2.38 

Yield   33% over 2 steps, slight yellow oil 

Rf   0.32 (DCM:EtOAc 1:2) – UV + ninhydrin 

Purif.:  EtOAc:DCM 1:1 → EtOAc:MeOH 98:2 

1H-NMR (300 MHz) δ 11.43 (s, 1H), 8.18 (d, J = 1.7 Hz, 1H), 3.42 – 3.31 (m, 4H), 

1.69 – 1.51 (m, 4H), 1.46 (m, 18H). 

Data consistent with the literature.84 

1-(4-isocyanobutyl)-2,3-di(tert-butyloxycarbonyl)guanidine NC-2 

Yield   33% over 2 steps, slight yellow oil 

Rf   0.86 (DCM:EtOAc 1:2) – UV + ninhydrin 

1H-NMR (300 MHz) δ 11.44 (s, 1H), 8.40 – 8.24 (m, 1H), 3.42 (m, 4H), 1.69 (m, 4H), 

1.45 (m, 18H). 

Data consistent with the literature.84 

Triphenylsilanol  Ph3SiOH 

Yield   83%, white solid, m.p. 152.9 – 153.1 °C 

Rf   0.40 (PE:Et2O 7:3) – UV 

1H-NMR (300 MHz) δ 7.68 - 7.61 (dd, J = 7.8, 1.5 Hz, 6H) 7.44 - 7.37 (m, 9H) 2.60 

(s, 1H). 

Data consistent with the literature.88  

2-diazo-1-phenylethanone  2.1a 

Yield   83%, yellow solid, m.p. 46.2 - 49.0 °C 

Rf   0.45 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 12:1 → 5:1 

max, (max)  253 nm (9600 M-1cm-1) 

450   1.21 M-1cm-1 
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1H-NMR (300 MHz) δ 7.79 - 7.75 (m, 2H), 7.55 (tt, J = 7.2, 1.2, 1H), 7.45 (t, J = 7.8, 

2H), 5.90 (s, 1H).  

Data consistent with the literature.89  

2-diazo-1-(4-nitrophenyl)ethanone  2.1b   

Yield   70%, yellow solid, m.p. 117.2 - 118.8 °C 

Rf   0.20 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 8:2 → 7:3 

max, (max)  268 nm (11100 M-1cm-1) 

450  1.34 M-1cm-1 

1H-NMR (300 MHz) δ 8.31 (d, J = 9.0 Hz, 2H), 7.92 (d, J = 9.0 Hz, 2H), 5.96 (s, 

1H). 

Data consistent with the literature.90  

2-diazo-1-(4-methoxyphenyl)ethanone  2.1c   

Yield   80%, yellow solid, m.p. 88.1 - 89.0 °C 

Rf   0.20 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 9:1 → 2:3 

max, (max)  301 nm (18400 M-1cm-1) 

450  2.11 M-1cm-1 

1H-NMR (300 MHz) δ 7.74 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 5.84 (s, 

1H), 3.86 (s, 3H). 

Data consistent with the literature.90  

Methyl 4-(2-diazoacetyl)benzoate 2.1d 

Yield   76%, yellow solid, m.p. 106.6 -108.5 °C 

Rf   0.70 (PhCH3:EtOAc 1:1) – UV + Hanessian stain 

Purif.:  chromatography PhCH3:EtOAc 1:1 

max, (max)  306 nm (13400 M-1cm-1) 

450  1.42 M-1cm-1 

1H-NMR (300 MHz) δ 3.95 (s, 3 H), 5.95 (s, 1 H), 7.82 (m, 2H), 8.12 (m, 2H).   

Data consistent with the literature.91 

2-diazo-1-(4-chlorophenyl)ethanone  2.1e 

Yield   75%, yellow solid, m.p. 106.4 - 111.3 °C 

Rf   0.37 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:Et2O 7:3 → 6:4 

max, (max)  259 nm (13600 M-1cm-1) 

450  1.20 M-1cm-1 
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1H-NMR (300 MHz) δ7.71 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 5.87 (s, 

1H). 

Data consistent with the literature.92  

2-diazo-1-(thiophen-2-yl)ethanone  2.1f 

Yield   77%, yellow solid, m.p. 63.9 – 64.3 °C 

Rf   0.37 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:Et2O 7:3 → 6:4 

max, (max)  307 nm (13500 M-1cm-1) 

450  2.29 M-1cm-1 

1H-NMR (300 MHz) δ 7.60 (dd, J = 4.9, 1.1 Hz, 1H), 7.51 (dd, J = 3.8, 1.1 Hz, 

1H), 7.11 (dd, J = 4.9, 3.8 Hz, 1H), 5.80 (s, 1H). 

Data consistent with the literature.92 

2-diazo-3-phenyl-2-propanone  2.1g 

Yield   92%, yellow solid, m.p. 48.1 - 50.1 °C 

Rf   0.35 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 8:2 → 7:3 

max, (max)  252 nm (7600 M-1cm-1) 

450  0.96 M-1cm-1 

1H-NMR (300 MHz) δ 7.37 – 7.19 (m, 5H), 5.13 (s, 1H), 3.61 (s, 2H). 

Data consistent with the literature.93  

1-diazo-2-octanone  2.1h 

Yield   94%, yellow liquid 

Rf   0.30 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 9:1  

max, (max)  248 nm (8300 M-1cm-1) 

450  0.90 M-1cm-1 

1H-NMR (300 MHz) δ 5.18 (s, 1H), 2.24 (t, J = 7.0 Hz, 2H), 1.54 (p, J = 6.9 Hz, 

2H), 1.30-1.22 (m, 6H), 0.81 (t, 3H, J = 7.2 Hz). 

(S)-tert-butyl-(4-diazo-3-oxobutan-2-yl)carbamate  2.1i 

Yield   72%, yellow solid, m.p. 101.3 - 103.4 °C 

Rf   0.25 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 3:1 → 2:1 

[α]D
23   - 63.2 (c 1.02, CHCl3) 

max, (max)  250 nm (5200 M-1cm-1) 

450  0.84 M-1cm-1 
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1H-NMR (300 MHz) δ 5.45 (s, 1H), 5.16 (s, 1H), 4.23 (m, 1H), 1.45 (s, 9H), 1.33 (d, J 

= 7.1, 3H). 

Data consistent with the literature.94  

2.6.4.2 Multicomponent products 

(Z)-3-(cyclohexylamino)-3-oxo-1-phenylprop-1-en-2-yl benzoate 2.2 

Yield   83%, white solid, m.p. 163.7−165.2 °C 

Rf   0.23 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 

1H-NMR (300 MHz) δ 8.19 (dd, J = 8.4, 1.5, 2H), 7.68 (tt, J = 7.5, 1.2, 1H), 7.56−7.50 

(m, 4H), 7.33 (s, 1H), 7.28−7.24 (m, 3H), 6.03 (d br, J = 8.0, 1H), 3.94−3.81 (m, 1H), 

1.97−1.09 (m, 10H). 

Data consistent with the literature.41  

(Z)-N-cyclohexyl-3-phenyl-2-((triphenylsilyl)oxy)acrylamide 2.3 

Yield   65%, white foam 

Rf   0.35 (PE:Et2O 7:3) – UV + Hanessian stain 

Purif.:  precipitation from Et2O 

1H-NMR (300 MHz) δ 7.57 – 7.54 (m, 6H), 7.46 – 7.40 (m, 2H), 7.36 – 7.28 (m, 9H), 

7.07 – 6.97 (m, 3H), 6.84 (s, 1H), 6.16 (d br, J = 8.2 Hz, 1H), 3.55 (m, 1H), 1.65 – 1.47 

(m, 5H), 1.22 (ddd, J = 18, 10.3, 4.1 Hz, 2H), 1.04 – 0.85 (m, 1H), 0.64 – 0.47 (m, 2H). 

Data consistent with the literature.47  

(Z)-3-(cyclohexylamino)-3-oxo-1-(4-nitrophenyl)prop-1-en-2-yl benzoate       (Z)-2.4 

Yield   37%, yellow foam 

Rf   0.51 (PE:EtOAc 3:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 6:1 → 2:1 

1H-NMR (300 MHz) 8.21−8.10 (m, 4H), 7.78−7.70 (m, 1H), 7.66 (dd, J = 9.0, 0.5 Hz, 

2H), 7.61−7.53 (m, 2H), 7.39 (s, 1H), 5.93 (d, J = 8.2 Hz, 1H), 3.97−3.79 (m, 1H), 

1.96 (dd, J = 12.2, 3.7 Hz, 2H), 1.75−1.62 (m, 2H), 1.47−1.07 (m, 6H).  

13C{1H} NMR (75 MHz) δ 163.2, 160.8, 147.4, 142.6, 139.0, 134.8, 130.3, 130.0, 

129.2, 127.7, 123.9, 121.3, 48.8, 32.8, 25.4, 24.7.  

HRMS (ESI) m/z: [M+H]+ calculated for C22H22N2O5, 394.1529; found, 394.1523. 

(E)-3-(cyclohexylamino)-3-oxo-1-(4-nitrophenyl)prop-1-en-2-yl benzoate       (E)-2.4 

Yield   49%, yellow foam 

Rf   0.61 (PE:EtOAc 3:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 6:1 → 2:1 
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1H-NMR (300 MHz) δ 8.25 – 8.19 (m, 2H), 8.17 – 8.10 (m, 2H), 7.73 – 7.58 (m, 3H), 

7.52 (t, J = 7.8 Hz, 2H), 6.74 (s, 1H), 5.82 (d, J = 8.3 Hz, 1H), 3.81 (m, 1H), 1.91 – 

1.77 (m, 2H), 1.68 – 1.56 (m, 2H), 1.43 – 0.94 (m, 6H). 

13C{1H} NMR (75 MHz) δ 164.9, 160.9, 147.4, 144.6, 139.1, 134.3, 130.3, 130.0, 

128.8, 128.1, 123.6, 121.6, 48.5, 32.4, 25.3, 24.6. 

HRMS (ESI) m/z: [M+H]+ calculated for C22H22N2O5, 394.1529; found, 394.1536.  

(Z)-3-(4-chlorophenyl)-N-cyclohexyl-2-((triphenylsilyl)oxy)acrylamide  2.5 

Yield   68%, white foam 

Rf   0.25 (PE:Et2O 7:3) – UV + Hanessian stain 

Purif.:  precipitation from Et2O 

1H-NMR (300 MHz) δ 7.56 (dd, J = 7.9, 1.3 Hz , 6H), 7.48-7.42 (m, 3H), 7.38-7.33 

(m, 6H), 7.21 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.5 Hz , 2H), 6.79 (s, 1H), 6.16 (d br, J 

= 8.2 Hz, 1H) 3.64-3.47 (m, 1H), 1.60-1.51 (m, 4H), 1.29-1.14 (m, 2H), 1.01-0.85 (m, 

2H), 0.64-0.50 (m, 2H). 

13C{1H} NMR (75 MHz) δ 163.2, 143.5, 135.4, 132.9, 132.4, 132.3, 130.7, 130.6, 

128.1, 115.4, 48.3, 32.4, 25.4, 24.8. 

HRMS (ESI) m/z: [M+H]+ calculated for C33H32ClNO2Si, 538.1964; found, 538.1967. 

(Z)-N-cyclohexyl-3-(4-methoxyphenyl)-2-((triphenylsilyl)oxy)acrylamide  2.6 

Yield   54%, white foam 

Rf   0.35 (PE:Et2O 7:3) – UV + Hanessian stain 

Purif.:  precipitation from Et2O 

1H-NMR (300 MHz) δ 7.62 – 7.54 (m, 6H), 7.47 – 7.27 (m, 11H), 6.80 (s, 1H), 6.52 

(d, J = 8.9 Hz, 2H), 6.13 (d, J = 8.3 Hz, 1H), 3.72 (s, 3H), 3.59 (ddt, J = 18.9, 11.7, 

3.7 Hz, 1H), 1.66 – 1.41 (m, 5H), 1.32 – 1.08 (m, 2H), 1.04 – 0.85 (m, 1H), 0.64 – 0.47 

(m, 2H). 

Data consistent with the literature.47  

(Z)-N-benzyl-3-(4-methoxyphenyl)-2-((triphenylsilyl)oxy)acrylamide  2.7 

Yield   65%, white foam 

Rf   0.41 (PE:EtOAc 7:3) – UV + Hanessian stain 

Purif.:  precipitation from Et2O 

1H-NMR (300 MHz) δ 7.64−7.26 (m, 17H), 6.80 (s, 1H), 6.52 (d, J = 8.8 Hz, 2H), 6.13 

(d, J = 8.3 Hz, 1H), 3.72 (s, 3H), 3.67−3.49 (m, 1H), 1.66−1.44 (m, 5H), 1.31−1.09 

(m, 2H), 1.01−0.84 (m, 1H), 0.64−0.48 (m, 2H).  

13C{1H} NMR (75 MHz) δ 163.9, 159.0, 141.9, 135.7, 132.9, 131.1, 130.5, 128.1, 
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126.6, 116.5, 113.5, 55.3, 48.3, 32.5, 25.6, 25.0. 

HRMS (ESI) m/z: [M+H]+ calculated for C34H36NO3Si, 534.2459; found, 534.2467. 

(Z)-3-(cyclohexylamino)-3-oxo-1-phenylprop-1-en-2-yl-2-(3-methoxyphenyl)acetate 

2.8 

Yield   82%, white solid, m.p. 89.0−91.2 °C 

Rf   0.30 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 

1H-NMR (300 MHz) δ 7.43−7.25 (m, 7H), 7.00−6.89 (m, 3H), 5.46 (d br, J = 8.4, 1H), 

3.80 (s, 3H), 3.79 (s, 2H), 3.76−3.65 (m,1H), 1.77−0.73 (m, 10H). 

Data consistent with the literature.41  

(Z)-3-(Butylamino)-3-oxo-1-phenylprop-1-en-2-yl 2-(3-methoxyphenyl)acetate        2.9 

Yield   88%, transparent oil 

Rf   0.30 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 

1H-NMR (300 MHz) δ 7.43−7.29 (m, 7H), 7.00−6.89 (m, 3H), 5.52 (t br, J = 5.1, 1H), 

3.81 (m, 5H), 3.13 (q, J = 6.9, 2H), 1.33−1.14 (m, 4H), 0.88 (t, J = 6.9, 3H). 

Data consistent with the literature.41  

(S,Z)-tert-Butyl (5-(benzylamino)-5-oxo-4-((triphenylsilyl)oxy)-pent-3-en-2-

yl)carbamate  2.10 

Yield   40%, colorless oil 

Rf   0.24 (PE:EtOAc 4:1) – UV + Hanessian stain 

[α]D
23   +20.6 (c 1.00, CHCl3) 

Purif.:  chromatography PE:EtOAc 9:1 → 8:2 

1H-NMR (300 MHz) δ 7.60 (d, J = 8.1 Hz, 6H), 7.49−7.41 (m, 3H), 7.39−7.32 (m, 6H), 

7.28−7.15 (m, 3H), 6.96−6.87 (m, 2H), 6.52 (s, 1H), 5.86 (d, J = 9.7 Hz, 1H), 4.35−3.99 

(m, 4H), 1.39 (s, 9H), 0.68 (d, J = 6.4 Hz, 3H). 

Data consistent with the literature.47  

(Z)-N-butyl-4-phenyl-2-((triphenylsilyl)oxy)but-2-enamide  2.11 

Yield   87%, white solid, m.p. 64.3 - 66.7 °C 

Rf   0.56 (PE:Et2O 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 

1H-NMR (300 MHz) δ 7.70 – 7.61 (m, 6H), 7.54 – 7.35 (m, 9H), 7.20 – 7.08 (m, 

3H), 6.82 (dd, J = 6.0, 2.2 Hz, 2H), 6.27 – 6.14 (m, 2H), 3.15 (d, J = 7.5 Hz, 2H), 

3.06 – 2.95 (m, 2H), 1.14 – 0.98 (m, 4H), 0.84 – 0.70 (m, 3H). 

Data consistent with the literature.47  
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(Z)-N-(4-(2,3-bis(tert-butoxycarbonyl)guanidino)butyl)-4-phenyl-2 

((triphenylsilyl)oxy)but-2-enamide  2.12 

Yield   46%, colorless oil 

Rf   0.29 (PE:Et2O 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 

1H-NMR (300 MHz) δ 11.54 (s, 1H), 8.23 (t, J = 5.3 Hz, 1H), 7.87 – 7.59 (m, 6H), 

7.60 – 7.34 (m, 9H), 7.21 – 7.06 (m, 3H), 6.82 (d, J = 7.6 Hz, 2H), 6.20 – 6.11 (m, 

2H), 3.27 (td, J = 7.2, 5.3 Hz, 2H), 3.15 (d, J = 7.5 Hz, 2H), 3.03 (q, J = 6.7 Hz, 2H), 

1.50 (s, 9H), 1.49 (s, 9H), 1.43 – 1.20 (m, 2H), 1.18 – 1.08 (m, 2H). 

13C{1H} NMR (75 MHz) δ 163.9, 163.7, 156.2, 153.4, 142.9, 139.4, 135.6, 132.7, 

130.9, 128.5, 128.4, 128.4, 126.1, 118.2, 83.3, 79.4, 40.6, 39.1, 32.3, 28.5, 28.4, 28.2, 

26.6. 

HRMS (ESI) m/z: [M+H]+ calculated for C43H53N4O6Si: 749.3729; found 749.3738. 

(Z)-N-cyclohexyl-4-phenyl-2-((triphenylsilyl)oxy)but-2-enamide  2.13 

Yield   65%, white solid, m.p. 99.1-102.3 °C 

Rf   0.30 (PE:Et2O 7:3) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 

1H-NMR (300 MHz) δ 11.54 (s, 1H), 8.23 (t, J = 5.3 Hz, 1H), 7.87 – 7.59 (m, 6H), 

7.60 – 7.34 (m, 9H), 7.21 – 7.06 (m, 3H), 6.82 (d, J = 7.6 Hz, 2H), 6.20 – 6.11 (m, 

2H), 3.27 (td, J = 7.2, 5.3 Hz, 2H), 3.15 (d, J = 7.5 Hz, 2H), 3.03 (q, J = 6.7 Hz, 2H), 

1.50 (s, 9H), 1.49 (s, 9H), 1.43 – 1.20 (m, 2H), 1.18 – 1.08 (m, 2H). 

Data consistent with the literature.47  

(Z)-N-cyclohexyl-2-((triphenylsilyl)oxy)non-2-enamide 2.14 

Yield   71%, colorless oil 

Rf   0.20 (PE:Et2O 9:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 9:1 → 4:1 

1H-NMR (300 MHz) δ 7.88 – 7.30 (m, 15H), 6.17 (d, J = 8.4 Hz, 1H), 6.10 – 5.92 

(m, 1H), 3.84 – 3.46 (m, 1H), 1.97 – 0.91 (m, 18H), 0.81 (t, J = 7.1 Hz, 3H), 0.61 – 

0.48 (m, 2H). 

13C{1H} NMR (75 MHz) δ 163.1, 142.5, 135.6, 132.9, 130.7, 128.3, 120.0, 47.9, 32.6, 

31.7, 29.0, 28.6, 26.4, 25.6, 24.9, 22.7, 14.2. 

HRMS (ESI) m/z: [M+H]+ calculated for C33H42NO2Si: 512.2979; found 512.2964. 

(Z)-1-(cyclohexylamino)-1-oxonon-2-en-2-yl acetate 2.15 

Yield   61%, colorless oil 

Rf   0.19 (PE:Et2O 9:1) – UV + Hanessian stain  

Purif.:  chromatography PE:EtOAc 9:1 → 4:1 
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1H-NMR (400 MHz) δ δ 6.37 (t, J = 7.6 Hz, 1H), 5.71 (d, J = 8.5 Hz, 1H), 2.26 (s, 

3H), 2.01 (q, J = 7.5 Hz, 2H), 1.91 (dt, J = 12.2, 3.9 Hz, 2H), 1.74 – 1.65 (m, 2H), 

1.64 – 1.56 (m, 1H), 1.45 – 1.08 (m, 14H), 0.90 – 0.83 (m, 3H). 

13C{1H} NMR (100 MHz) δ 168.1, 161.2, 140.7, 127.2, 48.4, 33.0, 31.7, 29.1, 28.2, 

26.3, 25.6, 24.9, 22.6, 20.7, 14.2. 

HRMS (ESI) m/z: [M+H]+ calculated for C17H29NO3: 296.2220; found 296.2229 

(Z)-3-(cyclohexylamino)-3-oxo-1-(thiophen-2-yl)prop-1-en-2-yl benzoate 2.16 

Yield   73%, brownish solid, m.p. 129.5-131.5 °C 

Rf   0.24 (PE:EtOAc 5:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 5:1 

1H-NMR (300 MHz) δ 8.33 – 8.25 (m, 2H), 7.76 – 7.68 (m, 1H), 7.63 (q, J = 0.7 Hz, 

1H), 7.62 – 7.55 (m, 2H), 7.33 (dq, J = 5.1, 1.2 Hz, 1H), 7.29 – 7.27 (m, 1H), 7.02 

(ddd, J = 5.1, 3.7, 1.3 Hz, 1H), 5.78 (d, J = 8.3 Hz, 1H), 3.96 – 3.81 (m, 1H), 1.70 – 

1.09 (m, 10H). 

Data consistent with the literature.41  

2.6.4.3 Post-MCR products and natural analogues 

N-cyclohexyl-4,4,4-trifluoro-2-oxo-3-phenylbutanamide 2.17 

Yield   33%, colorless oil 

Rf   0.26 (PE:EtOAc 28:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 1:0 → 10:1 

1H-NMR (300 MHz) δ 7.46−7.34 (m, 5H), 6.76 (br s, 1H), 5.69 (q, J = 8.8 Hz, 1H), 

3.74−3.51 (m, 1H), 1.92 (d, J = 12.1 Hz, 2H), 1.79−1.61 (m, 2H), 1.41−1.09 (m, 

6H). 

13C{1H} NMR (75 MHz) δ 189.9, 157.3, 130.2, 129.4, 129.2, 127.6, 53.2 [q, J = 28.1 

Hz], 48.9, 32.5, 25.2, 24.6 (CF3 is not visible). 

19F{1H} NMR (282 MHz) δ −66.5. 

HRMS (ESI) m/z: [M+H]+ calculated for C16H18F3NO2, 313.1290; found, 313.1279. 

(2SR,3RS,4SR)-4-Benzyl-N,1-dicyclohexyl-2,4-dihydroxy-5-oxo-3-phenylpyrrolidine-

2-carboxamide 2.18a 

Compound could only be detected upon HPLC analysis: tr 13.778 min, m/z 491 

[M+H]; conditions: column 1, flow rate 0.5 ml/min, gradient from A:B = 50:50% to 

A:B = 0:100% (20 min), sample concentration 500 μg/ml (MeOH). 

HRMS (ESI) m/z: [M+H]+ calculated for C30H39N2O4, 491.2910; found, 491.2896. 

(2SR,3RS,4SR)-4-Benzoyl-N,1-dicyclohexyl-2,4-dihydroxy-5-oxo-3-

phenylpyrrolidine-2-carboxamide 2.18b 
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Yield   69%, white foam 

Rf   0.50 (PE:EtOAc 3:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 5:1 → EtOAc:MeOH 4:1 

1H-NMR (300 MHz) δ 8.01–7.95 (2H, m), 7.66–7.57 (1H, m), 7.55–7.44 (2H, m), 

7.25–7.14 (5H, m), 6.68 (1H, d, J = 8.5), 5.19 (1H, s), 4.57 (1H, s), 3.82 (1H, s), 

3.73–3.60 (1H, m), 3.26 (1H, tt, J = 12.0, J = 3.9), 2.35–2.05 (2H, m), 1.95– 1.52 

(8H, m), 1.42–1.07 (8H, m), 1.04–0.84 (2H, m). 

13C{1H} NMR (75 MHz) δ 196.8, 171.8, 166.6, 134.2, 131.8, 131.1, 130.4, 129.7, 

128.9, 128.2, 93.8, 83.7, 56.1, 55.2, 48.8, 32.7, 32.4, 29.9, 29.3, 26.3, 26.1, 25.3, 

25.2, 24.7, 24.6. 

HPLC-MS: tr 13.123 min, m/z 505.2 [M+H]; conditions: column 1, flow rate 0.5 

ml/min, gradient from A:B = 50:50% to A:B = 0:100% (20 min), sample 

concentration 500 μg/ml (MeOH). 

HRMS (ESI) m/z: [M+H]+ calculated for C30H37N2O5, 505.2697; found, 505.2683. 

3-benzyl-N-cyclohexyl-2,5-dioxohexanamide 2.19 

Yield   40% telecoped over 2 steps, colorless oil 

Rf   0.48 (PE:EtOAc 3:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 

1H-NMR (300 MHz) δ 7.32−7.27 (m, 2H), 7.24−7.19 (m, 3H), 6.78 (d, J = 9.8 Hz, 

1H), 4.08 (tt, J = 9.5, 4.4 Hz, 1H), 3.77−3.70 (m, 1H), 3.12 (dd, J = 13.4, 4.8 Hz, 

1H), 2.94 (dd, J = 18.5, 10.2 Hz, 1H), 2.63 (dd, J = 18.5, 4.1 Hz, 1H), 2.49 (dd, J = 

13.5, 9.4 Hz, 1H), 2.06 (s, 3H), 2.00−1.87 (m, 2H), 1.78−1.60 (m, 3H), 1.42−1.31 

(m, 4H), 1.22−1.18 (m, 1H). 

Data consistent with the literature.61  

(2SR,3RS,4SR)-3-benzyl-N,1-dicyclohexyl-2,4-dihydroxy-5-oxo-4-

phenethylpyrrolidine-2-carboxamide   2.24 

Yield   69%, white foam 

Rf   0.17 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 → 1:1 

1H-NMR (300 MHz), DMSO-d6 δ 7.50 (d, J = 8.3 Hz, 1H), 7.27–7.11 (m, 8H), 6.99 

(d, J = 7.1 Hz, 2H), 6.16 (s, 1H), 5.32 (s, 1H), 3.36 (s, 1H), 2.95–2.80 (m, 2H), 2.81 

(dd, J = 14.0, 6.7 Hz, 1H), 2.68 (dd, J = 14.0, 7.8 Hz, 1H), 2.45 (dd, J = 12.5, 4.4 Hz, 

1H), 2.31 (td, J = 12.8, 4.3 Hz, 1H), 2.20–1.00 (series of m, 22H). 

13C{1H} NMR (75 MHz), DMSO-d6 δ 174.2, 168.7, 142.0, 140.1, 129.2, 128.3, 

128.0, 127.9, 125.6, 125.6, 90.6, 75.7, 53.8, 48.0, 38.2, 31.9, 31.4, 30.0, 29.4, 29.3, 

29.0, 25.9, 25.8, 25.1, 25.0, 24.6. 

HRMS (ESI) m/z: [M+H]+ calculated for C32H43N2O4, 519.3217; found, 519.3225. 

(2SR,3RS,4SR)-N,1-cicyclohexyl-4-heptyl-3-hexyl-2,4-dihydroxy-5-oxopyrrolidine-2-
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carboxamide   2.25 

Yield   84%, colorless oil 

Rf   0.22 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 → 3:1 

1H-NMR (300 MHz) δ 6.87 (d, J = 8.5 Hz, 1H), 3.89 (d, J = 1.4 Hz, 1H), 3.87–3.70 

(m, 2H), 3.01 (ddt, J = 11.9, 6.9, 3.4 Hz, 1H), 2.52 (t, J = 6.8 Hz, 1H), 2.26–0.99 (m, 

42H), 0.97–0.80 (m, 6H). 

13C{1H} NMR (75 MHz) δ 176.1, 167.9, 92.8, 78.6, 55.5, 48.6, 46.5, 34.3, 33.1, 

32.7, 31.9, 31.8, 30.1, 30.1, 30.0, 29.8, 29.2, 27.4, 26.5, 26.4, 25.6, 25.5, 24.9, 24.4, 

22.8, 22.7, 22.6, 14.2. 

HRMS (ESI) m/z: [M+H]+ calculated for C30H55N2O4, 507.4156; found, 507.4158. 

(2SR,3RS,4SR)-N,1-Bis{4-[2,3-bis(tert-butoxycarbonyl)guanidino]butyl}-3-benzyl-

2,4-dihydroxy-5-oxo-4-phenethylpyrrolidine-2-carboxamide  2.26 

Yield   65%, colorless oil 

Rf   0.13 (PE:EtOAc 1:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 1:1 → 1:3 

1H-NMR (300 MHz) δ 11.49 (s, 2H), 8.30 (q, J = 5.7 Hz, 2H), 7.36–7.08 (m, 8H), 

7.04–6.92 (m, 2H), 6.88 (t, J = 5.9 Hz, 1H), 4.16 (broad s, 1H), 3.69–2.86 (series of 

m, 10H), 2.78 (dd, J = 14.0, 7.2 Hz, 1H), 2.41 (m, 2H), 2.04 (m, 1H), 1.67–1.43 

(series of m, 9H) 1.50–1.45 (overlapped s, 36H). (one OH is missing). 

13C{1H} NMR (75 MHz) δ 175.6, 167.7, 163.7, 163.6, 156.3, 156.2, 153.5, 153.4, 

141.3, 138.5, 129.7, 128.5, 128.5, 126.6, 126.0, 91.9, 83.3, 83.2,  79.5, 79.4, 77.8, 

48.1, 40.7, 40.5, 40.5, 39.5, 36.3, 30.7, 28.9, 28.5, 28.2, 26.9, 26.9, 26.7, 26.0. 

HRMS (ESI) m/z: [M+H]+ calculated for C50H78N8O12, 982.5728; found, 491.2867 

[M+2H]2+. 

(2SR,3RS,4SR)-3-Benzyl-N,1-dibutyl-2,4-dihydroxy-5-oxo-4-phenethylpyrrolidine-2-

carboxamide  2.27 

Yield   79%, colorless oil 

Rf   0.27 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 4:1 

1H-NMR (300 MHz) δ 7.31–7.11 (m, 8H), 6.96–6.90 (m, 2H), 6.76 (t, J = 5.9 Hz, 

1H), 3.93 (br s, 2H), 3.34 (dt, J = 15.3, 7.9 Hz, 1H), 3.19 (dt, J = 13.6, 6.8 Hz, 1H), 

3.10–2.90 (m, 4H), 2.77 (dd, J = 14.0, 6.9 Hz, 1H), 2.35 (dtd, J = 24.5, 13.1, 12.6, 

5.2 Hz, 2H), 2.07–1.94 (m, 1H), 1.72 (dt, J = 13.5, 11.9 Hz, 1H), 1.55–1.17 (m, 8H), 

0.91 (t, J = 7.2, 3H), 0.85 (t, J = 7.2, 3H). 

13C{1H} NMR (75 MHz) δ 175.7, 167.3, 141.2, 138.5, 129.5, 128.3, 126.4, 125.8, 

91.8, 77.7, 47.8, 40.9, 39.3, 36.1, 31.3, 30.5, 28.8, 20.3, 20.0, 13.7. 

HRMS (ESI) m/z: [M+H]+ calculated for C28H38N2O4, 467.2904; found, 467.2910. 
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tert-Butyl [(1S)-1-(1-benzyl-2-(benzylcarbamoyl)-4-{(S)-2 

[(tertbutoxycarbonyl)amino]propyl}-2,4-dihydroxy-5-oxopyrrolidin-3-yl)ethyl] 

carbamate  2.28 

Yield   74%, both colorless oils 

Purif.:  chromatography PE:EtOAc 7.3 

First eluting diastereoisomer 

Rf   0.27 (PE:EtOAc 7:3) – UV + Hanessian stain 

1H-NMR (300 MHz) (60°C) δ 7.29–7.22 (m, 9H), 7.09–7.04 (m, 2H), 5.18 (br s, 

1H), 4.72 (d, J = 8.7 Hz, 1H), 4.71 (d, J = 13.8 Hz, 1H), 4.58 (d, J = 8.7 Hz, 1H), 

4.10 (d, J = 13.8 Hz, 1H), 4.10–4.05 (m, 1H), 4.00–3.80 (m, 4H), 2.80–2.75 (m, 1H), 

2.39 (dd, J = 14.7, 10.5 Hz, 1H), 1.85 (dd, J = 14.7, 3.3 Hz, 1H), 1.41 (s, 9H), 1.40 

(s, 9H), 1.30 (d, J = 6.6 Hz, 3H), 1.21 (d, J = 6.6 Hz, 3H).  

13C{1H} NMR (75 MHz) (60°C) δ 174.5, 169.6, 156.5, 155.6, 136.9, 136.5, 129.0, 

128.9, 128.4, 128.2, 127.8, 127.6, 89.3, 80.3, 79.8, 75.4, 55.0, 44.7, 44.5, 43.6, 42.81, 

28.7, 28.6, 23.2, 21.2. 

HRMS (ESI) m/z: [M+H]+ calculated for C34H49N4O8, 641.3545; found, 641.3561. 

Last eluting diastereoisomer 

Rf   0.13(PE:EtOAc 7:3) – UV + Hanessian stain 

1H-NMR (300 MHz) δ 7.84 (br s, 1H), 7.35–7.26 (m, 7H), 7.24–7.17 (m, 3H), 4.86 

(s, 1H), 4.70 (d, J = 15.2 Hz, 1H), 4.64 (dd, J = 14.4, 7.2 Hz, 1H), 4.52 (t, J = 8.4 Hz, 

2H), 4.21 (dd, J = 14.4, 5.1 Hz, 1H), 4.15–3.96 (m, 3H), 3.79 (d, J = 15.2 Hz, 1H), 

2.84 (d, J = 9.3 Hz, 1H), 2.29 (dd, J = 14.8, 10.1 Hz, 1H), 1.89 (dd, J = 14.9, 2.3 Hz, 

1H), 1.41 (s, 9H), 1.33 (s, 9H), 1.27–1.20 (m, 6H). 

13C{1H} NMR (75 MHz) (60°C) δ 175.7, 170.0, 156.5, 155.5, 138.1, 137.3, 128.9, 

128.6, 128.5, 128.4, 127.9, 127.4, 90.3, 80.1, 79.9, 75.5, 51.7, 44.7, 44.6, 43.9, 43.2, 

43.2, 28.6, 28.6, 23.4, 20.8. 

HRMS (ESI) m/z: [M+H]+ calculated for C34H49N4O8, 641.3545; found, 641.3561. 

(2SR,3RS,4SR)-3-benzyl-N,1-dibutyl-2,4-dihydroxy-5-oxo-4-phenethylpyrrolidine-2-

carboxamide  2.29a 

Yield   27%, colorless oil 

Rf   0.11 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 5:1 → 1:1 

1H-NMR (300 MHz) δ 7.39–7.31 (2H, m), 7.16–7.03 (2H, m), 6.91–6.72 (4H, m), 

5.85 (1H, d, J = 8.5), 4.17 (1H, s), 3.81 (3H, s), 3.78 (3H, s), 3.70 (1H, s), 3.65–3.54 

(1H, m), 3.38 (1H, s), 3.27 (1H, d, J = 13.5), 3.01 (1H, tt, J = 12.1, 3.6), 2.80 (1H, d, 

J = 13.5), 2.16 (2H, td, J = 12.9, 12.5, 9.1), 1.85–1.51 (10H, m), 1.39–1.05 (6H, m), 

1.03–0.77 (2H, m). 
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13C{1H} NMR (75 MHz) δ 175.8, 167.7, 159.2, 158.6, 132.7, 131.5, 127.6, 124.4, 

113.8, 113.5, 92.5, 79.7, 55.9, 55.2, 55.1, 52.2, 48.5, 40.1, 32.6, 32.4, 29.8, 29.8, 

26.3, 26.0, 25.3, 24.6. 

IR [, cm-1] 3413 (NH), 3365 (OH), 2924 (C(sp3)–H), 2852 (C(sp3)–H), 1679 (C=O), 

1675 (C=O), 1614 (Ar), 1584 (Ar), 1512 (Ar), 1469, 1433, 1410, 1374, 1300, 1250 

(C–O), 1179, 1139, 1118, 1086, 1032, 1008, 922, 893, 864, 830, 810, 775, 761, 716, 

678, 634, 604. 

HPLC-MS: tr 17.198 min, m/z 551 [M+H]; conditions: column 2, flow rate 0.8 

ml/min, gradient from A:B = 50:50% to A:B = 0:100% (20 min), sample 

concentration 560 μg/ml (MeOH). 

HRMS (ESI) m/z: [M+H]+ calculated for C32H43N2O6, 551.3116; found, 551.3123. 

(2SR,3RS,4SR)-N,1-Dicyclohexyl-2,4-dihydroxy-4-(4-methoxybenzoyl)-3-(4-

methoxyphenyl)-5-oxopyrrolidine-2-carboxamide 2.29b 

Yield   45%, white foam 

Rf   0.06 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 5:1 → 1:1 

1H-NMR (300 MHz) δ 8.05–7.98 (2H, m), 7.23–7.12 (2H, m), 7.02–6.91 (2H, m), 

6.82–6.71 (2H, m), 6.69 (1H, d, J = 8.4), 5.25 (1H, s), 4.51 (1H, s), 3.87 (3H, s), 

3.81–3.69 (5H, m), 3.25 (1H, tt, J = 11.9, 3.8), 2.42–2.02 (3H, m), 1.97–1.79 (4H, 

m), 1.77–1.53 (4H, m), 1.46–1.07 (7H, m), 1.06–0.85 (2H, m). 

13C{1H} NMR (75 MHz) δ 194.8, 172.3, 167.0, 164.5, 159.6, 132.5, 131.8, 124.5, 

123.3, 114.3, 113.8, 94.0, 83.3, 56.2, 55.7, 55.3, 55.2, 48.9, 32.8, 32.6, 30.1, 29.5, 

26.5, 26.3, 25.5, 25.4, 24.8, 24.7. 

IR [, cm-1] 3406 (OH, NH), 2931 (C(sp3)–H), 2854 (C(sp3)–H), 1705 (C=O 

ketone), 1675 (2C=O amide), 1600 (Ar), 1582 (Ar), 1514 (Ar), 1453, 1366, 1252 (C–

O), 1179, 1132, 1024, 966, 893, 837, 804, 749. 

HPLC-MS: tr 16.834 min, m/z 565 [M+H]; conditions: column 2, flow rate 0.8 

ml/min, gradient from A:B = 50:50% to A:B = 0:100% (20 min), sample 

concentration 300 μg/ml (MeOH). 

HRMS (ESI) m/z: [M+H]+ calculated for C32H41N2O7, 565.2908; found, 565.2929. 

(2SR,3RS,4SR)-N,1-cicyclohexyl-2,4-dihydroxy-4-(4-methoxybenzoyl)-3-(4-

methoxyphenyl)-5-oxopyrrolidine-2-carboxamide 2.30 

Yield   72%, white foam 

Rf   0.26 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  precipitation from PE:Et2O 5:1 

1H-NMR (300 MHz) δ 7.72–7.51 (6H, m), 7.48–7.28 (11H, m), 7.15–6.94 (3H, m), 

6.76 (1H, s), 6.32 (1H, t, J = 6.0), 4.00 (1H, t, J = 5.5), 3.22 (6H, s), 3.11 (2H, t, J = 

5.8).  
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13C{1H} NMR (75 MHz) δ 165.0, 142.9, 135.6, 133.9, 132.8, 130.4, 129.7, 128.1, 

128.0, 127.6, 116.7, 102.2, 54.1, 40.9. 

HRMS (ESI) m/z: [M+H]+ calculated for C31H32NO4Si, 510.2095; found, 510.2077. 

(2SR,3RS,4SR)-4-benzyl-N,1-bis(2,2-dimethoxyethyl)-2,4-dihydroxy-5-oxo-3-

phenylpyrrolidine-2-carboxamide 2.31a 

Yield   74%, colorless oil 

Rf   0.19 (PE:EtOAc 1:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 1:1 → 0:1 

1H-NMR (300 MHz) δ 7.45–7.36 (2H, m), 7.34–7.26 (3H, m), 7.22–7.08 (5H, m), 

5.13 (1H, s), 4.66 (1H, dd, J = 6.0, 4.3), 4.07 (1H, t, J = 5.4), 3.90 (1H, dd, J = 14.8, 

4.2), 3.45 (1H, s), 3.43 (3H, s), 3.41 (3H, s), 3.30 (1H, d, J = 13.6), 3.26–3.23 (5H, 

m), 3.14 (3H, s), 3.12 (1H, s), 3.05 (1H, dd, J = 14.8, 6.1), 2.91 (1H, d, J = 13.7). 

(NH proton is missing due to fast exchange). 

13C{1H} NMR (75 MHz) δ 176.1, 168.7, 135.1, 132.5, 131.9, 130.8, 128.5, 128.1, 

127.2, 102.5, 101.6, 91.4, 78.7, 55.4, 55.2, 54.8, 54.1, 53.7, 43.2, 41.2, 41.1. 

HPLC-MS: tr 16.794 min, m/z 503.2 [M+H]; conditions: column 1, flow rate 0.5 

ml/min, gradient from A:B = 90:10% to A:B = 0:100% (20 min), sample 

concentration 500 μg/ml (solvent A – MeOH, 1:1). 

HRMS (ESI) m/z: [M+H]+ calculated for C26H35N2O8, 503.2388; found, 503.2370. 

(Z)-N-(tert-Butyl)-3-phenyl-2-[(triphenylsilyl)oxy]acrylamide 2.32 

Yield   48%, colorless oil 

Rf   0.66 (PE:EtOAc 4:1) – UV + Hanessian stain 

Purif.:  chromatography PE:EtOAc 8:1 → 6:1 

1H-NMR (300 MHz) δ 7.69–7.60 (2H, m), 7.60–7.51 (6H, m), 7.48–7.25 (9H, m), 

7.10–6.93 (3H, m), 6.85 (1H, s), 6.18 (1H, br s), 1.03 (9H, s). 

13C{1H} NMR (75 MHz) δ 163.8, 143.6, 135.7, 135.1, 132.7, 130.6, 130.3, 129.7, 

128.1, 127.4, 116.4, 51.2, 28.2. 

HRMS (ESI) m/z: [M+H]+ calculated for C31H32NO2Si, 478.219; found, 478.2218. 

(2SR,3RS,4SR)-4-benzyl-N,1-bis(2,2-dimethoxyethyl)-2,4-dihydroxy-5-oxo-3-

phenylpyrrolidine-2-carboxamide 2.33 

Yield   32%, colorless oil 

1H-NMR (300 MHz) δ 8.07 (1H, s), 7.54–7.29 (7H, m), 7.25–7.14 (4H, m), 6.96 

(1H, s), 6.91 (1H, s), 6.01 (1H, s), 4.99 (1H, s), 1.19 (9H, s), 1.18 (9H, s). 

13C{1H} NMR (75 MHz) δ 170.4, 169.9, 136.0, 135.1, 133.3, 130.2, 129.5, 128.7, 

127.9, 127.3, 104.8, 87.9, 85.5, 60.9, 51.3, 51.2, 28.6, 28.3. 
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HPLC-MS: tr 11.302 min, m/z 455.2 [M+H]; conditions: column 2, flow rate 0.8 

ml/min, gradient from A:B = 30:70% to A:B = 0:100% (20 min), sample 

concentration 1 mg/ml (MeOH). 

HRMS (ESI) m/z: [M+H]+ calculated for C26H35N2O5, 455.2540; found, 455.2547. 
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Chapter 3  

Towards the solventylation of olefins 

3.1 Aryl radicals in photochemistry 

3.1.1 Brief history of aryl radical chemistry  

The chemistry of aryl radicals is surely old. The first pioneer in this field was 

Peter Griess, that reported the formation of iodobenzene from phenyldiazonium salts 

and molecular iodine already in 1866,1 although he is better remembered for the 

reaction that bears his name, a diazocoupling still used today for the quantification of 

nitrites. Most reactions intrinsically connected to aryl radicals chemistry are surely 

well-known among organic chemists. Among the oldest we can cite the Sandmeyer 

synthesis of haloarenes from the corresponding diazonium salts (1884),2 followed 

shortly after by their intramolecular cyclization now known as the Pschorr reaction 

(1896).3 Similarly, the Gomberg-Bachmann synthesis of biaryl (1924)4 follows a 

similar mechanism to that of the Pschorr reaction. The last seminal work worth citing 

is the Meerwein arylation of olefins, reported in 1939.5 

All the cited reactions exploited the facile single-electron reduction of 

arenediazonium salts, usually mediated or induced by a metal species (elemental 

copper or its salts in most cases). The tendency of diazonium salts to give a plethora 

of parallel reactions, however, limited their use as radical precursors, hampering the 

development of their radical chemistry.6 The introduction of organotin hydrides in the 

late 1960s made possible achieving aryl radicals via halogen atom transfer (XAT) from 

haloarenes using tin radicals, opening the doors to many other possibilities. Typical 

conditions feature AIBN as radical initiator and Me3SnH as stoichiometric abstractor.  

Recently with the introduction of photoredox catalysis several protocols to 

generate aryl radicals from a plethora of precursors have been established, 

circumventing the limitations imposed by aryl halides and arendiazonium salts. 

3.1.2 Properties and behaviour of aryl radicals 

Aryl radicals are extremely reactive species, and their behaviour is peculiar 

in terms of radical philicity (see Chaper 1.5.1). In comparison to alkyl radicals where 

the SOMO is primarily localized in an unhybridized p orbital, the SOMO of aryl 

radicals is in an sp2 orbital, featuring an increased s character (Figure 3.1a). With 

respect to p orbitals, s orbitals have the electron density at the nucleus and, as a 

consequence, the electrons in hybrid sp and sp2 orbitals are closer to the nucleus than 

they would be in a unhybridized p orbital.7 This fact would imply a more electrophilic 

character for sp and sp2 radicals. The increased s character, however, also translates to 
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a tendency in forming stronger bonds. The comparison between the BDEs of aromatic 

C(sp2)-H bonds and aliphatic C(sp3)-H bonds shows the high reactivity of aryl radicals, 

that can perform effective HATs even from unativated alkanes (Figure 3.1c).8 

Consequently, aryl radicals are higher in energy than most other radicals, and their 

transformations are typically highly exoergonic, implying an early, more starting-

material like transition state (Figure 3.1b). Therefore, aryl radicals have a strong 

tendency to react with any plausible substrate due to their high instability in spite of 

their innate electrophilicity. These factors, the latter in particular, contribute to the 

ambiphilic behaviour of these radicals, i.e. they tend to show both nucleophilic and 

electrophilic properties. In other words, if on one hand their instability makes their 

generation and trapping difficult, on the other one aryl radicals can easily interact with 

both electron-rich and electron-poor species, making them extremely versatile 

synthons. 

A remarkable property of aryl radicals arises from their SOMO sp2 orbital 

that lies on the plane of the molecule, perpendicular to the aromatic -system (the 

dihedral angle  approaches 90°, Figure 3.1a).7 Therefore, the presence of -donating 

or withdrawing substituents on the ring almost does not affect the philicity of the 

resulting aryl radical since the interaction between the sp2 orbital and the conjugated 

-system is minimal. This property is in sharp contrast with the ones displayed by alkyl 

radicals, whose unhybridized p orbital can easily interact directly with -donating or 

withdrawing groups, delocalized -systems, or by hyperconjugation with nearby -

bonds, affecting dramatically the philicity of the radical. 

Lastly, it is worth noting that heteroaryl radicals can change philicity upon 

reaction conditions. For example, 2-pyridyl radical displays electrophilic properties in 

acidic environment due to the protonation of the nitrogen atom and the consequent 

unavailability of the lone pair on the nitrogen, whereas it behaves as a nucleophile 

under neutral pH.7 

Figure 3.1 (a) differrences among the SOMOs of alkyl and aryl radicals; (b) 

stability and reactivity of alkyl and aryl radicals; (c) strength of C(sp2)-H 

bond with respect to C(sp3)-H bonds. 
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3.1.3 Photogeneration of aryl radicals 

The renaissance of photochemistry led to the establishment of several 

protocols to access aryl radicals from a wide array of precursors. Since most modern 

photoredox catalysis relies on single-electron transfer events, it is possible to divide 

the aryl radicals generation methods in two classes: oxidative processes and reductive 

ones.9 

It would be extremely dispersive and clearly non-exhaustive to report every 

transforomation involving aryl radicals, although a general mechanistic scenario can 

be depicted.8,10 Since much more common, reductive processes are here represented 

as general example; oxidative processes work similarly, although the exact mechanism 

is more precursor-dependant. Aryl radical precursors I is usually adorned with an 

electron-deficient or electronegative group that facilitates its single electron reduction 

and its subsequent fragmentation (Scheme 3.1, top). After reduction, radical anion II 

releases the leaving group (LG) giving the desired aryl radical III, which can be 

trapped by an olefin or a transition metal catalyst. Eventually, advanced adduct IV (or 

another species in solution) reduces the catalyst back to its ground state, closing its 

catalytic cycle. The fragmentation usually allows to avoid a back electron transfer; the 

loss of a neutral (or stable) molecule favours the process (e.g. arenediazonium salts 

lose molecular nitrogen, aryliodonium salts lose iodobenzene, sulfonyl chlorides lose 

SO2 and chloride anion, etc.). In some cases, the photoredox catalyst can be engaged 

in a reductive quenching upon interaction with a good electron donor; in this case, its 

reduced form reduces the radical precursor in the turnover step.  

Among the most common photocatalysts used in this chemistry there are 

ruthenium polypyridyl and iridium phenylpyridinato complexes, Eosin Y and 

Rhodamine 6G (Scheme 3.1, box). By analogy with the thermal processes, 

arenediazonium salts found vast application as precursors also in photoredox catalysed 

transformation. The abundance of aniline precursors and their low reduction potential 

(-0.16V vs SCE) rapidly made them popular. Noteworthy applications are König’s 

arylation protocol of heteroarenes using Eosin Y under green light irradiation11 and the 

classic Meerwein reaction on styrenes using Ru(bipy)3Cl2 and blue light.12 Under 

Figure 3.2 Precursors for aryl radical generation via single-electron transfer. 
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similar conditions, König also reported the assembly of benzothiophenes.13 Several 

groups reported the use of sulfonyl chlorides both using Ru(bipy)3Cl2
14,15 and Eosin 

Y16 as photocatalysts for the generation of aryl radicals. Among sulfonium species, the 

most remarkable substrates are surely Ritter’s thiantrenium salts, highly tolerant 

towards a wide array of functional groups.17 As for aryl halides, it is worth noting that 

only a handful of photocatalysts possess a reduction potential strong enough to reduce 

directly aryl bromides and chlorides, whereas iodides can be reduced by strongly 

reducing iridium phenylpyridinato complexes.18 Electron poor (hetero)aryl bromides 

can be reduced by peri-Xanthenoxanthene (PXX) as recently reported by Bonifazi and 

co-workers.19 A similar reductive pathway has been described by Lei using a catalytic 

system formed in solution upon interaction of 1,10-phenantroline and potassium tert-

butoxide.20 However, both protocols remain extremely limited by the need of using 

vast excesses of trapping reagents. Bromides can also be reduced via a 

photosensitization-initiated electron transfer protocol, as described by the group of 

König, formally requiring a single photon but exploiting the interaction of two 

different catalysts (see Chapter 1.4.1 for more details).21 The direct reduction of aryl 

chlorides is reported using UV-A photocatalysis with electron-rich carbazole 

catalysts,22 while under visible light additional energy is required for the photocatalysts 

to reach the strong potentials needed. One strategy involves using photocatalysts 

capable of harvesting two different photons in separate absorption events (e.g. 

Rhodamine-6G23 or perylene diimide,24 PDI). Generally, an electron donor quenches 

the excited state of such photocatalysts, giving a stable radical anion that is able to 

harvest a second photon from the environment, reaching another excited state that can 

Scheme 3.1 Depiction of the general mechanism for aryl radical generation via 

photoredox reduction of a suitable precursors (top left), reduction potential of 

most common precursors (bottom) and typical photocatalysts employed (box). 
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directly reduce aryl bromides and chlorides (vide infra and Chapter 1.4.1 for more 

details on conPETs). Alternatively, reduction of aryl chlorides can be achieved through 

photoelectro-chemical methods.25 

Approaches based on the direct photolysis of a suitable precursor are less 

frequent. If on one hand these approaches are usually metal-free, it is not common to 

find species that can fragmentate upon visible light irradiation producing highly 

unstable aryl radicals. It is the case, however, with (hetero)aryl azosulfones.26 First 

reported by Kobayashi in 1982,27 these compounds bear an -N2SO2R substituent that 

acts as dyedauxiliary group.26 The incorporation of the dyedauxiliary group makes the 

starting material able to absorb in the visible region. Upon absorption, the bond with 

the dyedauxiliary group is cleaved, leading to the desired active intermediate (see 

Chapter 1.3.2). Arylazosulfones can be easily prepared from anilines28 or hydrazines.29 

Most interestingly, aryl azosulfones possess two absorption maxima, one in the UV 

(300−360 nm, ε = 10000−20000 M−1cm−1) and one in the visible region (400−450 nm, 

ε = 100−200 M−1 cm−1), due to a π-π* and an n-π* transition, respectively.30 As a 

consequence, their fragmentation is wavelength-dependant, forming aryl cations 

through heterolysis of the N-S bond upon UV irradiation (via a triplet state, Scheme 

3.2a) and forming aryl radicals through homolysis of the same bond upon visible light 

irradiation (via a singlet state, Scheme 3.2b).  

Aryl azosulfones were successfully employed in several transformations 

involving aryl radicals, among which Gomberg−Bachmann arylations,30 gold-

mediated Suzuki couplings with arylboronic acids,31 amidations with isocyanides,32 

trifluoromethylations33 and formation of C(sp2)-X bonds (C-S,34 C-P,35 C-B,36 C-Sn,37 

C-Se and C-Te38). 

3.2 Flow acetonylation of olefins 

3.2.1 From arylations to acetonylations 

 Prior to the start of my doctoral studies, investigations on the photoredox-

catalyzed arylation of olefins were being carried out. The starting point were the 

Scheme 3.2 Wavelength-dependant formation of triplet aryl cations and singlet aryl 

radicals from arylazosulfones. 
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conditions first reported by König and co-workers for the photo-Meerwein-addition 

reaction of aryl radicals with styrenes and the solvent yielding amides (in a Ritter-type 

amination, Scheme 3.3a)39 or esters (Scheme 3.3b).40 

The original idea was to trap carbocation I with suitable nucleophiles, 

achieving novel multicomponent transformations. This concept directly evolved in a 

novel protocol for the arylation of styrenes affording isobenzofuranones and 

isochromanones through an intramolecular nucleophilic attack of an ester moiety on 

the ortho-position of the styrene trap (Scheme 3.4a).41 While screening several 

conditions it was noted that performing the reaction at 0.01M concentration led to the 

formation of product 3.4 exclusively, in place of the expected 3.3 normally obtained 

when working at 0.1M concentration. When the reaction was performed in flow, the 

reaction yield could be improved up to 88% (Scheme 3.4b).42 

This evidence clearly suggested a correlation between the concentration of 

the arenediazonium salt and the actual radical species present in solution. Given the 

high instability of aryl radicals and their tendency in giving HATs, the mechanism was 

rationalized as follows (Scheme 3.5). The photocatalyst Ru(bipy)3
2+ in its excited state 

Ru(II)* can reduce arenediazonium 3.1a, forming accordingly aryl radical I and the 

oxidised catalyst species Ru(III). At low dilution levels, the aryl radical directly 

attacks olefin 3.2. However, at 0.01 M concentration, there is a high chance that aryl 

radical I first encounters a molecule of solvent III rather than olefin 3.2. In this case, 

aryl radical I can abstract an hydrogen atom from the solvent, giving acetonyl radical 

IV and forming arene II as by-product. Then, the solvent radical IV can attack olefin 

3.2, giving benzyl radical V that can be easily oxidised by reductant species Ru(III), 

Scheme 3.4 (a) arylation and (b) acetonylation of olefins. 

Scheme 3.3 Ritter-type aminoarylation (a) and formyloxyarylation (b) of styrenes 

introduced by König and co-workers. 
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closing the photocatalytic cycle. The advanced intermediate that is formed during this 

step, i.e. carbocation VI, eventually evolves towards product 3.4a upon intramolecular 

attack and hydrolysis. Deuterium labelling experiments and computational calculation, 

carried out by Prof. Stefano Protti and Dr. Davide Ravelli form the University of Pavia, 

corroborated this mechanistic scenario. 

The protocol was applied efficiently to several olefins and silyl enol ethers, 

which proved to be a perfect match for the elecrophilic acetonyl radical, being 

electron-rich olefins (Figure 3.3). Also silyl enol ethers from SK-3CR gave good 

results in spite of their electron withdrawing group (see also Chapter 2.4.6). 

3.2.2 Limitations and considerations 

The protocol hereinabove described surely showed a lot of potential. Catalyst 

waste aside, the only by-products are anisole, which is volatile and therefore easily 

Scheme 3.5 Mechanism for the flow acetonylation of olefins. 

Figure 3.3 Selected examples of acetonylation products. 
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removed at the rotary evaporator, and salts deriving from the arenediazonium starting 

material, that are easily separated upon chromatography. Overall, the process resulted 

extremely clean, with little to no traces of other by-products, indicating high selectivity 

and efficiency for the transformation. Moreover, the protocol resulted extremely 

robust and tolerant, as no inert atmosphere or dry solvents were necessary for the good 

outcome of the reaction.  

Surprisingly, despite the low influence that conjugation should theoretically 

have on the nature of the aryl radical, the abstraction worked worse using diazonium 

salts bearing withdrawing substituents in the para position (namely 4-F and 4-Cl, or 

using non substituted benzenediazonium tetrafluoroborate). The computational studies 

highlighted a slightly higher barrier for the TS of the HAT event when 4-fluorophenyl 

and 4-chlorophenyl radicals were involved as abstractors, in agreement with the 

experimental findings. Overall, 4-methoxhyphenyl radical operated best as abstractor 

in the transformation. 

Interestingly, little to no products were noticed using acetonitrile as solvent. 

The low BDE of the C(sp3)-H bond in acetonitrile should allow for a smooth HAT 

(96.0 kcal/mol, with respect to 95.9 kcal/mol for acetone)43 and, giving a radical of 

similar philicity to that of acetonyl radical, it should be easily engaged in the same 

transformation. However, also theoretical calculations confirmed a higher energy 

barrier for the addition of acetonitrile to olefin 3.2, thus inhibiting the overall process. 

3.3 Towards the solventylation of olefins 

3.3.1 Initial aims of the project 

I started working on a possible improvement of the acetonylation protocol 

previously described, in order to address the intrinsic limitations it suffered. Despite 

the usefulness of the transformation, it seemed logical trying to broaden its scope to a 

vaster array of solvents and, consequently, also to many other olefin traps.  

Reasonably, the physical properties of arenediazonium salts are responsible 

for the current limitations of the scope of the protocol. Arenediazonium salts are 

practically insoluble in most organic solvents except for acetone and acetonitrile, 

although only the former gave good results. Moreover, arenediazonium salts are 

unstable, notably in presence of bases in solution (amines, hydroxides, etc.). This 

limits in principle any step that might involve the deprotonation of the carbocation 

formed in solution upon turnover of the catalyst (see Scheme 3.5, intermediate VI). 

While the former issue can partly be addressed by exploiting different counteranions 

for the arenediazonium species (e.g. arenediazonium triflates are known to be more 

soluble and stable than their tetrafluoroborates, tosylates and chlorides 

counterparts),44,45 the latter is intrinsically insurmountable, hampering the 

development of new methodologies involving deprotonation steps. 
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I focused my efforts on finding a novel method to generate solventyl radicals 

(i.e. radicals generated by the abstraction of an hydrogen atom from a C(sp3)-H bond 

of the solvent, Scheme 3.6). A general procedure for the generation of solventyl 

radicals would be extremely appealing and desirable since many solvents feature 

functional groups that would be hardly introduced otherwise on an olefin, let alone in 

a single step. After valuable discussions with my advisor and with Prof. Protti and Dr. 

Ravelli, it appeared clear that theoretically aryl radicals should be able to abstract 

hydrogens from virtually any solvent bearing activated or unactivated C(sp3)-H bods. 

As shown in Figure 3.4, the bond dissociation energies of all the most common 

solvents are smaller than that of C(sp2)-H bonds in phenyl radical and congeners.43 

Moreover, the already discussed ambiphilicity of aryl radicals should allow for an easy 

abstraction from a kinetic point of view. According to this premise, we concluded that 

the efficiency of the hydrogen abstraction from the solvent showed by the already 

established protocol was not hampered by the mere strength of the abstractor (i.e. the 

aryl radical). Thus, we deemed mandatory focusing on the way the aryl radical itself 

was generated, rather than finding a new species able to perform the HAT on the 

solvent. Moreover, 4-methoxyphenyl radical already possesses some remarkable 

features, such as forming a volatile, easily removable by-product from the abstraction 

(thus giving activation of the solvent in a traceless fashion) and also being a very 

common substituent in many radical precursors, avoiding the need for additional 

synthetic step to introduce the p-methoxy moiety. 
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Figure 3.4 BDE values (in kJ/mol for clarity of arrangement) of selected bonds (in 

red) of most common organic solvents and benzene derivatives (in orange).  

Scheme 3.6 Schematic depiction of the concept behind the solventyl radical 

generation. 
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Mechanistically speaking, there are three processes that must occur to achieve the 

desired solventylation product (Scheme 3.7): 

a) Formation of the aryl radical (I); 

b) Abstraction of the hydrogen atom from the solvent (HAT); 

c) Oxidation (or reduction) of the advanced radical intermediate (III). 

The second process is favoured at high dilution (0.01M with respect to the 

radical source). In the established protocol, the first and the last step were made 

possible by the action of the photocatalyst, but it is important to keep in mind that these 

processes can in principle be performed by two completely different species (a radical 

precursor, and an external oxidant or reductant depending on the nature of the 

substituents of the olefin). Both approaches were thoroughly investigated. In the 

preliminary studies presented in this chapter, N-methyl-N-phenylmethacrylamide 3.10 

(Scheme 3.7, box) has been used as radical trap for its intrinsic reactivity towards both 

nucleophilic and electrophilic radicals; step (c) would therefore be an oxidation. 

3.3.2 Replacement of the catalytic machinery 

The first and more straightforward attempt was to replace the catalytic system 

and, most importantly, the radical precursor. All tests were performed on model 

reaction reported in Scheme 3.8, with equimolar amounts of the starting material as in 

Scheme 3.7 Schematic processes taking place in the envisioned general 

solventylation reaction. Box: trap 3.10 used during most of the studies. 

Scheme 3.8 Model reaction chosen for the investigation of alternative combinations 

of photocatalyst, radical precursor, and wavelength. 
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the acetonylation protocol. Due to the nature of the trap, the precursors and the 

photocatalysts were chosen in order to have the catalyst perform both the reduction of 

the precursor and the oxidation of the advanced radical intermediate to cation (step c 

leading to IVb in Scheme 3.7). Results are reported in Table 3.1. All reactions were 

performed with degassed solvent under inert atmosphere, using high-power LEDs as 

light source. Reactions were checked upon TLC analysis after overnight irradiation, 

and checked at the NMR if any product spot was visible. 

Table 3.1 Results of the screening of possible combinations of photocatalysts, radical 

precursors, wavelength and solvents for model reaction in Scheme 3.8. Reported 

yield is that of isolated product and conversion based on the recovered 3.10. 

entry Precursor Photocatalyst (PC) Additional conditions  [nm] Yield of 3.5 [%] 

1a 3.1a Ru(bipy)3Cl2  450 51 

2 3.1b Eosin B  528 -- 

3 3.1b Eosin B  450 -- 

4 3.1a Eosin Y  528 -- 

5 3.1a Eosin Y  450 -- 

6 3.1c Eosin Y 1 eq. KH
2
PO

4
 528 -- 

7 3.1c Eosin Y 1 eq. KH
2
PO

4
 450 -- 

8 3.1c Ru(bipy)3Cl2  450 -- 

9 3.1c Ru(bipy)3Cl2 2 eq. BF
3
Et

2
O 450 -- 

10 3.1a Rhodamine 6Gb   450 54c 

11 3.1a Rhodamine 6Gb 2 eq.  3.1a 450 76c 

12 3.1a Rhodamine 6Gb  528 -- 

13 3.1c Rhodamine 6Gb  450 -- 

14 3.1a Rhodamine 6Gb in MeCN 0.01M 450 -- 

15 3.1d Rhodamine 6Gb 0.1 eq. DIPEA 450 -- 

16 3.1d Rhodamine 6Gb 1.4 eq. DIPEA 450 -- 

17 3.1d Rhodamine 6Gb 
1.4 eq. DIPEA, 5% v/v 

DMSO 
450 -- 

a. Reaction under the old conditions (in batch) performed for comparison 

b. Catalyst loading 10 mol% 

c. Conversion of 3.10 matches the yield (i.e. yield is quantitative with respect to conversion) 

For comparison, the reaction under published conditions was performed 

again, obtaining the expected 51% yield (entry 1). This also suggested that the change 

in the illumination apparatus (from low-power to high-power LEDs) did not have an 

immediate influence on the outcome of the reaction. Unfortunately, all the other tests 

were not really successful. Eosin B (entries 2-3) and Eosin Y (entries 4-5) did not give 

any result, neither at 450 nm nor at 528 nm. The substrates were diazonium salts 3.1a 

and 3.1b, but despite several protocols reporting their effective ability to reduce these 

precursors at both wavelengths,11,13,46,47 the acetonylation of trap 3.10 was not 

achieved. Sulfonyl chloride 3.1c did not give any result either (entries 6-9). Its 

reduction is not reported using Eosin Y, but it is using Ru(bipy)3Cl2;
14,15 the 

acetonylation, however did not work also in this case. In entry 9, boron trifluoride was 

added to mimic the possible by-products formed in solution upon irradiation of 

arenediazonium tetrafluoroborates, but the outcome of the reaction did not improve in 

the slightest. Eventually it was possible to match the previous results using Rhodamine 
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6G and diazonium salt 3.1a (entry 10). Doubling the loading of diazonium salt, the 

reaction yield reached a satisfactory 76% (entry 11). Interestingly, the reaction yield 

matched the conversion of trap 3.10, i.e. all the trap consumed in the process reacted 

in the acetonylation. However, when the same reaction was performed under green 

light irradiation, no products were found (entry 12). The reaction was performed again 

under blue light using 3.1c as precursor (entry 13) and acetonitrile as solvent (entry 

14), but both tests failed. This is in contrast, however, with the reported chemistry of 

Rhodamine 6G, that should be able to reduce diazonium salts both under green and 

blue light.23 Since this photocatalyst displayed some activity in the system, the 

possibility to generate the desired aryl radical upon reduction of aryl bromide 3.1d 

exploiting a conPET (consecutive photoinduced electron transfer, i.e. a biphotonic 

process) was evaluated.23 Tests in entries 15-16 were performed with different 

amounts of base to probe its necessity to the catalytic system. Since Konig’s protocol 

has been reported using DMSO as solvent, a test with a cataytic amount of it (entry 

17) was run to check whether it may unexpectedly participate or be fundamental to the 

process. The overall idea, based on the published report, and being substantially 

different from the other ones tested, is depicted in Scheme 3.9. A catalytic amount of 

base should quench the excited state of Rhodamine-6G, delivering its radical anion 

that may harvest another photon reaching an excited state able to reduce aryl bromide 

3.1d. Then the reaction would proceed as previously described up to intermediate V. 

This radical is usually oxidized by the oxidized form of the ruthenium photocatalyst, 

but in principle it might also quench the excited state of Rhodamine-6G, making the 

 Scheme 3.9 Envisioned possible mechanism for a conPET-based acetonylation 

of olefins. The organic base DIPEA should open the catalytic cycle. 



Chapter 3   –  Towards the solventylation of olefins 

Novel photoredox and photoinduced approaches for synthetic applications 

109 

organic base catalytic. However, no results were found under any condition, and still 

large quantities of 3.1d were detected upon TLC. 

After all these tests, it seemed not feasible to replace both the catalyst and the 

radical precursor. The only results were found using Rhodamine-6G, but as soon as 

the solvent, the wavelength or the precursor were changed, the reaction failed. Being 

unable to address any of the problems affecting the previous protocol through this 

approach, I decided to focus my attention on other strategies. 

3.3.3 Aryl azosulfones as radical precursors 

Unsatisfied with the results achieved so far, I decided to investigate the 

possibility of using 4-methoxyphenyl azomesylate 3.1e as radical precursor in the 

model reaction reported in Scheme 3.10. 3.1e was achieved in very high yield directly 

from 3.1a upon reaction with commercial sodium sulfinate. 

Delightfully, the reaction worked on the first attempt yielding the desired 

acetonylation product 3.5a in an acceptable 48% yield. Using flow conditions at a flow 

rate of 1.5 mL/h (i.e. 2 hours of residence time) the results were similar. In both cases, 

the conversion of 3.10 was quantitative, although upon TLC analysis no other products 

were visible. In terms of yield, however, these results matched exactly the old 

conditions (Table 3.1, entry 1), thus making a sound starting point. 

Scheme 3.10 Test reaction with 4-methoxyphenyl azomesylate 3.1e as 

radical precursor for the acetonylation reaction. 

Scheme 3.11 Putative mechanism for the acetonylation of trap 3.10 using 

azomesylate 3.1e under visible light irradiation. 
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Mechanistically, the process might follow the depiction reported in Scheme 

3.11. Upon absorption of light and subsequent fragmentation, azomesylate 3.1e 

delivers the desired aryl radical I and sulfur-centred radical VII. This latter species 

would be responsible for the oxidation of radical V to cation VI; the resulting 

azomesylate anion might also assist the deprotonation of VI to the final product. As 

mentioned, at this stage no products formed by the addition of radical VII to trap 3.10 

were noticed, although they will be relevant later in the discussion and justify the high 

conversion and the sometimes mediocre results. 

To further increase the yield, the first method tried was to use an external 

oxidant to perform more efficiently the oxidation step. 

3.3.3.1 Aryl azomesylates in combination with external oxidants 

Several oxidant, both homogeneous and heterogeneous, were screened to find 

optimal conditions for the acetonylation reaction to apply towards a more general 

solventylation process. Results are reported in Table 3.2. The reaction is the same as 

the one reported in Scheme 3.10, plus the addition of the oxidant and the additives 

marked in the table. Yield and conversion given are that of the isolated product and of 

the recovered olefin, respectively. 

Table 3.2 Screening of oxidant for the model acetonylation reaction reported in 

Scheme 3.10. Yield and conversion were calculated on the isolated compounds after 

column chromatography. 

entry Precursor Oxidant (eq.) Notes 
Conversion of 

3.10 [%] 
Yield of 
3.5 [%] 

1 3.1e none  100 48 

2 3.1e K2S2O8 (2)  83 76 

3 3.1e K2S2O8 (2) 0.1 eq. PTCa 91 54 

4 3.1e TBHP (1)  100 59 

5 3.1e TBHP (2)  100 83 

6 3.1e TBHP (3)  100 76 

7 3.1fb TBHP (2)  100 65 

8 3.1e TBHP (2) flow (1.5 mL/h, tres 2h) 86 65 

9 3.1e BAIB (2) purification is difficult 86 80 

10 3.1e H2O2 30% (2)  66 20 

11 3.1e Cu(AcO)2 (2)  86 43 

a. Phase transfer catalyst (tributylhexadecylphosphonium bromide) 

b. 4-acetylphenyl azomesylate (structure not shown) 

Satisfyingly, the reaction yield increased dramatically upon use of potassium 

persulfate (entry 2) as oxidant with respect to the process without any additive (entry 

1). Since potassium persulfate is unsoluble in most solvents, the test was performed 

again in presence of a phase transfer catalyst (entry 3), but it proved detrimental for 

the outcome of the reaction. This might be due to increased turbidity of the solution, 

that dispersed more light, and to the increased concentration of persulfate in solution, 

leading to a too strong oxidising environment that might have degraded the starting 

materials (whence the higher conversion). Several tests with tert-butyl hydroperoxide 
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(TBHP, entries 4-6) gave higher conversions but similar yields. Unfortunately, the 

optimal conditions with TBHP did not give better results when translated to the flow 

system (entry 8). A test with an electron-poor aryl radical (entry 7) showed a slightly 

decreased yield, in agreement with the previous studies.42 While TBHP proved to be 

slightly more effective, its potential reactivity towards most functional groups made it 

more disadvantageous than persulfate, whose insolubility implies a very low 

concentration of active oxidant in solution, and thus milder conditions. However, in 

order to have an homogeneous process that might be in principle carried out under 

flow conditions, other oxidants were tested. Hydrogen peroxide worked poorly (entry 

10), whereas with (diacetoxyiodo)benzene (BAIB, entry 9) the desired product was 

isolated in a satisfactory 80% yield. Unluckily, the iodobenzene-derived impurities 

made the separation much more difficult. Lastly, copper acetate was tested (entry 11) 

to evaluate the possibility of using oxygen as final oxidant, but the scarce yield 

suggests that either the suspended solid hampered the absorption of light or the innate 

tendency of copper to react with radical species48–52 were detrimental for the process.  

With some working conditions in hand, several other solvents were screened 

with different oxidants to evaluate the scope of the transformation optimized so far. 

The reaction conditions and the products 3.5a-h obtained are reported in Scheme 3.12, 

along with the solvents whose use proved unsuccesful. The detailed results are 

reported in Table 3.3. 

Scheme 3.12 Solventylation products achieved from trap 3.10 and several common 

laboratory solvents; the yield was obtained using K2S2O8 as oxidant. Box: solvents 

that proved ineffective in the transformation (the highlighted C-H bonds are the one 

that should have undergone the HAT event). 
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Table 3.3 Results for the dense screening of solvents tested in the solventylation 

reaction reported in Scheme 3.12. The labels n.d. (not detected), traces, and low 

refer to estimation upon simple TLC analysis, whereas conversion and yields are 

given on the actual recovered materials upon flash chromatography. 

entry Solvent Oxidant  Product 
Conversion of 

3.10 [%] 
Yield of 
3.5 [%] 

Yield of 
3.11 [%] 

1 Acetone K2S2O8 3.5a 83 76 n.d. 

2 Acetone TBHP 3.5a 100 83 n.d. 

3 Acetone BAIB 3.5a 86 80 n.d. 

4 MeCN K2S2O8 3.5b 100 67 n.d. 

5 MeCN TBHP 3.5b 100 53 n.d. 

6 MeCN BAIB 3.5b 74 40 n.d. 

7 DCM K2S2O8 3.5c 100 63 32 

8 DCM TBHP 3.5c 86 35 28 

9 CHCl3 K2S2O8 3.5e 86 55 16 

10 MeNO2 K2S2O8 3.5f 83 46 31 

11 MeNO2 TBHP 3.5f low n.d. n.d. 

12 iPrNO2 K2S2O8 -- low n.d. n.d. 

13 iPrBr K2S2O8 3.5d 57 17 36 

14 AcOMe K2S2O8 3.5h 77 35 42 

15 AcOEt K2S2O8 -- 56 traces 29 

16 HCOOMe K2S2O8 3.5g 77 39 36 

17 MeOH K2S2O8 -- low n.d. traces 

18 MeOH TBHP -- low n.d. traces 

19 tBuOMe K2S2O8 -- low n.d. traces 

20 (MeO)3CH K2S2O8 -- 0 n.d. traces 

21 1,4-dioxane BAIB -- 9 n.d. n.d. 

22 CF3CH2OH K2S2O8 -- 0 n.d. traces 

23 Cl3CCH3 K2S2O8 -- 0 n.d. traces 

24 DMF K2S2O8 -- low n.d. traces 

25 HCOOH K2S2O8 -- 0 n.d. n.d. 

As general consideration, it can be noted that potassium persulfate, as 

expected, performed better on a wider array of solvents than TBHP. The general 

conditions found were effective in several cases for which the solventylation had never 

been reported. While with acetone and acetonitrile no by-products were noticed in any 

case upon TLC analysis (entries 1-6), with other solvents by-product 3.11 was found 

in variable amounts. The actual formation of this by-product also in reactions with 

acetone and acetonitrile cannot be excluded, albeit it should reasonably be present in 

lower, less detectable amounts. In some cases (entries 13-15) this by-product is 

actually more abundant than the desired product 3.5. Generally, the two products are 

easily separated upon chromatography due to their great difference in terms of polarity. 

While likely beneficial for the overall yield, suppressing the formation of product 3.11 

is in principle difficult given the stability of sulfur-centred radicals and their tendency 

in giving addition to both electron-rich and electron-poor olefins.53 Surprisingly, the 

process seemed to work better when electrophilic radicals are generated, namely -

acetonyl (entries 1-3), -cyanomethyl (entries 4-6), dichloromethyl (entries 7-8), 

trichloromethyl (entry 9), -nitromethyl (entry 10), and -acetyl (entry 14), whereas 

only two nucleophilic radical species were trapped (entries 13 and 16). Delightfully, 

also an acyl radical was formed and reacted appreciably (entry 16). Unexplainably, 
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ethyl acetate failed in giving the desired product (entry 15) while methyl acetate 

worked (entry 14). 

Remarkably, no -oxy radicals were trapped (entries 17-22) despite the ease 

of abstraction in terms of BDEs. The generation and trapping of hydroxymethyl 

radicals, for example, has already been reported54,55 and HATs on ethers and alcohols 

are well-known and exploited.56 A possible explanation of this evidence might be the 

immediate oxidation of these radicals to the corresponding oxocarbenium species in 

the oxidative environment (Scheme 3.13a). It is more difficult to find a pattern behind 

the successfulness of the abstraction (Scheme 3.13b). As mentioned, the aryl radical 

successfully abstracted from the C(sp2)-H of methyl formate (i) yielding a rather 

nucleophilic radical; it is in principle possible that the abstraction also occurred from 

the C(sp3)-H bond, giving an -oxy radical that could not survive in the oxidative 

environment, as mentioned. Yet, when DMF was subjected to the same conditions, no 

product was observed despite the thermodynamically easier abstraction from the same 

site (ii). Most surprisingly, the aryl radical selectively abstracted from the protic 

C(sp3)-H bond in methyl acetate (iii) giving an electrophilic radical apparently 

ignoring the hydridic hydrogen. However, ethyl acetate (iv) failed in giving the 

transformation. Again, the abstraction was observed from nitromethane (v) but not 

from 2-nitropropane (vi). The latter should give a less electrophilic radical (if not a 

nucleophilic one), but this evidence is in contrast with the actual finding of product 

3.5d (from 2-bromopropane) that derives from a more nucleophilic and similarly 

hindered radical. Lastly, with formic acid the reaction failed due to the immediate 

decomposition of the azosulfone, as estimated by the fast discolouring of the solution 

(entry 25). 

The newly found conditions were also tested on a different substrate, silyl 

enol ether 3.12 (Scheme 3.14). Delightfully, the acetonylation worked smoothly 

yielding the desired product 3.6 in 71% yield. The slightly lower yields with respect 

to the one achieved under the conditions reported on the original protocol (91%, see 

Figure 3.3) is abundantly compensated by the possibility to exploit a wider array of 

solvents for the functionalization of the substrate. 

Scheme 3.13 (a) possible oxidation of -oxy radicals in the oxidative 

environment and (b) comparison between the BDEs of C-H bond that underwent 

the HAT process in different solvents (the bonds that gave succesful abstraction 

are marked in green, the ones that did not in red). 
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Summarizing, it seems that the abstraction occurred more easily when the 

generated radical showed electrophilic properties, implying a nucleophilic behaviour 

for the 4-methoxyphenyl radical used as abstractor. Trap 3.10 is known to trap 

nucleophilic radicals as well,57 thus the problem with the uneffective solvents seems 

to be the HAT event. It would be extremely interesting to test whether the use of aryl 

radicals bearing electron-withdrawing substituents could direct the abstraction towards 

more hydridic positions in order to trap also nucleophilic radicals efficiently. Also, the 

same approach could allow the selective abstraction from a specific C(sp3)-H bond in 

solvents bearing two abstractible hydrogen atoms (e.g. methyl formate or methyl 

acetate). However, two other main issues needed to be addressed first – the suppression 

of the parasitic process leading to the formation of by-product 3.11, and possibly less 

oxidising conditions to allow for the trapping of -oxyradicals. 

3.3.3.2 Structure design for better performing aryl azosulfones 

To avoid or limit the use of external oxidants, a plausible alternative was to 

engineer the structure of the azosulfone starting material in order to have, upon 

photolysis, either a less reactive sulfur-centred radical (to suppress the formation of 

undesired by-products) or a more oxidant one that can complete the process in place 

of the external oxidant. While the second solution would surely be preferable, tuning 

the redox properties of the sulfur-centred radical is made difficult due to the limited 

synthetic approaches to azosulfones themselves and the instrinsic sensitivity of the 

azosulfonyl moiety, which should therefore be introduced in the last steps of the 

synthetic sequence.  

Structures 3.1g-o were designated as possible precursors (Figure 3.5). 

Structure 3.1g, bearing a trifluoromethyl group, should immediately release 

Figure 3.5 Possible structure for better performing azosulfones in the 

solventylation reaction. 

 

 Scheme 3.14 Acetonylation of silyl enol ether 3.12 

using the new azosulfone-based methodology. 
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trifluoromethyl radical upon loss of sulfur dioxide after the photolysis of the N-S 

bond.58 Trifluoromethyl radical can act as abstractor as well (see Figure 3.4) although 

its trapping, while in principle possible, seems unlikely under dilute conditions and in 

the absence of a metal mediator.49,50 The synthesis of 3.1g would be straightforward 

from the corresponding aniline upon diazotisation and reaction with commercially 

available sodium triflinate (Langois’ reagent). However, as per the research experience 

of Prof. Protti and Dr. Ravelli (which I thank for the valuable discussions), compound 

3.1g is way too unstable to be isolated and should be synthesized in situ just before its 

use. This route has therefore not been attempted. An alternative might be compound 

3.1h assuming that, in contrast with the behaviour of 3.1g, does not fragmentate to 

sulfur dioxide and trichloromethyl radical (that would give addition to the trap, as seen 

in the solventylation with chloroform) and that the presence of the electron-

withdrawing substituent enhances its oxidative properties. The corresponding 

trichloromethyl sulfinate required for its synthesis, however, is not commercial, and 

given the doubts on the potential effectiveness of 3.1h, the research interest was 

initially focused on 3.1i. This later radical precursor was synthesized during my 

absence for my abroad period at ICIQ (see Chapter 4) by another student, Valentina 

Ricciardiello. The corresponding sulfinate was prepared in a three step sequence 

(oxidation, chlorination and hydrolysis of the sulfinyl chloride)59 from tert-butyl 

disulfide. Supposedly, upon photolysis radical precursor 3.1i should have 

fragmentated to the desired aryl radical and tert-butyl radical I, that given the oxidising 

environment should have rapidly been oxidised to cation II, eventually forming 

gaseous isobutene III upon elimination (Scheme 3.15a). When tested in place of 3.1a 

in the model reaction with acetone as solvent (Scheme 3.10), the desired product 3.5a 

did not form and only azocompound IV was found (Scheme 3.15b). Most likely, the 

extreme instability of tert-butyl radical leads to its attack on the diazenyl radical before 

it can release molecular nitrogen delivering the necessary aryl radical. In fact, the 

radical coupling is polarity matched and nitrogen release is the slow step in the aryl 

azosulfone fragmentation. Also compounds 3.1n-o were tested, hoping that a more 

stable sulfonyl radical would be less reactive and would interfere less with the trap. 

However, these substrates gave similar results, if not worse, to precursor 3.1e.  

Molecule 3.1j virtually combines the abstractor and the oxidant in a single 

compound, thus suppressing the need of an external oxidant. Intrigued by the 

possibility, a synthesis of 3.1j was attempted. The conversion of a iodoarene to its 

Scheme 3.15 Unexpected formation of azoderivative IV through pathway (b) in 

place of the envisioned fragmentation – oxidation – elimination pathway (a). 
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hypervalent derivative requires strong oxidising and acidic conditions (virtually 

incompatible with the presence of the azosulfone moiety),60–62 while the installation of 

the dyedauxiliary group requires the reaction with a sulfinate, that can be oxidised to 

sulfonate by hypervalent iodine species.63 The two steps are therefore incompatible. 

Moreover, all protocols reported for the oxidation of a iodoarene to its hypervalent 

derivative are strongly hampered by the presence of electron-withdrawing groups on 

the ring; when starting directly from the aniline (or the hydrazine), the acidic 

conditions of the oxidation would imply its protonation and the consequent 

deactivation of the ring towards the oxidation. Accordingly, the first synthetic pathway 

attempted, starting from already available 4-iodoaniline, featured the synthesis of its 

corresponding diazonium salt (3.13a), its conversion to azomesylate (3.14) and, as last 

step, the oxidation of the iodine atom under the relatively mild conditions (Ac2O / 

H2O2) reported by Yusubov and co-workers (Scheme 3.16a).62 The oxidation of iodine, 

however, failed as 3.14 resulted unreactive (despite being the less deactivated substrate 

envisionable for the diacetoxylation step). More oxidising conditions were tested 

(persulfate and sulfuric acid, as reported by Kitamura)61 but the substrate decomposed 

completely, likely because of the presence of sulfuric acid. A last attempt with other 

conditions reported by Kitamura (sodium perborate and triflic acid)60 was made on 

diazonium salt 3.13b (stable under strongly acidic conditions since its synthesis 

requires triflic acid as well), but the substrate did non react. Overall, considering that 

other possible routes would require performing the diazotization step on a 

(diacetoxyiodo)aniline, raising concerns on the operational safety since the resulting 

products or reaction mixtures might become highly explosive, no further attempts to 

synthetize 3.1j were made.  

Scheme 3.16 (a) Attempted syntheses of 3.1j and (b) retrosynthetic analysis of 3.1k. 
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In principle, precursor 3.1j might also have suffered from intrinsic 

limitations. In the first place, the aryl radical generated might have undergone 

intramolecular oxidation to cation. Additionally, a hypothetical 4-(diacetoxyiodo) 

phenyl radical should possess substantially worse abstraction properties towards the 

solvents with respect to 4-methoxyphenyl radical. Molecule 3.1k (Scheme 3.16b) 

would surely be more promising as it would combine a good abstractor with a good 

oxidant on different moieties of the starting material. However, the only envisionable 

synthesis (as per the experience with molecule 3.1j) would require the oxidation of 

commercially available pipsyl chloride 3.16 and the subsequent conversion of 3.17 to 

3.1k under the mild conditions reported by Liu and co-workers.29 The oxidation step, 

however, would reasonably be extremely difficult since a strong electron-withdrawing 

group is present on 3.16. Therefore, this path has not been attempted. 

We also envisioned the possibility to operate under green or cyan light 

irradiation using molecule 3.1l as radical precursor, since the tail of its absorption band 

in the visible region extends up to 500 nm circa.32 While giving a slightly worse 

naphtyl radical abstractor, this substrate would prove the possibility to work also at 

longer wavelengths, using a less energetic radiation. Since precursor 1-naphthylamine 

was not available, its synthesis and testing still have not been carried out. 

Lastly, as Heinrich and co-workers recently reported a facile synthesis of 

strongly coloured sodium arylazosulfonates,64 starting material 3.1m was synthetized 

and tested. However, even using two equivalents of 3.1m the desired product was 

achieved in only 32% yield with 50% conversion (Scheme 3.17). 

3.3.4 Towards a catalytic process 

Despite promising, the results achieved so far were not completely satisfying. 

In particular, the impossibility to suppress the formation of sulfur-centred radical 

reacting competitively in the transformation and the difficulty in engineering a better 

performing starting material led us to investigate other approaches before tuning more 

thoroughly the properties of the abstractor.  

Part of the last research efforts presented was focused on engineering a 

starting material that, upon fragmentation, would deliver the aryl radical and an 

oxidising radical, that would eventually be reduced to anion (e.g. a sulfinyl radical 

would be reduced to sulfinate anion, as previously discussed). However, the 

Scheme 3.17 Acetonylation of trap 3.10 using azosufonate 3.1m as aryl 

radical precursor. 
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azosulfones employed in the previous studies are achieved from a diazonium salt and 

sodium sulfinate. In principle, it is possible to envision a catalytic process where an 

insoluble diazonium salt, reacting with a suitable organic nucleophile, delivers a 

photoactive intermediate that fragmentates upon absorption of visible light (Scheme 

3.18). The fragmentation would deliver aryl radical II and radical III. The latter, acting 

as an oxidant, would close a catalytic cycle delivering again the nucleophilic catalyst. 

This approach has actually been exploited by Melchiorre and co-workers in 

several works for generating alkyl radicals from alkyl halides in an SN2-based 

manifold.57,65–68 The organic nucleophilic catalysts employed are dithiocarbamate 

(DTC) salts bearing a chromophore to guarantee absorption in the visible region and, 

upon excitation, homolytic cleavage of the labile C-S bond generated upon the SN2 

attack, delivering the target radical. 

The remarkable efficiency and robustness of the mentioned approaches and 

the undisputable tendency of diazonium salts in giving adducts with sulfur 

nucleophiles made the catalysts already reported by Melchiorre a good starting point 

for the investigation. The preliminary results for this investigation are here reported. 

3.3.4.1 Preliminar spectroscopic studies 

To confirm the formation of adducts absorbing in the visible region between 

the electrophilic radical precursor, i.e. the diazonium salt 3.1a, and the organic 

nucleophiles potentially exploitable as catalysts, i.e. molecules Cat-A to D, a quick 

Scheme 3.18 Reaction design using an organic nucleophilic catalyst to 

generate the desired aryl radical, by analogy with the studies of 

Melchiorre and co-workers. 
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spectroscopic study was carried out. Results are reported in Figure 3.6. The absorption 

profile of the starting material (whose absorption bands do not reach the visible region) 

changes dramatically upon interaction with all the catalysts (whose absorption profiles 

have been omitted for clarity). In particular, Cat-A and Cat-D seem able to extend the 

absorption band of the desired adduct up to 500-600 nm, making it potentially active 

also under green light irradiation. In all cases, the red shift in the spectrum of 3.1a 

seemed to indicate the transient formation of a novel dyedauxiliary group, possibly 

photoactive.  

3.3.4.2 Screening of the nucleophilic species 

The investigated catalyst was tested right away in the solventylation protocol. 

The solventylation of trap 3.10, reported in Scheme 3.19, was performed with various 

solvents at different wavelengths to test the feasibility of the transformation under the 

envisioned catalytic regime. The results of the screening are reported in Table 3.4. The 

reactions were performed on 0.1 mmol scale; conversion of trap 3.10 and yield of 

products 3.5 were calculated upon NMR analysis with internal standard (phenyl benzyl 

sulfide). The isolated yield is reported in parenthesis. 

Figure 3.6 Absorption spectra of diazonium salt 3.1a in presence of organic 

nucleophiles Cat-A to Cat-D (box). 

Scheme 3.19 Conditions for the solventylation reaction using different organic 

nucleophiles. 
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Their use for the acetonylation of trap 3.10 under green light (entries 1-3) did 

not give any result, despite the formation of strongly orange coloured solutions. When 

the same reaction was performed under blue light, the desired product was achieved in 

good yield (entries 4-6). However, also the control reaction without catalyst (i.e. only 

with 3.1a and 3.10, entry 6) provided the product with optimal yield (74% after column 

chromatography). This experimental result was definitely unexpected since diazonium 

salts are known to provide aryl radicals only upon single-electron reduction (see 

Paragraph 3.1.3). The solventylation reaction was performed in acetonitrile and, 

similarly, the control experiment with no catalysts (entry 10) delivered the product 

with a yield comparable to the tests performed using catalysts A-C (entries 7-9). Yet, 

the reaction seems not to proceed by a thermal mechanism. When a control sample 

was exposed to light for 20 minutes and then kept in the dark overnight, the reaction 

did not take place at all, suggesting the absence of thermal pathways (entry 11). The 

reaction in dichloromethane gave the solventylation product in the absence of any 

catalyst even in higher yield (cfr entries 12-14). Puzzled by these evidences, the 

reaction with acetone was performed again using potassium persulfate (entry 15), 

finding the product in slightly decreased yield, and in presence of radical scavenger 

TEMPO (entry 16), that completely inhibited the process. Lastly, organic phosphines 

(known to give strongly coloured adducts with diazonium salts, as further confirmed 

by the spectroscopic analysis)69 were tested as possible catalyst at 528 nm, wavelength 

at which the reaction did not work either in the presence or in the absence of sulfur-

based catalysts, although no products were detected (entries 17-18). 

Table 3.4 Screening of possible organic nucleophilic species as catalyst for the 

solventylation reaction reported in Scheme 3.19. 

entry Solvent 
Catalyst and 

loading [mol%] 
Product Wavelength [nm] 

Conversion 
of 3.10 [%] 

Yield of 
3.5 [%] 

1 Acetone Cat-A (10) 3.5a 528 0 0 

2 Acetone Cat-B (10) 3.5a 528 0 0 

3 Acetone -- 3.5a 528 0 0 

4 Acetone Cat-A (10) 3.5a 450 63 61 

5 Acetone Cat-B (10) 3.5a 450 65 64 

6 Acetone -- 3.5a 450 73 68 (74) 

7 MeCN Cat-A (10) 3.5b 450 61 36 

8 MeCN Cat-B (10) 3.5b 450 68 46 

9 MeCN Cat-C (10) 3.5b 450 63 45 

10 MeCN -- 3.5b 450 66 34 

11a MeCN -- 3.5b 450 0 0 

12 DCM Cat-A (10) 3.5c 450 41 19 

13 DCM Ru(bipy3)Cl2 (2.5) 3.5c 450 32 11 

14 DCM -- 3.5c 450 62 34 

15b Acetone -- 3.5a 450 60 60 

16c Acetone -- 3.5a 450 32 0 

17 Acetone Cat-D (20) 3.5a 528 0 0 

18 Acetone Cat-E (20) 3.5a 528 0 0 

a. Irradiated 20 min, then kept in dark overnight 

b. 2 eq. of K2S2O8 were added 

c. 2 eq. of TEMPO were added 
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3.3.4.3 Impurity-driven reactivity 

Considering the results achieved in the screening, the possibility that 

impurities were triggering the reaction was evaluated through a series of dedicated 

experiments. 

Table 3.5 Outcome of the reaction depicted in Scheme 3.20 with respect to the 

degree of purity of diazonium salt 3.1a. 

3.1a batch Conversion of 3.10 [%] Yield of 3.5b [%] 

1st recrystallization 22 10 

2nd recrystallization 59 42 

3rd recrystallization 95 55 

First, diazonium salt 3.1a was synthesized again on a very large scale and 

purified upon three sequential crystallizations. For every purification step, a sample of 

diazonium salt was kept to test its efficiency in a non-catalayzed solventylation 

reaction (Scheme 3.20). Visually, the salt appeared light-purplish after the first 

crystallization and silver-white after the second and the third. As reported in Table 3.5, 

the reaction yield and the conversion increased along with the purity of the salt, thus 

excluding an active role of possible impurities within it in triggering the solventylation 

reaction. Yield and conversion were calculated upon NMR analysis with an internal 

standard (phenyl benzyl sulfide).  

Table 3.6 Outcome of the acetonylation reaction in Scheme 3.19 in presence of 

possible impurities. 

entry Impurity (quantity, [mol%]) Conversion of 3.2 [%] Yield of 3.4a [%] 

1 none 0 0 

2 N-methyl aniline (10) 13 0 

3 3.10 (10) 80 32a 

a. 5% of 3.5a was also found. 

Diazonium salt 3.1a, or its potential impurities, seemed not to be responsible 

for the apparent catalystless reactivity of the system, therefore the influence of the 

Scheme 3.20 Test reaction with acetonitrile and differently purified 

batches of diazonium salt 3.1a. 

Scheme 3.21 Acetonylation reaction with trap 3.2. 
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other component of the reaction mixture was evaluated. Trap 3.10 was replaced with 

trap 3.2, which is known to undergo the acetonylation reaction (Scheme 3.21). Results 

are reported in Table 3.6; conversion and yield were determined upon NMR analysis 

with an internal standard (phenyl benzyl sulfide). When substrate 3.2 was subjected to 

reaction conditions, no product and no conversion of the olefin trap was observed 

(entry 1). Then, the reaction was performed twice with two possible sources of 

contamination – trap 3.10 itself, and the aniline precursor used to synthesize it (upon 

reaction with methacryloyl chloride).42 With N-methyl aniline (entry 2) no substantial 

changes were observed, but when the reaction was performed in presence of 3.10, 

product 3.4a was found in a moderate – but definitely not negligible – 32% yield (along 

with a 5% of product 3.5a). This result confirmed the suspect of a direct involvement 

of trap 3.10 in the triggering of the solventylation reaction.  

Table 3.7 Acetonylation of two batches of trap 3.10 of different purity (reaction 

conditions are reported in Scheme 3.20). 

3.10 batch Conversion of 3.10 [%] Yield of 3.5b [%] 

recrystallized 0 0 

mother liquor 50 30 

Lastly, some experiments to determine whether the solventylation was 

triggered by trap 3.10 or some impurity were performed. The olefin was synthesized 

again, showing a clear 1H-NMR spectrum after the canonical flash chromatography. 

Compound 3.10 was purified further anyway upon crytallization from diethyl ether. 

The precipitate appeared as a crystal white solid whereas the mother liquor, brought to 

dryness, gave a brownish solid. Reaction reported in Scheme 3.20 was performed 

again using first the recrystallized batch of trap 3.10, and then the batch from the drying 

of the mother liquor (Table 3.7). In  the first case, no product was found, while in the 

second product 3.5b was recovered in 30% NMR yield upon 50% conversion of the 

trap. Eventually, it appeared evident that an impurity formed during the synthesis of 

trap 3.10 was responsible for the unexpected reacytivity of the system; however, due 

to the end of the time allowed for my doctoral studies the identification of such 

impurity was not attempted, and my investigations stopped here. 

3.3.4.4 On the possible mechanism 

A possible mechanistic explanation can be found in Scheme 3.22. The 

impurity might be triggering somehow the formation of the aryl radical, which would 

then react as previously described up to the formation of intermediate V. At this point, 

in the absence of any other oxidant, radical V may reduce 3.1a to aryl radical, 

triggering a chain mechanism. The reduction of arenediazonium salts by other radical 

intermediates has been proposed by König and co-workers as well,10 and would 

explain several evidence collected (Table 3.4). When the reaction was performed in 

presence of persulfate (cfr entry 15 with 6), the reaction yield decreased. If a chain 

mechanism is operating, the oxidation of radical V to VI by persulfate would hamper 

the propagation step (Scheme 3.22). The presence of a radical pathway is strongly 
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suggested by the total lack of reactivity in presence of radical scavenger TEMPO 

(entry 16) and by the absence of reactivity in the absence of light (entry 11). Moreover, 

when radical traps 3.10 and 3.2 were irradiated with blue light overnight in the absence 

of diazonium salt 3.1a, no reactivity was detected. Interestingly, in some cases the 

presence of visible-absorbing catalysts (namely Cat-A in entries 7 and 12 and 

Ru(bipy)3Cl2 in entry 13) lowered the yield. This might be due to partial absorption of 

the incident light by said catalysts, reducing the fraction of available light needed to 

initiate the uncatalyzed pathway.  

Unfortunately, my doctoral studies were at the very end when I started 

studying the processes highlighted in this last section. While interesting, it is clear that 

other experiments are in order to unravel the effective mechanism(s) leading to the 

formation of solventylation products in the absence of catalysts. First, more detailed 

spectroscopic studies are necessary to establish a more certain correlation between the 

absorption properties of the reaction mixture and the reactivity observed, although it 

seems clear that light and diazonium salt 3.1a are essential for the process to occur. 

Given that diazonium salts are strong electrophiles, the light-absorbing adduct 

responsible for the reactivity might either be a product formed by the nucleophilic 

addition of the impurity to the diazo group in a dyedauxiliary fashion, or an EDA 

between the -system of the diazonium salt and an electron-rich compound. The 

presence of electron-rich aniline derivatives in the impure trap cannot be ruled out 

completely since N-methyl aniline is the direct precursor of 3.10, albeit the lack of 

reactivity upon direct addition of said aniline to the reaction mixture (Table 3.6, entry 

2) makes this possibility unlikely.  

Surely, the isolation of the impurity would give the best possible insight on 

the transformation occurring, but this process might take a while since so far it was not 

detected upon NMR or TLC analyses. The former lacks of sensitivity and the latter are 

stain-dependant, yet a visible-light absorbing impurity should also absorb in the UV 

region and should be visible on TLC.   

Lastly, given the puzzling absence of direct evidence in support of the 

Scheme 3.22 Possible chain mechanism for the impurity-induced solventylation 

of trap 3.10. 
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presence of an impurity, it should also be considered the possibility that contaminants 

present on the surfaces of the materials and glassware used to carry out the reaction 

might be involved. However, when the involvement of impurities was suspected, 

before any use the vials and the magnetic stirbars were treated with aqua regia and 

then deeply cleaned with freshly prepared piranha solution (H2SO4:H2O2 3:1 v/v), to 

safely exclude the presence of either metal or organic impurities participating in the 

process. 

3.3.5 Future work 

All things considered, it is possible to outline some future work that might be 

done to complete the investigation I started. 

Concerning the organocatalyzed solventylation of olefins (Paragraph 3.3.4), 

the mechanism of the parasitic, uncatalysed process should be elucidated more 

thoroughly in order to understand whether such transformation may have a relevant 

synthetic application. In addition to the already discussed spectroscopic studies, the 

determination of the quantum yield might provide significant details on the nature of 

the process. In case the actual mechanism proceeded via chain mechanism, it would 

be also possible to envision a photoinitiated solventylation strategy exploiting the 

transient formation of an azosulfone that would minimize the formation of the 

undesired by-product 3.11 (Scheme 3.23).  

In any case, the data collected so far on the organocatalytic solventylation are 

definitely not conclusive and the presence of catalytical activity (especially with sulfur 

nucleophiles Cat-A, Cat-B and Cat-C) should be probed more thoroughly since in 

principle the uncatalyzed process might have interfered with the outcome of the 

envisioned catalyzed one.   

Additionally, it might be possible to generate aryl radicals exploiting the 

nucleophilic catalyst approach using other electrophilic substrates prone to undergo an 

irreversible fragmentation, circumventing in principle the need for an insoluble 

diazonium salt and paving the way to the possibility of performing the reaction under 

Scheme 3.23 Photoinitiated chain solventylation with diazonium salts, in 

accordance with mechanism postulated in Scheme 3.22. 
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flow conditions. Ideally, aryl chloroformates might do the trick, although their 

synthesis on laboratory scale is not straightforward (Scheme 3.24).  

As for the solventylation using azosulfones, the protocol established so far 

proved to be much more efficient in generating the desired solventyl radical, although 

it still suffers from limitations that might be difficult to overcome. Whether is possible 

or not avoiding the concurrent sulfonylation of the trap, surely an abstraction test from 

the unsuccessful solvents with an electron-poor aryl radical, or an heteroaryl radical, 

should be performed. Similarly, tests with traps of different nature and, in case, with a 

reductant in solution if needed, should be conducted. Lastly, it might be worth trying 

to optimize a flow protocol using a soluble oxidant or reductant, aiming at reducing at 

the minimum the interference of the sulfinyl radical while maximising the yield of the 

desired solventylation product. 

In any case, the established methodology with azosulfones already is a sound 

and robust platform to achieve the functionalization of olefins, circumventing 

effectively part of the problems that affected the old protocol, widely broadening the 

solvent array employable in the transformation, and it surely can be considered a good 

leap forward in the development of a versatile and mild solventylation reaction of 

unsaturated partners. 

3.4  xperimental data 

All the experimental data, procedure and analyses for compounds reported in 

this Chapter are reported hereinafter.  

3.4.1 Materials and methods 

The equipment and the intrumentation used for these studies is the same as 

the ones reported for Chapter 2; please refer to Paragraph 2.6.1. 

Important note on the photochemical apparatuses: the studies described in 

Chapter 3.3.2 – 3.3.3 were conducted using the previously described flow illumination 

apparatus as batch photoreactor, placing the vial with the desired reaction in place of 

the reactor coil. This setup was necessary since reactions were performed on 0.2 mmol 

scale, i.e. using 20 mL of solvent, and only one blue LEDs plate system was available 

with 5 mL vials. Although technically possible, reactions were not split in aliquots to 

leave enough space in the batch photoreactor for other users. The studies reported in 

Chapter 3.3.4 were performed on 0.1 mmol scale using newly bought 10 mL vials 

Scheme 3.24 Hypothetical fragmentation of an aryl chloroformates after 

activation with a dithiocarbamate catalyst. 
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(unavailable in the beginning), and thus it was possible to carry them out using the 

classical batch photoreactor. 

3.4.2 Synthetic procedures 

Synthesis of diazonium salts 3.1a and 3.13a70 

The desired aniline (20 mmol, 1 eq.) was added to 15 ml of a cold (-20 °C) aqueous 

HBF4 (25% w/w) solution. Then a cold (-20 °C) solution of sodium nitrite (22.5 mmol, 

1.1 equiv.) in 2.5 mL of water was slowly added. After 30 minutes under vigorous 

stirring the resulting precipitate was filtered over Büchner. The crude product was then 

purified by crystallization dissolving the salt in the minimum amount possible of 

acetone and adding cold (-20°C) diethyl ether. The purified product is recovered by 

filtration. 

Synthesis of diazonium salt 3.13b45 

A precooled (10–15 °C) solution of tBuONO (6 mmol, 1.2 eq.) and an aromatic amine 

(5 mmol, 1 eq.) in glacial acetic acid (10 mL) was added dropwise to a precooled 

solution (10–15 °C) of triflic acid (6 mmol, 1.2 eq.) in glacial acetic acid (15 mL). The 

reaction mixture was stirred for 30 min at 10–15 °C. After TLC (PE:EtOAc 1:1, 

Hanessian stain), the product was moved to a flask and precipitated with iced Et2O 

(250 mL) to give a free floating powder. The product was allowed to deposit by gravity 

for 10 minutes, then the supernatant solution was decanted off with a pipette. Lastly 

the salt was recovered by filtration. Washing several times with iced Et2O. 

Synthesis of arylazosulfones 3.1e, 3.1f and 3.1430 

The desired diazonium salt tetrafluoroborate synthesized as above mentioned and used 

directly after one single crystallization (6.0 mmol, 1 eq.) was suspended in dry DCM 

(20 mL) at 0°C in ice bath. Then, under vigorous stirring, sodium methanesulfinate 

(6.3 mmol, 1.05 eq.) was added in a single portion. The reaction immediately began to 

acquire a strong yellow colour. The solution was left reacting in the dark overnight 

allowing the temperature to rise a r.t., then the residual salt waste was filtered off over 

Büchner. The collected yellow-orange solution was reduced at the minimum possible 

volume at the rotavapor, then the pure product was precipitated by addition of iced 

heptane (-24°C), recovering the product as a yellow solid upon filtration. 

Synthesis of arylazosulfonate 3.1m64 

4-anisidine (5.0 mmol, 1.00 equiv) was dissolved in water (7 mL) and HCl (5 M, 3 

mL). The solution was cooled to 0 °C, then a solution of sodium nitrite (5.0 mmol, 

1.00 equiv) in water (2.5 mL) was added dropwise over a period of 10 min followed 

by additional 20 min of stirring at 0 °C. This solution was then added to a vigorously 

stirred solution of sodium sulfite (5.0 mmol, 1.00 equiv) and sodium carbonate (6.25 

mmol, 1.25 eq.) in water (4 mL). The solution was left reacting at r.t. for 3 hours, then 
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it was concentrated under reduced pressure until precipitation of the product started, 

and the reaction mixture was put in freezer overnight. The desired product was filtered 

and washed with diethyl ether (3×30 mL) and cold water (15 mL) and dried in vacuo. 

Synthesis of trap 3.2 

Note: all glassware used in this procedure was heated with a heat gun immediately 

prior to use and during the vacuum / inert gas cycles to remove any residual water 

moisture. A solution of 2-bromostyrene (5.5 mmol, 1 eq.) in dry THF (25 mL) was 

prepared under argon in a two-neck flask. The solution was brought to -78°C in a dry 

ice/acetone bath, then nBuLi (1.6M in hexanes, 8.20 mmol, 1.5 eq.) was added 

dropwise to give a yellow-orange solution. After 30 minutes, the solution was carefully 

canulated in a solution of ethyl chloroformate (6.6 mmol, 1.2 eq.) in dry THF (25 mL) 

at -78°C. The canula was shielded from heat with additional aluminum foil. The 

reaction was allowed to rise to r.t. overnight. After TLC check (PE:EtOAc 20:1, 

UV+Hanessian stain) the solvent was removed under reduced pressure, the crude 

dissolved in EtOAc (20 mL) and washed once with water (20 mL) and brine (20 mL). 

Every acqueous layer was extracted once with the same 10 mL of fresh EtOAc. The 

combined organic layers were dried over anhydrous Na2SO4, evaporated under 

reduced pressure and purified by chromatography (PE:EtOAc 40:1). 

Synthesis of trap 3.10 

A solution of N-methylaniline (10 mmol, 1 eq.) and triethylamine (10 mmol, 1 eq.) in 

DCM (dry solvent, 20 mL) was prepared under inert atmosphere and cooled to 0°C in 

an ice bath. Then, a solution of commercial methacryloyl chloride (10 mmol, 1 eq.) in 

DCM (15 mL) was gently added dropwise via syringe. The temperature was allowed 

to rise at r.t. overnight. After TLC check (PE:EtOAc 4:1, UV+Hanessian stain) the 

crude was moved to a separatory funnel and washed once with HCl 0.1M (25 mL), 

water (25 mL) and brine (25 mL) each. Every acqueous layer was extracted once with 

the same 15 mL of fresh DCM. The combined organic layers were dried over 

anhydrous Na2SO4, evaporated under reduced pressure and purified by 

chromatography (PE:EtOAc 5:1 → 3:1). Further purification by precipitation from 

Et2O (500 mg product / 1 mL) overnight at -24°C. 

Synthesis of silyl enol ether 3.12 

A solution of the acetophenone (2 mmol, 1 eq.), triethylamine (2 mmol, 1 eq.) and 

dimethyl-tert-butylsilyl chloride (2.5 mmol, 1.25 eq.) in dry hexane (2.5 mL) was 

prepared under inert atmosphere and magnetic stirring. To this mixture, a solution of 

sodium iodide (3.1 mmol, 1.55 eq.) in dry MeCN (3 mL) was slowly added through a 

dropping funnel over 15 minutes. After 12 hours, the white precipitate was decanted 

and the crude was extracted with hexane-MeCN. The hexane phase was washed with 

brine, dried over anhydrous Na2SO4, evaporated under reduced pressure and quickly 

filtered on silica (PE with 1% triethylamine). The product was used without further 

purification. 
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General procedure for photoinduced reactions described in the chapter 

The desired radical precursor (0.1 – 0.2 mmol, 1 eq.) was weighted and loaded into a 

reaction vessel (10-20 mL volume) along with a magnetic stirbar. Then, the olefin trap 

(0.1 – 0.2 mmol, 1 eq.) and the additives (photocatalysts 1-10 mol%, organic catalysts 

10-20 mol%, oxidants 0.4 mmol, 2 eq.) were added depending on the reaction. The 

vial was sealed with a rubber septum and purged of air by argon flushing (10 minutes) 

through a needle. Then, the desired amount of solvent (10-20 mL) previously degassed 

by thorough argon sparging (10 minutes) was added. Lastly, the solution was purged 

once last time of oxygen impurities by argon sparging for 1 minute. The solution was 

irradiated at the desired wavelength for the desired time. After the irradiation, the solid 

waste were removed upon filtration, the internal standard (benzyl phenyl sulfide, 0.1 - 

0.2 mmol, 1 eq.) was added when necessary and the crude checked upon TLC 

(PE:EtOAc 4:1) and NMR (CDCl3). Purification via chromatography using PE:EtOAc 

mixtures. 

Synthesis of catalyst Cat-A57 

In an oven dried round bottom flask under an atmosphere of argon, carbazole (9 mmol, 

1 equiv.) was dissolved in a minimal amount of dry THF (15 mL). The flask was 

cooled to 0 ºC in an ice-water bath and potassium tertbutoxide (10 mmol, 1.1 equiv.) 

was added portionwise. The mixture turned a slight yellow/orange color and was left 

to stir for 30 minutes. Still at 0 ºC, carbon disulfide (13.5 mmol, 1.5 equiv.) was added 

dropwise via syringe addition. The mixture immediately turned a bright orange color 

and was left to stir for one hour at 0 ºC. After warming up to ambient temperature, 

THF was evaporated carefully on a rotary evaporator to a thick syrupy consistency. 

Diethyl ether (40 mL) was added and the resulting suspension stirred vigorously to 

free the solid. The yellow solid was then filtered under a flow of argon, washed twice 

with a small amount of ether and further dried overnight under high vacuum to obtain 

the desired product as a bright yellow free flowing powder. 

3.4.3 Analytical data 

4-Methoxybenzenediazonium tetrafluoroborate 3.1a 

Yield   58% (after 3 crystallizations), silver white salt 

Rf   n/a 

1H-NMR (300 MHz), DMSO-d6 δ 8.58-8.64 (m, 2 H), 7.48 (dd, J = 9.25, 1.21 Hz, 2H), 

4.04 (d, J = 1.14 Hz, 3 H). 

Data consistent with the literature.71 

4-methoxybenzenediazonium trifluoromethanesulfonate 3.1b 

Yield   66%, light brown salt 

Rf   n/a 
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1H-NMR (300 MHz), DMSO-d6 δ 8.55 (d, J = 9.0 Hz, 2H), 7.47 (d, J = 9.0 Hz, 2H), 

4.04 (s, 3 H). 

Data consistent with the literature.45 

4-methoxyphenylazo mesylate 3.1e 

Yield   90%, bright yellow solid 

Rf   0.35 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.97–7.06 (m, 4H), 3.96 (s, 3H), 3.21 (s, 3H). 

Data consistent with the literature.30  

4-acetylphenylazo mesylate 3.1f 

Yield   78%, bright yellow solid 

Rf   0.11 (PE:EtOAc 5:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 8.18–8.02 (m, 4H), 3.27 (s, 3H), 2.70 (s, 3H). 

Data consistent with the literature.30  

Sodium 2-(4-Methoxyphenyl)diazene-1-sulfonate 3.1m 

Yield   86%, yellow salt 

Rf   n/a 

1H-NMR (400 MHz), DMSO-d6 δ 7.79–7.70 (m, 2H), 7.17–7.06 (m, 2H), 3.86 (s, 3H). 

Data consistent with the literature.64 

Ethyl 2-vinylbenzoate  3.2 

Yield   55%, colourless oil 

Rf   0.55 (PE:EtOAc 20:1) – UV+Hanessian stain 

1H-NMR (400 MHz) δ 7.88 (dd, 1H, J = 7.8, 1.2 Hz), 7.42-7.60 (m, 3H), 7.32 (td, 

1H, J = 7.8, 1.2 Hz), 5.65 (dd, 1H, J = 17.6, 1.2 Hz), 5.35 (dd, 1H, J = 11.0, 1.2 Hz), 

4.37 (q, 2H, J = 7.2 Hz), 1.40 (t, 3H, J = 7.2 Hz). 

Data consistent with the literature.72 

3-(3-oxobutyl)isobenzofuran-1(3H)-one 3.4a 

Yield   32% pale yellow oil 

Rf   0.44 (PE:EtOAc 4:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.90 (d, J = 7.6 Hz, 1H), 7.69 (t, J = 7.5 Hz, 1H), 7.54 (t, J = 

7.5 Hz, 1H), 7.48 (d, J = 7.6 Hz, 1H), 5.52 (dd, J = 2.7 Hz, 8.6, 1H), 2.81-2.69 (m, 

1H), 2.60-2.42 (m, 2H), 2.15 (s, 3H), 1.90-1.80 (m, 1H). 

1,3-dimethyl-3-(3-oxobutyl)indolin-2-one 3.5a 
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Yield   76% colourless oil 

Rf   0.28 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.27–7.31 (m, 1H), 7.16–7.17 (m, 1H), 7.06–7.09 (m, 1H), 

6.87 (d, J = 8.0 Hz, 1H), 3.23 (s, 3H), 2.04–2.22 (m, 3H), 1.95 (s, 3H), 1.91–1.94 (m, 

1H), 1.38 (s, 3H). 

Data consistent with the literature.73 

3-(1,3-dimethyl-2-oxoindolin-3-yl)propanenitrile 3.5b 

Yield   67%, colourless oil 

Rf   0.33 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.32 (t, J = 6.1 Hz, 1 H), 7.20 (d, J = 6.6 Hz, 1 H), 7.13 (d, J 

= 7.1 Hz, 1 H), 6.88 (d, J = 7.4 Hz, 1 H), 3.23 (s, 3 H), 2.33 (d, J = 13.7 Hz, 1 H), 

2.09–2.00 (m, 3 H), 1.40 (s, 3 H). 

Data consistent with the literature.74 

3-(2,2-dichloroethyl)-1,3-dimethylindolin-2-one 3.5c 

Yield   63%, colourless oil 

Rf   0.68 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.32 (td, J = 7.7, 1.4 Hz, 1H), 7.19 (app d, J = 7.4, 1H), 7.13 

– 7.03 (m, 1H), 6.87 (app d, J = 7.8, 1H), 5.38 (dd, J = 9.3, 4.1 Hz, 1H), 3.20 (s, 3H), 

3.03 (dd, J = 14.8, 9.2 Hz, 1H), 2.70 (dd, J = 14.8, 4.2 Hz, 1H), 1.39 (s, 3H). 

Data consistent with the literature.74 

3-(2-bromo-2-methylpropyl)-1,3-dimethylindolin-2-one 3.5d 

Yield   17%, colourless oil 

Rf   0.60 (PE:EtOAc 3:1) – UV 

1H-NMR (300 MHz) δ 7.34 – 7.23 (m, 2H), 7.06 (tt, J = 7.7, 0.7 Hz, 1H), 6.86 (dd, J 

= 7.5, 1.3 Hz, 1H), 3.22 (s, 3H), 2.95 (d, J = 14.8 Hz, 1H), 2.65 (d, J = 14.8 Hz, 1H), 

1.54 (s, 3H), 1.37 (s, 3H), 1.33 (s, 3H). 

13C{1H} NMR (75 MHz) δ 179.8, 142.9, 132.3, 128.1, 124.4, 122.2, 108.3, 65.4, 53.6, 

48.0, 35.4, 35.0, 27.7, 26.4. 

HRMS (ESI) m/z: [M+H]+ calculated for C14H18BrNO, 296.0645; found, 296.0637. 

3-(2,2,2-trichloroethyl)-1,3-dimethylindolin-2-one 3.5e 

Yield   55%, colourless oil 

Rf   0.65 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.37 – 7.24 (m, 2H), 7.05 (td, J = 7.6, 1.0 Hz, 1H), 6.87 (dt, J 

= 7.8, 0.9 Hz, 1H), 3.69 (d, J = 15.2, 1H), 3.33 (d, J = 15.3 Hz, 1H), 3.23 (s, 3H), 

1.39 (s, 3H). 
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Data consistent with the literature.74 

1,3-dimethyl-3-(2-nitroethyl)indolin-2-one 3.5f 

Yield   46%, colourless oil 

Rf   0.48 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.31 (td, J = 7.7, 1.4 Hz, 1H), 7.20 (ddd, J = 7.4, 1.3, 0.6 Hz, 

1H), 7.10 (td, J = 7.5, 1.0 Hz, 1H), 6.87 (d, J = 7.8 Hz, 1H), 4.21 (ddd, J = 13.5, 9.8, 

5.9 Hz, 1H), 4.07 (ddd, J = 13.4, 9.7, 6.0 Hz, 1H), 3.22 (s, 3H), 2.62 (ddd, J = 13.8, 

9.7, 5.9 Hz, 1H), 2.47 (ddd, J = 13.8, 9.8, 6.0 Hz, 1H), 1.42 (s, 3H). 

Data consistent with the literature.75  

Methyl 2‐(1,3‐dimethyl‐2‐oxoindolin‐3‐yl)acetate 3.5g 

Yield   39%, colourless oil 

Rf   0.21 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.31 – 7.23 (m, 1H), 7.21 – 7.16 (m, 1H), 7.07 – 6.99 (m, 

1H), 6.86 (app d, J = 7.8 Hz, 1H), 3.45 (d, J = 1.3 Hz, 3H), 3.25 (d, J = 1.3 Hz, 3H), 

3.00 (d, J = 16.3 Hz, 1H), 2.84 (d, J = 16.3 Hz, 1H), 1.37 (s, 3H). 

Data consistent with the literature.76 

Ethyl 3-(1,3-dimethyl-2-oxoindolin-3-yl)propanoate 3.5h 

Yield   35%, colourless oil 

Rf   0.39 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.27 (td, J = 7.7, 1.4 Hz, 1H), 7.17 (ddd, J = 7.4, 1.3, 0.6 Hz, 

1H), 7.06 (td, J = 7.5, 1.0 Hz, 1H), 6.84 (dt, J = 7.7, 0.8 Hz, 1H), 3.53 (s, 3H), 3.21 

(s, 3H), 2.30 – 2.19 (m, 1H), 2.18 – 1.99 (m, 3H), 1.95 – 1.80 (m, 1H), 1.38 (s, 3H). 

Data consistent with the literature.77 

1-phenylpentan-1,4-dione 3.6 

Yield   71% pale yellow oil 

Rf   0.44 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.99 – 7.97 (m, 2H), 7.58 – 7.55 (m, 1H), 7.48 – 7.44 (m, 

2H), 3.28 (t, J = 6.28 Hz), 2.89 (t, J = 6.28 Hz, 2H), 2.26 (s, 3H). 

Data consistent with the literature.78 

N-methyl-N-phenyl methacrylamide  3.10 

Yield   76%, light brown solid (18%, white solid after recrystallization) 

Rf   0.55 (PE:EtOAc 4:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.35 – 7.27 (t, 2H), 7,25 – 7.18 (t, 1H), 7.14 – 7.07 (d, 2H), 

5.02 – 4.91 (d, 2H), 3.31 (s, 3H), 1.76 – 1.69 (s, 3H) 



 Chapter 3   –  Towards the solventylation of olefins 

Ph.D. Thesis in Chemical Sciences and Technologies 

Pietro Capurro 

132 

Data consistent with the literature.79 

1,3-dimethyl-3-((methylsulfonyl)methyl)indolin-2-one 3.11 

Yield   36%m colorless oil 

Rf   0.07 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ 7.39 – 7.30 (m, 2H), 7.11 (t, J = 7.6, 1H), 6.91 (d, J = 7.4 Hz, 

1H), 3.71 (d, J = 14.8, 1H), 3.56 (d, J = 14.7 Hz, 1H), 3.26 (s, 3H), 2.62 (s, 3H), 1.46 

(s, 3H). 

Data consistent with the literature.80  

Tert-butyldimethyl((1-phenylvinyl)oxy)silane 3.12 

Yield   70%, colorless oil 

Rf   n/a 

1H-NMR (300 MHz) δ 7.65-7.60 (m, 2 H), 7.39-7.29 (m, 3 H), 4.89 (d, 1H, J = 1.7 

Hz), 4.42 (d, 1H, J = 1.7 Hz), 1.00 (s, 9 H), 0.21 (s, 6 H). 

Data consistent with the literature.81 

4-iodobenzenediazonium tetrafluoroborate 3.13a 

Yield   82%, white salt 

Rf   n/a 

1H-NMR (300 MHz), DMSO-d6 δ 8.43 (d, J = 9.1 Hz, 2H), 8.35 (d, J = 9.1 Hz, 2H) 

Data consistent with the literature.82 

4-iodobenzenediazonium trifluoromethanesulfonate 3.13b 

Yield   70%, white salt 

Rf   n/a 

1H-NMR (300 MHz), DMSO-d6 δ 8.43 (d, J = 8.4 Hz, 2H), 8.35 (d, J = 8.4 Hz, 2H) 

Data consistent with the literature.45 

4-iodophenyl azomesylate 3.14 

Yield   99%, yellow solid 

Rf   0.60 (PE:EtOAc 3:1) – UV+Hanessian stain 

1H-NMR (300 MHz) δ  7.95 (d, J = 8.6 Hz, 2 H), 7.65 (d, J = 8.6 Hz, 2 H), 3.22 (s, 3 

H). 

Data consistent with the literature.83 

Potassium 9H-carbazole-9-carbodithionate  Cat-A 

Yield   70%, yellow solid 
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Rf   n/a 

1H-NMR (400 MHz), DMSO-d6 δ  8.49 (d, J = 8.3 Hz, 2H), 8.09 (d, J = 7.6 Hz, 2H), 

7.37 (app t, J = 7.9 Hz, 2H), 7.20 (app t, J = 7.9 Hz, 2H)  

Data consistent with the literature.57 
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Chapter 4  

Enantioselective -functionalisation of enals 

4.1  ICIQ and Paolo Melchiorre’s Group 

During my third year of doctoral studies I had the opportunity and the 

pleasure to pursue part of my chemical investigations at the Institute of Chemical 

Research of Catalonia (ICIQ – Institut Català d’Investigaciò Quimica) in Tarragona, 

Spain, within the research group of Prof. Dr. Paolo Melchiorre.  

The Institute of Chemical Research of Catalunia was founded in 2000 by the 

Government of Catalonia and started its research activities four years later, in 2004. 

The aim of the institute is to perform cutting-edge research in the areas of catalysis 

and renewable energy, working towards an efficient knowledge and technology 

transfer from academia to the industrial sector while training highly skilled scientists 

through the implementation of high quality Ph.D. programs and post-doctoral 

fellowships. 

Within this scientific framework, I joined Melchiorre Group in January 2021, 

joining their research activity for the following six months. The main research focus 

of the group is on the merger of metal-free organocatalysis and visible-light 

photocatalysis. The aim is to achieve challenging carbon-carbon bond-forming 

transformations, possibly in an enantioselective fashion. Recurring research topics of 

the recent years are the excited state chemistry of chiral enamines1–5 and iminium 

ions,6–16 the photo-generation and trapping of radicals using nucleophilic catalysts17–

22 and the use of Hantsch esters as radical precursor for the functionalization of olefins 

and arenes.23–27 While thrilled by the possibilities held within each one of these 

research lines, I gladly joined Dr. Denke Ma, a post-doctoral researcher within the 

group, in his studies regarding the enantioselective functionalisation of enals and 

enones. For clarity, some data from Dr. Ma’s experimental work are also reported – 

these data are duly marked as his where they appear. 

4.2 Photochemistry with chiral iminium ions: an outlook 

4.2.1 Excited state chemistry of enal-based iminium ions 

The chemistry of chiral iminium ion in the excited state was formally born in 

2017, when the first publication of the group reporting the photooxidant properties of 

such species was published.12 The empirical observation that the condensation of an 

aromatic enal and a chiral aminocatalyst produced a coloured solution led to question 

whether iminium ions possessed photooxidant properties, by analogy with the 

photoreductant ones discovered for chiral enamines a couple of years earlier.3,4 In fact, 
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the electron-poor iminium ion shows an absorption band in the visible region (up to 

435 nm). Visible light irradiation (usually 420 nm) induces a -* transition that leads 

to a strongly oxidant excited state (Ered ~ +2.3 V, up to 2.5V depending on the 

aminocatalyst).12 This intermediate has been exploited synthetically by the group, as 

it can be used to generate radicals upon single electron oxidation of suitable precursors. 

Over the years, several protocols were published reporting the enantioselective 

functionalization of enals by installing stabilized,12 unstabilized,14 benzylic11 and 

allylic6 radical fragments at the -position of the enal itself. Also the activation of 

substrates such as olefins,9 allenes16 and cyclopropanols13 proceeded smoothly, 

proving the robustness of the iminium ion excited state chemistry as a general platform 

towards the enantioselective functionalization of aromatc ,-unsaturated aldehydes 

(Scheme 4.1).  

Mechanistically, the process can follow two different pathways after the 

excitation and the consequential SET event (Scheme 4.2). Upon oxidation, radical 

precursor IV usually fragmentates giving the desired radical VI. This structural 

rearrangement (that can take place either upon loss of a fragment or upon 

intramolecular interaction with a suitable functional handle) is crucial as it avoids a 

potential unproductive back-electron transfer to the ground state reagents. Then, 

radical VI can in principle either give radical coupling with the persistent 5e− -

enaminyl radical III or undergo radical conjugated addition to GS-II, triggering a 

radical chain mechanism. Generally, the observed quantum yields are low, thus 

Scheme 4.1 Selected examples of the photo-organocatalytic 

asymmetric -functionalization of enals. 
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suggesting a radical coupling event rather than a chain process.6,12 Moreover, the 

radical chain should be sustained by a second SET event: for this to be feasible, the 

oxidation potential of IV should be lower than of that of radical VII. The latter, 

however, does not possess significant oxidative properties (estimated Ered ~ +0.9 V).12 

Yet, while iminium ions from enones proved not to be good electrophilic radical 

traps,8,15 enal-based iminium ions seem to be electrophilic enough to trap even poorly-

nucleophilic radicals such as benzyl ones.10 In conclusion, while data seem to suggest 

a radical coupling pathway, the radical chain process cannot be ruled out completely; 

in fact, it is likely that strongly nucleophilic radicals might actually undergo fast radical 

conjugated addition to GS-II.24 

An important aspect of these processes is the structure of the aminocatalyst. 

While providing an optimal level of enantioinduction, it also has to be resistant to the 

oxidative conditions of the system. Electron-rich amines can quench the excited state 

of the iminium ion, leading to the parallel degradation of the catalyst itself. For this 

reason, common prolinol silyl ethers cannot be employed,28 and their modified gem-

difluorinated analogues (see Scheme 4.1 and Scheme 4.2) are necessary to retain a 

good catalytic activity over the reaction time. This structural modification, however, 

also lowers the basicity and nucleophilicity of the amine catalyst. The condensation to 

iminium ion only occurs in presence of Brønsted (typically TFA) or Lewis acids (e.g. 

zinc triflate). The catalyst bearing trifluoromethyl groups on the aryl moieties (Scheme 

Scheme 4.2 General mechanism for the iminium ion excited state chemistry. RAG: 

redox auxiliary group. The purple circle represent an aromatic moiety, the red one 

the bulky substituent on the catalyst. 
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4.2) is informally called Yannick catalyst, after the original member of the group that 

worked on its development.12 

While the excited state of the iminium ion is strong enough to oxidise a 

plethora of substrates, allowing for a broad scope in terms of radical partners, the main 

limitation of the approach resides in the need of an aromatic moiety conjugated to the 

double bond of the enal, as aliphatic substituents do not allow the absorption band to 

extend up to the visible region. This limitation has been overcome only recently by 

generating the desired radicals through an external photocatalyst, exploiting a radical 

conjugated addition to the ground state iminium ion.10 

4.2.2 Iminium ions with enones: intramolecular EDA complexes 

With respect to aromatic enals, enones proved to be much more difficult to 

functionalize. The first publication on the topic dates back to 2016, when the group 

reported the use of cyclohexylamine derived chiral catalyst for the enantioselective 

forging of quaternary stereocenters via radical conjugated addition, in combination 

with an external photocatalyst.8 Crucial to this strategy was again the structure of the 

organic catalyst, bearing a redox-active electron-rich carbazole moiety. Surprisingly, 

the iminium ions formed upon condensation of such catalyst with cyclic aliphatic 

enones showed a bright yellow colour, with an absorption band falling in the visible 

region.15 This unexpected red-shift (aliphatic iminium ions usually absorb below 350 

nm) is due to a charge-transfer - interaction between the carbazole moiety and the 

electron-poor double bond of the iminium ion itself. This intramolecular EDA complex 

was promptly exploited synthetically to trigger the radical enantioselective 

functionalization of the enone substrates without any additional photoredox catalyst. 

Mechanistically, the process is outlined in Scheme 4.3. The intramolecular 

EDA GS-II rapidly undergoes intramolecular SET between its redox-active moieties 

upon visible light irradiation. The carbazole radical cation moiety of ES-II can then 

oxidise a suitable radical precursors such as an alkyl silane. The generated radical VIII 

can give radical conjugated addition giving III, whose -scission back to the starting 

materials is avoided by the fast intramolecular SET from the proximate carbazole 

moiety. After tautomerisation, intermediate V can oxidise another molecule of radical 

precursors, closing the eletron-relay chain mechanism.  

Despite its elegance, the low tendency of this class of iminium ions to undergo 

radical conjugated additions limited the scope of the reaction, with -oxy and -amino 

radicals being the only species nucleophilic enough to give good yields.8,15 Moreover, 

the reduction potential of the excited iminium ion achieved via the EDA strategy is 

generally much lower (Ered ~ +1.0 – 1.5 V)8,15 than that of enal-based iminium ions, 

narrowing the window of suitable radical precursors. While it is possible to tune the 

electronic properties of the carbazole moiety introducing electron-withdrawing or 

donating groups, this has to be done accounting for a proper steric hindrance on the 
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same moiety to enforce good levels of enantioinduction. Since the synthesis of the 

catalyst on large scale requires several steps, such an optimization is not always 

straightforward. 

4.3 Initial aim of the project 

4.3.1 Radical umpolung of alkyl halides via XAT strategy 

In the context of the research on the iminium ion reactivity, it should be noted 

that the discussed radical approaches to the enantioselective -functionalisation of 

enals and enones rely on either functionalised substrates or precursors adorned with 

Scheme 4.3 Mechanism for the enantioselective forging of quaternary 

stereocenters exploiting the photoactive intramolecular EDA of an enone-

derived iminium ion. 
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suitable redox auxiliary groups (Figure 4.1). Albeit well known, the syntheses of these 

starting materials require time and efforts, needing sometimes tedious purification 

steps. 

The possibility of functionalising the substrate using readily available 

reagents would make a great improvement to the discussed methodological panorama. 

In this regard, organic halides (chlorides and bromides above all) represent ideal 

radical precursors as they are inexpensive, widely available, and generally air and 

moisture stable. In ground state chemistry, the coupling of a halide with the -position 

of an enal would be disfavoured as both sites are electrophilic. An umpolung of one of 

the two substrates is required in order to make the interaction polarity-matched. Since 

enal-derived iminium ions proved to be good traps for nucleophilic radicals,10 it was 

envisioned an umpolung of the alkyl halide via XAT using supersilane as radical 

mediator (Scheme 4.4). Supersilane is a well-known reagent in radical ground-state 

chemistry,29 and recently found several applications in photo-driven processes. Both 

supersilane and its derivatives possess a low oxidation potential (namely +0.73 V for 

(TMS)3SiH)30 and can be oxidised by the excited state of the iminium ion, delivering 

a silicon-centered radical. This latter species can easily abstract an halogen atom from 

the organic halide, giving the desired nucleophilic carbon-centered radical. The radical 

conjugated addition of the alkyl radical to the ground state iminium ion would then 

trigger a self-sustained chain process (vide infra). 

4.3.2 Considerations on silicon-mediated photoinduced XAT processes 

Supersilane photochemistry started to emerge as a convenient way to perform 

XAT activations of halides after 2016, with a seminal report by MacMillan and co-

workers showing the activation of alkyl bromides as radical partners in a Ni-mediated 

cross-coupling.31 As already mentioned, supersilane-mediated XAT affording alkyl 

Figure 4.1 Radical precursors and substrates employed in Melchiorre Group 

iminium ion photochemistry. 

Scheme 4.4 Strategy towards the enantioselective functionalisation of enals via 

silyl-radical mediated umpolung of alkyl halides. 
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radicals were already known and exploited in radical additions (e.g. Giese addition) or 

reductive dehalogenations since early 1990s, in most cases upon thermal activation 

(typically using AIBN or peroxides as initiators).32 The rationale behind the vast 

success of (TMS)3SiH in thermal radical chemistry over its tin counterparts is due to 

its lower toxicity, greater stability (it tolerates water as a solvent, although it reacts 

with oxygen at room temperature) and its bulkiness, accountable for its greater 

tendency in giving stereoselective processes. As per the most recent literature reports, 

the photochemical generation of supersilyl radicals is usually achieved via direct 

oxidation with a photocatalyst of supersilane (or a suitable derivative) or upon HAT 

from another photogenerated species in solution. Though reported, EDA complexes 

involving supersilane are not common.33 

With regard to their use as XAT reagents, the structure of supersilane 

derivatives is crucial for the good outcome of the process as the kinetic factors 

involved in the abstraction might overcome the favourable thermodynamic ones.31 All 

Si-X bonds are more stable than their respective C-X counterparts, i.e. abstraction of 

halogen atoms from organic halides is highy exergonic and, therefore, irreversible 

(Scheme 4.5).34 The difference in terms of BDE typically amounts to 20-50 kcal mol-

1 depending on the halogen atom and the structure of the alkyl moiety. Kinetically, 

however, huge barriers might arise due to polar effects in the transition state. The 

abstraction rate is usually dependent on the degree of polarizability of the halogen 

atom, and for an alkyl chloride is it several orders of magnitude slower than for the 

corresponding bromide or iodide. Another crucial factor is the stabilisation of the 

charge build-up in the transition state. The partial positive charge on the silicon atom 

is better stabilized by -donating substituents, giving a more electron-rich (and thus 

more nucleophilic) silicon centre,35 whereas the partial negative charge is better 

stabilized by electron-withrawing substituents on the carbon atom, or if the atom itself 

Scheme 4.5 Thermodynamic and kinetic factors involved in silicon-centerd radical 

mediated XAT processes.  
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is more electronegative than carbon (e.g. nitrogen).36 Lastly, the BDE for the Si-H 

bond in supersilane is rather low (84 kcal mol-1; for comparison in Me3SiH is circa 95 

kcal mol-1).29 While this peculiarity allows for smooth chain processes taking place (in 

combination with suitable polarity reversal catalysts to match all interactions when 

necessary),37 it might also be detrimental as supersilane can undergo a HAT from the 

newly formed carbon-centered radical (e.g. unstable aryl radicals),38 leading to 

undesired side-products.  

Following these criteria, several synthetic platform were developed over time, 

and several supersilane derivatives have emerged as efficient XAT reagents (Figure 

4.2). Supersilane proved to be an efficient abstractor for alkyl bromides31,39 and -

chloro carbonyls40 towards cross-couplings, aminations,41 radiolabelling processes,42 

and Giese additions.43 Also S-Cl bonds (BDE 70 kcal mol-1 in MeSO2Cl) can undergo 

XAT with ease, giving synthetically useful sulfur-centred radicals.30,37 Supersilanol 

performs best when the aforementioned unstable aryl radicals are involved (e.g. in 

trifluoromethylations38 or Ulmann-Goldberg couplings44) or for more challenging 

transformations of alkyl bromides such as trifluoromethylations39 or fluorinations.36 

The activation of alkyl chlorides, due to the high kinetic barrier involved, requires 

instead electron-rich supersilyl amines (bulky adamantyl and t-butyl fragments on the 

nitrogen atom are preferred as they increase the stability of the labile Si-N bond).35 

Interestingly, such a reagent is also required for the perfluoroalkylation of bromides 

with Ruppert-Prakash type reagents45 in spite of the previous efficient activation of the 

same bromides with supersilane and supersilanol, implying the need to tune the 

stereoelectronic properties of the silicon reagent not only according to the properties 

of the organic halide but also to match the overall conditions of the process. 

4.4 XAT strategy: results and discussion 

4.4.1 Preliminary results and design plan with enals 

When I started working on this project, some preliminary tests with 

unoptimized conditions had already been performed by Dr. Dengke Ma, post-doctoral 

researcher within the group. His results highlighted some possible issues to address 

and provided initial details on the reaction system. Remarkably: 

• the reaction worked both with benzyl bromide and cyclohexyl bromide, 

Figure 4.2 Archetypical supersilane derivatives used in the recent photochemical 

XAT strategies reported by several authors.  
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albeit in lower yields with the latter; 

• the reaction proceeded as expected without an external photocatalyst, and 

proceeded with similar or lower yields when common photocatalysts were 

employed; 

• concentrations of solvent higher or lower than 0.5 M proved detrimental for 

the process; 

• Jørgensen prolinol and MacMillan imidazolinone catalyst gave bad results in 

terms of yield; 

• supersilane seemed to be sensitive to the acidic environment (TFA), but other 

Brønsted acid did not give any result; 

• an operational wavelength of 460 nm seemed to work comparably, if not 

better, than the canonical one of 420 nm typically employed for the direct 

excitation of the iminium ion; 

• a saturated by-product deriving from the reduction of the enal was found in 

non-negligible yields. 

The envisioned mechanism is reported in Scheme 4.6, and follows the general 

mechanism for the iminium ion excited state chemistry previously outlined in 

Paragraph 4.2.1. The excited iminium ion can oxidise supersilane delivering silicon-

centred radical V, that upon XAT on the radical precursor gives the desired 

nucleophilic alkyl radical VIII. With supersilane as radical mediator, the chain 

mechanism seems to be plausible, if not favoured. An alkyl radical should give fast 

Scheme 4.6 Design plan for the enantioselective alkylation of enals via silane-

mediated XAT on alkyl halides. 
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addition to GS-II; intermediate IX should either give a polarity-matched HAT or even 

a SET on supersilane, thus propagating the chain. This would be in accordance with 

the comparable yields found when using 460 nm LEDs in place of the 420 nm ones. 

The emission tails of the formers (the band width is typically ± 20-30 nm) can still 

overlap the absorption band of the iminium ion,10 providing the needed excited state 

species to start the chain while keeping most of it in the ground state. This would also 

reduce the quantity of saturated by-product, produced upon HAT from III to 

supersilane, as the quantity of III in solution would be lower. This wavelength was 

chosen as starting one for the investigation. 

As supersilane is easily available and is reported performing XAT on alkyl 

halides with ease, it was chosen as starting reagent for the investigations, although it 

apparently underwent degradation in presence of TFA. Moreover, the acidic 

environment could also hamper the formation of the silyl radical, that occurs upon 

sequential SET-deprotonation. Overall, after these preliminary tests, the strong acidic 

conditions seemed the main issue to address in the following investigation. 

4.4.2 Investigations with alkyl bromides  

After synthetsising the aminocatalyst,12 I tried to optimize the conditions for 

the process using cinnamaldehyde as enal, cyclohexyl bromide as radical precursor 

and supersilane as XAT reagent (Scheme 4.7). This bromide was chosen for its low 

volatility (allowing for the determination of its conversion via NMR analysis) while 

being representative for a generic non-stabilized nucleophilic secondary radical, and 

was preferred over benzyl bromide as the installation of benzyl fragments had already 

been reported by the group from unfunctionalized substrates.11 To avoid the use of 

TFA, several Lewis acids were screened, in particular zinc salts (that gave good results 

in other processes) with several counteranions.11 Results are reported in Table 4.1; 

indicated yields are from NMR analysis with an internal standard (trichloroethylene),14 

conversion is that of the limiting reagent (0.1 mmol scale). The e.r. was not determined 

due to the low yields. 

Among the tested Lewis acids, zinc salt did not give the expected outcome 

(entries 2-10) with respect to the starting result (entry 1). Only La(OTf)3 seemed to 

induce some reactivity in the system, but its low solubility led to a cloudy solution that 

likely hampered the absorption of the incident light. Lowering the acid concentration 

and the irradiance, and reversing the ratio of reagents 4.1 and 4.2 (entry 11) helped 

increasing the yield, albeit not over the starting 20% (entry 1). As MacMillan reported 

Scheme 4.7 Model reaction investigated during the first part of the project. 
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several supersilane-mediated transformations in presence of organic39,40 or inorganic 

bases,31 and since tertiary amines are also known to assist oxidations in PCET events,46 

several bases were tested. However, inorganic bases did not lead to any improvement 

(cfr entries 12 and 3) while organic ones shut down the iminium ion reactivity 

completely (entries 13-14). Despite the efforts, TFA seemed to be the only acid 

delivering moderate results, up to 30% yield using supersiane as limiting reagent (entry 

15). However, 1H and 19F-NMR analyses of supersilane and TFA mixtures over time 

(see Paragraph 4.6.3.4) revelead a clear decomposition of the silicon reagent possibly 

to the corresponding cation. In a last test (entry 16), water was added to the system. 

Silyl cations are highly oxophilic and can react with water, whose presence is needed 

in the system to hydrolise the final adduct and eventually turnover the catalyst. 

However, no improvements were noticed. 

 

Table 4.1 Results of the screening of several Lewis and Brönsted acids for reaction 

reported in Scheme 4.7. 

entry 
Ratio 

4.1:4.2 
Acid 

X 
(mol%) 

Y 
(eq.) 

Solvent 
Conv. 

(%) 
Yield of 
4.3 (%) 

Yield of 
4.4 (%) 

e.r. 
(4.3) 

1DM 3:1 TFA 40 2 MeCN 20 20 16 93:7 

2 3:1 La(OTf)3 20 2 MeCN 37 8 11 - 

3 3:1 La(OTf)3 20 2 DCM 78 10 11 - 

4 3:1 Zn(OTf)2 20 2 DCM 25 8 2 - 

5 3:1 Zn(Tf2N)2 40 2 MeCN 4 0 0 - 

6 3:1 Zn(OTf)2 40 2 MeCN 35 4 7 - 

7 3:1 Zn(OAc)2 40 2 MeCN 49 0 0 - 

8 3:1 Zn(BF4)2 40 2 MeCN 49 4 4 - 

9 3:1 ZnBr2 40 2 MeCN 50 0 0 - 

10 3:1 ZnCl2 40 2 MeCN 50 0 0 - 

11a 1:3 La(OTf)3 15 1 DCM 80 22 5 - 

12b 3:1 La(OTf)3 30 2 DCM 47 13 7 - 

13c 1:3 La(OTf)3 15 1 DCM 0 0 0 - 

14d 1:3 La(OTf)3 15 1 DCM 0 0 0 - 

15 3:3 TFA 40 1 MeCN 79 29 12 - 

16e 1:2 TFA 60 2 MeCN 74 11 3 - 

DM   result from Dr. Ma’s studies 

a. irradiance 30 mW / cm2 

b. 1.0 equiv. of KH2PO4 was added. 

c. 1.0 equiv. of Et3N was added 

d. 1.0 equiv. of DABCO was added 

e. 2.0 equiv. of water were added 

Almost in parallel to the optimization with cyclohexyl bromide, I performed 

some tests using isopropyl bromide as radical precursor to avoid focusing all 

experimentation on a single substrate and possibly gain more information on the 

behavour of the reaction system (Scheme 4.8). Results are reported in Table 4.2. The 

low boiling point (59°C) of isopropyl bromide did not allow for the calculation of its 

conversion; given yields were calculated by NMR analysis with an internal standard 

(trichloroethylene).14  
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Under the same starting conditions found by Dr. Ma, isopropyl bromide gave 

a lower yield and more undesired byproduct 4.4 (entry 1, cfr same entry in Table 4.1). 

Switching the ratio between the reactants and lowering the temperature (at the expanse 

of longer reaction times) decreased the quantity of byproduct (entry 2). Using 

supersilane as limiting reagent improved the yield by a mere 10% (entry 3, cfr entry 

15 in Table 4.1), but in this case lower temperatures or different solvents did not give 

any tangible improvement (entries 4-7). Lanthanum triflate gave a result similar to the 

one achieved with cyclohexyl bromide under similar conditions (entry 8). Also 

changing the substituents on supersilane (TES groups in place of TMS) proved 

detrimental for the outcome (cfr entries 3 and 9). Moreover, the low yields and the 

difficulty of separation did not allow for the accurate determination of the e.r., which 

are therefore not reported. 

Table 4.2 Results for the optimization of the reaction reported in Scheme 4.8. 

a. Reaction performed at 10°C  

b. Reaction time 2 days 

c. (TES)3SiH was used in place of (TMS)3SiH. 1H-NMR signals were too interfered to calculate its 

conversion. 

In spite of all the efforts, the only acid that showed some efficiency in 

promoting the process with secondary alkyl bromides resulted TFA. While the e.r. did 

not seem to be affected by the conditions, it was not possible to increase the yield over 

a dissatisfying 30%. Although less interesting from a synthetic point of view, I tested 

the response of the reaction system to yet another substrate, benzyl bromide. 

entry 
Ratio 

4.1:4.5 
Acid 

X 
(mol%) 

Y 
(eq.) 

Solvent 
Conv. 

(%) 
Yield of 
4.6 (%) 

Yield of 
4.4 (%) 

e.r. 
(4.6) 

1 3:1 TFA 40 2 MeCN N/A 26 21 - 

2a,b 1:3 TFA 20 2 MeCN 100 26 3 - 

3b 3:3 TFA 40 1 MeCN 87 34 9 - 

4a,b 3:3 TFA 40 1 MeCN 77 26 5 - 

5 3:3 TFA 40 1 DCE 72 23 11 - 

6b 3:3 TFA 40 1 PhCF3 72 23 5 - 

7b 3:3 TFA 40 1 DME 85 14 4 - 

8 1:3 La(OTf)3 15 2 DCM 97 13 2 - 

9b,c 3:3 TFA 40 1 MeCN N/A 17 8 - 

Scheme 4.8 Second model reaction investigated during the project. 
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4.4.3 Investigations with benzyl bromide 

Benzyl bromide proved to be more responsive as a substrate during the 

preliminary screening. The results of the tests performed on benzyl bromide (Scheme 

4.9) are reported in Table 4.3. The reported yields were calculated by NMR analysis 

with an internal standard (trichloroethylene); the isolated yield is reported in 

parentheses. Reactions were performed on 0.1 mmol scale, e.r. was determined upon 

chiral HPLC analysis. 

Standard conditions using TFA as acid gave a slight better result than the 

corresponding ones with alkyl bromides (entry 1, cfr same entries in Table 4.1 and 

Table 4.2). Yet, a moderate amount of by-product 4.4 was found. The yield did not 

improve moving to a more electron rich supersilane derivative (entry 2). The yield did 

not seem to be dependant on the intensity of the light irradiation (entries 4-5), yet a 

control experiment in the dark gave no results (entry 3), confirming the necessity of 

light for the reaction to occur.  

Table 4.3 Results for the investigations on reaction reported in Scheme 4.9. 

entry 
Ratio 

4.1:4.7 
Acid 

X 
(mol%) 

Y 
(eq.) 

Solvent 
Conv. 

(%) 
Yield of 
4.8 (%) 

Yield of 
4.4 (%) 

e.r. 
(4.8) 

using (TMS)3SiH  

1 3:1 TFA 40 2 MeCN 100 45 (40) 16 93:7 

2a 3:1 TFA 40 2 MeCN 2 0 0 - 

3b 3:1 TFA 40 2 MeCN 8 0 0 - 

4c 3:1 TFA 40 2 MeCN 93 30 14 - 

5d 3:1 TFA 40 2 MeCN 98 38 14 - 

6e 3:1 TFA 40 2 MeCN - - 15 - 

using (TMS)3SiOH (at 0°C, over 2 days) 

7f 3:1 TFA 40 2 MeCN 42 35 0 93:7 

8 1:2 La(OTf)3 15 2 DCM 80 40 (37) 0 93:7 

9f 1:2 La(OTf)3 15 2 DCM 66 31 0 - 

10g 1:2 La(OTf)3 15 2 DCM 100 0 0 - 

11h 1:2 La(OTf)3 15 2 DCM 70 28 0 - 

12 1:2 Yb(OTf)3 15 2 DCM 46 21 0 - 

13 1:2 La(OTf)3 40 2 DCM 74 32 0 - 

14i 1:2 La(OTf)3 40 2 DCM 44 16 0 - 

15 1:2 La(OTf)3 15 2 
DCM:TFE 

4:1 
21 11 0 - 

16j 1:2 La(OTf)3 15 2 DCM 65 15 0 - 

Scheme 4.9 Reaction with benzyl bromide target of the last 

investigations with enals. 
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a. (Me3SiO)3SiH instead of (TMS)3SiH 

b. control experiment in dark 

c. 30 mW / cm2 instead of 60 mW/cm2 

d. 45 mW / cm2 instead of 60 mW/cm2 

e. control experiment without benzyl bromide, performed by Dr. Ma 

f. 3 eq. of water were added 

g. (TMS)3SiNH(tBu) instead of (TMS)3SiOH 

h. (TES)3SiOH instead of (TMS)3SiOH 

i. 0.25 M instead of 0.5 M  

j. 420 nm, 45 mW/cm2 instead of 460 nm, 60 mW/cm2 

Using 4-methylbenzyl bromide in place of the unsubstituted substrate 4.7, Dr. 

Ma recovered the dehalogenated substrate along with traces of the desired product (not 

shown). When the reaction was performed without benzyl bromide, some by-product 

4.4 was still found (entry 6) – suggesting the presence of two different parasitic 

processes occurring in solution sharing a common root. The reductive dehalogenation 

of the substrate would follow a chain reaction sequence of HAT / XAT events triggered 

by the silyl radical, a well documented process (Scheme 4.10a).29 While it cannot be 

excluded that the same dehalogenation occurred also with the tested alkyl substrates 

(conversions are high despite the low yields and the dehalogenated products are 

volatile), the HAT from supersilane to a benzyl radical would be more polarity-

matched as these radicals are less nucleophilic than alkyl ones.47 Similarly, the 

reduction of the enal via HAT from the -enaminyl radical to supersilane would 

explain the formation of by-product 4.4 (Scheme 4.10b). Remarkably, the first process 

might in principle self-sustain and thus its suppression was higly desirable.  

To circumvent these limitations, some last tests using supersilanol were 

performed, hoping that the newfound conditions might be applicable also to a broader 

series of substrates. Supersilanol resulted extremely sensitive to TFA – possibly more 

than supersilane itself; upon addition of water to the system, however, the generated 

silyl cation reacts giving again supersilanol (see Paragraph 4.6.3.4). As expected, the 

use of supersilanol allowed to completely suppress the formation of by-product 4.4, at 

the only expense of longer reaction times (2 days) and a lower working temperature 

(0°C). Yet, yields were still unsatisfactory using TFA (entry 7). A slight improvement 

was achieved using lanthanum triflate (entry 8). The addition of water (entry 9), in this 

case, seemed to affect negatively the outcome of the reaction (possibly disfavouring 

the equilibrium of formation of the iminium ion as La(OTf)3 is less effective as 

promoter for its formation). Remarkably, the e.r. seemed not to depend on the nature 

of the acidic component or the radical (cfr entries in Table 4.1, Table 4.2 and Table 

Scheme 4.10 Proposed rationale behind (a) substrate reductive dehalogenation and 

(b) enal substrate reduction. 
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4.3). MacMillan’s supersilyl t-butylamine35 and triethyl supersilanol (entries 10 and 

11, respectively) gave bad results; the silylamine shut completely down the iminium 

ion reactivity, as other organic bases in previous tests did (Table 4.1, entries 13-14). 

Changing the nature or the loading of the Lewis acid did not lead to any improvement 

(entries 12-13), even when more solvent was used to dissolve completeley the low-

soluble salt (entry 14). Co-solvents led to lower yields due to lower solubilization of 

lanthanum triflate (entry 15); a change of wavelength resulted detrimental – as seen in 

the preliminary screening (entry 16). 

To avoid committing any more effort in the optimization of a process that 

worked moderately well in terms of yield on a single substrate, the newly found 

conditions using La(OTf)3 and supersilanol (entry 8) were scoped with other substrates 

representing several classes of radical precursors (Scheme 4.11). The outcome of the 

reaction was unsatisfactory for each substrate tested. With prenyl bromide 4.9, the 

yield amounted to a mere 15%; with N-bromomethyl phtalamide 4.10, the yield 

dropped down to 9%, while with cyclohexyl bromide 4.2 no product was detected. 

Apparently, the less persistent and the more nucleophilic the radical, the lower the 

yield. This evidence suggested a change in the putative reaction mechanism due to the 

different properties of supersilanol with respect to supersilane. As already discussed 

in Paragraph 4.2.1, the desired alkyl radical should undergo either radical coupling 

with the -enaminyl species or radical conjugated addition to the ground state iminium 

ion (Scheme 4.12). 

The more nucleophilic is the radical, the more favourable is in principle its 

radical conjugated addition to the ground state iminium ion. However, the 3e− -

iminyl intermediate formed upon this addition can neither oxidise supersilanol nor 

Scheme 4.12 A possible rationalisation of the low yields found for the reaction 

with supersilanol with non-persistent alkyl radicals. 

Scheme 4.11 Scope of reaction conditions with three different radical precursors; 

NMR yields are calculated upon analysis with an internal standard. 
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asbtract an hydrogen atom from it, thus halting the chain propagation. Concurrently, 

the interaction of the alkyl radical with the 5e− -enaminyl radical would be 

favourable when the former is persistent (i.e. stabilised by conjugation). This would 

explain why the reaction yield under these conditions follows the degree of stability of 

the generated radical (benzyl > allyl > -amino alkyl > secondary alkyl). When 

nucleophilic radicals are generated, no catalytic cycle can close efficiently, leading to 

a drop in the reaction yield. 

As it seemed difficult optimizing the conditions for enals, it was decided to 

move the investigations on the enone system, exploiting the same overall principle. 

Scheme 4.13 Design plan for the enantioselective forging of quaternary 

stereocenters on enone exploiting the silicon-mediated XAT strategy. 
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4.4.4 Investigations with enones 

The possibility to functionalise enones forging quaternary stereocenters via a 

supersilane-mediate XAT approach seemed extremely appealing. The low oxidation 

potential of supersilane would allow to circumvent the intrinsic limit imposed by the 

low reduction potential of the enone iminium ion excited EDA complex (as discussed 

in Paragraph 4.2.2). Through this strategy, any radical can virtually be generated in 

solution without the need to engineer for each substrate class a radical precursor with 

proper reductant properties. The envisioned chain mechanism for the process would 

follow the known one discussed and is depicted in Scheme 4.13 (page 152). 

After testing the efficiency of the available carbazole catalysts, I started the 

investigations with enones using the optimised conditions for the already reported 

synthetic protocol, using supersilane and the alkyl bromide in place of an organic 

silane (Scheme 4.14).15  

The results for this last series of tests are reported in Table 4.4. The reaction 

yield was calculated upon NMR analysis with an internal standard (trichloroethylene), 

and so was the conversion of the starting materials; the isolated yield is reported in 

parentheses. The e.r. were determined upon UPC2 analysis. Enantiomerically pure 

catalyst A was employed unless otherwise reported.  

Table 4.4 Results for the tests performed on model reaction reported in Scheme 4.14. 

entry R2 Solvent 
Conv. of 
4.11 (%) 

Conv. of 
4.12 (%) 

Yield of 
4.13 (%) 

Yield of 
4.14 (%) 

e.r. 
(4.13) 

using 4.11a 

1 Pht-CH2- MeCN 0 100 0 100 - 
2 4-MeBn- MeCN 17 27 0 lowa - 
3 cHex- MeCN 0 53 0 higha - 
4b Pht-CH2- MeCN 0 100 0 100 - 
5c Pht-CH2- MeCN 0 17 0 19 - 
6 Pht-CH2- PhCF3 0 89 0 95 - 
7d Pht-CH2- MeCN 18 36 0 3 - 

using 4.11b 

8 Pht-CH2- MeCN 48 100 24 (21) 70 50:50 
9e Pht-CH2- MeCN 28 83 16 (14) 64 50:50 
10f Pht-CH2- MeCN 22 21 13 20 50:50 

Scheme 4.14 Model reaction chosen for the investigation. 
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a. NMR peaks were too interfered to quantify exactly the yield 

b. AIBN (20 mol%), 60ºC instead of light irradiation  

c. Without amine catalyst 

d. (TMS)3SiNH(tBu) in place of supersilane, solvent 0.3M  

e. Using racemic catalyst A 

f. Using (TMS)3SiOH instead of (TMS)3SiH and racemic catalyst B 

Three substrates corresponding to three classes of different radicals were first 

screened: N-bromomethyl phtalamide for -amino radicals (entry 1), 4-methylbenzyl 

bromide for benzyl radicals (entry 2) and cyclohexyl bromide for unstabilized 

secondary alkyl radicals (entry 3). None of these reagents however gave the desired 

alkylation product 4.13a, and only the dehalogenated substrates 4.14 were found 

instead. Surprisingly, N-bromomethyl phtalamide (entry 1) underwent quantitative 

dehalogenation, while 4-methylbenzyl bromide (entry 2) did not react completely, 

despite the supposedly more polarity-matched interaction between a benzyl radical and 

supersilane (as discussed in Paragraph 4.4.3). The chain reaction leading to the 

complete dehalogenation of the substrate seemed, in this case, extremely efficient. The 

dehalogenation of the substrate could also be triggered by thermal initiation with AIBN 

(entry 4); when the same reaction of entry 1 was performed without the amine catalyst 

(entry 5), the dehalogenation process was mostly suppressed (it might have been 

initiated by oxygen traces present in the supersilane batch,29 that was not stored under 

nitrogen atmosphere for practical reasons). These first tests proved (a) the effective 

oxidation of supersilane upon excitation of the iminium ion and (b) the effective 

generation of the desired radicals in solutions via XAT, but also (c) the recalcitrance 

of the system to undergo radical conjugated addition, favouring the dehalogenation 

pathway. As the system resulted being more reactive towards strongly nucleophilic 

radicals in previous studies,8,15 N-bromomethyl phtalamide was used as substrate in 

the remaining tests. The use of a different solvent bearing no abstractable hydrogen 

atoms (in this sense, the solvent might behave as a polar reversal catalyst, Scheme 

4.15) lowered the extent of the dehalogenation (entry 6), but still to an unsatisfactory 

level. Employing MacMillan’s supersilyl amine (that can be oxidised by the 

carbazolium radical cation moiety of the catalyst but cannot undergo HAT from the 

generated radical in solution due to the stronger N-H bond, Scheme 4.15) in place of 

supersilane suppressed the dehalogenation to the background level (entry 7), but still 

no product could be found.  

Scheme 4.15 A rationalization for the fast dehalogenation of N-bromomethyl 

phtalamide in the system despite the polarity mismatched HAT from supersilane.  

Acetonitrile C-H bond possesses a BDE similar to the C-H bond in the methyl group 

of N-methylphtalamide. 
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An attempt with a less sterically hindered starting material (entries 8 and 9) 

finally gave the desired product, although in yields corresponding to the catalyst 

loading, suggesting a stoichiometric reaction with the condensed iminium ion rather 

than a catalysed process. In fact, with most halide undegoing the concurrent 

dehalogenation, it is possible that the catalytic machinery did not have the time to 

turnover before the substantial consumption of the radical precursor and the silane. 

Most negatively, the reaction with the enantiopure catalyst (entry 8) gave a racemic 

product. A last attempt with a more oxidant (racemic) catalyst and supersilanol (entry 

10) allowed to suppress the dehalogenation by-process to the background level while 

still delivering the product, although in very low yield. However, the total lack of 

enantioinduction with the model chiral carbazole catalyst (even with a bulky radical 

such as the N-methyl phtalimido radical) discouraged any further attempt to tune the 

steric and electronic properties of the catalyst itself. Therefore, the project was 

eventually abandoned and I focused on another strategy towards enantioselective 

alkylations of iminium ions. 

4.4.5 Retrospective on the XAT project and possible other applications 

It is not easy to find the exact reason that hampered the devolopment of this 

project. The major problem seems to have been the overall incompatibility of 

supersilane reagents with the reaction media, at least in the case of enals. With alkyl 

bromides, TFA seemed the only acid able to push the reaction forward a bit, but it 

seemed also the major responsible for the degradation of the starting materials. 

Supersilane itself resulted being more sensitive than expected to reaction conditions 

(Gouverneur’s supersilane chemistry is reported occuring under air atmosphere with 

good yields,30,37 yet NMR tests proved the spontaneous reaction of (TMS)3SiH with 

oxygen). Another incompatibility of supersilane with the reaction system might be its 

low solubility in acetonitrile, solvent that however proved to be one of the best in 

granting a good outcome for iminium ion excited state chemistry, both in this study 

and in previous publications. This, however, is in contrast with other publications that 

report its efficient use in acetonitrile as solvent.30,37 Most likely, the highly protic 

acetonitrile environment led the small amount of supersilane soluble in the reaction 

media to react faster with TFA rather than with the excited state iminium ion. The 

conversion of supersilane to supersilyl cation would consume TFA, disfavouring the 

formation equilibrium of the iminium ion, and also subtract water from the 

environment as such cations are strongly oxophilic. The supersilanol formed upon this 

latter reaction, however, is not efficient in pushing forward the reaction with alkyl 

radicals, as seen during the optimization with benzyl bromide. On the other hand, when 

DCM and La(OTf)3 are used, the available quantity of iminium ion in solution is lower 

due to the lesser efficiency of Lewis acids in promoting its formation. It is possible 

that, with nucleophilic radical involved, the dehalogenation pathway occurred faster 

than the addition of the alkyl radicals to the low amounts of the ground state iminium 

ion present. The slightly higher yield with benzyl ones can be rationalized through 
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their more favourable radical coupling with the persistent 5e− -enaminyl radical, a 

reaction pathway not available for nucleophilic radicals.   

In the case of enones, the system seemed easier to scope and understand. The 

lower acidity needed for the carbazole catalysts to condensate with enones led to a 

more stable environment for supersilane and its derivatives. However, in this case, the 

system seemed way too recalcitrant in undergoing radical conjugated additions. 

Moreover, while the absence of -substituents to the enone seems to favour the desired 

addition, it also seems responsible for the total lack of enantioinduction despite the use 

of a chiral catalyst that is reported giving acceptable levels of induction in related 

processes.8 

While this XAT strategy could not be applied to C-centred radicals, it might 

in principle be applied to other substrates. Some preliminary tests I performed showed 

some reactivity of sulfonyl chlorides (Scheme 4.16a), by analogy with Gouverneur’s 

reports.37 However, despite my efforts, the product (apparently formed in 66% yield 

upon NMR analysis with an internal standard) always decomposed upon column 

chromatography, no matter the conditions or the stationary phase. Actually, product 

4.16 was so unstable that decomposed upon simple NMR analysis because of the 

residual acidity of CDCl3 when the solvent was not quenched over potassium 

carbonate. Moreover, also basic conditions might be problematic under any 

circumstances as they might favour the racemization of the strongly -acid chirality 

centre formed. Having little time available and another project ahead, I did not focus 

on probing the feasibility of this transformation. Another possibility, following the 

idea behind another ongoing project of the group (not here disclosed), might involve 

the generation of nitrogen-centred radicals starting from N-halo amines or amides 

Scheme 4.16 (a) enal -sulfonylation via XAT strategy; product 4.16 could no te 

isolated despite several efforts. (b) possible XAT strategy with iminium ions to 

achieve N-centred radicals from N-halogenoamides 4.17. 



Chapter 4  –  Enantioselective - functionalisation of enals  

Novel photoredox and photoinduced approaches for synthetic applications 

157 

(Scheme 4.16b). As discussed in Paragraph 4.3.2, a XAT from an N-X bond should be 

kinetically advantageous as the electronegativity of nitrogen would stabilise the 

negative charge buildup in the transition state; additionally, N-X bonds are remarkably 

weak (N-Cl and N-Br bonds in halogenosuccinimides possess a BDE of 73 and 66 

kcal/mol, respectively).34 In suitable precursors, a nitrogen centred radical can then 

perform a 1,5-HAT (as in the well-known Hofmann–Löffler–Freytag reaction),48 

delivering a suitable carbon-centred radical that can be engaged in the enal 

functionalization. Possibly, nitrogen-centred radicals from chloro- and 

fluoroderivatives (known to be relatively stable, such as 4.17) might be achieved and 

exploited through this approach. Unfortunately, I had not tested this idea with enals 

system, and a single reaction with enones and a N-fluorotoluamide gave no results (not 

reported).  

Concluding, the potential held by the XAT reactivity of supersilyl radicals is 

still widely untapped. To this day, enantioselective methods involving supersilane 

photochemistry are not reported, and neither are transformations involving non-carbon 

and non-sulfur centred radicals. Hopefully, the data collected during this project can 

be helpful in designing novel, more effective enantioselective strategies to fill the gaps 

still presents in the current synthetic panorama.  

4.5 Reversing the approach: umpolung of the iminium ion 

4.5.1 Context and design plan  

The abandoned XAT strategy for the functionalization of enals and enones 

envisioned the coupling of two electrophilic starting materials via an umpolung of one 

of them, the alkyl halide. The strategy relied, as discussed, on the photooxidant 

properties of iminium ions and exploited their electrophilicity in the ground state to 

couple them with a nucleophilic radical. However in principle it is possible to reverse 

the approach, transforming the electrophilic iminium ion in a nucleophilic radical 

intermediate. Upon single electron reduction of an iminium ion, a 5e− -enaminyl 

radical is formed. This intermediate should possess a good stability because of the 

conjugation and also a certain degree of nucleophilicity since the structure is, in fact, 

that of an enamine. Yet, as per the previous experience of the research group, -

Scheme 4.17 Complementarity of the enamine oxidation-deprotonation sequence 

and the iminium ion umpolung in delivering a nucleophilic -enaminyl 

intermediate. 
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enaminyl radicals formed upon reduction of a photooxidant iminium ion showed a 

rather low nucleophilicity. While being necessary for the absorption in the visible 

region, the vaster conjugation provided by aromatic -substituents on photooxidant 

iminium ions also mitigates the nucleophilic character of the 5e− radical intermediate 

formed upon single-electron reduction. Also from previous reports by MacMillan and 

co-workers it appears clear that alkyl groups on the −position are crucial for the 

nucleophilic properties of 5e− -enaminyl radicals, that can consequently be trapped 

with suitable electrophiles.49,50 In the reported protocols, -enaminyl radicals are 

generated from single-electron oxidation of an enamine (achieving a 3e− enaminium 

cation) and subsequent deprotonation (Scheme 4.17). In this case, the two step 

sequence formally extends the nucleophilic character an enamine from the classical -

position up to the -position. The carbonyl substrate is, clearly, a saturated aldehyde. 

In the case of the single-electron reduction of an iminium ion, the process is a formal 

umpolung that reverses the polarity of the -position of the enal, therefore providing a 

complementary pathway to access useful synthetic radical intermediates from ,-

unsaturated aldehydes. 

Following this idea, we evaluated the possibility to extend the panorama of 

iminium ion photochemistry exploiting this new umpolung strategy. The primary aim 

of the project was to establish a protocol to efficiently couple the -position of an 

iminium ion with the -position of a Michael acceptor in an enantioselective fashion 

(Scheme 4.18). Since also a second chiral center might be forged during the process, 

the potential control of the diastereoselection of the reaction was another aspect taken 

into account during the studies. Necessarily, the generation of nucleophilic 5e− -

enaminyl radicals from linear enals would rely on an external photocatalyst, while the 

enantioinduction would be controlled by a chiral amine catalyst, namely Yannick 

catalyst, already employed in the previous project and whose chemistry is well-known 

and estabished. Since the transformation is net-reductive, also a reductant is required 

– Hantzsch esters, due to their straightforward synthesis and tunable reductant 

properties, made an optimal starting point for initial studies. 

4.5.2 Results and discussion 

When I joined this new alkylation project, Dr. Ma already started some 

experiments. I mainly worked on the optimization of the model reaction reported in 

Scheme 4.19. Since an aliphatic unsaturated aldehyde is needed to achieve a 

Scheme 4.18 Alkylation strategy involving the umpolung of the iminium ion 

and Michael acceptors as electrophilic partners. 
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nucleophilic -enaminyl radical; 2-pentenal 4.19 and benzyl 2-phenylacrylate 4.20 

were chosen as starting materials. The iminium ion is not photoactive if the enal is 

aliphatic, thus several photocatalysts (PCs) were screened.51 Concurrently, different 

Hantzsch esters (also known as dihydropyridines, DHPs) were tested during the study. 

Unsubstituted Hantzsch ester cannot be employed as it reduces iminium ions via a 

well-established polar pathway;52 alkyl DHPs were found ineffective by Dr. Ma, 

whereas alkyloxy carbonyl derivatives proved to be ideal for the transformation. No 

acid-labile components are present in the reaction mixture, thus TFA could be used 

without incurring in any undesired degradation of the starting materials. Results are 

reported in Table 4.5. The given yield was calculated upon NMR analysis with internal 

standard (benzyl methyl ether); the isolated yield is reported in parentheses. The d.r. 

never exceeded 1:1, while the e.r. for the two diastereoisomers (d1 and d2, 

configurations not assigned) were calculated upon chiral HPLC analysis. 

The system seemed immediately much more responsive, in terms of yield, to 

the modulation of several parameters. The presence of additional water (entries 1-3) 

resulted fundamental for the succesful outcome of the reaction, which worked better 

in 1,2-dimethoxyethane (DME) rather than in acetonitrile like most iminium ion 

chemistry (result not shown). Control tests without photocatalyst (entry 4) and without 

amine catalyst (entry 5) showed the complete lack of iminium ion photoreactivity, as 

expected, but also the presence of a non-catalyzed and thus racemic pathway taking 

place. To favour the catalyzed (i.e. enantioselective) reaction, the temperature was 

lowered to -10°C, with a slight improvement in the e.r. for both diastereoisomers (cfr 

entries 6 and 2). When the photocatalyst was changed to Ru(bpz)3
2+ (entry 7), that is a 

worse reductant in its reduced state (see redox potentials reported in Scheme 4.19) than 

other common photocatalysts, the reactivity was shut down completely, indicating a 

disfavoured SET between the reduced photocatalyst and either the iminium ion or the 

Michale acceptor (vide infra for detailed mechanistic considerations on the process). 

Organic catalyst PC-3 gave slight better results than the metallorganic iridium complex 

Scheme 4.19 Model reaction chosen for the optimization and data on the substrates 

and catalysts employed.  



 Chapter 4  –  Enantioselective - functionalisation of enals 

Ph.D. Thesis in Chemical Sciences and Technologies 

Pietro Capurro 

160 

PC-1 (entry 8) while being more environmentally friendly and cheaper, and thus was 

preferred for further studies. The structure of the DHP ester was evaluated (entries 9-

10). The solubility of DHPs (molecule C is far less soluble than A and B, Scheme 4.19) 

influenced the outcome of the process more than their oxidation potential, since 

molecules A and B gave the very same results. Increasing the amount of DHP (entries 

11 and 13) while lowering the acid loading (entry 12) allowed to increase the yield up 

to a satisfying 80% with good enantiomeric ratios for both diastereoisomers. Lastly, 

several solvents were screened; while none led to yield improvements, methyl t-butyl 

ether (MTBE) slightly increased the e.r. of the second diastereoisomer. Unfortunately, 

my leftover time in the group by then allowed me to follow this second project up to 

this stage of development, but no further. 

Table 4.5 Results for the optimization of model reaction reported in Scheme 4.19. 

Entries 1-8, 12-13 refers to reactions performed by Dr. Dengke Ma. 

a. Temperature 0°C instead of -10°C 

b. Without Yannick catalyst 

During this early stage of development, some questions arose on the 

mechanism of the reaction system. The envisioned mechanism A for the 

transformation is reported in Scheme 4.20. The excited state photocatalyst should 

oxidise DHP ester [H2Py]; the reduced photocatalyst should then turnover upon single-

electron reduction of ground state iminium ion II, giving the desired nucleophilic b-

enaminyl radical IIIa. This latter intermediate can engage the Michael acceptor in an 

enantiocontrolled radical conjugated addition; the resulting radical IVa should then be 

reduced to carbanion by the surviving radical [HPy], delivering final product VI upon 

a protonation-hydrolysis sequence. A HAT from [HPy] to IVa seems less feasible due 

to the strength of N-H bond. 

entry PC DHP 
 X 

(mol%) 
Y 

(eq.) 
Z 

(eq.) 
Solvent 

Conv. 
(%) 

Yield 
(%) 

e.r. (d1) e.r. (d2) 

1a 1 A 60 1.2 0 DME 59 21 - - 

2a 1 A 60 1.2 3 DME 82 41 92:8 83:17 

3a 1 A 60 1.2 10 DME 95 49 - - 

4a - A 60 1.2 3 DME 0 0 - - 

5a,b 1 A 60 1.2 3 DME 44 19 - - 

6 1 A 60 1.2 10 DME 96 52 93:7 85:15 

7 2 A 60 1.2 10 DME 0 - - - 

8 3 A 60 1.2 10 DME 100 58 93:7 85:15 

9 3 B 60 1.2 10 DME 93 58  93:7 85:15 

10 3 C 60 1.2 10 DME - <10 - - 

11 3 B 60 2 10 DME 95 68 (69) 93:7 85:15 

12 3 B 30 2 10 DME 94 82 94:6 87:13 

13 3 B 30 1.5 10 DME 95 80 94:6 88:12 

14 3 B 30 2 10 acetone 48 34 - - 

15 3 B 30 2 10 THF 90 67 94:6 85:15 

16 3 B 30 1.5 10 PhCH3 53 23 90:10 84:16 

17 3 B 30 1.5 10 MTBE 75 35 94:6 90:10 
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This mechanism is in accordance with (i) the reported reduction potentials for 

the iminium ion and the Michael acceptor, (ii) the previous publication of 

MacMillan,50 (iii) the fact that other Michael acceptors succesfully engaged in the 

transformation, albeit in low yield (Scheme 4.21a), and lastly the fact that Dr. Ma 

reported (iv) no results with cinnamaldehyde (Scheme 4.21b) and (v) he did not detect 

any cross-coupling product of the Michael acceptors (Scheme 4.21c). An alternative 

mechanism B (Scheme 4.22) would require the reduction of the Michael acceptor to 

radical anion IIIb and its subsequent radical conjugated addition to the ground state 

iminium ion. The 3e− species IVb should then undergo reduction (or HAT) from 

radical [HPy]. Thermodynamical evidence in support of mechanism A are the 

supposedly easier reduction of the iminium ion with respect to Michael acceptor 4.20 

(-0.4 V vs -0.85 V, as per the measured CVs, whereas 4-CzIPN radical anion possesses 

an oxidation potential of -1.24 V),51 and the extremely high reduction potential of 

molecule 4.22 (-2.30 V) that makes impossible its reduction by the photocatalyst 

radical anion (see cyclic voltammetries in Paragraph 4.6.3.3). Also the fact that Dr. 

Ma reported no reactivity with cinnamaldehyde, that would give a poorly nucleophilic 

intermediate IIIa, is in accordance with the rationale presented by mechanism A. Yet, 

Scheme 4.20 A possible mechanistic rationale behind the -alkylation of enals 

with Michael acceptors (mechanism A). 
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it is remarkable the total lack of reactivity using Ru(bpz)3
2+ as photocatalyst. Its 

oxidation potential in the reduced state (namely -0.80 V) is in fact not sufficient to 

reduce Michael acceptor 4.16, but should be high enough to reduce the ground state 

iminium ion. This, however, is the only proof standing in support of mechanism B, 

and is partly disproved by the fact that, in the absence of the enal and amine catalyst, 

Scheme 4.21 (a) allylation of iminium ion with radical trap 4.22 under non-optimal 

conditions provided adduct 4.23; (b) cinnamaldehyde did not give any product when 

engaged in the transformation; (c) cross-coupling of the two Michael acceptors in 

absence of enal and amine catalyst gave no result. Conditions refer to Table 4.5. 

Scheme 4.22 Alternative mechanism (B) featuring the reduction of the Michael 

acceptor and its subsequent radical conjugated addition to the iminium ion. 
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cross-coupling product 4.25 of Micheal acceptors could not be found. While it cannot 

be ruled completely out, mechanism B would seem extremely substrate-specific for 

Michael acceptor 4.20, and no other olefin trap.  

Lastly, it should be noted that both mechanisms require a protonation step 

involving a carbanion (that is also responsible for the configuration of a second 

chirality centre, although no results in terms of diastereoselectivity were achieved). 

Since the beginning of the optimization, the amount of water present strongly 

influenced the system. When DME is used as solvent, increasing the water loading 

from 0 to 10 equivalents progressively increases the reaction yield. When the same 

amount of water is used in non-water miscible solvents (namely toluene, with water 

freezing out of the reaction mixture as the system is kept at -10°C), the reaction yield 

drops considerably. The proton mobility in solution seems to be a key element for the 

good outcome of the reaction. Surely, the environment is strongly acidic (30 mol% 

TFA); however the increase in reaction yield upon lowering of the TFA loading to a 

value close to that of the aminocatalyst loading (20 mol%) seems to suggest that the 

protonation of any carbanionic species present in solution might be mechanistically 

crucial – and possibly a factor to exploit to increase the diastereoselectivity. 

4.5.3 Future development 

It is hard to evaluate the possible directions that a project might take when it 

is still in such an early stage of development. Despite the relatively short optimization 

process, the reaction yield under optimised conditions was already satisfying (up to 

82%). Also the enantiomeric ratios were high considering the steric hindrance of the 

Michael acceptor (e.r. up to 99:1 are reported with bulky primary -amino radicals,10 

but are generally slightly lower for excited state iminium ion chemistry). 

Unfortunately, no diastereoselectivity could be induced despite changing several 

parameters. This evidence, however, is in accordance with previous works from the 

group; even when more easily controllable 1,2-stereocentres are forged in a single step, 

diastereoisomeric ratios are not remarkably high (ranging from 1.1:1 to 2.5:1). 

Accordingly, it would surely be appealing trying to achieve a more diastereoselective 

transformation. In fact, up to three contiguous stereocentres might form during the 

transformation, depending on the substituents present on the Michael acceptor. Since 

Yannick catalyst has never given excellent results in terms of diastereoselectivity, it 

might be necessary to either change the structure of the catalyst or to introduce an 

additional chirality source. 

While having a single catalysts inducing the relative configuration of different 

stereocentres is an appealing and elegant solution, finding a good balance between 

efficiencies in terms of reaction yield and enantioinduction is not an easy procedure, 

even when the bulky substituents are introduced late in the synthesis of the catalyst as 

in this case. More importantly, it might not allow the selective access to all possible 

stereoisomers of the final product. A modular, stereodivergent platform would be 
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much more desirable. In this regard, the introduction of a novel element of chirality 

can in principle allow to set the configuration of the other chiral centres forged during 

the process independently from the first one. The more straightforward way 

envisionable is the use of a chiral auxiliary.53 Since one of the partners is a Michael 

acceptor, when at least one of the electron-withdrawing group is a carbonyl, a chiral 

ester or amide might help raising the diastereoisomeric ratio.54 This expedient might 

help configuring the chirality centre(s) on the acceptor. Similarly, the activation of the 

acceptor with a chiral Lewis acid (already known for radical reactions)55 is another 

possibility. In both cases, the configuration of the centre(s) formed on the acceptor 

would depend mainly on the additional catalyst, rather than on the chiral amine.  

Additional hints on the possible path to explore might come from a deeper 

understanding of the reaction mechanism. Both proposed mechanism feature the 

formation of a carbanion, and accordingly its protonation would be the step 

determining the configuration of the second stereocentre forged (assuming the Michael 

acceptor is bearing no -substituents, Scheme 4.23 top). In this case, the sequence 

would be a conjugated addition – enantioselective protonation.56,57 Reports from 

several groups showed the possibility to achieve the selective protonation of 

carbanions from ,-unsaturated esters, amides, aldehydes and ketones using Lewis 

acids (e.g. by Sibi in enantioselective HATs, Scheme 4.23a)58,59 or bifunctional 

catalysts; the latters might find application of a broader selection of substrates (e.g. by 

Ellmann and Deng on nitroalkenes60 or cyanoalkenes,61 respectively) (Scheme 4.23b). 

Also the use of chiaral phosphoric acids has been reported (e.g. by Rueping in a 

reduction-enantiocontrolled protonation sequence, Scheme 4.23c).62 However, given 

the plethora of possibilities suggested by current literature, a screening of simple, 

commercial catalysts of these classes would surely provide enough data to design a 

more dedicated approach. 

Concluding, a deeper understanding of the mechanism is needed to design a 

strategy toward an efficient diastereoselective transformation. To further prove the 

Scheme 4.23 Top: stereocontrol of the sequential reduction-protonation (or 

of the alternative HAT) steps might be the key towards a more 

diastereoselective transformation. Bottom: examples of catalysts used in 

enantioselective HATs (a) and protonations (b, c).  
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involvement of the nucleophilic -enaminyl radical, more Michael acceptors should 

be tested in the transformation, measuring their redox potentials to ensure that their 

direct reduction should not be feasible. Similarly, a test with MacMillan’s protocol 

(i.e. starting from a saturated aldehyde)50 using Yannick catalyst in place of the 

original one might confirm the supposed nucleophilicity of the radical intermediate. In 

parallel, a screening of bifunctional catalysts, chiral Lewis acids and chiral phosphoric 

acids (the latters are already in use in other projects from the group and thus are readily 

available for some tests) would be in order to probe the possibility of moving towards 

a diastereoselective transformation.  

4.6 Experimental data 

All the experimental data, procedures and analyses for compounds reported 

in this Chapter are reported in this section.  

Note: compounds 4.20, 4.22, and DHPs A-C reported in Paragraph 4.5.2 were 

synthetized according to literature procedures by Dr. Dengke Ma and used as given; 

only cyclic voltammetries are reported. 

4.6.1 Materials and methods 

4.6.1.1 Materials 

Reagents and solvents were purchased from Sigma-Aldrich, Fluka, Alfa 

Aesar, Fluorochem, and used as received without further purification. Aldehydes were 

distilled through an Hickmann still prior to use. Synthesis grade solvents were used as 

purchased, anhydrous solvents were taken from a commercial SPS solvent dispenser. 

Flash chromatography was performed using commercial silica (35-70 mesh) using a 

variable weight of silica and column diameter according to the observed TLC 

separation of the desired product.63 

All glass equipment and magnetic stirbars were rinsed with acetone and then 

washed with soap and water in a proper dishwasher after use Additional washing with 

either freshly prepared aqua regia (HCl:HNO3 3:1) was performed in case heavy 

metals were used. Glassware used in moisture-sensitive reactions were dried overnight 

in the oven (120°C) prior to use. 

4.6.1.2 Analyses procedures and equipment 

NMR spectra were recorded at 400 MHz and 500 MHz for 1H, 100 or 125 

MHz for 13C, and 376 or 470 MHz for 19F. The chemical shifts (δ) are expressed in 

parts per million relatively to either tetramethylsilane (TMS) as an internal standard 

(0.00 ppm) or residual signals of the solvents (CHCl3,  7.26 ppm in 1H-NMR and  

77.16 ppm in 13C-NMR). Coupling constants are reported in hertz. Unless otherwise 

stated, NMR acquisitions were performed at 300 K, and CDCl3 was used as a solvent. 
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Multiplicity of signals is reported according to ACS standard notation (s, singlet; d, 

doublet; t, triplet; q, quartet; p, quintuplet, sext, sextet; hept, heptuplet; m, multiplet; 

additional signal labels: br, broad and app, apparent). Spectra were elaborated using 

pniMestReNova 14 by MestReLab Research or TopSpin 3.  

HPLC-MS analyses were performed on an Agilent 1200-series instrument, 

employing a chiral Daicel Chiralpak IC-3 column. Additional details are given for each 

compound or synthetic method. 

UPC2 analyses on chiral stationary phase was performed on a Waters Acquity 

instrument using a Trefoil IE3 chiral column. The exact conditions for the analyses are 

specified for each compound or synthetic method. 

Cyclic voltammetries were performed on a Princeton Applied Research 

PARSTAT 2273 potentiostat offering compliance voltage up to ± 100 V (available at 

the counter electrode), ± 10 V scan range and ± 2 A current range. Details are given 

with each analysis. 

Reactions were monitored via TLC analysis. TLCs were performed on Merck 

60 F254 silica-coated aluminum plates (0,25 mm thickness), viewed under UV light (λ 

= 254 nm or 365 nm) and then visualized with a proper stain: 

• Phosphomolybdic acid (PMA): dipping into a solution of phosphomolybdic 

acid (3.5 g) in absolute ethanol (100 mL) and warming; 

• Hanessian stain (a.k.a. cerium ammonium molybdate, CAM): dipping into a 

solution of (NH4)4MoO4·4H2O (21 g) and Ce(SO4)2·4H2O (1 g) in H2SO4 

(30 mL) and H2O (470 mL) and warming. 

4.6.1.3 Batch photochemical equipment 

Batch reactions were conducted in dedicated apparatuses consisting of a 

single high-power LED mounted on a heat sink topped with an aluminum vessel holder 

properly fitted into a 3D-printed block. This setup allows an optimal irradiation 

keeping the reaction vial at 10 mm distance from the LED source. The LED was 

connected to an external power supply (Elektro-Automatik EA-PS 2084-03B) and the 

irradiance was tuned upon measurement with a photodiode (FD11A, Si Photodiode, 

400 ns rise time, 320 - 1100 nm, 1.1 mm x 1.1 mm activea) just before irradiation of 

the reaction mixture. The photodiode response was calibrated by an external expert 

and used as received. The temperature was controlled by connecting the aluminum 

block to an external chiller/heater (Huber Minichiller 300), double-checking the 

temperature of the aluminum block with a thermometer before irradiation. Proper 

stirring was ensured by a magnetic stirplate under the whole setup. To avoid humidity 

condensation at low temperature, the whole setup was fit inside a plastic box connected 

to a nitrogen line to flush out any environmental moisture. LEDs: LZ1-00DB00 (460 

nm nominal, ledengin) and OCU-440 UE420-X-T (420 nm nominal, OSA-Opto).  
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4.6.1.4 Emission spectra of the emission sources 

The emission spectra were taken as they are from recent publication of the 

group.10 

Figure 4.3 Batch reactor and overall setup for the photochemical transformations 

used in this chapter. 

Figure 4.4 Emission profile of 460 nm LEDs as taken from ref. 10. 
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4.6.2 Synthetic procedures 

4.6.2.1 Synthesis of Yannick catalyst 

Esterification and PMB-protection of L-Hyp64 

L-Hyp (1 eq., 76.00 mmol) was suspended in MeOH (500 mL) under vigorous stirring. 

The suspension was cooled to 0ºC in ice bath, then thionyl chloride (1.2 eq, 91.50 

mmol) was added dropwise over 5-10 minutes using a syringe. The solution became 

clear; 10 minutes after the addition, a Dimroth condenser was placed atop the flask 

and the solution was gently heated to reflux. The reaction was left proceeding 

overnight. After TLC (EtOAc:heaxanes 1:1, PMA, microquench NaOH 2M:EtOAc 

1:1) the solvent was removed under reduced pressure, then the crude was taken up in 

DCM and the solvent removed again (3 x 100 mL) in vacuo. The crude product was 

suspended in dry DCM (500 mL) under nitrogen atmosphere, then triethylamine (2.5 

eq., 191 mmol) was added slowly. The suspension cleared; after all the substrate was 

dissolved, 4-methoxybenzyl chloride (2 eq., 153 mmol) was added. After the addition, 

the solution was gently warmed up with a Dimroth condenser atop up to a mild reflux 

and left proceeding overnight. After TLC check (EtOAc:hexanes 1:2 + 1% MeOH, 

PMA) the solution was moved to a separatory funnel and washed with NaOH 1M (500 

mL) and brine (500 mL). The organic layer was dried over Na2SO4 anhydrous, filtered 

and dried under reduced pressure. Purification via chromatography (hexanes:EtOAc 

3:2 + 1% MeOH → EtOAc + 5% MeOH) afforded the pure product 4.26a. 

Swern oxidation of 4.26a12 

A solution of dimethyl sulfoxide (2.1 eq., 79 mmol) in dry DCM (125 mL) was 

prepared under argon atmosphere in an oven-dried 500 mL two-neck round-bottom 

flask. The solution was cooled to -78ºC in an acetone/CO2 bath. Then, a solution of 

oxalyl dichloride (1.30 eq., 49 mmol) in dry DCM (125 mL) was added over 5-10 

minutes to the DMSO solution via canulation. After the addition, the solution was 

stirred at -78ºC for 15 minutes. Then a solution of 4.26a (1 eq., 38 mmol) in dry DCM 

(125 mL) was added over 10 minutes to the main solutionvia canulation. The resulting 

Scheme 3.24 Synthesis of Yannick catalyst from trans-4-hydroxy-L-Proline (L-

Hyp) following the literature procedure.  
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light yellow solution was stirred at -78ºC for 30 min, then neat triethylamine (4.8 eq., 

181 mmol) was added over 5 minutes. The solution turned denser and was stirred for 

30 minutes. Eventually, the mixture was allowed to reach r.t. over 60 minutes of 

additional stirring. After TLC (hexanes:EtOAc 1:3 with 1% MeOH, UV + PMA) the 

crude mixture and washed with 400 mL of distilled water. The aqueous layer was 

separated and extracted with DCM (3 x 300 mL). The combined organic layers were 

washed once with brine (600 mL) and dried over anhydrous MgSO4, filtered and dried 

in vacuo. Purification via chromatography (hexanes:EtOAc 4:1 → EtOAc) afforded 

the pure product 4.26b. 

Difluorination of 4.26b12 

Warning: DAST reacts violently with water and bases to free HF. Keep calcium-based 

solutions for decontamination at reach and wear proper PPEs.  

4.26b (1 eq., 15 mmol) was dissolved in DCM (160 mL, non-dry solvent) to give a 

pale yellow solution. The solution was allowed to chill at 0ºC in ice bath for 10 

minutes, then diethylamino sulfur trifluoride  (DAST, 3 eq., 45 mmol) was slowly 

added dropwise over 15 minutes to give a yellow solution. The temperature was 

allowed to rise at room temperature in the melting ice bath overnight. After TLC check 

(hexanes:EtOAc 9:1, microquench sat. NaHCO:EtOAc 1:1, UV+PMA), the brown 

solution was chilled again at 0ºC in ice bath and the residual DAST was quenched by 

very slow addition (circa 1 hour) of saturated NaHCO3 solution (300 mL) under 

extremely vigorous magnetic stirring to give a dense yellow mixture. After the end of 

the addition, the solution was allowed to evolve CO2 under stirring for 30 minutes. 

The biphasic mixture was moved to a 1L separatory funnel and the two layers 

separated. The aqueous layer was extracted with DCM (3 x 150 mL), and the combined 

organic layers were washed once with brine (400 mL). The brine solution was 

extracted once more with DCM (100 mL). All the combined organic layers were dried 

over anhydrous MgSO4, filtered and concentrated under reduced pressure to give a 

brown oil. Purification via chromatography (hexanes:EtOAc 10:1 → 8:1) afforded the 

pure product 4.26c. 

Grignard reaction on 4.26c12 

Magnesium turnings (5.25 eq., 63 mmol) were loaded into a 250 mL two-necks round-

bottom flask with a Dimroth condenser atop. The top of the Dimroth condenser was 

connected to the Schlenk-line and the system was left under hi-vac overnight with the 

magnesium turnings being stirred. Then dry THF (50 mL) was added. A solution of 

iodine (0.025 Eq,  0.30 mmol) in dry THF (1 mL) was added.Then, the cooling water 

of the condenser was turned on and commercially available 1-bromo-3,5-

bis(trifluoromethyl)benzene (4 eq., 48 mmol) was slowly added to the brown solution 

under vigorous stirring in a first portion of 2.5 mL. The suspension turned clear over 

10-15 minutes as the iodine was consumed and then it slowly turned dark brown again 

as it began to warm up. Once the solution got to mild reflux, the remaining aryl 
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bromide was added in small portions allowing the solution to reflux gently. After the 

addition was complete and the exothermic reaction was over, the solution was kept at 

reflux for 20 additional minutes warming it up occasionally with the heat gun. The 

solution was allowed to cool to r.t. first and was chilled at 0ºC in ice bath then. Lastly, 

a solution of 4.26c (1.00 eq., 12 mmol) in dry THF (15 mL) was added slowly over 15 

minutes. The resulting solution was allowed to reach r.t. and left reacting under stirring 

overnight. After TLC check (hexanes + 3% EtOAc, microquench NH4Cl:EtOAc 1:1, 

UV+PMA) the dark brown reaction was quenched by slow addition of saturated 

NH4Cl (150 mL). The mixture was moved to a 500 mL separatory funnel and extracted 

with EtOAc (3x150 mL). The combined organic layers were washed once with brine 

(250 mL) and dried over anhydrous MgSO4, filtered and concentrated in vacuo to give 

a white-yellowish solid. Purification via chromatography (hexanes + 3% EtOAc → 

10% EtOAc) afforded the pure product 4.26d. 

Protection of free alcohol and PMB deprotection on 4.26d12 

4.26d (1 eq., 11 mmol) was dissolved in dry THF (80 mL) to give a pale yellow 

solution that was brought to 0ºC in ice bath. Then, sodium hydride (60% wt., 3 eq., 33 

mmol) was added in a single portion. The resulting mixture was allowed to evolve H2 

under stirring for 15 minutes at 0ºC. Then, thexyldimethylsilyl chloride (TDS-Cl, 2 

eq., 22 mmol) was added and the mixture was stirred at 0ºC for 20 minutes after which 

the ice bath was removed and the reaction left under stirring overnight. After TLC 

(hexanes:EtOAc 9:1, microquench H2O:Et2O 1:1, UV+PMA) the reaction was poured 

over neat ice (volume ca. half of a 500 mL Erlenmeyer flask) and left quenching for 

10 minutes. After the ice melted, the mixture was moved to a separatory funnel and 

extracted with Et2O (3 x 100 mL). The combined organic layers were washed once 

with brine (250 mL) and dried over anhydrous MgSO4, filtered and then concentrated 

in vacuo to give a yellow-golden oil. The crude product was then dissolved in DCM 

(210 mL, non-dry) then deionised water (40 mL) was added. Under vigorous stirring, 

2,3-dichloro-5,6-dicyanobenzoquinone (DDQ, 2 eq., 22 mmol) was added in small 

portions over 20 minutes (ca. 1 portion/min). The yellow solution turned to a brown-

red mixture with an opalescent film/solid appearing occasionally on the inner walls of 

the flask. The mixture was allowed to react at r.t. for 100 minutes. The reaction was 

checked via TLC (hexanes:EtOAc 9:1, UV+PMA) and then quenched by slow 

addition of 200 mL of saturated NaHCO3, resulting in a brown-black mixture that was 

moved to a 1L separatory funnel. The layers were separated after dilution of the 

aqueous phase to let the interface between the phases become evident; the aqueous 

phase was then extracted twice with EtOAc (2x 200 mL). The combined organic layers 

were washed once with brine (400 mL) and dried over anhydrous MgSO4 to give an 

orange-red solution, filtered and concentrated in vacuo. Purification via 

chromatography (cyclohexane:DCM 10:1 → 3:1) afforded the pure product. The 

whole batch was additionally purified by precipitation from iPrOH (dissolution into 

35 mL circa of boiling iPrOH and then crystallization overnight at -20°C). 
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4.6.2.2 Synthesis of racemic Catalysts A and B 

Synthesis of 2,2'-dibromo-5,5'-bis(trifluoromethyl)-1,1'-biphenyl 4.2765 

A solution of commercial 1-bromo-2-iodo-4-(trifluoromethyl)benzene (2 eq., 2.9 

mmol) in dry THF (15 mL) was prepared under argon in a heat gun dried flask. The 

solution was brought to -78ºC in acetone / dry ice bath, then freshly titrated n-

butyllithium (2.5 M in hehaxes, 2 eq., 2.9 mmol) was added dropwise over 10 minutes 

via syringe. The mixture was allowed to react under stirring for 5-10 minutes, then 

copper(II) bromide (2 eq., 2.9 mmol) was added under strong stirring. The dark brown 

solution was left to react under stirring for 1 hour, then nitrobenzene (4.00 eq., 5.7 

mmol) was added and the temperature was allowed to rise to r.t. overnight. The dark 

green solution was then moved to a 100 mL separatory funnel and quenched with 30 

mL NH3 (12% v/v). The dark blue solution was extracted with Et2O (3 x 20 mL). The 

combined organic layers were washed once with brine (30 mL) and dried over MgSO4, 

then filtered and concentrated in vacuo to give a light brown oil. Purification via flash 

chromatography (hexanes) afforded the product with a little starting material that was 

used directly in the following step without further purification. Diagnostic NMR 

signals matched that of the literature-reported product. 

Synthesis of racemic carbazole Catalysts A and B 

Caesium carbonate (3 eq., 2.4 mmol), copper(I) iodide (0.5 eq., 0.4 mmol), (1SR,2SR)-

cyclohexane-1,2-diamine (2 eq., 1.6 mmol) were loaded into an oven-dried Schlenk 

tube. The tube was purged from air and backfilled with argon (4 times), then a solution 

of 4.27 or commercial 2,2’-dibromo-1,1’-biphenyl (1 eq., 0.8 mmol) in dry 1,4-

dioxane (1.5 mL) under argon was added. The vial was sealed and the light blue 

solution was heated at 110 °C for 16 hours. The yellow-green solution was cooled to 

room temperature, diluted with EtOAc and filtered over a celite pad to remove the 

copper waste. The solution was concentrated in vacuo and purified by flash 

chromatography (DCM:MeOH mixtures) to afford the pure product. 

4.6.2.3 Synthesis of the silyl derivatives 

Synthesis of (TMS)3SiOH and (TES)3SiOH38 

Commercially available alkyl supersilane (1 eq., 3 mmol), 2-bromopropane (2 eq., 6 

mmol) and a magnetic stir bar were loaded under air in a 5 mL Schlenk tube. Et2O (1 

mL) was added and the reactants were dissolved under magnetic stirring. Then the tube 

Scheme 3.25 Small scale synthesis of racemic carbazole catalysts A and B. 
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was sealed with a rubber septum and parafilm and was left under LED irradiation (460 

nm) overnight. Then, the irradiation was stopped and the solution was allowed to 

evolve gas piercing the rubber septum with a needle. Once the gas evolution stopped, 

the solution was moved to around bottom flask where it was additioned of 1.32 mL of 

an acqueous solution of sodium hydroxide (2.5 molar, 1.1 eq., 3.3 mmol). The reaction 

was left proceeding at room temperature overnight. Then the solution was moved to a 

separatory funnel and extracted with Et2O (2 x 10 mL). The combined organic layers 

were dried over MgSO4 and concentrated in vacuo to give a colorless oil. (TMS)3SiOH 

was used without further purification, (TES)3SiOH was purified by flash 

chromatography (hexanes → hexanes 3% Et2O) to afford the pure product. 

Synthesis of (TMS)3SiNH(tBu)35 

A solution of supersilane (1 eq., 2.0 mmol) in dry DCM (6 mL) in a Schlenck tube 

under argon was brought to 0°C in ice bath. After 5 minutes, under vigorous stirring, 

TfOH (1.05 Eq, 2.1 mmol) was added in two portions; the solution was allowed to 

evolve H2 gas while becoming more cloudy. The reaction was left proceeding under 

vigorous stirring at room temperature, then after 60 min was brought again to 0ºC in 

ice bath. tert-butyl amine (1.05 Eq, 2.1 mmol) and DIPEA (1.5 Eq, 3.0 mmol) were 

added in sequence, then the solution was allowed to reach room temperature overnight. 

The slightly yellow solution was moved to a round bottom flask and dried in vacuo to 

give a whitish mixture of a solid and an oil. The oil was dissolved in 2 mL of n-hexane 

(HPLC grade) and the solid was separated up decantation of the organic layer with a 

syringe, washing the residual white, sticky solid 3 additional times with 2 mL of n-

hexane. The combined organic layers were moved to a round bottom flask and the 

solvent was removed in vacuo to give a whitish residue. The residue was purified by 

crystallization dissolving the crude in 300 L of DCM and adding 1 mL of MeOH. 

The solution was left at -21ºC for 1h, then the white solid was recovered by filtration 

in vacuo on a glass frit. The procedure was repeated a second time on the mother liquor 

using 200 L of DCM and 600 L of MeOH. The combined precipitates were dried 

on the glass frit under air, then moved to a vial and the residual solvent removed under 

high-vac. 

Scheme 3.26 Synthesis of silyl derivatives from literature procedures. 
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4.6.2.4  General procedure for the photochemical experiments 

General procedure for the enantioselective alkylation of enals using the XAT strategy 

A 7-mL vial was loaded with Yannick catalyst (0.2 eq., 20.0 μmol), a magnetic stirbar 

and all other solids reagents (i.e. Lewis acids when used, or solid alkyl halides and 

silyl derivatives). The vial was sealed with a septum screw cap and parafilm, then air 

was purged via Schlenk technique (4 cycles of vacuum / argon) using a needle through 

the septum. Then, cinnamaldehyde (3 eq., 0.3 mmol) was added. The substrates were 

dissolved in 200 L of Ar-degassed solvent. When needed, TFA was added as an argon 

sparged solution in the solvent itself, prepared sparging HPLC grade solvent with 

argon for 10 minutes and then adding the desired amount of TFA to achieve the needed 

concentration. The solution turned yellow upon dissolution of the components, 

indicating the formation of the desired iminium ion. Lastly, the alkyl bromide (1 eq., 

0.1 mmol) and supersilyl derivative (2 eq., 0.2 mmol) were added in sequence (when 

liquid). The septum was sealed with silicon grease and parafilm, then irradiated at the 

desired temperature as set on the chiller / heater (switched off during rt experiments) 

with a high power single LED ( = 460 nm, irradiance 60 mW/cm2) controlled by an 

external power supply. The reaction was left proceeding overnight (or for the desired 

time), checking again the irradiance after the end of the reaction. The solvent was 

removed under reduced pressure, then 1,1,2-trichloroethene (9 μL, 1.00 eq., 0.1 mmol) 

was added as internal standard and the reaction was eventually checked via H-NMR 

(CDCl3 quenched over K2CO3, 400 MHz). Purification via chromatography or 

preparative TLC using the eluant reported for every product followed; determination 

of the enantiomeric excess upon HPLC or UPC2 analysis (see each product for details). 

General procedure for the enantioselective alkylation of enones using the XAT strategy 

A Schlenk tube was loaded with bromomethyl phtalamide (1.5 eq., 0.15 mmol), 

catalyst A or B (0.20 eq., 20 μmol), salicylic acid (0.4 eq., 40 μmol) and a magnetic 

stirbar. The other components, when solid, were added at this stage as well. The tube 

was then placed under nitrogen inert atmosphere via classic Schlenk technique (4 

cycles of vacuum / nitrogen). Then, the enone (1 eq., 0.1 mmol), degassed solvent (200 

μL) and lastly the supersilyl derivative (1.5 eq., 150 μmol) were added. The solution 

was then thoroughly degassed via 4 freeze-pump-thaw cycles (liquid nitrogen, 5 min 

of vacuum each cycle), backfilling with nitrogen after the last cycle. The tube was 

placed into a 3D-printed plastic support mounted on an aluminum block fitted with a 

425 nm high-power single LED (λ = 420 nm). The irradiance was regulated at 15 

mW/cm2, as controlled by an external power supply. and the reaction left proceeding 

for the desired time. The crude solution was moved to a round bottom flask with DCM. 

The volatiles were removed in vacuo and the crude analyzed at the NMR (1H, CDCl3 

quenched over K2CO3, 400 MHz) after addition of 1,1,2-trichloroethene (9.0 μL, 1.00 

eq., 0.1 mmol) or dibenzyl ether (9.5 μL, 0.50 Eq, 0.05 mmol) as internal standard. 

Purification via flash chromatography with the reported eluant; determination of the 

enantiomeric excess performed upon chiral HPLC (see each product for details). 
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General procedure for the enantioselective alkylation of enals with Michael acceptors 

The desired DHP ester (2 eq., 0.2 mmol), Yannick catalyst (0.2 eq., 20 μmol), the 

photocatalyst (0.01 eq., 1.00 μmol) and a magnetic stirbar were loaded into a 7 mL 

photochemical vial. The vial was sealed with a septum screw cap and parafilm, then 

air was purged via Schlenk technique (4 cycles of vacuum / argon) using a needle 

through the septum. Then, 200 μL of an argon sparged TFA solution in the solvent 

itself was added, previously prepared sparging HPLC grade solvent with argon for 10 

minutes and then adding the desired amount of TFA to achieve the needed 

concentration. Lastly, distilled (E)-pent-2-enal (3 eq., 0.3 mmol), benzyl 2-

phenylacrylate (1 eq., 0.1 mmol) and water (10 eq., 1 mmol) were added. The septum 

was sealed with silicon grease and parafilm, then irradiated at -10 °C with a high power 

single LED ( = 460 nm, irradiance 60 mW/cm2) as controlled by an external power 

supply. checking again the irradiance after the end of the reaction. Then the crude was 

moved to a flask with DCM, evaporated under reduced pressure and NMR-checked 

after addition of methyl benzyl ether (12.2 mg, 12.4 μL, 1 Eq, 100 μmol) as internal 

standard. Purification via chromatography or preparative TLC using the solvent 

reported.  Determination of the enantiomeric excess upon chiral HPLC. 

4.6.3 Analytical data 

4.6.3.1 Anayltical data for catalysts, precursors and starting materials 

methyl (2S,4R)-4-hydroxy-1-(4-methoxybenzyl)pyrrolidine-2-carboxylate        2.26a 

Yield   78% over 2 steps, white solid 

Rf   0.23 (hexanes:EtOAc 2:1 + 1% MeOH) – UV+PMA 

1H-NMR (400 MHz) δ 7.23 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 4.46 (s, 

1H), 3.85 (d, J = 12.9 Hz, 1H), 3.79 (s, 3H), 3.66 (s, 3H), 3.64 – 3.55 (m, 2H), 3.34 

(dd, J = 10.3, 5.6 Hz, 1H), 2.50 (dd, J = 10.2, 3.8 Hz, 1H), 2.26 (dt, J = 14.1, 7.2 Hz, 

1H), 2.16 – 2.00 (m, 1H), 1.83 (s, 1H). 

Data consistent with the literature.64 

methyl (S)-1-(4-methoxybenzyl)-4-oxopyrrolidine-2-carboxylate        2.26b 

Yield   98%, white solid 

Rf   0.21 (hexanes:EtOAc 5:1) – UV+PMA 

1H-NMR (400 MHz) δ 7.23 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 3.86 (d, J = 

12.6 Hz, 1H), 3.82 (d, J = 1.8 Hz, 1H), 3.80 (s, 3H), 3.74 (s, 3H), 3.68 (d, J = 12.9 

Hz, 1H), 3.34 (d, J = 17.2 Hz, 1H), 3.00 (d, J = 17.2 Hz, 1H), 2.71 (dd, J = 18.1, 7.7 

Hz, 1H), 2.55 (dd, J = 18.1, 5.9 Hz, 1H). 

Data consistent with the literature.12 

methyl (S)-4,4-difluoro-1-(4-methoxybenzyl)pyrrolidine-2-carboxylate       2.26c 
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Yield   80%, white solid 

Rf   0.25 (hexanes:EtOAc 10:1) – UV+PMA 

1H-NMR (400 MHz) δ 7.23 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 3.93 (d, J = 

12.9 Hz, 1H), 3.80 (s, 3H), 3.73 (s, 3H), 3.61 – 3.52 (m, 2H), 3.35 (q, J = 11.8 Hz, 

1H), 2.93 – 2.71 (m, 1H), 2.67 – 2.36 (m, 2H). 

19F{1H}-NMR (376 MHz) δ -92.96 (d, J = 229.8 Hz), -94.08 (d, J = 234.7 Hz). 

Data consistent with the literature.12 

(S)-bis(3,5-bis(trifluoromethyl)phenyl)(4,4-difluoro-1-(4-methoxybenzyl)pyrrolidin-

2-yl)methanol  2.26d 

Yield   94%, white solid 

Rf   0.38 (hexanes + 3% EtOAc) – UV+PMA 

1H-NMR (400 MHz) δ 8.22 (s, 2H), 8.03 (s, 2H), 7.84 – 7.72 (m, 2H), 6.87 (d, J = 

8.6 Hz, 2H), 6.79 (d, J = 8.7 Hz, 2H), 5.26 (s, 1H), 4.42 (t, J = 8.3 Hz, 1H), 3.78 (s, 

3H), 3.41 – 3.11 (m, 3H), 2.98 (q, J = 12.5 Hz, 1H), 2.26 (tt, J = 14.3, 8.0 Hz, 1H), 

2.09 (qd, J = 14.7, 8.5 Hz, 1H). 

Data consistent with the literature.12 

(S)-2-(bis(3,5-bis(trifluoromethyl)phenyl)(((2,3-dimethylbutan-2-

yl)dimethylsilyl)oxy)methyl)-4,4-difluoropyrrolidine Yannick catalyst 

Yield   87%, white crystalline solid 

Rf   0.53 (cylohexane:DCM 10:1) – UV+PMA 

1H-NMR (400 MHz) δ 8.10 (s, 2H), 7.91 (s, 2H), 7.72 (s, 2H), 4.46 (t, J = 8.3 Hz, 

1H), 3.15 (td, J = 13.9 Hz, 7.2 Hz, 1H), 2.62 (ddd, J = 20.2 Hz, 12.9 Hz, 7.9 Hz, 1H), 

2.31-2.08 (m, 2H), 1.95-1.69 (m, 2H), 0.95 (d, J = 3.0 Hz, 3H), 0.93 (d, J = 3.0 Hz, 

3H), 0.89 (s, 3H), 0.87 (s, 3H), -0.14 (s, 3H), -0.47 (s, 3H). 

Data consistent with the literature.12 

Catalytic activity was tested in a standard reaction of the project, finding results 

matching that of the same reaction using an already tested sample of catalyst. 

(1RS,2RS)-2-(9H-carbazol-9-yl)cyclohexan-1-amine racemic Catalyst A 

Yield   17%, white crystalline solid 

Rf   0.43 (DCM + 2% MeOH) – UV+PMA 

Purif.:  chromatography DCM → DCM + 5% MeOH  

1H-NMR (400 MHz) δ 8.14 (dd, J = 12.6 Hz, 7.7 Hz, 2H), 7.68 (d, J = 8.3 Hz, 1H), 

7.58-7.38 (m, 3H), 7.26 (t, J = 7.2 Hz, 2H), 4.23 (ddd, J = 12.4 Hz, 10.3 Hz, 3.9 Hz, 

1H), 3.78 (td, J = 10.6 Hz, 4.2 Hz, 1H), 2.60-2.34 (m, 1H), 2.28-2.09 (m, 1H), 1.97 

(dddd, J = 16.9 Hz, 9.1 Hz, 3.9 Hz, 1.9 Hz, 3H), 1.65-1.51 (m, 2H), 1.52 – 1.35 (m, 

1H). 
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Data consistent with the literature.8 An enantiopure sample of this catalyst with 

confirmed catalytic activity was already available and its synthesis was not needed. 

(1R,2R)-2-(3,6-bis(trifluoromethyl)-9H-carbazol-9-yl)cyclohexan-1-amin 

 racemic Catalyst B 

Yield   30%, white crystalline solid 

Rf   0.63 (DCM + 2% MeOH) – UV+PMA 

Purif.:  chromatography DCM → DCM + 5% MeOH  

1H-NMR (400 MHz) δ 8.43 (d, J = 9.9 Hz, 2 H), 7.59-7.82 (m, 4 H), 4.21-4.34 (m, 1 

H), 3.74 (td, J = 10.55 Hz, J = 4.13 Hz, 1 H), 2.31-2.47 (m, 1 H), 2.14-2.25 (m, 1 H), 

1.89-2.07 (m, 3 H), 1.53-1.66 (m, 2 H), 1.40-1.53 (m, 1 H), 1.17 (br s, 2 H). 

Data consistent with the literature.8  

1,1,1,3,3,3-hexamethyl-2-(trimethylsilyl)trisilan-2-ol  (TMS)3SiOH 

Yield   93%, colorless oil 

1H-NMR (400 MHz) δ  0.72 (s, 1H), 0.20 (s, 27H). 

Data consistent with the literature.38 

1,1,1,3,3,3-hexaethyl-2-(triethylsilyl)trisilan-2-ol  (TES)3SiOH 

Yield   80%, colorless oil 

1H-NMR (400 MHz) δ 1.06 (t, J = 7.8 Hz, 27H), 0.80 (app q, J = 7.7 Hz, 18H). OH 

is missing. 

Data consistent with the literature.38 

N-(tert-butyl)-1,1,1,3,3,3-hexamethyl-2-(trimethylsilyl)trisilan-2-amine 

(TMS)3SiNH(tBu) 

Yield   35%, white sticky solid 

Rf   0.63 (DCM + 2% MeOH) – UV+PMA 

Purif.:  chromatography DCM → DCM + 5% MeOH  

1H-NMR (400 MHz) δ 1.39 (s, 1H), 1.13 (s, 9H), 0.18 (s, 28H). 

Data consistent with the literature.35 

4.6.3.2 Analytical data for the products 

(S)-3-cyclohexyl-3-phenylpropanal    4.3 

Not isolated, detected upon NMR anaylsis (aldehyde peak at 9.61 ppm, same J and 

multiplicity as the one here reported from the literature).14 
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1H-NMR (400 MHz) 9.61 (1H, t, J = 2,2 Hz), 7.32-7.25 (2H, m), 7.22-7.19 (1H,  m), 

7.16-7.12 (2H,  m), 3.01-2.94 (1H,  m), 2.87-2.67 (2H,  m), 1.85-1.70 (2H, m), 1.69-

1.58 (2H, m), 1.55-1.44 (2H, m), 1.26-1.02 (3H, m), 1.00-0.77 (2H, m). 

3-phenylpropanal    4.4 

Not isolated, detected upon NMR analysis (aldehyde peak at 9.81 ppm, same J and 

multiplicity as the one here reported from the literature).66  

1H-NMR (400 MHz)  9.81 (s, 1H), 2.95 (t, J = 7.5 Hz, 2H), 2.77 (t, J = 7.5 Hz, 2H). 

(S)-4-methyl-3-phenylpentanal  4.4 

Not isolated, detected upon NMR anaylsis (aldehyde peak at 9.61 ppm, same J and 

multiplicity as the one here reported from the literature).14 

1H-NMR (400 MHz)  9.61 (t, 1H, J =  2.2 Hz), 7.33-7.28 (2H, m), 7.25-7.18 (1H, m), 

7.18-7.13 (2H, m), 2.96 (1H, ddd, J = 9.5, 7.5, 5.5 Hz), 2.84-2.71 (2H, m), 1.95-1.81 

(1H, m), 0.96 (3H, d, J = 6.7 Hz), 0.79 (3H, d, J = 6.7 Hz). 

(S)-3,4-diphenylbutanal   4.8 

Yield   40%, colourless oil 

Rf   hexanes:DCM 8:2 + 3% Et2O – UV+PMA 

Purif.:  chromatography, hexane:EtOAc 80:1 → 50:1 

1H-NMR (400 MHz) 9.59 (t, J = 2.0 Hz, 1H), 7.31 – 7.14 (m, 8H), 7.08 – 7.04 (app 

d, J = 5.0 Hz, 2H), 3.49 (p, J = 7.5 Hz, 1H), 2.96 (dd, J = 13.5, 7.1 Hz, 1H), 2.88 (dd, 

J = 13.5, 7.9 Hz, 1H), 2.81 – 2.70 (m, 2H). 

Chiral HPLC:  sample 1 mg/mL (hexane), isochratic elution hexane:iPrOH 90:10, 

flow 0.600 mL/min,  = 215 nm, Vinj 5 L, eluted for 25 min, average of 3 runs, tmajor 

= 12.4 min, tminor = 13.4 min 

Data consistent with the literature.11 

2-((3-oxocyclohexyl)methyl)isoindoline-1,3-dione   4.13b 

Yield   20%, colourless oil 

Rf   hexanes:EtOAc 4:1 – UV+CAM 

Purif.:  1st chromatography hexanes:EtOAc 8:1 → EtOAc 

  2nd chromatography isochratic hexanes:EtOAc 5:1  

  then preparative TLC hexanes EtOAc 4:1  

1H-NMR (400 MHz) 9.59 (t, J = 2.0 Hz, 1H), 7.31 – 7.14 (m, 8H), 7.08 – 7.04 (app 

d, J = 5.0 Hz, 2H), 3.49 (p, J = 7.5 Hz, 1H), 2.96 (dd, J = 13.5, 7.1 Hz, 1H), 2.88 (dd, 

J = 13.5, 7.9 Hz, 1H), 2.81 – 2.70 (m, 2H). 

13C{1H} NMR (125 MHz) δ 210.24, 168.57, 134.28, 132.01, 123.53, 45.76, 43.05, 

41.33, 38.46, 29.11, 24.90. 
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UPC2:  sample 1 mg/mL (hexane:iPrOH 6:1 + 5% DCM), gradient 100% CO2 to 

60:40 CO2:MeOH over 6 minutes, flow 3 mL/min, eluted for 9 min, diode array, Vinj 

3 L, single run, tA = 7.26 min, tB = 7.52 min, e.r. 50:50 

3-((4-fluorophenyl)sulfonyl)-3-phenylpropanal  4.16 

Not isolated, detected upon NMR anaylsis by comparison with a similar compound in 

the literature.37 Visible signals, and their analogy with the reported one: 

1H-NMR (400 MHz)  9.75 (s, 1H), 4.75 (dd, J = 9.0, 4.7 Hz, 1H), 3.64 (dd, J = 18.2, 

4.7 Hz, 1H), 3.34 (dd, J = 18.3, 9.0 Hz, 1H). 

Spectrum of 3-((4-fluorophenyl)sulfonyl)-1,3-diphenylpropan-1-one 

1H NMR (400 MHz, CDCl3) δ 7.97 - 7.92 (m, 2H), 7.61 - 7.50 (m, 3H), 7.49 - 7.43 

(m, 2H), 7.29 - 7.17 (m, 5H), 7.08 - 7.01 (m, 2H), 4.93 (dd, J = 9.6, 3.6 Hz, 1H), 4.14 

(dd, J = 17.9, 3.6 Hz, 1H), 3.93 (dd, J = 17.9, 9.6 Hz, 1H). 

benzyl (4R)-4-ethyl-6-oxo-2-phenylhexanoate   4.21 

Yield   69%, colourless oil 

Rf   0.41 (hexanes:EtOAc 10:1) – UV+PMA 

Purif.:  chromatography hexanes:EtOAc 18:1 → 4:1 

Isolated as a non-separable mixture of two diastereoisomer A and B (d1 and d2 within 

Paragraph 4.5.2), as the lower homologue reported in literature.50 

1H-NMR (500 MHz) δ 9.67 (t, J = 2.4 Hz, 1HA), 9.64 (t, J = 2.2 Hz, 1HB), 7.38 – 

7.23 (m, 20H, 2PhA + 2PhB), 5.16 (dd, J = 12.4, 1.2 Hz, 2HA/B), 5.09 (dd, J = 12.4, 

2.9 Hz, 2HB/A), 3.75 – 3.68 (m, 2HA+B), 2.34 (ddd, J = 6.9, 4.8, 2.3 Hz, 4HA+B), 2.22 

– 2.14 (m, 1HA/B), 2.12 – 2.05 (m, 1HB/A), 1.93 – 1.76 (m, 4HA+B), 1.49 – 1.33 (m, 

4HA+B), 0.93 – 0.80 (m, 8HA+B). 

13C{1H} NMR (125 MHz) δ 202.55 (CA), 202.40 (CB), 173.54 (CA+B), 138.64 (CA), 

138.57 (CB), 135.83 (CA+B), 128.77 (CA), 128.75 (CB), 128.50, 128.19, 128.04, 

128.03, 128.00, 127.94, 127.47, 66.61 (CA+B), 49.26 (CA), 49.25 (CB), 47.71(CA), 

47.69, 37.37 (CA), 37.28 (CB), 32.27 (CA), 32.09 (CB), 26.38 (CA), 26.19 (CB), 10.52 

(CA), 10.45 (CB). (not assigned signal belongs to the CAr of both isomers). 

Chiral HPLC:  sample 1 mg/mL (hexane), isochratic elution hexane:iPrOH 90:10, 

flow 0.5 mL/min,  = 215 nm, Vinj 5 L, eluted for 25 min, average of 3 runs, tA
major 

= 19.0 min, tA
minor 20.7 = min, tB

major 19.7 = min, tBminor = 23.4 min. 

ethyl (R)-4-ethyl-2-methylene-6-oxohexanoate   4.23 

Not isolated, detected upon NMR analysis, signals that might belong to the putative 

product as seen in the reaction crude: 

δ 9.77 (t, J = 2.2 Hz, 1H, CHO), 6.25 – 6.20 (m, 2H, C=CH2). 
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4.6.3.3 Cyclic voltammetries of olefin traps and DHPs 

Cyclic voltammetries of reported DHPs A-C and olefin traps were performed to gain 

a deeper understanding of the mechanism. The analyses were performed on 

PARSTAT® 2273. Each sample was analysed at the reported concentration (dissolved 

in a 0.1M solution of tetrabutylammonium hexafluorophosphate in MeCN) with the 

indicated scan rate after 10 minutes of argon sparging to degas the solution. Blanks of 

the electrolyte solution were performed and subtracted. Reported potentials were 

evaluated from the cathodic/anodic peak potentials for irreversible processes and from 

half-wave potentials for reversible ones.67 Reference electrode Ag/AgCl (KCl sat.), 

working electrode C (graphite), auxiliary electrode Pt (wire), scan rate 100 mV/sec. 

 

Figure 4.5 Cyclic voltammetries for DHP esters (top left, with structures and 

results within the box on the right) and several olefin traps (bottom left, structures 

and results within the box on the right). 
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4.6.3.4 Stability of supersilane derivatives with TFA 

Stability of supersilanol in TFA 

Solutions of (TMS)3SiOH and TFA (0.05-0.01 mmol) in MeCN-d3 (600 L) were 

NMR monitored (1H and 19F) in presence and absence of TFA and water (Figure 4.6). 

After 1h and 15 minutes, the sample with equimolar amounts of supersilanol and TFA 

(green) featured the disappearance of the original peaks of the two compounds at the 
1H and 19F spectrum respectively, suggesting the reaction between the two to give the 

corresponding silyl cation and trifluoroacetate anion. The presence of water (red) in 

the sample prevents the reaction, shifting the equilibrium in favour of the reactants. 

Figure 4.6 1H-NMR (top) and 19F-NMR (bottom) spectra of supersilanol and TFA 

alone (blue), supersilanol and TFA in equimolar amounts  without water (green), 

with 10 eq. of water (red) in ACN-d3 after 1h and 15 min. 
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Stability of supersilane in TFA 

Three samples of supersilane in CDCl3 (0.1 mmol in circa 600 L) quenched over 

K2CO3 (to avoid influence from the solvent residual acidity) were monitored over time 

using the 500 MHz NMR 

spectrometer. The amount of residual 

supersilane was calculated upon 

integration of the supersilane peaks 

(27H at 0.20 ppm) and supersilyl 

chloride (27H at 0.23 ppm).30 Results 

are reported in Figure 4.7. One sample 

was prepared under air (blue), a 

second sample using degassed solvent 

(red) and a third one with degassed 

solvent and 40mol% of TFA. As 

visible, TFA and oxygen react with 

the silane (the decomposition 

observed in the degassed sample can 

be attributed to the air leaking in the 

sample and to the fact that supersilane was stored under air). This instability might 

explain the inefficiency of the studied reaction when using TFA. Reaction of 

supersilane with both oxygen29 and chlorinated solvents68–70 is reported. 
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Chapter 5 

Closing remarks 

During the time of my doctoral studies I had the opportunity to work on 

different sub-fields in photochemistry, and all the projects I followed allowed me to 

gain a much deeper knowledge and much wider perspective on the current panorama 

of light-driven transformations. 

In Chapter 2, a new protocol for performing ketene multicomponent reactions 

under milder visible light irradiation has been successfully developed. The new 

conditions granted the muticomponent transformation a renewed synthetic potential. 

In primis, the reaction resulted much more substrate-tolerant and resulted completely 

selective towards the desired product. The overall process is practically easier and 

faster that the same one under UV light and produces less waste. Most importantly, 

the possibility to use blue light opened the way again towards the total synthesis of 

natural bioactive compounds, achievable through a dimerization-multicomponent 

approach. I had the opportunity to perform some preliminary tests in this direction, 

and I am confident in the future development of a reliable synthetic pathway based on 

the processes I optimized during my work. 

In Chapter 3, my studies on the radical solventylation of olefins delivered an 

already useful, albeit still limited, synthetic platform from which a more effective 

protocol can be developed. With respect to the previous conditions, the new ones allow 

for a broader array of possible substrates, expanding dramatically the synthetic 

potential of the protocol. More studies need to be carried out to establish a completely 

functional platform, but the studies presented in this dissertation surely make a sound 

starting point. 

In Chapter 4, I tried to develop a new synthetic platform for the photo-

organocatalysed enantioselective functionalization of -unsaturated carbonyl 

compounds. Despite my efforts, the first strategy exploited, relying on a silane-mediate 

XAT process on alkyl halides, did not provide valuable results due to intrinsic 

problems in the reaction system arising from the nature of the reactants involved. 

However, a second umpolung strategy provided promising results, delivering the 

desired product in high yields and enantiomeric excesses. Unfortunately, I had to leave 

the project at an early stage of development, with a lot more room for improvement 

left. With further studies, this strategy can be turned into an extremely effective general 

protocol to achieve the -functionalization of enals in an enantioselective and possibly 

diastereoselective fashion. 

From a personal point of view, I am grateful for having learned so much about 

so many different aspects of this field, that still amazes me today as it did the first time 
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I heard about photochemistry. I am more than satisfied for having had the opportunity 

to deepen and share my knowledge on the topic by writing two book chapters along 

with my advisor. Surely, not all projects were successful as one would hope, 

nevertheless each one of them left me with more insightful views of this chemistry. I 

am satisfied of the scientific work I could present in this dissertation, in its weaknesses 

and its strength, and I hope the reader has enjoyed reading this thesis at least as much 

as I did writing it. 
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